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I. Fredholm operators and their index

I.1. Functional analytic preliminaries. In this section we recall some
basic functional analytic results, which will be used below. We will consider
Banach and Hilbert spaces over a field K which is either K = R or K = C. For
introductions to functional analysis we refer to [21], [36] or [43].

Recall that a map between topological spaces is called open if it maps open
subsets to open subsets.

[.1.1. THEOREM (Open mapping theorem). Every surjective bounded linear
operator between Banach spaces 1s open.

As an immediate consequence we obtain:

[.1.2. COROLLARY (Bounded inverse). If A: E — F is a bijective bounded
linear operator between Banach spaces, then the inverse operator, A=': F — E,
15 bounded too.

[.1.3. COROLLARY. Suppose A: E — F is a bounded linear operator between
Banach spaces with finite dimensional cokernel. Then img(A) is closed in F'.

ProOOF. W.l.o.g. A may be assumed to be injective. Indeed, ker(A) is a
closed subspace of E, hence E/ker(A) is a Banach space and A induces an
injective continuous operator £/ ker(A) — F with the same image as A. Since
the cokernel of A is finite dimensional, there exists a finite dimensional subspace
Fy in F which is complementary to img(A). Then E & Fj is a Banach space and

A: Ea® Fy— F, A(x,y) = A(z) + vy,

is a bijective continuous operator. According to the open mapping theorem, Ais
a homeomorphism. Since E is closed in E @ Fy, we conclude that img(A) = A(F)
is closed in F. 0

[.1.4. THEOREM (Hahn-Banach). Let Ey be a linear subspace in a normed
vector space E, and suppose Ag: Ey — K is continuous. Then there exists a
bounded linear extension, A: E — K, A|g, = Ao, with the same norm as Ay.

Recall that the dual space of a Banach space E is the Banach space of bounded
linear functionals, E*, equipped with the operator norm topology. For a bounded
linear operator A: E — F, we let A': F* — E* A'(a) := ao A, denote the dual
(transposed) operator. In view of ||a o Al < ||al|||A]], the transposed operator is
well defined and bounded.

[.1.5. COROLLARY. Let E and F' be two Banach spaces, and suppose A: E —
F is a bounded linear operator with closed image. Then img(A") is closed in E*,
and there are natural isomorphisms of Banach spaces,

ker(A") = coker(A)* and  coker(A") = ker(A)*.
3
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Proor. Consider the following exact sequence of bounded linear operators
between Banach spaces:

0 — ker(A) - E AFo coker(A) — 0.

Using the Hahn—Banach theorem, and the open mapping theorem, we conclude
that the dual sequence,

0+ ker(A)* « £~ Py coker(A)* « 0,

is exact too, see Exercise 1.1.9. Consequently, img(A?) is closed in E*, and we
obtain bijective bounded linear operators,

ker(A)* < coker(A') and  ker(A') < coker(A)*.
By the open mapping theorem these are isomorphisms of Banach spaces. 0]

Recall that a linear map P: E — FE is called projector or idempotent iff
P? = P. In this case 1 — P is a projector too, (1 — P)? = 1 — 2P + P? =
1 — P, which will be refered to as the complementary projector to P. Note that
ker(P) = img(1 — P) and img(P) = ker(1 — P). Moreover, we have a direct sum
decomposition E = img(P) @ ker(P). If F is a Banach space and P is a bounded
linear projector, then img(P) = ker(1 — P) and ker(P) are closed subspaces, and
we obtain a direct sum decomposition of Banach spaces, E = img(P) & ker(P).
Conversely, suppose Ey and E; are complementary closed subspaces of E. Then
the open mapping theorem shows that £ = Ey @ E; is a direct sum of Banach
spaces, and the projection onto the first factor provides a bounded linear projector
with img(P) = Ey and ker(P) = Ej.

Note, however, that a Banach space may have closed subspaces which do not
admit a complementary subspace. In a Hilbert space, the orthogonal complement
provides a complement to every closed subspace. In this case the associated
orthogonal projectors are even selfadjoint, P* = P = P2

[.1.6. COROLLARY. Let Ey be a subspace of a normed vector space E so that
(a) Ey is finite dimensional, or
(b) Ey is closed and has finite codimension.
Then there ezists a bounded projector, P: E — E, with img(P) = Ey. In par-
ticular, Ey and ker(P) are complementary closed subspaces, and we have a direct
sum decomposition, E = Ey @ ker(P).

PROOF. Suppose first that Ej is finite dimensional. Choose a basis ey, ..., e,
of By and let €', ..., " denote the dual base. According to the Hahn-Banach
theorem, the (bounded) functionals €': E; — K can be extended to bounded
linear functionals £': E — K. Then

P:E— E, P(x) =" (z)ey + -+ + £"(x)en,

is a bounded linear operator with img(P) = Ey and P|g, = idg,, whence P is
the desired projector.
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Let us now turn to the case where Ej is assumed to be a closed subspace with
finite codimension.! Then, E/FEj is a finite dimensional normed vector space and
the associated canonical projection, 7: £ — FE/Ej, is bounded and onto. Let
o: E/Ey — E be any linear right inverse, 7o = idg,g,. Note that o is bounded,
as is any linear map from a finite dimensional space into a normed space. Thus,
Q: E — E, Q := om, is a bounded linear projector, Q* = omor = om = Q,
and ker(Q) = ker(m) = Ey. The complementary projector, P := 1 — (), has the
desired property, img(P) = Ey. O

If £ and F are Banach spaces, we will write B(E, F') for the Banach space of
bounded linear operators from E to F', equipped with the operator norm topology,
and we will use the notation B(E) := B(E, E) for the bounded operators on E.
Moreover, we let G(E, F') denote the set of invertible bounded operators, and
write G(F) := G(F, E) for the group of invertible bounded operators on E.

[.1.7. THEOREM. If E and F are two Banach spaces, then G(E,F) is an
open subset of B(E,F) and the inversion G(E,F) — G(F,E), A — A7', is
continuous with respect to the operator norm topology. Particularly, G(E) is a
topological group and an open subset of B(E).

Proor. Choose a norm generating the Banach space topology on E. Recall
that the associated operator norm on B(FE) satisfies ||AB| < ||A||||B]|, 4, B €
B(E). Hence, the Neumann series Y-, A¥ converges absolutely in the operator
norm topology, for all A € B(E) with ||A|| < 1. For such A, we clearly have

(idp —A) 3232, A* = idp = (32,2, A4%) (idp —A),
whence idg —A is invertible. This shows that U := {A € B(F) : ||idg —A| < 1}
is an open neighborhood of the identity in B(E), consisting of invertible operators.
Since the convergence is uniform on {A € B(E) : ||idg —A|| < p}, for every p < 1,
the inverse, A= = Y77 (idg —A)*, depends continuously on A € U.

For the general case let B: EE — F' be an invertible bounded linear operator.
Then ¢: B(E) — B(E, F), 1)(A) := BA, is a homeomorphism, and A is invertible
iff ¥(A) is. We conclude that (U) is an open neighborhood of B consisting of
invertible operators. In view of the relation ¢¥(A)™! = A7'B~! the inverse is
continuous on ¥ (U). O

Recall that a bounded linear operator between Banach spaces, K: F — F', is
called compact if it satisfies the following equivalent? conditions:

(a) K maps bounded subsets of E to precompact subsets in F'.

(b) K maps the unit ball to a precompact subset in F.

(c¢) Every bounded sequence z,, € E admits a subsequence, z,,, for which Kz,
is convergent in F'.

IThis part of the proof is entirely elementary and does not use the Hahn—Banach theorem.
2The equivalence of these statements follows at once from the fact that a subset in a metric
space is compact iff it is sequentially compact.
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We let IC(E, F) denote the set of compact operators from E to F' and write
K(E) := K(E, E) for the set of compact operators on F.

[.1.8. THEOREM. If E, E', F, F' are Banach spaces, then:
(a) K(E,F) is a closed linear subspace of B(E, F).
(b) If Ac B(E,F) and K € K(F, F"), then KA € K(E, F’).
(¢c) IfAe B(E,F) and K € K(E', E), then AK € K(E', F).
(d) If K € K(E,F), then K' € K(F*, E¥).
(e) If E and F are Hilbert spaces and K € K(E, F), then K* € K(F, E).
(f) The identical map, id: E — E, is compact iff E is finite dimensional.
(g) A bounded projector is compact iff it has finite rank.
(h) If A € B(E, F) has finite rank, then A is compact.
(i) If E and F are Hilbert spaces, then IC(E, F) is the norm closure of the oper-
ators with finite rank.

In particular, K(E) is a closed two sided ideal in B(E). If E is a Hilbert space,
then this ideal is invariant under *.

[.1.9. EXERCISE. Suppose

Ap_
0= B 552 . 5B, 25 B0
is an exact sequence of bounded linear operators between Banach spaces. Show
that the dual sequence
At Al Al
0 Ef <~ FE; & -« Ef <L Ef+0
is exact too.

I.2. Fredholm operators. If A: E — F is a linear map we let ker(A) :=
A7H0) = {z € E : Az = 0} denote its kernel, img(A) := A(E) = {Ax : z € £}
its image or range, and coker(A) := F/img(A) its cokernel.

[.2.1. DEFINITION (Fredholm operator). A continuous linear operator be-

tween Banach spaces, A: E — F, is called Fredholm operator iff ker(A) and
coker(A) are both finite dimensional. In this case

ind(A) := dim(ker(A)) — dim(coker(A))

is called the Fredholm index of A. The set of all Fredholm operators from E to
F will be denoted by F(E, F). We also introduce the notation F(E) := F(E, E)
for the Fredholm operators on a Banach space E.

From Corollary 1.1.3 we immediately obtain:

[.2.2. PrROPOSITION. If A: E — F is a Fredholm operator between Banach
spaces, then img(A) is a closed subspace of F.



L.2. FREDHOLM OPERATORS 7

[.2.3. ExamMPLE. If A: E — F is a linear map between finite dimensional
vector spaces, then the dimension formulas dim(ker(A))+dim(img(A)) = dim(E)
and dim(coker(A)) = dim(F') — dim(img(A)) imply

ind(A) = dim(£) — dim(F).

Note that this depends on the dimensions of the spaces involved, but not on A.

[.2.4. EXAMPLE. Every invertible bounded linear operator between Banach
spaces, A: E — F is Fredholm with ind(A) = 0.

[.2.5. EXAMPLE. For every n € Z, the shift operator,

if k d
Su: I(N) o IAN),  (Spa)y = e HRAmENan
0 otherwise,

is Fredholm with ind(S,) = n.

[.2.6. ExamMPLE. If T: E — FE is a bounded linear operator with finite rank
on a Banach space F, then id —T is Fredholm. Indeed, this follows from the
obvious inclusions ker(id —7") C img(7") and img(id —7") D ker(7'). Note here
that ker(T") has finite codimension in view of E/ker(T) = img(T). It is possible
to show ind(id —7') = 0 by elementary means, we will give a more elegant proof
below, see also Exercise 1.2.16.

1.2.7. PROPOSITION. Let A: By — FEy and B: E5 — FEs be bounded linear
operators between Banach spaces and consider their composition, BA: E; — Es.
If two of the three operators A, B, BA are Fredholm, then so is the third, and

ind(BA) = ind(A) + ind(B).

PROOF. We proceed as in [19, Proposition 2.1.5]. One readily verifies that
the following is an exact sequence of vector spaces,?

0 — ker(A) — ker(BA) A, ker(B) — coker(A) Z, coker(BA) — coker(B) — 0,

3A sequence of linear maps between vector spaces, U — V Y, W, is said to be exact at V
iff img(¢) = ker(¢)). A sequence of linear maps between vector spaces,

Vo=Vi—= Vo= Vs—-oo = Vi — Vi,

is called exact, if it is exact at each of the spaces Vi,..., Vg, i.e. at every space involving an
outgoing and an incoming map. In particular, the composition of any two consecutive arrows
vanishes. For instance, the sequence

0USVESW S0

is exact if and only if ¢ is injective, img(p) = ker(¢)), and ¢ is onto. A sequence of this type is
called a short exact sequence. In this case U can be regarded as a subspace of V' via ¢, and ¢

induces an isomorphism V/img(p) = W. A sequence of the form 0 — V YW — 0 is exact if
and only if v is an isomorphism.
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where all unlabeled arrows are induced by identical maps.* This implies that
if two of the three operators A, B, BA are Fredholm, then so is the third, cf.
Exercise 1.2.14. Moreover, as the alternating sum of the dimensions of the spaces
occurring in the exact sequence has to vanish, cf. Exercise 1.2.15, we obtain the
desired formula relating the indexes. 0

[.2.8. PROPOSITION. Suppose A: E — F is a Fredholm operator between
Banach spaces. Then the transposed, At: F* — E*, is Fredholm with index

ind(A") = —ind(A).
If, moreover, E and F are Hilbert spaces, then the adjoint, A*: F — FE, is

Fredholm too, and
ind(A*) = —ind(A).

PROOF. The first assertion follows immediately from Corollary 1.1.5. For the
second statement, suppose E and F' are Hilbert spaces and let b: ' — F* and
f: B* — E denote the antilinear isomorphisms provided by the inner product.
Recall that the adjoint is related to the transposed via A* = fo A’ ob. Hence b
induces an antilinear isomorphism ker(A*) 2 ker(A"), and # induces an antilinear
isomorphism coker(A*) = coker(A*). Thus, ind(A*) = ind(A"), and the second
statement follows from the first.® O

[.2.9. PROPOSITION. If A: E — F is a Fredholm operator, then there exist
bounded (finite rank) projectors P: E — E and Q: F — F such that img(P) =
ker(A) and ker(Q) = img(A).% If P and Q are as above, then A has the form

. A=(6 4) .
E =img(P) @ ker(P) ——— img(Q) & ker(Q) = F,

where Ay = Alxer(p): ker(P) — ker(Q) is invertible. Moreover, there exists a
Fredholm operator B: F — E such that

BA=id-P and AB =id —Q.
In particular, A is invertible up to bounded operators of finite rank.

4This is the long exact sequence associated with the following commutative diagram with
exact rows (short exact sequence of complexes):

id .
0 El ( A ) El @ EQ (Av_ ld) E2 O
4 J/ (52 lB
l (%) (id,— B)
0 Es E3® Ey E3 0

This, and much more homological algebra, can be found in [20] and many textbooks on algebraic
topology, see for instance [14], [17], [28], or [39].

SAlternatively, one can derive the second assertion from ker(A*) = img(A)* = coker(A)
and coker(A*) = E/img(A*) = E/ker(A)* = ker(A).

6If £ and F are Hilbert spaces we may take P and Q to be the orthogonal projections onto
ker(A) and img(A)~, respectively.
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PRroOF. The first assertion follows from Corollary 1.1.6 and Proposition 1.2.2.
By construction, Ay = Alker(p): ker(P) — ker(Q) is a bijective bounded linear
operator between Banach spaces. According to the open mapping theorem, see
Corollary 1.1.2, its inverse, By := Ay"': ker(Q) — ker(P), is bounded too. Hence,
. B=(0 5,)
F =img(Q) ® ker(Q) ———— img(P) ® ker(P) = F,
defines a bounded operator, B: ' — FE. By construction, BA = id —P and
AB =id —Q), see Exercise 1.2.17. OJ

[.2.10. PROPOSITION. If E and F are two Banach spaces, then F(E,F) is
an open subset of B(E, F). Moreover, the Fredholm index, ind: F(E, F) — Z, is
locally constant, whence continuous.

PRrROOF. We proceed as in [19, Proposition 2.1.6]. Let J: By — FE and
Q: F — Fy be two Fredholm operators, and consider the continuous map

v: B(E,F) — B(Ey, Fy), P(A) = QAJ.
From Proposition 1.2.7 we know that A is Fredholm iff ¢)(A) is Fredholm, whence
F(E,F) =9y (F(Ey, Fy)).
Moreover, for all A € F(E,F), we have
ind(A) = ind(¥(A)) — (ind(J) + ind(Q)).

Recall that the set of invertible operators, G(Ey, Fp), is open in B(Ey, Fy), see
Theorem 1.1.7. Moreover, G(Ey, Fy) C F(Fo, Fy), and every element of G(Ey, Fp)
has index zero, see Example 1.2.4. We conclude that ¢~ (G(Ey, Fp)) is an open
subset of B(F, F') consisting of Fredholm operators which all have the same index,
namely —(ind(J) + ind(Q)).

It remains to observe, that given any A € F(E, F'), we can find J and @ as
above, such that 1(A) is invertible. In fact we may choose J: Ey — E to be
the inclusion of a closed subspace complementary to ker(A), and let Q: F —

F/F, =: Fy denote the canonical projection where Fj is a (closed) subspace
complementary to img(A), see Proposition 1.2.9. 0

[.2.11. ExAMPLE. Using the continuity of the index, it is now easy to show
ind(id —=7") = 0, for the operator considered in Example 1.2.6. Indeed, t — id —tT,
t € [0, 1], is a continuous path of Fredholm operators, connecting the identity with
id —T'. Since the index is locally constant, see Proposition 1.2.10, we conclude
ind(id —7") = ind(id) = 0.

For every Banach spaces E, we let 7o (F(E)) denote the set of (path)connected
components of F(F). Since the composition of Fredholm operators is continuous,
it induces a map o (F(E)) X m(F(E)) — mo(F(E)). Clearly, this multiplication
turns 7o (F(E)) into an associative semigroup with unit. Actually, mo(F(E)) is
group. Indeed, if A € F(E), then there exists B € F(F) such that id —BA and
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id —AB both have finite rank, see Proposition 1.2.9. Hence, t +— id —t(id —BA),
t € [0,1], is a continuous path in F(F), connecting BA with the identity, see
Example 1.2.6. Analogously, t — id —t(id —AB), t € [0, 1], is a continuous path
in F(E), connecting AB with the identity. Hence, A represents an invertible
element in 7o (F(E)) with inverse represented by B. This shows that m(F(E))
is a group. By Proposition [.2.10 the Fredholm index is constant on the connected
components of F(E). Consequently, it induces a map

ind: m(F(E)) — Z, (L.1)

which is a homomorphism of groups, in view of Proposition 1.2.7.

Note that the inclusion, G(F) — F(FE), induces a homomorphism of groups,
m0(G(E)) — mo(F(E)) whose image is contained in the kernel of (I.1). We claim
that these two spaces coincide. To this end, suppose A € F(F) represents an
element in the kernel of (I.1), i.e. ind(A) = 0. By Proposition 1.2.9 there exist
complementary closed subspaces such that A has the form

A=(04),
E=F & E, EleEy=FE,
with Ay: Ey — Ej invertible. Moreover, dim(E;) —dim(E]) = ind(A) = 0, hence
there exists an isomorphism, A;: E; — Ei. Then, t — (”0‘1 XO), t €[0,1], is
a continuous path in F(FE), connecting A with the invertible operator (%1 XO).
Thus, we have shown:

1.2.12. PROPOSITION. For every Banach space E, there is an exact sequence

of groups,
ind

[.2.13. THEOREM. Let H be an infinite dimensional separable Hilbert space.
Then the Fredholm index induces an isomorphism of groups,

ind: 7o (F(H)) = Z. (1.2)

PROOF. Recall that an infinite dimensional separable Hilbert space admits
a countable orthonormal basis, hence is isometric to L?(N). Consequently, the
shift operators in Example 1.2.5 show that the homomorphism in (I.2) is onto.
In view of Proposition 1.2.12; it thus suffices to show that G(H) is connected.
We will give an elementary proof of this fact in Section 1.4 below. At least for
complex Hilbert spaces, this can also be derived using the spectral theorem for
normal bounded operators. Indeed, every invertible operator, A € G(H) admits
a polar decomposition, A = e*R, where R* = R = vV A*A > 0 is an invertible
positive operator, and S = S* is selfadjoint. Then

t—e®((1—t)id+tR), tel0,1],
is a continuous path in G(H), connecting A with the identity. O
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[.2.14. EXERCISE. Let V' — E — W be an exact sequence of vector spaces
and suppose V' and W are finite dimensional. Show that E has finite dimension.

[.2.15. EXERCISE. Suppose 0 — V; — Vo — -+ — V, — 0 is an exact
sequence of finite dimensional vector spaces. Show that Y ,(—1)" dim(V;) = 0.

[.2.16. EXERCISE. In the situation of Example 1.2.6 show that ind(id =7") = 0
without using the fact that the index depends continuously on 7'

1.2.17. EXERCISE. Let £ = Ey @ E; and F = Fy & F; be direct sum decom-
positions of Banach spaces. Construct a natural isomorphism of Banach space,

s {2 D) [0S DR )

such that composition, B(F,G) x B(E,F) — B(E,G), corresponds to matrix
multiplication, where G = Gy & G, is another decomposed Banach space.

1.3. Atkinson’s theorem. This result provides a criterion for Fredholm-
ness. We will use it later to recognize elliptic operators on closed manifolds as
Fredholm operators.

[.3.1. THEOREM (Atkinson, [9]). A bounded linear operator between Banach

spaces, A: E — F, is Fredholm if and only if there exist (bounded) linear opera-
tors B1,By: F — E such that BiA —id and ABy — id are both compact.

PROOF. One implication follows from Proposition 1.2.9. For the other one,
suppose By, By: F' — E are linear operators such that BiA —id € K(E) and
AB; —id € K(F). Then, according to Lemma 1.3.2 below, BiA € F(F) and
ABy € F(F). Clearly, ker(A) C ker(B;A), whence ker(A) is finite dimensional.
Similarly, img(A) O img(AB;), whence img(A) has finite codimension in F. This
shows that A is Fredholm. OJ

To complete the proof of Atkinson’s theorem it remains to show:

[.3.2. LEMMA (Riesz). If K: E — FE is a compact operator on a Banach
space, then id —K is Fredholm.

Proor. We follow the presentation in [21, Satz 24.6]. Put A := id —K.
Clearly, id |ker(a) = K |xer(a), hence id |ker(a) is compact. Using Theorem I.1.8(f),
we conclude that ker(A) is finite dimensional.

Below we will show that A has closed image. Then

coker(A)* = ker(A") = ker(id —K*),

by Corollary I.1.5. Note that K* is compact by Theorem I.1.8(e), hence, according
to the first part of this proof, ker(id — K*) is finite dimensional. We conclude that
coker(A) is finite dimensional, whence A is Fredholm.
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It remains to verify that img(A) is a closed subspace of E. Since ker(A) is
finite dimensional, there exists a closed subspace Ej of E which is complementary
to ker(A), see Corollary 1.1.6. By construction,

Algy: Eo — img(A), (1.3)
is a bijective bounded linear operator. We claim that there exists € > 0 such that
|Az|| > €|z, for all = € Ej. (L.4)

If this was not the case, then there exists a sequence z,, € Ey such that ||z,| =1
and lim,,_,,, Az, = 0. Since K is compact we may, moreover, assume that Kz,
converges, and put z := lim,_,., Kx,. Consequently, lim, ..z, = x. As Fy is
closed, we conclude x € Ey. Moreover, by continuity, ||z|| = 1 and Az = 0. This
contradicts Ey N ker(A) = 0, whence there has to exist ¢ > 0 as in (I.4). This
shows that the bounded linear bijection (I.3) is open, hence a homeomorphism.
Thus img(A) is complete and therefore closed in E. O

[.3.3. COROLLARY. Let E and F be two Banach spaces. If A € F(E,F) and
K eK(E,F), then A+ K € F(E,F) and

ind(A + K) = ind(A).

PROOF. According to Proposition 1.2.9, there exists B € B(F, F) such that
BA —id and AB — id are both compact. We conclude that B(A + K) — id =
BA —id+BK and (A+ K)B —id = AB — id +K B are both compact too, see
Theorem 1.1.8. Hence A is Fredholm, according to Theorem 1.3.1. In particular,
t— A+tK,t € [0,1], is a continuous path of Fredholm operators, connecting A

with A+ K. Since the Fredholm index is locally constant, see Proposition 1.2.10,
we obtain ind(A) = ind(A + K). O

Recall from Theorem 1.1.8 that K(E) is a closed two sided ideal in B(FE).
Hence there exists a unique K-algebra structure on the Banach space Q(F) :=
B(E)/K(FE) such that the canonical projection B(E) — Q(F) is an algebra ho-
momorphism. If £ is infinite dimensional, Q(F) is a unital Banach algebra known
as Calkin algebra, see [13]. From Theorem 1.3.1 we immediately obtain

[.3.4. COROLLARY. A continuous linear operator on a Banach space is Fred-
holm if and only if its image in the Calkin algebra is invertible.

[.3.5. EXERCISE. Let E be an Banach space, and let | — || be a norm on E
generating the topology. Equip B(E) with the corresponding operator norm, and
put the usual quotient norm on the Calkin algebra Q(F) = B(E)/K(E), that is

= inf ||A]], € 9(F),
la =, inf Al € Q(E)

where m: B(E) — Q(FE) denotes the canonical projection. Moreover, let 1 :=
7(id) denote the unit in Q(E). Verify:
(a) llabl] < [lal| bl for all a,b € Q(E), and
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(b) ||1]| = 1, provided FE is infinite dimensional.

Conclude that Q(F) is a unital Banach algebra, provided FE is infinite dimen-
sional. Show that this is a C*-algebra if £ = H is a Hilbert space. More
precisely, show that A — A* induces an antilinear involution on Q(H) such that
(c) (ab)* = b*a*, for all a,b € Q(H), and

(d) [la*al| = ||a||?, for all a € Q(H).

Details can be found in [13] or [19].

I.4. Kuiper’s theorem. While the classical groups GL,(R) and GL,(C)
are rather complicated topological spaces, the group of invertible operators on
an infinite dimensional Hilbert spaces, G(H), is contractible. In this section we
will give a proof of this result due to Nicolaas Kuiper, see Theorem 1.4.1 and
Corollary 1.4.7 below.

Recall that two continuous maps, f,g: X — Y, are called homotopic if there
exists a continuous map h: [0, 1] x X — Y such that h(0,z) = f(z) and h(1,z) =
g(x), for all € X. This is readily seen to be an equivalence relation on the set
of continuous maps from X to Y, its equivalence classes are called homotopy
classes. The set of all homotopy classes will be denoted by [X,Y]. A continuous
map h as above is called a homotopy from f to g.

If f,g: X — Y are two homotopic maps, and f’,¢': Y — Z are two homotopic
maps, then f o f: X — Z and ¢’ 0 g: X — Z are homotopic. Consequently, the
composition of continuous maps induces an associative multiplication,

Y, Z] x [X,Y] — [X, Z].

Some basic concepts related to homotopy are discussed in the exercises at the
end of this section.

[.4.1. THEOREM (Kuiper, [26]). Let H be an infinite dimensional separable
real or complex Hilbert space, and suppose X is a compact Hausdorff space. Then,

[X7 g<H>] =0,
i.e. every continuous map X — G(H) is homotopic to the constant map, idy.

For the one pointed space, X = {x}, Kuiper’s theorem asserts that G(H) is
(path wise) connected, cf. the proof of Theorem 1.2.13 above. Using X = S*, we
see that G(H) is simply connected.” Applying Kuiper’s theorem with X = S”, we
conclude that all homotopy groups of G(H) vanish. In fact, G(H) is contractible,
see Corollary 1.4.7 below.

In the remaining part of this section we will reproduce Kuiper’s original proof
[26], see also [11]. Throughout this section H will denote an infinite dimensional
separable real or complex Hilbert space.

"Recall that for every path connected space Y, the set [S1,Y] coincides with the conjugacy
classes of the fundamental group of Y with respect to any base point. Whence, [S*,Y] = 0 if
and only if YV is simply connected. However, since G(H) is a group, its fundamental group is
abelian anyway, whence [SY,G(H)] = m1(G(H)).
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[.4.2. LEMMA. Let X be a compact Hausdorff space. Then every continuous
map, X — G(H), is homotopic to a map, X — G(H), whose image is contained
in a finite dimensional subspace of B(H).

PROOF. By compactness of X, the image of a continuous map X — G(H) is
contained in a set of the form

=1

where A; € G(H) and r; > 0 such that By,,(A4;) € G(H), see also Theorem 1.1.7.
Here B,(A) ={X € B(H) : | X — A|| < r} denotes the open ball of radius r > 0
and center A. Consequently, it suffices to show that the inclusion,

U—G(H),

is homotopic to a map, U — G(H), whose image is contained in a finite dimen-
sional subspace of B(H).

Let \;: U — [0, 1] be a partition of unity, ¢ = 1,...,n, such that > |\, =1
and supp(\;) C B,,(A;).® We claim that

h(A) = (1—t)A+ tiAi(A)Ai

defines a homotopy h: [0,1] x U — G(H), connecting the inclusion, hg, with a
map, h;, whose image is contained in the finite dimensional subspace of B(H)
spanned by Ai,...,A,. The only non-trivial assertion here is the fact that h
takes values in G(H). To see this, fix A € U. Put [ := {i: A € B,,(A)}, and
note that hy(A) is a convex combination of A and A;, i € I. Indeed, if j ¢ I,
then A\;(A) = 0 in view of supp(A;) C B,;(A;). Let m € I such that r; < 7y,
for all 4 € I. Using the triangle inequality, we conclude A; € Bs, (A;,), for all
1 € I. Thus, any convex combination of A and A;, ¢ € I, will also be contained
in By, (An). We conclude hy(A) € Ba,, (An) C G(H), for all ¢ € [0,1]. O

[.4.3. LEMMA. Let W be an (n + 2)-dimensional Hilbert space, b € W a unit
vector, ||b]| = 1, and suppose V.C W is a subspace such that dim(V') < n. Then
there exists a homotopy, h: [0,1] x (V' \ 0) — G(W), such that

ho(v) = idw and  hy(v)b =,

8For instance, we may consider, ji;: U — [0, 00),
i (A) == max{0,7; — || A — A;||}.
Then the continuous functions, A;: U — [0, 1],

Hi

A= : ,
' Z?:1 i

have the desired properties.
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for allv € V'\ 0. Moreover, this homotopy can be chosen such that
1R ()|} < max{[Jv]l, o]~}
and
[[e(v) = hs(v)|| < 7lt — s|max{[Jv]], o] "}
for all s,t € [0,1] and v € V'\ 0.
PROOF. By assumption there exists a unit vector b’ € W such that ¢’ L V
and b L b. Consider the path h’: [0,1] — G(W),
id on {b,b'}*, and
h} = (cos(%t) —sin(%)

sin(%)  cos(%)

) w.r.t. the ONB b, of span(b, V').

2

Clearly, h{, = idy and h}b =¥'. The homotopy, h”: [0,1] x (V \ 0) — G(W),
id on {V/,v}+, and

R (v) == (cos(%t) —sin(%)

mt t

sin(Zt)  cos(Z)

) w.r.t. the basis 0, v of span(¥',v),
2

2
satisfies h{(v) = idw and A{(v)V = v, for all v € V' \ 0. The homotopy,
B 0,1 % (VAO) = GOW),  halv) = K (o),
has the desired property, ho(v) = idy and hy(v)b = v, for all v € V'\ 0. Moreover,
Ihll =1 and [[A{(v)l| < max{]o[], [lv] "},
whence [[:(v)]] < max{[lo], v ~'}. Similarly

Ikl =3  and  [|ZA{()] < §max{|Jvll, lv] 7"},

and therefore
|| 5 he(0)|| < [| 57 ) |[I1RE]] + 167 ()| &Rt ()] < 7 max{ v, o] 71}
For 0 < s <t <1 this yields

HMW%JMWHS/H%MWWWSW@—$mMNﬂWW4L
whence the lemma. O

[.4.4. LEMMA. Let V be a finite dimensional subspace of B(H). Then there
exists an infinite dimensional closed subspace Hy of H such that the canonical
inclusion, VNG(H) — G(H), is homotopic to a map, VN G(H) — G(H), which
takes values in G(H; Hy) == {A € G(H) : Ay, = idp,}. Moreover, we may
assume that Hy has infinite codimension too.
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Proor. W.l.o.g. we may assume that V N G(H) spans V. Put n := dim(V).
Hence there exist Aq,..., A, € VN G(H), spanning V.

Let by € H be a unit vector, and choose an (n + 2)-dimensional subspace
W1 of H such that by € Wi and Vb, C W;. Recursively, we can construct unit
vectors b; € H and (n + 2)-dimensional subspaces W; of H such that

bl' € Wi, Vbl Q Wi, and Wj 1 Wi7 for aﬂ] S 1€ N. (15)

Indeed, suppose we have already constructed by, ...,b; and Wy, ..., W; as above.
Then there exists a unit vector

bin € (Wi n--nWh)n( A7 (Wi - nWh),
j=1

since this subspace has finite codimension in H, whence is infinite dimensional.
By construction by € Wit N --- N W+ and Ajbiy € Wit N - N W, for all

7

j=1,...,n, hence Vb ,; C Wirn---N W=+, We conclude that there exists an
(n + 2)-dimensional subspace W;; such that b;y; € Wiy and Vb;y € Wiy C
Wit n---NW;. This completes the construction of b; and W; satisfying (L.5).

By Lemma 1.4.3 there exist homotopies, h': [0,1] x (Vb; \ 0) = G(W;), such
that h(v) = idy, and hi(v)b; = v, for all v € Vb; \ 0. Moreover,

[At(0)]| < max{{lol], [lo]| 7"} (L.6)
and
i) = )| < ekt — of masc ol o]}, (L7)
for all s,t € [0,1] and v € Vb; \ 0. Hence,
@; hi(Ab;) on P, W;, and
hi(A) == <. i
id on (P, W),
defines a homotopy, h: [0,1] x (V NG(H)) — G(H) such that ho(A) = idy and
hy(A)b; = Ab;, for all A € V NG(H). Note that by (1.6) and (1.7) we have
1 (A)| < max{ | A]l, A}
and
[he(A) = hs(A)|| < w|t — s|max{[|All, [|A7 ][}
for all s,¢ € [0,1] and A € VNG(H). Hence, hi(A) is indeed a bounded operator,
and the map h is continuous. Consequently,
g: [0,1] x (VNG(H)) = G(H),  gi(A) :=hi(A)TA,
is a homotopy from the inclusion, go, to a map ¢;: VN G(H) — G(H), such

that ¢1(A)b; = b;, for all i € Nand A € VNG(H). Thus, the subspace Hy :=
(b1, b, ... ) has the desired property. O
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Identifying H = Hy & Hy, we have
G(H: Ho) = {(48) : A € G(HE), B € BUHE, Hy)}.
Note that the upper left entry of the matrix, indeed, has to be invertible. Let
v G(Hy) = G(H Hy),  o(A):=(33),
denote the canonical inclusion and put:
rG(H Ho) = G(Hy),  r(44):=A.

Clearly, these maps are continuous, and we have r o ¢ = idg Hi)- Hence, G(Hg")
is a retract of G(H; Hy). Moreover,

f:10,1] x G(H; Hy) — G(H; Hy), fi(z ) =(B%),
is a homotopy connecting fy = ¢ o r with f; = idg(g,n,). This shows:

1.4.5. LEMMA. The inclusion, v: G(Hg") — G(H; Hy), is a (strong) deforma-
tion retract. In particular, the map v or is homotopic to idgm;my)-

Since Hy and Hy are infinite dimensional Hilbert spaces, there exist isome-
tries, vo: Hy = H, and : Hy = H. From the preceding lemmata we thus
obtain the following diagram, commuting up to homotopy:

G(H; Hy) ~<——— G(Hy)

-

1

o)

G(H)

gL .-

X,,,,’??,>Vmg(j-[) (S‘idﬂfo) (0 i)

x G(H) —— G(HE @ Ho) “=% G(H @ H)

To complete the proof of Theorem 1.4.1 it therefore suffices to show:

1.4.6. LEMMA. The inclusion, G(H) — G(H®H), A (1§, ), is homotopic

to the constant map, ('Y’ idOH) = idyen.

PRrROOF. Consider the homotopy, g: [0,1] x G(H) — G(H & H),
(4) = (C55) —sin(3) <A—1 0 ) cos(§)  sin(%) (A 0 >
gt ' sin(%)  cos(%) 0 idg —sin(%) cos(%) 0 idy)/~

Note that
id 0 A 0
9o(A) = ( 0 idH) and - gi(4) = (0 A—l) !
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for all A € G(H). Thus the homotopy, ¢': [0,1] x G(H) — G(P;2, H),

gt(A)
g./(A) = o),

satisfies

for all A € G(H). Moreover, the homotopy, ¢”: [0,1] x G(H) — G(P;2, H),

i=0
idg
gt(A)
g/ (A) = ge(A)
satisfies
id i
9o(A) = My and  gj(A) = Ay

Consequently, ¢": [0,1] x G(H) = G(Di2y H), 9/"(A) := g,(A)g/(A), is a homo-
topy such that

idy A
idgy idy

g0 (A) = a and  g{'(A) = " :

idgy

for all A € G(H). Since H is infinite dimensional, there exists an isometry,
¢: H— (@;2, H). Conjugating ¢"", we obtain a homotopy,

h: (0.1 x G(H) = G(H & H),  h(4):= ("7 3) " g'(4) (42).
such that ho(A) = (i%H U ) and hi(A) = (4.0 ), for all A € G(H). O

idy

[.4.7. COROLLARY (Kuiper). Let H be an infinite dimensional separable real
or complex Hilbert space. Then G(H) is contractible. More precisely, there exists
a continuous map g: [0,1] x G(H) — G(H) such that go(A) = A, g1(A) = idy,
for all A € G(H), and ¢:(idy) = idy for all t € [0,1].

