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Preface

This is an evolving set of lecture notes on manifold theory. For the purposes of teach-
ing the material at UCLA it seems reasonable divide the material as follows.

e 225A: Ch 1-4. The proofs of theorems [1.4.28] and [3.1.14] can be skipped, but
there is time to cover the proofs. Section 1.3.2 should be skipped. Section 2.3.3
can also be skipped.

e 225B: Ch 5-8. Section 7.2.3 on invariant cohomology can be mentioned in pass-
ing if timing is tight. Section 7.4.2 on relative cohomology can be skipped.

In section 7.6 only the Kiinneth theorem is necessary for chapter 8. Examples
8.3.1,2 can be skipped.
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CHAPTER 1

Manifolds

1.1. Smooth Manifolds

An n-manifold is a topological space, M", with a maximal atlas or a maximal smooth
structure.
The standard definition of an atlas is as follows:

DEFINITION 1.1.1. An atlas </ consists of maps xq : Uy — R” such that

(1) Ug is an open covering of M.

(2) x¢ is a homeomorphism onto its image.

(3) The transition functions x, OXEI 1 X (Ua N UB) — Xg (Ua N Uﬁ) are diffeomor-
phisms.

In condition (3) it suffices to show that the transition functions are smooth since xg o
xal 1 Xqg (Ua N Uﬁ) — xg (Ua N Uﬁ) is an inverse. The atlas is maximal provided we cannot
add a map to it so as to create a larger atlas. The maps xq : Uy — R" are called coordinates
or charts or coordinate charts.

The second definition is a compromise between the first and a sheaf theoretic ap-
proach. It is, however, essentially the definition of a submanifold of Euclidean space where
local parametrizations are given as local graphs.

DEFINITION 1.1.2. A smooth structure is a collection & consisting of continuous
functions whose domains are open subsets of M with the property that: For each p € M,
there is an open neighborhood U > p and functions x' € 4, i = 1,...,n such that

(1) The domains of x’ contain U.

(2) The map x = (x',...,x") : U — R" is a homeomorphism onto its image V C R".

(3) For each f: O — R in Z there is a smooth function F : x (U N O) — R such that
f=FoxonUNO.

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. Observe that in condition (3), F = fox~!,
but it is usually possible to find F' without having to invert x. F is called the coordinate
representation of f and is normally also denoted by f. The smooth structure is maximal
provided we cannot add a function to it and still have a smooth structure.

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

DEFINITION 1.1.3. A continuous function f: O — R is said to be smooth with respect
to 2 if 2U{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 2. We can more generally define

1



1.2. EXAMPLES 2

what it means for f to be C* for any k with smooth being C* and continuous C°. We shall
generally only use smooth or continuous functions.

The space of all smooth functions is a maximal smooth structure. We use the notation
C* (M) for the space of C* functions defined on all of M and €* (M) for the space of C*
functions defined on open sets in M, f : O — R with O C M being open and f is CX. The
collection €% (M) is an example of a (pre)sheaf.

It is often the case that all the functions in a 2 have domain M. In fact, with some very
mild extra topological assumptions it is possible to always select the smooth structure such
that this is the case (see corollary [I.3.9). We shall also show that it is possible to always
use a finite collection Z (see theorem[3.2.4).

The next proposition shows that the dimension of the manifold is unique.

PROPOSITION 1.1.4. IfU C R™ and V C R" are open sets that are diffeomorphic,
then m = n.

PROOF. The differential of the diffeomorphism is forced to be a linear isomorphism.
This shows that m = n. ]

1.2. Examples

If we start with M C R¥ as a subset of Euclidean space, then we should obviously use
the induced topology and the ambient coordinate functions x’[y; : M — R as the potential
differentiable structure 2. Depending on what subset we start with this might or might not
work. Even when it doesn’t there might be other obvious ways that could make it work.
For example, we could start with a subset which has corners, such as a triangle. While
the obvious choice of a differentiable structure will not work we note that the subset is
homeomorphic to a circle, which does have a valid differentiable structure. This structure
will be carried over to the triangle via the homeomorphism. This is a rather subtle point and
begs the very difficult question: Does every topological manifold carry a smooth structure?
The answer is yes in dimensions 1, 2, and 3, but no in dimension 4 and higher. There are
also subsets where the induced topology won’t make the space even locally homeomorphic
to Euclidean space. A figure eight 8 is a good example. However, there is an interesting
bijective continuous map R — 8. It “starts” at the crossing, wraps around in the figure 8
and then ends at the crossing on the opposite side. As the interval was open every point on
8 only gets covered once in this process. This map is clearly also continuous. However,
it is not a homeomorphism onto its image. Thus we see again that an even more subtle
game can be played where we can refine the topology of a given subset and to make it a
manifold.

