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ABSTRACT. These notes are a supplement to a first year graduate course in
manifold theory.
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CHAPTER 1

Manifolds

1.1. Smooth Manifolds

1.1.1. Basic Definitions. An manifold M, is a topological space with a maz-
imal atlas or a mazximal smooth structure.

There are two virtually identical definitions. The standard definition is as
follows: There is an atlas A consisting of maps F, : U, — R™= such that

(1) U, is an open covering of M.

(2) F, is a homeomorphism on to its image.

(3) The transition functions F, o Fgl : Fg(UaNUg) — F, (U, NUg) are
diffeomorphisms.

In condition 3 it suffices to show that the transition functions are smooth as they
are already forced to be homeomorphisms.

A smooth structure is a collection D consisting of continuous functions whose
domains are open subsets of M with the property that: For each p € M, there is
an open nghd U > p and functions z' € D, i = 1,...,n such that

(1) The domains of z* contain U.

(2) The map F = (xl, ,x") : U — R" is a homeomorphism onto its image
V CcR™

(3) For each f: O — R in A there is a smooth function h : VN F (O) —» R
such that f = h (2!, ...,2") on UNO.

Note that h = f o F~! in condition 3, but it is usually possible to find h without
having to invert F'. The map in 2 in both definitions is called a chart or coordinate
system on U. The topology of M is recovered by these maps.

Note that it is very easy to see that these two definitions are equivalent. Both
have advantages. The first in certain proofs, the later is generally easier to work
with when showing that a concrete space is a manifold. It is also often easier to
work with when it comes to defining key concepts.

A continuous function f: O — R is said to be smooth wrt D if DU {f} is also
a smooth structure. In other words we only need to check that condition 3 still
holds when we add f to our collection D.

The space of all smooth functions is now a maximal smooth structure.

It is often the case that all the functions in D have domain M. In fact it is
possible to always select the smooth structure such that this is the case. We shall
also show that it is possible to always use a finite collection D.

A manifold of dimension n or an n-manifold is a manifold such that coordinate
charts always use n functions.

ProposiTION 1.1.1. IfU C R™ and V C R™ are open sets that are diffeomor-
phic, then m = n.
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PRrROOF. The differential of the diffeomorphism is forced to be a linear isomor-
phism which shows that m = n. ([

COROLLARY 1.1.2. A connected manifold is an n-manifold for some integer n.

PROOF. It is not possible to have coordinates around a fixed point into different
Euclidean spaces. Let A™ C M be the set of points that have coordinates using n
functions. This is clearly an open set. Moreover if p; — p and p; € A™ then we
see that if p has a chart that uses m functions then p; will also have this property
showing that m = n. O

1.1.2. Examples. Spheres and their coordinates, both orthogonal projection
coordinates and stereographic projection coordinates.

Projective spaces.

Matrices of constant rank.

Tangent spaces to spheres:

TS™ ~{(p,v) € R"™" x R*"' : |p| = 1 and (p|v) =0}

1.1.3. Topological Properties of Manifolds. The goal is to show that we
can construct partitions of unity. This means that we have to start by showing that
the space is paracompact. The minimal topological assumptions for this to work is
that the space is locally compact, second countable, and Hausdorff. For a manifold
as defined above this means that the topology additionally has to be separable
(contains a dense countable subset) and Hausdorff. The Hausdorfl property is
essential for much that we do, but it will also seem as if we rarely use it explicitly.
Two essential properties come from the Hausdorff axiom. First, that limits of
sequences are uniquely defined. Second, that compact subsets are closed sets. A
compact set which is not closed is often called quasi-compact.

We now proceed to the constructions that are directly related to what we shall
use later.

THEOREM 1.1.3. A Hausdorff, second countable and locally compact space is
o-compact and paracompact.

PRrROOF. The fact that the space is locally compact and has a countable dense
subset immediately shows that it is o-compact. In fact the space has a countable
open cover A, where each closure A, is compact. From such a cover we can
construct what is known as a compact exhaustion: Ky C Ko C --- , where each K;
is compact, K; C intK;41, and M = |J K;. The construction is inductive: Let K3
be any of the sets A,, and define K; as the union of a finite collection of flg such
that Ag cover K;_.

To show that the space is paracompact let V; = intK; — K;_;. Then C; = V;
are compact “annuli” with C; N C; = () when |i — j| > 1. Extend this to a covering
of open sets U; = V;_1 UV; U V41 and note that U; N U; = @ when [i — j| > 4. In
other words these are locally finite covers. Given an open cover B, we can consider
the refinement B, NU;. For fixed i we can then extract a finite collection of B, NU;
that cover the compact set V;. This leads us to a locally finite refinement of the
original cover. O

The fundamental lemma we need is a smooth version of Urysohn’s lemma.
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LEMMA 1.1.4. (Smooth Urysohn) If M is a smooth manifold and Cy,Cy C M
are disjoint closed sets, then there exists a smooth function f: M — [0, 1] such that

Co=f"1(0) and C, = f~1(1).

PRrROOF. First we claim that for each open set O C M there is a smooth function
f: M —[0,00) such that M — O = f=1(0).
We start by proving this in Euclidean space. First note that for any open cube

O = (al,bl) X -+ X (an,bn)

there is a bump function R™ — [0, 00) that is positive on O and vanishes on the
complement. Next write a general open set O as a union of open cubes such that
for all p € O there is a neighborhood U that intersects only finitely many open
cubes. Using bump functions on each of the cubes we can then add them up to get
a function that is positive only on O.

Next note that if U C M is open and admits a chart, then this construction
gives us a function that is positive on U. If we extend this function to vanish
on M — U we certainly obtain a continuous function. Since all partial derivatives
converge to zero as we approach the boundary of U this also becomes a smooth
function.

More generally we can now cover any open set O C M by a locally finite cover
of charts. On each chart construct a function as just explained and then add all of
these functions to obtain a smooth function that is positive on O and vanishes on
M - 0.

Finally, the Urysohn function is constructed by selecting f; : M — [0, 00) such
that f; ' (0) = C; and defining

fo (2)

f)= ————.
(@) Jo(z) + f1(x)
This function is well-defined as CoNCy = @ and is the desired Urysohn function. O

We can now easily construct the partitions of unity we need.

LEMMA 1.1.5. Let M be a separable Hausdorff manifold. Any countable locally
finite covering U, of open sets has partition of unity subordinate to this covering,
i.e., there are smooth functions ¢o : M — [0,1] such that suppo, C U, and

1=, ba-

PROOF. The previous result gives us functions A\, : M — [0,1] such that
Ayt (0) = M — U,. As the cover is locally finite the sum ) A, is well-defined.

(0%
Moreover it is always positive as U, cover M. We can then define

Finally we can use this to show

PrOPOSITION 1.1.6. A separable Hausdorff manifold admits a proper smooth
function.

PROOF. Select a compact exhaustion K; C Ky C --- , where each K; is
compact, K; C intK;41, and M = |JK;. Then choose functions ¢; : M — [0, 1]
such that ¢; (K;—1) =0 and ¢; (M — K;) = 1. Then consider p = _ ¢;. O
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One can additionally show that a connected metric space that is locally compact
is also o-compact and hence separable. On the other hand the Urysohn metrization
theorem asserts that a separable normal Hausdorff space is metrizable. The proof
of this result is remarkably simple.

THEOREM 1.1.7. A second countable normal Hausdorff space is metrizable.

PROOF. We shall only use that the space is completely regular. In fact Ty-
chonoft’s Lemma shows that a regular Lindel6f space is normal. So it suffices to
assume that the space is separable and regular. There are second countable Haus-
dorff spaces that are not regular (79 in [Steen & Seebach]). Note that such spaces
can’t be locally compact.

The key is to use that the Hilbert cube: x$2,I; where I; = [0, 1] is metrizable
and so the goal is simply to show that our space is homeomorphic to a subset in
this space. The metric comes from identifying I; with the interval of length 27¢.

Choose a countable collection of closed sets C such that their complements
generate the topology of M and countable dense subset A C M. Enumerate the
all pairs (z;,C;) € A x C with z; ¢ C;, and for each such pair select a function
¢; : M — [0,1] such that ¢; (z;) = 0 and ¢; (C;) = 1. Then we obtain a map
DM — x2,1I; by ®(z) = x2,¢; (). This map is injective since distinct points
can be separated by open sets whose complements are in C. Next one can show
that for each C € C the image ® (C) is also closed. This shows that the map is an
embedding on to its image.

A metric can be explicitly given by

d(z,y) =Y 27" |fi(x) - fi ()]

K2

O

1.1.4. Submanifolds. A subset S C M is a submanifold if admits a topology
such that the restriction of the differentiable structure on M to S is a differentiable
structure. The dimension of the structure on S will generally be less than that of
M unless S is an open subset with the induced topology. Note that the topology
on S can be different that the induced topology, but it has to be finer as we require
all smooth functions on M to be smooth on S.

1.1.5. Whitney Embeddings.

ProroSITION 1.1.8. If U C M is an open set in a smooth manifold and f :
U — R" is smooth, then A\f defines a smooth function on M if A and all of its
derivatives vanish on M — U.

PrOOF. Clearly Af is smooth away from the boundary of U. On the boundary
A and all it derivatives vanish so the product rule shows that Af is also smooth
there. (]

THEOREM 1.1.9. (Pre-Whitney Embedding) If M™ is covered by finitely many
coordinate charts, then it admits a proper embedding into Euclidean space R™ for
somen >>m.

ProOOF. Cover M by a finite number of coordinate charts F; : U; — R™,
i = 1,..,N. Next select bump functions \; : M — [0,1] such that \;'(0) =
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M — U;. Then \;F; define smooth functions on M. Finally select a proper function
p: M —[0,00). We can then consider the smooth map

F : M—-Rx@®")Y xRN
F(z) = (p(z),\(2) F1(2), .., An () Fy (2), A1 (2) 500, AN (2)

This is our desired embedding. First we show that it is injective and that the
differential is injective.

If F(z) = F(y), then A; () = X\; (y) for all 7. Selecting i so that A\; (z) > 0
then shows that F; (x) = F; (y). This shows that x = y as F; is bijective.

If DF (v) = DF (w) for v,w € T, M, then again d\; (v) = dX; (w) . The product
rule implies

D (AiF3) |p = (dXi) [pFi (p) + i (p) DE
Selecting i so that A; (p) > 0 then gives
DFil, (v) = DFilp (w)

showing that v = w.

Finally note that the map is also proper and therefore a closed map (see section
on flows). This implies that it is a homeomorphism onto its image and in particular
an embedding. O

THEOREM 1.1.10. (Whitney Embedding, Intermediate Version) If F': M™ —
R™ s an injective immersion, then there is also an injective immersion M™ —
R2m+1. Moreover, if one of the coordinate functions of F is proper, then we can
keep this property. In particular, when M is compact we obtain an embedding.

PROOF. For each v € R™ — {0} consider the orthogonal projection onto the
orthogonal complement

fo(z) =2 — (ngv

The image is an n — 1 dimensional subspace. So if we can show that f, o F' is an
injective immersion then the ambient dimension has been reduced by 1.

Note that f, 0 F (z) = f, o F (y) iff F (x) — F (y) is proportional to v. Similarly
D (f,oF)(w)=0iff DF (w) is proportional to v.

As long as 2m +1 < n Sard’s theorem implies that the union of the two images

H : MxMxR—R"
h(z,y,t) = t(F(z)=F(y))
G : TM —R"
Gw) = dF(w)

has measure zero. Therefore, we can select v € R" — (H (M x M x R) UG (TM)).

Assuming f, o F () = f, o F(y), we have F (z) — F(y) = sv. If s =0
this shows that F'(z) = F (y) and hence z = y. Otherwise s # 0 showing that
s7H(F (z) — F (y)) = v and hence that v € H (M x M x R).

Assuming D (f, o F') (w) we get that DF (w) = sv. If s = 0, this shows that
DF (w) = 0 and hence that w = 0. Otherwise DF (s~'w) = v showing that
veG(TM).

Note that the v we selected could be taken from O—(H (M x M x R)UG (TM)),
where O C R" is any open subset. This gives us a bit of extra information. While we
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can’t get the ultimate map M™ — R?™*! to map into a specific 2m+ 1 dimensional
subspace of R™, we can map it into a subspace arbitrarily close to a fixed subspace
of dimension 2m + 1. To be specific simply assume that R?>™+! c R" consists of
the first 2m + 1 coordinates. By selecting v € (—e,)*™ ™! x (1 —e,14+¢)"""!
we see that f, changes the first coordinates with an error that is small.

This can be used to obtain proper maps f, o F. To see this assume that the
first coordinate for F' is proper. Then (F (z) |w) is still proper as a function of x as
long as w is close to the first basis vector e;. This in turn shows that (f, o F' (z) |w)
is proper when w 1 v. 0

Note also that if F' starts out being only an immersion, then we can find an
immersion into R?™. This is because G (T'M) C R™ has measure zero as long as
n > 2m.

THEOREM 1.1.11. (Whitney Embedding, Final Version) An m-dimensional
manifold M admits a proper embedding into R¥™+1,

PRrROOF. We only need to find a proper embedding into some Euclidean space.
This uses both of the previous results in a surprising way. The key observation is
that any open subset of M with compact closure admits an embedding into R2™+1,
Write M = |JU,; where each U; is open with compact closure and U; N U; = 0
when |i — j| > 1. Then note that each of the disjoint unions |JUs; and | Us;y1
can be embedded into R?™+! by mapping disjoint components into disjoint balls
in Euclidean space. Then do a partition of unity to create an injective immersion
into (R2m+1)2 x R? and finally a proper embedding into R x (R2m+1)2 x R2. Then
use the previous Theorem to obtain the final proper embedding. O

1.1.6. Extending Embeddings. >Local canonical forms for immersions and
nonsingular maps.

LEMMA 1.1.12. Let F : M — N be an immersion, such that it is an embedding

when restricted to the embedded submanifold S C M, then F is an embedding on a
neighborhood of S.

PrOOF. We only do the case where dim M = dim N. It is a bit easier and also
the only case we actually need.

By assumption F' is an open mapping as it is a local diffeomorphism. Thus
it suffices to show that it is injective on a neighborhood of S. If it is not injective
on any neighborhood, then we can find sequences z; and y; that approach S with
F (z;) = F (y;) . If both sequences have accumulation points, then those points will
lie in S and we can, by passing to subsequences, assume that they converge to
points z and y in S. Then F () = F (y) so x = y and x; = y; for large i as they lie
in a neighborhood of z = y where F' is injective. If one or both of these sequences
have no accumulation points, then it is possible to find a neighborhood of S that
doesn’t contain the sequence. This shows that we don’t have to worry about the
sequence. U

LEMMA 1.1.13. Let M C R™ be an embedded submanifold. Then some neigh-
borhood of the normal bundle of M in R™ is diffeomorphic to a neighborhood of M
in R™.

PrOOF. The normal bundle is defined as

v(MCR") ={(v,p) e L,R"xM:v LT,M}
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There is a natural map

v(MCR") — R",
(v;p) — v+p

One checks easily that this is a local diffeomorphism on some neighborhood of
the zero section M and that it is clearly an embedding when restricted to the
zero section. The previous lemma then shows that it is a diffeomorphism on a
neighborhood of the zero section. O

THEOREM 1.1.14. Let M C N be an embedded submanifold. Then some neigh-
borhood of the normal bundle of M in N is diffeomorphic to a neighborhood of M
in N.

PROOF. Any subbundle of TN|,, that is transverse to TM is a normal bundle.
It is easy to see that all such bundles are isomorphic. One specific choice comes
from embedding N C R™ and then defining

v(MCN)={(v,p) € TyN xM:v LT,M}

We don’t immediately get a map v (M C N) — N. What we do is to select a
neighborhood N C U C R" as in the previous lemma. The projection 7 : U — N
that takes w + ¢ € U to ¢ € N is a submersion deformation retraction. We then
select a neighborhood M C V C v (M C N) such that v+p € U if (v,p) € V. Now
we get a map

Vv — N
(v,p) — m(v+p)

that is a local diffeomorphism near the zero section and an embedding on the zero
section. 0

1.1.7. Flows and Submersions. We start with something very basic.

ProrosITION 1.1.15. Let F': M™ — N™ be a smooth map.

If F is proper, then it is closed.

If F is a submersion, then it is open.

If F is a proper submersion and N is connected then it is surjective.

PROOF. 1. Let C C M be a closed set and assume F (z;) — y, where x; € C.
The set {y, F (x;)} is compact. Thus the preimage is also compact. This implies
that {z;} has an accumulation point. If we assume that x;;, — = € C, then
continuity shows that F (z;,) — F (z). Thus y = F (z) € F (C).

2. Consequence of local coordinate representation of F.

3. Follows directly from the two other properties. (I

Before delving in to the more general theory we present an important basic
result for maps with nonsingular differential.

LEMMA 1.1.16. Let F : M™ — N™be a smooth proper map. If y € N is a
reqular value, then there exists a neighborhood V around y such that F~1(V) =
Up—; Uxwhere Uy, are mutually disjoint and F : Uy, — V is a diffeomorphism.
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PROOF. First use that F is proper to show that F~1(y) = {z1,...,2,} is a
finite set. Next use that y is regular to find mutually disjoint neighborhoods Wy
around each zj such that F': W, — F(W}) is a diffeomorpism. If the desired V
does not exist then we can find a sequence z; € M —J;_; W}, such that F(z;) — y.
Using again that F' is proper it follows that (z;) must have an accumulation point
z. Continuity of F' then shows that z € F~1(y). This in turn shows that infinitely
many z; must lie in (J;_, Wi, a contradiction. O

>Main theorem on flows and integral curves, with emphasis on integrals curves
being defined for all time or leaving every compact set.
We use the general notation that ®% is the flow corresponding to a vector field
X, ie.
i(bt = X|gpt = X o D,
qgr X T Aley = °0Px

Let F: M™ — N™ be a smooth map between manifolds. If X is a vector field
on M and Y a vector field on N, then we say that X and Y are F-related provided
DF (X|,) = Y|r(p), or in other words DF (X) =Y o F.

PROPOSITION 1.1.17. X andY are F-related iff Fo®Y = ®% oF for sufficiently
small t.

PROOF. Assuming that F o % = &% o F' we have
d
DF(X) = DF (o)
d
= l=o (Fo®Y%)

d
= %|t:0(¢§/OF)
YO(I)?/OF
= YoF
Conversely DF (X) =Y o F implies that
d d
— (Fody) = DF|(—®
g (o %) (dt X)
— DF(Xoak)
= YoFo(I)g/
d

Since the two curves t — F o ®% and t — ®! o F' clearly agree when ¢ = 0, this
shows that they are the same. In fact we just showed that ¢ — F o ®% is an integral
curve for Y. O

>Local canonical form for submersions
In case F' is a submersion it is possible to construct vector fields in M that are
F-related to a given vector field in N.