PROOF. Choose A; € G(H) and r; > 0 such that |J;2, B,,(4;) = G(H) and
By, (A;) C G(H), for all i € N. Moreover, let A;: G(H) — [0, 1] be a subordinated
partition of unity such that > ., A\; = 1 and supp(\;) € B,,(4;), for all i € N.
Since the supports of \; are locally finite, the map

Q(H)—>R°° = @Rn, A ()\1(14)7/\2(14),)\3(14)7),
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locally, factors through finite dimensional subspaces, whence is continuous. Note
that this map takes values in the subset N := (J;~, Ny of R, where

Nk = U <€i07 o 7€ik>conv.hulla
10y, € N
supp(Aig) M-+ - Nsupp(A;,) # 0
and e; denotes the i-th unit vector. Denote the resulting continuous map by

The space N is a simplicial complex known as the nerve of the open covering
supp(A;) of G(H). Moreover, by the universal property of the limit, R® — B(H),
(51,82, 83,...) — > ooy siA;, defines a continuous map. Using By, (4;) € G(H)
and proceeding as in the proof of Lemma 1.4.2, we see that this map maps N
into G(H), hence we have a continuous map:

p: N —=G(H), p(s1, 82,83, ...) ::ZsiAi. (1.8)
i=1
Similarly, one shows that, h: [0,1] x G(H) — G(H),
hi(A) = (L= t)A+1Y_ N(A)A;,
i=1

defines a homotopy from hy = idgs) to hy = po A. In other words, G(H) is
dominated by the CW complex N, cf. the appendix in [17] and [30].

By Theorem 1.4.1 all homotopy groups of G(H) are trivial. Using elementary
results for CW complexes [17, 39, 44| this permits to conclude that the map (I1.8)
is homotopic to the constant map, idy. Consequently, idgmy: G(H) — G(H), is
homotopic to the constant map, idgy. More precisely, there exists a continuous
map, ¢: [0,1] x G(H) — G(H), such that go(A) = A and ¢1(A) = idy, for all
A € G(H). Replacing g;(A) with g;(idz)1g:(A), we obtain a homotopy which
fixes the identity too, i.e. g;(idy) = idy, for all t € [0, 1]. O

[.4.8. EXERCISE. Show that homotopy does indeed define an equivalence rela-
tion on the set of continuous maps X — Y. Furthermore, verify that composition
induces a map Y, Z] x [X,Y] — [X, Z].

[.4.9. EXERCISE (Homotopy equivalence). A continuous map, f: X — Y is
called homotopy equivalence iff there exists a continuous map, g: ¥ — X, such
that go f: X — X is homotopic to idx, and fog: Y — Y is homotopic to idy.
Show that such a homotopy equivalence induces bijections

Y, 20 S X, 2] and  fi: [2,X] S [2,Y).

[.4.10. EXERCISE (Two of three). Let f: X — Y and ¢g: Y — Z be two
continuous maps, and consider their composition go f: X — Z. Show that if two
of the three maps, f, g, g o f are homotopy equivalences, then so is the third.
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[.4.11. EXERCISE (Contractible spaces). A topological space X is called con-
tractible if there exists a continuous map h: [0, 1] x X — X such that hy = idx
and h; = const. Show that this is the case if and only if X is homotopy equiva-
lent to the space with one point, {*}. Show that every non-empty convex (star
shaped) subset in a topological vector space is contractible. Show that R™*1\ 0
and the sphere S™ are not contractible, n > 0.

[.4.12. EXERCISE (Deformation retracts). Let t: A — X denote the inclusion
of a subspace A in a topological space X. The subspace A is called a retract of
X, if there exists a continuous map r: X — A such that r o =idy4. It is called
a deformation retract if, moreover, ¢ o r is homotopic to idx. In this situation, ¢
and r are homotopy equivalences. If the homotopy from ¢tor to idy can be chosen
such that it fixes the points in A, then A is called a strong deformation retract.
Show that S™~! is a strong deformation retract of R™ \ 0. Moreover, show that
S™=1is not a retract of R™ or the closed unit ball.

[.4.13. EXERCISE. Let H be a Hilbert space. Show that the unitary group,
UH)={AeB(H): A"A=idy = AA*},
is a (strong) deformation retract of G(H). More precisely, convince yourself that
hi[0,1] x G(H) = G(H),  hy(A) = A((1 —t)idy +t(A*A)?)

defines a continuous homotopy which does indeed take values in G(H) and con-
nects ho = idggy with a retraction, hy: G(H) — U(H) € G(H). Conclude that
the canonical inclusion, U(H) — G(H), is a homotopy equivalence. Use this
and Kuiper’s theorem to show that the unitary group of an infinite dimensional
separable Hilbert space is contractible. More precisely, show that there exists a
continuous map g¢: [0,1] x U(H) — U(H) such that go(A) = A, ¢:(A) = idg, for
all Ae U(H), and ¢;(idy) = idy for all ¢ € [0, 1].

[.4.14. EXERCISE. Show that GL(K) := lim GL,(K) is not contractible,
whence not homotopy equivalent to G(H). Hint: The determinant yields a con-
tinuous map GL (K) — K* which is not homotopic to a constant map. GL(R)
has two connected components, G(H) does not! Show that the closure of GL (K)
in G(H) coincides with the group

Ge(H) :={idy+K € G(H) : K € K(H)}.

One can show that the inclusion GLy(K) — G.(H) is a homotopy equivalence,
see the references in [26].

[.4.15. EXERCISE. Let H be an infinite dimensional separable Hilbert space.
Show that H* := H \ {0} and the unit sphere, S(H) := {x € H : ||z| = 1},
are contractible. Hint: W.l.o.g. assume H = L?*(N), consider the shift operator,
S € B(H), S(e;) = ejy1, where e; denotes the standard basis, and note that
tr + (1 —t)Sxz # 0, for all 0 # = € H. Use this to construct a homotopy

connecting idyx with a map H* — H>* which takes values in ef.
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I.5. Vector bundles. Roughly speaking, a vector bundle is a collection of
vector spaces, F,, parametrized by points in a topological space, x € X. Many
functorial constructions from linear algebra can be applied to such a family in a
fiber wise fashion, and this leads to analogous constructions for vector bundles.
From this point of view, we are doing “linear algebra with parameters”. While
two vector spaces are isomorphic iff they have the same dimension, the situation
becomes much more intricate for vector bundles. In fact the set of isomorphism
classes of vector bundles over X depends very much on the (homotopy type) of
the space X.

In this section we will discuss a number of basic constructions with vector
bundles, including the Whitney sum, the tensor product and the pull back. At the
end of this section we will show that the Grassmannian of k-dimensional subspaces
in an infinite dimensional separable Hilbert space, Gry(H), is a classifying space
for vector bundles of rank k, see Theorem 1.5.27 below. For more background on
vector bundles we refer to [22, Chapter 3], [18] or [24].

Throughout this section K denotes the field R or C. Let X be a topological
space. A wector bundle over X is a continuous map p: £ — X together with the
structure of a K vector space on every fiber, £, := p~*(x), x € X, which is locally
trivial in the following sense: Every point in X admits an open neighborhood U
such that there exists a finite dimensional K vector space Ey and a homeomor-
phism ¢: p~1(U) = U x E intertwining the restriction pl,—1qy: p~'(U) — U
with the projection onto the first factor, p;: U x Ey — U, that is, the following
diagram commutes

p1(U) - U x E,
\ / i.e. p|p71(U) =p10¢,
p p1
U

and such that the restriction to each fiber, ¢,: E, — {x} x Ey = Ej, is linear,
x € U. In this situation F, p, and X are called total space, projection, and base
of the vector bundle E, respectively. Every fiber wise linear homeomorphism ¢
as above is refered to as a vector bundle chart or local trivialization of E.

A vector bundle is called real or complex depending on whether the underlying
field is K = R or K = C. The number rk,(F) := dim(E,) € Ny is called the rank
of E at x € X. Clearly, the corresponding function, rk(E): X — Ny, is locally
constant, whence constant on connected components of X. If there exists k € N
such that rk,(F) = k for all z € X, then FE is said to be of constant rank and we
write rk(E) = k. Vector bundles of rank 1 are called line bundles.

Let p: E — X be a vector bundle. A continuous map, s: X — FE| is called a
section of E, if pos=idx. We let

NE):={se€C(X,E):pos=idx}
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denote the space of all continuous sections. Sections of FE can be added and
multiplied with functions, point wise, using the linear structure of the fibers.
More precisely, if s and s" are two sections of E, then (s + ¢')(z) := s(z) + s'(x)
defines a section of E, and so does (fs)(x) := f(x)s(x), for every function f: X —
K. With these operations, I'(E') becomes a module over the algebra of continuous
functions, C'(X) := C(X,K). Using vector bundle charts it is straight forward to
verify that the sum of two continuous sections is again continuous, and so is the
product fs, for every f € C(X).

[.5.1. EXAMPLE (Trivial vector bundles). If Ej is a finite dimensional vector
space, then the canonical projection, p: X x Ey — X, is a vector bundle in an
obvious way. Vector bundles of this type are called trivial vector bundles. We
will use the notation ¥ = X x K*, for the trivial vector bundle of rank k over
X. Note that, T'(eF) = O(X,K*) = C(X) & --- & C(X), is a free C(X)-module
of rank k.

1.5.2. EXAMPLE (Restriction). If p: £ — X is a vector bundle, and Y is a
subspace of X, then the restriction, p|,-1yy: p~1(Y) — Y, is a vector bundle
in an obvious way. This bundle is called the restriction of E to Y and will be
denoted by Ely.

[.5.3. EXxAMPLE. The tangent bundle of a smooth manifold, TM — M, is a
(smooth) vector bundle, I'(T'M) is the space of continuous vector fields.

[.5.4. EXAMPLE (Canonical line bundle over RP"). Let RP" denote the pro-
jective space of 1-dimensional subspaces in R"*!. We equip this set with a topol-
ogy via the identification

RP" = (R™'\ 0) /R* = 5"/5°.

Note that the two quotient topologies coincide, since the inclusion S — R"*1\ 0
and the retraction, R"™\0 — 5™, v — v/||v||, induce mutually inverse continuous
maps between the two quotients. Thus, RP" is a compact Hausdorff space. Put

¢:={(Lx):z €L} CRP" x R™!,

and let p: & — RP"™ denote the canonical projection onto the first factor. Note
that the fibers of p are 1-dimensional subspaces of R"*!. One easily verifies that
p: & — RP" is a line bundle known as the canonical line bundle over RP". Below,
we will provide all details in a more general situation, see Example 1.5.14.

[.5.5. EXAMPLE (Canonical line bundle over CP"). Analogously, we put a
topology on the complex projective space via the identification

CP" = (C"1\ 0)/C* = 521 /5".

Again the two quotient topologies coincide since the inclusion, S?**1 — C**1\ 0,
and the retraction, C"™' \ 0 — S?"*!' v — v/|v|, induce mutually inverse
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continuous maps. Consequently, CP" is a compact Hausdorff space. Put
¢:={(L,x):z €L} CCP"xC",

and let p: & — CP"™ denote the canonical projection onto the first factor. One
readily checks that this is a complex line bundle called the canonical line bundle
over CP". For more details we refer to Example 1.5.15 below.

Suppose p: F — X and ¢: FF — X are two vector bundles over X. A
continuous map, ¢: E — F, is called vector bundle homomorphism if it is fiber
wise linear, i.e. go = p and ,: E, — F, is linear, for all x € X. Clearly,
the composition of two vector bundle homomorphisms is a again a vector bundle
homomorphism, and so is the identical map, idg: E — E. A vector bundle
homomorphism ¢: EF — F' is called vector bundle isomorphism if there exists a
vector bundle homomorphism ¢: F' — E which is inverse to ¢, i.e. 1) o ¢ = idp
and ¢otp) = idg. Two vector bundles over X are called isomorphic if there exists a
vector bundle isomorphism between them. A vector bundle is called trivializeable
if it is isomorphic to a trivial vector bundle.

[.5.6. EXAMPLE. The tangent bundle of an even dimensional sphere, T'S*", is
not trivializeable, n > 1. This follows from the hedge hog theorem which asserts
that every tangent vector field on S*" has to have a zero, see [17, Theorem 2.28|.

[.5.7. LEMMA. Suppose ¢: E — F' is a homomorphism of vector bundles over
X such that ¢, : E, — F, is a linear isomorphism, for each x € X. Then 1 is a
vector bundle isomorphism.

Proor. It follows immediately from the assumptions, that ¢: F — F' is
bijective. Moreover, the inverse mapping, ¢»~': F — E. is fiber wise linear too. It
thus remains to show that ¥~! is continuous. Since this is a local property, we may
assume F = X x K" and F' = X x K". Then 1 is of the form ¢(x,§) = (z, A.€),
with A: X — GL,(K) continuous. Since the inversion, GL,(K) — GL,(K),
A+ A™!is continuous, its inverse, ¥ (z, &) = (z, A, '€), is continuous too. [J

1.5.8. EXAMPLE. The canonical line bundle ¢ over RP' 2 S is isomorphic
to the Mobius strip and does not admit a nowhere vanishing section, see Exer-
cise 1.5.34 below. Consequently, £ is not trivializeable. For m < n, the inclusion
R™ — R™ 9y — (v,0), permits to regard RP™ as a subspace of RP™. The
restriction of the canonical line bundle over RP™ to RP™ is isomorphic to the
canonical line bundle over RP™. Indeed the inclusion R™*! — R"*! also provides
a vector bundle homomorphism &gpm — Egpr|gpm which is fiber wise bijective,
whence an isomorphism. This implies that the canonical line bundle over RP" is
non-trivial too.

[.5.9. EXAMPLE. The canonical line bundle over CP" is non-trivial. Indeed,
for m < n, the inclusion C™*! — C"*! permits to regard CP™ as a subspace
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of CP" and induces an isomorphism &cpm = Ecpr|cpm. Consequently, it suf-
fices to show that the canonical line bundle over CP' 2 S? is non-trivial, see
Exercise 1.5.35 below.

Suppose p: E — X is a vector bundle. Replacing every fiber E, with its dual
space E7, one can construct a vector bundle ¢: E* — X called the dual bundle
of E. More precisely, put E* :=| |,y E} and let ¢: E* — X denote the obvious

map. If p: E|y 5 U x Ey is a vector bundle chart for E, then we obtain a fiber
wise linear bijection,

Bl =| | By 2= “i | | B =0 x E, (L9)

zeU zeU

where ¢! : Ef — EZ* denotes the linear map (isomorphism) dual to ¢, : E, — Ey.
One readily checks that there exists a unique topology on E* such that ¢: E* — X
becomes vector bundle over X and such that the maps (1.9) are vector bundle
charts of E*, for every vector bundle chart ¢ of E. Clearly, we have a natural
isomorphism of vector bundles, £** = E.

Suppose E and F' are two vector bundles over X. We will now construct a
vector bundle p: E® F — M with fibers F, ® F,. More precisely, put £ ® F :=

e x Ee®F, andlet p: EQF — X denote the obvious map. If p: Ely = UxEy

and ¥: Fly 50U x Fy are two vector bundle charts for £ and F', respectively,
then we obtain a fiber wise linear bijection,

(E®F)ly=| |EBoF 2 | |BoRh=UxEok) (110

zelU zelU

where ¢, ® ¥, E, ® F, — Ey® F, denotes the tensor product of the linear
isomorphisms ¢, : E, — Ey and 9, : F, — Fy. It is easy to see that there exists
a unique topology on E ® F' such that q: £ ® F' — X becomes a vector bundle
and such that each of the maps (1.10) is a vector bundle chart of £ ® F', for all
vector bundle charts ¢ and 1) as above. Clearly, there are natural isomorphisms
of vector bundles,

ER(FoG)=(EQF)®G, EQF=F®E, and E®c =F,

where ¢! = X x K! denotes the trivial line bundle over X. Moreover, (E® F)* =
E* ® F*. Note that there is a canonical one-to-one correspondence between
['(E* ® F) and the space of vector bundle homomorphisms, £ — F.

Similarly, the Whitney sum of two vector bundles E and F' over X is defined
to be the vector bundle £ @ F' — X with fibers (E® F), = E, @ F,, z € X.
Then, there are natural isomorphisms of vector bundles,

Eo(FOG)=(E®@F)®G, EOF2F@E, and Eg9L =F.
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Here € = X x K° denotes the unique (trivial) vector bundle of rank zero over
X. Moreover, (E @& F)* = E* @ F* and

(E®F)9G=(E®G)® (FoQq).

Moreover, '(E & F) =T'(E) & ['(F), as C(X)-modules.

Note that we have two natural vector bundle homomorphisms, tp: £F — EGF
and tp: F — E @ F, with the following universal property: If ¢p: F — G and
¢r: F — G are two vector bundle homomorphisms, then there exists a unique
vector bundle homomorphisms, ¢: £ & F' — G, such that ¢ o 1p = ¢p and
¢ otp = ¢p. Moreover, there are two natural vector bundle homomorphisms,
mg: E®F — E and np: FE® F — F, with the following universal property:
If Yp: G — E and Yp: G — F are two vector bundle homomorphisms, then
there exists a unique vector bundle homomorphism, ¢: G — E & F', such that

Tp oY =vYg and TF 0 = Pp.
[.5.10. EXAMPLE. There exists an isomorphism of real vector bundles,
TS" ®e' =2t

Indeed, the differential of the natural embedding, S™ C R"*!, provides a fiber
wise injective vector bundle homomorphism, T'S™ — TR"™!|g.. Moreover, the
unit normal to the sphere can be regarded as a vector bundle homomorphism,
el = S" xR — TR""gu, (x,t) — (x,tz). Combining these two, we obtain a
vector bundle isomorphism T'S™ @ ¢! = TR !|g. = ™", More generally, for
every smooth manifold M with boundary M, we have an isomorphism

TM|oar 2 T(OM) ® €.

Let p: E — X be a vector bundle. A subset F' C FE is called subbundle of
E if every point in X admits an open neighborhood U such that there exists
a vector bundle chart ¢: F|y — U X Ey and a linear subspace Fy of E, with
©(FNE|y) =U x Fy. In this situation, F' is a vector bundle over X, and the
canonical inclusion yields a fiber wise injective homomorphism of vector bundles,
F — E. Moreover, replacing each fiber E, with the quotient space, E,/F,, we
obtain a vector bundle £/F over X. More precisely, put E/F = | | .y E,/F,

and let ¢: E/F — X denote the obvious map. If ¢: F|y 5 U x Ey is a vector
bundle chart as above, then we obtain a fiber wise linear bijection,

(B/F)y = || Bof/Fe E55 | | Bo/Fo=U x (Eo/Fy).  (L11)

zelU zelU

One readily checks that there exists a unique topology on E/F so that ¢q: E/F —
X becomes vector bundle over X and such that the maps (I.11) are vector bundle
charts for E/F, for every vector bundle chart ¢ as above. Moreover, we have a
canonical homomorphism of vector bundles, £ — FE/F, which is fiber wise onto.
Thus, a subbundle gives rise to an exact sequence of vector bundles,

0—-F—FE—FE/F—0,
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i.e. a sequence of vector bundle homomorphisms which is fiber wise exact.

[.5.11. ExaAMPLE (Normal bundle). Let M be a smooth manifold and suppose
S is a closed submanifold of M. Then T'S is a subbundle of 7'M |g, and the vector
bundle T+S := TM|s/TS is called the normal bundle of S in M.

The following is a convenient tool to recognize subbundles.

[.5.12. PROPOSITION. Let E and F' be two vector bundles over X, and suppose
¢: E — F is a homomorphism of vector bundles with (locally) constant rank.

Then ker(¢) = J,cy ker(¢,) and img(¢) = J,cy img(¢,) are subbundles of E
and F', respectively.

PROOF. Since this is a local property, we may w.l.o.g. assume £ = X x K"
and F = X x K™. Then ¢: E — F is of the form ¢(z,v) = (z, Ayv), where
A: X — Mpyn(K) is continuous. Moreover, we may assume rank(A,) = k, for
all x € X. Conjugating with appropriate elements in GL, (K) and GL,,(K) we
may, moreover, assume that A is of the form

N A B

(¢ 5).
where A: X — GLi(K), B: X — Myxm-n(K), C: X = Mgu_i)xx(K) and
D: X — Mm—i)x(n—k) (K) are continuous. Note that

1, 0 A B A7l —A7'B . I, 0 o I, 0
—CA™Y I,)\C D 0 Ik ~\0 D-CA'B) \0 0
—— .

. J/
~"

G i H

since A, has rank k. Note that G: X — GL,,(K) and H: X — GL,(K) are
continuous. Hence they give rise to vector bundle charts:

~

p: E=XxK"= X xK", o(x,v) = (v, H; 'v),
Y: F=XxK" S X x K™, Y(z,w) = (z, Gyw).

By construction, ¢(ker(¢)) = X x K™% C X x K", whence ker(¢) is a subbundle
of E. Similarly, we have 1 (img(¢)) = X x K*¥ C X x K™, hence img(¢) is a
subbundle of F'. 0

1.5.13. EXAMPLE. Suppose 0 — F = E 5 G — 0 is a short exact sequence
of vector bundles over X, i.e. the sequence of fibers, 0 — F, <% E, =% G, — 0
is exact, for every x € X. Then img(:) = ker(m) is a subbundle of E, according
to Proposition 1.5.12. Moreover, ¢ provides a natural isomorphism, F' = img(¢),
and 7 induces a natural isomorphism, F/ker(7) = G.

[.5.14. ExAMPLE (Canonical bundle over Grg(R")). Let Gri(R™) denote the
Grassmannian of all k-dimensional subspaces in R". We equip this set with a
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topology, via the identification:
Gry(R") = WA E Muxh(R) i k(A) =k} {A € M(R) : A'A = Iy}

where A corresponds to the k-dimensional subspace img(A) of R”. The Gram-
Schmidt orthonormalization formula induces a continuous map from the quotient
on the left hand side to quotient one on the right hand side which is inverse to
the obvious continuous map in the other direction. From the second description
we immediately see that Grg(R™) is a compact Hausdorff space. For each k-
plane, L € Gri(R"™), we let 77 : R" — R" denote the orthogonal projection onto
L. If L = img(A), where A € M, ,(R) such that A*A = I, then 7, = AA*,
whence 77, depends continuously on L. Consider the resulting endomorphism of
the trivial vector bundle,

m: Grg(R") x R" — Grg(R") x R, w(L,v) := (L, mv),
a fiber wise projection of rank k. By Proposition 1.5.12,
& = img(m) = {(L,v) : v € L} C Crp(R") x R,

is a real vector bundle of rank k over Gry(R"), called the canonical k-plane bundle
over Gri(R™). As will become clear below, this vector bundle is highly non-trivial.
If n < m, then the inclusion R” C R™ permits to regard Gri(R") as a subspace of
Grj,(R™), and induces an isomorphism between the & and the restriction of the
canonical k-plane bundle over Gry(R™). For this reason we omit the dimension
of the ambient space in the notation for the canonical bundle £&. Note that
Gr;(R™) = RP", and that the canonical bundle & over Gry(R™"!) coincides
with the canonical bundle over RP" constructed before.

[.5.15. EXAMPLE (Canonical bundle over Gri(C™)). Analogous to the real
case, there are canonical vector bundles over the Grassmannian of all k-dimensi-
onal complex subspaces in C". We equip this space with the quotient topology
via the identification:

Gr ((cn) _ {A S Mnxk((c) : l"k(A) = k’} _ {A S Mnxk((c) D AYA = ]k}
g GL:(C) Uy ’
Again, the two quotient topologies coincide in view of the Gram-Schmidt or-
thonormalization formula. From the second description we immediately see that
Gri(C™) is a compact Hausdorff space. Just as in the real case, one shows that

¢k = {(L,v) :v € L} C Gr(C™) x C",

is a complex vector bundle of rank k over Gr,(C"), called the canonical k-plane
bundle over Grg(C"). If n < m then the inclusion C" C C™ permits to regard
Gry(C") as a subspace of Gri(C™), and induces an isomorphism between && and
the restriction of the canonical k-plane bundle over Gry(C™). In the case k =1
the bundle ¢, coincides with the canonical line bundle over CP" = Gr;(C"*!)
constructed above.
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1.5.16. PROPOSITION. Suppose 0 — F = E 5 G — 0 is a short ezact
sequence of vector bundles over a paracompact Hausdorff space X. Then there
exist vector bundle homomorphisms, 0: G — E and p: E — F such that mo =
idg and p. = idg. Moreover, there exists an isomorphism, £ = F & G.

Proor. We first construct o locally: Every point z in X admits an open
neighborhood U such that there exists a vector bundle homomorphism oy : G|y —
Ely with 7|y o oy = idg),. Indeed, using vector bundle charts one readily
constructs a vector bundle homomorphism &y : G|y — E|y such that 7|y o
ou: Gly — G|y is fiber wise bijective, whence an isomorphism. Then oy =
oy o (m|y o 6y) ™! has the desired property.

By the preceding paragraph, there exists an open covering X = |J, U; and
vector bundle homomorphisms o;: G|y, — Ey, such that 7|y, 0 0y = idgy,, - Since
X is paracompact, there exists a subordinated partition of unity, A;: U; — [0, 1],
> ;A =1 and supp(\;)) € U;. Then o: G — E, 0 := >, oy, is a globally
defined vector bundle homomorphism satisfying 7o = idg. The vector bundle
homomorphism, p: £ — E, p:= idg —om, takes values in the subbundle img(:) =
ker(m), for we have 7p = 7 — wom = m — m© = 0. Moreover, pt = ¢ since m = 0.

o 1 .
If we let p: E — F denote the composition E % img(t) “— F, then pi = idp.
Note that ¢ and o give rise to a homomorphism F' & G — E which is fiber wise
bijective, whence an isomorphism. O

Two subbundles F' and F’ of a vector bundle £ over X are called comple-
mentary, iff £, = F, @ F, for all x € X. In this case the inclusions induce a
canonical isomorphism, F' @ F' = E.

[.5.17. PROPOSITION. Let E be a vector bundle over paracompact Hausdorff
space X. Then every subbundle of E admits a complementary subbundle.

PROOF. Let ¢: FF — E denote the canonical inclusion. Applying Proposi-
tion 1.5.16 to the short exact sequence 0 — F - E — E/F — 0, we obtain a
vector bundle homomorphism p: E — F such that pt = idp. Then F' := ker(p)
is a subbundle of E, see Proposition 1.5.12, which is complementary to F.? [

[.5.18. LEMMA. Suppose E is a vector bundle over a compact Hausdorff space
X. Then there exists N € Ny and a continuous map E — KY which is fiber wise
linear and injective.

PROOF. By compactness, there exist finitely many open subsets Uy, ..., U,,
such that El|y, = U; x KFi| for each i = 1,...,n. Such trivializations, provide
continuous, fiber wise injective linear maps, fi: Ely, — K*. Let )\; be a sub-
ordinated partition of unity, i.e. A: X — [0, 1] is continuous, Y .  A; = 1, and

9An alternative proof for the existence of complementary bundles based on fiber wise Her-
mitian metrics is discussed in the Exercises 1.5.37 and 1.5.38 at the end of this section.
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supp(A;) C Uy, for all i = 1,...,n. Then, the continuous map,

FrE=KY,  f) = M) A©). - Aap@) fa(v)),
has the desired property, N =Y " | k;. O

[.5.19. PROPOSITION. If E is a vector bundle over a compact Hausdorff space
X, then there exists a vector bundle F' over X such that E ® F s trivializeable.
In particular, T(E) is a finitely generated projective module over C'(X).*°

PRroOF. Let f: E — K" be a map as in Lemma 1.5.18 above. Then
L E— X xKY =&V, L(v) = (v, f(v)),

is a fiber wise injective vector bundle homomorphism. According to Proposi-
tion 1.5.16, the vector bundle F := ¢ /img(+) has the desired property, E @ F =
el For the space of sections we obtain, C(X)" = T'(e¥) = T'(E) @ I'(F), hence
['(E) is a direct summand of the free C'(X)-module C(X)", whence finitely gen-
erated and projective. 0

There is an important construction generalizing the restriction of a vector
bundle, Ely, which is know as pull back of vector bundles. Suppose p: E — X
is a vector bundle and let f: Y — X be a continuous map. Then there exists
a vector bundle f*p: f*E — Y and a continuous map p*f: f*E — E such that
the following diagram commutes

F*E p*f E
f*pl lp (L.12)
y o x

and such that (p*f),: (f*E)y, — Ef() is a linear isomorphism, for every y € Y.
Moreover, if ¢: F' — Y is another vector bundle, and ¢: F — FE is continuous,
fiber wise linear map over f, ie. pot = foq and ¢,: F, — Ey,) is linear for
all y € Y, then there exists a unique vector bundle homomorphism ¥: F' — f*FE
such that ¢» = (p*f) o .

10According to the Serre-Swan theorem, every finitely generated projective C(X)-module
is of the form I'(E), for some vector bundle E over X, cf. [24, Theorem I1.6.18].
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As is a formal consequence of this universal property, a vector bundle f*E to-
gether with the fiber wise linear map p* f over f as above, is unique up to canonical
isomorphisms. Essentially, there is only one.

To construct the pull back we put

[fE=Y xx E:={(y,e) €Y x E: f(y) =ple)},

and let f*p and p* f denote the restrictions of the canonical projections. These are
clearly continuous and the diagram (I.12) above commutes. The fiber, (f*E), =
{y} x Eg(,), becomes a vector space in an obvious way, and p* f is obviously fiber
wise linear. In fact one easily checks that f*q: f*E — Y is a vector bundle: any

local trivialization ¢: E|y S Ux Ey provides a fiber wise linear homeomorphism,

O: (fE) oy = fTHU) x By, B(y.e) = (y,pa(d(e))).

with inverse, ®(y,e0) = (v, (f(y),€0)). The verification of the universal
property is straight forward.
The pull back of vector bundles is functorial. More precisely, if Z 2 YV END'e

are two continuous maps, and E is a vector bundle over X, then the universal
property provides canonical isomorphisms of vector bundles

GfE=(fog)'FE and idy F=F.

Moreover, if t: Y — X denotes the inclusion of a subspace, then there exists a
canonical vector bundle isomorphism (*E = FEly. In this sense, the pull back
construction can be considered as a generalization of the restriction. Also note
that for every constant map, ¢: Y — X, ¢(y) = xg, we obtain a canonical
trivialization of vector bundles, ¢*E = Y X E,,. Moreover, we have natural
isomorphisms of vector bundles,

f(E@F)=fE®fF ad [f(EQF)=fE®fF
for every continuous map f: Y — X and two vector bundles £ and F over X.

1.5.20. ExAMPLE (Normal bundle of an immersion). If f: S — M is a

smooth immersion, then the fiber wise injective homomorphism of vector bun-
dles, Tf: TS — f*T'M, permits to regard T'S as a subbundle of f*T'M. Thus,
f¥TM/TS is a vector bundle over S called the normal bundle of the immersion.

[.5.21. EXAMPLE. Suppose F is a vector bundle of rank k over a compact
Hausdorff space X, and let f': E — K be a fiber wise linear and injective map
as in Lemma 1.5.18. One readily checks that f: X — Grp(KY), f(z) := f'(E,),
is continuous. Moreover, (f, f'): E — & C Gr(KY) x K¥, is a fiber wise linear
isomorphism, hence it induces an isomorphism of vector bundles,

E = f*&,
by the universal property of the pull back.
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[.5.22. PROPOSITION (Homotopy invariance). Let X be a paracompact Haus-
dorff space and suppose f,qg: X —Y are two homotopic maps. Then,

["E=gE,
for every vector bundle E overY .

PROOF. By assumption, there exists a continuous map h: [0,1] x X — Y such
that f = how and g = h oy, where ¢;: X — [0,1] x X denotes the inclusion,
t(x) := (t,x). Hence,

[TE = (how)'E=h"E = hE = (hou)E=g"FE,
where the isomorphism in the middle exists in view of Lemma 1.5.23 below. [

1.5.23. LEMMA. Let X be a paracompact Hausdorff space and suppose E is a
vector bundle over [0,1] x X. Then (JE = {1 E.

PrROOF. We follow the presentation in [18, Proposition 1.7] see also [22, The-
orem 4.3]. We first show that each point in 2y € X admits an open neighborhood
U such that F |[0,1]><U is trivializeable. Using the compactness of the interval we
find 0 =ty < t; < --- < t, = 1 and open neighborhoods U; of zy such that
Elpt, , #xv; i trivializeable, for each i = 1,..., N. Then U := (X, U; is an open
neighborhood of xy and there exist vector bundle charts

Qi E [ti_1,t:]xU i [ti—lati} x U x Eo.

o

Put 1 := ¢y and define ¥ 111 Ely, 1, xv — [ti, tiv1] X U x Ey recursively by

(Yis1) ) Eawy = Eo,  (Vig1) e = (wi)(ti,x)<90i+1)(§ix)(%’H)(t,x),

where t € [t;,t;11] and x € U. Then the trivializations 1; and ;1 coincide over
{t;} xU and thus fit together to provide a trivialization Elj1jxv = [0, 1] x U x Ej.

By the previous paragraph, there exists an open covering X = |J, U; such
that Eljo1)xu, is trivializeable. Since X is paracompact, there exists a partition
of unity, A;: X — [0,1], >, A\; = 1 and supp(\;) C U;. Consider the continuous
maps

ni: X —[0,1] x X, ni(z) = (ngi )\i(x),x).

Note that 179 = ¢y and every point in X admits an open neighborhood V' such that
nilv = t1|v, for sufficiently large i. We will now define vector bundle isomorphisms

¢ i E = i, B (1.13)

Since 7; and 7,41 coincide over X \ supp(};), the bundles n;E and 7}, , E coincide
over X \ supp();), and we let ¢;|x\supp(r,) = id. Using a trivialization of E|o1)xu,,
we construct an isomorphism ¢|y, : 0} E|y, — 1}, E|y, which is the identity on U;\
supp(\;). Hence these two pieces match up to define a vector bundle isomorphism
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as in (1.13) Since supp()\;) is locally finite, the product ¢ := - - - ¢3p201 ¢y is locally
finite, whence defines a vector bundle isomorphisms (jF = /£ O

[.5.24. EXAMPLE. Every homotopy equivalence between paracompact Haus-
dorff spaces, f: X — Y, induces a bijection f*: VE(Y) = VE(X). Here VE(X)
denotes the set of isomorphism classes of rank k vector bundles over X. Indeed,
there exists a continuous map ¢g: ¥ — X such that g o f is homotopic to idx
and such that f o g is homotopic to idy. From Proposition 1.5.22 we thus ob-
tain f*¢*E = (go f)*FE = idy E = E, for every vector bundle E over X, and
g f*F = (fog)'F = id}, F = F, for every vector bundle F' over Y. Conse-
quently, g*: VE(X) — VE(Y) is inverse to f*: VE(Y) = VE(X). In particular,
every vector bundle over a contractible paracompact Hausdorff space is trivial.

[.5.25. ExAMPLE (Canonical bundle over Gry(H)). Suppose H is a real or
complex Hilbert space, and let Gry(H) denote the Grassmannian of all k-di-
mensional (closed) subspaces in H. We equip this set with a topology via the
identification,

{AeB(K"H):1k(A) =k} {AeB(KF H): A*A=id}
n GLk(K) N Ok resp. Uk )
As before, the Gram—Schmidt orthonormalization formula induces a continuous
map from the quotient on the left hand side to the quotient on the right which
is inverse to the obvious continuous map in the other direction. Consequently,

the two quotient topologies coincide. From the second description we see that
Gri(H) is Hausdorff. Put

&= {(L,v):ve L} CGr(H) x H,

and let p: && — Gry(H) denote the canonical projection. Note that the fibers of
p are k-dimensional subspaces of H. In fact &£ is a vector bundle over Gry(H).
To see this we can proceed as in the finite dimensional case, cf. Proposition 1.5.12.
For each k-dimensional subspace, L € Gry(H), we let P,: H — H denote the
orthogonal projection onto L. If L = img(A), where A € B(K*, H) with A*A =
id, then P, = AA*, whence P: Gry(H) — B(H), L — Py, is continuous. Fix

a k-dimensional subspace Lo C H and write P, = (éﬁ gi ) according to the

decomposition H = Ly & Ly, that is Ay € B(Lo, Lo), Br € B(Ly, Ly), Cr, €
B(Ly, Ly), and Dy € B(Lg, Ly). By continuity, the set U := {L € Gry(H) :
Ay € G(Lo)} is an open neighborhood of Ly in Gri(H ). Moreover, the continuous

GI‘k(H)

map, U — B(H), L — (473421 i%), provides a fiber wise linear homeomorphism,

UxH — Ux H, mapping £&|i; onto U x Lg. This shows that £ is a vector bundle,
actually a subbundle in the trivial bundle of infinite rank, Gry(H)x H — Gri(H).

11t E is a smooth vector bundle over [0,1] x M, then the parallel transport along the
curves t — (t,x) associated with a linear connection on E provides an isomorphism (§E = (f E.
Hence, in the smooth case, the statement can be proved using the solution of a linear ODE.
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Note that every linear embedding, K" C H, induces an embedding Gry(K") C
Gry,(H) and the restriction of the canonical bundle && over Gry,(H) to Gry(K")
coincides with the canonical bundle over Gry(K") constructed before.

[.5.26. LEMMA. Let H be an infinite dimensional real or complex Hilbert space,
and suppose F is a vector bundle of rank k over a paracompact Hausdorff space
X. Then there exists a continuous map E — H which is fiber wise linear and
mjective.

PROOF. Using the paracompactness of X, one shows [18, Lemma 1.21] that
there exists a countable open covering, X = |J,.y Ui, and vector bundle charts,
E|y, 2 U; x K*. The second components of these charts provide continuous maps
fi: Ely, — K* which are fiber wise injective and linear. Let \; be a subordinated
partition of unity, \;: X — [0,1], >°..yAi = 1 and supp();) € Uj, for all i € N.
Moreover, let p: EF — X denote the vector bundle projection. Then,

[ E= @K, f0) = (M) i), a(p@) o), ..),
ieN
is a continuous map which is fiber wise injective and linear. Composing f with
an injective continuous linear map, @, K* — H, we obtain a map £ — H
which has the desired properties. O

We let VE(X) and VE(X) denote the set of isomorphism classes of real and
complex vector bundles over X of rank k, respectively. The following result
reduces the problem of determining V&(X) to a homotopy theoretic problem.

1.5.27. THEOREM. Suppose H is an infinite dimensional separable real or com-
plex Hilbert space, and let £ denote the canonical k-plane bundle over Gry(H).
Then, for every paracompact Hausdorff space X, the pull back induces a bijection,

[X, Gry(H)] = VE(X), fr frEk. (1.14)
Thus, Gry(H) is a classifying space for vector bundles of rank k.*?