1.2.1. Spheres. The n-sphere is defined as
$'= {xe R [ = 1}.
Thus we have n+ 1 natural coordinate functions. On any open hemisphere OF = {x € §" | £x' > 0}

we use the coordinate system that comes from using the n functions x/ where j # i and the
remaining coordinate function is obtained as a smooth expression:

= [1-Y (o)
J#i

A somewhat different atlas of charts can be constructed via stereographic projection
from the points +e;, where e; are the usual basis vectors. The map is geometrically given
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by drawing a line through a point z € ef = {z eR™ |z L ei} and +e; and then checking
where it intersects the sphere. The equator where x' = 0 stays fixed, while the hemisphere
closest to £e; is mapped outside this equatorial band, and the hemisphere farthest from +e;
is mapped inside the band, finally the map is not defined at e;. The map from the sphere
to the subspace is given by the formula:

7= T (xFe)Le;
and the inverse
+2
X = 7(Z:Fei):|:€,‘.
14|z

Any two of these maps suffice to create an atlas. But we must check that the transition
functions are also smooth. To be specific we consider the ones coming from opposite
points, say e,+1 and —e,,11. In this case the transition is an inversion in the equatorial band
and is given by

In particular, we see that the sphere is naturally identified with the one point compact-
ification of Euclidean space of the same dimension.

1.2.2. Basic Geometry of Projective Spaces. 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 projec-
tive space of V. In the concrete case were V = F"*! we use the notation P (]F‘"+1) =FP"=
P

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.

The space of operators or endomorphisms on V is denoted End (V') and the invertible
operators or automorphisms by Aut(V). When V = F” these are represented by matrices
End (F") = Mat,«, (F) and Aut(F") = GI, (F). Since invertible operators map lines to
lines we see that Aut (V) acts in a natural way on IP (V). In fact this action is transitive, i.e.,
if we have p,q € P(V), then there is an operator A € Aut (V) such that A (p) = g. Moreover,
as any two bases in V can be mapped to each other by invertible operators it follows that
any collection of k independent lines py,..., pg, i.€., p1 + -+ px = p1 D --- B pi can be
mapped to any other collection of k independent lines ¢, ..., gx. This means that the action
of Aut(V) on P (V) is k-point homogeneous for all k < dim (V) + 1. Note that this action
is not effective as all homotheties A = A1y act trivially on P(V).

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 a map A : P(V) —P(kerA) — 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 (Euclidean) or complex (Hermitian). The key observation in relation to sub-
spaces 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 orthogo-
nal 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, (x) = (x,v) v.
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Clearly we get the same formula for all unit vectors in p. Note that the formula is quadratic
in v. This yields an inclusion P (V) — End (V') and endows [P (V) with a natural topology.
One can also easily see that (V) is compact.

The angle between lines in V gives a natural metric on P (V). 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 geometrically the same everywhere.

One way of finding coordinates around p € P (V') is to consider the set of 1-dimensional
subspaces, 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 G, : Hom (p, p*) = P(V) =P (p*). To
construct this map decompose V ~ p @ p* and note that any 1-dimensional subspace not
in p* is a graph over p given by a unique homomorphism 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, p*) is a vector space
of dimension dimV — 1. In this way P (V) becomes a manifold of dimension dimV — 1.

1.2.3. Projective Coordinates. We saw that the n-dimensional (real) projective space
RP" can be identified with the space of orthogonal projections of rank 1. More concretely,
if

XO

X
x=| " |er_{o0},

x"

then the matrix that describes the orthogonal projection onto span {x} is given by
A0x0 X0 X0y
1 B SRR L=
Ex - 72
|x] : o
DR Lo P v
1
= —xx
[«

Clearly E; = E, and as x*x = \x\2 we have E? = E, and E,x = x. Thus E, is the orthogonal
projection onto span {x}. Finally note that E, = E, if and only if x = Ay, A # 0. With that
in mind we obtain a natural differentiable system by using the coordinate functions

xix/
= 2 .
[
If we fix j and consider the n + 1 functions f'/, then we have the relationship

=+ Y (F9)2.
i#]

JY(Ey)

This describes a sphere of radius % centered at the point where f/ =0 fori # jand f// = %
The origin on this sphere corresponds to all points where x/ = 0. But any other point on the
sphere corresponds to a unique element of O; = {Ex | x; # O}. This means that around any
given point in O; we can use n of the functions f* as a coordinate chart. The remaining
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function is then expressed smoothly in terms of the other coordinate functions. This still
leaves us with the other functions £, but they satisfy

ffY
~
and so on the given neighborhood in O; they are also smoothly expressed in terms of our

chosen coordinate functions. The more efficient collection of functions f i< Jj yields the
Veronese map

fkl

(n+2)(n+1)
2

RP" - R

A more convenient differentiable system can be constructed using homogeneous co-
ordinates on RP". These are written [x*: x!: ---: x"] and represent the equivalence class
of non-zero vectors that are multiples of x. The notation is suggestive of the fact that all
elements in the equivalence class have the same ratios x' : x/ = ;‘—; on O;. We can now
define a differentiable system by using the functions

i ij

P10, L. _x_

Fif ety = 5 =
These have domain O; and are smoothly expressed in terms of the coordinate functions we
already considered. Conversely note that on O; N O; the old coordinates are also expressed

smoothly in terms of the new functions:

-1
= (Zf;"f}‘) :
k

On O; we can use f]’:, i # j as a coordinate chart. The other coordinate functions f/‘
can easily be expressed as smooth combinations by noting that on O; N O; we have

-
Ji o

Thus using the obvious coordinate functions works, but it is often desirable to use a
different collection of functions for a differentiable system.