PrOPOSITION 1.1.18. Assume that F' is a submersion. Given a vector field Y
in N, there are vector fields X in M that are F-related to Y.
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PRrROOF. First we do a local construction of X. Since F' is a submersion we can
always find charts in M and N so that in these charts F' looks like

F (:cl, ...,xm) = (a:l, ,x") .

Note that m > n so the RHS just consists of the first n coordinate from (xl, e a:m) .
If we write Y = a'9;, then we can simply define X = " | a‘d;. This gives the
local construction.

For the global construction assume that we have a covering U,, vector fields
X, on U, that are F-related to Y, and a partition of unity A, subordinate to U,,.
Then simply define X = > A, X,, and note that

DF(X) = DF(ZAQXQ)
= > XaDF(X,)
= D XYoF

= YolF.
O

Finally we can say something about the maximal domains of definition for the
flows of F-related vector fields given F' is proper.

PROPOSITION 1.1.19. Assume that F' is proper and that X andY are F-related
vector fields. If F (q) = p and ®% (p) is defined on [0,b), then @ (q) is also defined
on [0,b). In other words the relation F o ®4 = ®% o F holds for as long as the RHS
is defined.

PROOF. Assume ®% (g) is defined on [0, a). If a < b, then the set
K = {zeM:F(x)=%®} (p) for somet € [0,a]}
= F'({®} (p):te[0,d]})

is compact in M since F' is proper. The integral curve t — ®% (g) lies in K since
F (9% (¢)) = ®% (p). It is now a general result that maximally defined integral
curves are either defined for all time or leave every compact set. Thus &% (¢) must
be defined on [0,b). O

These relatively simple properties lead to some very general and tricky results.

A fibration F' : M — N is a smooth map which is locally trivial in the sense that
for every p € N there is a neighborhood U of p such that F~! (U) is diffeomorphic
to U x F~1 (p) . This diffeomorphism must commute with the natural maps of these
sets on to U. In other words (z,y) € U x F~1(p) must be mapped to a point in
F~1(z). Note that it is easy to destroy the fibration property by simply deleting a
point in M. Note also that in this context fibrations are necessarily submersions.

Special cases of fibrations are covering maps and vector bundles. The Hopf
fibration S — S2 = P! is a more non trivial example of a fibration, which we shall
study further below. Tubular neighborhoods are also examples of fibrations.

THEOREM 1.1.20. (Ehresman) If F': M — N is a proper submersion, then it
s a fibration.
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PRrROOF. As far as N is concerned this is a local result. In N we simply select
a set U that is diffeomorphic to R” and claim that F~! (U) ~ U x F~!(0). Thus
we just need to prove the theorem in case N = R”, or more generally a coordinate
box around the origin.

Next select vector fields X1, ..., X,, in M that are F-related to the coordinate
vector fields 0, ...,d,. Our smooth map G : R® x F~1(0) — M is then defined
by G (t',....t" z) = @7};1 0---0 @g;n (z). The inverse to this map is G71(2) =

(F (2), @y o0 cb;}ll (z)) , where F (2) = (t*,...,t"). O
The theorem also unifies several different results.

COROLLARY 1.1.21. (Basic Lemma in Morse Theory) Let F' : M — R be a
proper map. If F is reqular on (a,b) C R, then F~1 (a,b) ~ F~!(c) x (a,b) where
c € (a,b).

COROLLARY 1.1.22. Let F : M — N be a proper nonsingular map with N
connected, then F is a covering map.

COROLLARY 1.1.23. (Hadamard) Let F : R™ — R™ be a proper nonsingular
map, then F is a diffeomorphism.

COROLLARY 1.1.24. (Reeb) Let M be a closed manifold that admits a map with
two critical points, then M is homeomorphic to a sphere. (This is a bit easier to
show if we also assume that the critical points are nondegenerate.)

Finally we can extend the fibration theorem to the case when M has boundary.

THEOREM 1.1.25. Assume that M is a manifold with boundary and that N is
a manifold without boundary, if F : M — N is proper and a submersion on M as
well as on OM, then it is a fibration.

PROOF. The proof is identical and reduced to the case when N = R™. The
assumptions allow us to construct the lifted vector fields so that they are tangent
to OM. The flows will then stay in OM or intM for all time if they start there. [

This theorem is sometimes useful when we have a submersion whose fibers are
not compact. It is then occasionally possible to add a boundary to M so as to
make the map proper. A good example is a tubular neighborhood around a closed
submanifold S C U. By possibly making U smaller we can assume that it is a
compact manifold with boundary such that the fibers of U — S are closed discs
rather than open discs.

There is also a very interesting converse problem: If M is a manifold and ~ an
equivalence relation on M when is M/ ~ a manifold and M — M/ ~ a submersion?
Clearly the equivalence classes must form a foliation and the leaves/equivalence
classes be closed subsets of M. Also their normal bundles have to be trivial as
preimages of regular values have trivial normal bundle. The most basic and still
very nontrivial case is that of a Lie group G and a subgroup H. The equivalence
classes are the cosets gH in G and the quotient space is G/H. When H is dense in
G the quotient topology is not even Hausdorff. However one can prove that if H is
closed in G then the quotient is a manifold and the quotient map a submersion.
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A nasty example is R? — {0} with the equivalence relation being that two points
are equivalent if they have the same z-coordinate and lie in the same component
of the corresponding vertical line. The quotient space is the line with double origin
and so is not Hausdorff!

1.2. Projective Space

Given a vector space V we define P (V') as the space of 1-dimensional subspaces
or lines through the origin. It is called the projective space of V. In the special case
were V = F"*! we use the notation PP (F"*') = FP" = P". This is a bit confusing
in terms of notation. The point is that P™ is an n-dimensional space as we shall
see below.

One can similarly develop a theory of the space of subspaces of any given
dimension. The space of k-dimensional subspaces is denoted Gy (V) and is called
the Grassmannian.

1.2.1. Basic Geometry of Projective Spaces. The space of operators or
endomorphisms on V' is denoted end (V') and the invertible operators or automor-
phisms by aut (V). When V = F” these are represented by matrices end (F") =
Mat (F) and aut (F™) = Gl,, (F) . Since invertible operators map lines to lines we see
that aut (V') acts in a natural way on P (V') . In fact this action is homogeneous, i.e.,
if we have p,q € P(V), then there is an operator A € aut (V) such that A (p) = q.
Moreover, as we know that any two bases in V' can be mapped to each other by
invertible operators we have that any collection of k independent lines p1, ..., px, i.e.,
pL+- 4+ pr =p1P- - D pg can be mapped to any collection of k£ independent lines
q1, .-, qr- This means that the action of aut (V) on P (V) is k-point homogeneous
for all & < dim (V). Note that this action is not effective, i.e., some transforma-
tions act trivially on P (V). Specifically, the maps that act trivially are precisely
the homotheties A = Aly.

Since an endomorphism might have a kernel it is not true that it maps lines to
lines, however, if we have A € end (V) , then we do get amap A : P(V)—P (ker A) —
P (V) defined on lines that are not in the kernel of A.

Let us now assume that V' is an inner product space with an inner product
(v|w) that can be real or complex. The key observation in relation to subspaces
is that they are completely characterized by the orthogonal projections onto the
subspaces. Thus the space of k-dimensional subspaces is the same as the space of
orthogonal projections of rank k. It is convenient to know that an endomorphism
E € end (V) is an orthogonal projection iff it is a projection, E? = E that is self-
adjoint, E* = E. In the case of a one dimensional subspace p € P (V') spanned by
a unit vector v € V, the orthogonal projection is given by

proj, (z) = (z,v) v.

Clearly we get the same formula for all unit vectors in p. Note that the formula
is quadratic in v. Using this we get a map P (V) — end (V). This gives P(V) a
natural topology and even a metric. One can also easily see that P (V') is compact.

We can define two natural metrics on P (V). One is simply the angle between
the lines. Another related metric uses that end (V) is itself an inner product space
with inner product (A, B) = tr (AB*). Let just compute this inner product for
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w where v and w are unit vectors:

<

proj, (z) = (z,v) v and proj, (z) = (z,w

—~

proj,, o proj )
<prOJp o proj, (e (&), el>

<pr0jp,pr0jq> = ftr

{{proj, (e;) ,v) v, e;)
(((es, w) w, v) v, €3)
(es, w) (w,v) (v, e;)
(v, €3) €3, w) (w, v)

(v, w) {w,v)
w)|?.

MMMMMM

I
=
£

Note again the quadratic nature of this formula. Since (v, w)|* < |[v]” Jw|” = 1 we
can define the angle between p,q € P (V) as the unique £ (p,q) € [ 1] such that

cos £ (p, q) = |(v, w>|2

Our first observation is that this angle is zero iff |(v,w)|> = |v|*|w|?, which we
know is equivalent to v and w being proportional, and hence defining the same line.

Note that this angle concept isn’t quite what we might expect geometrically
although it does recapture our intuitive notion of perpendicularity, e.g., p L ¢ iff
v L w. A more geometric angle concept would be defined via

cos £ (p,q) = |(v, w)].

Automorphisms clearly do not preserve angles between lines and so are not
necessarily isometries. However if we restrict attention to unitary or orthogonal
transformations U C aut (V) then we know that they preserve inner products of
vectors. Therefore, they must also preserve angles between lines. Thus U acts by
isometries on P (V). This action is again homogeneous so P (V') looks the same
everywhere.

1.2.2. Coordinates. We are now ready to coordinatize P (V). Select p €
P (V) and consider the set of lines P (V) — P (p*) that are not perpendicular to p.
This is clearly an open set in P (V) and we claim that there is a coordinate map
Gp : hom ( ,pl) —-P(V)-P (pl) . To construct this map decompose V ~ p @ p*
and note that any line not in p* is a graph over p given by a unique homomorpism
in hom (p,p*) . The next thing to check is that G, is a homeomorphism onto its
image and is differentiable as a map into end (V). Neither fact is hard to verify.
Finally observe that hom (p, pJ-) is a vector space of dimension dim V' — 1. In this
way P (V) becomes a manifold of dimension dim V' — 1.

In case we are considering P we can construct a more explicit coordinate map.
First we introduce homogenous coordinates: select z = (2°,...,2") € F**1 — {0}
denote the line by [2%:---:2"] € P", thus [z :--:2"] = [w®:---:w"] iff and
only if z and w are proportional and hence generate the same line. If we let
p=[1:0:---:0], then F* — P" is Simplpr(zl,...,z”) = [1:,21 : z”]
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Keeping in mind that p is the only line perpendicular to all lines in p we see
that P™ — p can be represented by

P —p={[z:2" 12" : (2},...,2") € F* — {0} and z € F}.
Here the subset
[P’(pL) ={[0: 2t 2" (zl,...,z") e F" —{0}}
can be identified with P"~!. Using the transformation
00 --- 0
0 1 0
Ro = : S
0 0 1
ker (Rg) = p

we get a retract Ry : P® — p — P"~1, whose fibers are diffeomorphic to F. Using
the transformations

0 1 0
Rt:
00 -« 1

we see that Ry is in fact a deformation retraction.

Finally we check the projective spaces in low dimensions. When dimV = 1,
P (V) is just a point and that point is in fact V' it self. Thus P (V) = {V}. When
dim V = 2, we note that for each p € P (V) the orthogonal complement p= is again
a one dimensional subspace and therefore an element of P (V). This gives us an
involution p — p* on P (V) just like the antipodal map on the sphere. In fact

PV) = ( v ) {P} ®WV)={r}).
P(V)—{p} - {pL}
F-{0} =~ < (v ) {p} EV)={p}).
Thus P (V) is simply a one point compactification of F. In particular, we have

that RP' ~ S! and CP' ~ S2, (you need to convince your self that this is a
diffeomorphism.) Since the geometry doesn’t allow for distances larger than 7 it is

R

natural to suppose that these projective “lines” are spheres of radius % in F2. This
is in fact true.

1.2.3. Bundles. Define the tautological or canonical line bundle
7 (P") = {(p,v) €P" xF""' 1 v € p}.

This is a natural subbundle of the trivial vector bundle P* x F*t! and therefore
has a natural orthogonal complement

L) ~ {(p,v) eP" xF"*!:p L v}
Note that in the complex case we are using Hermitian orthogonality. These are
related to the tangent bundle in an interesting fashion
TP" ~ hom (7 (P"), 7+ (P"))
This identity comes from our coordinatization around a point p € P". We should
check that these bundle are locally trivial, i.e., fibrations over P"™. This is quite easy,
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for each p € P™ we use the coordinate neighborhood around p and show that the
bundles are trivial over these neighborhoods.

Note that the fibrations 7 (P") — P and F*"*! — {0} — P" are suspiciously
similar. The latter has fibers p — {0} where the former as p. This means that the
latter fibration can be identified with the nonzero vectors in 7 (P™). This means
that the missing 0 in F**! — {0} is replaced by the zero section in 7 (P") in order
to create a larger bundle. This process is called a blow up of the origin in F*+!,
Essentially we have a map 7 (P") — F**! that maps the zero section to 0 and is a
bijection outside that. We can use F*"™! — {0} — P" to create a new fibration by
restricting it to the unit sphere S C F*+1 — {0} .

The conjugate to the tautological bundle can also be seen internally in P"*! as
the map

]P;nJrl _ {p} 5 P"
When p=1[1:0:---:0] this fibration was given by

[z:zoz---:z”] — [ZO:~~-:z”].
This looks like a vector bundle if we use fiberwise addition and scalar multiplication
on z.
The equivalence is obtained by mapping

HD"+1—{[1:O:-~-:0]}—>7’(]P’"),

220 : 2] o ([zoz--':z"]ﬁM)

(20, ..., 27

It is necessary to conjugate z to get a well-defined map. This is why the identifica-
tion is only conjugate linear. The conjugate to the tautological bundle can also be
identified with the dual bundle hom (7 (P"*), C) via the natural inner product struc-
ture coming from 7 (P") C P" x F**1. The relevant linear functional corresponding

to [z c2V z”] is given by

(2%, ...,2")
v— (v, z—
(29, ..., z™)]

This functional appears to be defined on all of F**!, but as it vanishes on the
orthogonal complement to (z,...,2™) we only need to consider the restriction to
Span{(zo, ,z”)} = [zo R z”]

Finally we prove that these bundles are not trivial. In fact, we show that there
can’t be any smooth sections F : P* — S C F**1 — {0} such that F (p) € p for
all p, i.e., it is not possible to find a smooth (or continuous) choice of basis for
all 1-dimensional subspaces. Should such a map exist it would evidently be a lift
of the identity on P" to a map P" — S. In case F = R, the map S — RP" is a
nontrivial two fold covering map. So it is not possible to find RP" — S as a lift
of the identity. In case F = C the unit sphere S has larger dimension than CP"
so Sard’s theorem tells us that CP" — S isn’t onto. But then it is homotopic to a
constant, thus showing that the identity CP" — CP" is homotopic to the constant
map. We shall see below that this is not possible.

In effect, we proved that a fibration of a sphere S — B is nontrivial if either
71 (B) # {1} or dim B < dim S.
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1.2.4. Lefschetz Numbers. Finally we are going to study Lefschetz numbers
for linear maps on projective spaces. The first general observation is that a map
A € aut (V) has a fixed point p € P (V) iff p is an invariant one dimensional subspace
for A. In other words fixed points for A on P (V') correspond to eigenvectors, but
without information about eigenvalues.

We start with the complex case as it is a bit simpler. The claim is that any
A € aut (V) with distinct eigenvalues is a Lefschetz map on P (V) with L (4) =
dim V. Since such maps are diagonalizable we can restrict attention to V = C"*!
and the diagonal matrix

Ao 0
A= :
0 An
By symmetry we need only study the fixed point p = [1:0:---:0]. Note that

the eigenvalues are assumed to be distinct and none of then vanish. To check
the action of A on a neighborhood of p we use the coordinates introduced above
[1:21 :~-~:z”}.Weseethat

A[l:zlzuwz”} = [Aol:/\lzlz'uz)\nz”]
I PO % R, Lo
= 1.)\02'. .)\Oz .

This is already (complex) linear in these coordinates so the differential at p must
be represented by the complex n x n matrix

A

)\—[1) 0
DA|, =

0 An

Ao

As the eigenvalues are all distinct 1 is not an eigenvalue of this matrix, show-
ing that A really is a Lefschetz map. Next we need to check the differential of
det (I — DAJ,). Note that in [Guillemin-Pollack]| the authors use the sign of
det (DA, — I), but this is not consistent with Lefschetz’ formula for the Lefschetz
number as we shall see below. Since Gl,, (C) is connected it must lie in GI5, (R) as
a real matrix, i.e., complex matrices always have positive determinant when viewed
as real matrices. Since DA|, is complex it must follow that det (I — DAJ,) > 0. So
all local Lefschetz numbers are 1. This shows that L (A) = n+1. Since Gl,,41 (C) is
connected any linear map is homotopic to a linear Lefschetz map and must therefore
also have Lefschetz number n + 1.

In particular, we have shown that all invertible complex linear maps must have
eigenvectors. Note that this fact is obvious for maps that are not invertible. This
could be the worlds most convoluted way of proving the Fundamental Theorem of
Algebra. We used the fact that Gl,, (C) is connected. This in turn follows from the
polar decomposition of matrices, which in turn follows from the Spectral Theorem.
Finally we observe that any reasonable proof of the Spectral Theorem will not use
the Fundamental Theorem of Algebra.

The alternate observation that the above Lefschetz maps are dense in Gi,, (C)
is quite useful as the density statement normally uses the Fundamental Theorem
of Algebra.
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The real projective spaces can be analyzed in a similar way but we need to
consider the parity of the dimension as well as the sign of the determinant of the
linear map.