ProoF. We follow the presentation in [18]. Note that the assignment (I1.14)
is well defined in view of Proposition 1.5.22. To see that it is onto, let F be a
vector bundle of rank k over X. By Lemma [.5.26 there exists a continuous map
f': E — H which is fiber wise linear and injective. One readily verifies that,
f: X — Grp(H), f(x) :== f'(E,), is continuous. Moreover, (f, f): E — && C
Gri(H) x H, defines a continuous map which is fiber wise linear and bijective.
By the universal property of the pull back, the latter induces an isomorphism of
vector bundles, E = f*¢& whence (1.14) is onto.

To see that (I.14) is injective, suppose f,g: X — Gry(H) are two continuous
maps such that f*¢f = B = g*¢k. Let f: E — & and g: E — && denote the

12The proof below works equally well with Gry(K>) := liqurk(K”) replacing Gry(H).
Consequently, Grg(K*) is a classifying space for rank k vector bundles too. In fact Gry(K*)
and Gry(H) are homotopy equivalent.
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corresponding fiber wise linear maps over f and g, respectively. Composing f
and g with the projection && — H, we obtain continuous maps f': £ — H and
g': E — H which are fiber wise injective and linear. It suffices to construct
a continuous map, h': [0,1] x E — H, such that hy = f', b} = ¢ and so
that hi: E — H is fiber wise injective and linear, for each ¢ € [0,1]. Then,
h:[0,1] x E — Grg(H), hi(x) := hi(FE,), is a continuous homotopy connecting
ho = f with hy = g. To construct such a homotopy, we fix an isometry H = L?(N)
and note that

o [071] XH-}H, O't<£lj'1,.fl'2,...) = (1—t)<£lj'1,l'2,...)+t(l’1,0,l’2,0,...),

is a continuous homotopy such that each o,: H — H is injective and linear.
Hence, f; := oy 0 f’, is a continuous homotopy of fiber wise injective linear
maps connecting f) = f’ with a map, f], that takes values in the subspace
L2, (N) = {z € L*(N) : zo; = 0}. Analogously, one constructs a continuous
homotopy of fiber wise injective linear maps, g;, connecting g, = ¢’ with a map
gy that takes values in L2, (N) = {z € L*(N) : x9;,; = 0}. Finally, (1—t)f]+tg},

is a continuous homotopy of fiber wise injective linear maps connecting f; with
g;. Concatenation of these three homotopies yields the desired homotopy 2. O

For every Hilbert space, let Sty (H) := {4 € B(K¥, H) : A*A = id} denote
the Stiefel manifold of orthonormal k-frames. The projection Sty (H) — Gry(H)
is a principal Oy resp. Uy bundle. If H is an infinite dimensional separable
Hilbert space, then Sty (H) is contractible, see Exercise 1.5.39 below. A common
notation for this (universal) principal bundle is EU, — BUj, in the complex case
and FOy — BOy in the real case. So let us introduce the notation EUy = Sty (H)
and BUy, = Grg(H) where H is a complex infinite dimensional separable Hilbert
space. Similarly, FOy = Stx(H) and BOy := Gry(H) where H is a real infinite
dimensional separable Hilbert space. Since the homotopy groups of EU, and
FEOy vanish, the long exact sequence of homotopy groups associated with these
fibrations gives rise to isomorphisms

Tn(BUg) = 11 (Uy) and  7,(BOy) = m,-1(Ok). (I.15)
For k =1 this implies:
Z ifn=2

0 otherwise

0  otherwise

Wn(BU1> = {

Hence BU; is an Eilenberg-MacLane space K(Z,2), and BO; is a K(Zs,1).
Consequently, there are natural bijections [X, BU;| & H*(X;Z) and [X, BO;] =
H'(X;Zs). Combining this with Theorem 1.5.27, we obtain natural bijections:

and mn(BO;) = {

c: VAX) S HAX:Z)  and  wi: VA(X) = HY(X; Zy).

These are isomorphisms of abelian groups, where the group structure on Vi (X)
is the tensor product, cf. Exercise 1.5.31 below. The Cech cohomology class
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represented by the cocycle of transition functions associated with an atlas of
local trivializations of a line bundle provides another way of understanding these
isomorphisms.

For k > 1 it is much harder to determine VE(X). For the spheres, (I.15) and
Theorem 1.5.27 yield:'?

Ve(S™) = a1 (Uk)-
More explicit, this can be understood via the clutching construction, see for

instance [17, Chapter 1.2]. The homotopy groups of Uy, are quite complicated,
according to [33, page 970] we have:

nl|o[1|2]3[4|5]|6 7|89 10 [11] 12
mm(Uy) |0]Z]|0]0 0] 0|0 [0] 010 0 0 0
7Tn(U2) 0/Z|0|Z ZQ ZQ Zlg ZQ ZQ Zg Z15 ZQ ZQXZQ
7Tn(U3) 0/Z|0|Z] 0 7 ZG 0 Zlg Z3 Zgo Z4 ZGO
TU) [0 Z[0[Z[ 0| Z [ 0 | Z|Zos|Zo | Zioo x Zs | Zs| Zeo
m™m(Us) |0|Z|0|Z |0 | Z | 0 |Z| 0 |Z Z90 0 Zise0
WU |0[Z[0[Z|0|Z]| 0 |Z]| 0 |Z 0 Z | Zuwo
(U 0|Z0|Z| 0 [Z| 0 |Z |0 |Z 0 Z| 0
W) 0[Z|0]Z[0]Z|0]Z|0 2] 0 |Z| 0

However, the inclusion Uy — Uy induces an isomorphism 7, (Uy) = m,(Ug11),
provided n < 2k. This follows from the long exact sequence of homotopy groups
associated with the fibration Uy, — S?*! with typical fiber Uy. Hence, 7, (Uy)
becomes stable, for large k. Writing U := hg Uy, for the infinite unitary group,
we obtain m,(U) = 7,(Ux), provided n < 2k. Moreover, the stable homotopy
groups are periodic, m,(U) = m,,2(U). We will discuss this phenomenon, known
as Bott periodicity, more thoroughly in Section 1.7 below.

[.5.28. EXERCISE. Let E be a vector bundle of rank k. Show that F is trivial-
izeable if and only if there exists k& continuous sections, sy, ..., s, € ['(F), which
are point wise linearly independent, i.e. s;(x),..., sg(x) are linearly independent
in £, for all z € X.

[.5.29. EXERCISE. Let E be a vector bundle over a paracompact Hausdorff
space X. Show that there exist k point wise linearly independent continuous
sections, sy,...,s, € ['(F), if and only if E = F @ ¢*, for some vector bundle
F over X. Apply this to the odd dimensional spheres, X = S*'*! to obtain
TSl > F el

1.5.30. EXERCISE. Let m: £ — FE be a vector bundle homomorphism such
that 72 = m. Show that img(w) and ker(7) are complementary subbundles of £
and conclude E = img(7) @ ker(m). Hint: Show that 7 has locally constant rank.

13The real case is slightly more involved because Oy, is not connected.
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[.5.31. EXERCISE. Show that Vi (X) is an abelian group with respect to the

tensor product of vector bundles. Hint: The inverse is represented by the dual
bundle.

[.5.32. EXERCISE. Let M be a smooth manifold with boundary OM. Show
that there exists an isomorphism of real vector bundles,

TM|oy = T(OM) e’

[.5.33. EXERCISE. Let £ — X be a vector bundle. Equip the set AF =
|| e x AYE, with the structure of a vector bundle over X. Show that

1 .
(1 @ Q) == p Z SIgN(0) V(1) @ -+ - @ Vg(q)
T 0€By

defines a vector bundle endomorphism of £ ® --- ® E satisfying 72 = 7. Show
that img() is a subbundle of £ ® --- ® E which is isomorphic to AZE.

[.5.34. EXERCISE. Let ¢ — RP"™ = 5"/S° denote the canonical real line
bundle. Show that there exists a natural isomorphism of C(X)-modules,

L) = {f € C(S"R) | Va € S": f(~2) = —f(x)}.
Use this to show that every continuous section of ¢ has to vanish somewhere, and
conclude that ¢ is a non-trivial line bundle.

1.5.35. EXERCISE. Let p: £ — CP™ = §?"1/S5! denote the canonical complex
line bundle. Show that there exists a natural isomorphism of C'(X)-modules,

I'&)={feC(S*,C)|Voe S Ve S : fza) =2f(z)}.

Use this to show that every continuous section of ¢ has to vanish somewhere, and
conclude that £ is a non-trivial line bundle, n > 1. Hint: Suppose conversely,
that there exists a continuous map f: S?"™ — S! such that f(zx) = zf(z), for
all z € S*"*! and z € S'. Let # € Q'(S") denote the angular form, [, # = 1, and

show fp_l(y) f*0 =1, for every y € CP". Derive a contradiction using f*6 = dh,
for some smooth function h on the simply connected sphere S?**1,

[.5.36. EXERCISE. Let p: E'— X be a vector bundle and suppose f: ¥ — X
is continuous. Show that there is a natural isomorphism of C'(Y)-modules,

P(fE)={peC(Y,E) :pod= [}

This permits to regard sections along f as sections of a vector bundle.

[.5.37. EXERCISE (Fiberwise Euclidean metrics). Suppose £ — X be a real
vector bundle. A continuous section h € I'( E*®@E*) is called a fiber wise Euclidean
metric if h, is a positive definite symmetric bilinear form on E,, for each x € X.
Show that every real vector bundle over a paracompact Hausdorff space admits
fiber wise Euclidean metrics, and use this to prove £ = E*. Moreover, if I is
a subbundle of E, show that the orthogonal complement, F+ := J, . F;", is a

x
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subbundle of E which is complementary to F, i.e. E = F @ F*. Furthermore,
show that every point in X admits a neighborhood U such that there exists a
vector bundle chart, E|y = U x Ej, for which the Euclidean metric becomes
constant, h, = hg, independent of z € U.

1.5.38. EXERCISE (Fiberwise Hermitian metrics). Suppose £ — X is a com-
plex vector bundle. A continuous section h € T'(E* ® E*) is called a fiber wise
Hermitian metric if h, is a positive definite symmetric sesquilinear form on E,,
for each z € X. Here E denotes the conjugate vector bundle, i.e. the same bundle
as E equipped with the conjugate scalar multiplication. Show that every complex
vector bundle F over a paracompact Hausdorff space X admits a fiber wise Her-
mitian metric, and use this to conclude E = E*. Moreover, if F is a subbundle
of E, show that the orthogonal complement, F* := Usex F:- is a subbundle
of E which is complementary to F, i.e. E = F @& F+. Furthermore, show that
every point in  admits a neighborhood U such that there exists a vector bundle
chart, Ely = U x Ey, for which the Hermitian metric becomes constant, h, = hy,
independent of x € U.

1.5.39. EXERCISE. Let H be an infinite dimensional separable real or complex
Hilbert space. Show that the Stiefel manifold of orthonormal k-frames, Sty (H) :=
{A € B(KF H) : A*A = id}, is contractible. HINT ...

I.6. Atiyah’s theorem. Let X be a compact Hausdorff space, and let Vi (X)
denote the set of isomorphism classes of vector bundles over X where K = R or
K = C. With respect to the Whitney sum, V(X) is an abelian semigroup with
neutral element € = X x K°. Moreover, the tensor product of vector bundles
turns Vg (X) into a commutative semiring with unit e! = X x K. If f: X — Y is
a continuous map between compact Hausdorff spaces, then the pullback induces
a homomorphism of semirings, f*: V(YY) — Vk(X), such that

(go f) = f*g" and idy = idy, (x)
for any two continuous maps between compact Hausdorff spaces, f: X — Y and
g:Y — Z. In other words, Vk is contravariant functor from the category of com-
pact Hausdorff spaces to the category of commutative semirings. Furthermore,
this functor is homotopy invariant, i.e. for any two homotopic maps, f,g: X — Y,

we have f* = g*: Vx(Y) — Vk(X).

[.6.1. LEMMA (Grothendieck construction). Let S be an abelian semigroup.
Then there exists an abelian group G(S) and a homomorphism of semigroups,
v S — G(S), with the following universal property: For every abelian group
A and every homomorphism of semigroups, ¢: S — A, there exists a unique
homomorphism of groups, ¢: G(S) — A, such that g o1 = .

If S is a commutative semiring, then G(S) admits the structure of a commuta-
tive ring such that v is a homomorphism of semirings with the following universal
property: For every commutative ring R and every homomorphism of semiring,
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v: S — R, there exists a unique homomorphism of rings, ¢: G(S) — R, such
that o o v = . If S is unital, then (1) is a unit in G(S5).

PROOF. Introduce an equivalence relation on S x S by
(s,t) ~(s,t') & FueS:s+t'+u=s+t+u.

Put G(S5) := S x S/~ and let [(s,t)] € G(S) denote the equivalence class repre-
sented by (s,t) € S x S. One readily verifies that

[(s1,t1)] + [(52,t2)] := [(s1 + 82,11 + 12)]

turns G(S) into an abelian semigroup with neutral element 0 := [(0, 0)], where
o € S is arbitrary. Moreover, [(s,t)] + [(f,s)] = 0, hence every element in G(S5)
admits an inverse. Consequently, G(S5) is an abelian group and ¢: S — G(S5),
t(s) := [(s + 0,0)] is a homomorphism of semigroups. To verify the universal
property, let A be an abelian group and suppose ¢: S — A is a homomorphism
of semigroups. Then, @: G(S) — A,

2([(s,1)]) = (s) — (t)
is a well defined homomorphism of groups such that ¢ ot = ¢. The uniqueness of

@ follows from the fact that ¢(S) generates G(S) as a group. If S is a commutative
semiring, then

[(s1,t2)] - [(s2,t2)] := [(s182 + t1ta, s1ta + t182)]

turns G(S) into a commutative ring such that ¢ is a homomorphism of semirings.
Clearly, ¢ will be multiplicative if ¢ was. 0

Note that the abelian group G(S) and the homomorphism ¢ as above, are
unique up to canonical isomorphism. More precisely, if //: S — G’ has the same
universal property as ¢: S — G(S), then there exists a unique isomorphism of
groups, G’ = G(S), which intertwines ¢/ with ¢. This is a formal consequence of
the universal property.

If o: S7 — S5 is a homomorphism between abelian semigroups, then there
exists a unique homomorphism of groups, G(¢): G(S1) — G(S2), such that the
following diagram commutes:

51—¢>52

G(p)
G(S)) —>G(Sy)

Indeed, 5 o ¢ is a homomorphism of semigroups, hence the statement follows
from the universal property of ¢;. Clearly,

Gpop)=GW)oG(p) and  G(ids) = idg(s),

for any other homomorphism of abelian semigroups, ¥ : S, — S3. Consequently,
the Grothendieck constructions provides a covariant functor from the category
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of abelian semigroups to the category of abelian groups. Moreover, if ¢ is a
homomorphism of commutative semirings, then G(¢) is a homomorphism of rings.
Hence the Grothendieck construction also provides a covariant functor from the
category of commutative semirings to the category of commutative rings.

[.6.2. ExAMPLE. Applying the Grothendieck construction to the commutative
semiring S = N, we obtain G(N) = Z and the homomorphism ¢: N — Z is just
the canonical inclusion. In general ¢: S — G(S) will be injective iff S has the
cancellation property, i.e. Vs,t, o€ S:s+o=t4+0=s=1.

Complex and real K -theory of a compact Hausdorff space X is defined by
K(X) :=G(\Vc(X)) and KO(X) = G(Vr(X)),

respectively. By the preceding remarks, these are commutative unital rings.
Moreover, every continuous map between compact Hausdorff spaces, f: X — Y,
induces homomorphisms of rings, f*: K(Y) — K(X)and f*: KO(Y) - KO(X)
such that
(gof) =fy9" and  idyx=id,

for any other continuous map of compact Hausdorff spaces, g: Y — Z. Moreover,
f* = g* whenever f,g: X — Y are homotopic. We summarize these observations
in the following proposition:

[.6.3. PROPOSITION. Real and complex K -theory are homotopy invariant con-
travariant functors from the category of compact Hausdorff spaces to the category
of commutative unital rings.

[.6.4. EXAMPLE. For every contractible space X, the rank of vector bundles
induces isomorphisms: K(X) = Z = KO(X).

Every element in K(X) can be written as a formal difference of two vector
bundles £ and F over X,

E—F :=F)—uF)=[(E F) € K(X).
Moreover, E—F = E'—F' € K(X) iff there exists a vector bundle G over X such

that E@Q F' & G = E'® F @& G. This follows immediately from our definitions.
Using Proposition 1.5.19 we obtain:

[.6.5. PROPOSITION. FEvery element in K(X) can be represented in the form
E — ¥, for some vector bundle E over X and k € Ny. Moreover, E — ¥ =
E' — ¥ € K(X) iff there exists | € Ny such that E @ ¥+ = E' @ e*. An
analogous statement holds for KO(X).

PRrROOF. Indeed, if FOF' =2 ¥ then E—F =EQF —FOF = EQF —¢&*.
Moreover, if E —ef = E’ — ¥ then there exists a vector bundle G such that
EQe" G2 E'0c*®G, hence EQe" ' 2 E@c" 0GOG =X F'ocf0GoG &
Eoetif GoG =& O
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If * € X is a base point, then the inclusion {*} — X induces a homomorphism
of semirings K(X) - K({*}) =Z, E — F — tk.(F) — rk,(F). Its kernel,

K(X) =ker(K(X) = Z),

is called the reduced K -theory. The homomorphism N — K(X), k + ¢, induces
a natural splitting,

K(X)=K(X)®Z.

1.6.6. EXAMPLE. One can show:
n|1]2]3[4[5/6[7]8
K" ~2m, (U | 0|Z|0|Z|0]|Z]|0
KO(S™) 2 7,_1(0) | Zy | Zo | 0| Z |0 ] 0|0

Moreover, these groups are periodic,
K(S"™?) >~ K(S") and  KO(S™®) =~ KO(S")

This phenomenon is known as Bott periodicity. We will discuss the the complex
version below.

Let E be a real or complex Banach space. For every compact Hausdorff space
X, we will now define a natural map

ind: [X, F(E)] - K(X)

which specializes to the index map ind: mo(F(E)) — Z in (L.1), if X = {x}.
Note here that [{*}, F(E)] = mo(F(E)) and K({*}) = Z. To a continuous map
A: X — F(F) we would like to assign the formal difference

ind(A) = | | ker(4,) — | | coker(4,)

zeX reX

in K(X). In general, these two expressions will not define vector bundles over X.
If each A, € F(F) is onto, however, then it is reasonable to expect | |, ker(A;)
to be a vector bundle over X. Indeed we have:

1.6.7. LEMMA. Let E and F' be two Banach spaces. Then
Fi(E,F):={Aec F(E,F)|Ais onto}
is an open subset of F(E, F), and
(B F):= || ker(A)CF(E,F)xE
AEFL(E,F)

is a vector bundle over F(E, F). Moreover, there exists a continuous fiber wise
linear map p: FL(E, F) x E = §(E,F) such that ple, (g.r) = ide, (5,r)-
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ProOF. Consider a decomposition £ = F; ® Ey, where F; is a finite dimen-
sional subspace. Then

U:={A€B(E,F): Alg,: By — Fis invertible}
= {(Al,Ao) c A€ B(EhF), Ag € g(Eo,F)}

is an open subset of B(E, F') which is contained F,(FE,F). Note that every
element in F, (F, F') is contained in a set U of this form, see Proposition 1.2.9.
Moreover, the fiber wise linear homeomorphism

idg, 0
(Ao_lAl idEO>
UxE:Ux(El@EO)—>U><(El@Eo):UxE (I.16)

maps &4 (E, F)|y € U x E onto the trivial subbundle U x E; of U x E. This shows
that &, (F, F) is indeed a vector bundle over F, (F, F). Furthermore, conjugating
the canonical projection U x E — U x E; with (I.16), we obtain a continuous fiber
wise linear map py: U x E — &, (E, F)|y such that pyle, (g, = id. As F (E, F)
is paracompact, we may use a partition of unity to glue these locally defined
maps to a continuous and fiber wise linear map p: F(E, F) x E — (.(E, F)
such that ple, (g r) = id. O

Fix a Banach space F and suppose X is a compact Hausdorff space. If
A: X — F(FE) is continuous, then there exists a finite dimensional subspace V
of E such that img(A,) +V = E, for all z € X. In other words, the map
A: X — F(E) — F(E,E/V) takes values in F,(E, E/V'). Denoting this map
by A: X — F,(E, E/V), the formal difference

ind(A) = A" (( (B, E/V)) = X x V = | | A7 (V) — etim™)

represents an element in K (X).

1.6.8. LEMMA. The element ind(A) € K(X) defined above does not depend
on the choice of the subspace V. Moreover, for every continuous map between
compact Hausdorff spaces, f: Y — X, we have ind(A o f) = f*ind(A).

PROOF. If V' is another subspace such img(A;)+ V' = E, then W :=V +V’
has the same property. Consequently, it suffices to show that V' and W lead to
the same element in K (X). Note that

0 | | A7 V) = | | A7) B X (W v) - 0

zeX reX
is a short exact sequence of vector bundles over X. Since short exact sequences of
vector bundles over (para)compact bases split, see Proposition 1.5.16, we obtain
an isomorphism of vector bundles:

|—| AI—I(W) ~ |_| A;I(V) EBE_:dim(W)—dim(V)‘

rzeX rzeX
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By Proposition 1.6.5 this implies
|—| A;I(W) . gdim(W) _ |_| A;l(V) _ gdirn(V)

zeX zeX
in K(X), whence the first assertion of the lemma. If f: ¥ — X is a continuous
map between compact Hausdorff spaces, then

ind(Ao f) = (Ao f)*(&(E,E/V)) =Y x V
= f (A* (6 (B, E/V)) — X x v) = f*ind(A).

Note that img((Ao f)(y)) +V = E, for all y € Y, hence the subspace V can also
be used to compute ind(A o f). O

The following result generalizes Proposition 1.2.12.

[.6.9. PROPOSITION. Let X be a compact Hausdorff space.

a) If E is a complex Banach space, then the following is a natural ezact
sequence of groups:**

[X,G(E)] — [X, F(E)] 2% K(X). (1.17)

b) If E is a real Banach space, then the following is a natural exact sequence
of groups:

[X,G(E)] = [X, F(B)] =5 KO(X).

ProOF. We follow the presentation in [1, Appendix|, see also [27, Chap-
ter 111 §8]. We focus on the complex case, the proof of the real version is entirely
analogous.

Suppose Ag, A;: X — F(F) are two homotopic maps. Then there exists a
continuous map A: [0, 1] x X — F(FE) such that Ay = Aoy and A; = Aoy where
te: X = [0,1] x X, ¢4(x) := (¢, ). Since ¢ and ¢, are homotopic, they induce the
same map in K-theory, ¢f = ¢j: K([0,1] x X) — K(X), see Proposition 1.6.3.
We conclude

ind(Ap) = ind(A o) = ¢yind(A) = ¢]ind(A) = ind(A o ¢y) = ind(Ay).

This shows that ind(A) only depends on the homotopy class of the map A: X —
F(FE), hence the index induces a map ind: [X, F(E)] — K(X). The naturality
of the sequence (1.17) follows from the naturality statement in Lemma 1.6.8.

H4The naturality assertion means that the diagram

[X,G(E)] — [X, F(E)] "% K(X)

P )

[Y,G(E)] — [V, F(E)] 24~ K(Y)

commutes, for every continuous map between compact Hausdorff spaces, f: Y — X.
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Clearly, the composition of Fredholm operators turns [ X, F(E)] into an asso-
ciative semigroup with unit. We will now show that [X, F(E)] is actually a group.
Suppose A: X — F(F) is continuous and choose a finite dimensional subspace
V such that img(A,) +V = E, for all z € X, and let V' be a complementary
subspace, £ =V @ V’. Furthermore, let W' be a closed subspace of finite codi-
mension in £ such that ker(A_ (V")) nW' =0, for all z € X. Decomposing A
accordingly, we obtain A = (£ 2), where G: X — G(W', V'), R: X — B(W,V),
S: X - BW',V),and T: X — B(W,V’). TO BE COMPLETED

Let us next show that the index map in (I.17) is a homomorphism, i.e.
ind(AB) = ind(A) + ind(B), for any two continuous maps A, B: X — F(E).
Choose a finite dimensional subspace W of E such that img(B,) + W = E,
for all x+ € X. Using a complementary subspace, W & W' = FE, we may
write A = (A", A’) where A”: X — B(W,E) and A": X — F(W',E). Then
A X — F(E), A, = (tA”,A’), is a homotopy connecting A with a map
A: X — F(E) such that A,(W) = 0. Note that each A;(z) is Fredholm since
A”(x) has finite rank. In view of the homotopy invariance of the index, we may
thus, w.l.o.g. assume A,(W) = 0, for all x € X. Let V be a finite dimensional
subspace of E such that img(A,B,) +V = E, for all z € X. Our assumptions
also give img(A,) +V = E and A, (W) C V| for all z € X. Thus

0= | | BS'(W) = | |(4B);'(V) Yoex B, == A7 v)/w =0

zeX zeX rzeX
is a short exact sequence of vector bundles over X, and so is:
0—>X><W—>|_|A; —>|_|A V)/W — 0.
zeX zeX
As short exact sequences of vector bundles split, we obtain an isomorphism:
LB (v)ee™M=| A Ve | |B'W
zeX reX reX
Hence, by Proposition 1.6.5, we have
|—| (AB); ( d1m |—| A dlm _|_ |_| B d1m W)
zeX zeX zeX

in K(X), i.e. ind(AB) = ind(A) + ind(B).

Let us now turn to the exactness of the sequence (I1.17). Suppose A: X —
F(E) is continuous and ind(A) = 0. Thus, for some finite dimensional subspace
V of E as above, we have | |, 4,1 (V) = (V) € K(X). By Proposition 1.6.5
there exists k € Ny and an isomorphism of vector bundles:

|_| A @5k ~ dlm(V)-Hc

reX
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Choose a subspace W such that V. C W C E and dim(W/V) = k. As in the
proof of Lemma 1.6.8 we obtain:

| | A (W) = etk > X W

zeX
Combing such an isomorphism with p from Lemma 1.6.7 we obtain a continuous
map 7: X — B(E,W) which restricts to an isomorphism

Tl a1 wy: A1 (W) = W,

for every x € X. Using a complementary subspace, W & W’ = E, we may
write A = (4/), where A”: X — B(E,W) and A: X — F(E,W’). Then
0,1] x X — F(E), 4 := ("~ t)j,"”T), is a homotopy connecting Ay = A with

(%) that takes values in G(F). Indeed, ker(A;(z)) = ker(A4}) N
ker(T,) = A;'(W ) Nker(7T,) = 0 and img(A;(z)) 2 img(A,) + T,(ker(A4)) =
img(A.) + T (A1 (W)) = W'+ W = E. This shows that the kernel of the map
ind: [X, F(E)] - K(X) is contained in the image of [ X, G(E)| — [X, F(E)]. As
the converse inclusion is obvious, the sequence (1.17) is exact, and the proof is
complete. O

a map A; =

1.6.10. THEOREM (Atiyah). Let X be a compact Hausdorff space.
a) If H is a complex infinite dimensional separable Hilbert space, then the
Fredholm index induces a natural isomorphism of groups:

ind: [X, F(H)] = K(X). (1.18)

Consequently, F(H) is a classifying space for K -theory.
b) If H is a real infinite dimensional separable Hilbert space, then the Fredholm
index induces a natural isomorphism of groups:

ind: [X, F(H)] = KO(X).
Consequently, F(H) is a classifying space for KO-theory.

PROOF. According to Kuiper’s theorem, [X,G(H)] = 0, see Theorem 1.4.1.
Hence, by Proposition 1.6.9, the homomorphism (I.18) is injective. It remains
to show that it is surjective too. Recall that every element in K(X) can be
represented in the form E — ¥, where F is a vector bundle over X and k& > 0.
W.lLo.g. we may assume H = L*(N). For n € Z let S,, € F(H) denote the shift
operator with index n from Example 1.2.5. Putting V := (e, ..., ex), we obtain
img(S_x) +V = H and (S_;)~'(V) = 0. Hence, the index of the constant map,
Sk X — F(H), is

ind(S_k) = | |(S_e)H(V) =X xV = -X xV = —" € K(X),

whence —¢* is in the image of the homomorphism (I.18). It remains to show that

E is in the image too. To this end choose a continuous map f': E — C¥ which is
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fiber wise linear and injective. Moreover, let P,: C — C¥ denote the orthogonal
projection onto f'(E,), put @, := idey —FP,, and consider the continuous map:
A: X -5 F(CV o H), A, =P, ® 5 +Q, ®idy .
By construction, each A, is onto with kernel ker(A4,) = E, ® (e;), whence
ind(A) = |_| ker(A,) ¥ E®e' 2 F.
zeX

Using an isomorphism CY¥ @ H = H, we see that E is in the image of the
homomorphism (I.18) too. This completes the proof of the first part. The second
part can be shown analogously. 0

[.6.11. COROLLARY.

a) If H is a complez infinite dimensional separable Hilbert space, then:
T (F(H)) =2 K(5").

b) If H is a real infinite dimensional separable Hilbert space, then:
m(F(H)) = KO(S").

1.7. Bott periodicity. We will discuss Atiyah’s proof of the complex version
of Bott periodicity, see [2].

We start this section with a first index computation. Consider the complex
Hilbert space L?(S'). Recall that every g € C'(S') gives rise to a multiplication
operator, M, € B(L*(S')), M,(f) := gf, see Exercise 1.7.8. Let H C L?*(S)
denote the Hardy space, i.e. the closed subspace spanned by the functions z",

n=0,1,..., and let P: L*(S') — H, denote the orthogonal projection onto H.
For g € C(S') we define the Toplitz operator, T, € B(H), as T, := PM,.

L.7.1. LEMMA. For g € C(S"), we have PM, — M,P € K(L?*(S")).
PROOF. Let us consider
J:={geC(S"): PM, — M,P € K(L*(5"))}.
As PM,— M, P depends linearly and continuously on g, this is a closed subspace
of C(S'). Furthermore, using My, = M,M, we get the relation
PMgy, — My, P = (PM, — M,P)My, + M,(PM, — M,P),
from which we conclude that J is a subalgebra of C(S'). Moreover, using P* = P
and My = Mg, we get PMg — MzP = (PMy— M,P)*, hence J is invariant under
conjugation. Finally, observe that the function z: S* — C is in J, since the
operator PM, — M, P has rank one. Indeed, for all m € 7Z, we have

2 ifm=—-1

0 ifm#—-1.

Using the Stone—Weierstrafl theorem, see [36, Chapter 5.7] or [43, Theorem 6.15],
we conclude J = C(S*). Thus, PM, — M, P is compact, for every g € C(S'). O

(PM. — M.P)(z") = {
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1.7.2. THEOREM (Toplitz index theorem). Suppose g € C(S*,C*). Then the
Toplitz operator T, € B(H) is Fredholm, and

ind(7T,) = —winding number of g: S* — C*.
PROOF. We proceed as in [19, Theorem 2.3.2]. If g1, go € C(S') then
1,1, = PM, PM,
= PM, M,, + P(My, P — PM, )M,

= PM,, 4, + compact operator

=Ty, 4, + compact operator,

see Lemma 1.7.1 and Theorem 1.1.8. This shows that the operators idyg —713T},
and idy —T,-1T, are compact, for all g € C'(S*,C*). Hence, T, is Fredholm in
view of Atkinson’s theorem, see Theorem 1.3.1. Moreover, for all g, h € C(S*,C*)
we have

ind(T,) = ind(T,T}) = ind(Ty) + ind(7}). (I.19)

Let n € Z denote the winding number of g. Then there exists a continuous
path in C(S!,C*) connecting g with z". This provides a continuous path in
F(H) connecting T, with T,». Because the Fredholm index is locally constant, see
Proposition 1.2.10, it thus suffices to show ind(7,») = —n. Actually, it is sufficient
to show ind(7,) = —1, as both sides define homomorphisms Z — Z, see (1.19).
Recall that the functions 2™, m = 0,1,2,..., constitute a Hilbert basis of H.
Clearly, T,(z™) = 2™, for all m > 0. Hence T, is injective with 1-dimensional
cokernel. We obtain ind(7,) = dim(ker(7})) — dim(coker(7})) = 0 — 1 = —1,
whence the theorem. OJ

Let E be a complex vector bundle over a compact space X and consider the
vector bundle p*E = S x E over S' x X where p: S'x X — X denotes the canon-
ical projection. Moreover suppose ¢: p*E — p*FE is a vector bundle automor-
phism. Hence, for each x € X we have a continuous map, ¢, € C(S', GL(E,)).
Let H, denote the closed subspace of L?(S!, E,) spanned by the maps 2"v,
n € Ny, v € E,, and let P, € B(L*(S*, E.)) denote the orthogonal projection onto
H,. Let M, € B(L*(S',E,)) denote the multiplication operator, M v := ¢,v,
v € L*(S', E,), and consider the vector valued Téplitz operator T,: H, — H,,
T, := P,M,. Proceeding as above, one readily shows that T}, is Fredholm, for
each x € X, see Exercise [.7.9. Hence we have a family of Fredholm operators,
T, € F(H,), parametrized by z € X. Although the Hilbert space depends on
the base point x € X we can still put ourselves in the situation considered in
the preceding section. Note first that a local trivialization, E|y = U x E,,, in-
duces a local trivialization | | ., H, = U x H,,. Using these we turn | | .y H,
into a vector bundle of Hilbert spaces over X. It follows from Kuiper’s theorem
that this is a trivial bundle, i.e. there exists a fiber wise linear homeomorphism,
| ,ex He = X x H, where H = H,, see Exercise 1.7.10 below. This permits to
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regard the family constructed above as a continuous map, T,,: X — F(H). Such
a family has an index,

ind(7T,) € K(X),

see Section I.6. This index has a number of nice properties we will now discuss.

We start by observing that it does not depend on the trivialization | |, H, =
X x H. Indeed, another trivialization leads to a family of the form T¢ = GTy,
where G: X — G(H), whence ind(7y) = ind(GTy) = ind(G) +ind(7},) = ind(T}),

according to Proposition 1.6.9. Moreover, homotopic automorphisms, ¢ and ¢,
give rise to the same homotopy class, Ty = T} € [X, F(H)], hence

ind(7}) = ind(T}), (1.20)

whenever ¢ and ¢ are homotopic, see Proposition 1.6.9. If E; and E, are two

complex vector bundles over X and ¢;: S x E; 5 51x E; are two automorphisms,
then

ind(T¢1@¢2) = ind(T¢1) + ind<T¢2))7 <I21>

where ¢ @ ¢o: S* X (Ey @ Ey) = S' x (Ey & B). Indeed, we have Ty, eq, =
Ty, @Ty,: X = F(H)® F(H) C F(H @ H). Moreover, the index is natural in
X. More precisely, if f: Y — X is a continuous map between compact Hausdorff
spaces, then

ind(Tf*d)) = f* 1Hd<T¢) € K(Y), <122)

where f*¢: S' x f*E = S' x f*E. Indeed, Tj-y = Tyo f: Y — F(H), hence
the statement follows from Proposition 1.6.9.

We will now show that the index of a family of T6plitz operators gives rise to
homomorphism in compactly supported K-theory,

K. (Cx X) — K.(X),

for every locally compact Hausdorff space X.

We start by introducing compactly supported K-theory. If X is a locally
compact Hausdorff spaces, we let X+ := X U {oo} denote the one point com-
pactification of X. The topology on X is generated by the open subsets of X
together with the subsets of the form X+ \ K, where K is compact in X. Evi-
dently, Xt is a compact Hausdorff space, equipped with a basepoint co. Every
proper'® map between locally compact Hausdorff spaces, f: Y — X, induces a
continuous basepoint preserving map, f*: Yt — XT such that f*|y = f and
fT(c0) = co. Whence the one point compactification can be considered as a
functor from the category of locally compact Hausdorff spaces and proper maps
to the category of pointed compact Hausdorff spaces and base point preserving
continuous maps. If X is compact then, X = X [1{oc}, where the base point co

5Recall that a continuous map is called proper, if preimages of compact sets are compact.
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is isolated. The compactly supported K-theory of a locally compact Hausdorff
space X is defined by

K (X) = K(XT) =ker(K(X") = K(c0)).

Hence, K.(X) is a commutative ring which, in general, does not have a unit. If
f:Y — X is a proper map, then the continuous map f*: Y™ — X% induces a
homomorphism, (f7)*: K(X*) — K(Y™") which restricts to a homomorphism,
[ K(X) = K.(Y). Clearly, (fog)* = g¢*o f* and idy = idg,(x) for every
proper map g: Z — Y. Note that K.(X) = K(X) if X was compact. Two
proper maps f,g: Y — X are called properly homotopic if there exists a proper
homotopy, h: [0,1] XY — X such that hg = f and hy = g. In this case h extends
to a continuous basepoint preserving homotopy A™: [0,1] x Y — X from f* to
g", whence f* = g*: K.(X) — K.(Y) according to Proposition 1.6.3. Similarly,
one defines compactly supported real K-theory, KO.(X). We summarize these
observations in the following proposition:

[.7.3. PROPOSITION. Compactly supported, real or complex, K -theory provides
a contravariant functor from the category of locally compact Hausdorff spaces
and proper maps to the category of commutative rings. Properly homotopic maps
nduce the same map in compactly supported K -theory.

Suppose X and Y are two compact Hausdorff spaces. If a« € K(X) and
b e K(Y), then ab := pija ® p5ib € K(X xY), where p;: X xY — X and
pe: X XY — Y denote the two canonical projections. Clearly, (a; + a2)b =
a1b + azb and a(by + by) = aby + abs for all a,a;,ay € K(X) and b, by, by € K(Y).
Hence, we obtain a homomorphism of groups,

KX)o K(Y) = KX xY), ab:=pa®pb,

which is called the external product in K-theory. There is an analogous external
product in compactly supported K-theory,

K (X)® K (Y) = KX xY). (1.23)

MORE DETAILS!