Homogeneous coordinates also work over C. We offer a few extra formulas of these
coordinates and how they tie in with the geometry of projective space.

For z = (ZO, ...,z”) € "1 — {0} denote the 1-dimensional subspace generated by z
as [zo Teee :z”]. Thus [ZO Do :z"} = [WO Do :w”] iff and only if z and w are propor-
tional. If we let p=[1:0:---:0], then the coordinate map is simply G, (z',...,.2") =

[1:gheeozm].
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"::2"] | (,....7") €F"— {0} and z € F}.

Here the subset

P(pl) ={[0:z":-:2"] | (d},....2") e F"— {0} }
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can be identified with P"~!. Using the projection

0 0 0
0 1 0
Ry = . . s
0 0 1
ker(Ry)) = p

we obtain a retract Ry : P" — p — P"~!, whose preimages are diffeomorphic to F. Using
the family of transformations

0 1 0
R[:

we see that Ry is in fact a deformation retraction.

Finally we check the projective spaces in the lowest dimensions. When dimV =1,
IP(V) is just a point and that point is in fact V it self. Thus P (V) = {V}.

When dimV = 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 IP(V) just like the antipodal map on the sphere. In fact

PV) = ®V)-{phu(Pv)-{r}),
P(V)—{p} = F=P(V)-{p},
F—{0} ~ @WV)—{phn (W) -{r}).

Thus P (V) is simply a one point compactification of F. In particular, we have that RP' ~
S' and CP' ~ $2, (you need to convince yourself that these maps are diffeomorphisms).
Since the geometry doesn’t allow for distances larger than 7 it is natural to identify these
projective “lines” with spheres of radius % in F2.

1.2.4. Matrix Spaces. Define Mat, ,, as the matrices with n rows, m columns, and
rank k. We will focus on real matrices but everything carries over to the complex case with
the modification that all dimensions will be complex dimensions.

The special case where k = n = m is denoted GI,, and is known as the general linear
group. It evidently consists of the nonsingular n X n matrices and is an open subset of all
the n x n matrices. As such it is obviously a manifold of dimension n>.

In the general case Matf, , is still a subspace of a Euclidean space so it is natural
to suspect that the entries will suffice as a differentiable system. The trick is to discover
how many of them are needed to create a coordinate system. To that end, assume that we
look at the matrices of rank k£ where the first k rows and the first k columns are linearly
independent. If such a matrix is written in block form

A C
B D |’
then we know that B = YA, Y € Mat(,_j),, C = AX, X € Maty(,,_), and D = YAX.

Thus those matrices are uniquely represented by the invertible matrix A and the two gen-
eral matrices X,Y. Next observe that Y = BA~!, X = A~!C. Thus we can use the nm —
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(n—k) (m—k) entries that correspond to A,B,C as a coordinate chart on this set. The
remaining entries corresponding to D are then smooth functions of these coordinates as
D=BA"'C.

where the rows indexed by iy, ...,i; and columns by ji, ..., ji are linearly independent. On
these sets all entries that lie in the corresponding rows and columns are used as coordi-
nates and the remaining entries are smoothly expressed in terms of these using the above
expression with the necessary index modifications.

When m = n we can add other conditions such as having constant determinant, being
skew- or self-adjoint, orthogonal, unitary and much more.

A particularly intricate situation is the Grassmannian of k-planes in R” (or C"*). These
are, as indicated, the k-dimensional subspaces of an n-dimensional vector space. When
k =1 they are simply the projective spaces. As such, they are represented as the subset of
orthogonal projections:

Gry = Gry (F") = {E eMatt | E*=Eand E* = E} .

Any k-dimensional subspace is generated by a basis, i.e., an element X € Matlr‘,X ¢ Given
such an X the corresponding orthogonal projection is given by

Ex =X (X*X)"'X* € Gry.