For A € GL3,,,(R) we might not have any eigenvectors whatsoever as A
could be n+ 1 rotations. Since GL3,, ., (R) is connected this means that L (A) =0
on RP*" ™ if A € GL], ., (R). When A € GL;,,, (R) it must have at least two
eigenvalues of opposite sign. Since G Ly, ,, (R) is connected we just need to check
what happens for a specific

1 0
0 -1
0 —1
A = 1 0
0 -1
- 1 O -
[1 0 0
= 0 -1 0
|0 0 R
We have two fixed points
p = [1:0:---:0],
g = [0:1:---:0].
For p we can quickly guess that
-1 0
pa=[ 3 8]
This matrix doesn’t have 1 as an eigenvalue and
-1 0 (2 0
det([—{o R}) —det_OI_R}
- o -
1 1
-1 1
= det
1
L _1 1 -
= ot
So we see that the determinant is positive. For ¢ we use the coordinates [zo 11:22:..0 z”]
and easily see that the differential is
-1 0
0 —-R

which also doesn’t have 1 as an eigenvalue and again gives us positive determinant
for I — DA,. This shows that L(A) =2if A€ GL;, , (R).
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In case A € Glap+1 (R) it is only possible to compute the Lefschetz number
mod 2 as RP?" isn’t orientable. We can select

+1 0
N

with R as above. In either case we have only one fixed point and it is a Lefschetz
fixed point since DA? = 4+R. Thus L(A*) = 1 and all A € Gly,.1 (R) have
L(A)=1.

1.3. Matrix Spaces

Lie groups and spaces of matrices of constant rank.



CHAPTER 2

Basic Tensor Analysis

2.1. Lie Derivatives and Its Uses

Let X be a vector field and F* the corresponding locally defined flow on a
smooth manifold M. Thus F*(p) is defined for small ¢ and the curve t — F*(p)
is the integral curve for X that goes through p at ¢ = 0. The Lie derivative of a
tensor in the direction of X is defined as the first order term in a suitable Taylor
expansion of the tensor when it is moved by the flow of X.

2.1.1. Definitions and Properties. Let us start with a function f : M — R.
Then

F(F* () = f(p)+t(Lxf)(p)+o(t),

where the Lie derivative Lx f is just the directional derivative Dx f = df (X). We
can also write this as

foF' = f4tLxf+o(t),
Lxf = Dxf=df(X).
When we have a vector field Y things get a little more complicated. We wish
to consider Y|p¢, but this can’t be directly compared to Y as the vectors live in

different tangent spaces. Thus we look at the curve ¢t — DF~t (Y\Ft(p)) that lies
in T, M. Then we expand for ¢ near 0 and get

DF~  (Ypt(p) =Y]p +t(LxY)|p+0(2)
for some vector (LxY") |, € T, M. This Lie derivative also has an alternate definition.
PROPOSITION 2.1.1. For vector fields X,Y on M we have
LxY = [X,Y].
PRrROOF. We see that the Lie derivative satisfies
DFE7 " (Y|p:) =Y +tLxY +o(t)
or equivalently

Y|pe = DF"(Y) +tDF' (LxY)+o(t).

21
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It is therefore natural to consider the directional derivative of a function f in the
direction of Y|p: — DF(Y).
Dy,..-prtvyf = Dy|..[ —Dprey)f
= (Dyf)oF' =Dy (foF")
= Dyf+tDxDyf+o(t)
—Dy (f+tDxf+0(t))
= t(DxDyf—DyDxf)+o(t)
= tDixy)f+o(t).
This shows that

i t
LyY = lim = PE)
t—0 t
- [X.Y].

O

We are now ready to define the Lie derivative of a (0, p)-tensor T" and also give
an algebraic formula for this derivative. We define

(FY'T =T +t(LxT)+o(t)
or more precisely
((Ft)*T) (V1,..,Y,) = T(DF'(Y1),..,DF!(Y,))
= T(M,...Y,) +t(LxT) (Y1,....Y,) +o(t).
PROPOSITION 2.1.2. If X is a vector field and T a (0, p)-tensor on M, then

(LxT) (Y1,...,Y,) = Dx (T (Y1, ..., Y, ZT Vi, Lx Y5, ., Yy)

ProOOF. We restrict attention to the case where p = 1. The general case is
similar but requires more notation. Using that

Y|Ft = DFt (Y) +tDFt (ny) + O(t)

we get
((F)'T)(v) = T(DF'(V))
= T (Y|p: —tDF"(LxY)) +o(t)
= T(Y)oF'—tT (DF'(LxY)) +o/(t)
= T(Y)+tDx (T (Y)) —tT (DF*(LxY)) +ol(t).
Thus

(LxT)(Y) = lim (&) 1) (tY)_T(Y)

= lim (Dx (T'(Y)) =T (DF" (LxY)))
= Dx(T(Y))-T(LxY).
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Finally we have that Lie derivatives satisfy all possible product rules. From the
above propositions this is already obvious when multiplying functions with vector
fields or (0, p)-tensors. However, it is less clear when multiplying tensors.

PROPOSITION 2.1.3. Let Ty and T» be (0, p;)-tensors, then
Lx (Ty - To) = (LxTy) - To + Tt - (LxT3) .

PROOF. Recall that for 1-forms and more general (0, p)-tensors we define the
product as

T1 'T2 (Xl,..., pl,Yl, "'7YP2) = T1 (Xl, "'7Xp1) ‘TQ (Yl,...,sz).

The proposition is then a simple consequence of the previous proposition and the
product rule for derivatives of functions. [l

PROPOSITION 2.1.4. Let T be a (0,p)-tensor and f : M — R a function, then
p
i=1

PrROOF. We have that

p
LixT (Y1, Yp) = Dyx (T (Y1, Yy)) = > T (Y1, LyxYi, .., Yy)

©
Il
-

= DX (T, ¥p)) = 3T (Vo [J X,V Y))

= fDx (T (V1,..,Yy)) — fZT(Yl, s [X,Yi], 0 Yy)

O

The case where X|, = 0 is of special interest when computing Lie derivatives.
We note that F* (p) = p for all ¢t. Thus DF* : T,M — T,M and

. DF'(Y],) Y],
LxYl], = lim '
d —t
= 2 (DF ) li=o (Y1)
This shows that Ly = & (DF ") |;—o when X|, = 0. From this we see that if ¢ is
a 1-form then Lx6 = —0 o Lx at points p where X|, = 0.
Before moving on to some applications of Lie derivatives we introduce the
concept of interior product, it is simply evaluation of a vector field in the first
argument of a tensor:

ixT (X1,..., X)) =T (X, X1, .., X))

We can now list 4 general properties of Lie derivatives and how they are related to
interior products.
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Lixy; = LxLy — LyLx,
Lx (fT) = Lx(f)T+ fLxT,
Lx[Y,Z] = [LxY,Z]+[Y,LxZ],
Lx (ivT) = irvT +iy (LxT),

2.1.2. Lie Groups. Lie derivatives also come in handy when working with Lie
groups. For a Lie group G we have the inner automorphism Ady, : # — hxh~tand
its differential at x = e denoted by the same letters

Ad, :g—g.
LEMMA 2.1.5. The differential of h — Ady, is given by U — ady (X) = [U, X]

Proor. If we write Ady, (z) = Rp-1Ly (z), then its differential at x = e is
given by Adj, = DRj,~1DL;,. Now let F'* be the flow for U. Then F* (g) = gF* (e) =
L, (F" (e)) as both curves go through g at ¢ = 0 and have U as tangent everywhere
since U is a left-invariant vector field. This also shows that DF* = DR Fi(e)- Thus

d
ady (X) e = %DRF*‘(e)DLF‘(e) (Xle) [e=0
d
= Y DRe (X|pie) e
5 DRe—t(0) (X|pe(e) li=o0
d
= LDF(X|pein) |
pr (XlFe(ey) le=o0
- LyX =[UX].

This is used in the next Lemma.

LEMMA 2.1.6. Let G = GI(V) be the Lie group of invertible matrices on V.
The Lie bracket structure on the Lie algebra gl (V) of left invariant vector fields on
Gl (V) is given by commutation of linear maps. i.e., if X, Y € TiGL(V), then

[X,Y]|; = XY - YX.

PROOF. Since ¥ — hzh™! is a linear map on the space hom (V, V') we see that
Ady, (X) = hXh™L. The flow of U is given by F* (g) = g (I + tU + o (t)) so we have

U.X] = & (F (D XF D) o
= %((I-ﬁ-tU—l—o(t))X(I —tU +0(t))) |i=0
= UX - XU
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2.1.3. The Hessian. Lie derivatives are also useful for defining Hessians of
functions.

We start with a Riemannian manifold (M™,g). The Riemannian structure
immediately identifies vector fields with 1-froms. If X is a vector field, then the
corresponding 1-form is denoted wx and is defined by

wx (v) = g(X,v).
In local coordinates this looks like
X = d'9;
wx = gijaidxj .
This also tells us that the inverse operation in local coordinates looks like
¢ = ajdmj
= 5;-“akdxj
= gjig" axda’
= gij (9" ax) da’

so the corresponding vector field is X = ¢**a,0;. If we introduce an inner product
on 1-forms that makes this correspondence an isometry

g(wX’wY) :g(X7Y)'

Then we see that

g (da',dz’) = g(g" 0k, g"' 1)

= 9" gu

= 49"

. —
Thus the inverse matrix to g;j, the inner product of coordinate vector fields, is
simply the inner product of the coordinate 1-forms.

With all this behind us we define the gradient gradf of a function f as the

vector field corresponding to df, i.e.,

df (v) g (gradf,v),
Weradf = df7
gradf = ¢Y0;f 0;.

This correspondence is a bit easier to calculate in orthonormal frames E1, ..., E,,,
ie., g(E;, E;) = 0;5, such a frame can always be constructed from a general frame
using the Gram-Schmidt procedure. We also have a dual frame ¢', ..., ™ of 1-forms,
ie., ¢' (E;) = &}. First we observe that

¢ (X) =g(X,E)
thus
X = dE=¢"(X)Ei=9g(X,E)E;
wx = 6d'¢’ =a'¢' =g (X, E;) ¢
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In other words the coeflicients don’t change. The gradient of a function looks like

df = ai¢'=(Dpf)¢,
gradf = g(gradf, E;) E; = (Dg, f) E;.

In FEuclidean space we know that the usual Cartesian coordinates 0; also form
an orthonormal frame and hence the differentials dz® yield the dual frame of 1-
forms. This makes it particularly simple to calculate in R™. One other manifold
with the property is the torus 7. In this case we don’t have global coordinates, but
the coordinates vector fields and differentials are defined globally. This is precisely
what we are used to in vector calculus, where the vector field X = P0, + Q0, + R
0, corresponds to the 1-form wx = Pdz + Qdy + Rdz and the gradient is given by
02 [0y + 0y fO, + 0. f0..

Having defined the gradient of a function the next goal is to define the Hessian
of F. This is a bilinear form, like the metric, Hessf (X,Y") that measures the second
order change of f. It is defined as the Lie derivative of the metric in the direction of
the gradient. Thus it seems to measure how the metric changes as we move along
the flow of the gradient

1
Hessf (X7 Y) = 5 (Lgradfg) (X7 Y)
‘We will calculate this in local coordinates to check that it makes some sort of sense:

1
Hessf (81-, 83) 5 (Lgradfg) (81, aj)

1

1 1
= iLgradfgij - 59 (Lgradfai; 8]) - 59 (81" Lgradfaj)
1 1 1
M aso 20 (lgradf.0).0)) ~ Lo 0 [gradf.0,)

1 1 1

= §Lg"”81f6kgij — 39 ([¢"01f 0k, 05] . 0;) — 3 (0;, [¢¥' O fon. 0;])
1 1 1

= §gklalf3k (9i5) + 59 (9 (g™ Ouf) Ok, 0;) + 29 (05,05 (g™ Ouf) On)
1 1 1

= §gklazf3k (9ij) + 50 (g"'01f) gy + 395 (g™ Ouf) gin
1 1 1

= igklak (9ij) O f + 50 (9") grjouf + 59 (g") gixOrf

1 1
+§gkl@' (Ouf) grj + ggklaj (OLf) gin
1

1 1
= §gkl3k (9ij) Onf — 59“31' (9r5) O f — 59“@' (gix) O f

1 1
+§5§-3i51f + 501 (9;001)

1
= 59“ (Okgij — Oigrj — 05gi) O f + 0;0;f.

So if the metric coeflicients are constant, as in Euclidean space, or we are at a
critical point, this gives us the old fashioned Hessian.

It is worth pointing out that these more general definitions and formulas are
useful even in Euclidean space. The minute we switch to some more general coordi-
nates, such as polar, cylindrical, spherical etc, the metric coefficients are no longer
all constant. Thus the above formulas are our only way of calculating the gradient
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and Hessian in such general coordinates. We also have the following interesting
result that is often used in Morse theory.

LEMMA 2.1.7. If a function f : M — R has a critical point at p then the
Hessian of f at p does not depend on the metric.

PROOF. Assume that X = Vf and X|, = 0. Next select coordinates z* around
p such that the metric coefficients satisfy g;;|, = d;;. Then we see that

Lx (gijda’da’) |, = Lx (9i5) |p + 0i5Lx (da*) da’ + 6;5da’ Lx (da?)
= 6;jLx (dz') da? + 6;;dx’ Ly (da?)
= LX ((Sljdl‘zdl‘j) ‘p.

Thus Hessf|, is the same if we compute it using ¢ and the Euclidean metric in the
fixed coordinate system. O

2.2. Operations on Forms

2.2.1. General Properties. Given p 1-forms w; € Q! (M) on a manifold M
we define

(w1 A= Awp) (V15 ..., vp) = det (Jw; (v5)])

where [w; (v;)] is the matrix with entries w; (v;). We can then extend the wedge
product to all forms using linearity and associativity. This gives the wedge product
operation

QP (M) x QI (M) — QPF(M),
(w, ) — wAY.
This operation is bilinear and antisymmetric in the sense that:
wAp = (=) Aw.

The wedge product of a function and a form is simply standard multiplication.
The exterior derivative of a form is defined by

dw (Xoy ooy X)) = zk: 1) Ly, (w(Xo,... Xk))

1=0
w(Xo, L X LXin,...,Xk)
z<]
- ZLX1< (Xo,..., Xk))
1= O

+> (- Z“( Xj,XO,...,)?i7...7Xj,...,Xk)

1<j
1k (Lx,w) (XO,...,)?i,...,Xk)
2 +Ly, (w (XO,..., Ai,...,Xk))

[\

s
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Lie derivatives, interior products, wedge products and exterior derivatives on forms

are related as follows:

dwAy) = (dw) A+ (=1)"wA(dy),
ix(WAY) = (ixw) AP+ (=1 wA(ixy),
Lx (w/\’l/)) = (wa)/\’(/)—l—w/\(Lx'Q/J),

and the composition properties

dod 0,
ixoix = 0,

Lx = doix+ixod,
Lxod = dolLy,
ixoLx Lxoix.

The third property Lx = doix +ix od is also known a H. Cartan’s formula (son of
the geometer E. Cartan). It is behind the definition of exterior derivative we gave
above in the form

iXo od= LXO —dOiXO.

2.2.2. The Volume Form. We are now ready to explain how forms are used
to unify some standard concepts from differential vector calculus. We shall work
on a Riemannian manifold (M, g) and use orthonormal frames Ey, ..., E,,, as well as
the dual frame ¢!, ..., ¢™ of 1-forms.

The local volume form is defined as:

dvol = dvol, = ¢* A --- A ™.
We see that if !, ...,9™ is another collection of 1-forms coming from an orthonor-
mal frame F7y, ..., F},, then
YA AP (B, By) = det (4 (E5))
= det (g (F, Ej))
= =+l

The sign depends on whether or not the two frames define the same orientation. In
case M is oriented and we only use positively oriented frames we will get a globally
defined volume form. Next we calculate the local volume form in local coordinates
assuming that the frame and the coordinates are both positively oriented:

dvol (91,...0,,) = det (9" (9;))
det (g (E“ 8J)) .

As E; hasn’t been eliminated we have to work a little harder. To this end we note
that

det (g (9;,9)) det (g (g9 (0s, Ex) Ex, g (05, E1) Er))
= det (g(9;, Ex) g (95, Er) 0x1)
= det(g9(0:, Ex) g (9j, Ex))
= det(g(0;, Ex))det (g (9}, Ex))

(det (g (Es,05)))".
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Thus

dvol (01, ...0m) = +/detgij,
dvol = 4/det gijdxl A Ada™.

2.2.3. Divergence. The divergence of a vector field is defined as the change
in the volume form as we flow along the vector field. Note the similarity with the
Hessian.

L xdvol = div (X) dvol

In coordinates using that X = a’0; we get
Lxdvol = Lx (\/(ngldxl Ao A da:m>
= Ly (\/m)dxlA---Adxm
+y/det g > da' A+ ALx (da') A-- Ada™

= 4d'y; (\/detgkl) dzt A Adx™
—l—\/detgkldel/\~-~/\d(LX33i) A ANdx™

= a'y; (x/detgkl) dzt Ao Adx™
+\/detgklde1/\---/\d(ai) A ANdx™

= a'o; (\/det gm) dz' A Adx™
++/det gi; Zd:vl JARERWAN (@-aidxj) A Ndx™

a'd; (\/det gkl) dzt A Adx™
++/det gi; del A A (&aidaei) A ANdx™
i

= (aiai <\/det gkl) + \/det gklaiai) dz' A A dax™

87; (ai\/ det gkl) 1
= ———~72 /detgpdz A--- Adz™
Vvdet g
_ 0; (ai\/ det gkl) dvol
Vdet g

We see again that in case the metric coefficients are constant we get the familiar
divergence from vector calculus.