There is a slightly different description of K.(X) which will be more conve-
nient for us. For every locally compact Hausdorff space X we let S.(X) denote
the set of isomorphism classes of triples (F, F, ), where F and F' are two vec-

tor bundles over X and ¢: E|x\x =2 F |x\k is a vector bundle automorphism
over the complement of some compact set K in X. Two such triples, (E, F, )
and (E N @), are called equivalent iff there exist vector bundle isomorphisms,
F =~ E and F = F intertwining the automorphism ¢ and % over the complement
of some compact subset. This set S.(X) becomes an abelian semi group with
respect to (El, Fl, QOl) + (EQ, FQ, g02> = (E1 @D EQ, F1 D FQ, ¥1 D g02> MOI‘GOVGI‘,
every proper map, f: Y — X, induces a homomorphism, f*: S.(Y) — S.(X),
(E,F,p)— (f*E, f*F, f*¢). Applying the Grothendieck construction we obtain
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a commutative ring, L.(X) := G(S.(X)), see Lemma 1.6.1. If (Ey, E1, ¢) € S.(X)
and (Fy, F1,v) € S.(Y) we define their product in S.(X x Y) by

(BEo®@ Fy® B\ @ F1, B, @ F1 & By @ Fy, p),

where

YR idFo idE1 ®¢*
which is an isomorphism on the complement of some compact subset of X x Y.
This induces an external product

Lo(X) ® Lo(Y) — Lo(X x Y). (1.24)

In particular L.(X) is a commutative ring.

_ (idEO Y —¢p*® idFl)

[.7.4. PROPOSITION. There exists a natural isomorphism,
X: Lo(X) S K(X),

i.e. for every proper map between locally compact Hausdorff spaces, f: Y — X,
we have x o f* = f*ox. Moreover, the external product (1.23) corresponds to the
product (1.24) via the isomorphism x.

Proor. TODO OJ

Let b € K.(C) denote the element represented by (¢',e!,271) € S.(C). Via
the identification K,.(C) = K(S?), this corresponds to b := & —e! where £ denotes
the canonical line bundle over CP' = S2.This element b € K,(C) is called the
Bott element, it is a generator of K.(C).

[.7.5. PROPOSITION. For every locally compact Hausdorff space X the index
of a family of Toplitz operators induces a homomorphism of groups,
ax: K.(Cx X) — K.(X),
with the following properties:
(a) The diagram
(idc x f)*

K.(Cx X) K. (CxY)
K.(X) I K.(Y)

commutes for every proper map f:Y — X. (Naturality)
(b) For X = {x} and b € K.(C) the Bott element, a,,(b) =1 € K(x) = Z.
(c) The diagram

K.(C x X) @ Ku(Y) — K,(C x X x Y)
lax@idey) \LOCXXY

Ko(X) ® Kc(Y) Ko(X xY)
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commutes for any two locally compact Hausdorff spaces X and 'Y .

PROOF. Suppose X is compact. Since the canonical projection p: Cx X — X
is a homotopy equivalence, every vector bundle over C x X is isomorphic to p*F
where E is a vector bundle over X. Moreover, if p*E and p*F' are isomorphic
on the complement of some compact subset in C x X, then E and F' have to
be isomorphic. Whence, every element in S.(C x X) is of the form (p*FE,p*E, ¢)

where ¢: p* E(c\0)xx =N P*E|c\0)xx- It follows from (1.20) that
S(Cx X)— K(X), (p*E,p*E, ¢) — ind(Ty),

is well defined. Moreover, in view of (1.21) and the universal property of the
Grothendieck construction, it induces a homomorphism of groups,

ax: K. (Cx X) = K(X), ax ([(p"E,p*E, ¢)]) = ind(T}).

The Téplitz index Theorem 1.7.2 immediately implies (b). Naturality (a) for
maps between compact spaces follows from (1.22). SHOW (c) for compact X and
Y. Now X locally compact Hausdorft.

K(S505) — K (S55) — K(C x {oo)

K(Cx X)- - >K/(Cx X") —— K,(C x {o0})

|
| ax lax-F J/Ocoo
N

K (X) K(XT) K(0)

EXTENDS THE definition for compact X. Naturality (a) follows from the cor-
responding statement for compact X. 0

1.7.6. THEOREM (Bott periodicity). For every locally compact Hausdorff space
X, the maps B: K (X) — K, (R>x X), B(x) := bz, and a: K (R?>x X) — K.(X)
are mutually inverse isomorphisms of groups. In particular,

K. (R* x X) = K (X).
PROOF. For every z € K. (X) we have
(o B)(x) = ax(br) = au(b)r = 1z =,

where we used Proposition 1.7.5(c)&(b) for the second and third equalities. Hence
« O B = 1dKC(X)

Let 0: R2 x X — X x R? and 7: R? x R? — R? x R? denote the homeo-
morphisms which interchange the factors as indicated. Since SOy is connected,
T is properly homotopic to the identity on R? x R2. This implies that the map
7 % idy: R? x R? x X — R? x R? x X is properly homotopic to the identity on
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R? x R? x X. Consequently 7 x idyx induces the identity in compactly supported
K-theory. For every u € K.(R* x X) we obtain:

(B0 a)(u) = bax(u)

= 0" (ax(u)b) by Proposition 1.7.5(c)
= OquXx( idge x0)*( )) by Proposition 1.7.5(a)
:O(R2><X(T><ldx )*( u))
= agzy x (bu) as 7 X idy ~ idpeygr2x x
= a,(b)u by Proposition 1.7.5(c)
=lu=u by Proposition 1.7.5(b)

Thus 3 o a = idk, g2« x), and the proof is complete. 0

1.7.7. COROLLARY.

R(S") = K,(R") = Z z:fn z:s even K(S") = 72 z:fn z:s even
0 ifn is odd Z  ifn s odd

PROOF. Recall that K(X) = K(X) @ Z, hence it suffices to consider K (S™).
In view of Theorem 1.7.6 we only have to check the cases n =0 and n = 1. The
first case, n = 0, is trivial. The other one, n = 1, follows from the fact that every
complex vector bundle over S is trivial. 0

For the stable homotopy groups of the unitary group this implies
Z if n is even

n(Up) = m,(U) = e
T (Ux) = m(U) {O if n i1s odd

where 2k + 1 > n. Actually Q*BU ~ BU or Q*F(H) = F(H).

Atiyah’s proof presented above generalizes to the K-theory of C*-algebras.
More elementary proofs of Bott periodicity can be found in [18] or [24], see also
[25]. A different proof based on a CW decomposition of the unitary group U
can be found in Milnor’s book on Morse theory, see [31, §23]. The Atiyah-Bott—
Shapiro [3] construction explains the relation between Bott periodicity and a
similar periodicity phenomenon for Clifford modules, see also [27, Chapter T §9].

[.7.8. EXERCISE. Show that for all f,g € C(S') = C(S*,C) we have
g fllzzcs1y < llgllewyll fllzes,
where [|gllost) = sup,egn [9(2)] and || f[17261) = fol | f(e2™)|2dt. Conclude, that
[+ gf extends to a bounded linear operator M, € B(L*(S')), and that
C(S) = B(L*(S"), g+~ My,

is a bounded linear operator satisfying M, = M,M;, and M; = My, for all
g,h € C(SY).
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[.7.9. EXERCISE. Let V be a finite dimensional complex Hilbert space. Show
that every continuous map, ¢ € C(S', B(V)), gives rise to a bounded multipli-
cation operator, My € B(L*(S*,V)), Myv := ¢v. Let H C L*(S*,V) denote
the closed subspace spanned by z"v, n € Ny, v € V, and let P € B(L*(S',V))
denote the orthogonal projection onto H. Show that PMy — MyP is compact,
for all ¢ € C(S,B(V)), and conclude that the vector valued Téplitz operator,
T, € B(H), T, := PMy, is Fredholm for all ¢ € C'(S*, GL(V')). Show that the in-
dex of T} coincides with the negative of the winding number of det(¢): S* — C*.

[.7.10. EXERCISE. Let H be an infinite dimensional separable Hilbert space.
Moreover, let p: E — X be a vector bundle with typical fiber H over a paracom-
pact space X. More precisely, p: E — X is continuous, each fiber p~'(z), z € X,
is equipped with the structure of a vector space, and we have local trivializations,
i.e. fiber wise linear homeomorphisms, E|y = U x H, for some neighborhood U
of any point in X. Use Kuiper’s theorem to show that E is trivial, that is there
exists a fiber wise linear homeomorphism, F = X x H.



II. Differential operators
A differential operator of order m € Ny on an open subset U C R", is an
operator of the form
Af =3 aab

laj<m

acting on smooth real or complex valued functions, f € C*(U). Here a =

(aq,...,a,) € Nj denotes a multi index, |a| :== a3 + -+ + a,, and
dzxd T Jxn ox™ Ozt dz!
an times o1 times

and a, € C*(U) are smooth coefficients. Such an operator can be viewed as a
linear map,

A: C*(U) —» C™(U). (I1.1)
Indeed, this linear map completely determines the coefficient functions, a, €
C>®(U). To see this, we just have to apply the operator to appropriate polyno-
mials, f = 2”, where 8 € N? is a multi index.
Suppose x: V — U is a diffeomorphism, where V' C R" denotes another open
subset, and consider the induced linear isomorphism,

X CX(U) = C=(V), X*(f)=fox.
It follows from the chain rule and the product rule, that the linear map
B: C*®(V) = C*(V), B=x"0oAo(x) ",
is again of the form
Bg= Y bsdng, g€ C(V), (IL.2)
[B]<m

with smooth coeflicients bg € C>(V), 8 € Nj. The concept of a differential
operator is thus of a coordinate independent nature and can be considered on
any smooth manifold. One has to proceed with a little caution, though.

Note the the operator A enjoys the following locality property:

supp(Af) Csupp(f), f € C™({).

In particular, the linear map (II.1) restricts to a linear map
A: CF(U) = C2(U), (11.3)

in other words, A is acting on compactly supported functions in a natural way.
Note that the linear map (I1.3) still determines the coefficient functions a,.
Let M be a smooth manifold. A differential operator of order m on M is a
linear map
A: C*(M) — C™(M)
53
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with the following property: For every chart M O U 5 R™, there exist smooth
coefficient functions a, € C*°(U) such that

APlw =Y aad=f. (I1.4)

laf<m

for all f € C°°(M). Here we consider

ol e _ 8 .0 .. 0 .. . 9 0
dz>J T gam dxm ozl Bmljf cC (U)’
oy times o1 times

as the result of taking iterated derivatives with respect to the coordinate vector
fields, a = (a, ..., a,) € Nj. Actually, it suffices to assume that A has the form
(I1.4) on every chart of an atlas for M, by locality it will then also have this form
in every other chart of M, see Exercise 11.0.13 below. Naturally, the question
arises, if there is more intrinsic characterization of differential operators on M.

Many interesting differential operators of geometric origin do not act on scalar
valued functions, however, but rather act on sections of smooth vector bundles,
a slightly more general class of function spaces which we will discuss in the next
section.

I1.0.11. EXERCISE. Prove (II.2).

I1.0.12. EXERCISE. Show that the linear map (I1.3) still determines the coef-
ficient functions a, completely.

11.0.13. EXERCISE. Let M 2 U; =5 R" be an atlas, | J, U; = M, and suppose
A: C®°(M) — C*(M) is a linear operator such that (II.4) holds on every coor-

dinate patch, U;, for some smooth coefficients al € C*(U;). Show that A is a

differential operator, i.e. show that (I1.4) holds for every other chart M 2 U & R"
too.

[1.0.14. EXERCISE. Show that the composition of differential operators acting
on C*(M) is again a differential operator, and conclude that the differential
operators form a (non-commutative) algebra.

II.1. Smooth vector bundles. Smooth vector bundles are defined just like
topological vector bundles but one requires smoothness of all maps involved.
Throughout this section K denotes the field R or C.

Let M be a smooth manifold. A smooth vector bundle over M is smooth
map p: £ — M together with the structure of a K vector space on every fiber,
E, :=p '({z}), z € M, which is locally trivial in the following sense: Every point
in M admits an open neighborhood U such that there exists a finite dimensional
K vector space Ey and a diffeomorphism ¢: p~1(U) 5 U x E, intertwining
the restriction p|,-1y: p~'(U) — U with the projection onto the first factor,
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p1: U x Ey — U, that is, the following diagram commutes

p_l(U> ) U x EO

¢
\ / 1.e. p|p*1(U) =P1o°y,

p P1

U

and such that the restriction to each fiber, p,: F, — {2} x Ey = Ey, x € U, is

linear. Clearly, a smooth vector bundle is also a topological vector bundle.
We will denote the space of all smooth sections by

I(E) ={se€ C®(M,E) |pos=idy}.

It is straight forward to verify that the sum of two smooth sections is again a
smooth section, and so is the product of a smooth section with a smooth function.
Consequently, the space of smooth sections, '*°(E), is a module over the algebra
of smooth functions, C*(M) := C>(M,K).

I1.1.1. ExAMPLE (Trivial bundles). If Ej is a finite dimensional vector space,
then the trivial vector bundle F := M x Ej is smooth and we have a natural iso-
morphism I'°(M x Ey) = C*(M, Ey) of C*°(M )-modules. Particularly, C*>° (M)
can be understood as the space of smooth sections of the trivial line bundle e!. In
this sense, smooth sections of vector bundles can be regarded as a generalization
of smooth (vector valued) functions on M.

I1.1.2. EXAMPLE (Whitney sum). The Whitney sum, E @ F, of two smooth
vector bundles over M, is a smooth vector bundle in a canonical way. We have
an isomorphism of C'*°(M)-modules,

(B @ F) = [®(E) @ [*°(F).

I1.1.3. EXAMPLE (Subbundles and quotients). A subset F' of a smooth vector
bundle E over M is called a smooth subbundle if every point in M admits an open
neighborhood U such that there is a smooth vector bundle chart, E|y = U x Ey,
which maps F|y onto U x Fy, where Fj is a subspace of Ey. In this case F is a
smooth vector bundle and the quotient bundle, E/F, becomes a smooth bundle
in a canonical way. Moreover, we have a short exact sequence of smooth vector
bundle homomorphisms,

0—-F—FE—E/F—D0,
which induces a short exact sequence of C°(M )-modules,
0= T(F)—>T"F) ->T>EFE/F)—0.
II1.1.4. ExaMPLE (Pull back bundles). The pull back of a smooth vector bun-

dle p: E — M along a smooth map f: N — M is a smooth vector bundle over
N. Indeed, its total space,

f"E =N xy E={(n,e) € NxM: f(n)=ple)}
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is a closed submanifold of N x E since p is submersive. MORE DETAILS!
UNIVERSAL PROPERTY!

Suppose p: E — M and q: F' — M are two vector bundles over M. A smooth
fiberwise linear map, ¢: £ — F is called smooth vector bundle homomorphism.
Clearly, the composition of smooth vector bundle homomorphisms is a again a
smooth vector bundle homomorphism, and so is the identical map, idg: £ — FE.
A homomorphism of smooth vector bundles, : F — F, is called isomorphism
if there exists a homomorphism of smooth vector bundles, ¢: F' — E, which is
inverse to 1, i.e. Y o ¢ = idp and ¢ oy = idg. Two smooth vector bundles over
M are called isomorphic if there exists an isomorphism of smooth vector bundles
between them. A smooth vector bundle is called trivializeable if it is isomorphic
to a trivial vector bundle.

I1.1.5. LEMMA. Suppose ¥: E — F is a homomorphism of smooth vector
bundles over M such that vV, : E, — F, is a linear isomorphism, for each x € M.
Then 1 is an isomorphism of smooth vector bundles.

Proor. We proceed exactly as in Lemma [.5.7 and use the fact that the
inversion inversion, GL,(K) — GL,(K), A — A~! is smooth to show that 1~
is smooth too. O

A frame of a smooth vector bundle E over M is a collection of smooth sections,
€1,...,ep € I'°(F) such that e;(x),...,ex(z) is a basis of E,, for every z € M.
It follows from Lemma II.1.5 that a smooth vector bundle is trivializeable if and
only if it admits global frames. Every vector bundle admits local frames, i.e.
every point in M has an open neighborhood U such that E|y admits a frame.
Any local frame ey, ..., e, € I*°(E|y) induces a vector bundle chart, E|y = &.
Moreover, every s € I'°(E) can locally be represented in the form

sly = stey + - - + shey,
with uniquely determined smooth coefficients, s', ..., s* € C=(U).

I1.1.6. ExAMPLE (Tangent bundle). An important vector bundle of geometric
origin is the tangent bundle, p: TM — M, of a smooth manifold M. A section
of the tangent bundle is just a vector field on M. The space of all smooth vector
fields will be denoted by

X(M) :=T(TM).
Recall that vector fields can be canonically identified with derivations,
X(M) = Der(C*(M,R)).

The coordinate vector fields associated with a chart M O U < R" provide a
local frame -2 0 ¢ X(U) = I'™(TM|y), whence a vector bundle chart,

Oui’ """ Oun
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TM|y = U x R". For every vector field X € X(M) there exist unique smooth
functions X1, ..., X™ € C*(U), such that

_ 1 0 n o
Xlp=X "5+ +X"5-.

I1.1.7. PROPOSITION. FEwvery short exact sequence of smooth vector bundles,
0-FS5ESG—0,

splits, i.e. there exist smooth wvector bundle homomorphisms o: G — E and
p: E — F such that m oo =idg and po v =idp. In particular, E = F & G, as
smooth vector bundles. Moreover, every smooth subbundle admits a complemen-
tary smooth subbundle.

PROOF. Similar to the proof in Proposition 1.5.16, we use vector bundle charts
to construct local smooth splits o|y: G|y — E|y. With the help of a smooth
partition of unity we obtain a global split o. Using Lemma I1.1.5, we can proceed
as in the topological setting. 0

As in Proposition 1.5.12 one shows:

I1.1.8. PROPOSITION. If ¢: E — F' is a smooth vector bundle homomorphism
which has locally constant rank, then ker(¢) and img(¢) are smooth subbundles
of E and F, respectively.

I1.1.9. ExAMPLE (Canonical bundle over Grg(R™)). The real projective space,
RP™ is a smooth manifold and the canonical line bundle over RP" is a smooth real
line bundle. More generally, the Grassmannian, Gry(R"), is a smooth manifold
and the canonical k-plane bundle &f over Gry(R™) is a smooth real vector bundle.

I1.1.10. ExaMPLE (Canonical bundle over Grg(C™)). The complex projec-
tive space, CP", is a smooth manifold and the canonical line bundle over CP"
is a smooth complex line bundle. More generally, the complex Grassmannian,
Gry,(C™), is a smooth manifold and the canonical k-plane bundle £& over Gry,(C™)
is a smooth complex vector bundle.

[1.1.11. REMARK. Let M be a smooth manifold. Then every topological
vector bundle over M is isomorphic to a smooth vector bundle. Indeed, if E is
a topological vector bundle, then there exists N and a continuous map f: M —
Gry,(KY) such that £ = f*¢&. Let f: M — Gr,(CY) be a smooth approximation
of f such that f and f are homotopic. Whence, F = f*fﬂlg. By construction,
the latter vector bundle is smooth. Suppose E and F' are two smooth vector
bundles over M which are isomorphic as topological vector bundles. In other
words, there exists a continuous section ¢ € I'(hom(F, F)) which is a fiber wise
isomorphism. Since the latter is a C%-open condition, we can approximate ¢ by
a smooth section ¢ € I'*°(hom(E, F)) which still is a fiber wise isomorphism,
whence qg is a smooth vector bundle isomorphism, £ = F. This shows that the
set of isomorphism classes of topological vector bundles over M coincides with
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the set of isomorphism classes of smooth vector bundles over M. In particular,
we can use smooth vector bundles to describe the K-theory of a smooth manifold.

Note that every homomorphism of smooth vector bundles, ¥: E — F, gives
rise to a C°(M) linear operator, A: '°(E) — I'°(F), As:=1os, s € I'°(E).
More explicitly, A(fs) = fAs, for all s € '*°(F) and f € C*(M). In fact, this
algebraic property characterizes vector bundle homomorphisms:

I1.1.12. PROPOSITION. Let E and F' be two smooth vector bundles over M,
and suppose A: I°(E) — I'°(F) is C*(M) linear, i.e. A(fs) = fAs, for all
s € I'°(E) and f € C>®°(M). Then there exists a unique smooth vector bundle
homomorphism : E — F such that As = os, for all s € '*°(F).

PROOF. Let us start by showing that A is local, i.e.

supp(As) C supp(s), (I1.5)

for all s € '™°(E). If « ¢ supp(s), then there exists a neighborhood U of x such
that s|;y = 0. Moreover, there exists a neighborhood V' of x and a bump function
A € C°°(M) with supp(A) C U such that A\|y = 1. By construction, As = 0. Thus
0 = A(As) = AAs, hence (As)|y = 0 and therefore « ¢ supp(As). This shows
(IL.5). In particular, the value (As)(x) € F, only depends on the germ of s at z,
i.e. the behavior of s in a neighborhood of x. More explicitly, if s, sy € I'°(F)
are two sections which agree in a neighborhood of z, then (As;)(z) = (As2)(x).
Actually, (As)(z) € F, only depends on s(x) € E,. More precisely, we have

{reM]|s(x)=0} C{reM]|(As)(x) =0}. (11.6)
To see this we consider a fixed x € M such that s(z) = 0. Choose a chart M D

U L R” centered at z, i.e. z € U and y(z) = 0. W.Lo.g. we may assume that E is
trivializeable over U, that is E|y = U x Ey, and therefore I'*(E|) = C*(U, Ey).
For y in a (star shaped) open neighborhood of 0, we have

() = s() = 0) = [ dstemar = [ Sy =30 [ g,
i=0 i=0 {0 ,

5i(y)=

where 3; is a locally defined smooth sections of E and y* € C°°(U) are the
coordinate projections. With the help of appropriate bump functions we obtain
globally defined sections s; € I'°(FE) and globally defined functions f; € C*°(M)
such that f;(z) =0 and s =), fis;, in a neighborhood of x. By locality,

(As)(z) = (AL, fisi) (@) = (L, fidsi) () = 200, fil@)(Asi)(x) = 0,
whence (I1.6).

We conclude that there exist linear maps ¢, : E, — F, such that (As)(z) =
¥, (s(x)), for every x € M. These provide a fiber wise linear map ¢: E — F
such that g oy = p and As = ¢ o s. Clearly, v is unique with these properties.
One readily shows that v is smooth. 0
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If E — M is a smooth vector bundle, then the dual bundle, E* — M, is a
smooth vector in a canonical way. DETAILS! Note that ['*°(E£*) can be identified
with the space of smooth vector bundle homomorphisms into the trivial line
bundle, £ — &'. In view of Proposition I1.1.12 there is a canonical C*(M)-
linear identification

I'*(E) = Lew ) (IZ(E), CF(M)).

In particular, a section of E* can be specified by providing C*°(M)-linear (ten-
sorial) map ['*°(E) — C*°(M). Suppose s1,...,5; € '°(E|y) is a local frame,
thus s;(),...,sk(z) is a basis of E,, for every z € U. Let ol,... 0 € E* de-
note the corresponding dual basis of E*. Tt is easy to see that each ¢ provides
a smooth section of E*|y;, whence o', ... o € T™°(E*|y) is a local frame of E*,
characterized by

o'(s;) = 5;
It can be used to express sections e € I'°(FE) in terms of the local frame,
ely = elsy 4+ -+ efsy, el =o'(e) € C®(U).
Dually, a section ¢ € I'°(E*) can be written as
Slu = 10"+ + dpo®, ¢ = o(si) € C(U).

I1.1.13. ExaAMPLE (Cotangent bundle). The vector bundle dual to the tangent
bundle, T*M := (T M)*, is called the cotangent bundle of M. Smooth sections
of T*M are just 1-forms. We will denote the space of all smooth 1-forms by

QY M) :=T>(T*M).
In view of of the discussion above, we have an isomorphism of C*° (M, R)-modules,
Q' (M) = Loy (X(M),C®(M,R)).

This provides a useful, coordinate independent (algebraic) way to specify 1-forms
on M. For instance, we may define a linear map

d: C°(M) — QY(M), (df)(X):=X-Ff,

as the expression X - f is clearly C*°(M) linear in X € X(M). The coordinate 1-
forms associated with a chart M D U = R” provide a local frame du', ..., du" €
QYU) = I'™(T*M]|y), whence a vector bundle chart, T*M|y = U x (R™)*. If
w € QY(M) then there exist unique smooth functions wy,...,w, € C®(U) such
that

wly = widu + - - - + wpdu”, w; = w(2-).

dflv = 2Ldat + - + 2Lda”
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If £ and F are two smooth vector bundles over M, then their tensor product,
E ® F, is a smooth vector bundle in a canonical way. DETAILS! If s € I'°(FE)
and t € I'°(F) are two sections, then their fiber wise tensor product provides
a smooth section s ® t € ['°(E ® F'). This provides a canonical C*°(M) linear
identification

NE®F)=T"(E) @cee) I'°(F).
In particular, if sq1,...,sx € I'°(E|y) is a local frame of F, and ty,...,t €
['°(F|y) is a local frame of F', then
st e I'°((E® F)|v), 1<i<k 1<5<,

is a local frame of E'® F'. Consequently, for every section a € I'*°(E ® F) there
exist uniquely determined smooth functions o’ € C*(U) such that

aly = Z aVs; @t

St x>

In a completely analogous fashion one can construct a smooth vector bundle
hom(E, F) - M

whose fiber at € M is hom(E, F'), = hom(E,, F,), the space of linear maps
from E, to F,. Note that the space of smooth sections, I'*(hom(E, F')) can be
identified with the space of smooth vector bundle homomorphisms, £ — F. In
view of Proposition I1.1.12 this leads to a canonical identification

['*°(hom(E, F)) = Leeo(ur) (FOO(E), FOO(F)).
This provides a useful, coordinate free way to specify sections of hom(E, F'). Note
that there is a canonical isomorphism of vector bundles
hom(E,F)=F ® E*.
Suppose s1, ..., € '°(E|y) is a local frame of E and tq,...,t, € ['°(F|y) is a
local frame of F. Let o',... % € T*°(E|) denote the dual local coframe. Then
t;®o! € T(F ® E*)|y) = T (hom(E, F)|y), 1<i<k 1<j<lI,

is a local frame of hom(F, F'). Consequently, for every smooth section ¢ €
I'**(hom(F, F)) there exist uniquely determined smooth functions ¢! € C>=(U)

such that A .
o= >  tiwd

I e Y

Using the trivial line bundle, we recover the dual bundle as a special case,

E* =¢'® E* = hom(E,&').
The composition of vector bundle homomorphisms corresponds to the C*°(M)
bilinear map I'*°(hom(F,G)) x I'*(hom(E, F)) — I'*°(hom(E,G)) induced by
the vector bundle homomorphisms

hom(F,G) ® hom(E, F) — hom(E,G)
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given by fiber wise contraction. We will write
end(F) := hom(E,F) = E® E*
for the vector bundle of fiber wise endomorphisms. Note that fiber wise compo-
sition (contraction) provides a natural homomorphism of vector bundles,
end(F) ® end(E) — end(FE),
which induces a C*°(M) bilinear map
I*°(end(F)) x I'**(end(F)) — I'**(end(E)).
This turns I'°(end(F)) into an, in general non-commutative, algebra containing
the algebra C°°(M) in its center,
C*(M) — I'™*(end(FE)), f— fidg
This algebra can be naturally identified with the algebra of vector bundle homo-
morphisms £ — FE. Taking the fiber wise trace yields a vector bundle homomor-
phism
tr: end(E) — €',
inducing a C*°(M) linear map
tr: [*°(end(E)) — C*(M).
Note that
tr([¢, ¢]) = 0, ¢, € I'°(end(F)),

where [p, 1] := ¢1p — ¢ denotes the commutator.

As another important example we have the vector bundle AE — M, whose

fiber over x € M is (AE), = AE, = @p APE,, the exterior algebra E,. The
wedge product induces a vector bundle homomorphism

AE®AE & AE
which gives rise to a C*°(M) bilinear map
[°(AE) x T°(AE) — T'*°(AE).
There is a canonical decomposition of vector bundles
AE =P NE,
p
the wedge product restricts to vector bundle homomorphisms

ANE@ANE L APHE
and induces C*°(M) bilinear maps
T2 (APE) x T®(AYE) — D= (APFIE),

This turns

I*(AE) = HT>(AE)
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into a graded commutative algebra, extending the C*°(M) = I'*(A°E) module
structure. Note that we have a canonical trivialization, A°F = ! = M x K.
Moreover, A'E = E, whence I'*(A'E) = T'*°(F). Note that

APEQE@)"'@E

and

D ((AWPE%) @ F) = LI () (T (B, T%(F))
This provides a coordinate free way to specify sections of APE*®F. If s1,...,s, €
['*°(E|y) is a local frame of E, then

Sil/\"‘/\SipGFOO(ApElU>, 1§21<<2p§]€,

is a local frame of APE. Thus, for every section o € I'°(APE) there exist unique
smooth functions o € C°°(U) such that

aly = E AT N NSy

1<i1<-<ip<n
I1.1.14. EXAMPLE. The space of g-forms:
QUM) :=T>(AT*M).
Moreover,

QM) == P U (M) = Pr>AT* M)

is a graded commutative algebra.

I1.1.15. EXAMPLE (Density bundle). To every n-dimensional real vector space
V' we consider the 1-dimensional vector space

A"V| = {f: B(V) - K| VB € B(V)VA € GL,(R) : f(BA) = |det(A)|f(B)},

where B(V') denotes the space of invertible linear maps R™ — V| i.e. the space
ordered bases (frames) of V. Applying this construction fiberwise to the cotan-
gent bundle we obtain a smooth line bundle |Ay/| over M. Sections of |Ay| are
called densities. The transformation formula for the integral implies that we have
a well defined integration of densities,

r2(|An) 2 R,

which does not require the choice of an orientation, and works for non-orientable
manifolds as well. If M is oriented, then this orientation provides an isomorphism
of line bundles |Ay/| = AT* M and I'°(|Ap|) = Q"(M). Up to this identification
the integral above becomes the usual integral of forms on oriented manifolds. In
general, we have a canonical isomorphism of real line bundles, |Ay/| = A"T*M ®
O, where O denotes the orientation bundle of M. The latter can be viewed
as a line bundle which comes with a canonical flat connection and a canonical
fiber wise metric which is parallel. Actually, O is associated to the orientation
covering, a principal O(1)-bundle over M.
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The bundle |Ay/| is trivializeable, but there is no canonical trivialization. A
density p € T'°(|Ay|) is called volume density if u > 0. Using a partition of
unity it is easy to construct a volume density. Any volume density provides a
trivialization of the line bundle |Aj;|. Locally, M O U = R”, every density can
be written ni the form u = fdx for f € C*°(U) and if u has compact support

contained in U, then
/ = / f(z)dz" - - da™
M U

with respect to the Lebesgue measure.
For every vector bundle £ we let

Bl = E* ® Ay (IL7)

Then there is a natural pairing
PR(E) < T¥(E) S K (005) = [ 6l (1L8)
M

where ¢(s) = tr(¢ ® s). Note that this pairing is weakly non-degenerate in the
following sense: If s € I'°(E) and (¢,s) = 0 for all ¢ € I'*°(E3,), then s = 0.
Similarly, if ¢ € I'®°(E3,) and (¢, s) = 0 for all s € I'°(E), then ¢ = 0.

Similarly, one introduces the symmetric power
STECE®---®FE.

Note that I'*°(S?E*) can be naturally identified with the space of smooth func-
tions £ — K which are fiber homogeneous polynomials of degree ¢.

A fiber wise Euclidean metric on a real vector bundle E is a smooth section
h € T°(E* ® E*) such that ¢, is a positive definite symmetric bilinear form on
E,, for every x € M. Every real vector bundle admits fiber wise Euclidean met-
rics. To construct one we use an atlas of vector bundles charts, E|y, = U; x R,
\U; U; = M, to define fiber wise Euclidean metrics h; on E|y,. With the help of a
smooth partition of unity, A;, supp(\;) € U;, >, A = 1, we obtain a global fiber
wise Euclidean metric h := ). \;h;. Applying the Gram-Schmidt orthonormal-
ization formula fiber wise to a local frame, we obtain local orthonormal frames,
$1,...,8, € I'°(E) such that h(s;,s;) = d0;;. Every local orthonormal frame
induces a vector bundles chart, E|y = U x R¥, in which the fiberwise metric
becomes constant.

Similarly, every complex vector bundle admits fiber wise Hermitian metrics,
i.e. sections h € I'°(E* ® E*) such that h, is a positive definite symmetric
sesquilinear form on F,. Again such a bundle admits local orthonormal frames
and any local orthonormal frame induces a vector bundle chart in which the fiber
wise Hermitian metric becomes constant.

If F is a smooth subbundle of E, then a fiber wise Euclidean/Hermitian metric
on E can be used to construct a complementary subbundle, F'*. In fact the fiber
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wise orthogonal projection provides a smooth section P € I'(end(FE)), P* = P,

with img(P) = F and ker(P) = F*.
Suppose F is equipped with a fiber wise Hermitian metric and let dx be a
volume density on M. These choices permit to define an inner product on I'*°(E),

(51, 52)) = /M (51, 52)d. (1L.9)

Using the Hermitian metric and the density to identify £ = E* ® |Ay| = E,
this corresponds to the natural pairing (IL.8).

11.2. Differential operators on manifolds. Let E and F' be two smooth
vector bundles over a smooth manifold M. A differential operator of order at
most m is a linear map

A:T(E) — T'°(F)
such that: Around every point in M, there exists a chart M O U < R™, vector

bundle trivializations ¢g: F|y = U x Ey and ¢p: F|y 5 U x Fy and smooth
coefficients A* € C°°(U, hom(Ey, Fy)) such that

Asly = 67" Y A% (dpslu). (I1.10)

la<m

for all s € I'°(F). Here ¢gs|ly € C®(U, Ey), the partial derivatives g% act

on C*(U, Ey), whence Aa%(QZSESh]) € O=(U, F,) and using ¢' we end up
in I'°(F|y). Recall that a = (aq,...,q,) € Nj denotes a multi index, |a| =
a1+ -+ a, and
dz> — 9an o™ Ozt ozl
an:?mes alzgnes

Below we will see that it is irrelevant which charts and what vector bundle trivi-
alization are being used. Moreover, we will show that the highest order terms,

o(A) =i" Y (¢p'A%p)dm € T(S™TM ® hom(E, F)|y), (11.11)

|lal=m

give rise to a global section o(A) € I'*°(S™TM ® hom(E, F')), independent of
all choices, and refered to as the principal symbol of A. Here we interpret Zi €

[°(T'M|y), hence 2% € T>(S™T'M|y) and ¢ A%pr € T (hom(E, F)|y). We
will write DO™(E, F') for the set of all differential operators, A: '°(E) — I'*°(F),
of order at most m.

Evidently, differential operators are local, i.e.

supp(As) C supp(s),

for all s € I'°(E). Moreover, we can restrict a differential operator to any
open subset V' of M. More precisely, there exists a unique differential operator
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Aly: T®(E|y) — I'°(F|y) such that (As)|y = Alvs|y, for all s € '°(FE). This
is an immediate consequence of our definition.

Suppose ¢z Ely = U x Ey and bp: Flu = U x Fy is another pair of vec-
tor bundle trivializations. Denote the transition functions by vg = ngE(ﬁfEl €
C(U, hom(Ey, Ey)) and g := ¢ppt € C°(U, hom(Fy, Fy)), respectively. Us-
ing the Leibniz rule, we see that there exist A* € C°°(U, hom(FEy, Fy)) such that

o Y el = 5 A3,

|a|<m la|<m

for all f € C*(U, E,). Equivalently,
¢F1 Z Aaaxa E3|U ¢F Z A“ﬁfi E$|U)

loe|<m |a|<m

for all s € I'™°(E). We conclude that if the operator is of the form (I1.10) for
some vector bundle trivializations, then it is of the same form with respect to
every pair of vector bundle trivializations. Moreover, for the highest order terms,
|a| = m, the Leibniz formula gives ' A%y = A®, whence

ot A%p = &Elfiaﬁg& la| =

This shows that the principal symbol, see (II.11) does not depend on the vector
bundle trivializations being used.

Suppose M O U & R” is another chart. Then —1 = Z?:1 %%_ Using the

Leibniz rule we see that there exists A* € C°°(U, hom(Ey, Fp)) such that

> A= ¥ Ag0)
|| <m la|<m
for all f € C>(U, Ey). Hence, if the operator has the form (II.10) with respect
to one chart, it also has this form with respect to every other chart. We con-
clude that the principal symbol, see (II.11), does not depend on the chart either.
Consequently, every differential operator, A € DO™(E, F'), gives rise to a global
section

o(A) e I'*°(S™T'M ® hom(FE, F))
which is called the principal symbol of A. In other words, the coefficients cor-
responding to the highest order derivatives in A have a coordinate independent

interpretation.
For every x € M, the principal symbol provides a map

o(A): TyM — end(E,, F,), oe(A) == o(A)(E™),

which is a homogeneous polynomial of degree m in ¢ € Ty M. It will be convenient
to have a coordinate independent formula for the principal symbol:
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I1.2.1. LEMMA. If A€ DO™(E,F), £ € T;M, s € I'°(F) and f € C*(M)
such that df, = &, then

oe(A)s(z) = lim 7" (e " A(e 5)) ().

t—o00

PrROOF. By the Leibniz rule, we have

e_itf% (eitf ) = its ggfz + O(to)

Via induction we obtain,
el || i N o [ a
G (e's) = (it)*ls(df) (Fh) + o).

Assuming that A is of the form (I1.10) in a neighborhood of = we get

—-m _—i i « la

e A ) =1 Y (0! A%ms)(df)" (55m) + O™,

|o|=m
Passing to the limit we obtain the desired formula. U
I1.2.2. PROPOSITION.