Moreover, Ex = Ey if and only if X = YA where A € Gl;. Instead of analyzing the en-
tries of Ex as our differentiable system, we will imitate the construction of homogeneous
coordinates to create an efficient way of parametrizing suitable open sets in Gry. Let
Oi,....i, C Gry be the open set with the property that the rows of E corresponding to the
indices iy, ..., are linearly independent. As E is self-adjoint the corresponding columns
are also linearly independent. If E = Ey, then O, ; corresponds to the X € MatﬁX A
where the rows indexed by iy,...,i; are linearly independent. We can then consider the
matrix Ay € Gl; which consists of those rows from X. The remaining rows in XA)}1 pa-
rametrize Ex = E, Al To see this more explicitly assume that the first k rows are linearly

independent. Then we can use

I
X = |: 7 :|,Z€Mat(nk)><k

and
oA C]_[ & +7°2)" (h+zz2) 'z
XT1UB DT | z+z'2)" zi+Z2) 'z
Note that Z = BA~! depends smoothly on the entries in E regardless of how E € O, kis
expressed as a matrix. In this way we have created smooth bijections

k
nxn:

Mat(n—k)xk — 0,‘],,_,7,',{ C Gr; C Mat
This shows that dim Gry, = k(n—k). The inverse maps will now yield the differentiable
system or equivalently atlas for Gr;. The formula Z = BA~!' makes it clear that these

coordinates are smooth on an overlap O;, .. ;, NOj, . ..

1.2.5. Tangent Spaces to Spheres. The last example for now is somewhat different
in nature and can easily be generalized to manifolds that come from subsets of Euclidean
space where standard coordinate functions give a differentiable system.

We consider the set of vectors tangent to a sphere. By tangent to the sphere we mean
that they are velocity vectors for curves in the sphere. If ¢ : I — S”, then |c\2 =1 and
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consequently ¢-¢ = (¢|¢) = 1. Thus the velocity is always perpendicular to the base vector.
This means that we are considering the set

TS"~{(x,v) € R R™! | |x| = 1 and (x|v) = 0}
Conversely we see that for (x,v) € T'S" the curve
c¢(t) = xcost 4 vsint
is a curve on the sphere that has velocity v at the base point x. Now suppose that we are
considering the points x € OJi with £x/ > 0. We know that on this set we can use x/,

i # j as coordinates. It seems plausible that we could similarly use v/, i # j for the vector
component. We already know that we can write x/ as a smooth function of x, i £ j. So we
now have to write v/ as a smooth function of v' and x'. The equation (x|v) = O tells us that

i
_Z,#xv
X/

V=

so this is certainly possible.

This also helps us in the general case where we might be considering tangent vectors
to a general M. For simplicity assume that x"*! = F (x',...,x"). If ¢ is a curve, then we
also have "1 (t) = F (¢! (t),...,c" (t)). Thus

JdF
.n+1 _ o1
) = 5i¢ (t).

This means that for the tangent vectors

n+l __ JF i
v = —=V
dxi
Thus we have again written v"*! as a smooth function of our chosen coordinates given that
¥ is already written as a smooth function of x!, ..., x".

This argument is general enough that we can use it to create a differentiable structure
for similarly defined tangent spaces TM for M™ C R" where we used the n-coordinate
functions from R" to generate the differentiable structure on M. The only difference is that
we now need n — m functions to describe n — m of the coordinates on any given set where
we’ve used a specific set of m coordinates as a chart. For instance

x/ =F/ (xl,...,f”),j>m

yields

. maFji )
v = ?V,J>m.
=1 X

1

1.3. Topological Properties of Manifolds

The goal is to show that there exists partitions of unity on smooth manifolds and in
particular that manifolds are paracompact. The simplest topological assumptions for this to
work is that the manifold is second countable (there is a countable basis for the topology)
and Hausdorff (points can be separated by disjoint open sets). For a manifold, as defined
above, this means that the topology will henceforth be assumed to be second countable
and Hausdorff. The Hausdorff property is essential for many obvious properties, but it
will also seem as if it is rarely used explicitly. Two essential properties come from the
Hausdorff axiom. First, that limits of sequences are uniquely defined. Second, compact
subsets satisfy all of the usual equivalent conditions and are closed sets. In particular,
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manifolds are locally compact. This is the crucial condition obtained from assuming that
the topology is Hausdorff.

Checking that the topology is second countable generally follows by checking that the
space can be covered by countably many coordinate charts. Clearly open subsets of R" are
second countable. So this means that the space is a countable union of open sets that are
all second countable and thus itself second countable.

Checking that it is Hausdorff is generally also easy. Either two points will lie the same
chart in which case they can easily be separated. Otherwise they’ll never lie in the same
chart and one must then check that there are charts around the points whose domains don’t
Intersect.

1.3.1. Bump Functions. The goal is to prove a smooth version of Urysohn’s lemma
and construct partitions of unity.

THEOREM 1.3.1. A smooth manifold has a compact exhaustion, i.e., is G-compact,
and is in addition paracompact.

PROOF. A compact exhaustion is an increasing countable collection of compact sets
Ki C K, C --- such that M = UK; and K; C intK;; for all i. The crucial ingredients for
finding such an exhaustion is second countability and local compactness.