H. Cartan’s formula for the Lie derivative of forms gives us a different way of
finding the divergence

div (X)dvol = Lxdvol
dix (dvol) + ixd (dvol)
= dix (dvol),

in particular div (X)) dvol is always exact.
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This formula suggests that we should study the correspondence that takes a
vector field X to the (n — 1)-form ix (dvol). Using the orthonormal frame this
correspondence is

’iX (dVOl) ’Lg X,E;)E; (¢ VANEERIAN ¢m)
= g(X,E))ig, (¢! /\---/\¢’")

ST G (X E) G A NG A AT

while in coordinates

x (dvol) = igp, (\/det grdzt A A dx’”)
v/ det gi; Z ajiaj (dacl A A dxm)
= \/detgklZ(—l)jHajdxl/\---/\d/g—;/\---/\dxm

If we compute dix (dvol) using this formula we quickly get back our coordinate
formula for div (X).
In vector calculus this gives us the correspondence

1(P8,+Qo,+Ro,)dT Ndy Ndz = Pig dx Ndy N\ dz
+Qig,dxr N dy N dz
+Rig dx Ndy N\ dz
= PdyANdz— Qdx ANdz+ Rdx N dy
= PdyANdz+ Qdz Ndx + Rdx A dy

If we compose the grad and div operations we get the Laplacian:
div (gradf) = Af
For this to make sense we should check that it is the “trace” of the Hessian. This

is most easily done using an orthonormal frame F;. On one hand the trace of the
Hessian is:

Z Hessf (E;, E;) = Z % (Lgraarg) (Ei, E;)

1 1
Z Lgradf Esz )) 2g (Lgradeia E’i) - ig (Ei7Lgradei)

= _Zg gradeiyEi)~
While the divergence is calculated as
div (gradf) = div (gradf)dvol (Ex,..., Epn)
= (Lgraag@' A=A ™) (Er, ..., En)

= Y (&' A+ ALgaasd' A= A¢™) (En, ... Eny)
= Z (Lgradf(bi) (E:)

= > Lgaas (¢ (E0) = ¢' (Lgraas Es)

= - Z ¢" (Lgraas Ei)

= _Zg gradeiaEi)~
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2.2.4. Curl. While the gradient and divergence operations work on any Rie-
mannian manifold, the curl operator is specific to oriented 3 dimensional manifolds.
It uses the above two correspondences between vector fields and 1-forms as well as
2-forms:

d(wx) = fcunx (dvol)
If X = P, + Q9 + RO, and we are on R? we can easily see that
curlX = (OyR — 0,Q) 0 + (0,P — 03 R) 0y + (0,Q — 0, P) 0,
Taken together these three operators are defined as follows:
Wgradf = df,

icurlX (dVOl) = d (wx) ,
div (X)dvol = dix (dvol).

Using that d o d = 0 on all forms we obtain the classical vector analysis formulas

curl (gradf) = 0,
div (curlX) = 0,
from
Z‘Culrl(gra»df) (dVOl) = d (wgradf) = ddf,
div (curlX) dvol = dicunx (dvol) = ddwx.

2.3. Orientability

Recall that two ordered bases of a finite dimensional vector space are said to
represent the same orientation if the transition matrix from one to the other is of
positive determinant. This evidently defines an equivalence relation with exactly
two equivalence classes. A choice of such an equivalence class is called an orientation
for the vector space.

Given a smooth manifold each tangent space has two choices for an orientation.
Thus we obtain a two fold covering map Op; — M, where the preimage of each
p € M consists of the two orientations for T, M. A connected manifold is said to be
orientable if the orientation covering is disconnected. For a disconnected manifold,
we simply require that each connected component be connected. A choice of sheet
in the covering will correspond to a choice of an orientation for each tangent space.

To see that Oy really is a covering just note that if we have a chart (xl, 22, .., x”) :
U C M — R", where U is connected, then we have two choices of orientations over
U, namely, the class determined by the framing (0i, s, ...,d,) and by the fram-
ing (—04,0s,...,0,). Thus U is covered by two sets each diffeomorphic to U and
parametrized by these two different choices of orientation. Observe that this tells
us that R™ is orientable and has a canonical orientation given by the standard
Cartesian coordinate frame (01, 0a, ..., 0y ) .

Note that since simply connected manifolds only have trivial covering spaces
they must all be orientable. Thus S™, n > 1 is always orientable.

An other important observation is that the orientation covering Oy is an ori-
entable manifold since it is locally the same as M and an orientation at each tangent
space has been picked for us.
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THEOREM 2.3.1. The following conditions for a connected n-manifold M are
equivalent.

1. M 1is orientable.

2. Orientation is preserved moving along loops.

8. M admits an atlas where the Jacobians of all the transitions functions are
positive.

4. M admits a nowhere vanishing n-form.

PROOF. 1 < 2 : The unique path lifting property for the covering Oy — M
tells us that orientation is preserved along loops if and only if O, is disconnected.

1 = 3 : Pick an orientation. Take any atlas (U, F,,) of M where U, is con-
nected. As in our description of Oy, from above we see that either each F,, corre-
sponds to the chosen orientation, otherwise change the sign of the first component
of F,. In this way we get an atlas where each chart corresponds to the chosen
orientation. Then it is easily checked that the transition functions F, o Fig ! have
positive Jacobian as they preserve the canonical orientation of R™.

3 = 4 : Choose a locally finite partition of unity (A,) subordinate to an atlas
(Uq, F,) where the transition functions have positive Jacobians. On each U, we
have the nowhere vanishing form w, = dzl A ... A dz”. Now note that if we are in

an overlap U, N Ug then
dzl A oA da? il,...,i det | dz’, 9
83:5 ax’é oz’
—1
det (D (Fao Fy))

> 0.
Thus the globally defined form w = 3 Ayw, is always nonnegative when evaluated
on (%, s %) . What is more, at least one term must be positive according to
I[_j Iﬂ

the definition of partition of unity.

4 = 1 : Pick a nowhere vanishing n-form w. Then define two sets O+ according
to whether w is positive or negative when evaluated on a basis. This yields two
disjoint open sets in Oj; which cover all of M. O

With this result behind us we can try to determine which manifolds are ori-
entable and which are not. Conditions 3 and 4 are often good ways of establishing
orientability. To establish non-orientability is a little more tricky. However, if we
suspect a manifold to be non-orientable then 1 tells us that there must be a non-
trivial 2-fold covering map m : M — M , where M is oriented and the two given
orientations at points over p € M are mapped to different orientations in M via
Dmn. A different way of recording this information is to note that for a two fold
covering 7 : M — M there is only one nontrivial deck transformation A : M — M
with the properties: A (z) # x, Ao A = idys, and m o IA = w. With this is mind
we can show

PROPOSITION 2.3.2. Let : M — M be a non-trivial 2-fold covering and M an
oriented manifold. Then M is orientable if and only if A preserves the orientation
on M.

PROOF. First suppose A preserves the orientation of M. Then given a choice
of orientation ey,...,e, € T, M we can declare D7 (e1),..., DT (en) € Trm)M to
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be an orientation at 7 (). This is consistent as DA (e1),..., DA (e,) € TI(I)M is
mapped to D7 (e1), ..., D7 (e,) as well (using m o A = 7) and also represents the
given orientation on M since A was assumed to preserve this orientation.

Suppose conversely that M is orientable and choose an orientation for M. Since
we assume that both M and M are connected the projection 7 : M — M, being
nonsingular everywhere, must always preserve or reverse the orientation. We can
without loss of generality assume that the orientation is preserved. Then we just
use m o A = m as in the first part of the proof to see that A must preserve the
orientation on M. O

We can now use these results to check some concrete manifolds for orientability.

We already know that S™,n > 1 are orientable, but what about S'? One way
of checking that this space is orientable is to note that the tangent bundle is trivial
and thus a uniform choice of orientation is possible. This clearly generalizes to Lie
groups and other parallelizable manifolds. Another method is to find a nowhere
vanishing form. This can be done on all spheres S™ by considering the n-form

n+1
w= Z (=) 2ldat A Adat A A da
i=1

on R™*1. This form is a generalization of the 1-form xdy — ydz, which is & the
angular form in the plane. Note that if X = 2'0; denotes the radial vector field,
then we have (see also the section below on the classical integral theorems)

ix (clan1 /\---/\da;"“) = w.

From this it is clear that if vs, ..., v, form a basis for a tangent space to the sphere,
then
Wy ey vy) = dxt Ao Ade"TH (X vg, e V)
# 0.

Thus we have found a nonvanishing n-form on all spheres regardless of whether or
not they are parallelizable or simply connected. As another exercise people might
want to use one of the several coordinate atlases known for the spheres to show
that they are orientable.

Recall that RP™ has S™ as a natural double covering with the antipodal map
as a natural deck transformation. Now this deck transformation preserves the
radial field X = 2'0; and thus its restriction to S™ preserves or reverses orientation
according to what it does on R"*!. On the ambient Euclidean space the map is
linear and therefore preserves the orientation iff its determinant is positive. This
happens iff n + 1 is even. Thus we see that RP™ is orientable iff n is odd.

Using the double covering lemma show that the Klein bottle and the Mé&bius
band are non-orientable.

Manifolds with boundary are defined like manifolds, but modeled on open sets
in L™ = {x cER": 2! < O} . The boundary M is then the set of points that cor-
respond to elements in L™ = {x ER": 2! = O}. It is not hard to prove that if
F : M — R has a € R as a regular value then F~!(—o0,a] is a manifold with
boundary. If M is oriented then the boundary is oriented in such a way that if we
add the outward pointing normal to the boundary as the first basis vector then we
get a positively oriented basis for M. Thus s, ..., 0, is the positive orientation for
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OL™ since 0; points away from L™ and 04, 0s, ..., O, is the usual positive orientation
for L™.

2.4. Integration of Forms

We shall assume that M is an oriented n-manifold. Thus, M comes with
a covering of charts ¢, = (z},...,2%) : Uy «— B(0,1) C R" such that the

a? «

transition functions ¢, o @El preserve the usual orientation on Euclidean space,

i.e., det (D (<pa ) gpgl)) > 0. In addition, we shall also assume that a partition

of unity with respect to this covering is given. In other words, we have smooth
functions ¢, : M — [0,1] such that ¢, =0 on M —U, and ) ¢, = 1. For the last
condition to make sense, it is obviously necessary that the covering be also locally
finite.

Given an n-form w on M we wish to define:

[
M

When M is not compact, it might be necessary to assume that the form has compact
support, i.e., it vanishes outside some compact subset of M.
In each chart we can write

w= fodxt N Adal.

Using the partition of unity, we then obtain

w = Zd)aw

> Gafadzl A-- Adal,

where each of the forms ¢, fadzl A--- Adx? has compact support in U,. Since U,
is identified with U, C R"™, we simply declare that

/ qbafadx}l/\-~-/\da:;‘:/_ bafadrt - dz™.
Uq Ua

Here the right-hand side is simply the integral of the function ¢, f, viewed as a
function on U,. Then we define

w= Gofodrl A Ada?
A

whenever this sum converges. Using the standard change of variables formula for
integration on Euclidean space, we see that indeed this definition is independent of
the choice of coordinates.

With these definitions behind us, we can now state and prove Stokes’ theorem
for manifolds with boundary.

THEOREM 2.4.1. For any w € Q"= (M) with compact support we have

/dw:/ w.
M oM
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PROOF. If we use the trick

dw =" d(paw),

then we see that it suffices to prove the theorem in the case M = L™ and w has
compact support. In that case we can write

n
w=Zfida:1/\---/\dxi/\~-~/\dx",
i=1
The differential of w is now easily computed:

dw = (df:) Ndz' A -+ Adai A~ A da”

I

i=1

I

(aff>dmiAdxlAmAd/:c\iAmAdx”
oxt

1=1

(=1)"! %daﬂl Ao ANdzt A A da™

I

1=1

Thus,

/ dw
L’n.

= i—1 afl 1 n
/n;( 1) (%id:ﬁ A Ndx

= Y - Ofi gy . o

, Ot
i=1 Lr

- i(_ni‘l/(/ <§£j)dxi> dz' - dai - da”.

i=1

The fundamental theorem of calculus tells us that

/ <8f".)dxi = 0, fori>1,
oo \ O

0
[ (%) dx! f1(0,2%,...,2"™).

/ dw:/ f1(0,2%, . 2") dz® A Ada™.
n oL™

Since dz! = 0 on L™ it follows that

Thus

Wlopn = frdz® A--- Nda".
This proves the theorem. O

We get a very nice corollary out of Stokes’ theorem.

THEOREM. (Brouwer) Let M be a connected compact manifold with nonempty
boundary. Then there is no retract r : M — OM.
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PrOOF. Note that if 9M is not connected such a retract clearly can’t exists so
we need only worry about having connected boundary.
If M is oriented and w is a volume form on dM, then we have

0 < / w

OM

= / r*w
oM
/d(r*w)
M

= /r*dw
M

= 0.

If M is not orientable, then we lift the situation to the orientation cover and obtain
a contradiction there. (]

We shall briefly discuss how the classical integral theorems of Green, Gauss,
and Stokes follow from the general version of Stokes’ theorem presented above.
Green’s theorem in the plane is quite simple.

THEOREM 2.4.2. (Green’s Theorem) Let Q C R? be a domain with smooth
boundary O). If X = PO, + Q0 is a vector field defined on a region containing €
then

/ (0:Q — 0, P) dxdy = Pdz + Qdy.
Q oQ

Proor. Note that the integral on the right-hand side is a line integral, which
can also be interpreted as the integral of the 1-form w = Pdx' + Qdz? on the 1-
manifold Q. With this in mind we just need to observe that dw = (61Q — 02 P) dz* A
dz? in order to establish the theorem. O

Gauss’ Theorem is quite a bit more complicated, but we did some of the ground
work when we defined the divergence above. The context is a connected, compact,
oriented Riemannian manifold M with boundary, but the example to keep in mind
is a domain M C R™ with smooth boundary

THEOREM 2.4.3. (The divergence theorem or Gauss’ theorem) Let X be a vector
field defined on M and N the outward pointing unit normal field to OM, then

/ (divX) dvol, = / g (X, N)dvoly,,,
M oM ’
Proor. We know that

divXdvoly = d(ix (dvoly)).
So by Stokes’ theorem it suffices to show that
ix (dvoly) |om = g (X, N)dvol

glom

The orientation on T,0M is so that v, ..., v, is a positively oriented basis for 1,,0M
iff N, v, ..., v, is a positively oriented basis for T}, M. Therefore, the natural volume
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form for 9M denoted dvol is given by in (dvoly) . If va, ..., v, € T,0M is a basis,

glom
then
ix (dvoly) loam (v, ..., v,) = dvoly (X, ve,...,vp)

= dvoly (g(X,N)N,va,...,v)

= ¢ (X,N)dvoly (N,va,...,vp)

= ¢(X,N)in (dvoly)

g(X,N)dvolg,,,

where we used that X — g (X, N) X, the component of X tangent T,,0M, is a linear
combination of vs, ..., v, and therefore doesn’t contribute to the form. O

Stokes’ Theorem is specific to 3 dimensions. Classically it holds for an oriented
surface S C R?® with smooth boundary but can be formulated for oriented surfaces
in oriented Riemannian 3-manifolds.

THEOREM 2.4.4. (Stokes’ theorem) Let S C M3 be an oriented surface with
boundary 0S. If X is a vector field defined on a region containing S and N is the
unit normal field to S, then

/g(curlX,N)dvolg|S :/ wx.
s as

PrOOF. Recall that wx is the 1-form defined by
wx (v) =g (X,v).
This form is related to curlX by
d(wx) = teurix (dvoly) .
So Stokes’ Theorem tells us that

/ wx = / icurlX (dVOlg) .
oS S

The integral on the right-hand side can now be understood in a manner completely
analogous to our discussion of ix (dvoly) [gas in the Divergence Theorem. We note
that IV is chosen perpendicular to 7,S in such a way that N,ve,v3 € T, M is
positively oriented iff vy, v3 € T},S is positively oriented. Thus we have again that

dvoly|, = iydvoly

and consequently
teurtx (dvoly) = g (curlX, N) dvol

gls



CHAPTER 3

Basic Cohomology Theory

3.1. De Rham Cohomology

Throughout we let M be an n-manifold. Using that d o d = 0, we trivially get
that the exact forms

BP (M) =d (' (M))
are a subset of the closed forms
ZP (M) ={w e QO (M) : dw=0}.
The de Rham cohomology is then defined as
ZP (M)
HP (M) = ———.
(M) = 5 G

Given a closed form v, we let [¢] denote the corresponding cohomology class.
The first simple property comes from the fact that any function with zero
differential must be locally constant. On a connected manifold we therefore have

H° (M) =R.
Given a smooth map F : M — N, we get an induced map in cohomology:
HY(N) — HP (M),
F () = [F*Y].
This definition is independent of the choice of 1), since the pullback F* commutes
with d.
The two key results that are needed for a deeper understanding of de Rham

cohomology are the Meyer-Vietoris sequence and homotopy invariance of the pull
back map.

LEMMA 3.1.1. (The Mayer-Vietoris Sequence) If M = AU B for open sets
A, B C M, then there is a long exact sequence

- — HP (M) — H? (A) ® H? (B) — H? (AN B) — H*' (M) — ---

PrOOF. The proof is given in outline, as it is exactly the same as the corre-
sponding proof in algebraic topology. We start by defining a short exact sequence
0P (M) = QP (A)® QP (B) —» QP (AN B) — 0.

The map QF (M) — QP (A) & QP (B) is simply restriction w — (w|a,w|p). The
second is given by (w,v¥) — (w|ans — ¥|anp). With these definitions it is clear
that QP (M) — QP (A) ® QP (B) is injective and that the sequence is exact at
O (A) @ QP (B). It is a bit less obvious why QF (A) @ O (B) — QP (AN B) is
surjective. To see this select a partition of unity A4, Agwith respect to the covering

38
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A, B. Given w € QP (AN B) we see that A\ qw defines a form on B, while Apw defines
a form on A. Then (Apw, —Aaw) — w.
These maps induce maps in cohomology

H? (M) — H? (A)® H? (B) —» H? (AN B)
such that this sequence is exact. The connecting homomorphisms
§: HP (AN B) — HP™ (M)
are constructed using the diagram

0 — (M) - PHLA)e»tt(B) - QPFL(ANB) — 0

td td tTd
0 - QM) — Qr (A) @ QP (B) - QP(AnB) — 0

If we take a form w € QP (AN B), then (Apw, —Aaw) € QP (A) @ QP (B) is mapped
onto w. If dw = 0, then

d(Apw,—Aaw) = (dA\p Aw,—dIa Aw)
e ol (4)e a0t (B)
vanishes when mapped to QP! (AN B). So we get a well-defined form

s _ dA\p Nw on A
“ o= —d\s ANw on B
e QY (M).

It is easy to see that this defines a map in cohomology that makes the Meyer-Vietoris
sequence exact.

The construction here is fairly concrete, but it is a very general homological
construction. (|

The first part of the Meyer-Vietoris sequence
0— H(M)— H°(A) e H(B) —» H° (AN B) — H' (M)

is particularly simple since we know what the zero dimensional cohomology is. In
case AN B is connected it must be a short exact sequence

0— H°(M)— H°(A)e H°(B) - H*(ANB) =0
so the Meyer-Vietoris sequence for higher dimensional cohomology starts with
0— H' (M) H' (Ao H (B)— -

To study what happens when we have homotopic maps between manifolds we
have to figure out how forms on the product [0, 1] x M relate to forms on M.
On the product [0, 1] x M we have the vector field 9; tangent to the first factor
as well as the corresponding one form dt. In local coordinates forms on [0, 1] x M
can be written
w= aIde + bydt A dz”
if we use summation convention and multi index notation

ary = ai...ik7
det = dz"* Ao Ada
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For each form the dt factor can be integrated out as follows

1 1 1
I(w):/o w:/o det/\de</0 det)da:J

Thus giving a map
QL ([0,1] x M) — QF (M)

To see that this is well-defined note that it can be expressed as

1
I(w)= /0 dt \ip,w

since
ia, (W) = bydx’.