(a) If A, B € DO™(E, F) then A+ B € DO™(E,F) and oc(A+B) = 0(A)+0(B).
(b) If A € DO™E,F) and B € DO™ (F,G), then BA € DO™™ (E,G) and

o0(BA) = o(B)o(A), equivalently, o¢(BA) = 0¢(B)oe(A), for all & € T*M
(¢) We have a short exact sequence of C*°(M) modules

0 — DO™ YE,F) — DO™(E,F) — I'*(S™TM ® hom(E, F)) — 0.

(d) DO(E) :=J,, DO™(E, F) is a filtered algebra, and the principal symbol pro-
vides an isomorphism of graded algebras,

oo (e, F)/DO™NE, F) & @ T™(S"TM & hom(E, F)).

m

1R

PROOF. This can be checked in a straight forward way. 0
11.2.3. ExaMPLE. DO%(E, F)) = I'*(hom(E, F))) via principal symbol.

I1.2.4. EXAMPLE. Differentiation with respect to a vector field X € X(M)
provides a first order differential operator,

Lx: C*(M)— C®(M),
with principal symbol o(Lx) = iX. Indeed, with respect to local coordinates,
M DU S R, we have X = > | X'-2 where X' € C*(U). Thus, Lys =
S X 8f -s, hence Ly is a first order differential operator. By the Leibniz rule,

‘th (e s s) = itdf(X)s + Lxs, and thus o¢(Lx) = i{(X) for £ € T M, sce
Lemma I1.2.1.
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I1.2.5. EXxAMPLE. If V is a linear connection on F and X € X(M), then

Vy: [(E) - T(E)
is a first order differential operator with principal symbol o(Vx) = iX ® idg.
Equivalently, 0¢(Vx) = i{(X)idg for £ € T M. Indeed, with respect to local
coordinates, M D U = R", we have X = Y7 | X'-% where X' € C*(U).
Moreover, with respect to a local frame eq,..., ¢ E F(E|U), every section s €
I'(E|y) can be written in the form s = Zle sjej where s/ € C*°(U). By the
Leibniz rule,

n k

VXs—ZZX VW (s’e;) = ZZXlSJVaizef X’gsi €5,

=1 j=1 =1 j=1

hence Vy is a first order differential operator. Moreover, e ¥/ Vy(elt/s) =
itdf (X)s + Vxs, hence 0¢(Vx)s = i§(X)s, see Lemma I1.2.1. Consequently, if
Xi,..., X, € X(M) and A € T'(hom(E, F)), then AVy, ---Vy, € DO™(E,F)
and 0(AVy, ---Vyx,,) =i"X;- - X, ® A € I'(S"TM @ hom(E, F)), see Propo-
sition 11.2.2(b).

From the previous example we immediately obtain the following coordinate
independent characterization of differential operators.

I1.2.6. PROPOSITION. Let V be a linear connection on E. Then
{AVyx, -+ Vx, | k<m, X; € X(M), A € T*>*(hom(E, F))}
generates the vector space DO™(E, F').
11.2.7. ExaMPLE. If V is a linear connection on F, then
V:TE) =>T*T"MQ FE)

is a first order differential operator with principal symbol, 0¢(V) = i ® idg.

Indeed, with respect to local coordinates, M O U 5 R", and a local frame
e1,...,ep € I'°(E|y), every section s € I'(E|y) can be written in the form
s = 25:1 s'e; where s/ € C=(U) and the Leibniz rule gives:

k
VS:ZV s’e;) Zs]Ve +ds’ @e; = ZS]VSJ—I—ZZaS]dQS ® e;
j=1

7=1 7j=1 =1

This shows that V is a first order differential operator. In view of e /' V(eit/s) =
itdf ® s+ Vs, we have 0¢(V)s = i ® s, see Lemma I1.2.1. Suppose

vi * V2 o] 2% V3 vm [ee) mrk
[(F) -T*T"M®FE) 5T T"MQFE) — - — IT*Q@"T"M ® E)

are linear connections on ®’7*M ® E. By the computation above and Proposi-
tion I1.2.2(b), their composition, V™. - V2V I'°(E) — I'*(@™T*M ® E), is
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a differential operator of order at most m with principal symbol

oe(V"- - VPV =i"¢® - @ ¢Ridg .
fact
If Ae>*(S"TM ®hom(E, F)), then AV™...V?*V! € DO™(E, F') with prin-
cipal symbol o(AV™ ... V2V!) = imA. Consequently, connections V¢ as above
permit to split the short exact sequence in Proposition 11.2.2(c).

We will now give an entirely algebraic characterization of differential op-
erators, similar to the fact that vector bundle homomorphisms correspond to
C*°(M)-linear maps and smooth vector fields can be characterized as derivations

of the algebra C*°(M).

I1.2.8. PROPOSITION. Let A: I'*°(E) — I'*°(B) be a linear map. Then A €
DO™(E, F) if and only if
ad’}“rl A=0,

for all f € C®°(M). Moreover, in this case

oe(A) = (=" ad} A, (I1.12)

where § = df, € TrxM. Here adf A = [f,A] = fA — Af, ie. (adfA)s =
fAs —A(fs).

PROOF. Suppose A € DO™(E, F), f € C*(M). Then [f,A] € DO™(E, F)
and o([f,A]) = [f,c(4)] = 0 € I'*(S™T'M ® hom(E, F)), whence ad; A €
DO™ (E, F), see Proposition 11.2.2(b). Inductively, we get ad}' A € DO’(E, F)
and thus ad7*' A = 0. Using 27 Ae'f = e~/ (ad_;; A)e''/ and differentiating

e It Attt = oa (A)t™ + o™ 1)
m times, we obtain
(i)™ ad} A=ad”; A= e_itf(adTif Al = mlog(A).

This shows the formula for the principal symbol. It remains to show that an
operator satisfying ad’}”r1 A = 0 is actually a differential operator of order at
most m. We proceed by induction on m. The case m = 0 follows from Proposi-
tion I1.1.12. For the inductive step we will show below, that the right hand side
of (II.12) defines a tensor field S € I'*°(S™T'M ® hom(FE, F')). More precisely,

(;3”1 ad A= S((df)™).

Then there exists D € DO™(FE, F') such that o(D) = S. By (11.12)

% ad}' D = og(D) = S((df)™) = % ad? A,
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hence ad}' (A — D) = 0. By induction, A — D € DO™ '(E, F), whence A €
DO™(FE, F). To construct S as above, note first that

adfo . ~adfm A= O,
for all fo,..., fmn € C®(M). Indeed, as adsad, = ad,ady, the left hand side
is symmetric in the functions f; and the equation follows via polarization from
ad}”HA = 0. In particular, the operator ady, ---ady, A is C°°(M) linear. In
view of Proposition I1.1.12, we thus obtain a map

C®(M) x - x C®°(M) = I'**(hom(E, F)), (fi,...,fm)—ady ---ady, A.
The relation adsy A = fad, A + ady Ag implies that it is a derivation in each
function f; separately. More explicitly,
ady, g ady, ---ady,, A= fiady ady, ---ady, A+ ady, ady, ---ady,, Af].

Using the fact that vector fields are precisely the derivations of C*(M) this
implies the existence of S € I'*(®™T'M @ hom(FE, F')) such that

ady, ---ad;, A= S(dfy @ @ dfy).
Normalizing S appropriately, we obtain the desired S. 0

I1.2.9. PROPOSITION. Suppose A € DO™(E, F) and is a differential operator.
(a) There exists a unique (transposed) operator A* € DO™(Fy;, E;) such that

(A'g,s) = (¢, As), ¢ € DX(F}), s € T®(E),

with respect to the natural pairing (I1.8). Moreover, (A; + Ag)t = AL + AL,
(BA)! = A'B', and
U&(At) = (_1)ma£("4)t ® id|AM\ :
(b) If M is equipped with a volume density and E and F are equipped with fiber

wise Hermitian metrics, then there exists a unique (formal adjoint) operator

A* € DO™(F, E) such that

(A%0,s) = (9, As), ¢ eTZ(F), s € T™(E),
with respect to the inner product (11.9). Moreover, (A; + Ag)* = A} + A},
(BA)* = A*B*, and
0¢(A") = (=1)"o¢(A)".

Proor. Clearly, the adjoint and transposed operators are unique in view of
the weak non-degeneracy of the pairings (I1.8). Furthermore, the case m = 0 is
trivial. Uniqueness also implies that if A; and As admit transposed then so does
A+ Ay and we have (A;+Ap)t = AL+ AL, Similar remarks apply to products and
transposed. Hence, w.l.o.g. we may assume M = U C R" open and As = aiis

acting on s € COO(U Ey). For ¢ € C*(U, Ef), partial integration gives

/U (26)(s)dx = (A6, 5)

(¢, As)
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where Al¢ = — £¢¢~ This shows the existence of the transposed operator. Simi-

larly, one can show the existence of the adjoint.'® Since

(T AN ), 5) = (¢, A(eT5))

Lemma I1.2.1 gives
(04 (AN ¢, 5) = (¢, 0-ar(A)s),

whence o¢(A") = 0_¢(A)" = (—1)"0¢(A)". Similarly,

<67ith*(eitf¢)’8>E — <¢,€7ith(eitfs>>F’
hence

{oar(A)¢, s)p = (=1)" (¢, 04 (A)s) F
and thus o¢(A*) = (—1)"0¢(A)*. O

11.2.10. ExAMPLE (Transposed of a Lie derivative). Let T be a vector bundle

which is associated to the frame bundle of M, such as TM, AT M, S!TM,
|Aps| or any bundle which can be constructed from these using tensor product,

dual or Whitney sums. Sections of these bundles can be pulled back by (local)
diffeomorphisms, which gives rise to a Lie derivative,

Lx:T®(T) = T>(T),  Lxs:=Z|o(FL)"s.
It is straight forward to see that Lie derivatives satisfy a Leibniz rule,
Lx(fs) = (X f)s+ fLxs,

ie. adf Ly = —df(X)s and thus adff Lx =0, for f € C®(M). Hence, by
Proposition 11.2.8, Ly is a first order differential operator with principal symbol
o(Lx) = iX. Note that Ty, = T* ® |Ap]| is a bundle of the same type and the
Lie derivative satisfies

Lx(¢(s)) = (Lx@)(s) + ¢(Lxs), ¢ € I(T" @ |An]), seI™(T).
For compactly supported ¢ integration yields'”

0= (LX(ba 3) + <¢7 LXS)7
whence the transposed operator is
L?X = _LX7
acting on I'°(T* @ |Ap]).

16 Alternatively, we let b : T(E) = T'(E%,) and bp: T'(F) = T'(F},;) denote the vector bundle
isomorphisms induced by a volume density on M and fiber wise Hermitian metrics on E and
F. Then <81,82>E = (bESth)F and <¢17¢2>F = (bF¢1,¢2)F. Therefore A* = bEl (@) At o bF,
whence the existence of the formal adjoint.

17For every compactly supported density p € ' (|Aa|) and any vector field X € X(M),

we have fM Lxp =0, since fM(FItX)*:“ = fM He
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[1.2.11. EXAMPLE (Adjoint of a Lie derivative). We continue to consider a
Lie derivative as in preceding example. Fix a volume density p© on M and a
fiber metric on 7. Recall that the divergence of a vector field X € X(M) with
respect to a volume density p is the unique function div(X) € C*°(M) such that
Lxp = div(X)u. Hence,

Lx(h(s1,82)p) = (Lxh)(s1,s9)p + div(X)h(s1, s2)p
+ h(Lxs1,s2)p+ h(s1, Lxsa)p

Integration yields
0= <<(h_1Lxh>81, 52>> + <<diV(X)81, 82» + ((LXsl, 82>> + <<81, LxS2>>,
whence the adjoint is:
Ly = —Lx —h 'Lxh —div(X).
[1.2.12. EXAMPLE. Let V be a linear connection on FE, and suppose X &
X(M). We would like to compute the adjoint of the first order operator
Vx: I'(F) = I'*(F)
with respect to a fiber wise Hermitian metric A on E and a volume density u > 0
on M. Using X - h(sy,s2) = (Vxh)(s1,52) +h(Vxsy,s2)+ h(s1, Vxss) we obatin
Lx (h(s1, s2)p) = h(s1, s2) div(X)p + (Vxh)(s1, s2)p
+ h(Vxsy, o)+ h(sy, Vxso)u.
Integration yields
0 = (div(X)s1, s2)) + ((h'Vxh)s1, s2) + (Vxsi,s2)) + (51, Vxsa))
hence
Vi = —-Vx — h'Vxh —div(X)

If the metric is parallel, Vxh = 0, then one term vanishes.

11.2.13. ExaAMPLE (Transposed of a linear connection). Let V be a linear
connection on £ and consider its extension

I®(AT*M @ E) = QUM; E) 25 QitY(M; E) = T¥(A™T*M @ B).

The Leibniz formula, dV(fa) = df A a + fdVa, gives ad;(dY) = —ey ® idg,
where eg: AYT*M — AT"'T*M denotes the wedge product with . In partic-
ular, adfc(dv) = 0, hence dV is a first order operator with principal symbol
o¢(dV) = ieg @ idp, &€ € TyM. The wedge product provides a canonical non-
degenerate pairing AYT*M x A"~ 9T*M — A™T*M, and this provides a canonical
isomorphism of vector bundles

(ATT*M)* @ |Ay| = A" 9T M @ O.
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Here O denotes the orientation bundle of M. This is a flat real line bundle and
there exists a canonical identification |[Ay| = A"T*M ® O. Consequently,

(NMT*M @ E)yy = A" "T"M @ E* ® O.
Up to this canonical identification, the transposed of dV is (—1)""9dY. More

precisely, the following diagram commutes:

(av)*
I (AT T*M ® E)3y)

Q=1-1(M: E* ® O)

I ((AT*M ® E)3y)

Q" I(M; E*® O)

(-1 1d¥

Here we denote the induced connection on E* ® O by V too. To see this, note
first that the canonical pairing is

QI M;E*®O) x QI(M; E) — C, (B,a) = / tr(5 A a).
M
For a € Q4(M; E) and 8 € Q"9 1(M; E* ® O) we have
dtr(BAa) =trdY(BA Q) =tr(dVBA Q)+ (=1)" T tr(BAdYa).
Integrating and using Stokes theorem, we get

0= /Mtr(dvﬁ Aa) - (—1)7“1/ te(B A d¥a),

M
whence (dV)! = (—=1)""4d".

I1.2.14. EXAMPLE (The formal adjoint of a linear connection). In the situation
of the previous example, we would like to compute the adjoint of dV. To this
end, we fix a Riemannian metric on M and equip A?T™* M with the induced fiber
wise Euclidean metric. Recall that the Riemannian metric also provides a volume
density p > 0 on M. Moreover we fix a fiber wise Hermitian metric on E. and
equip AT*M ® E with the induced fiber wise Hermitian metric. Then:

V) *
I=(AT*M ® E) = QY(M; E) 2L Q1(M; B) = T°(AT*M @ E).
Recall the Hodge star operator,
x: NT*M S A" 1T M @ O.
a vector bundle isomorphism uniquely characterized by
o Axf = (o, B, a, B E QI(M).
Combining it with A we obtain a vector bundle isomorphism
o NT*M ®@ E = AT M @ E* @ O,

characterized by

tr(a AxB) = (o, B)u,  «, B € QUM;E).
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Particularly, we have
(@.0) = [ wlanss).  apeOLE),
M

As in the previous example we have, for a € Q4(M; E) and § € Q™ (M; E)
dtr(a A*B) = trd" (a A*B) = tr(dva A «B) + (=1)%tr(a A d¥ * B3)
and integration yields
0 = (A%, B) + (~1)"{fa, +~'d" * B)).
Thus, the formal adjoint of dV is
(dV)* = (=) %71 Ve QUY(M; E) — QUM; E),

where the connection appearing on the right hand side is the induced connection
on E*®QO. Alternatively, this formula can be obtained directly from the previous
example without further partial integration.

I1.2.15. DEFINITION (Laplacians). Let M be a Riemannian manifold. A
second order differential operator A: ['°(E) — I'*°(F) is called (generalized)
Laplacian, if o¢(A) = [£]?idg. This is the case iff [[A, f], f]s = —2|df|*s, for all
f € C®(M), see Proposition I1.2.8.

11.2.16. EXAMPLE. Let M be a Riemannian manifold, fix linear connections
on £ and T*M ® E and let V?: T>°(E) — I'™*(T*M ® T*M ® E) denote their
composition. Then

—tr, V?: I°(E) — I'™(E),
is a Laplacian. Indeed, 0¢(V?) = —¢ ® £ ® idg, whence o(— tr, V?) = [£]?idg.

[1.2.17. EXAMPLE. Let E be a vector bundle over a Riemannian manifold
M and suppose V: I'°(E) — I'°(T*M ® F) is a linear connection. Moreover,
let V*: I'°(T*M ® E) — I'*°(E) denote its formal adjoint, with respect to a
Hermitian metric on F, the induced Hermitian metric on 7*M ® E and a volume
density on M. Then

V*V: I™(E) - I'™°(E)

is a Laplacian. Indeed, 0¢(V)s = i€ ® s, hence 0¢(V*)(a ® s5) = 0¢(V)" (a® s) =
—i(§,a)s whence 0¢(V*V) = |{|?idg. Note that V*V > 0 and ker(V*V) =
ker(V).

[1.2.18. LEMMA. Let M be a Riemannian manifold and let V denote the Levi—
Civita connection on T'M. Then, with respect to the Riemannian volume density,

div(X) = tr VX
for every X € X(M).
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PROOF. Let ey, ..., e, be a positive oriented local orthonormal frame of T'M,
and let e!, ..., e" denote the local dual coframe. Then p = el A--- Aemis the
Riemannian volume density. Hence Lxpu =" (Lxe’)(e;)p and thus

n n

div(X) = _(Lxe')(e:) = =3 e'(Lxes)

:-—}2 (Vxei — Ve X) =t1VX =) € (Vye) =tr VX
i=1
where we used ¢'(Vxe;) = g(e;, Vxe;) = 21X - g(es, e;) = 0. O
[1.2.19. PROPOSITION. Let E be a vector bundle over a Riemannian manifold
M and suppose V: '°(E) — I'*(T*M ® E) is a linear connection. Then its
formal adjoint, V*: T°(T*M@E) — I'*°(E), with respect to a parallel Hermitian

metric on E, i.e. Vh = 0, the induced Hermitian metric on T*M ® E and the
Riemannian volume density coincides with the composition

V:I®(T*"M & E) % T™(T"M @ T"M @ E) —% T°°(E),

where V denotes the connection on T*M ® E induced by the Levi-Civita connec-
tion on T M and the connection on E. In other words,

V= —tr, V.
Particularly, —tr, V? = V*V > 0 and ker(— tr, V?) = ker(V).

PROOF. Let ey,...,e, be alocal orthonormal frame of TM and let e!, ... e
denote the dual local coframe of T*M. Then

n

(6,Vs) = 3 (e @ dles), ! @V, 5) = Z h(g(ei), Ve,s

=Y ei - hlle), 5) = (Ve (er),s) = h(6(Teies), 5)
Using
> ViVl = Z(VT*M H(ej)e
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we obtain

n

(6, Vs) = —h(tr, Vo,s)+ Y e h(e(e;), s) + div(e)h(d(es), s)

i=1

whence
(6, Vshu = —h(trg Vo, s)u+ Y Le, (h((e:), s)p1)
i=1
and integration gives (¢, Vs)) = —((tr, V¢, s)), that is V* = —tr, V. O

I1.2.20. DEFINITION (Dirac operators). Let M be a Riemannian manifold.
A first order differential operator D: I'°(E) — T'°(FE) is called (generalized)
Dirac operator, if D? is a Laplacian. This is the case iff its symbol satisfies
o¢(D)oe(D) = [€]*idg, for all £ € T M.

If D: I'*°(E) — I'™°(F) is a Dirac, then its symbol provides a vector bundle

homomorphism, ¢ := i~ to(D): T*M — end(FE) such that c¢(£)? = —|¢[*idg, for
all £ € Ty M. Equivalently,

c(§)eln) +cne§) = —29(&,m)ide,  &neTEM. (IT.13)

A vector bundle E together with a homomorphism ¢: T*M — end(E) satisfying
(I1.13) is called a Clifford module, c is refered to as Clifford multiplication.

Let E be a Clifford module with Clifford multiplication ¢: 7*M — end(E),
suppose V is a linear connection on F, and denote the composition

I(E) % I'™(T*M ® E) % I'™(E)
by D: T®(E) — I'*(F). Then o¢(D) = ic(€), hence o¢(D)? = [¢]*idg and thus

D is a Dirac operator. If ey, ..., e, is a local frame of TM and e!,. .., e" denotes
the dual local coframe of T*M, then

n

Ds = Z c(e")V,,s.

i=1
I1.2.21. PROPOSITION. Let M be a Riemannian manifold. Let E is a Clifford
module with Clifford multiplication ¢: T*M — end(E), suppose V is a linear con-

nection on E and let D: T®(E) — I'°(FE) denote the associated Dirac operator.
Let h be a fiber wise Hermitian metric on E such that Vh =0, i.e.

X - h(Sl, 82) = h(val, 32) + h(sl, VXSQ).
Moreover, suppose Ve =0, i.e.
Vx (c(f)s) = c(V?M{)s +c(§)Vxs

with respect to the Levi—Civita connection on T*M . Finally, we moreover assume
h(c(§)s1,c(€)se) = h(s1,s2) for all || = 1, equivalently,

h(c(§)s1, s2) + h(s1, c(§)s2) = 0.
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Then, with respect to the inner product on I'*°(E) induced by h and the Riemann-
1an volume density, we have

D*=D.
Particularly, D* > 0 and ker(D) = ker(D?).

PROOF. Let ey,...,e, be a local frame of TM and let e!, ..., e" denote the
dual local frame of T*M . Then:

h(s1, Dsz) Zh 51, V6152)

= — Z h 81, 6152)
- Z MV (e(e)s1). 52) — ex - h(el s 52)

— Z h eV, 51, 32) + h( (VZ:Mei)sl, 32) —e - h(c(ei)sl, 52)

Using

n

i VZ;*Mei = Z (VeTi*Mei)(ej)ej
i=1

ij=1

S Z (VIMe;)el = Ztr (VIMe,)el = Zle ej)e

ij=1
we obtain:
h(s1, Dsy) = h(Dsy, $2) Zle “s1, 52) +e; - h(c(ei)sl, 32).
Hence
h(s1, Dso)p = h(Dsy, o) — Z Lei (h(c(€')s1, s2) 1),
i=1
and integration yields {(s1, Dsy)) = (Dsy, s2)), that is D* = D. O

11.2.22. PROPOSITION (Bochner formula). Let M be a Riemannian mani-
fold and suppose E is a Clifford module with Clifford multiplication ¢: T*M —
end(E). Suppose V is a linear connection on E such that Ve = 0 with respect to
the Levi—Civita connection T*M . Then

D*=—tr,V?+ R
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where R denotes the contraction of R € Q*(M;end(E)). More precisely

n

1 ; ,
R = 5 ”ZZI c(e')c(e’)Re, e, € I'(end(E))
if ; is a local frame.
PROOF. Let eq,...,e, be a local frame of TM and let e',..., e" denote the

dual local coframe of T*M that is e‘(e;) = 0%, For s € I'™°(E) we obtain:

i,7=1
_Z (), Ve s+ c(e)e(VE M)V, s
i,7=1
= c(e')c(e?)Ve, Ve, s — cle')c(e! ) Vyrm, s
ij=1
= Z c(e)e(e) V2, ¢S
ij=1
- L(e(e)e(e?) + c(ej)c(ez))vgiﬁejs + 2 (c(e')e(e?) — c(ef)e(e')) V2, e;8
i,j:l
1 n
:—Z e Ve st g ) e)e(e) (Ve s = V2 ..5)
ij=1 ij=1
1 . ,
= —tr, Vs + 5 Z c(e')c(e’)Re, ;s
i j=1n
= —tr, V’s + Rs,
whence the proposition. O

11.2.23. DEFINITION (Ellipticity). A differential operator A € DO™(E, F)) is
called elliptic if its principal symbol,

o¢: By — F,
is an isomorphism, for all 0 # & € T, M.
[1.2.24. ExaMPLE. Clearly, Laplacians are elliptic, and so are Dirac operators.

If A e DO™(E, F), then the symbol can be regarded as a section of the bundle
hom(7*FE, 7*F) over T*M,

o(A) € I'*(hom(n*E, 7*F))
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where 7: T*M — M denotes the vector bundle projection. If M is compact, the
symbol represents a class

o(A) = [r"E,m"F,0(A)] € K.(T*M).

Will show that elliptic operators on compact manifolds are Fredholm and compute
their index in terms of 0(A) € K.(T*M).

I1.3. De Rham cohomology Recall that
Q(M) = T=(AT*M @ QP (M QP(M) = T®(APT*M)

is a graded commutative algebra, and
OP(M) = LE% o) (X(M)P, C=(M)).
This permits to define linear map
d: QP(M) — QP (M),
by
(do)(Xo, ..., Xp) =) (1)’ X; - a(Xo,...,4,..., X;)

+ ) (D)X XL Xoy -t g X))

0<i<j<p
Note that d is natural, that is
frda =df*a,
for every smooth map f: N — M and every a € Q(M). Moreover, d is a graded
derivation, i.e.
dlaAp)=daNpB+(—1)PaAdp, aeQP(M), BeQYM).
Furthermore,
d* =0,
that is dda = 0, for all o € Q(M). The associated graded commutative algebra
ker(d: QP(M) — QP (M
M) =D, HM) = img((d: Qp(l(i\/[) - Qp((]\/[))>)

is called the de Rham cohomology of M. Clearly,
HI(M) =0, if p<0orp>dim(M).

Note that dim H°(M) coincides with the number of connected components of
M. If M is a non-empty closed oriented n-manifold, then the integral induces a
surjective linear map

H"(M) — R, [a]r—>/ o
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in particular the top cohomology, H"(M), is non-trivial. It follows from Stokes’
theorem that the integral does indeed descend to cohomology, [,,d3 = 0, for all
B e QY M).

I1.3.1. PROPOSITION (de Rham cohomology). De Rham cohomology provides
a contravariant functor from the category of smooth manifolds to the category
of graded commutative algebras. More explicitly, every smooth map f: N — M
induces a homomorphism of graded algebras, f*: H*(M) — H*(N), and we have

g of =(fog), aswellas idy =idg-n),

if g: P — N is another smooth map. This functor has the following properties:

(a) f§ = ff, whenever fo, fi: N — M are two homotopic smooth maps, i.e.
there exists a smooth map F: 1 x N — M, such that F(0,z) = fo(x) and
F(1,z) = fi(z), for allz € N.

(b) If U and V' form an open covering, U UV = M, then there ezists a natural
long exact Mayer—Vietoris sequence:

-%

s HOWUNV) S H ) S oy @ B(v) 2 oo avy S

Hereiy: U — M, 1y:V — M, ju: UNV = U, and jy: UNV — V', denote
the canonical inclusions.

(¢c) H* (|, M;) = [1, H*(M;), for disjoint unions.

(d) H°(pt) =R and H(pt) = 0, for all q # 0.

PRroor. It suffices to show (a) and (b), the other assertions are straight for-
ward. The covering provides a short exact sequence

0 — i(M) VY guy g i(v) N guunv) = o. (IL.14)

If Ay + Ay = 1 is a partition of unity, supp(Ay) C U, supp(Ay) C V, then
r: QUUNV) — QUU) @ QIU(V), r(a) = (Ava, —A\pa)

provides a left inverse of j;; — ji,, whence the later is indeed onto. Here the
form Aya € QI(U N V) is understood to be extended by zero to a smooth form
Ava € Q4(U) which is possible in view of supp(Aya) C V. Similarly, Ay« is
considered in Q9(V). Exactness at the other two spaces is obvious. Note that
(I1.14) is a short exact sequence of complexes, i.e. each of the maps commutes
with the de Rham differential d. It is a well known fact, that a short exact
sequence induces a long exact sequence in cohomology, whence (b).

To show the homotopy invariance, we let ¢;: N — I x N, ,(z) := (¢, ),
denote the inclusion and put f; := Fou: N — M, ie. fi(t,z) = F(t,x). For
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a € QF(M) we have:

1 1 1
fia— foa= %ft*ozdt:/ %LZ‘F*adt:/ ty Lo, F acdt
0 0 0

1 1 1
:/ Lf[d,iat]F*ozdt:d/ LfiatF*ozdt—F/ tyig, Frdodt
0 0 0
Hence the operator
1
h: QY (M) — Q1(M), h(«) ::/ Lo, Fradt,
0

provides a chain homotopy,
fi—fi =doh+hod,

which immediately implies that fy and f; induce the same map on cohomology,
whence (a). O

We will write fy ~ f; if the two maps are homotopic. This is easily seen to be
an equivalence relation on the set of smooth maps N — M. Two manifolds are
called (smoothly) homotopy equivalent, if there exist smooth maps f: N — M
and g: M — N, such that fog ~ idy and go f ~ idy. In this case either
of them is called a homotopy equivalence. Every homotopy equivalence f: N =
M induces isomorphisms on cohomology, f*: H*(M) = H *(N), by homotopy
invariance and functoriality.

I1.3.2. EXAMPLE (Poincaré lemma). For the cohomology of R™ we have

HI(R™) {]R ?f qg=0, and

0 ifg#0.

Indeed, if +: pt — R™ denotes the inclusion of a point, and r: R™ — pt denotes
the constant map, then 7 o ¢ = id, and ¢ or ~ idg» via the homotopy F': I x
R" — R", F(x,t) := tx + (1 — t)pt. Hence the inclusion ¢ is a homotopy
equivalence, whence it induces an isomorphism on cohomology, H*(R™) = H*(pt).
The statement thus follows from Proposition 11.3.1(d). In other words, for ¢ # 0
every closed ¢-form o € Q4(R"), da = 0, is exact, i.e. there exists 8 € QI71(R")
such that dp = a.

I1.3.3. EXAMPLE. For the cohomology of the spheres S™ we have!®

HI(S") = {

To see this fix a point N € S™ and consider the open covering S™ = U UV where
U:=S"\{N} and V := S™\ {—N}. Using stereographic projection, we obtain

R ifg=0o0rqg=n, and
0 otherwise.

18In the case n = 0 this is meant as follows: H°(S%) 2 R?, and H9(S°) = 0 for ¢ # 0.
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diffeomorphisms U = R™ = V, whence HY(U) = 0 = HI(V), for all ¢ # 0, by
Poincaré’s lemma. From the exactness of the Mayer—Vietoris sequence,

H YUY @ HN(V) — HTY (U N V) S HI(S™) — HYU) & HY(V)
we conclude that the connecting homomorphism induces an isomorphism,
9: HNUNV) S HY(S™), 0#£q#1.

Moreover, the inclusion of the equator, ¢: S"~1 — U NV, is a homotopy equiva-
lence, whence induces an isomorphism H?~1(UNV) = H?1(S"!). Consequently,

HI(S™) = HO(S™Y),  0#q#L

As S™ is connected, we have H°(S™) = K, provided n > 1. A closer look at
the Mayer—Vietoris sequence reveals, that H'(S') = K and H'(S™) = 0, for all
n > 2. This permits to compute H*(S™) by induction on n.

As a first application of this computation, we give:

I1.3.4. COROLLARY (Brouwer).

a) S™ is not retract of D™. More precisely, there does not exist a smooth
(continuous) map r: D" — S™ such that r|gn = idgn.

b) Every smooth (continuous) map f: D™ — D™ has a fized point.

PROOF. Suppose, conversely, r: D"*! — 8" is a smooth map such that
r ot = idgn, where ¢: S® — D™ denotes the canonical inclusion. W.l.o.g. we
may assume that r is defined on R""! whence r: R*™ — S™ and r o1 = idgn.

*

Consequently, the composition H*(S") ~ H*(R"*!) S H *(.S™) is the identity.
Since dim H"(S™) > dim H"(R™"!) this leads to a contradiction. This shows a).

The second part follows via a simple geometric construction. Suppose con-
versely, f(z) # x, for all x € D". Then there exists a unique ray starting at
f(z) and containing x. Let r(x) denote the unique point in the intersection of
this ray with S™~! which is different from f(z). Clearly, 7(x) can be expressed
with the help of an explicit formula in terms of f, from which we conclude that
r: D" — S"! is smooth. By construction, r(z) = z, for all z € S"!. Since this
contradicts a) we obtain b). O

I1.3.5. EXAMPLE. As the inclusion ¢: S™ — R™\ {0} is a homotopy equiv-
alence, this computation also yields

HY(R"\ {0}) = {

R ifg=0o0rqg=mn,and
0 otherwise.

I1.3.6. EXAMPLE. For the complex projective space, CP", we have

{R if g=0,2,4,...,2n, and

HI(CP") =
( ) 0 otherwise.
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Moreover, if 0 # w € H*(CP"), then 1,w,w?,...,w" constitutes a graded basis of
H*(CP"), whence H*(CP") is a truncated polynomial algebra with one generator
in degree 2, i.e.

H*(CP") = Rw]/w"t =0,
as commutative algebra. Moreover, for m < n, the canonical inclusion ¢: CP™ —
CP" induces isomorphisms

2 HY(CP™) S HY(CP™), q<2m+1.

This can be proved by induction on n using the Mayer—Vietoris sequence as-
sociated to the decomposition CP" = (CP" \ {pt}) U C", since the inclusions
CP"' — CP™\ {pt} and S?"~! — (CP"\ {pt})NC" are homotopy equivalences.

I1.3.7. PROPOSITION. H*(M) is finite dimensional, for compact M. More
generally, if M admits a finite good covering,'® then H*(M) is finite dimensional.

PROOF. Suppose Uy U ---Up = M is a finite good open covering of M. Note
that U := U; has finite dimensional cohomology. By induction on k, we may
assume that

Vi=UU---UUy and UNV =UNU)U---U (U NUy)

both have finite dimensional cohomology too. Considering the Mayer—Vietoris
sequence associated with M =U UV,

s HTNUNV) S HYM) — HY(U) ® HY(V) = - -
we conclude that H*(M) is finite dimensional too. O
The Euler characteristics of M is defined as
() 1= 37 (- 1) dim (),

q

provided M has finite dimensional cohomology. Clearly, homotopy equivalent
manifolds have the same Euler characteristics. According to the computations
above, we have

xR") =1, x(5")=1+(-1)", x(CP")=n+1.

A covering U, of M is called good, if every finite intersections U,, N --- N Uy, is either
empty or contractible, i.e. homotopy equivalent to a point. Every manifold admits a good
cover. To see this fix a Riemannian metric on M. Recall that an open subset of U of M is
called geodesically convex if it has the following property: For any two points x and y in U
there exists a unique geodesic arc of minimal length, connecting x with y and this geodesic
arc is entirely contained in U. Clearly, a finite intersection of geodesically convex subsets is
again geodesically convex or empty. Using the retraction provided by these unique geodesics
one shows that every non-empty geodesically convex subset is contractible. A basic fact from
Riemannian geometry asserts that sufficiently small Riemannian balls are geodesically convex.
This shows that every manifold admits a good covering (by geodesically convex open subsets.)
In fact, this good cover can be chosen to be subordinated to a given open covering of M.
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I1.3.8. PROPOSITION. Suppose M = UUV 1is an open covering such that three
of the four spaces H*(U), H*(V), H*(UNV') and H*(M) are finite dimensional.
Then so is the fourth, and the following inclusion—exclusion formula holds:

X(M) =x(U) +x(V) =x(UNV)
Proor. This follows from the associated Mayer—Vietoris sequence,
S HTYUNV) S H(M) —» H(U) @ H(V) = H(UNV) S
as the alternating sum of dimensions in an exact sequence vanishes. 0
Compactly supported cohomology is defined by:
_ ker(d: Q4(M) — QIT(M))
img(d: Q&N (M) — QI(M))

Every proper smooth map f: M — N induces a linear map f*: H*(N) — H*(M)
and this is obviously functorial. Moreover, if ¢:: U — M denotes the inclusion of
open subset, then we have an induced linear map v,.: H}(U) — H(M) given by
extending a form with compact in U by zero to all of M. The Mayer—Vietoris
sequence for compactly supported cohomology looks as follows:

HI(M

c

= HI(UNV) = HY(U) ® HY(V) — HY(M) S HH U N V) —
I1.3.9. PROPOSITION. There is a canonical isomorphism
HI(M x R) = HT™Y (M)

PrROOF. It is possible to write down explicit maps in both directions + ho-
motopy. Details can be found in [12]. O
[1.3.10. EXAMPLE. From the previous result we obtain:
R ifg=n
0 otherwise.

HI(R™) = {

I1.3.11. THEOREM (Poincaré duality). Let M be a oriented closed smooth
manifold of dimension n. Then the pairing,

HY(M) x H™(M) >R,  (a,b) H/ anb,

is non-degenerate. In particular, dim H?(M) = dim H" %(M). More generally,
for every orientable manifold

HI(M) — HI™ (M)
18 an isomorphism.

PROOF. See [12]. O
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[1.3.12. COROLLARY. If M 1is a closed oriented and connected manifold, then
/ CHY(M) SR
M

18 an isomorphism.

[1.3.13. COROLLARY. If M s an odd dimensional oriented closed smooth man-
ifold, then x(M) = 0.

PROOF. By Poincaré duality, dim H9(M) = dim" (M ). Consequently, the
alternating sum of these dimensions vanishes. 0

I1.3.14. COROLLARY. If M is an oriented closed smooth manifold of dimension
4n + 2, then dim H*""Y(M) is even.

PROOF. In view of our assumptions, the bilinear form
H* (M) x H* (M) — R, (a,b) — / aAb,
M

is skew symmetric, for we have a Ab = —bAa for all a,b € H***(M). According
to Poincaré dualiy this pairing is non-degenerate. By linear algebra, every finite
dimensional real vector space which admits a non-degenerate skew symmetric
bilinear form, has to be even dimensional. 0J

Corollary I1.3.12 permits to define a mapping degree for smooth maps f: M —
N between smooth closed connected oriented manifolds and of the same dimen-
sion. More precisely, the mapping degree of f is the unique number deg(f) € R
such that the diagram

deg(f)

commutes, where dim(M) = n = dim(N). By definition, the mapping degree is

uniquely characterized by:
/ fra= deg(f)/ a
M N

for all @ € Q*(N). It has the following properties:

I1.3.15. PROPOSITION. Let f,g: M — N be smooth maps between closed con-
nected oriented manifolds of dimension n. Then:

(a) deg(f o g) = deg(f) deg(g), and deg(idar) = 1.
(b) deg(f) = deg(g), if f and g are homotopic.
(c) If deg(f) # 0 then f is onto.
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(d) Suppose y € N is a reqular value of f, i.e. T,f: T,M — T,N is a linear
isomorphism for all x € f~1(y). Then f~1(y) is finite and

deg(f) = ) (),
f(@)=y
where e(x) = £1 depending on whether T, f: T,M — T,N is orientation
pPreserving or reversing.