The key properties are that the space is locally compact and second countable. Around
each p € M select an open neighborhood U, such that the closure is compact. Since M is
second countable (or just Lindeldf) we can select a countable collection U, that covers M.
Define K| = U, and given K; let K;y; = U,, U---UU,,, where pi, ..., p; are chosen so
thatk >iand K; C Uy, U---UUp,.

To show that the space is paracompact consider the compact “annuli” C; = K; —intK;_
and note that C; NC; = 0 when |i— j| > 1. Extend this to a covering of open sets U; =
intKj;1 — Ki—1 D C; and note that U; N U; = O when |i— j| > 4. In other words these
are locally finite covers, i.e., each p € M has a neighborhood U, such that only finitely
many sets in the cover have nonempty intersections with U,. Given an open cover By
we can consider the doubly indexed refinement By, NU; of By. For fixed i we can then
extract a finite collection of B,-j NUj, j=1,...,n;, that cover the compact set C;. This leads
to a locally finite refinement of the original cover By. Specifically, when p € intC;, the
neighborhood intC; is covered by the finite selection of B;; UU; and when p € C;NCiy,
then the neighborhood int(C; UCy) is covered by the two finite selections Bij UU; and
B(iJr‘l)jUUiJ'_l. ([l

Another fundamental lemma we need is a smooth version of Urysohn’s lemma, a result
established by Whitney.

LEMMA 1.3.2. (Smooth Urysohn Lemma) If M is a smooth manifold and Cy,C1y C M
are disjoint closed sets, then there exists a smooth function f: M — [0,1] such that Cy =

fH0)and €y = f71(1).
PROOF. First we claim that for each open set O C M there is a smooth function f :
M — [0,0) such that M — O = f~1(0).
We start by proving this in Euclidean space. First note that for any open cube
0 = (al7b1) XX (aﬂ7bn)

there is a bump function R” — [0, ) that is positive on O and vanishes on the complement.
Simply select such bump functions for each interval (a;,b;) and multiply them. Then write
a general open set O as a union of open cubes such that for all p € O there is a neighborhood
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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 the closure is contained in a chart U c V, where
x:V — O C R", then this construction gives us a function that is positive on U and vanishes
on V —U. If we extend this function to vanish on M —V we obtain a smooth function.

More generally, we can find a locally finite cover of M consisting of open Uy, where
Uy C Vg and Vy is the domain for a chart (convince yourself that this is indeed possible).
For a fixed open set O C M consider the nonempty intersections Uy N O and construct a
function as just explained on each of them. Then add all of these functions to obtain a
smooth function on M that is positive on O and vanishes on M — O.

Finally, the Urysohn function is constructed by selecting f; : M — [0,o0) such that
£1(0) = C; and defining

Jo(x)
fx)= :
Jo(x)+ f1(x)
This function is well-defined as Co NC; = 0 and is the desired Urysohn function. O

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

LEMMA 1.3.3. Let M be a smooth manifold. Any covering Uy of open sets admits
partition of unity subordinate to this covering, i.e., there are smooth functions ¢y : M —
[0,1] such that the preimages satisfy: ¢, 1(0,00) C Uy, form a locally finite covering, and
1=Y49a

PROOF. First select a locally finite covering V; subordinate to Uy. The previous result
gives us functions A; : M — [0, 1] such that A,~' (0) = M — V. As the cover is locally finite
the sum Y'; A; is well-defined and positive. Define

Ug = Z Ai.
{ilVicUq}
Note that these functions vanish when the corresponding sets {i | V; C Uy } are empty. Fi-
nally define

_ _ Ha
ba Yola
O

REMARK 1.3.4. We will often use a covering U, p € M, where U, is an open neigh-
borhood of p.

PROPOSITION 1.3.5. IfU 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 provided A : M — R is smooth and has
supportin U, i.e.,

suppA = {xeM | A (x) #0} C U.

PROOF. Clearly A f is smooth on U and vanishes on the open set M — suppA. Thus it
is smooth on M = U UM — suppA. O

REMARK 1.3.6. Note that for any p € U the function A can be chosen to be 1 on a
neighborhood of p. In particular, any smooth function can locally be extended to a smooth
function on all of M.

We can now also easily construct proper functions.

PROPOSITION 1.3.7. A smooth manifold admits a proper smooth function.
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PROOF. Select a compact exhaustion K1 C K> C --- , where each K; is compact, K; C
intK; 1, and M = |JK;. Choose Urysohn functions ¢; : M — [0, 1] such that ¢; (K;—;) =0
and ¢; (M —intK;) = 1. Thenuse p =} ¢;. O

The above topological properties of manifolds lead to a general principle that offers
an abstract general condition for when a statement holds for manifolds.
Consider a class .#" manifolds with the following properties:

(1) Every M € .# is o-compact and has dimension 7.