LEMMA 3.1.2. Let j; : M — [0,1] x M be the map j; (x) = (¢, z), then
I (dw) + dZ (w) = ji (w) — Jo (w)
Proor. The key is to prove that
7 (dw) + dZ (w) =T (Ly,w)
Given this we see that the right hand side is

1
T (Lpw) = /dt/\Latw
0

1
/ dt A Lo, (arda’ + bydt A da”)
0
1
= / dt A (Oparda’ + 04bsdt A dz”)
0

1
= / dt A (Ozar) da!
0

1
(/ dt(‘?m;) dz!
0

= (a;(1,2) —a; (0,z)) da’
= Ji (W) —Jo (W)
The first formula follows by noting that

1 1
/ thiatderd(/ dt/\iatw)
0 0

1 1
= / dt N ip,dw + / dt N\ dig,w
0 0

7 (dw) + dZ (w)

1
= / dt A\ (iat dw + diatw)
0

1
= / dt A (Latw)
0

The one tricky move here is the identity

1 1
d </ dt/\iatw) = / dt N dip,w
0 0

40
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On the left hand side it is clear what d does, but on the right hand side we are
computing d of a form on the product. However, as we are wedging with dt this
does not become an issue. More worrisome is the thought that one would expect

1 1
d(/ dt/\iatw> /d(dt/\iatw)
0 0
1 1
/ddt/\iatw—/ dt A dig,w
0 0
1
= —/ dt A dip,w
0

but this is not what is happening as the dt has in fact been integrated out. Specif-
ically if d is exterior differentiation on [0,1] x M and d, exterior differentiation on

M, then
1
dy (/ dt/\iatw) = d, (/ det>/\dx‘]
0
( 1
(]
= /dt/\dlat
0

We can now establish homotopy invariance.

dt A (d bJ)) A dz?

1

o\o\

dt A (dby — athdt)> A dz?

1
dt A de) A dx”’

ProprosiTiON 3.1.3. If Fy, F1 : M — N are smoothly homotopic, then they
induce the same maps on de Rham cohomology.

PROOF. Assume we have a homotopy H : [0, 1] x M — N, such that Fo = Hojg
and I} = H o ji, then

Fy (w) = F5 (w) = (Hoj) (w) = (Hojo)" (w)
= Ji(H" (@) = jo (H" (w))
= dI(H" (w))+Z(H" (dw))
So if w € QF (N) is closed, then we have shown that the difference
Ff (w) = F§ (w) € Q" (M)

is exact. Thus the two forms F} (w) and F§ (w) must lie in the same de Rham
cohomology class. O

COROLLARY 3.1.4. If two manifolds, possibly of different dimension, are ho-
motopy equivalent, then they have the same de Rham cohomology.

ProoF. This follows from having maps F : M — N and G : N — M such
that F'o G and G o F' are homotopic to the identity maps. O
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LEMMA 3.1.5. (The Poincaré Lemma) The cohomology of a contractible man-
ifold M s
HO(M) =R,
H? (M) ={0} forp>0.
In particular convex sets in R™ have trivial de Rham cohomology.

PROOF. Being contractible is the same as being homotopy equivalent to a point.
O

3.2. Examples of Cohomology Groups

For S™ we use that
sto= (8" =A{phH U (S" —{-p}),
S™—{+p} =~ R,
(" —{pH) N (5" = {-p}) =~ R"—{0}.
Since R™ — {0} deformation retracts onto S™~! this allows us to compute the coho-
mology of S™ by induction using the Meyer-Vietoris sequence. We start with S?,

which a bit different as the intersection has two components. The Meyer-vietoris
sequence starting with p = 0 looks like

0>R-ReR—-RaeR— H'(S") —0.

Showing that H' (S') ~ R. For n > 2 the intersection is connected so the connect-
ing homomorphism must be an isomorphism

HPH(S™E) = HP (S™)
for p > 1. Thus

n 0) 07n7
HP (S ):{ R Zi()n.

For P™ we use the decomposition

P" = (Pn _ Pnfl) U (Pn 7p)’

where
= [1:0:---:0],
Pt o= Ppt)={[0:2" 2] (2 2) € B = {0},
and consequently
P*"—p = {[2:21:--~:z"]:(zl,...,z")eF"—{O} andzeF}:P”_l,
pr—prt = {[1:z1:---:z"]:(zl,...,z”)eF"}:F",
(]P’"—]P’”_l)ﬁ(IP’"—p) = {[1:z1:---:z"]:(zl,...,z”)GF"—{O}}:F"—{O}.

We have already identified P! so we don’t need to worry about having a disconnected
intersection when F =R and n = 1. Using that F” — {0} deformation retracts to
the unit sphere S of dimension dimg F” — 1 we see that the Meyer-Vietoris sequence
reduces to

0 — H'P")—H' (P > H" (S)—> -
—  HP7'(S) — HP (P") — H? (P"') — HP (S) — -
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for p > 2. To get more information we need to specify the scalars and in the real
case even distinguish between even and odd n. First assume that F = C. Then
S = 5271 and CP' ~ S2. A simple induction then shows that

0, p=13,...,2n—1
R, p=0,2,4,...,2n.

H? (CP") = { ’
When F = R, we have S = §"~! and RP' ~ S'. This shows that H? (RP") = 0

when p =1,...,n — 2. The remaining cases have to be extracted from the last part
of the sequence

0— H" " (RP") —» H" " (RP"™') = H" " (5"7') - H" (RP") = 0

where we know that

H*H (") =R
This first of all shows that H™ (RP") is either 0 or R. Moreover if H™ (RP") = 0,
then it follows that H"~! (RP"™') = R and H"~! (RP") = 0. While if H" (RP") =
R, then it is hard to conclude what happens without knowing anything about the
middle arrow. we first obtain that H"~! (RP") = 07?7 and then that H"~ (RP" ')
0. Given that we know that H* (RPl) = R we then obtain the cohomology groups:

HP (R]P2n) — { 19&7 gi(l)a ,

2n+1\ 07 277/2]72 ]-7
HP(RP )_{R, p=0,2n+ 1.

3.3. Poincaré Duality

The last piece of information we need to understand is how the wedge product
acts on cohomology. It is easy to see that we have a map

HP (M) x HI (M) — HP9 (M),
(W, W) — [pAw].

We are interested in understanding what happens in case p + ¢ = n. This requires
a surprising amount of preparatory work. First we have

THEOREM 3.3.1. If M is an oriented closed n-manifold, then we have a well-
defined isomorphism

HTL (M)

— R

PRrROOF. That the map is well-defined follows from Stokes’ theorem. It is also
onto, since any form with the property that it is positive when evaluated on a
positively oriented frame is integrated to a positive number. Thus, we must show
that any form with |[ W = 0 is exact. This is not easy to show, and in fact, it is
more natural to show this in a more general context: If M is an oriented n-manifold,
then any compactly supported n-form w with [, w = 0 is exact.

The proof of this result is by induction on the number of charts it takes to
cover the support of w. But before we can start the inductive procedure, we must
establish the result for the n-sphere.
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Case 1: M = S™. We know that H" (S™) =R, so [ : H" (S™) — R must be an
isomorphism.

Case 2: M = R"™. We can think of M = S™ — {p}. Any compactly supported
form w on M therefore yields a form on S™. Given that |’ y w = 0, we therefore also
get that [, w = 0. Thus, w must be exact on S™. Let ¢ € Q"' (S™) be chosen
such that dy¥ = w. Use again that w is compactly supported to find an open disc
U around p such that w vanishes on U and U U M = S™. Then # is clearly closed
on U and must by the Poincaré lemma be exact. Thus, we can find § € Q"2 (U)
with df = ¢ on U. This form does necessarily extend to S™, but we can select a
bump function A : S™ — [0,1] that vanishes on S™ — U and is 1 on some smaller
neighborhood V' C U around p. Now observe that ¢ — d (A0) is actually defined on
all of S™. It vanishes on V and clearly

A — d (M) = dp = w.

Case 3: suppw C AU B where the result holds on the open sets A, B C M.
Select a partition of unity A4 + Ag = 1 subordinate to the cover {4, B} . Given an
n-form w with fM w = 0, we get two forms A4 -w and A\p -w with support in A and
B, respectively. Using our assumptions, we see that

0 = /w
M
= /)\A~w—|—/)\3~w.
A B

On AN B we can select an n-form @ with compact support inside A N B such that

/ (Z):/)\A~w.
ANB A

Using w we can create two forms,
Aq - w— W,
Ap - w+ @,
with support in A and B, respectively. From our constructions it follows that they

both have integral zero. Thus, we can by assumption find ¥4 and ¥ g with support
in A and B, respectively, such that

dpa = Iy -w—0,
dyp = Ap-w+w.
Then we get a globally defined form v = 14 + ¥ p with
dy = Mp-w—w+Ap-w+w
= ()\A+)\B)~w
= w.

The theorem now follows by using induction on the number of charts it takes to
cover the support of w. (I

The above proof indicates that it might be more convenient to work with com-
pactly supported forms. This leads us to compactly supported cohomology, which is
defined as follows: Let QP (M) denote the compactly supported p-forms. With this
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we have the compactly supported exact and closed forms B2 (M) C ZP (M) (note
that d : Q2 (M) — QP! (M)). Then define
Ze (M)
~ BE(M)
Needless to say, for closed manifolds the two cohomology theories are identical. For
open manifolds, on the other hand, we have that the closed 0-forms must be zero,
as they also have to have compact support. Thus HY (M) = {0} if M is not closed.
Note that only proper maps F' : M — N have the property that they map
F*: Q2 (N) — Q2 (M). In particular, if A C M is open, we do not have a map
H? (M) — H? (A). Instead we observe that there is a natural inclusion Q2 (A) —
QP (M), which induces

(&

HP (M) .

C

H? (A) — H? (M).
The above proof, stated in our new terminology, says that

H!(M) — R,

i o

is an isomorphism for oriented n-manifolds. Moreover, using that R™ = S™ — {p},
Case 2 in the above proof shows that

H!R") =R
a similar but simpler argument can now be used to prove:
HP? (R") =0, p<n.

In order to carry out induction proofs with this cohomology theory, we also
need a Meyer-Vietoris sequence:
-+ — H? (AN B) — H? (A) ® H? (B) — H? (M) — H!™ (ANB) — -+ .
This is established in the same way as before using the diagram

0 — T ANB) — AN (B) — ®TYH(M) — 0

+d +d td
0 — QANB) — Qr (A) @ QP (B) — (M) — 0

where the horizontal arrows are defined by:
P(ANB) — QE(A) e Q2 (B)
W = (w],—[w])
and
WA e (B) — (M)
(wal, [wa]) —  [wa+ws]
THEOREM 3.3.2. Let M be an oriented n-manifold. The pairing
H? (M) x H P (M) — R,
(Wl W) = [yywny

is well-defined and nondegenerate. In particular, the two cohomology groups HP (M)
and H P (M) are dual to each other and therefore have the same dimension as
finite-dimensional vector spaces.



3.3. POINCARE DUALITY 46

PRrOOF. For the case M = R"”, this theorem follows from the Poincaré lemma
and the above calculation of HP (R™). Next note that if M is the disjoint union of
a possibly infinite collection of open sets and the result holds for each open set then
it must hold for M. In general suppose M = A U B, where the theorem is true for
A, B, and AN B. Note that the pairing gives a natural map

H” (N) = (H;™" (N))" = hom (H{ ™" (N) ., R)

for any manifold N. We apparently assume that this map is an isomorphism for
N = A, B, AN B. Using that taking duals reverses arrows, we obtain a diagram
where the left- and right most columns have been eliminated

— HP~1 (AN B) — HP (M) — H? (A) @ H? (B) —

1 I 1
= (H}PTHANB) = (HXP(M) — (HP(A) @ H"*?(B) —

Each square in this diagram is either commutative or anticommutative (i.e., com-
mutes with a minus sign.) As all vertical arrows, except for the middle one, are
assumed to be isomorphisms, we see by a simple diagram chase (the five lemma)
that the middle arrow is also an isomorphism.

It is now clear that the theorem holds for all open subsets of R™ that are finite
unions of open convex sets. This in turn shows that we can prove the theorem for
all open sets in R™. Use an exhaustion of compact sets to write such an open set as
a union |JU; where each Uj is a finite union of convex sets and U; N U; = () when
li — j| > 2. Thus the theorem holds for |JUs;, U Us2i+1, and (|JUz2;) N (Y Uzit+1)
and consequently for the entire union.

Finally we can establish the theorem in general. The argument is similar to
the argument that worked for open sets in R™. Write M = | U;where each U; is a
finite union of charts and U; N U; = () when |i — j| > 2. This means the theorem
holds for |J Us;, | Uszit1, and (|JUz;) N (U U2i+1) and consequently for the entire
union. ([l

COROLLARY 3.3.3. On a closed oriented n-manifold M we have that HP (M)
and H" P (M) are isomorphic.

Note that RP? does not satisfy this duality between H® and H2. In fact we
always have

THEOREM 3.3.4. Let M be an n-manifold that is not orientable, then
H! (M) =0.

l?ROOFA. We use the two fold orientation cover F : M — M and the involution
A : M — M such that F' = F o A. The fact that M is not orientable means that A
is orientation reversing. The key now is that pull back by A changes integrals by a

sign:
/Mn: —/MA*U, neQn (M)

To prove the theorem select w € Q7 (M) and consider the pull-back F*w €
Qr (M ) . Since F' = F o A this form is invariant under pull back by A we have

/F*w:/ A* o F*w.
M M
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On the other hand as A reverses orientation we must also have

/F*w:—/ A* o F*w.
M M
/F*w:().
M

This shows that the pull back is exact
Frw=di, 1 € Q! (M)

Thus

The form 1 need not be a pull back of a form on M, but we can average it
_ 1 ~
b= @+ A eqrt (N)

to get a form that is invariant under A

1
A% = 3 (A% + AT A*Y)
1 *
= 3 (A" + 1)
= [Z].
The differential, however, stays the same

A = g+ Ady)
= % (F*w+ A" F*w)
= F*w.
Now there is a unique ¢ € Q7! (M), such that F*¢ = ). Moreover d¢ = w, since
F is a local diffeomorphism and
w=F*dp =dF*¢ = di

The last part of this proof yields a more general result:

COROLLARY 3.3.5. Let F: M — N be a two fold covering map, then
F*:HP (N)— HP (M)

18 an injection.
3.4. Degree Theory

Given the simple nature of the top cohomology class of a manifold, we see that
maps between manifolds of the same dimension can act only by multiplication on
the top cohomology class. We shall see that this multiplicative factor is in fact an
integer, called the degree of the map.

To be precise, suppose we have two oriented n-manifolds M and N and also a
proper map F': M — N. Then we get a diagram

HY(N) B Hr (M)

L L

R 4% R



3.4. DEGREE THEORY 48

Since the vertical arrows are isomorphisms, the induced map f* yields a unique
map d : R — R. This map must be multiplication by some number, which we call
the degree of f, denoted by deg F. Clearly, the degree is defined by the property

/F*w:degF~/w.
M N

From the functorial properties of the induced maps on cohomology we see that
deg (F o G) = deg (F)deg (G)

LEMMA 3.4.1. If F: M — N is a diffeomorphism between oriented n-manifolds,
then deg F' = +1, depending on whether F' preserves or reverses orientation.

PROOF. Note that our definition of integration of forms is independent of co-
ordinate changes. It relies only on a choice of orientation. If this choice is changed
then the integral changes by a sign. This clearly establishes the lemma. (I

THEOREM 3.4.2. If FF: M — N is a proper map between oriented n-manifolds,
then deg F is an integer.

PRrROOF. The proof will also give a recipe for computing the degree. First, we
must appeal to Sard’s theorem. This theorem ensures that we can find y € N such
that for each z € F~! (y) the differential DF : T,M — T, N is an isomorphism.
The inverse function theorem then tells us that F' must be a diffeomorphism in a
neighborhood of each such z. In particular, the preimage F'~! (y) must be a discrete
set. As we also assumed the map to be proper, we can conclude that the preimage
is finite: {z1,...,2x} = F~! (y). We can then find a neighborhood U of y in N, and
neighborhoods U; of x; in M, such that F : U; — U is a diffeomorphism for each
i. NEED TO INVOKE STACK OF RECORDS AS WE NEED F~!(U) = |, U;.
Now select w € Q7 (U) with [w = 1. Then we can write

k
F*w:ZF*w
i=1

where each F*w|y, has support in U;. The above lemma now tells us that

/ F*w
Uv

i

U;»

u, = 1.
Hence,
degFF = degk'-

w

= degl'-

= /F*w
M
k

_ Z/ Fuly,
i=17Ui

is an integer. [

w

Jy
)
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Note that fUi F*w|y, is £1, depending simply on whether F' preserves or re-
verses the orientations at x;. Thus, the degree simply counts the number of preim-
ages for regular values with sign. In particular, a finite covering map has degree
equal to the number of sheets in the covering.

We get several nice results using degree theory. Several of these have other
proofs as well using differential topological techniques. Here we emphasize the
integration formula for the degree. The key observation is that the degree of a map
is a homotopy invariant. However, as we can only compute degrees of proper maps
it is important that the homotopies are though proper maps. When working on
closed manifolds this is not an issue. But if the manifold is Euclidean space, then
all maps are homotopy equivalent, although not necessarily through proper maps.

COROLLARY 3.4.3. Let F : M — N be a proper nonsingular map of degree £1
between oriented connected manifolds, then F is a diffeomorphism.

PROOF. Since F' is nonsingular everywhere it either reverses or preserves ori-
entations and all points. If the degree is well defined it follows that it can only be
41 if the map is injective. On the other hand the fact that it is proper shows that
it is a covering map, thus it must be a diffeomorphism. O

COROLLARY 3.4.4. The identity map on a closed manifold is not homotopic to
a constant map.

PROOF. The constant map has degree 0 while the identity map has degree 1
on an oriented manifold. In case the manifold isn’t oriented we can lift to the
orientation cover and still get it to work. (I

COROLLARY 3.4.5. Even dimensional spheres do not admit nonvanishing vector

fields.

PROOF. Let X be a vector field on S™ we can scale it so that it is a unit
vector field. If we consider it as a function X : S™ — S™ C R™*! then it is always
perpendicular to its foot point. We can then create a homotopy

H (p,t) = pcos(mt) + X, sin (nt) .