(e) deg(f) € Z.
Proor. TODO 0

I1.3.16. PROPOSITION. Let f,g: S™ — S™ be smooth, n > 1.

(a) deg(U) = det(U), for every U € O,,41 considered as map U: S™ — S™.

(b) deg(A) = (=1)"*, where A: S™ — S™, A(z) := —z, is the anipodal map.

(c) If deg(f) # 1, then there exists x € S™ with f(r) = —x.

(d) If deg(f) # (—=1)"*L, then there exists v € S™ such that f(x) = x.

(e) If n is even, then there ezists x € S™ such that f(z) € {x, —x}.

(f) The degree induces an isomorphism deg: [S™, 5" = Z, where [S™, S"] is the
set of homotopy classes of smooth (continuous) maps from S™ into S™.

Proor. TODO U

I1.3.17. COROLLARY (Hedgehog theorem). Ifn is even, then every vector field
on S™ has a zero. More precisely, for every X € X(S™) = I'>°(T'S™) there exists
x € S" such that X(x) = 0.

PROOF. Suppose conversely, X (x) # 0, for all x € S™. We may consider
the vector field as a smooth map X: S" — R"™' \ {0} such that X(z) L =z,
for all z € R". Normalizing, we obtain a smooth map, f: S" — 5", f(z) =
X(x)/| X (z)], such that f(x) L z, for all z € S™. In particular f(z) ¢ {z, —x}.
This contradicts Proposition 11.3.16(e), whence the corollary.

The odd dimensional spheres S?"~! C C" do admit vector fields without zero,
for instance X (z) := iz, z € S~ C C™.

I1.3.18. DEFINITION (Signature). Let M be an oriented closed smooth mani-
fold of dimension 4n. Then the signature of the non-degenerate symmetric bilin-
ear form,

H?™(M) x H*(M) — R, (a,b)»—>/ aAb,
M

i.e. the number of positive eigenvalues minus the number of negative eigenvalues,
is called the signature of M and will be denoted by sign(M). Note that this
pairing is non-degenerate by Poincaré duality.

I1.3.19. PROPOSITION. The signature has the following properties:
(a) sign(—M) = —sign(M), where —M indicates the opposite orientation on M.
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(b) sign(M; LI Ms) = sign(My) + sign(Ms).

(c) sign(M x N) = sign(M) - sign(N).

(d) sign(OW) = 0, for every compact oriented smooth (4n+ 1)-dimensional man-
ifold W with boundary OW .

Proor. TODO U

I1.3.20. EXAMPLE. sign(CP?") = 1 with respect to the standard orientation.
In particular, CP?" can not be the boundary of a compact oriented manifold.

I1.4. Chern—Weil theory and characteristic classes. Let us consider a
linear connection V on a vector bundle E over M,

QO(M; E) = T®(E) 3 T™(T"M ® E) = Q'(M; E). (IL.15)
There is a unique linear extension
dV: Q(M; E) — QY M; E) (11.16)

such that the graded Leibniz rule holds for o € Q4(M) and s € Q*(M; E),
d¥(aNs)=daNs+ (—1)aAds.
In fact we have the following explicit formula for s € Q(M; E):

q
(dVs)(Xo, ... Xp) =D (=1)'Vx,(s(Xo, .., 4, ..., Xp))
=0
> (U)X XG] Xow g X)
0<i<j<q
This expression is easily seen to be skew symmetric and C'*°(M) linear in the
vector fields X; € X(M), whence the formula defines a linear map as in (I1.16),
which clearly extends (I1.15). LEIBNIZ RULE UNIQUENESS

Recall that the curvature, R € Q?(M;end(E)), is defined by
R(X, Y)S = VXVyS — VYVXS — V[X,y}s.

Note that Q*(M;end(F)) is a graded and associative algebra, the product of ¢ €
OP(M;end(E)) and ¢ € QI(M;end(F)) is defined by the canonical contraction
of their wedge product in QPT¢(M;end(E) ® end(E)) and will be denoted by
o Ny € QPY(M;end(E)). Note that Q*(M;end(E)) will in general not be
graded commutative because end(FE) is not commutative. We equip end(E) with
the induced connection, i.e.

(Vx¢)(s) = Vx(6(s)) — &(Vxs), (IL.17)
for € I'(end(F)) and s € I'(E). The extension
dV: O (M;end(E)) — Q" (M;end(E))
satisfies the graded Leibniz rule, ¢ € Q¢(M;end(E)), ¢ € Q*(M;end(E))
V(6 M) = (@) A+ (~1)16 A d. (1L.18)
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Another important feature of this connection on end(F) is
dtr ¢ = tr(d" ¢), (I1.19)
where ¢ € Q*(M;end(F)) and
tr: Q*(M;end(E)) — Q* (M)

is induced by the canonical contraction. For ¢ € Q°(M;end(E)) = I'(end(E))
this follows immediately from the definition of the induced connection on end(E),
see (I1.17). Using the graded Leibniz rules we get

dtr(a A @) =d(aAtrg) =daNtré+ (—1)a Adtré
=daAtro+ (—1)%aAtrdY ¢
=tr(da A ¢+ (—1)aAd" )
=trd" (a A )

for all « € Q4(M) and ¢ € Q°(M;end(E)), whence (I1.19) holds in general. Also
note that

tr(@ Ad) = (1)t (¥ A g),
for all ¢ € QP(M;end(E)) and ¢ € QI(M;end(E)).

Moreover, Q*(M; E) is a module over Q*(M;end(FE)). The multiplication of
¢ € QP(M;end(E)) and s € QI(M; E) is defined by the canonical contraction
of their wedge product in QPT4(M;end(F) ® E) and will be denoted by ¢ A s €
QPra(M; E). We also have the graded Leibniz rule

dV(pNs)= (V) As+ (=1)1p Nd's

for ¢ € Q4(M;end(E)) and s € Q*(M; E).
For s € Q*(M; E), the curvature satisfies

d¥dVs = R A s. (11.20)

Indeed, for s € Q°(M; E) = T'(F) this is immediate from the definition of the
curvature. Moreover, for o € Q4(M) and s € Q*(M; E) we have

dVd¥(ans)=dY (dans+ (—1)aAds)
=d’ans+ (=) daAndVs+ (—1)%dand s+ and¥dYs
=andVds,
whence (I1.20) holds in general.
Moreover, we have the Biancchi identity,
dVR=0¢ Q*(M;end(E)). (I1.21)
Indeed, for all s € Q*(M; E) we have
RAdYs=d"d¥(dVs) =d¥(dVdVs) =d " (RAs)=(d"R)As+ RAd"s,
hence (dVR) A s =0, for all s € Q*(M; E), whence (I1.21).
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Suppose a(z) = Y 7o, axz® is a formal power series. Since R € Q*(M;end(FE))
is nilpotent, the sum

a(R) = ZakRk € Q% (M;end(E))
k=0
is in fact finite, hence well defined even if the power series does not converge.
Applying the trace we obtain
tr(a(R)) € Q% (M).

I1.4.1. PROPOSITION. Let E be a complex vector bundle over M and suppose
a(z) = Y iy arz” is a formal power series, ay € C. Moreover, let V be a linear
connection on E with curvature R € Q*(M;end(E)). Then:

(a) The differential form tr(a(R)) € Q™ (M) is closed.

(b) The represented cohomology class, tr(a(E)) = [tr(a(R))] € H®(M), does
not dependent on V.

(c) tr(a(f*E)) = f*tr(a(E)) € QV(N), for every smooth map f: N — M.

(d) tr(E @ F) = tr(E) + tr(F), for any two complex vector bundles E and F'.

PrOOF. The Leibniz rule (II.18) and the Biancchi identity (I1.21) yield
k
dV(R*) => R'ANdYRARFT =0,
=0

Combining this with (I1.19), we obtain d tr(R*) = 0 and thus

d(a(R)) = dtrz apRF = Z ap dtr(RY) =0,
k=0 k=0

whence (a). To see (b) consider a smooth family of linear connections V* on E.
Then there exists a smooth family A* € Q'(M;end(F)) such that

IVs = A(X)s,
for all s € I'(F) and X € X(M). For the curvature R' of V*, we obtain
DR = dV' A" € Q*(M;end(E)).
Indeed, for X,Y € X(M) and s € I'(E),
SRl s=2 (vg(v;s v v fovyls)
= A X)Vis+ Vi (A(Y)s)
— AUY) Vs — T (A'(X)s) — AU(X, V])s
= (Vi (A"(Y)))s = (Vi (A"(X)))s — A([X, Y])s
= (dV" A")(X,Y)s.
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Consequently,
k—1 1
%(Rt)k = Z(Rt)l /\ %Rt /\ (Rt)k_i_l — Z(Rt)l /\ thAt /\ (Rt)k—i—l
=0 i=0
k—1
=dv Z(Rt) A AL A (RYFIT
i=0
and thus

2 (r(ROY) = dtr 3 (R A A A (RYF1 = kdtr(4° A (R)F)

1=0

Za 2 (tr(R")* Z/{:ak dtr(A' A (R

k=0

— (A A S ka(RYY) = die(A A dl(RY)),

where d/(z) = > o, kayz""" denotes the derivative of the formal powers series.
Now suppose V? and V! are two linear connections on E, put A := V! —V° ¢
Q' (M;end(E)) and V' := V° + tA. Then

tr(a(R")) — tr(a(R")) = /0 9 tr(a(R"))dt = d/o tr(AAd (RY))dt,

hence tr(a(R')) and tr(a(R")) represent the same cohomology class in HV*®(M).
This shows (b). If we equip the pull back bundle f*FE with the pull back con-
nection f*V, then RV = f*RYV € Q*(N;end(f*FE)), whence tr(a(Rf*V)) =
f*tr(a(RY)) € Q%°n(N), which implies (c). Connections on E and F induce a
linear connection VZ®¥ on the Whitney sum and we have

RP®F = RP @ R" € O*(M;end(E) @ end(F)) C Q*(M;end(E & F)).
Whence (RE@F)k = (RE)* & (R")* and tr(RE@F)k = tr((RF)*) + tr((R")Y),
which gives (d).

Applying this construction to the power series
oo
-5
k!
k=0
we obtain the Chern character.

I1.4.2. DEFINITION (Chern character). The Chern character of a complex
vector bundle E over M is the cohomology class

ch(E) := trexp(—R/2mi)
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where R denotes the curvature of a linear connection on F, see Proposition 11.4.1.

where chy(E) € H?**(M) denote the homogeneous components,

chy(E) = (1" tr(R").

Note that chy(E) = rk(FE).

I1.4.3. REMARK. If we use a connection V on F which preserves a fiber wise
Hermitian metric h on E, that is Vh = 0, then its curvature takes values in the
skew symmetric endomorphisms of E. In other words, (—R/27i)* = —R/2ni.
Clearly,

()" = (=1)"* e,
for all ¢ € QP(M;end(E)) and v € Q4(M;end(E)), so each power, (—R/27i)*,
will be symmetric too. In particular its trace, tr((—R/2mi)*), will be a real
differential form,
tr((—R/2mi)") € Q*(M;R).

Since every complex vector bundle admits fiber wise Hermitian metrics, and con-
nections that preserve a given metric, we conclude that tr((—R/2mi)*) represents
a real cohomology class, although the form is not real for general connections.
Consequently, the Chern character takes values in the real deRham cohomology,

ch(E) € H*(M;R).
Actually, ch(FE) € H*(M;Q).

11.4.4. PROPOSITION. Let E and F' be complex vector bundles over M. Then:

(a) ch(f*E) = f*ch(E), for every smooth map f: N — M.
(b) ch(E @ F) = ch(E) + ch(F)
(c) ch(E ® F) = ch(E) A ch(F).

PRrROOF. The first two assertions follow from Proposition 11.4.1. To see the
third one, we equip F® F’ with the linear connection induced by linear connections
on F and F'. For its curvature we have the formula

RP®F = RP @ idp +idg @ R”
in Q?(M;end(E® F)) = Q*(M;end(E) ® end(F)). Since R ®idr and idg @ RF

commute, we have the relation
exp(—R"®F /27i) = exp(—R” ® idp /27i) A exp(—idp @R" /2mi)
in Q*(M;end(E ® F)). Consequently,
trexp(—R"®" /27i) = trexp(—R"/2mi) A trexp(—R" /2mi)
in Q°v*(M;C), whence the third assertion. O
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If two vector bundles over M have different Chern character, then they cannot
be isomorphic. The trivial bundle e¥ admits a flat connection, whence its Chern
character is trivial, more precisely ch(e*) = rank(e*) = k € H°(M;C). Conse-
quently, a vector bundle with non-trivial Chern character cannot be trivial. If
two complex vector bundles E and F are stably equivalent, i.e. E @ e = F @ ek,
for some k € Ny, then ch(FE) = ch(F'). This follows from Proposition 11.4.4(b).
Consequently, vector bundles with different Chern character can’t even be stably
equivalent.

The preceding proposition shows that the Chern character induces a natural
ring homomorphism,

ch: K(M) — H®"(M),
for compact M. According to a result of Atiyah and Hirzebruch, this becomes
an isomorphism after tensorizing with R, that is

ch: K(M)®R = HY™(M),
for every compact M. Actually, the Chern character induces an isomorphism
K(M)® Q& H™™(M; Q).

I1.4.5. EXAMPLE. If L is a line bundle over M then the curvature of a linear
connection on L is an ordinary differential form, R € Q?(M). Hence it represents
a cohomology class ¢;(L) := [-R/2xi] € H*(M) which does not depend on the
liner connection. For its Chern character we have

ch(L) = e =1+ (L) + 5e1(L) + grer(L) + -

If £ denotes the canonical complex line bundle over CP" then ¢;(§) € H*(CP")
is the unique cohomology class such that

/C A= (11.22)

By naturality, and since +*: H?(CP") — H?(CP') is injective, it suffices to show
this for the canonical line bundle over CP'. We choose a linear connection V on
¢ Put U :=CP"\ {[0: 1]} and V := CP'\ {[1 : 0]}. Define a non-vanishing
sections sy € I'(¢|y) and sy € T'(¢|y) by

sU([ZO : 21]) = (21}20) and sv([zo : 21]) = (ZO{“) .
Hence there exist 1-forms wyy € Q' (U; C) and wy € QY(V;C) such that
Vxsu =wy(X)su and Vxsy = wy(X)sy.
Differentiating the obious relation sy = j—;sv over U NV, we obtain

Wy — Wy = i—?di—; € Ql(U N V,(C)

For the curvature R € Q%(CP*; C) we obtain
R|U = dwU and Rlv = de.
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Put Dy := {[1 : 2] : |2| < 1} C U and Dy := {[z : 1] : |2] < 1} C V.
Then Dy and Dy are compact submanifolds with boundary in CP' such that
CP! = Dy U Dy and 0Dy = —0Dy. Moreover, v: S' — 0Dy, 1(2) :=[1: 2], is
an orientation preserving diffeomorphism. Hence, by Stokes’ theorem,

d
/ / R+/ / wU—wV:/ Mwy —wy) = —2—27r1
(CPl DU DV aDU S1 S1 z

This shows (I1.22). In particular, the canonical line bundle over CP" is non-
trivial.

For a complex vector bundle E, the cohomology class represented by the
closed differential form

¢(E) := det(1 — R/2mi) = exptrlog(1 — R/2mi)
is called the total Chern class. We have
cC(BE)=1+c(E)+c(E)+ -+ (B,
where ¢,(E) € H*(M) is called the ¢g-th Chern class and k = rank(E).

eo(E) = 1

o (B) = o n(R)

(B) = o ((R?) - u(R)?)

es(E) = 48;% (260(R%) — Btr(R) tr(R) — tx(R))

The Chern character can be expressed in terms of the Chern classes:
cho(F) = rk(E)
Chl(E) = Cl(E)
1
chy(E) = 5(cl(E)2 — 205(E))

chy(E) = %(cl(E)i” ~ 361(E)es(E) + 3c,(E))

I1.4.6. PROPOSITION. The Chern class has the following properties:

(a) c(E® F) =c(E)Nc(F) (Whitney formula)

(b) ¢(f*E) = f*c(F) (naturality)

(c) cr(E*) = ex(E) = (=1)Fcr(E)

(d) If € denotes the canonical line bundle over CP', then c(§) = 1 — a, where
a € H*(CP') denotes the standard generator, [ a=1.

Proor. TODO U

The Chern classes are uniquely characterized by these properties [32].
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I1.4.7. REMARK. H*(Gri(C>)) = Cley, ..., cx]
11.4.8. EXAMPLE. The Chern class of the tangent bundle of CP" is
¢(CP") := ¢(TCP") = (1 + a)"*,

where a € H*(CP") denotes the standard generator, f(CPl a = 1. Indeed, EBEL =
g1 and TCP" = hom(¢, 1), hence

TCP" ® &' 22 hom(¢, &) @ hom(€, &) = hom(¢, £ @ ) 2 hom(€, &™)

and thus
TCP" el =& .- &, (11.23)
N————
n + 1 summands
Consequently,

o(TCP") =c(& @ ®&) =c(¢) T = (1-cr(§)" = (1 +a)""
The Todd class is associated to the formal power series

(2) = °°B 1+1 N Lo, 1 1y 1 6y
alz — (- = Z+ Z z
! 2" T 6217 304l 42 - 6!

where By, denotes the Bernoulli number.?

I1.4.9. DEFINITION (Todd class). The Todd class of a complex vector bundle
FE is the cohomology class
—R/2mi
1 —exp(R/2ri)

—R/27i
1 — exp(R/2ri)

Td(E) = det( ) = exptr log< > € H®" (M),

where R denotes the curvature of a linear connection on F.
Td(E) =1+ Tdi(FE) + Td+2(F) + Tds(E) +

where Td,(E) € H?*(E) is called the k-th Todd class. For a closed complex
manifold M

Td(M) = / Td(TM)
M
is called the Todd genus of M.

First few classes in terms of tr(R¥)

0By =1, By = —% By =
Note that B = 0, for all oddk >1

, B3 =0, By =—35, Bs =0, Bg = 55

Oﬁ\»—\
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Todd classes can be expressed in terms of Chern classes:

Tdy(E) = 1

le(E) = %Cl(E)

5 (e(B) ~ a(By)

1
ng(E) = ﬁcl(E)cg(E)
I1.4.10. PROPOSITION. The Todd class has the following properties:
(a) Td(E @ F) = Td(E) A Td(F)
(b) Td(f*E) = f* Td(E)
(c) For a complex line bundle L with first Chern class a = c¢i(L) € H*(M),
a
Td(L) =

d(L) 1—e@

(d) Td(M x N) = Td(M)Td(N) for two closed complex manifolds M and N .

Tdy(E) =

PrROOF. Let p1: M x N — M and py: M x N — N denote the two canonical
projections. Then
T(M x N) = piTM & p5TN.
Hence
Td(T(M x N)) = p; Td(TM) A p5 Td(TN)
and by Fubini,

Td(M x N) = /Td(T(M x N)) :/ Td(TM)/ Td(TN) = Td(M)Td(N).
M N

As the first Chern class of a complex line bundle is represented by —R/27i, the

third statement is immediate. 0

I1.4.11. ExAMPLE. For the canonical line bundle ¢ over CP" we have ¢, (£*) =
—c1(§) = a, where a € H*(CP") denotes the standard generator, [.pia = 1.
Whence,

Using (I1.23) this gives

Td(T@P”):( ¢ )”H.

l—e@
Moreover, Td,,(TCP") = a" € H**(CP") and thus
Td(CP") = 1.
Indeed, if
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then

! 1 <z>“+1dz_1/ dz
" omi g\l —e? 2t 27 Jgr (1 — em2)ntl

1 1 24 ...
:_/ +u+u+ du =1,
S1

271 untl

where we used the substitution u =1 —¢7%, dz = & = (1 +u+u? + - )du.
Hence Td,(T'CP")) = a" and Td(CP") = [.p. a" = 1.

If E is a real vector bundle over M, then ¢y 1(E ® C) = 0. The class
p(E) = (~1)Fen(E © C) € H¥(M)
is called the k-th Pontryagin class of £/, and
P(E) =1+ pi(E) +p2(E) + ps(E) + - - € HY(M).
is called the total Pontryagin class of E. Note that p,(E) = 0 if 2k > rk(E).
p(F) =det(l — R/2m) = exp trlog(1l — R/27T)
Using trlog(l — R/2m) = 3707, 15 )k tr(RY) =07, e Qk tr(R?*) we obtain:

po(E) =1

Pi(B) = 5 tr(R?)

pa(B) = o (R — 200(RY))

p3(E) = 307217T6 (tr(R2)3 — 6tr(R?) tr(RY) + 8tr(R6)>

If rk(E) = 2k, then the top Pontryagin class is
pi(E) = det(—R/27) = (2n) % det(R) € H*(M).

I1.4.12. PROPOSITION. The Pontryagin class has the following properties:
(a) p(E® F) =p(E) Ap(F) (Whitney formula)
(b) p(f*E) = f*p(E) (naturality)
(c) If L is a complex line bundle, then p(Lg) =1+ c1(L)%.

Proor. Either directly or via Whitney formula for the Chern classes. Let L
be a complex line bundle and let Lg denote the underlying real vector bundle of
rank two. Then Ly ® C = L @ L, whence

(s © C) = e(L)e(L) = (1 + (D)1 — ex(1) = 1 — ex ()P
Consequently, p(Lg) = 1+ p1(Lg) = 1 + ¢; (L)% O
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I1.4.13. EXAMPLE. For the canonical line bundle £ over CP"™ we obtain

p(SR) =1+ &27

where a € H?*(CP") denotes the standard generator, [.p1a = 1. As complex
vector bundles, TCP" @ el = &* @ -+ @ £, hence

p(TCP") = (14 a*)"*,

since &* = €, hence & = &g = &g and thus p(&5) = p(&g).

The power series

. Cz/2 (=2 By ok 1 7T, 31
— =1-=
a(2) sinh(z/2) Z et

221 (2k)! 51” T5760° " o67680°

gives rise to the A-class:

I1.4.14. DEFINITION (A class). The A-class of a real vector bundle E over
M is the cohomology class A(E) € H"(M) represented by the closed differential
form
R/Ari )

R/Ami
sinh(R/4mi) >

A(E) = det1/2( m

1
= exp 3 tr log(

where R denotes the curvature of a linear connection on F, see Proposition I1.4.1.
Note that this power series involves only even powers of the curvature, whence

~ A~

A(E) = Ay(E) + A(E) + Ay(E) + A3(E) +

with A,(E) € H*(M;R). The A-genus of a closed oriented manifold is

= /M A(TM).

The first few terms can be written in the form:

1
Ay(E) = 6 5. a2t r(R?)
Ay(E) = ;(5 tr(RY)? + 4 tx(RY))
? 213.32.5. 1t
) -1
Aa(B) = S = (35 tr(R?) + 84 tr(R?) tr(RY) + 64 tr(R6)>



I1.4. CHERN-WEIL THEORY AND CHARACTERISTIC CLASSES 97

The A-class can be expressed in terms of the Pontryagin class:

Ao(E) =1

A(B) = 31 (E)

Ay(B) = s (T (B — 4pa(B)

As(B) = S —= (31 (B) — 14y (E)pa(B) + 16ps(B))

11.4.15. PROPOSITION. The A-class has the following properties:
(a) A(E® F) = A(E) A A(F).
(b) A(f°F) = f*A(E).
(c) A(E)? = Td(E ® C).
(d) For a complex line bundle L with first Chern class a = ¢1(L),
a/2

A= o)

For the A—genus of closed oriented manifolds we have:
(e) A(M x N) = A(M)A(N)
(9) A(OW) =0, where W is a oriented compact manifold with boundary.

PROOF.
z  z/2 22
l—e>2 sinh(z/Q)6
whence
z z/2
1 =log ——— 2
B = 8 sinh(z/2) +2/
thus
—R/2ri R/Ari )
0g<1 - exp(R/27ri)> Og(sinh(R/47ri)) R/4mi
As tr(R) =0
~R/2ri R/4ni
1 = log( —F————
exp tr 0g<1 - eXp(R/27Ti)> exp tr Og(sinh(R/47ri)>

whence Td(E ® C) = A(E)2.
Suppose F is a complex vector bundle

[ Rfami \ _ L R/4ni
2 "R\ Gnh(R/4mi) ) T\ Sinh(R/4m)
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Using a Hermitian connection, R/27i takes values in the self adjoint endomor-
phisms of F, whence trc ((R/2mi)") is real. Hence we can skip the real part and

obtain
A R/Ami
A(ER) =dete | —————— | -
(Br) = dete <sinh(R/47ri))
For a complex line bundle L this simplifies to

_ R/4mi «(L)/2
~ sinh(R/4mi)  sinh(cy(L)/2)

A(Lg)
since ¢;(L) = —R/2ni.
If .: OW — W denotes the canonical inclusion, then
CTW 2 T(OW) @ &',
whence A(TOW) = /* A(TW) and via Stokes’ theorem,

AOW) = / FA(TW) = / dA(TW) =0,
ow w
as claimed. ]

I1.4.16. EXAMPLE. For the canonical complex line bundle over CP",

- a/2
Alér) = sinh(a/2)

where a € H*(CP") denotes the standard generator, [.p1 a = 1. For the tangent
bundle

A(TCP™) = (%)"H

Moreover, Ay, (TCP?") = EE02n ¢ frin(CP?™) and thus

24npIn!
(=1)"(2n)!

A 2ny\
A(CP™) = 24nnln!
Indeed, if
z/2 2n+1 N
e — b
<sinh(z/2)> Zk: k2
then

b 1 ( 2/2 >2n+1 dz _L/ dz

> 7 2ri Jg \sinh(z/2) 220 2 fgu 22041 sinh®" Y (2/2)

L/ duy, (712 u _L(—W) (=1 <2n> ~(=1)"(2n)!
S1

27 N n 24n n 24npInl

22nu2n+1 22n

u = sinh(z/2), dz = 2(1 + u?)~"2du = 2du’y", (7}/*)u®*. Note that the A-genus
is in general not an integer, e.g. A(CP?) = —1/8.
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The power series

o0

2 2%k B, 1, 1 2
l p— pr— 2k pr— 1 —_— 2 —_— — 4 —_— 6 .« ..
(2) = iz Z:; (k) T3 T Tt

gives rise to the Hirzebruch L-class:

11.4.17. DEFINITION (Hirzebruch L class). The L-class of a real vector bundle
E over M is the cohomology class L(E) € H*(M) represented by the closed
differential form

L(B) = a2 (L2 iy

tanh(R/2ri) tanh(R/2ri)
where R denotes the curvature of a linear connection on E, see Proposition 11.4.1.
Note that this power series involves only even powers of the curvature, whence

L(E) =14 Li(E) + Ly(E) + L3(E) + - -
where L (E) € H*(M;R). The L-genus of an oriented closed manifold is

L(M) = /ML(TM).

For the first few classes we obtain:

1
) = expatrlog(

Lo(E) =1
—1 9
1
Ly(E) = S5 (35 tr(R?)® — 504 tr(R?) tr(R*) + 1224 tr(R6)>

Can be expressed in terms of Pontryagin classes:

Lo(E) =1

Li(E) = 3 (B)

La(B) = 42 (10a(E) ~ 1 (B)?)

Ia(B) = 5 (6205() — 1301 (B)a(B) + 21 (")

I1.4.18. PROPOSITION. The L-class has the following properties:
(o) LLE®F)=L(E)N\L(F).
(b) L(f*E) = [*L(E).
(¢) For a complez line bundle L with first Chern class a = ¢1(L),

L(Lg) = —

tanha
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For the L-genus of closed oriented manifolds we have:

(d) L(M x N) = L(M)L(N)
(f) L(OW) =0, where W is a oriented compact manifold with boundary.

PrROOF. For a complex vector bundle £ is a complex vector bundle

1 27 27i
— trg log (R/_m)) = trc log (ﬂ)

2 tanh(R/2ri tanh(R/2ri)
whence
R/27i
L(Eg) =detec | —————+— | .
(Br) = detc <tanh(R/27ri)>
For a complex line bundle L this simplifies to
R/2mi c1(L
L(LR> = / o 1( ) )
tanh(R/27i)  tanh(ci(L))
since ¢;(L) = —R/2mi. O
11.4.19. EXAMPLE. For the canonical complex line bundle £ over CP"
a
L(tn) —
() tanh a

where a € H?(CP") denotes the standard generator, fcpl a = 1. Moreover,

L(repr G R

( )= <tanh a) '

Moreover, Ly, (TCP*") = a** € H*(CP*") and thus
L(CP?) = 1.

Indeed, if

then

b—l <z>2n+1dz_1/ dz
" 7 9ri Jg \tanh 2 220kl 2 o tanh? ! 2

1 l+u?+ut+---
= — du:l,
27 Jg1 u?ntl

where we used the substitution v = tanhz, dz = {2 = (1 +u* +u' + -+ )du.

In particular, CP?" not boundary of a compact manifold. Note that CP' = 52 is
the boundary of a 3-dimensional ball.
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I1.4.20. REMARK. From the considerations above, we conclude that the Hirze-

bruch signature theorem
L(M) = sign(M)

holds for M = CP?"* x ... x CP? . Via Thom’s computation this must remain
true for all closed oriented manifolds M. This is Hirzebruch’s proof of the sig-
nature theorem. Note that the signature is homotopy invariant, whence so is
L(M) by Hirzebruch’s theorem. This is by no means obvious, since the Pontrya-
gin classes are not homotopy invariant in general, only particular combinations
are! (Nabokov conjecture) The rational Portraying classes, however, are homeo-
morphism invariants according to Novikov. Also note that Hirzebruch’s theorem
implies that L(M) is an integer.






III. Pseudodifferential operators

To study differential operators, it is convenient to consider the larger algebra
of pseudo differential operators. While the class of pseudo differential operators
encompasses all differential operators, it also contains the space of operators
with smooth kernels. These, analytically very well behaved operators, will be
discussed in the subsequent section. The main advantage, as we will see, is that
every elliptic (pseudo) differential operator A can be inverted, up to smoothing
operators, i.e. there exists a pseudo differential operator B such that [ — AB and
I — BA are both smoothing operators. The existence of such a parametrix B
provides a great deal of information about A. Note that even if A is a differential
operator, it is in general not possible to find a differential operator B with this
property — one really has to pass to a larger class of operators.

II1.1. Smoothing operators. Let F and F' be two smooth vector bundles
over a manifold M. Consider the following vector bundle over M x M,
Hom(E, F) := piF" ® p3E}y.,
and suppose k € I'°(Hom(F, F')). Then

(As)(z) = /M Kz, y)s(y)dy,

s € I'°(E), defines a linear operator,
A: T®(E) — I®(F). (IIL.1)

The vector space of all such operators will be denoted by SO(E, F'). Its
members are also refered to as smoothing operators. Note that the smooth kernel,
k, is uniquely determined by the corresponding operator (III.1).

A smoothing operator with kernel k is called properly supported, if the fol-
lowing to maps are proper:

M & supp(k) & M
A properly supported smoothing operator induces linear operators,
A:T™(E) = I'™(F) and A:TX(E) = T (F).

We will write SOpy0p(E, F') for the space of properly supported smoothing oper-
ators.

III.1.1. PROPOSITION. Suppose A € SO(E,F) and B € SO(F,G) are two
smoothing operators with kernels ka and kg, respectively. If at least one of them
is properly supported, then BA € SO(E, G) is a smoothing operator with kernel

bz,2) = /M Ep(z,y)ka(y, 2)dy

If A and B are both properly supported, then so is BA. In particular, SOpop(E)
1s an algebra.
103
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PROOF. This follows from Fubini’s theorem:

(BA)z) = [

[ knte) /M kay, 2)el(=)d=dy

:/M/MkB(x,y)k;A(y,z)dye(z)dz:/Mk;(x,z)e(z)dz.

Switching the order of integration is justified in view of the compactness assump-
tions. The remaining assertions are straight forward. U

III.1.2. PROPOSITION. Let A € SO(FE, F) be a smoothing operator with kernel
k € I'°(Hom(E, F)). Then the transposed kernel,

k' e T>(Hom(Fy, Eyy)),  K'(y,z) =k(z,y)",
defines a smoothing operator
AL TE(Fy) = T%(Eyy),
which satisfies (and is uniquely characterized by)
(A'¢,s) = (¢, As), ¢ eTT(Fy), s € TT(E).
If A is properly supported, then so is A

PROOF. Indeed, by Fubini’s theorem:
(6, As) = /M o(x) /M Ko, y)s(y)dyde = /M (bl ) 0(o)s(y)dody
- /M /M K (y,2)(x)dz s(y)dy = (A'd, s).

The remaining assertions are now obvious. U

[11.1.3. PROPOSITION. Suppose D € DO™(E, F').
a) If A € SO(E, E) is smoothing operator with kernel k, then the composition
DA € SO(E, F) is smoothing operator with kernel

kpa(z,y) = (Dika)(z,y)

b) If B € SO(F, F) is smoothing operator with kernel kg, then the composition
BD € SO(E, F) is a smoothing operator with kernel

kBD<:C> y) = (ngB)(xa y)
Proor. Switch the order of integration and differentiation. ([l

Pseudodifferential operators correspond to slightly more singular kernels. To
describe these kernels we need some preparations.
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I11.2. Schwartz kernel theorem and distributions. It turns out to be
convenient to consider a larger space of singular sections. We will only develop
the theory as far as necessary for our purposes, for a more thorough treatment
we refer to [36, Chapter 6].

Let E be a vector bundle over a manifold M. We equip the vector space of
smooth sections, I'*°(E), with the coarsest topology such that the semi norms

sup [(Ds)(z)|, s €T™(E),

zeK
are continuous, for every compact K C M, every differential operator D €
DO™(E), every m € Ny, and every fiber wise norm on E.

II1.2.1. THEOREM. With the topology introduces above, I'°(E) becomes a com-
plete locally convex vector space. Moreover, T°(E) is dense in T'°(E). If M is
separable, then ['°(FE) is a Fréchet space.

PROOF. As the topology is defined in terms of semi norms, the space is clearly
a locally convex one. Since sup,cx |s(x)| is a continuous norm, it is separated
(Hausdorff). To tackle completeness, we will reduce the problem to a local one.
Note that the restriction map, I'*°(E) — I'*°(E|y), is continuous, for every open
subset U of M. To see this consider a compact subset K C U, a differential
operator D on E|y and a fiber wise norm on E|y. Then, for s € I'*°(E),

sup|(D(slv))(w)| = sup |(Ds)(z)|
zeK zeK
where K := K is compact in M, D is any globally defined differential operator
on E which coincides with D in a neighborhood of K, and the fiber wise norm
on the right hand side denotes any globally defined fiber wise norm on E. Such
extensions can easily be constructed using compactly supported bump function
A€ Cx(U) with Mg = 1.
Let U, be an open covering of M. This provides us with a continuous map

v T(E) = [[T(Elu,).

The map ¢ admits a continuous inverse, r, that is,
rov=1.

Indeed, with the help of a smooth partition of unity A, subordinated to U,, i.e.
supp(Aa) € U,, we can write down an explicit formula,

r: [[T(Elv.) = T¥(E),  r((sa)a) =D Aasa-

Since supp(A) is locally finite, this is indeed well defined and continuous. Any
semi norm on I'°(FE), can be estimated by finitely many semi norms of the
product, since every compact set will intersect at most finitely many of the U,.
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More explicitly, given a compact set K C M, a differential operator D and a
fiber wise norm on E, we have:

(D Z )\asa> (:1:))
< Zigfg\(l)(%a%))(ﬂf)\ => sup (Do Xa)(sa))(x)]

gg}gI(D(r(s@))(xH = sup

o TEKNsupp(Aa)

Note that the sums are finite since K intersects only finitely many of the supports
supp(As). The right hand side consists of semi norms on the spaces I'°(E|y,),
whence 7 is continuous. This shows that ['*°(E') is isomorphic to a closed subspace
in the product [[, I'*(E|v, ).

Consequently, it suffices to show that the spaces I'°(E|y) is complete, for
every chart domain U. W.l.o.g. we may, moreover, assume that the vector bundle
is trivial over U, that is F|y = U x K. Consider the standard semi norms,

sup(55z5) (1)], s € C¥(UK") =T (Ely),
TE

where K C U is compact and o € Njj is a multi index and the fiber wise norm is
the standard one. These are clearly continuous. Moreover, any other semi norm
can be estimated by

sup |[(Ds)(z)|" = sup
zeK zeK

(2 adtis) ]

laj<m

/
< 3 sup L wup Ay (o) sup (2 @)
la]<m zeK ’ - ‘x reEK zeK
where D = Zla\ <m Aa% is a differential operator over U with smooth, matrix
valued coefficients A, € C*(U, M,,.(K)), and | — |" denotes another fiber wise
norm on E|y. This shows that the topology on I'*°(E|y) is generated by the
standard norms. It is a classical fact that the standard norms turn C*(U,K*)
into a Fréchet space. We conclude that I'*°(E) is complete. One readily checks
that ['°°(E) is dense in I'°(E) by using a compactly supported bump function to
cut off a section of E without changing a given semi norm, i.e. the bump function
is one in a neighborhood of the compact set involved.