2) Rte. #".

(3) f M e #" and U C M is open, then U € .Z".

(4) If M € .#" and M is diffeomorphic to N, then N € .Z".

This can for example be the class of all n-manifolds or all oriented n-manifolds or simply
all open subsets of a manifold. The key property to be extracted from o-compactness is
that each manifold has a proper function p : M — [0,0).

The goal is to consider the validity of a statement P (M) for all M € .#™. We will
assume that the statement only depends on the diffeomorphism type of the manifold.

THEOREM 1.3.8. The statement P (M) is true for all manifolds in .#" provided the
Sfollowing conditions hold:
(1) P(R") is true.
(2) IfA,BC M € .#" are open and P(A),P(B),P(ANB) are true, then P(AUB)
is true.
3) IfA; CM € A" form a countable collection of pairwise disjoint open sets such
that P (A;) are true, then P (|JA;) is true.

PROOF. We start by showing that P (U) is true for all open sets U C R”. Observe first
that any open box (aj,b;) X - -+ X (ay,by) is diffeomorphic to R”" and that the intersection
of two boxes is either empty or a box. Consider next an open subset of R” that is a finite
union of open boxes. The claim follows for such sets by induction on the number of boxes.
To see this, assume it holds for any union of k or fewer open boxes and consider K+ 1 open
boxes B;. Then the statement holds for By U--- U By, By, and the intersection as it is a
union of k or fewer boxes:

(B] U"'UBk)mBkJrl = (B] ﬁBk+1)U--~U(Bk ﬂBk+1).

This in turn shows that we can prove the theorem for all open sets in R”. Fix an open set
U C R" and a proper function p : U — [0,). Now cover each compact set p ! [i,i+ 1] C
U; by an open set U; that is a finite union of open boxes, where U;N\U; = @ when |i — j| > 2.
Thus the theorem holds for JUs;, [JUzi+1. It also holds for the intersection (|JUy;) N
UUz+1) =U (U,-ﬂUJ-H) as UiNUi1NU;NUj41 = 0 when i # j. Consequently, the
statement holds for the entire union.

Having come this far we use the exact same strategy to prove the statement for an M €
" by considering the class of all open subsets U C M and replacing the first statement
with:

(1) P(U) is true for all open U C M that are diffeomorphic to an open subset of R”,

i.e., all charts U C M.
Using induction this shows that the statement is true for any open subset of M that is
a finite union of charts. Next write M = |JU; where each U; is a finite union of charts
and U;NU; = 0 when |i — j| > 2. This means the theorem holds for JUs;, JU»i41, and
(UUz) N (UUzi+1) and consequently for the entire union. O
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As a very basic application we can show that any manifold admits a countable differ-
entiable system of functions that are defined on the entire manifold.

COROLLARY 1.3.9. For any manifold M, there exists a countable collection of smooth
functions f; : M — R that form a differentiable system. The functions can be chosen so that
the supports are locally finite.

PROOF. Note that multiplying coordinate functions x' : V — R by the same positive
function A : V — R will create a new set of coordinates Ax' : V — R.

Condition 1 is obvious as the coordinate functions on R” can be used. For condition 3,
we can select such a countable collection on each open set A,. As the sets are disjoint from
each other all of the these functions can be extended to smooth functions on the union. As
a countable union of countable sets is again countable we have found the desired functions.
Finally, for two open sets A, B select a partition of unity A4, A5 : AUB — [0, 1], where the
support of each function is in the set they are indexed by. Given differentiable systems
S A—Rand f7: B— R we can construct a combined system A4 /7', A7 : AUB — R.
For any point in A U B one of the bump functions is positive. Consequently, we can use the
corresponding functions on A or B to construct local charts. (]

Based on the proof of theorem|[I.3.8we also obtain the following less abstract version.
We consider a statement P about all open subsets of a fixed manifold. Thus we don’t
necessarily assume that the statement is invariant under diffeomorphisms.

COROLLARY 1.3.10. The statement P (M) is true for a manifold M provided

(1) M has a cover of open sets O, that are diffeomorphic to R" such that for all o
the statement P (B) is true for any box B C O

(2) IfA,BC M € 4" are open and P(A),P(B),P(ANB) are true, then P(AUB)
is true.

3) IfA;i CM € A" form a countable collection of pairwise disjoint open sets such
that P (A;) are true, then P (|JA;) is true.

1.3.2. Metrizability. We finally mention several interesting results that help us un-
derstand the topological properties that are crucial for manifolds. Whitney’s embedding
theorem 3.2.4] also shows that manifolds are metrizable.

The Urysohn metrization theorem asserts that a second countable normal Hausdorff
space is metrizable. In particular, manifolds are always metrizable. The proof of this result
is remarkably simple.

THEOREM 1.3.11. A second countable normal Hausdorff space is metrizable. More-
over, if the space admits a compact exhaustion, then it is metrizable with a complete metric.