Since p L X, and both are unit vectors the Pythagorean theorem shows that
H (p,t) € S™ as well. When ¢t = 0 the homotopy is the identity, and when ¢ = 1
it is the antipodal map. Since the antipodal map reverses orientations on even
dimensional spheres it is not possible for the identity map to be homotopic to the
antipodal map. O

On an oriented Riemannian manifold (M, g) we always have a canonical volume
form denoted by dvol,. Using this form, we see that the degree of a map between
closed Riemannian manifolds F': (M, g) — (N, h) can be computed as

Sy F* (dvoly)
vol (N)
In case F' is locally a Riemannian isometry, we must have that:

F* (dvoly) = tdvoly.

deg F' =

Hence,
volM

volN

deg F' =+
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This gives the well-known formula for the relationship between the volumes of
Riemannian manifolds that are related by a finite covering map.
On R™ — {0} we have an interesting (n — 1)-form
n
w:r_"Z(—l)ZHxidxl/\--~/\dxi/\~-~/\dx"

i=1
that is closed. If we restrict this to a sphere of radius ¢ around the origin we see
that

n

/ w o = 5_"/ Z(—l)”lxida:l/\~-~/\d/x\i/\---/\d33”
Sn—1(¢) Sn—1(¢) =

= g*”/ d(Z(1)i+1xidw1/\~-~/\d/x\i/\~'/\d$n>
B(0,¢)

B i=1
B(0,e)
= ne "volB (0,¢)
= nvolB(0,1)
= VOln_lsnil (1) .

More generally if F': M"~1 — R"—{0} is a smooth map then it is clearly homotopic
to the map Fy : M"~1 — S"~1 (1) defined by F} = F/|F| so we obtain

1 1
- - VFrPrw = — | Fx
vol,_15"=1 (1) /M v vol,_15m—1 (1) /M e
= degF}

= 6771/ ndz' A -+ A da™

This is called the winding number of F.



CHAPTER 4

Characteristic Classes

4.1. Intersection Theory

Let S¥ € N™ be a closed oriented submanifold of an oriented manifold. The
codimension is denoted by m = n — k. By integrating k-forms on N over S we
obtain a linear functional H* (N) — R. The Poincaré dual to this functional is an
element nY € H™ (N) such that

/w:/né\’/\w
S M

for all w € H* (N). We call nY the dual to S C N. The obvious defect of this
definition is that several natural submanifolds might not have nontrivial duals for
the simple reason that H”" (N) vanishes, e.g., N = S™.

To get a nontrivial dual we observe that |, g w only depends on the values of w
in a neighborhood of S. Thus we can find duals supported in any neighborhood U
of S'in N, i.e.,, n§ € H™ (U). We normally select the neighborhood so that there
is a deformation retraction 7w : U — S. In particular

™ H*(S) — H* (U)

is an isomorphism. In case S is connected we also know that integration on H* (S)
defines an isomorphism

/:H’“(S)%R

This means that ng is just the Poincaré dual to 1 € R modulo these isomorphisms.
Specifically, if w € H* (S) is a volume form that integrates to 1, then

/ng/\w*wzl.
U

Our first important observation is that if we change the orientation of S, then
integration changes sign on S and hence 1§ also changes sign. This will become
important below.

The dual gives us an interesting isomorphism called the Thom isomorphism.

LEMMA 4.1.1. (Thom) The map

HE7™(S) — HI(U)

w = Ny AT ()
is an isomorphism.

51
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ProoOF. Using Poincaré duality twice we see that
H? (U) =~ hom (H”_p (U),R)
~ hom (H" 7 (S),R)
~ HZ™(9)
Thus it suffices to show that the map
HZ=™(S) — HZ(U)
w = gy ATt (W)

is injective. When p = n this is clearly the above construction. For p < n select
7€ H"P(S)~ H"P(U), then w AT € H*(S) so

/Ung/\w*(w)/\ﬁ*(T) /Ung/\w*(w/\T)

= /w/\T
S

Note that since 7 is closed the form ng A7* (w) A7m* (1) is exact provided ng A7* (w)
is exact. Therefore the formula shows that the linear map 7 — |, gw AT is trivial if
nY Am* (w) is trivial in H? (U) . Poincaré duality then implies that w itself is trivial
in HP=™ (S) . =

The next goal is to find a characterization of n¥ when we have a deformation
retraction submersion 7 : U — S.

PROPOSITION 4.1.2. The dual is characterized as a closed form with compact
support that integrates to 1 along fibers =1 (p) for allp € S.

PROOF. The characterization requires a choice of orientation for the fibers. It is
chosen so that T,7~! (p)®T,S and T}, N have the same orientation (this is consistent
with [Guillemin-Pollack|, but not with several other texts.) For w € QF (S) we
note that 7*w is constant on 7% (p), p € S. Therefore, if 7 is a closed compactly
supported form that integrates to 1 along all fibers, then

/ng/\w*w:/w
U s

f : S—=R,

o o=
/Sw:/UngM*w:/wa

for all w. Since the support of w can be chosen to be in any open subset of S, this
shows that f =1 on S. |

as desired.
Conversely we define

and note that

In case S is not connected the dual is constructed on each component.
Next we investigate naturality of the dual.
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THEOREM 4.1.3. Let F' : M — N be transverse to S, then for suitable U we

have o
* U F (U
F* (ng) = Np-1(s) -

Proor. To make sense of 775: 1((2])) we need to choose orientations for F~1(9).

This is done as follows. First note that by shrinking U we can assume that F~* (U)
deformation retracts onto F~!(S) in such a way that we have a commutative
diagram
oy 5 ou
b I
15 5 s
Transversality of F' then shows that F restricted to the fibers F' : 771 (¢) —
771 (F(q)) is a diffeomorphism. We then select the orientation on 7! (¢q) such
that F has degree 1 and then on T, F~! (S) such that T,m7! (q) ® T,F~* (S) has
the orientation of T, M. In case F~! (S) is a finite collection of points we are simply
assigning 1 or —1 to each point depending on whether 7= (q) got oriented the same
way as M or not. With all of these choices it is now clear that if ng integrates to

1 along fibers then so does the pullback F* (ng), showing that the pullback must

—1
represent 775:_ 1 g)) . O

This gives us a new formula for intersection numbers.

COROLLARY 4.1.4. If dim M +dim S =dim N, and F : M — N is transverse
to S, then

1(F,5) :/F_m F* (n4).

The advantage of this formula is that the right-hand side can be calculated even
when F' isn’t transverse to S. And since both sides are invariant under homotopies
of F this gives us a more general way of calculating intersection numbers. We shall
see how this works in the next section.

Another interesting special case of naturality occurs for submanifolds.

COROLLARY 4.1.5. Assume S1,S5 C N are transverse and oriented, with suit-
able orientations on S1 N Sy the dual is given by

UER A NSs = 71S1NSy -

Finally we wish to study to what extent 1 depends only on its values on the
fibers. First we note that if the tubular neighborhood S C U is a product neigh-
borhood, i.e. there is a diffeomorphism F' : D x S — U which is a degree 1
diffeomorphism on fibers: D x {p} — 71 (p) for all p € S, then ngxs =F* (n¥)
can be represented as the volume form on D pulled back to D x S.

To better measure this effect we define the Euler class

eg =i* (ng) € H™(S)
as the restriction of the dual to S. Since duals are natural we quickly get

PROPOSITION 4.1.6. Let F' : M — N be transverse to S, then for suitable U

we have )
« (U _ F7(U)
F (65) —EF_l(S).
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This shows
COROLLARY 4.1.7. If U is a trivial tubular neighborhood of S, then €% = 0.
We also see that intersection numbers of maps are carried by the FEuler class.

LEMMA 4.1.8. Ifdim M +dim S =dim N, and F : M — N, then
I(F,S):/ F* (" (e9)) -
F=1(U)

PrROOF. Assume that 7 : U — S is a deformation retraction. Then F' and
iomo I are homotopy equivalent as maps from F~1 (U). This shows that

I(F,S)

Il
S
|
3
eS|
*

—
3
ng
SN—"

O

This formula makes it clear that this integral really is an intersection number
as it must vanish if F' doesn’t intersect S.
Finally we show that Euler classes vanish if the codimension is odd.

THEOREM 4.1.9. The Fuler class is characterized by
ng A (es) =ns Ang € H™ (U).
In particular € = 0 if m is odd.
PROOF. Since 7* (€4) and 1§ represent the same class in H™ (U) we have that
" (eU) —n¥ = dw.
Then
ng AT (eS) —ng Ang = ng A(dw)
= d (ng A w)

Since ng A w is compactly supported this shows that n§ A 7* (eg) =nY AnY.
Next recall that we have an isomorphism n§ A 7* (-) : H™(S) — H2™ (U).
Thus €4 = 0 if ¥ AnY = 0. This applies to the case when m is odd as

ng Ang =-ng Ang.
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4.2. The Kiinneth-Leray-Hirch Theorem

In this section we shall compute the cohomology of a fibration under certain
simplifying assumptions. We assume that we have a submersion-fibration 7 : N —
S where the fibers are diffeomorphic to a manifold M and that S is connected. As
an example we might have the product M x S — S. We shall further assume that
the restriction to any fiber is a surjection in cohomology

H* (N) = N* (M) =0

In the case of a product this obviously holds since the projection M x S — M
is a right inverse to all the inclusions M — M x {s} € M x S. In general such
cohomology classes might not exist, e.g., the fibration S* — 5?2 is a good counter
example.

It seems a daunting task to check the condition for all fibers in a general situ-
ation. Assuming we know it is true for a specific fiber M = 71 (s) we can select a
neighborhood U around s such that 7=! (U) = M x U. As long as U is contractible
we see that 771 (U) and M are homotopy equivalent and so the restriction to any
of the fibers over U will also give a surjection in cohomology. Covering S with
contractible sets now shows that the restriction to all of the fibers has to be a sub-
mersion since S is connected. In fact this construction gives us a bit more. First
note that for a specific fiber M it is possible to select 7, € H* (N) that form a
basis for H* (M). The construction now shows that 7; restrict to a basis for the
cohomology of all fibers as long as S is connected.

THEOREM 4.2.1. (Kiinneth-Leray-Hirch) Given the above collection T;, a basis
for H* (N) can be found by selecting a basis wy, for H* (S) and then constructing
7 N F* (wk) .

PrROOF. We employ the usual induction trick over open subsets of S. Note that
if U C S is an open subset we get a submersion-fibration 7 : 77! (U) — U and the
restriction of 7; to 7= (U) obviously still have the desired properties.

In case U is diffeomorphic to an open disc and the bundle is trivial over U the
result is obvious as M x U has the same cohomology as M.

Next assume that the result holds for open sets U, V,UNV C S. A restatement
of the theorem will now make it clear that the five-lemma in conjunction with the
Meyer-Vietoris sequence shows that also U UV must satisfy the theorem.

The restatement is as follows: First note that we have a natural map

span{r;} @ H*(S) — H*(N)
TiQw — TAT (W)
that can be graded by collecting all terms on the left hand side that have degree p.
Defining
H? = span{r; ® H1(S) : deg1; = p — q}
we assert that the map
H? — HP? (N)
is an isomorphism for all p. [

Kiinneth’s theorem or formula is the above result in the case where the fibration
is a product, while the Leray-Hirch theorem or formula is for a fibration of the above

type.
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4.3. The Hopf-Lefschetz Formulas

We are going to relate the Euler characteristic and Lefschetz numbers to the
cohomology of the space.

THEOREM 4.3.1. (Hopf-Poincaré) Let M be a closed oriented n-manifold, then
X (M) =T1(A,A)=> (~1)"dim H” (M).
PRrROOF. If we consider the map

(id,id) : M — A,
(id,id) () = (z,z),

then the Euler characteristic can be computed as the intersection number

x (M) (A A)

I((id,id),A)
/ (id, id)" (nx M) .
M

Thus we need a formula for the Poincaré dual na = ng/[ *M " To find this formula
we use Kiinneth’s formula for the cohomology of the product. To this end select a
basis w; for the cohomology theory H* (M) and a dual basis 7, i.e.,

/ ws /\Tj = 5ija
M

where the integral is assumed to be zero if the form w; A 7; doesn’t have degree n.
By Kiinneth’s theorem 7§ (w;) A 75 (7;) is a basis for H* (M x M) . The dual
basis is up to a sign given by 7} (7) A 75 (w;) as we can see by calculating

| i) am @) an () A )

X

= v [ ) A () A (7) A ()
MxM

= (—1)lerTildesmhidese) / 5 (wi) Ay () A s (wi) A (75)
Mx M

(—1)des s (deaitder ) (/ wi A Tk> (/ wp A Tj>
M M

(71)dcg 75 (deg T, +deg w;) 5

k01

Clearly this vanishes unless i = k and [ = j.
This can be used to compute na for A C M x M. We assume that

na =Y cimh (wi) A (1))



4.3. THE HOPF-LEFSCHETZ FORMULAS 57

On one hand

/ na AT () A (wr)
M x M

= ZCU/ T (wi) A3 (15) At (1) A 75 (wi)

_ Z cij (71)dcg 7 (deg T +deg w;) 5ki5jl

deg 7 (deg T, +deg wy)
= cu(-1)

On the other hand using that (id,id) : M — A is a map of degree 1 tells us that

/M AR () AT @) = / 73 () A7 (1)

— / (id, id)" (7] (1%) A 75 (wi))
J

T N\ Wy
M
= (- 1)deg(7k)deg(wl) Sl

I lllIS
de de w, +d( T de Ty de w,
CLl ( ]) g l( g wi g k) ( ]) g Tk g Wi 5kl

or in other words ci; = 0 unless k = [ and in that case

deg 71 (2 deg wi+deg 71 )
Ckk (— 1)

_ (_1)deg'rk deg 71,
_ (7 1)deg Tk )
This yields the formula

na = (=17} (wi) AT (7))

The Euler characteristic can now be computed as follows

() = /M (id, id)* ( MxM)
- /M (id, id)" (Z (1) 7} (w;) Ay (n))

S [ wnn

M
= Y (-ptEr
> (=1)F dim H (M).

O

A generalization of this leads us to a similar formula for the Lefschetz number
of amap F': M — M.

THEOREM 4.3.2. (Hopf-Lefschetz) Let F : M — M, then
L(F)=1I(graph(F),A) = Z (=1)Ptr (F* : H? (M) — H? (M)).
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PRrROOF. This time we use the map (id,F) : M — graph (F) sending z to
(z, F (z)) to compute the Lefschetz number

(eraph(F). &) = [ (d.FY ns
= [ Py (0" w0 n ()
= Z(_Udeg”/ wi A F*;

M

= Z(—l)deg”/ wi A Fy;

= Y (—D)*ET Fydy
_ Z(_l)degn F;
= > (=DPtr(F*: HP (M) — H” (M)).
O

The definition I (graph (F), A) for the Lefschetz number is not consistent with
[Guillemin-Pollack]. But if we use their definition then the formula we just

dim M

established would have a sign (—1) on it. This is a very common confusion in

the general literature.

4.4. Examples of Lefschetz Numbers

It is in fact true that tr (F* : H? (M) — H? (M)) is always an integer, but to
see this requires that we know more algebraic topology. In the cases we study here
this will be established directly. Two cases where we do know this to be true are
when p = 0 or p = dim M, in those cases

tr (F*: H® (M) — H° (M)) = # of components of M,
tr (F*: H" (M) — H" (M)) = degF.

4.4.1. Spheres and Real Projective Spaces. The simplicity of the coho-
mology of spheres and odd dimensional projective spaces now immediately give us
the Lefschetz number in terms of the degree.

When F : S™ — S™ we have L (F) =1+ (—1)" deg F. This conforms with our
knowledge that any map without fixed points must be homotopic to the antipodal
map and therefore have degree (—1)"*".

When F : RP*"*! — RP*"*! we have L (F) = 1 — deg (F) . This also conforms
with our feeling for what happens with orthogonal transformations. Namely, if
F € Gl ., (R) then it doesn’t have to have a fixed point as it doesn’t have to have
an eigenvector, while if F' € Gl5, ,, (R) there should be at least two fixed points.

The even dimensional version F : RP?™ — RP?" is a bit trickier as the manifold
isn’t orientable and thus our above approach doesn’t work. However, as the only
nontrivial cohomology group is when p = 0 we would expect the mod 2 Lefschetz
number to be 1 for all F. When F € Gly,41 (R), this is indeed true as such maps
have an odd number of real eigenvalues. For general F' we can lift it to a map
F: 82" —5 §27 gatisfying the symmetry condition

F(—z)=+F(z).
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The sign £+ must be consistent on the entire sphere. If it is + then we have that
FoA = F, where A is the antipodal map. This shows that deg F- (71)2n+1 =degF,
and hence that degﬁ‘ = 0. In particular, F and also F must have a fixed point. If
the sign is — and we assume that F doesn’t have a fixed point, then the homotopy
to the antipodal map

must also be odd

H(—z,t) =

= —H(x,t).

This implies that F' is homotopic to the identity on RP*" and thus L (F) = L (id) =
1.