If M is separable then M can be covered by countably many chart domains
Us,. Thus, I'™°(E) is isomorphic to a subspace of the Fréchet space [ [, I'*(E|y,),
whence a Fréchet space itself. O

For every compact K C M, we let ['®(E) C I'*°(E) denote the subspace of
sections which are supported in K. Note that this is a closed subspace of I'*(E),
because a section s of E has support in K iff Vo € M\ K : s(x) = 0, and the latter
are (many) continuous conditions. We equip I'®(E) with the topology introduced
from I'*°(E). Clearly, I'??(F) is a Fréchet space in view of Theorem III.2.1.
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We equip I'°(F) with the strongest locally convex topology such that the
inclusions ' (E) — I'°(F) are continuous, for every compact K. By definition
of this topology, a seminorm on I'>°(E) is continuous iff its restriction to I'}?(E)
is continuous, for every compact K. In particular, the canonical inclusion

I'°(E) - T™(E)

is continuous. Clearly, the topology on I'?(FE) induced from I'°(E) coincides
with the original one. If M is compact, then I'®°(F) = I'°(E), as Fréchet spaces.

I11.2.2. PROPOSITION ([36, Theorem 6.5]). Every bounded subset of I'°°(E)
is contained in I'PQ(FE), for some compact subset K of M. With the topology
introduced above, I'°(FE) is (sequentially) complete locally convex vector space.
Furthermore, the natural pairing,

I (Ey) x I®(E) —» K, (p,s) = /M¢(:L’)s(3:)dx, (II1.2)

18 continuous in each variable separately.

PROOF. Let B be a bounded subset of I'°(F), i.e. B is bounded with respect
to every continuous semi norm of I'>°(E). Suppose conversely, that B is not
contained in any I'®°(F). Then there exists an injective map z: N — M with
discrete image and s, € B such that s,(x,) # 0, for all n € N. One readily
constructs a fiber wise norm on E such that |s,(z,)| = n, for all n € N. Note
that p(s) := sup,ep |s(x)] is a continuous semi norm on I'°°(E). By construction,
p(sn) > n, for all n € N. Since this contradicts the boundedness of B, we conclude
that there has to be a compact subseteq K of M such that B C I'R(E).

Let s, € I'°(E) be a Cauchy sequence. Since Cauchy sequences are bounded,
there exists a compact subset K of M such that s, € I'(E). Since the inclusion
['®(F) — I'™°(F) is continuous, s, is a Cauchy sequence in I'*(E) too, whence
convergent in ['°(E), see Theorem II1.2.1. Since I'P(E) is closed in I'*(FE), the
sequence s, converges in I'¢(F). As the inclusion 'R (E) — I'>°(E) is continuous,
we conclude that s, converges in I'°(F). This shows that I'°(E) is sequentially
complete.

To see that the topology on I'®?(F) coincides with the one induced from
['°(E), consider a sequence in I'??(F) which converges in I'>°(E). As the inclusion
['°(FE) C I'*°(F) is continuous, this sequence will converge in I'°(FE) too. As
['%(F) is closed in I'™°(E), the sequence also converges in T'?(FE).

For every compact subset K C M, every ¢ € ['R(E), and every s € I'°(F),
we have:

6.5 =| [ ot@sada] = [ Jo@)lstldr < vol() sup o) sup]s(a)]

This shows that the pairing I'x (E},) x I'°(E) — K is continuous, which imme-
diately implies the last assertion. O
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II1.2.3. PROPOSITION. a) Every differential operator D € DO™(E, F') induces
continuous linear maps D: I'°(E) — I'°(F) and D: I'°(E) — I'®(F).

b) Every smoothing operator, A € SO(E, F), induces a continuous linear map
A:T®(FE) — I'°(F). If A is properly supported, then it induces continuous linear
maps A: IT®(E) — I'™(F) and A: I'®(E) — ['°(F).

ProOF. Clearly, a differential operator D gives rise to a continuous map
D:T>(E) — I'°(F). With our definitions of the topologies, this is trivial. By
locality it restricts to a map D: I'R(E) — I'Q(F) for every compact K, and,
for trivial reasons, this restriction is continuous. Hence, D: I'*°(E) — I'°°(F), is
continuous, again, by the very definition of the topologies. This shows the first
assertion.

Suppose A € SO(FE, F) is a smoothing operator with kernel k. Let K and L
be two compact subsets of M. Then, for every s € I'(FE),

/ k(x,y)s(y)dy <Sup/|1w y)|dy Supl (W)l
M

rzeK

sup|(As)(a:)} = sup
zeK zeK

If D € DO™(F), then DA is an operator with smooth kernel, k = Dyk, and the
estimate above leads to

sup} (DAs)( < sup/ \k‘ z,y)|dy sup|s(y)|,
reK yeL

for all s € I'?°(E). This shows that A: I'°(E) — I'°(F) is continuous, for every
compact L C M. Consequently, A: ['°°(E) — I'*(F) is continuous. Consider
now a properly supported A. Then, for every compact L C M there exists a
compact K C M such that A: I'P°(F) — I'%2(F), and this map is continuous by
the discussion above. This implies that A: I'°°(E) — ['°°(F) is continuous. On
the other hand, for every compact K C M there exists a compact L C M such
that supp(k) N (K x M) C K x L. Estimating as above we obtain

sup|(DAs)( <Sup/ |k (2, y)|dy SUP! W)l
zeK

for all s € I'°(E). This shows that A: I'°(E) — I'*°(F) is continuous. O

The space of distributional (generalized) sections of E' is defined as the dual
of the space of test sections, D(F) := ['°(E},),

I—%(E) := D(E)"*

i.e. the vector space of all continuous linear functionals on I'°(E3,). Elements
of ['™>°(F) are called distributional or generalized sections of E. We equip the
space of distributions with the weak-* topology, i.e. the weakest topology such
that the linear functionals (¢, —): I'"*°(E) — K, are continuous, for all ¢ €
I'®(E;;). Thus, a sequence (net) e, € I'"°(E) converges to e € I'"*(FE) iff
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limy, 00 (@, €,) = (¢, €), for all ¢ € T'(E},). Equivalently, this is the coarsest
topology on I'"*°(E) such that the tautological pairing,

D(E) x I'™™(F) = K,
is continuous in each variable separately.

[I1.2.4. PROPOSITION. I'"*°(E) is a complete locally convex vector space. The
pairing (I111.2) induces a continuous injective linear map I'*°(E) — I'~°°(E) which
permits to regard

I(E) CT™>(E).
Moreover, T°(E) is dense in T'~°°(E).

PROOF. Suppose s, is a Cauchy net in I'">*°(E). Hence, for each ¢ € D(E),
(¢, sn) is a Cauchy net in K, whence convergent. Define s: D(E) — K by

(¢, 5) := lim (¢, 5p).

Clearly, s is linear. It remains to show continuity of s. To this end, let K be
compact in M. It suffices to show that the restriction s: I'R(E},) — K is con-
tinuous. By assumption, s, is a family of pointwise bounded continuous linear
functionals on I'P(E},). Since the latter is a Fréchet space, the uniform bound-
edness principle a.k.a. Banach—Steinhaus theorem [36, Theorem 2.6] implies that
the family s,, is uniformly bounded on I'(E},). In other words, there exists a
seminorm p on I'P(FE3,) such that (¢, s,)| < p(¢), for all ¢ € TR(E,) and all
n. We conclude |(¢, s)| < p(¢), for all ¢ € I'2(E;,), whence s: I'R(E},) — K is
continuous. It remains to show that I'*°(E) is dense in I'"*°(E), because I'°(F)
is dense in I'*°(E). This can be accomplished locally, using convolution. U

Note that distributions can be restricted to open subsets. Indeed, if U is
an open subset of M, then extension by zero provides a continuous inclusion
I'®(Ely) — I'®(F). Applying this to the bundle, E};, we obtain a continuous
inclusion D(E|y) — D(FE), which, by duality, induces a continuous linear map,

I™(E) > T7(FE|y), e~ ey,

extending the restriction of I'*°(E) — I'°(E|y). Since I'°(E) is dense in ['™>°(E),
this is in fact the unique continuous extension.

II1.2.5. PROPOSITION (Sheave of distributions). If U, is an open covering of
M, then the following hold true:

a) If s,t € T=°(E) are such that s|y, = t|y, for all a, then s =t.

b) If so € I™°(E|y,) and sa|v.nv, = Spluanvs for all a and 3, then there
exists a unique s € I'"°(E) such that s|y, = sq for all a.

PROOF. Let A\, be a smooth partition of unity such that supp(A,) C U,.

Ad a): Suppose ¢ € D(E). Then ¢ = > Ay¢ is a finite sum, and we
have supp(A,¢) C U,. By assumption (A,®,s) = (Aao,t), for all a. Hence
(¢,s) = (¢,t), for all ¢ € D(E). Consequently, s = t.
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Ad b): Define s: D(E) — K by (¢,5) := >__ (A, So) and note that this is
a finite sum, for each ¢. Clearly, s is linear and continuous when restricted to
% (E), whence s € I'™°(E). If ¢ € D(E|y,) then supp(A\a¢) € U, N Ug, hence

(6,8) = > _(Aab,5a) = >_(Aad, 55) Zw s5) = (¢, 55)

[0} [0}

and thus s|y, = sp. O

If s € ™*°(F) is a distribution, then there exists a unique maximal open sub-
set U of M, such that s|y = 0. Indeed, if we consider the collection of all open
subsets on which s vanishes, then s will also vanish on their union, according
to the preceding lemma. The complement of this maximal open subset is called
the support of the distribution s and will be denoted by supp(s). Clearly, this
coincides with the classical notion of support for s € I'°(E) C I'"*(F). For
a compact subset K C M we let I'.°°(F) denote the subspace of distributions
which are supported in K, and we let I';>*°(E) = (J, '™ (E) denote the distri-
butions with compact support. Compactly supported dlstrlbutlons can also be
understood as bounded linear functionals on

E(E) := T®(EL,) = I®(E* @ |AM]).

More precisely, if s € I'.*°(F) and \: M — R is a compactly supported smooth
function such that A = 1 on a neighborhood of K, then (A¢, s) is continuous in
¢ € E(M), and this functional on (M) does not depend on the choice of A. This
provides a natural pairing

E(E) x I7=(E) — K.

We equip I',*°(E) with the coarsest topology such that this pairing is continuous
in each variable. Thus a sequence (net) s, € I',*(E) converges to s € I',*°(FE)

iff lim,, oo (@, 5n) = (9, 5), for all ¢ € E(F).

[I1.2.6. LEMMA. FEvery continuous linear functional on E(M) is of the form
(—,s) for a unique s € I',>°(E). Hence,
Lo2(E) = E(B)

[

with the weak-x topology. In particular, T',*(F) is a complete locally convex
vector space. Furthermore, we have continuous inclusions

[=(E) € I, (E) C T-=(E).
Moreover, I'°(E) is dense in ', (E).
Proor. TODO O
I11.2.7. EXAMPLE. If S is a closed submanifold of M, then the restrictions
IP(E) =TZ(Els) and  I'(E) = I*(Es)
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are easily seen to be continuous. Applying this to the dual bundle, we obtain a
continuous linear surjections

D(E) —» D(E|s® |AN|)  and  &(E) — E(E|s ® |AN))

where N = TM|s/TS denotes the normal bundle of S in M. These induce
continuous linear injections

[T™(E|s ® |[AN|) = I7>°(E) and  I'.*(E|s ® [AN]) = I'[>(E).
For S = {z} we obtain Dirac distributions.

For every distribution s € I'"*(FE) there exists a unique maximal open subset
U of M such that s|y is contained in I'°(E|y) C I'">°(FE). Again, this is just
the union over all open subsets on which s is smooth. The complement of this
unique maximal open subset is called the singular support of the distribution s
and will be denoted by sing-supp(s). For a distribution s € I'"*°(FE) we clearly
have sing-supp(s) = 0 iff s € T°(FE).

II1.2.8. PROPOSITION. Suppose D € DO™(E, F) is a differential operator.
Then D: T'(E) — I'°(F) extends uniquely to continuous linear maps

D:T7°(E) - I'™°(F) and D:T_*(E) = T_>(F).

In particular a distribution can be multiplied with smooth functions. Moreover,
supp(Ds) C supp(s) and sing-supp(Ds) C sing-supp(s),

for all distributions s € T'=°(FE).

PROOF. Let D' € DO(F};, E;;) denote the transposed differential operator.
Since D' provides a continuous linear map D*: I'°(F},;) — T'°(E3,), it induces
a continuous linear map D: I'"*°(E) — ['"*(F)), by duality,

(¢, Ds) := (D¢, s), peDF)=T>(Fy), se I™(E).

In fact this is the unique continuous extension of D: I'°(E) — I'*(F) be-
cause I'°(E) is dense in I'"°°(E). Moreover, D' induces a continuous linear
map, D': I'°(Fy;) — I'*(E},), and therefore induces a continuous linear map
D:T.®(E) = T',°°(F), by duality,

(¢, Ds) := (D¢, s), pel(F)=T"(Fy), se[>(F).

Since differential operators are local, we have supp(Ds) C supp(s). Since differen-
tial operators map smooth sections to smooth sections, we have sing-supp(Ds) C

sing-supp(s). O

We will now define a very large class of linear operators which can be described
by distributional kernels.

II1.2.9. PROPOSITION. Suppose k € I~ (Hom(E, F)).
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(a) Such a kernel defines a continuous linear operator, A: I'°(E) — I'"®(F),
(¢, As) = (11 @ 138, k), s e TX(E), ¢ € I°(Fy) = D(F). (I11.3)
(b) If k is properly supported, then it induces continuous operators:
A:TE(E) - T2(F) and — A:T®(E) - T7(F)
(c) supp(k) C A := {(x,x) € M x M : x € M} if and only if A is local, i.e.
supp(As) C supp(s), for all s € TX(FE).

PROOF. a) To see that the operator A is well defined and continuous, it
suffices to observe that the bilinear map

PE(Fy) X TE(E) = TE(m Fy @ 1 E) = D(Hom(E, F)), (¢, 5) = 1 @ s,

is continuous in each variable separately.
b) Suppose K is compact in M. Since k is properly supported, there exists a
compact subset L of M such that

supp(k) Ny '(K) € my '(L).

Thus A: I'Q(E) — I',*°(F) is continuous. Consequently, A: I'®(E) — I',*°(F)
is continuous. For every compact L there exists a compact subset K such that

supp(k) Ny (L) C my H(K),

again because the kernel is properly supported. This leads to a continuous ex-
tension A: I'°(E) — ['"(F).

c) If supp(¢) N supp(s) = 0, then supp(ni¢ @ m3s) N A = (), and therefore
supp(mi¢ @ mss) Nsupp(k) = 0, thus (17¢ ® m5s, k) = 0, whence (¢, As) = 0.
This immediately translates to supp(As) C supp(s). O

I11.2.10. ExAMPLE (Kernel of the identity). The identical operator,
[: T®(E) — I™(E),
has a distributional kernel, A € I'">°(Hom(E, F)), given by

(6, ) = / tr (2, 2)dz,
M
for all v € D(Hom(E, E)) = I'*°(Hom(E},, E7;)). Indeed,

(6,15) / oa)s(alde = [ tr(o(a) @ s(a))do = (pi6 @ pis. A)
M
for all ¢ € D(E) = I®(E},) and s € [(E).

[II1.2.11. EXAMPLE. Suppose A: I'°(E) — I'"°°(F) is a continuous operator
with Schwartz kernel k € I'"*°(Hom(E, F)), and let k* € T=>°(Hom(F}, E3/))
denotes the transposed kernel, k*(y, x) = k(x,y)". Then the associated continuous
operator, A": T(Fy,) — I'~°(FE},), satisfies

(¢, As) = (A'¢,s),  peTX(Fy), seTT(E).
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I11.2.12. THEOREM (Schwartz kernel theorem [41]). Every continuous linear
operator, A: I'°(E) — I'=°(F) is of the form (I111.3) for a unique distributional
kernel k € I'~>°(Hom(E, F')). The kernel is smooth, k € I'°(Hom(E, F)), if and
only if A extends to a continuous operator A: T;®(E) — I'™°(F).*

Note that operators with Schwartz kernel can in general not be composed.
This reflects the fact that the convolution of distributional kernels in general does
not make sense. As we have seen above, smoothing operators can be composed
and the (smooth) kernel of the composition is the convolution of the kernels.
Moreover, we can always compose with differential operators from either side.
More precisely we have:

I11.2.13. PROPOSITION. Suppose D € DO™(E, F) is a differential operator.

a) If A: T°(E) — I'™°(E) is a (continuous) operator with Schwartz kernel
ka € T~°(Hom(E, E)) then the composition DA has Schwartz kernel kpa =
D1k a where the differential operator Dy € DO™(Hom(E, E), Hom(E, F)) is as in
Proposition I11.1.3.

b) If B: T*(F) — T'=°°(F) is a (continuous) operator with Schwartz kernel
kp € T=°(Hom(F, F)), then the composition BD has Schwartz kernel kgp =
Dikp, where the differential operator D € DO™(Hom(F, F), Hom(E, F)) is as
wn Proposition I11.1.5.

Proor. TODO U

[11.2.14. EXAMPLE (Kernel of differential operators). The preceding propo-
sition permits to compute the distributional kernel of a differential operator,

D € DO™(E, F). In fact, writing D = DI we obtain
kp = DiA € I'"*°(Hom(E, F)),

where A € I'"*°(Hom(F, E)) denotes the kernel of the identical operator, see
Example I11.2.10, and D; € DO™(Hom(E, FE), Hom(E, F)).

To get an idea about how singular distributions might be, let us close this
section with the following result, see [36]:

[11.2.15. THEOREM. If s € I'_°(E), then there exist D € DO™(F, E) and a
continuous section § € T°(F) such that s = Ds.

II1.3. The algebra of pseudodifferential operators. A pseudodifferen-
tial operator is an operator whose Schwartz kernel is smooth away from the
diagonal and has a very specific type of singularity along the diagonal. We start
by describing the singularity at the diagonal locally in charts.

Suppose m € R, U C R" open and let Ey, Fy be two finite dimensional vector
spaces. By S™(U x U x R™; hom(Ey, Fy)) we will denote the space of all smooth
maps U x U x R" — hom(FEy, Fy) with the following property: For all compact

2lywhence the name smoothing operator.
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subsets X C U, L C U and all multi indices «, 3,7 € Nj there exists a constant
C = Ck, a8~ > 0 such that

[l glBl gl _
supsup| 2127 974z, £)| < O(1 + )™,
zel yeK

II1.3.1. PROPOSITION. Suppose a € S™(U x U x R™; hom(Ey, Fy)). Then:
(a) The integral

ko) = (2m) " [ e aa,y,€)dg

converges weakly, whence k € C~°(U x U;hom(Ey, [))).
(b) sing-supp(k) C A :={(z,z) | x € M}, i.e. k is smooth off the diagonal.
(c) The kernel k gives rise to continuous linear operators

A: CP(U; Ey) — C®(U; Fy) and A: C.>°(U; Ey) — C~(U; Fy)
where
(A9)() = 27" [ [ o Palo,y.€)s()dyde.
Moreover, A is pseudolocal, that is for all s € C;>=°(U; Ey),
sing-supp(As) C sing-supp(s).

(d) If k vanishes to infinite order along the diagonal, then k is smooth.

Proor. TODO, see [38, Proposition 2.4]. O

I11.3.2. EXAMPLE. Smoothing operators are of the form considered in Propo-
sition II1.3.1. Indeed, suppose k € C’OO(U X U hom(Eo,Fo)) is a smooth ker-
nel. Choose x € C’O"(R") such that (2m)™" [ x(§)d¢ = 1. Consider the symbol
a € S™(U x U x R*; hom(Ey, Fy)), Where a(x,y, &) = e @k (2, 9)x(£). Then

(2m)" / SO, y, £)dE = k(x,y),

hence the operator associated with the symbol a(x, y, £) is the smoothing operator
with kernel k. This example also shows that different symbols a(x,y, §) may give
rise to the same operator.

I11.3.3. ExAMPLE. Differential operators are of the form considered in Propo-
sition II1.3.1. Indeed, suppose D = Z|a|§m Aaglra‘ is a differential operator

with smooth coefficients A, € C*°(U;hom(Ey, Fp)), and consider the symbol
a € S"(U x U x R";hom(Ey, Fy)), where

a(x,y, &) = ZA

la|<m

By the Fourier inversion formula,

(2m)~ // i@ 5(1)dy d,
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for all s € C°(U; Ey), whence

(Ds)(w) = (2" [ [ (o, €)stu)dy de
Thus, the operator associated with the symbol a(z,y,§) is D.

I11.3.4. PROPOSITION. Let A: C(U, Ey) — C(U, Fy) be an operator as in
Proposition I11.5.1.

a) If x: U — V is a diffeomorphism between open subsets of R™, then the
operator C°(V, Ey) — C®(V, Fy), s+ (A(sox))ox™', is again of the form con-
sidered in Proposition I11.3.1 for some symbol a € S™(V x V x R™; hom(Ey, Fp)).

b) If Yp: U — GL(Ey) and ¥p: U — GL(Fy) are smooth, then the operator
C>®(U, Ey) — C=(U, Fy), s — vrAWy's), is again of the form considered in
Proposition I11.3.1 for some symbol a € S™(U x U x R"; hom(Ey, Fp)).

PROOF. See [38, Theorem 4.1]. O

II1.3.5. DEFINITION (Pseudodifferential operators). Let E and F' be two vec-
tor bundles over M. A pseudodifferential operator of order m € R is an operator
with Schwartz kernel k£ € I'">°(Hom(F, F')) such that:

(a) sing-supp(k) C A, i.e. k is smooth off the diagonal, and

(b) along the diagonal the kernel, in charts, has the form considered in Proposi-
tion I11.3.1. In view of Proposition I11.3.4 this does not depend on the chart
and the vector bundle trivializations being used.

We write WDO™(E, F) for the space of all pseudodifferential operators of order m,
and introduce the notation YDO™(E) := WDO™(E, E). The space of properly
supported pseudodifferential operators will be denoted by \I!DOgiop(E ).
Clearly, for all m < m/,
SO(E, F) C ¥DO™(E, F) C WDO™ (E, F).
see Example I11.3.2. In view of Example I11.3.3, we have
DO™(E,F) C YVDO™(E, F).
From the preceding results one easily obtains:

II1.3.6. PROPOSITION. FEvery pseudodifferential operator A € WDO™(E, F)
duces continuous linear maps

A:T®(E) > T(F)  and T;®(E) = T (F).

C

If A is properly supported, then it induces continuous linear maps
A:TX(E) = TX(F) and [™(E) = T7%°(F).
Moreover, A is pseudolocal, i.e. for all s € T';>°(E),

sing-supp(As) C sing-supp(s).
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If U is an open subset of R" and A € WDOJ. (U x Ey, U x Fp), then the map
oa: U x R" — hom(Fy, Fy),

oa(w,§)so == (e—¢A(ees0))(2),

is called the symbol of A. Here x € U, £ € R", e¢(x) := ¥(®) | and s, € E,.

Let S™(U x R"™; hom(Ey, Fy)) denote the space of all smooth maps o: U x
R™ — hom(FEy, Fy) with the following property: For all compact subsets K C U
and all multi indices a, 8 € Njj there exists a constant C' = C 4,3 > 0 such that

lal plB| —
sup| G G0 (7€) < O(1 + [¢)™ 7.
S

Clearly, for m < m’ we have
S™(U x R™; hom(Ey, Fy)) € S™ (U x R™; hom(Ey, ).

II1.3.7. PROPOSITION. Suppose A € WYDO™ (U x Ey, U x Fyp),

prop (

(A)(a) = (2m) " [ [ Dala . )s()dyde.
where a € S™(U x U x R"; hom(Ey, Fy)). Then o4 € S™(U x R™; hom(Ey, Fp)),
ko) = (2m) " [ 500, (2, €)de,
and

(A)(a) = (2) " [ [ s, €)s(u)ye

Moreover, we have an asymptotic expansion

1 glal glal
74(@:8) ~ > ey oee e @0y

«

that is, for all N > 0,

1 el glal m—N— n
oa(z, &) — Z Wg?g?a(x,y,f)’m:y € S"NHU x R™; hom(Ey, Fy)).

la|<N
PROOF. sece [38, Theorem 3.1]. O

II1.3.8. EXAMPLE. If D =37, | Aa% is a differential operator with smooth
coefficients A, € C°°(U; hom(Ey, Fy)), then

op(z,&) = ZA

la|<m
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From Proposition I11.3.7 we see that the symbol induces an isomorphism

\I/DOm(U X Eo, U x F())
UDO™ U x Ey, U x [p)
_ UDOp,, (U x Ey, U x Fy)

prop

—UDO™ (U x Ey, U x Fy)

prop

. S™U x Rn,hOm(Eo,Fo))
" Sm=1(U x R*; hom(Ey, Fy))

R 19

Moreover, A is a smoothing operator if and only if

o4 € S™°(U x R"; hom(Ey, Fy)) = (S™(U x R"; hom(Eo, Fyp)).

[I1.3.9. PROPOSITION. Let A € WDOy, (U x Ey, U X Fy), suppose x: U — V
15 a diffeomorphism between open subsets of R™ and Ae \I/Dogiop(v X Ey, V X Fp)
denotes the operator As := (A(sox))ox~", ¢f. Proposition III.3.4. Then
oz (x(2), (Dax)™1)'€) — 0a(2,€) € S"H(U x R"; hom(Ep, Fy)).

PROOF. Actually a formula for the full asymptotic expansion of o ; is avail-
able, see [38, Theorem 4.2]. d

Given two vector bundles £ and F over M, we consider the vector bundle
7 hom(E, F') over T*M, where m: T*M — M denotes the projection. We let
S™(E, F) denote the space of all smooth sections of the bundle 7* hom(E, F)
which locally, with respect to a charts and vector bundle trivializations, are in
S™(U x R™; hom(Ey, Fy)). This is easily seen to be independent of the charts
and vector bundle trivializations being used. Clearly, S™(FE,F) C S™(E, F),
whenever m < m’. From Proposition I11.3.9 we see that the symbol provides an
isomorphism
UYDO™(E, F) DO, (B, F)

UDO™ Y(E,F) WDO"™ Y(E,F)

prop

S™(E, F)
Sm1(E, F)’

IR19Q

(I11.4)

Moreover, A € YDO™(E, F') is a smoothing operator if and only if
o4 €S ®(E,F):=()S"™(E.F).

Note, however, that without further choices, the symbol of A € \IIDO;’;OP(E, F)
does not provide an element in S™(FE, F), it is only well defined up to symbols
of lower order. Also note that for ¢ € S™(E, F) and o' € S™(F,G) we have
o'oc € S"(E,G), ot € S™(F*,E*) and 0* € S™(F, E), where the last one is

understood with respect to Hermitian metrics on £ and F.

[11.3.10. ExaMPLE. For a differential operator D € DO™(E, F) we have
defined a principal symbol (D) € I'*(S™TM @ hom(FE, F)), see section 11.2.
Since sections of S™T'M ® hom(FE, F') can be regarded as smooth maps T*M —
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hom(FE, F) over the projection m: T*M — M which are fiber wise homogeneous
polynomials of degree m, we have

S™E,F)
0o/ am C ———
PH(S™TM @ hom(E, F)) © oo g

Up to this identification, the principal symbol coincides with the symbol in (I11.4).

I11.3.11. PROPOSITION. Let U be an open subset of R™, and suppose A €
UDO” (U x Eo, U x Fy). Then A' € WDO (U x F;,U x E}), and

prop prop

1 glal glel
O-At<x7£> ~ Z i‘a|a!gx_agFUA<x7 _g)t

«

that is, for all N > 0,

TICEIE L o 2 g a(m, —€)t € S NY(U x R™ hom(Ey, Fy)).

o=, Telal o 06
«@ —

PROOF. See [38, Theorem 3.2]. O

[11.3.12. PROPOSITION. Let U be an open subset of R™, and suppose A €
vDO” (U x Ey,U x Fy) and B € DO (U x Fy,U x Go). Then BA €

prop , prop
\IIDOm+m (U X Eo, U x Go) and

prop

L gl o
opa(r,8) ~ > W%@(%f)%@(%&%

o

that is, for all N > 0,
opa(m, €)= 3 B (1, €) 22 gy (1, ) € SN (U XRY; hom( o, Fy))
BA\4, i|a|Oé' ¢ B4, 9o VAL, ) 0,40))-
lo|<N
PROOF. See [38, Theorem 3.4]. O
From the preceding two results we immediately obtain:

I11.3.13. PROPOSITION. Let E, F', G be vector bundles over a manifold M.
a) If A€ WDO™(E, F), B € YDO™ (F,G) and at least one of them is prop-
erly supported, then BA € \I/DOerm/(E, G) and
Smtm' (B Q)
Sm—l—m’—l(E, G)
b) If A€ YVDO™(E, F), then A' € WDO™(F%,, E3;) and
S™(Far Exr)
Sy, Eyp)

opa(x,§) = op(x,§)oa(x,§) €

O'At(=737§) = O'A(I7 _g)t ® id\AM\ €
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Moreover, with respect to a volume density on M and Hermitian metrics on E

and F we have A* € VDO™(F, F) and
S™(F, E)
Sm=1(F E)
A symbol o € S™(E, F) is called elliptic if, locally, with respect to charts and
vector bundle trivializations, the symbol o(z, &) € S™(U x R"; hom(Ey, Fy)) has

the following property: for every compact K C U there exist constants R > 0
and C' > 0 such that for all z € K and || > R the inverse o(z,&) ! exists and

oz, )71 < Clgl ™

It is not hard to verify that this concept does not depend on the charts and
vector bundle trivializations being used. We will write S (F, F') for the space
of elliptic symbols. If o € S%(E,F) and o' € S™(E,F) with m’ < m, then
o+ € STE,F), whence ST(E, F)/S™ (E, F) makes sense.

I11.3.14. DEeFINITION (Ellipticity). Let E and F' be vector bundles over a
manifold M. A pseudodifferential operator A € WDO™(FE, F) is called elliptic if
o(A) € S®(E,F)/S™ Y (E, F), cf. (I11.4). We will write WDOZ(E, F) for the set

of elliptic pseudodifferential operators of order m.

oa(z,§) = oa(w, =§)" €

I11.3.15. ExamMPLE. A differential operator is elliptic in the sense of Defi-
nition I11.3.14 if and only if it is elliptic in the sense of Definition 11.2.23, cf.
Example II1.3.10.

I11.3.16. PROPOSITION. a) If A € WDOT(E,F), B € YVDO™ (F,G), and at
least one of them is properly supported, then BA € \I/DOZfler/(E, G).
b) If A€ YVDOJ(E, F), then A* € WDON(Fy;, E3;) and A* € WVDOI(F, E).

The following fundamental result asserts that elliptic pseudodifferential oper-
ators are invertible module smoothing operators.

I11.3.17. THEOREM (Parametrix). Let E and F be two vector bundles over
M and suppose A € VDO (E,F) is an elliptic pseudodifferential operator of
order m. Then there exists a properly supported pseudodifferential operator B €
UDO_ " (F, E) of order —m such that

prop
I — BA € SO(F) and I — AB € SO(F).
Moreover, B is unique, up to smoothing operators.

PROOF. We only give a rough sketch, for more details see [38, Theorem 5.1].
By ellipticity, o4(z,&)™! gives rise to og € S™™(F, F) such that
ogoa=1€ S°E)/ST'(E).
By (III1.4) there exists By € WDO_” (F, E) such that

prop

op, =09 €S (F,E)/S™" (F,E).
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Putting Ry := I — ByA € YDO"(E), Proposition I11.3.13(a) yields
ORy = 0-ByAa =1 —0p,o4=1—0904=0¢ S (E)/SYE),

whence Ry € WDO '(E), again by (I11.4). So far we have inverted A modulo
operators of order —1. For N € Ny put Cy := Z;V:O R} € YDO’(E).?> Then

Cn(I — Ro) = I — RY™.

Puttmg BN = CNBO € \IJDO_m(F, E), we get BNA = CNB(_)A = CN([ — Rg) =
I — RY™ where RY™ € WDO"V~!(E), whence

I — ByA € ¥DOVY(E).

Adding a smoothing operator to By, we may w.l.o.g. assume that By is properly
supported. Thus, we have inverted A modulo operators of arbitrary small order.
To actually construct B € YDO_ " (F, E) such that

prop

R:=1— BA € SO(E) (I11.5)

we refer to [38, Theorem 5.1]. Analogously one constructs B’ € WDO_ T (F, E)
such that

R :=1— AB € SO(F). (IIL6)
From (II1.5) we get RB’ = B’ — BAB' and (I11.6) gives BR' = B — BAB'.
Subtracting these equations from one another, we get B — B = BR' — RB’ €
SO(F, E). This shows that B = B’ has the desired property, and that it is unique
up to smoothing operators. 0

[I1.3.18. DEFINITION (Parametrix). An operator B as in the preceding the-
orem is called a parametriz of A. The theorem thus asserts that every elliptic
pseudodifferential operator has a parametrix.

I11.3.19. COROLLARY (Rough regularity). Let E and F' be two vector bundles
over M and suppose A € WDOI(E, F) is an elliptic pseudodifferential operator
of order m. Then, for every s € I',*(FE) we have

sing-supp(As) = sing-supp(s).

If A is properly supported, then this remains true for s € T=°(FE). Whence, for
every open subset U of M we have (As)|y € T°(F|v) iff s|lv € T®(E|y).

PROOF. By pseudolocality of A, we have sing-supp(As) C sing-supp(s). To
show the converse inclusion, let B € WDO_ 7' (F, E) be a parametrix of A and put
R:=1— BA € SO(E). Then, s = BAs + Rs and sing-supp(Rs) = (), since R is
a smoothing operator. Hence, sing-supp(s) = sing-supp(BAs) C sing-supp(As),

by pseudolocality of B. 0

22Note that the powers Ré = ByAByA--- BpA make sense, although Ry need not be
properly supported.
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I11.3.20. EXAMPLE (Eigenvectors are smooth). Let A € YDOJ};(E) be an el-
liptic pseudodifferential operator of order m > 0 on a closed manifold M. Suppose
s € I'"°(E) is an eigenvector, As = As, A € K. Then s is smooth, s € ['*°(E).
Actually, this remains true for generalized eigenvectors, for which there exists
N € N such that (A — \)"s = 0. Indeed, A — ) is elliptic of order m, since we
assumed m > 0. Hence (A — A\)V is elliptic of order Nm. From the preceding
corollary, we conclude s € I'°(E).

II1.4. The Hilbert space of L2-sections. For simplicity we assume M to
be a closed manifold throughout this section. Let E be a vector bundle over M.
Fix a fiber wise Hermitian metric on £ and a volume density on M. Then

(51, 52)) = /M<51(x),32(x)>dx, 51,80 € TO(E),

defines a positive definite in inner product on T°(E). We let L*(E) denote the
Hilbert space completion with associated norm,

Isll2. = / R
M

If we change the fiber wise Hermitian metric or the volume density, we obtain
different inner products and different, but equivalent norms. Thus, the underlying
topological vector space does not depend on the fiberwise Hermitian metric or
the volume density. Note that the inclusion

I'(E) C L*(E)

is continuous. Indeed, for s € I'°(E) we have:

st = ([ Isto)Pda) " < suplstal ([ 1d0)” = olOD v

Consequently, L?(E) is a separable Hilbert space, for I'°(E) is separable. Also
note that I'°(F) is dense in L*(E), since I'°(E) is.
The canonical pairing D(E) x I'°(FE) — K extends to a continuous pairing

L*(E},) x L*(E) — K. (IIL.7)
Indeed, for ¢ € D(E) = T'*(E};,) and s € I'°(E) we have:

6.5 = | [ s@s@aa] < [ jotallstolas

< ([ wotorpan) ([ 1stariae)” = oluslshe

In particular, the restriction D(E) x I'°(E) — K is continuous in each variable,
whence the inclusion I'’(E) — I'"°°(E) extends to an injective continuous linear
map L?*(E) — I'"°°(FE) which permits to regard

[2(E) CT~(E).
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[I1.4.1. ProproOSITION (Duality). The continuous pairing (I11.7) induces a
canonical isomorphism of Hilbert spaces,

L(B) = LX(E}).

In particular, every linear functional on L*(E) can be written in the form (¢, —)
for a unique ¢ € L*(E},).

PROOF. Since the pairing (II1.7) is jointly continuous, it induces a continuous
linear map, L?(E};) — L?(E)*. The fiber wise Hermitian metric and the volume
density provide an isomorphism of vector bundles, £ = E},, which induces an
isomorphism of Hilbert spaces, L2(E) = L*(E) = L?(E3;;). The composition of
these two maps, L2(E) — L*(E)*, is the one induced by the inner product on
L?(E), whence an isomorphism of Hilbert spaces. Consequently, the third one,

L*(E%;) — L*(E)*, has to be an isomorphism too. O
[11.4.2. PROPOSITION ([38 Appendix AS]) Suppose k € L*(Hom(FE,F))
is an L?-kernel. Then ( = fM y)dy defines a Hilbert-Schmidt

operator A: L*(E) — LQ(F) wzth Hilbert— Schmzdt norm??

nmazw&:/ k(. y)Pdedy.
Mx M

In particular A: L*(E) — L*(F) is compact and bounded, ||Al|z2 < || A us-

PROOF. Choose orthonormal bases ¢; of L*(E) and f; of L*(F). Let e} denote
the dual base of L*(E},) and let f; denote the dual base of L*(F}y;). Recall that
7t f; ® myel is an orthonormal base of L?(Hom(E, F')), provided Hom(E, F') is

231 fact, the Hilbert—Schmidt operators are precisely those which can be represented by an
L?-kernel. A Hilbert-Schmidt operator is one for which the Hilbert-Schmidt norm ||A[%g :=
>, [ 4e;]|? is finite. Here e; is an orthonormal basis, but the norm does not depend on this
choice. Every Hilbert-Schmidt operator is bounded, ||Al/z2 < ||Allms, where the first norm
denotes the operator norm. Indeed, if e; is an Orthonormal base, then every element of the
Hilbert space can be expanded in the form s = )" ((e;, s))e;. Therefore, As = >~ ((e;, s)) Aes,
hence [|As|| <3, [((ei; s)|[|Aeil|, and

st < (3 ew0) (32 herl?) ™ = sl AT,

whence ||A|lzz < ||Allus. Actually, every Hilbert-Schmidt operator is compact. To see that,
we approximate with (compact) operators of finite rank, Ax: L?(E) — L%*(F), Ays :=
> i<n(ei,s) Ae;. Then

14— An[l72 < |4 = Anllfis = ) [14es]?
i>N
which tends to zero as N — oo. Since the space of compact operators is closed, We conclude
that A is compact. If A is a compact selfadjoint operator, then |[A|%g = >, A7, where \;
denote the eigenvalues of A. More details can be found in Appendix A.3 in [38].