PROOF. We shall only use that the space is completely regular. In fact Tychonoff’s
Lemma shows that a regular Lindelof space is normal. So it suffices to assume that the
space is second countable and regular. There are second countable Hausdorff 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| I; where I; = [0, 1] is a metric space with
distance

d((x:), () = Zz_i xi — yil -

The goal is then to show that our space is homeomorphic to a subset in the Hilbert cube.
Choose a countable collection of closed sets 4" such that their complements generate
the topology of M. Enumerate the all pairs (C;, F;) € € X € with C; C intF;, and for each
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such pair select a function ¢; : M — [0, 1] such that ¢; (C;) = 0 and ¢; (M — intF;) = 1. This
results in a map @ : M — x 3 ,; by defining ® (x) = X7, ¢; (x).

This map is injective since distinct points can be separated by open sets whose com-
plements are in . Next we show that for each C € % the image @ (C) is closed. Consider
a sequence ¢, € C such that ®(c,) — P (x). Note that for any fixed index i we have
@i (cn) — ¢; (x). If x ¢ C, then we can find a pair (C;, F;) where x € M — intF;. Therefore,
¢; (cy) =0 and ¢; (x) = 1, which is impossible. Thus x € C and ® (x) € @ (C). This shows
that the map is a homeomorphism onto its image.

An explicit metric on M can given by

x,y) =327 191 (x) — 9: ()]

In case the space also has a compact exhaustion we can find a proper function p : M —
[0,00) and use map: (p,P) : M — [0,00) x3* , I; which is also proper. In this way the metric
has the property that bounded closed sets are compact. In particular, Cauchy sequences
have accumulations points and are consequently convergent. (]

For comparison it should be mentioned that if we use the topology on R generated by
the half open intervals [a,b) then we obtain a paracompact space that is separable but not
second countable and not locally compact (51 in [Steen & Seebach]).

THEOREM 1.3.12. A connected locally compact metric space has a compact exhaus-
tion.

PROOF. Assume (M,d) is the metric space. For each x € M let

r(x) = sup {r | B(x,r) is compact} )
If r (x) = oo for some x we are finished. Otherwise r (x) is a continuous function, in fact

Ir(x) =r(y)[ <d(x,y)
since
r(y) <d(x,y)+r(x)
and
r(x) <d(x,y)+r(y)

We now claim that for a fixed compact set C the set C* = {x EM|3zeC:d(x,z) <t

51 (z
is also compact and contains C in its interior. The latter statement is obvious since B ( L (x )

C* forall x € C. Next select a sequence x; € C* and select z; € C such that d (x;,z;) < 3r(z;).
Since C is compact we can after passing to a subsequence assume that z; — z € C and that
d(z,z;) < 1r(z) for all i. Thend (z,x;) < d (z,z;) +d (zi,x;) < §r(z) + 37 (z;). Continuity
of r(z;) then shows that x; € B (z,3r(z)) for large i. As B(z,3r(z)) is compact we can
then extract a convergent subsequence of x;.

Finally consider the compact sets K; 1 = Kf where K is any non-empty compact set.
We claim that U;K; is both open and closed. The set is open since B (x, 3r (x)) C Kf = Ki1
for any x € K;. To see that the set is closed select a convergent sequence x,, € U;K; and let
x be the limit point. We have r (x,) — r(x) and d (x;,x) — 0. So it follows that for large n
we have x € B (x,, 37 (x,)) showing that x € K7 if x,, € K;. So the fact that M is connected
shows that it has a compact exhaustion. O

COROLLARY 1.3.13. A second countable locally compact metric space has a compact
exhaustion and is paracompact.

)}
C
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PROOF. There are at most countably many connected components and each of these
has a compact exhaustion. We can then proceed as in theorem[I.3.1] O

THEOREM 1.3.14 (Baire Category Theorem). A Hausdorff space that is locally com-
pact satisfies: A countable union of closed sets without interiors has no interior.

PROOF. Let C; C M be a countable collection of closed sets with no interior points.
Select an open set Vy C X. Then Vy — C; is a nonempty open set as C; has no interior
points. As M is locally compact we can find an open set V; such that V; C Vy —Cj is
compact. Similarly we can find open sets V; such that V; C V;_ — C; C V;_ is compact. By
compactness ()52 V; is nonempty and we also have (=, V; C Vo — U2 C;. In particular,
Vo — U2 i is nonempty for any open set V. This shows that |J; C; has no interior
points. (]

EXAMPLE 1.3.15. The set of rationals Q C R is a metric space that does not admit a
complete metric nor is it locally compact.