4.4.2. Tori. Next let us consider M = T™. The torus is a product of n circles.
If we let 6 be a generator for H! (S') and 6; = 7} (f), where 7; : T — S' is the
projection onto the i*"" factor, then Kiinneth formula tells us that H? (T™) has a
basis of the form 6;, A---A0; , i3 <--- < i, Thus F* is entirely determined by
knowing what F™* does to 6;,. We write F™* (6;) = «;;0;. The action of F* on the
basis 492‘1 /\-~-/\0ip, 1 < - <ip is
F*(0i, Ao~ Nb;) = F*(0i,) A ANF* ()
= Qi Gjl ARERNA Oéipjpgjp
= (g ai,g,) 0, A NG,
this is zero unless ji, ..., jp are distinct. Even then, these indices have to be reordered
thus introducing a sign. Note also that there are p! ordered ji,...,j, that when
reordered to be increasing are the same. To find the trace we are looking for
the “diagonal” entries, i.e., those ji, ..., j, that when reordered become i1, ...,%p. If
S (i1, ..., ip) denotes the set of permutations of 41, ..., 7, then we have shown that

tI‘F* ‘Hp(Tn) = Z Z sign (O’) Oéilo'(il) e aipo(ip)'
11 < <lp GES(i1,0-4,ip)

This leads us to the formula

n

L(F)= Z (-1 Z Z sign (0) Qi o (iy) *** Qipoiy)

p=0 11 < <ip 0ES (41,..050p)
We claim that this can be simplified considerably by making the observation

det (6ij - aij) = Z Sign (U) (610(1) - ala(l)) te (6na(n) - ana(n))
ceS(1,...,n)

= D sien(0) (<) Qi) Qo (i) Oig 10 (ipan)  Gino(in)
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where in the last sum {i1,...,%p,p41,...,%9n} = {1,...,n}. Since the terms vanish
unless the permutation fixes ip41, ..., %, we have shown that

L (F) = det (5” — Oéij) .
Finally we claim that the n x n matrix [o;;] has integer entries. To see this
first lift F' to F': R™ — R™ and think of 7™ = R"/Z"™ where Z" is the usual integer

lattice. Let e; be the canonical basis for R™ and observe that e; € Z™. The fact
that F' is a lift of a map in 7" means that F (z 4 ¢;) — F (x) € Z" for all z and

i=1,...,n. Since F is continuous we see that
F(z+e)—F(x)=F(e;) — F(0) = Ae; € Z"
For some A = [a;;] € Mat, x, (Z). We can then construct a linear homotopy
H(z,t)=(1—1t)F(z)+1t(Az).
Since

H(z+eit) = ( —t)F(z+e)+tA(z +e)
(F ) + Ae; ) +t(Az + Ae;)
(

|

—
I

-+

F(x ) )) +t(Az) + Ae;

Il
~
~ ~—

we see that this defines a homotopy on T as well. Thus showing that F' is homo-
topic to the linear map A on T™. This means that F* = A*. Since A* (6;) = a0,
we have shown that [o;;] is an integer valued matrix.

4.4.3. Complex Projective Space. The cohomology groups of P* = CP"
vanish in odd dimensions and are one dimensional in even dimensions. The trace
formula for the Lefschetz number therefore can’t be too complicated. It turns
out to be even simpler and completely determined by the action of the map on
H? (P"), analogously with what happened on tori. To show this we need to find
w € H?(P") such that w* € H?* (P") always generates the cohomology. We give
a concrete description below. This description combined with the fact that 7 (P")
and P"*! — {p} are isomorphic bundles over P* with conjugate structures, i.e., they
have opposite orientations but are isomorphic over R, shows that the Euler class
eﬂZSP ) e 12 (P™) also generates the cohomology of P™.

Using the submersion C"*! — {0} — P™ that sends (2°,...,2") to [20: -+ : 2"]
we should be able to construct w on C**!. To make the form as nice as possible we
want it to be U (n + 1) invariant. This is extremely useful as it will force [p, w to
be the same for all P! C P™. Since w is closed it will also be exact on C"t!. We use
a bit of auxiliary notation to define the desired 2-form w on C**! — {0} as well as
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some complex differentiation notation
dzt = da' +/—1dy',
dzt = da' — \/ dyi,

of _ 1(0f
dz¢ 2 8:13’ i ’
of 1
ozt 2 (%U’ i
of ..
o = 321
_ o f
o = azl
The factor % and strange signs ensure that the complex differentials work as one
would think
VA 0z . 0Z; (0
ai (L) = Y5 %% g (O
‘ (azz> 02~ T oz (62’1) ’

(D (0
J = =dz7 | —
o <azi> 0=d <azi>

More generally we can define dw and Ow for complex valued forms by simply com-
puting 9 and 9 of the coefficient functions just as the local coordinate definition of
d, specifically

O(fdz" N+ Ndz' NdZ N NdFT) = Of N2 A Adz'P NN A dE
O(fdz" N-w-Ndz'» NdZ N NdFP) = Of NdZ" A ANdE'P NdE A A dE
With this definition we see that

d = 90+90,

9 = 0?=00+00=0
and the Cauchy-Riemann equations for holomorphic functions can be stated as
af = 0.
Working on C"*! — {0} define
®(z) = logle|®
= log (z 24+ +z”2")
and
= %85@.

As r? is invariant under U (n + 1) the form w will also be invariant. If we multiply
z € C"*1 — {0} by a nonzero scalar A then

®(N\2) = log (|)\z|2) = log |\|* 4 log|2|”
log [\ + @ (2)

so when taking derivatives the constant log |/\|2 disappears. This shows that the
form w becomes invariant under multiplication by scalars. That said, it is not
possible to define ® on P™ as it is essentially forced to be constant and hence have
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zero derivative. But it is defined in any given coordinate system as we shall see.
It is called the potential, or Kéahler potential of w. Finally the form is exact on
Cn*t — {0} since

08 = (0+8) = do

To show that w is a nontrivial element of H? (P") it suffices to show that
fpl w # 0. By deleting a point from P! we can coordinatize it by C. Specifically we
consider

]P’lz[zozzle:u-:O},
and coordinatize P! — {{[0:1:0:---:0]} by 2= [1:2:0:---:0]. Then
V=1 -
™

D

)

0 (zdz) 2 zdz
1+pﬁ(60+|4>)A(LHZﬁ2

dz Ndz N zdz
1l (14 121%)

DN
_

N
-

dzNdz  |2)*dz A dz
2 2
LR (14 12p)

dz NdZ

(1+1=F)
V=1d(z+v=1y) Ad (z —V/~1y)
2 (1+ a2+ 42

V=1 2/=1dy A dz

2 (14 a2+ 2

1 dx N\ dy

1 rdr A df

e

[N} [N}
<5 5
[ —

If we delete the 7 in the formula this is the volume form for the sphere of radius
% in stereographic coordinates, or the volume form for that sphere in Riemann’s
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conformally flat model.
[e=] w
Pt P1—{[0:1:0:---:0] }
B / 1 dzZ Ndz
= T 2
B / 1 dzAhdy
B2 T (1+ 22 + y2)°
B / /2” rdr A df
1+72)?

B /°° 2rdr
o (1+72)?
= 1

The fact that this integral is 1 also tells us that w is the dual to any P! C P,
To see this let

= [1:0:0:---:0],
Prto= {02t 2] s (2, 2") e €t — {0} ).
Then we know that
P'—p={[z:2" - :2"]: (',..,2") e C" — {0} and z € C}.

and there is a retract ro : P* — p — P*~ !, whose fibers consist of the P's that pass
through p and a point in P"~!. More precisely

(7‘0)71([0:21:-~-:z"])—{p}:{[z:zl:---:z"] :z€C}.

Since w is closed and integrates to 1 over these fibers it must be the dual to P*»~! C

P". This shows that
/ wt o= / w"
mn ]:P’!'Lip

= / WAt
P —p

— wn—ll
pn—1

Next we note that the restriction of w to P*~! is simply our natural choice for w
on that space so we have proven that

W o= wnfl
mn Ppn—1
= wk
k

= w
Pt
= 1

ac]

This means that w* € H?¥ (P") is a generator for the cohomology.
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Now let F': P" — P" and define A by F* (w) = Aw. Then F* (w*) = A*w" and
L(F)=1+A+---4A\"

If A =1 this gives us L (F) = n+ 1, which was the answer we got for maps from
Gly41 (C). In particular the Euler characteristic x (P") = n + 1. When A # 1, the
formula simplifies to

1— )\n+1
L(F)= ——
(F) T
Since ) is real we note that this can’t vanish unless A = —1 and n+1 is even. Thus

all maps on P2” have fixed points, just as on RP?". On the other hand P2"+! does
admit a map without fixed points, it just can’t come from a complex linear map.

Instead we just select a real linear map without fixed points that still yields a map
on P2n+1

If I fixes a point then

-zt = 29,
Az0 2!
which implies
5 ,
— A7 =21

for all 7. Since this is impossible the map does not have any fixed points.
Finally we should justify why A is an integer. Let Fy = F|p : P! — P" and

observe that
[Fe
]Pl

[ A

We now claim that F} is homotopic to a map P' — P!. To see this note that
F (Pl) C P™ is compact and has measure 0 by Sard’s theorem. Thus we can find
p ¢ im (Fy) UPL. This allows us to deformation retract P* — p to a P"~1 O P
This P"~! might not be perpendicular to p in the usual metric, but one can always
select a metric where p and P! are perpendicular and then use the P! that is
perpendicular to p. Thus F; : P! — P” is homotopic to a map F, : P! — P*— 1,
We can repeat this argument until we get a map F, : P — P! homotopic to the
original F;. This shows that

>
I

» = [ Rw
IRA%

deg (Fr) /P w
deg () -
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4.5. The Euler Class

We are interested in studying duals and in particular Euler classes in the special
case where we have a vector bundle 7 : E — M and M is thought of a submanifold
of E by embedding it into E via the zero section. The total space E is assumed
oriented in such a way that a positive orientation for the fibers together with a
positive orientation of M gives us the orientation for E. The dimensions are set up
so that the fibers of E — M have dimension m.

The dual n¥; € H™ (E) is in this case usually called the Thom class of the
bundle F — M. The embedding M C E is proper so by restriction this dual defines
a class e(E) € H™ (M) called the Euler class (note that we only defined duals
to closed submanifolds so H. (M) = H (M).) Since all sections s : M — E are
homotopy equivalent we see that e (E) = s*nys. This immediately proves a very
interesting theorem generalizing our earlier result for trivial tubular neighborhoods.

THEOREM 4.5.1. If a bundle 7 : E — M has a nowhere vanishing section then
e(E)=0.

PROOF. Let s : M — E be a section and consider C' - s for a large constant
C. Then the image of C - s must be disjoint from the compact support of 7y, and
hence s* (np7) = 0. O

This Euler class is also natural

PROPOSITION 4.5.2. Let F' : N — M be a map that is covered by a vector
bundle map F : E' — E, i.e., F is a linear orientation preserving isomorphism on
fibers. Then

e(E")=F*(e(E)).
An example is the pull-back vector bundle is defined by
F*(E) ={(p,v) e Nx E:m(v) = F(q)}.

Reversing orientation of fibers changes the sign of n¥; and hence also of e (E).
Using F = id and F (v) = —v yields an orientation reversing bundle map when k is
odd, showing that e (E) = 0. Thus we usually only consider Euler classes for even
dimensional bundles.

The Euler class can also be used to detect intersection numbers as we have
see before. In case M and the fibers have the same dimension, we can define the
intersection number I (s, M) of a section s : M — FE with the zero section or simply
M. The formula is

I(s.M) = /N 5" (e (B))

since all sections are homotopy equivalent to the zero section.

In the special case of the tangent bundle to an oriented manifold M we already
know that the intersection number of a vector field X with the zero section is the
Euler characteristic. Thus

x(M)=I(X,M) :/Me(TM)
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This result was first proven by Hopf and can be used to compute y using a
triangulation. This is explained in [Guillemin-Pollack]| and [Spivak].

The Euler class has other natural properties when we do constructions with
vector bundles.

THEOREM 4.5.3. Given two vector bundles E — M and E' — M, the Whitney
sum has Euler class
e(E®E)=c(E)Ne(E).

PROOF. As we have a better characterization of duals we start with a more
general calculation.

Let 7 : E — M and 7’ : E' — M’ be bundles and consider the product bundle
mx7w : ExE — M x M. With this we have the projections 71 : E x £/ — E
and m : £ x E' — E’. Restricting to the zero sections gives the projections 7 :
M x M — M and 79 : M x M’ — M’. We claim that

maxar = (1) 7} (nr) A s (narr) € H™ (B < EY).

Note that since the projections are not proper it is not clear that 7§ (nar) A7s (narr)
has compact support. However, the support must be compact when projected to
E and E’ and thus be compact in E x E’. To see the equality we select volume
forms w € H™ (M) and o’ € H" (M) that integrate to 1. Then 77 (w) A 75 («') is
a volume form on M x M’ that integrates to 1. Thus it suffices to compute

[t ) s ) A (¢ 7) (of () A ()
ExE'

/ 1 (nar) A s () A (0 (w) A () (')
ExXE'

(0 [ ) A (5 @) A (i) A (7))

0 (Leas @) ([ e n @y @)

When we consider Euler classes this gives us
e(Ex E)=nt(e(E))Ars(e(M)) e H™™ (M x M').
The sign is now irrelevant since e (M’) = 0 if m’ is odd.

The Whitney sum E @ E' — M of two bundles over the same space is gotten
by taking direct sums of the vector space fibers over points in M. This means that
E @ E' = (id,id)" (E x E') where (id,id) : M — M x M since

(id,id)" (E x E') ={(p,v,v Y E M X ExE :n(v)=p=7" ()} =E®FE.

Thus we get the formula

e(E®FE)=e(E)Ne(E).

This implies

COROLLARY 4.5.4. If a bundle m : E — M admits an orientable odd dimen-
sional sub-bundle F C E, then e (E) = 0.
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PRrROOF. We have that F = F @ E/F or if E carries an inner product structure
E = F@ F*. Now orient F and then E/F so that F® E/F and E have compatible
orientations. Then e (E) =e(F)Ae(E/F)=0. O

Note that if there is a nowhere vanishing section, then there is a 1 dimensional
orientable subbundle. So this recaptures our earlier vanishing theorem. Conversely
any orientable 1 dimensional bundle is trivial and thus yields a nowhere vanishing
section.

A meaningful theory of invariants for vector bundles using forms should try
to avoid odd dimensional bundles altogether. The simplest way of doing this is
to consider vector bundles where the vector spaces are complex and then insist on
using only complex and Hermitian constructions. This will be investigated further
below.

The trivial bundles R™ @ M all have e (R™ @ M) = 0. This is because these
bundles are all pull-backs of the bundle R™ & {0}, where {0} is the 1 point space.

To compute e (7 (P")) recall that 7 (P") is the conjugate of P"™! — {p} — P
which has dual np» = w. Since conjugation reverses orientation on 1 dimensional
bundles this shows that e (7 (P")) = —w.

Since x (P") = n+ 1 we know that e (TP") = (n + 1) w™.

We go on to describe how the dual and Euler class can be calculated locally.
Assume that M is covered by sets Uy such that E|y, is trivial and that there is a
partition of unit Ay relative to this covering.

First we analyze what the dual restricted to the fibers might look like. For
that purpose we assume that the fiber is isometric to R™. We select a volume form
¥ € QM1 (S™71) that integrates to 1 and a bump function p : [0,00) — [—1,0]
that is —1 on a neighborhood of 0 and has compact support. Then extend v to
R™ — {0} and consider

d(py) =dp N p.

Since dp vanishes near the origin this is a globally defined form with total integral

/md,ow - /Ooodp/smlw
(0 (00) — p(0)
1.

Each fiber of E carries such a form. The bump function p is defined on all of
by p(v) = p(Jv]), but the “angular” form % is not globally defined. As we shall
see, the Euler class is the obstruction for ¢ to be defined on E. Over each Uy the
bundle is trivial so we do get a closed form v, € Q™1 (S (E|y,)) that restricts
to the angular form on fibers. As these forms agree on the fibers the difference
depends only on the footpoints:

U — Y = T P,
where ¢y, € Q™1 (U, NU;) are closed. These forms satisfy the cocycle conditions
bt = —bik,
Orit+Ou = Ow.

Now define
Ex = Z)\i(bki e Q™ (Uy)
i
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and note that the cocycle conditions show that
ke = Y Nidki— > Nidu

i i

= ) N (fki — i)
i

= ) Nidw
i

= Ow-

Thus we have a globally defined form e = dey, on M since d (e — &) = d¢y; = 0.
This will turn out to be the Euler form

e=d (Z /\i¢ki> = Zd)\i N P

Next we observe that

ey — e = Y — Uy

S0
Y =1 — ey
defines a form on E. This is our global angular form. We now claim that
n = dpyp)
= dp N+ pdy
dp N — pr*dey,

= dpNiy—pre
is the dual. First we note that it is defined on all of FE, is closed, and has compact
support. It yields e when restricted to the zero section as p (0) = —1. Finally when

restricted to a fiber we can localize the expression
n=dp A, —dp ANn'ep — prre.

But both 7*¢; and 7*e vanish on fibers so 7, when restricted to a fiber, is simply
the form we constructed above whose integral was 1. This shows that n is the dual
to M in E and that e is the Fuler class.

We are now going to specialize to complex line bundles with a Hermitian struc-
ture on each fiber. Since an oriented Euclidean plane has a canonical complex
structure this is the same as studying oriented 2-plane bundles. The complex
structure just helps in setting up the formulas.

The angular form is usually denoted df as it is the differential of the locally
defined angle. To make sense of this we select a unit length section s : Uy —
S(E|y,). For v € S(E|y,) the angle can be defined by

v=hg(v) sk = e\/jw’“sk.
This shows that the angular form is given by
dh
do, = —v—-1-—%
h
= —+v/—1dloghy.
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Since we want the unit circles to have unit length we normalize this and define

V=1
QZJk = 77d10ghk.
2m

On U N U; we have that

his; = v = hgsg
So

(h) ™" hysi, = 51

But (hl)_1 hx now only depends on the base point in Uy N U; and not on where v
might be in the unit circle. Thus

g =g om = hy (hy) "

where gy : U, N U; — S satisfy the cocycle conditions

()" = g
gkigit =  YGki-

Taking logarithmic differentials then gives us

_gﬁ*ig]jl - —gﬂ*dlog (gw1)
- <_\/2fdlog(hk)> ~ (—\/Qfdlog(hz))
28)-(52)

Thus
VT
&k = *?ZAidIOg(gki%
(xﬁ—ldhk) )
b o= (XS0 —ra

2w hk

e=d5;~C

= d (éf ZAidlog (gki)>

V-1
= “om ; dX; N\ dlog (gki)

This can be used to prove an important result.
LEMMA 4.5.5. Let E — M and E' — M be complez line bundles, then

e(hom (E,E") = —e(E)+e(E),
e(F®QFE) = e(E)+e(E).
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PRrOOF. Note that the sign ensures that the Euler class vanishes when E = E’.

Select a covering Uy, such that E and E’ have unit length sections s respectively
tr on Uy. If we define Ly € hom (F, E’) such that Ly (sg) = tx, then hy is a unit
length section of hom (E, E’) over Uy. The transitions functions are

gkiSk = Sl
gkitk =t
For hom (E, E’) we see that
Ly(sk) = hi(gwesi)
= gl (s)
= gt
= GikJkitk

= (k)" Grt
Thus
Ly = (gr) " gLy
This shows that

e(hom (E,E")) = —\/25 Z dA; A\ dlog ((gki)_l gki)

71'
V=1 v i
= = Z dAi A dlog (gri) — —5— Z d\i A dlog (gki)

= —e(E)+e(E).
The proof is similar for tensor products using

s1@t = (grisk) @ (Gritr)
G ri (8K @ tr) .