? 27
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equipped with the Hermitian metric induced by the Hermitian metrics on £ and
F. Expanding the kernel in this basis, we may write

2 : * * %
kf = k@j 7T1fj (024 7T2€i .
2

Moreover,
([, Aea) = (f}, Aes) = (m1f; @ myes, k) = (1 f; ® msef, k) = ki

and therefore
lel? = 5710 Ael = 3 i
J J
Thus
Al =D Il =) [ksal* = IIk]I72 = /M |k(z,y) [Pdxdy,
i ij

x M
as claimed. ]

II1.4.3. EXAMPLE. Every smoothing operator A € SO(E, F) extends to a
compact operator A: L?(E) — L*(F). This follows from Proposition I11.4.2.

[11.4.4. PROPOSITION. If k € T%(Hom(E, E)) is a continuous kernel, then
A: L*(E) = L*(E), (As)(z) = [,, k(x,y)s(y)dy, is a trace class operator, and

tr(A):/Mtrk(a:,x)dx.

A proof of the preceding result is sketched in appendix A.3.5 in [38].

[I1.4.5. THEOREM ([38, §6]). Let E and F be two vector bundles over a closed
manifold M of dimension n, and suppose A € WDO™(E, F).
(a) If m <0, then A extends to a bounded linear operator
A: L*(E) — L*(F). (I11.8)

(b) If m <0, then the operator in (I11.8) is compact.
(c) If m < —n, then A has a continuous kernel, k € T°(Hom(E, F)), and the
operator in (I11.8) is of trace class with

tr(A) :/ trk(z, x)dx.
M
PRrROOF. We begin with (c¢): Recall that for  and y in a chart domain U,

k(x,y) = (27r)_”/ei(x_y)§a(x,§)d§. (I11.9)

By assumption, for every compact subset K of U there exists ¢ > 0 and C' > 0
such that sup,cx o(x,&)| < C(1 4 [£])7"¢. Since [, (1 + [§])7"°d¢ < oo,
the integral (I11.9) converges absolutely and uniformly on K x U, whence k is
continuous. The statement now follows from Proposition I11.4.4.



124 III. PSEUDODIFFERENTIAL OPERATORS

Let us now turn to rough sketch of part (a). As explained in [38, §6], one
constructs a constant C' > 0 and B € YDO"(E) such that

R:=C*—-A*A— B*B € SO(E).
Once this is accomplished, we obtain:

| As[|* = {(As, As)) = (s, A"As)) = (s, (C* = B'B — R)s))
= C?{(s,5)) — {(s, B"Bs)) —{(s, Rs)) < C*[|s]|* + | Rll [ s]I%,
—_—— N————
RE >0
where we used Cauchy-Schwarz inequality to estimate [((s, Rs))| < || R||L,s/|*
Note that the operator norm ||R||z2 is finite according to Proposition 111.4.2.

Consequently, ||A|l2 < C? + ||R||z2, whence A is bounded.
For part (b) we refer to [38, §6.3]. O

I11.4.6. COROLLARY. If A € WDOY,(E, F) is an elliptic pseudo differential
operator of order zero, then A: L*(E) — L*(F) is Fredholm.

PROOF. By Theorem I11.3.17 there exists a parametrix B € WDO"(F, F) such
that BA— I and AB — I are smoothing operators, whence compact according to
Proposition 111.4.2. Moreover, A: L?(E) — L*(F) and B: L*(F) — L*(E) are
bounded, see Theorem II1.4.5(a). Using Atkinson’s Theorem 1.3.1, we conclude
that A is Fredholm. OJ

II1.5. The Sobolev scale. We continue to consider a vector bundle E over
a closed manifold M. For any s € R we define the Sobolev space
H*(E) :={u e (E) | VA € YDO*(E) : Au € L*(E)}.

We equip this vector space with the coarsest topology such that the semi norms
|Aul| 12 are continuous, for all A € WDO®(E). Note that this topology does not
depend on the choices entering the norm || — ||z2 on L*(E).

II1.5.1. PROPOSITION. There exist Ay, Ay € YWDO*(E) such that
(u, ) gs == (Aru, A1v) + (Aqu, Av)),
is an inner product on H*(FE) and the associated norm
lullfre =l AvullZz + | Azullz:

generates the topology on H*(E). Moreover, H*(E) is a separable Hilbert space
and T'°(E) is dense in H*(E). In particular, H*(E) is canonically isomorphic
to the completion of T'°(E) with respect to the norm || — || gs. Moreover,

L*(E) = H'(E).

If s > 5, then the inclusion
H*(E) C H¥(E)
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is continuous and compact. The canonical pairing I'°(E3;) x I'°(E) — K, ex-
tends to a continuous pairing

H™(Ey) x H(E) - K
which induces a canonical isomorphism of Hilbert spaces
HE(B)" = H* (),

In particular, any linear functional on H*(E) can be written in the form (¢, —)
for a unique ¢ € H=*(E};). Moreover, both of the inclusions

I™(E) C H*(E) C T">(E).
are continuous.

PrROOF. Let A; € UYDOZ,(E) be an elliptic pseudodifferential operator of
order s and let A_; € YDO_;(E) be a parametrix, i.e. R :=1—A_;A; € SO(E),
see Theorem II1.3.17. Put A; := Ay € UVDO’(E) and A, := R € SO(F) C
UDO*(E). If A€ YDO*(F) and u € H*(E), then:

|Aul|z2 = [JA(A_sAsu + R)ul|ze
< |AA_ Agul|z2 + ||ARu|| 2
< [|AA [l z2[[Asul| 2 + |AR(A_As + R)ul| 2
< || AA gl 2| Asull 2 + [J[ARA_sAgul|z2 + ||ARRu|| 2
< [JAA [l 2| Asull 2 + |ARA ]| 2 | Asull 22 + | AR 2 || Rl 2
= (I[AAllze + [ARA_[|z2) [| Avullze + |AR|| 2 || Azul| 2

Note that the operators AA_;, ARA_,, and AR are all pseudodifferential oper-
ators of order zero, and thus have finite L?-operator norm according to Theo-
rem I11.4.5(a). Hence, for every A € YDO?(FE) there exist constants Cy,Cy > 0
such that
[Aullz2 < Cif|Arullz, + Cof[Azul|z2.

This shows that the topology on H*(E) is generated by the two norms || Ajul|z2
and || Asu| 2.

Let us next show that H*(FE) is complete, whence a Hilbert space. To this
end suppose u, is a Cauchy sequence in H*(E). We decompose

up = A_gAsu, + Ruy, (II1.10)

and will show that each summand converges in H*(F). Note first that Asu, is a
Cauchy sequence in L*(E), whence convergent:

v:= lim A, € L*(E).

n—oo

Moreover, for any A € WDO?®(E), the operator AA_,: L*(E) — L*(FE) is bounded
in view of Theorem II1.4.5(a), whence

AAN_v = lim AA_ A, € L*(E).

n—oo
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Since this is true for every A € WDO?(FE), we conclude
lim A_jAsu, = A_gv € H*(E).

n—oo
In view of (IIL.10) it therefore remains to show that Ru, converges in H*(E).
Observe, that Ru, is a Cauchy sequence in L*(F), hence convergent
w = lim Ru, € L*(E).
n—oo

Since the inclusion L*(E) C I'"°°(FE) is continuous, we also have lim,, ., Ru,, = w
in '~°°(F). Since A: I'"°(F) — I'"°°(E) is continuous, we conclude

Aw = lim ARu, € I"(E),
n—oo

for every A € YDO?®(F). However, ARu,, is Cauchy in L*(E) too, thus
lim ARu, = Aw € L*(E).

n—o0

Since this is true for every A € WDO?(FE), we conclude
lim Ru, =w € H*(E).

n— oo
This shows that H*(F) is complete.

TODO: SHOW THAT I'*°(F) IS DENSE IN H*(E). This then implies that
H*(FE) is separable.

Let us next show L?(E) = H°(E). Since the identical operator I € WDO’(E)
we have H°(E) C L*(E), and this inclusion is continuous. Conversely, for ev-
ery A € WDO"(E), the operator A: L?(E) — L*(E) is bounded, see Theo-
rem I11.4.5(a), hence L?(F) C H°(E), and this inclusion is continuous too. Con-
sequently, H°(E) = L?(E) as Hilbert spaces.

Clearly, H*(E) C H*(E), is a continuous inclusion, for all s > 3. To see that
this inclusion is compact, let u, € H*(F) be a bounded sequence, and suppose
A € WDO¥(E). Tt suffices to show that Au, has a subsequence which converges
in L?(E). Clearly,

Au,, = AN_ Agu,, + ARu,,.

By assumption, A,u, is bounded in L?(E). Moreover, by Theorem I11.4.5(b) the
operator AA_,: L?(E) — L*(E) is compact, hence AA_ A u, has a convergent
subsequence. Moreover, AR is a smoothing operator, hence compact, and thus
ARu, admits a convergent subsequence too.

The inclusion, I'°(E) C H*(E), is continuous, since I'*(E) A ['>(E) C
L*(F) is continuous, for every A € WDO®*(E). This also implies that the re-
striction of the canonical pairing, I'°(E},) x H*(E) — K, is continuous in each
variable, whence the inclusion H*(E) C I'">°(F) is continuous too. O

Let us mention two more results without proof, which will not be useed below:
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I11.5.2. THEOREM (Sobolev embedding, [38, Theorem 7.6]). Let E be a vector
bundle over a closed manifold M of dimension n, and suppose s € R, k € Ny are
such that

s>k+n/2.
Then
H*(E) CT*(E),

and this inclusion is continuous and compact.

I11.5.3. COROLLARY ([38, Corollay 7.4]). As topological vector spaces,
I™(E) = H*(E).
seR

In other words, the C* topology on T'°(E) coincides with the topology generated
by all the Sobolev norms || — ||gs combined, s € R.

I11.5.4. COROLLARY. As ???topological??? vector spaces

I—(E)=|JH(E).
seR
II1.5.5. THEOREM ([38, Problem 7.1.]). Let E be a vector bundle over a closed

manifold M and suppose S is a closed submanifold of codimension d in M. Then
the restriction map, I°(E) — I'°(E|s), u + u|s, extends to a continuous linear
operator,

H*(E) — H?(E|s),
for every s > d/2.

[11.5.6. PROPOSITION. Let E and F' be two vector bundles over a closed man-
ifold M, and suppose A € WVDO™(E, F) is a pseudodifferential operator of order
m. Then A restricts to a bounded linear operator

A: H*(E) — H™™(F).
for every s. If A' € WDO™(F3,, E%;) denotes the transposed operator, then
(A'¢,u) = (¢, Au), ¢ € H"*(Fy), u e H(E), (IT1.11)
with respect to the pairing Proposition II1.5.1.

Proo¥r. The fact that A maps H*(E) into H*~"(F') in a continuous manner
follows immediately from Theorem II1.4.5. Since both sides of (II1.11) depend
continuously on ¢ € H™*(F},;) and u € H*(F), it remains to observe that this
equation holds true for smooth ¢ and u, and that the smooth sections are dense
in the Sobolev spaces, see Proposition II1.5.1. O

II1.5.7. COROLLARY (Regularity, [38, Theorem 7.2]). Let E and F be two
vector bundles over a closed manifold M, and suppose A € VDO (E, F) is an
elliptic pseudodifferential operator of order m. If u € T7°°(E) and Au € H*(F)
then u € Ht"(E).
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PRrROOF. By Theorem II1.3.17, there exists a parametrix B € VDO " (F, F)
for A, that is R := 1 — BA € SO(FE) is a smoothing operator. Then

u= BAu + Ru
with Ru € I°(F) C H*™™(FE), and BAu € H*™™(FE) since B maps H*(F') into
H*™™(FE) in view of Proposition I11.5.6. Consequently, u € H*T™(E). O

I11.5.8. COROLLARY (Fredholm property). Let E and F' be two vector bundles
over a closed manifold M, and suppose A € WVDOL(E, F) is an elliptic pseudo-
differential operator of order m. Then A: H*(E) — H*™(F) is a Fredholm
operator whose index does not dependent on s. Moreover, for every s < s, there
exists a constant C' > 0, depending on A, s, § and the particular Sobolev norms,
such that the following elliptic estimate holds for all u € H*(E):

e < C 1 Aull e + ). (I1L.12)
If A* € WDOL(Fy;, Exp) denotes the transposed operator, then

ind(A") = —ind(A).
If A* € DO (F, E) denotes the adjoint of A with respect to a volume density
on M and Hermitian fiber metrics on E and F', then
ind(A*) = —ind(A).

ProOF. By Theorem III1.3.17, there exists a parametrix B € VDO ™ (F, E)
for A, that is R := I — BA € SO(FE) is a smoothing operator. By Proposi-
tion II1.5.6, the operators A: H*(E) — H* ™(F) and B: H*"(F) — H*(E)
are bounded. Moreover, R: H*(E) — I'°(F) C H*(E) is compact, see Propo-
sition I11.5.1. Consequently, A: H*(E) — H* ™(F) is Fredholm according to
Atkinson’s Theorem 1.3.1. Since B is bounded, there exists a constant C; > 0
such that ||Bullgs < Ci||u|lgs-m. Furthermore, since R: H*(E) — T™(E) C
H*(E) is continuous, there exists a constant Cy > 0 such that ||Ru|gs <
Cs||Ru|| 5. Combining these, we obtain

ms = ||BAu + Rul|gs < ||BAu||gs + || Ru|
whence (II1.12). By Corollary I11.3.19,

lul

s < Ch]|Aul

Hs—m + CQ“'LL”Hé,

lul

ker (H*(E) 2 H*"™(F)) = ker (I (E) & I*(F)),

whence (the dimension) of ker(A) does not depend on s. By ... the transposed
operator A € WDO™(Fy;, E3y) is elliptic too, whence

ker (H™*(F};) 25 H(E};)) = ker(T°(Fy,) 25 T (E3,)),

does not depend on s either. Up to the canonical isomorphisms of Hilbert spaces
H*(E)* = H *(E3,;) and H*™(F)* = H™*(FY};), see Proposition I11.5.1, the op-
erator A': H™ 5(Fy,) — H 5(E3%,) is the transposed of A: H*(E) — H* ™(F),
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see (IT1.11), whence ind(A*) = —ind(A) in view of Proposition 1.2.8. Moreover,
using Corollary 1.1.5, we obtain a canonical isomorphism

coker(H*(E) & H*"™(F))" = ker(H™*(F};) 25 H(E}))),

hence the dimension of coker(A) does not depend on s either. Consequently,
ind(A) is independent of s. Finally, recall that a volume density on M and
Hermitian fiber metrics on £ and F' provide isomorphisms of vector bundles
Ei, = E and F;; = F. Moreover, via these identifications, the adjoint A*
corresponds to the transposed A’, whence ind(A*) = ind(A?). O

II1.5.9. EXAMPLE. Suppose A € YDO}(E) is an elliptic pseudo differential
operator of order m > 0. Then the eigenspaces, ker(A—\I), are finite dimensional
and contain smooth sections only. This follows from Corollary I11.5.8 since A—\I
is an elliptic pseudodifferential operator too.

I11.5.10. COROLLARY. The index of an elliptic pseudodifferential operator on
a closed manifold only depends on its principal symbol. More precisely, if A €
VDO (E, F) and B € VDO (E, F) are two elliptic pseudodifferential operators
such that o4 = og € S™(E, F)/S™ Y(E, F), then ind(A) = ind(B).

PROOF. By assumption, K := B—A € YVDO™ *(E, F). Hence, K: H*(E) —
Hs~™ Y F) C H*™(F) is compact, see Proposition IIL1.5.1. Therefore, the Fred-
holm operators A: H*(E) — H* ™ (F) and B: H*(E) — H* ™(F) differ by a
compact operator, whence ind(A) = ind(B), see Corollary 1.3.3. O

I11.5.11. COROLLARY. Let M be a closed manifold and suppose D* = D &
DOL(E) is a formally self adjoint (w.r. to a Hermitian fiber metric on E and
a volume density on M) elliptic differential operator. Then we have an L*-
orthogonal decomposition

['°(E) = ker(D) @ img(D),
where ker(D) = {s € I*°(E) : Ds = 0} and img(D) = {Ds:s € '°(E)}.
PROOF. We have an L2-orthogonal decomposition:
L*(E) = ker(L*(E) EEN H™"(E)) @ ker(L*(E) 2 H(E))"

g g

—ker (I (E) 23T () —img (H™ (B) 2> L2(B))

Here we used regularity, see Corollary II1.3.19, and the fact that H*(FE) D,

H*™(FE) is Fredholm. Intersecting with the space of smooth sections, and using
regularity, we obtain

I(E) = ker(D) & (img(Hm(E) 2 12(E)) 0 r°°(E)> .

J/

-~

—img (1> (B) 2T ()
Since D* = D, we obtain the result. 0
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As a special case we obtain:

I11.5.12. THEOREM (Hodge decomposition). Let M be a closed oriented Rie-
mannian manifold. Consider the Dirac operator

D*=D=d+d: QM)— QM)
and the Laplacian
A =D*D = D?*=dd" +d*d: QM) — Q(M).

Then we have an L*-orthogonal decomposition

Q(M) = ker(A) @ img(A). (I11.13)
Moreover, for the space of harmonic forms:
H(M) := ker(A) = ker(D) = ker(d) Nker(d*), (I11.14)
and
img(A) = img(D) = img(d) ¢ img(d"). (I11.15)
Moreover,

HI(M;R) = HI(M),

i.e. every deRham cohomology class admits a unique harmonic representative.*!

PROOF. Since A is a selfadjoint elliptic operator, the decomposition (I11.13)
follows from Corollary I11.5.11. The inclusions ker(A) D ker(D) D ker(d)Nker(d*)
are obvious. Moreover, if o € ker(A), then

0= (o, Aa)) = ((a, (d"d + dd")or)) = (dov, dov)) + {(d" o, d" ),

-~ -~

>0 >0

whence da = 0 = d*a. This shows ker(A) C ker(d) N ker(d*), hence (II1.14).
Next, note that img(d) C ker(d) L img(d*), hence img(d) @ img(d*) is indeed an
orthogonal direct sum. Similarly, ker(d*) L img(d), whence

img(d) @ img(d*) C (ker(d) N ker(al*))l = ker(A)* = img(A),

in view of (II1.13) and (III.14). As the inclusions img(A) C img(D) C img(d) &
img(d*) are obvious, we obtain (III.15). Since the deRahm differential commutes
with the Laplacian, dA = Ad, the decomposition (III.13) is invariant with respect
to d. Moreover, d vanishes on ker(A), see (III1.14). Finally, since A = d*d +

dd*: img(A) =N img(A) is bijective, we conclude that every closed differential
form o € img(A) is exact, dd*A™'a = «. Thus, the inclusion H(M) — Q(M)
induces an isomorphism in cohomology, H4(M) = HI(M;R). O

248ince #4(M) is finite dimensional, this gives an analytic explanation for the fact that the
deRham cohomology of closed manifolds is finite dimensional. Since the Hodge star operator
commutes with the Laplacian, xA = £Ax, it induces an isomorphism x: H?(M) =N H (M),
and this gives an analytic explanation for Poincaré duality, n = dim(M).
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I11.5.13. EXAMPLE. Let M be a closed oriented Riemannian manifold. Then
the Euler characteristics can be expressed as the index of an elliptic differential
operator:

X(M) = ind (Qeven(M) D=did’, QOdd(M)) (IIL.16)
Indeed, using Hodge decomposition in Theorem II1.5.12 we obtain

X(M) = (=1)"dim(H(M))

q

= dim(H**"(M)) — dim(H*(M))
= dim (K (M) — dim (H**(M))
= dim (ker(D)) — dim(coker(D))

= ind(D),
where D denotes the operator Q" (M) D=drd’, Qodd(pr).

I11.5.14. EXAMPLE. Let M be a closed oriented Riemannian manifold of di-
mension dim(M) = 4k = n. Multiplying the Hodge star operator with a sign
(—1)? we obtain x: QI(M) — Q"9(M) such that x> = 1. Hence the space of
differential forms decomposes as Q(M) = Q, (M) ® Q_(M), where:*

Qu (M) :={ae QM) :xa=a}
Q_(M) :={a € QM) :+a = —a}

Since xD = — Dx, the operator D: Q(M) — Q(M) restricts to an elliptic operator

QL (M) 2oq (M). The signature of M can be expressed as the index of this

operator:

sign(M) = ind (Q+(M) Ddid, Q_(M)>. (IIL.17)

To see this note that xA = Ax, hence the harmonic forms decompose accordingly,
H(M) = H (M) @ H_(M),
where
Hi(M) = {a € ker(A) : xa = a} = ker(D)
H_(M) :={a € ker(A) : v = —a} = img(D)" = coker(D)
Consequently,
ind <Q+(M)

D=d+d*
—

Q,(M)) = dim(H, (M) — dim(H_(M)).  (IIL18)
If ¢ <n/2, then HY(M) & H" (M) is invariant under * and decomposes as
HIM) D H" (M) ={a+*a|aeHI(M)}®{a—*a|aecHI(M)]},

CH (M) CH-(M)

25this corresponds to a decomposition of vector bundles, AT*M = A, T*M & A_T*M.
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where the self dual and antiself dual parts have the same dimension. Moreover,
the middle part, H™?(M) is invariant under %, whence decomposes as

HY (M) = HYH(M) @ H (M),
where Hl/Q(M) = {a € HY?(M) | xa = +a}. We conclude that
dim (Hy (M) — dim(H_(M)) = dim(H2*(M)) — dim(H"*(M)).  (111.19)

If 0 # o € H*(M), then JyaAha=[,aNxa = {a,a) > 0. Similarly, for
0# a € H'*(M), we have [,,aAa=— [,,a Aa = —({a,a)) < 0. This shows
that the cup product pairing H™?(M) x H"?(M) — R is positive definite on
Hi/ 2(M) and negative definite on #"/*(M), whence

sign(M) = sign(H”/Q(]\/[) x H"*(M) — R)

— dim(H2/"(M)) — dim (H"/*(M)). (I11.20)
Combining (II1.18), (I11.19), and (I11.20), we obtain (IIL.17).

II1.6. The Atiyah—Singer index theorem. In the previous sections, we
have seen that the index of an elliptic pseudodifferential operator only depends
on its principal symbol, see Corollary II1.5.10. In fact, the index only depends
on the homotopy class of its principal symbol:

I11.6.1. COROLLARY. The index of an elliptic pseudodifferential operator only
depends on the reqular homotopy class of its principal symbol. More precisely,
suppose A, B € VDO (E, F) and 69,61 € SI(E, F) so that 04 = 69 and o =
g1 in ST(E,F)/S™ Y E, F), and so that 64 is homotopic to &1 within ST(E, F).
Then

ind(A) = ind(B).

Proor. By assumption, there exists a continuous family of elliptic symbols
o, € ST(E,F) connecting &y with ;. This permits to construct a continu-
ous family of elliptic pseudodifferential operators, A, € VDO (E, F'), such that
o4, = 0y € ST(E,F)/S™YE, F). Consequently, A, € F(H*(E), H"™(F)) is
a continuous family of Fredholm operators, whence ind(Ay) = ind(A4;) according
to Proposition 1.2.10. Since o4 = 69 = G4, € ST(E, F)/S™ ' (E, F) we have
ind(A) = ind(Ap), see Corollary I11.5.10, and similarly, ind(B) = ind(A,). O

We assume from now on that £ and F' are two complex vector bundles over
a closed manifold M. Suppose A € WVDOZ(E, F) be an elliptic pseudodifferen-
tial operator. Let m: T*M — M denote the projection, and consider the vector
bundles 7*F and 7*F over T*M. The principal symbol of A provides a vec-
tor bundle homomorphism, o4 € hom(7*E, 7*F), which is invertible outside a
compact subset of T* M. Consequently, an elliptic operator represents an element

o(A) = [r"E,m"F,04] € K.(T*M).
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The index of A only depends on this element in K-theory. More precisely:

[11.6.2. PROPOSITION (Analytic index). The index of elliptic pseudodifferen-
tial operators induces a homomorphism

a-ind: K.(T"M) — Z.

PROOF. It is not hard to show that every element in K .(7*M) can be rep-
resented in the form [7*E, 7*F, 0 4], where A is an elliptic pseudodifferential op-
erator of given order, see [27, Lemma 13.3]. Moreover, if A € VDO (F, F') and
A € VDO (E, F), then A® A € YDO"(E ® E,F @ F) and

ind(A@® A) = ind(A) + ind(A).
Combining this with Corollary II1.6.1 we obtain the statement. 0

We will construct a topological index, t-ind: K.(T*M) — 7Z, and compare it
with the analytic index. We follow the presentations in [5, 6] and [27, §13].

Suppose 7: . — M is a complex vector bundle over a closed manifold M.
Then the complex vector bundles A" E and A°d4E over M represent an element

ME) := A"E — A°YE € K(M).
Fix a Hermitian metric on £ and consider the vector bundle homomorphism
c: B — end(F), cle)a=eNa—igsa,

where e € I'(E), a € T'(AE) and e¢* = (e,—) € I'(E*) denotes the dual with
respect to the Hermitian metric. Note that

c(e)? = lel*idag,
hence the corresponding vector bundle homomorphism
T*AYE S ACYE (I11.21)
is invertible outside the zero section. Thus, it represents an element
A(E) = [r* A% 7*A°YE ] € K (E),

which is independent of the Hermitian metric because different Hermitian metrics
give rise to regularly homotopic maps (I11.21).

I11.6.3. PROPOSITION (Thom isomorphism in K-theory). Let m: E — M be

a complex vector bundle over a closed manifold M, and denote the zero section
by v: M — E. Then

wi K(M) 5 K(B), (€)= A(E) - 7€
is an isomorphism. Moreover, for all € € K(M), we have

Cu(§) = AME) - €.
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For non-compact M we still have a Thom isomorphism v: K.(M) = K.(E),
given by the same formula.?®

Proor. If E is a trivial vector bundle, this is a consequence of Bott period-
icity. A proof for the general statement can be found in [27, Theorem C.8]. The
second formula is a triviality, it follows from the obvious relations t*A(E) = A(E)
and 7" = (mo)*¢ =1idy, € = & d

Suppose f: M — M’ is a proper embedding. Then Tf: TM — TM' is
a proper embedding whose normal bundle N — TM comes with a canonical
complex structure. Choose a tubular neighborhood for the submanifold f(7M)
in TM’, that is an open neighborhood U C T'M’ of f(T'M) and a diffeomorphism
N =2 U extending T'f. Combining the homomorphism

Eo(N) = K (U) = K(TM') = K(T*M')
induced by the inclusion N =2 U C T'M' with the Thom isomorphism
Ko(T*M) = K(TM) = K.(N)
from Proposition I11.6.3, we obtain a homomorphism
fii K(T*M) — K (T*M"). (I11.22)

which is easily seen to be independent of the tubular neighborhood.
Choose embeddings f: M — RY and j: pt — R" and consider

K(T"M) L5 K(T'RY) & K(pt) = Z. (IT1.23)
Note that the Thom isomorphism 7 just expresses Bott periodicity.
I11.6.4. ProPOSITION (Topological index). The composition (111.23),
t-ind: K (T*M) — Z, t-ind(€) := j; M fE,
does not depend on the embeddings f or j.

ProoOF. This follows from the fact that the tubular neighborhood, N = U,
is essentially unique, up to diffeotopy. Details can be found in [27, §13]. U

A fundamental result by Atiyah and Singer asserts that the analytic index
coincides with the topological index, see [5, Theorem 6.7] or [27, Theorem 13.2].

I11.6.5. THEOREM (Atiyah—Singer index theorem). Let M be a closed mani-
fold. Then the analytic index and the topological index coincide,

a-ind = t-ind: K .(T"M) — Z.

In other words, if E and F are two complex vector bundles over M, and A €
UDOL(E, F) is an elliptic pseudodifferential operator, then

ind(A) = t-ind(c(A)).

26which, however, requires further justification.
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PROOF. Atiyah and Singer’s proof in [5] proceeds by establishing the follow-
ing two properties of the analytic index:
(a) If M = pt =T*M, then a-ind(§) = &, for all £ € K(pt) = Z.
(b) If f: M — M’ is an embedding of closed manifolds, then

a-ind(fi§) = a-ind(§),
for all £ € K .(T*M), where f; denotes the homomorphism (I11.22).

The first one is a triviality, it boils down to a basic fact in linear algebra, namely
ker(p) — coker(p) = dim(F) — dim(F'), for every linear map ¢: F — F between
finite dimensional vector spaces. The second one is the core of the index theorem
and requires quite some work, see [5] or [27, §13].

From this, one easily deduces the index theorem as follows: Choose embed-
dings f: M — RN C SV and j: pt — RY C S¥. These give rise to a commuta-
tive diagram:

K.(T*RY)

K(T*M) —L= K (T*5N) <2

i a-ind
a-ind a-ind=id

A
One immediately obtains a-ind(¢) = j; ' i = t-ind(€), for all £ € K (T*M). O

1R

Tb

(pt) =Z

Using Poincaré duality we define a wrong way map
f! : Hceven (T*M) N Hsven (T* M/),

for every proper embedding f: M — M’. MORE DETAILS! Note that integra-
tion has properties analogous to the properties of the index:

(a) If M =pt =T*M, then [,.,, @ =, for all « € H*(pt) = R.
(b) If f: M — M’ is a proper embedding, and o € H}(T*M), then

/ fia= / Q.
T*M’ *M

II1.6.6. PROPOSITION (Chern character defect). If f: M — M’ is a proper
embedding of codimension k = dim(M') — dim(M), then the diagram

KT M) — K (T M)

| |

Hgven (T* M) f Hgven (T* M/)

does not commute, in general. Rather, for & € K (T*M),
ch(£i&) = (=1)" fi(ch(§)A(v) %) € HNT M),
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where v := f*T'M'/TM denotes the normal bundle over M of the embedding f,
and A(v) € H* (M) is pulled back to H™(T*M) by the projection T*M — M.

Proor. TODO O
The last result leads to a cohomological formula for the topological index:

I11.6.7. PROPOSITION. For all £ € K .(T*M), we have
tind(§) = (<" [ (@AY,
“M
where n = dim(M), and A(M) € H*(M) is pulled back to H*(T*M) by the
projection T*M — M.

ProOF. Choose embeddings f: M — R™ and j: pt — R" and consider the
following diagram:

t-ind

T

K (T*M) — = K (TRY) L K(pt) = Z

o

Ja o |

Hceven (T*M) fi Hceven (T*RN) J; Heven(pt) =R

\/

fT*]W

Note that the normal bundle associated with the embedding j is trivial, whence
the square on the right hand side commutes up to a sign (—1)" by Proposi-
tion IT1.6.6. The upper part of the diagram commutes by definition of the topo-
logical index. The lower part commutes in view of (a) and (b) just above Propo-
sition I11.6.6. If v := f*TRY /T M denotes the normal bundle associated with the
embedding f, then ch(fif) = (=1)N""fi(ch(€)A(v)~2), for all £ € K .(T*M), by
Proposition II1.6.6. Combining this with the preceding considerations, we get

~

tind(©) = (<1 [ eh(©)Aw) >

*M
In view of the short exact sequence of vector bundles,

0= TM L FTRY &0 0,

there is an isomorphism of vector bundles TM @& v = f*TRY. Since the right
hand side is a trivial vector bundle, Proposition 11.4.15(a) gives

~ ~

ATM)AW) = 1,
thus A(v)~2 = A(M)?, whence the statement. O
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I11.6.8. COROLLARY (Atiyah—Singer, [6]). Let E and F' be two complex vector
bundles over a closed manifold M of dimension n, and suppose A € VDO (E, F)
1s an elliptic pseudodifferential operator. Then

ind(A) = (-1)" / ch(o(A)A(M)?.

*M
If, moreover, M is oriented, then

ind(A) = (—1)™+1/2 /M m(ch(o(A)))A(M)?,

where m denotes integration along the fiber.

Proor. The first formula follows immediately from Theorem III.6.5 and
Proposition I11.6.7. Using a basic fact for integration along the fiber, namely

5/\7T*oz:j:/ (mpB) A a,
T*M M
for f € Qi(T*M) and a € Q*(M), see [12], the second formula follows too. [

I11.6.9. PROPOSITION. Ifm: E — M s an oriented real vector bundle of even
rank, then

mch(A(Ee)) = (—1)"e(E)A(E)™% € HY*(M).

[11.6.10. COROLLARY (GauBl-Bonnet-Chern). Let M be a closed oriented
manifold of even dimension. Then

00 = [ e,
M
PRrROOF. In (II1.16) we have shown
X(M) = ind (Qeven(M; C) 2=, qedd( <C)>.
Clearly,
o(D)=ANT"M®C) e K.(T"M).
By Proposition I11.6.9
mch(o(D)) = e(T*M)A(T*M)™2 = e(M)A(M)~2 € H®™(M).
Consequently,
ind(D) = / e(TM),

M

according to Corollary II1.6.8. O

Suppose 7: E — M is an oriented real vector bundle of even rank. With the
help of a fiber wise Euclidean metric on F one can introduce a vector bundle
homomorphism x: AEc — AFE¢ with #2 = 1, which leads to an element

AyEc — A_E¢ € K(M).
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Moreover, Clifford multiplication ¢: 7*A, Ec — 7*A_ E¢ is invertible outside the
zero section, and leads to an element

3(E) = [r*A, Ec, m*A_Ec, d € K.(E).

I11.6.11. PROPOSITION ([27, Proposition 111.12.4]). If 7: E — M s an ori-
ented real vector bundle of even rank, then

mch(0(E)) = (=1)"L(E)A(E)™2 € H*(M).

II1.6.12. COROLLARY (Hirzebruch signature theorem). Let M be a closed ori-
ented manifold of dimension n = 4k. Then

sign(M) = L(M) = / L(TM).
M
PRrROOF. In (II1.17) we have shown

sign(M) = ind <Q+(M; C) 2=t

O_(M; C)).
Clearly,

o(D)=6(T"M) € K.(T*M).
By Proposition I11.6.11,

mch(o(D)) = L(T*M)A(T*M)™2 = L(M)A(M)~2 € H*(M).

Consequently,

ind(D) = / L(TM) = L(M),

M

according to Corollary II1.6.8. U

II1.6.13. COROLLARY ([27, Theorem 13.12]). On an odd dimensional closed
manifold, the index of every elliptic differential operator is zero.?”

PROOF. Let v: T*M — T*M denote the vector bundle isomorphism, v(£) :=
—£. In view of the assumption on the dimension, this is an orientation reversing
diffecomorphism. Let A € WDOZ(FE, F) be an elliptic differential operator with
principal symbol o. Then o(—¢) = (—1)"0 (), for all £ € T*M, whence v*o =
(—1)™o. Note that o and —o are regularly homotopic via e™ie, t € [0, 1], hence

v'(o(A)) =0(A) € K(T"M).
By naturality of the Chern character, and since v*A(M) = A(M), we obtain
v* (ch(o(A)A(M)?) = ch(o(A)A(M)? € H™™(T*M).
Since v is orientation reversing, this implies
— / ch(o(A))A(M)? = / ch(o(A))A(M)? = 0.
“M M
Hence, ind(A) = 0 according to Corollary II1.6.8. O

2"This does not remain true for pseudodifferential operators.



II1.7. Concluding remarks. We did not have the time to introduce the
Atiyah—Singer operator, a Dirac operator D: I'(Sy) — I'(S_) of fundamental
importance which exists on spin manifolds of dimension 4k. For this operator
the index theorem takes the simple form [27, Theorem 13.10]

ind(D) = A(M) = /M A(M). (I11.24)

Since the index is an integer this implies:

II1.7.1. THEOREM (Atiyah—Hirzebruch). If M is a compact spin manifold of
dimension 4k, then A(M) is an integer. If, moreover, dim(M) = 4 + 8k, then
A(M) is an even integer.

To see the second part of the theorem, note that in these dimensions the bun-
dles Sy are actually quaternionic, and D is linear over the quaternions. Hence
kernel and cokernel of D are modules over the quaternions, whence of even com-
plex dimension.

Combining this with ...

II1.7.2. THEOREM (Rochlin). The signature of a closed smooth spin 4-manifold
1s a multiple of 16.

Topological spin 4-manifold with signature 8 do exist. According to Rochlin’s
theorem these do not admit smooth structures.

Combining (I11.24) with the Weitzenbock formula, see , this leads to a striking
vanishing theorem, see [27, Theorem IV.4.1]:

I11.7.3. THEOREM (Atiyah—Hitchin—Lichnerowicz—Singer). If M is a closed
spin manifold with positive scalar curvature, then A(M) = 0.

The language of K-theory is very well suited for problems revolving around the
index theorem. In particular, everything above generalizes in a straight forward
and permits to show:

(a) Equivariant index theorem: In this case a compact Lie group G acts on M
and all bundles in a way compatible with the operator. Then kernel and cok-
ernel are finite dimensional representations of GG, and the index is a formal dif-
ference of representations, hence an element of R(G), the Grothendieck group
of virtual representations, which coincides with the equivariant K-theory of
a point. The equivariant index theorem computes this virtual representation,
not just its dimension. This leads to interesting fixed point theorems. More
information can be found in [5] or [27].

(b) Family index theorem: In this situation, one considers a family of elliptic
operators, parametrized by a compact space B. Then kernel and cokernel
depend on the parameter in B too, and the index is an element in K(B).

The family index theorem computes this K-theory class. See [7] or [27].
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A totally different proof of the (local) index theorem based on the heat trace
and Getzler’s scaling can be found in [16] or [10]. In this approach the charac-
teristic forms in the integral appear naturally from the asymptotic expansion of
the heat kernel.
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