4.6. Characteristic Classes

All vector bundles will be complex and for convenience also have Hermitian
structures. Dimensions etc will be complex so a little bit of adjustment is sometimes
necessary when we check where classes live. Note that complex bundles are always
oriented since Gl,, (C) C GI, (R).

We are looking for a characteristic class ¢ (E) € H* (M) that can be written as

c(B) = c(BE)+ea(B)+c(B)+- -,
c(E) = 1e€H" (M),

a(E) € H*(M),

2 (E) € H'(M),

e(E) e H*™ (M),
0,l >m

5
|

Cm(

Cl(

5
|
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For a 1 dimensional or line bundle we simply define ¢ (FE) =1+4+¢1 (E) =1+e¢e(F).
There are two more general properties that these classes should satisfy. First they
should be natural in the sense that

c(E) = F" (c(E"))

where F' : M — M’ is covered by a complex bundle map F — E’ that is an
isomorphism on fibers. Second, they should satisfy the product formula

c(E®FE) = c(E)Ac(E)

m+m' P

SN c(B)Aepi (B)

p=0 i=0

for Whitney sums.

There are two approaches to defining ¢ (F) . In [Milnor-Stasheff] an inductive
method is used in conjunction with the Gysin sequence for the unit sphere bundle.
As this approach doesn’t seem to have any advantage over the one we shall give
here we will not present it. The other method is more abstract, clean and does not
use the Hermitian structure. It is analogous to the construction of splitting fields
in Galois theory and is due to Grothendieck.

First we need to understand the cohomology of H* (P (FE)) . Note that we have
a natural fibration 7 : P (E) — M and a canonical line bundle 7 (P (E)) . The Euler
class of the line bugle is for simplicity denoted

e=ec(r(P(E))) € H*(P(E)).

The fibers of P(E) — M are P™~! and we note that the natural inclusion i :
P! — P(E) is also natural for the tautological bundles

i (7 (B(E) = 7 (B")
thus showing that
i*(e)=e(r (P™1)).
As e (T (Pm_l)) generates the cohomology of the fiber we have shown that the

Leray-Hirch formula for the cohomology of the fibration P (E) — M can be applied.
Thus any element w € H* (P (FE)) has an expression of the form

m
w= ZW* (wi) Ne™™?
i=1

where w; € H* (M) are unique. In particular,

0 = (=" +7" ( (E)A (=) 4+ 7" (cpo1 (B)) A (=€) + 77 (i (E))

This means that H* (P (F)) is an extension of H* (M) where the polynomial
t" ey (B) " o1 (BE)t+ ¢ (EB)

has —e as a root. The reason for using —e rather than e is that —e restricts to the
form w on the fibers of P (E).
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THEOREM 4.6.1. Assume that we have vector bundles E — M and E' — M’
both of rank m, and a smooth map F : M — M’ that is covered by a bundle map
that is fiberwise an isomorphism. Then

c(E) = F* (c(E")).

PROOF. We start by selecting a Hermitian structure on E’ and then transfer
it to F by the bundle map. In that way the bundle map preserves the unit sphere
bundles. Better yet, we get a bundle map

T (B) = (a')" (E)
that also yields a bundle map
T(P(E)) = 7(P(E")).
Since the Euler classes for these bundles is natural we have
F*(e)=e

and therefore
0 = F* (Z ¢ (E') A (—e')””)
i=0

= > Fa(E)A(-e)"

1=0

Since ¢; (E) are uniquely defined by
0= ci(B)A(—e)™"
i=0

we have shown that
C; (E) = F*Ci (E/) .
O

The trivial bundles C™ & M all have ¢(C™ @ M) = 1. This is because these
bundles are all pull-backs of the bundle C™ & {0}, where {0} is the 1 point space.

To compute e (7 (P")) recall that 7 (P™) is the conjugate of P**1 — {p} — P"
which has dual np» = w. Since conjugation reverses orientation on 1 dimensional
bundles this shows that e (7 (P")) = —w.

The Whitney sum formula is established by proving the splitting principle.

THEOREM 4.6.2. If a bundle m: E — M splits E = Ly @ --- ® Ly, as a direct
sum of line bundles, then

c(B)=][+e(L)).

i=1
PRrROOF. We pull everything back to P (E) but without changing notation and
note that it then suffices to prove that
m

0=[](-e+e(L)).

=1
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This is because []}", (—e + e (L;)) is a polynomial in e of degree m whose coeffi-
cients are forced to be the characteristic classes of E. The theorem then follows if
we consider how

(1+e(L:))
i=1
and
[T (—e+e@)
i=1
are multiplied out.
To see that
H (—e+e(L;)=0
i=1

we identify —e + e (L;) with the Euler class of hom (7, L;). This shows that

[[(-e+e)) = e (@ hom (7, Li)>

i=1

= e
= 0
since hom (7, 7) has the identity map as a nowhere vanishing section. O

The splitting principle can be used to compute ¢ (TP") . First note that TP" ~
hom (T (P™), 7 (P")L) . Thus

TP"®»C = hom (T P, T (]P’")l> eC

hom (7 (P"),C™*")
hom (7 (P"),C) @ - - - @ hom (7 (P"),C).
Thus
c(TP") = c¢(TP" @ C)
= (14w,

This shows that
1 .
¢ (TP™) = (n—|— )wZ
)
which conforms with
e(TP") = ¢, (TP") = (n+ 1) w™.

We can now finally establish the Whitney sum formula.
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THEOREM 4.6.3. For two vector bundles E — M and E' — M we have
c(E®E)=c(E)Nc(E).

Proor. First we repeatedly projectivize so as to create a map N — M with
the property that it is an injection on cohomology and the pull-back of E to N
splits as a direct sum of line bundles. Then repeat this procedure on the pull-back
of E' to N until we finally get a map F : N — M such that F* is an injection on
cohomology and both of the bundles split

F*(E) = Li® - ® Ly,
F*(F) = Ki® &Ky

The splitting principle together with naturality then implies that

F*(¢c(E®E")) = c(F*(E@ED
= c(L)A-ANe(Lp)ANc(K) A Ac(Kpr)
= c(F"(E ))AC(F*(E))

= F'c(E)AF*c(E)
= F'(c(E)Ac(E)).

Since F™* is an injection this shows that

c(E®&E)=c(E)Nc(E).

4.7. Generalized Cohomology

In this section we are going to explain how one can define relative cohomology
and also indicate how it can be used to calculate some of the cohomology groups
we have seen earlier.

We start with the simplest and most important situation where S C M is a
closed submanifold of a closed manifold.

ProposiTION 4.7.1. If S C M 1is a closed submanifold of a closed manifold,
then

1. The restriction map i* : QP (M) — QP (S) is surjective.

2. Ifw € QP (9) is closed, thenw = i*@, w € QP (M), where diw € Q2+ (M — S).

8. If w € O (M) with dw € Q2T (M — S) and w = i* (@) € QP (S) is exact,
then & — df € Q2 (M — S) for some 6 € QP (M).

PROOF. Select a neighborhood S C U C M that deformation retracts m :
U — S. Then i* : H? (U) — HP (S) is an isomorphism. We also need a function
A: M — [0, 1] that is compactly supported in U and is 1 on a neighborhood of S.

1. Given w € QP (S) let w = Ar* (w) .

2. With that choice dw = dA A7 (w) + Am* (dw) so the second property is also
verified.

3. Conversely assume that @ € QP (M) has dw € Q2+ (M — S). By possibly
shrinking the support for A to make it disjoint from the support of dwv we can
assume that Aw is closed. If we assume that i* (A@w) = w is exact, then A\ = d6 for
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0 € QP (U). We can then use § = A\d and note that

O—df = ©—d\AO—)\dO
= o—d\AO—= )0
e Q(M-29).

This shows that we have a short exact sequence
0 - QP(M,S)—= QP (M)—QP(S)—0,
QP (M,S) = ker(i*: QP (M)— QP (9))
as well as a natural inclusion
QL (M —-S)— QP (M,S)
that is an isomorphism on cohomology.
COROLLARY 4.7.2. Assume S C M is a closed submanifold of a closed manifold,

then
— HP (M — S) — HP (M) — H? (S) — H"*' (M — S) —
is a long exact sequence of cohomology groups.
Good examples are S~ C S™ with S™ — S"~! being two copies of R and
P?~! C P" where P® — P*~! ~ F™. This gives us a different inductive method for
computing the cohomology of the spaces. Conversely, given the cohomology groups

of those spaces, it computes the compactly supported cohomology of R™. It can
also be used on manifolds with boundary:

— HP (intM) — H? (M) — H? (OM) — HP™! (intM) —

where we can specialize to M = D" C R", the closed unit ball. The Poincaré
lemma computes the cohomology of D™ so we get that

Hcp+1 (Bn) ~ HP (Sn—l) .

For general connected compact manifolds with boundary we also get some interest-
ing information.

THEOREM 4.7.3. If M is an oriented compact n-manifold with boundary, then
H" (M) =0.
PRrROOF. If M is oriented, then we know that OM is also oriented and that
H" (M, 0M) = H!(intM)~R
H"(0M) = {0},
H" ' (OM) ~ Rk

where k is the number of components of OM. The connecting homomorphism
H" 1 (OM) — H? (intM) can be analyzed from the diagram

0o - Q"(M,0M) —» Q"M) — Q"OM) — 0
+d +d +d
0 — Qi (MoM) — Ql(M) — QlOM) — 0
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Evidently any w € Q"= (M) is the restriction of some @ € Q"1 (M), where we
can further assume that do € Q7 (M) . Stokes’ theorem then tells us that

[l ] -

This shows that the map H"~! (OM) — H? (intM) is nontrivial and hence surjec-
tive, which in turn implies that H™ (M) = {0}. O

It is possible to extend the above long exact sequence to the case where M is
noncompact by using compactly supported cohomology on M. This gives us the
long exact sequence

— H? (M — S) — H? (M) — H* (S) — H'*' (M - S) —
It is even possible to also have S be noncompact if we assume that the embedding
is proper and then also use compactly supported cohomology on S.

We can generalize further to a situation where S is simply a compact subset of
M. In that case we define the deRham-Cech cohomology groups H? (S) using

Qp (S) — {w}

w1 ~ wo iff w; = wy on a ngbd of S’
w € QP(M)
and the short exact sequence
0— Q2 (M- S)— Q (M) — QP (S) — 0.
This in turn gives us a long exact sequence
— H? (M — S) — HP (M) — H” (S) — H!Y' (M — S) —
Finally we can define a more general relative cohomology group. We take a

differentiable map F' : S — M between manifolds. It could, e.g., be an embedding
of S C M, but S need not be closed. Define

QF (F) = QP (M) @ QP (9)
and the differential
d : QF(F)— QP (F)
d(w,9) = (dw,F'w—dy)
Note that d> = 0 so we get a complex and cohomology groups H? (F). These
“forms” fit into a sort exact sequence
0— QP1(S) = QF (F) — QF (M) — 0,

where the maps are just the natural inclusion and projection. When we include the
differential we get a large diagram where the left square is anticommutative and
the right one commutative

0 — QP (S) — (Mo (S) — Pt (M) — 0

1d 1 (d, F* — d) td

0 — 1S —» WMaer 1S - QM) — 0

This still leads us to a long exact sequence
— HP™'(S) — HP (F) — HP (M) — H? (S) —

The connecting homomorphism H? (M) — HP (S) is in fact the pull-back map F™*
as can be seen by a simple diagram chase.
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In case i : S C M is an embedding we also use the notation H? (M, S) = H? (i) .
In this case it’d seem that the connecting homomorphism is more naturally defined
to be HP~1(S) — HP (M, S), but we don’t have a short exact sequence

0— QP (M) QP (S) = QP (M) — QP (S) = 0
hence the tricky shift in the groups.
We can easily relate the new relative cohomology to the one defined above.

This shows that the relative cohomology, while trickier to define, is ultimately
more general and useful.

PROPOSITION 4.7.4. Ifi: S C M 1is a closed submanifold of a closed manifold
then the natural map

QP (M — S) — QP (M) @ QP (S)
w — (w,0)
defines an isomorphism
H? (M — S) ~ H” ().
PROOF. Simply observe that we have two long exact sequences
— HP? (i) — H? (M) — H? (S) — HP* (i) —
— H? (M — S) — H? (M) — H" (S) — H!*' (M — S) —

where two out of three terms are equal. (]

Finally, now that we have a fairly general relative cohomology theory we can

establish the well-known excision property. This property is actually a bit delicate
to establish in general algebraic topology and is also requires a bit of work here.

THEOREM 4.7.5. Assume that a manifold M = UUV, where U and V are open,
then the restriction map

H? (M,U) — H?(V,UNYV)
is an tsomorphism.

PROOF. First select a partition of unity Ay, Ay relative to U, V. Then Ay, Ay
are constant on M — U NV and hence dA\y =0=dAy on M —UNV.
We start with injectivity. Take a class [(w, )] € H? (M,U), then

dv = 0,
w|U = d’(/}

If the restriction to (V,UNV) is exact then we can find (0,¢) € Q*~1 (V) &
QP~2(U N V) such that

wly = dw,
Yoy = @lunv — di.
This shows that
(W+d(AY)) vy = (@—d(A¥)) |uav,
v+d(A\vy) e @),
w—d(Auy) € QTH(V).
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Thus we have a form © € QP! (M) defined by 1 + d (/\VJJ) onU and @ —d (/\UJJ)
on V. Clearly do = w and ¢ = @|y —d (/\w/;) so we have shown that (w, ) is exact.
For surjectivity select (@,v) € Q=1 (V) @ QP~2(U N V) that is closed

do = 0,
oloay = di.
Using
oluay —d (Avy) = d(AvY),
w—d(App) € Q(V),
d(Avy) € QP (U)

we can define w as w — d()\UJ)) on V and d()\vz/;) on U. Clearly w is closed
and w|y = d ()\\ﬂ/—)). Thus we define 1y = Ay in order to get a closed form
(w, ) € P (M) @ QP! (U). Restricting this form to QP (V)@ QP~1 (U N V) yields

(LD —d ()\Uw) ,)\wﬁ) which is not (JJ, 1/3) . However, the difference
(@) = (@—=d(wy), Avy) = (d(A\v¥), )
d (Au,0)
is exact. Thus [(w,)] € H? (M,U) is mapped to [(w,v)] € H? (V,UNV). O

4.8. The Gysin Sequence

This sequence allows us to compute the cohomology of certain fibrations where
the fibers are spheres. As we saw above, these fibrations are not necessarily among
the ones where we can use the Hirch-Leray formula. This sequence uses the Euler
class and will recapture the dual, or Thom class, from the Euler class.

We start with an oriented vector bundle 7 : E — M. It is possible to put
a smoothly varying inner product structure on the vector spaces of the fibration,
using that such bundles are locally trivial and gluing inner products together with
a partition of unity on M. The function E — R that takes v to |v|? is then smooth
and the only critical value is 0. As such we get a smooth manifold with boundary

D(B)={ve Bl <1}
called the disc bundle with boundary
S(E)Y=0D(E)={veE:|v|=1}
being the unit sphere bundle and interior
intD(E)={veFE:|v] <1}.

Two different inner product structures will yield different disc bundles, but it is easy
to see that they are all diffeomorphic to each other. We also note that intD (E)
is diffeomorphic to F, while D (E) is homotopy equivalent to E. This gives us a
diagram

- HP(intD(E)) — HP(D(E)) — HP(S(E)) — HPtl(intD(E)) —

{ ) 0 )
— H? (E) — H? (E) — HP(S(E)) --» Hr1(E) —
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where the vertical arrows are simply pull-backs and all are isomorphims. The
connecting homomorphism
H? (S (E)) — HP™ (intD (E))
then yields a map
HP (S (E)) --» HITH(E)
that makes the bottom sequence a long exact sequence. Using the Thom isomor-
phism
HP™™ (M) — HP (E)

then gives us a new diagram

—  HP™ (M) HP (M) — HP(S(E)) --» HPt-m(M) -

Ly AT () T 7 4
— H? (E) — HP(E) — HP(S(E)) — HP(E) —

en
—

Most of the arrows are pull-backs and the vertical arrows are isomorphisms. The
first square is commutative since 7*i* (ny;) = 7% (e) is represented by 7y in
H™ (E). This is simply because the zero section I : M — E and projection
m : E — M are homotopy equivalences. The second square is obviously com-
mutative. Thus we get a map

HP (S (E)) --» HP*'=™ (M)

making the top sequence exact. This is the Gysin sequence of the sphere bundle of
an oriented vector bundle. The connecting homomorphism which lowers the degree
by m — 1 can be constructed explicitly and geometrically by integrating forms on
S (E) along the unit spheres, but we won’t need this interpretation.

The Gysin sequence also tells us how the Euler class can be used to compute
the cohomology of the sphere bundle from M.

To come full circle with the Leray-Hirch Theorem we now assume that £ — M
is a complex bundle of complex dimension m and construct the projectivized bundle

P(E)={(p,L): L C 7' (p) is a 1 dimensional subspace}
This gives us projections
S(E)—P(E)— M.
There is also a tautological bundle
T(P(E) ={(p,L,v):veEL}.

The unit-sphere bundle for 7 is naturally identified with S (E) by

S(E) — S(r(P(E),

(p,v) — (p,span{v},v).

This means that S (E) is part of two Gysin sequences. One where M is the
base and one where P (E) is the base. These two sequences can be connected in a
very interesting manner.

If we pull back E to P(E) and let

Tt = {(p,Liw):we Ll}
be the orthogonal complement then we have that

™ (e(E)) =e(n™ (E)) =e(r(P(E))) Ne (TL) € H (P(E)).
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Thus we obtain a commutative diagram

2@ (E) % B (P(E))
o \
HU(S(B)  te(rt)Amt() T H (S (E))
o \ o
g2 () B g

What is more we can now show in two ways that
span{l,e,...e" '} @ H* (M) — H* (P (E))

is an isomorphism. First we can simply use the Leray-Hirch result by noting that
the classes 1,e,...,e™ ! when restricted to the fibers are the usual cohomology
classes of the fiber P™. Or we can use diagram chases on the above diagram.

4.9. Further Study

There are several texts that expand on the material covered here. The book
by [Guillemin-Pollack]| is the basic prerequisite for the material covered here.
What we cover here corresponds to a simplified version of [Bott-Tu]. Another
text is the well constructed [Madsen-Tornehave|, which in addition explains how
characteristic classes can be computed using curvature. The comprehensive text
[Spivak, vol. V] is also worth consulting for many aspects of the theory discussed
here. For a more topological approach we recommend [Milnor-Stasheff]. Other
useful texts are listed in the references.

/\
p
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