1.4. Smooth Maps

1.4.1. Smooth Maps. A map F : M — N between spaces has a natural dual or pull
back that takes functions defined on subsets of N to functions defined on subsets of M.
Specifically, if f: A C N — R, then F* (f) = foF : F~! (A) C M — R. Here it could hap-
pen that F~! (A) = 0. Note that if F is continuous, then its pull back will map continuous
functions on open subsets of N to continuous functions on open subsets of M. Conversely,
if N is normal, and the pull back takes continuous functions to continuous functions, then
it will be continuous. To see this fix O C N that is open and select a continuous func-
tion A : N — [0,00) such that 1~1(0,00) = O. Then (Ao F) ™' (0,00) = F~1 (0) and is in
particular open as we assumed that A o F was continuous.

DEFINITION 1.4.1. Amap F : M — N is said to be smooth if F* takes smooth func-
tions to smooth functions, i.e., F* (¢ (N)) C € (M).

PROPOSITION 1.4.2. Let F : M — N be continuous. The following conditions are
equivalent:
(1) F is smooth.
(2) If 2 is a differentiable structure on N, then F*(2) C € (M).
(3) F*(C*(N)) CcC=(M).
4) If xq : Ug — R™ is an atlas for M and yg : Vg — R" an atlas for N, then the
coordinate representations yq o F OXEI are smooth when- and where-ever they

are defined.
1.4.2. The Rank of a Map.

DEFINITION 1.4.3. The rank of a smooth map at p € M is denoted rank,F and is
defined as the rank of the differential D (yo F ox™!) atx(p). This definition is independent
of the coordinate systems we choose due to the chain rule and the fact that the transition
functions have nonsingular differentials at all points.

PROPOSITION 1.4.4. IfF : M — N and G : N — O are smooth maps, then

rank, (Go F) < min {rank,F,rankp,) G } .
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PROOF. Using coordinates x around p € M, y around F (p) € N, and zaround G (F (p)) €
O we can consider the composition

z0GoFox ! = (Zo Goy_l) o (yoFox_l)
The chain rule then implies
D (zoGoFox_l) |,=D (zoGoy_l) lyor(p) 0 D (yoFox_l) le(p)
This reduces the claim to the corresponding result for linear maps. O

REMARK 1.4.5. Note that rankA > k is an open condition on Mat,»,,. Thus if rank , ' =
k, then rank,F > k for all x in a neighborhood of p. Similarly, when V C R” is a subspace,
then the condition that imA +V = R” is also an open condition for A € Mat,, ;.

1.4.3. Coordinates.

DEFINITION 1.4.6. We say that F : M — N is a diffeomorphism if it is a bijection and
both F and F~! are smooth.

PROPOSITION 1.4.7. Lety: U — R¥ be smooth where U C M is an open subset. If
rank,y = dimM = m, then y is a chart on a neighborhood of p. Moreover, if rank,y = k <
dimM, then it is possible to select functions Y1, ... .y such that y',...,y" form coordi-
nates around p.

PROOF. This follows from the inverse function theorem. Select a chart x : V — R™
on a neighborhood of p and consider the smooth map yox™! : x(UNV) — R™. By the
definition of rank the map has nonsingular differential at x(p) and must therefore be a
diffeomorphism from a neighborhood around x (p) to its image. This shows in turn that y
is a diffeomorphism on some neighborhood of p onto its image.

For the second claim select an arbitrary coordinate system z
map (y oz 17, ...,zm) has a differential at z (p) that looks like

A

I

L ...,Z" around p. The

where I, is the identity matrix and D (yozfl) has linearly independent rows. We can
then use the replacement procedure to eliminate k of the bottom m rows so as to get a
nonsingular m X m matrix. Assuming after possibly rearranging indices that the remaining
rows are the last m — k rows we see that (yoz~',zZ¥"! ... z") has rank m at p and thus
forms a coordinate system around p. (I

1.4.4. Immersions.

DEFINITION 1.4.8. We say that F' : M — N is an immersion if rank,F' = dimM for
every p € M.

PROPOSITION 1.4.9. For a smoothmap F : M — N the following conditions are equiv-
alent:
(1) F is an immersion.
(2) For each p € M there are charts x : U — R" and y : V — R" with p € U and
F (p) €V such that
yoFox™! (xl,...,xm) = (xl,...,x’",O,...,O)

(3) If 9 is a differentiable structure on N then F* (9) is a differentiable structure
on M.
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PROOF. Itis obvious that 2 implies 1. For 1 implies 2. Select coordinates u : U — R™
around p and v : V — R" around F (p) € N. The composition vo F ou~! has rank m
at u(p). After possibly reordering the indices for the v-coordinates we can assume that
(vl, ...,vm) oF ou~! also has rank m at u(p). But this means that it is a diffeomorphism
on some neighborhood around u (p). Consequently x = (v!,...,"™) o F is a chart around p.
Consider the functions

yoo= vii=1,...m,
yo = vi—vioFox! (vl,...,v’") ,L>m.
These are defined on a neighborhood of F (p) and when i > m we have
yoF =vioF —VoFox™! (vl oF, ...,vmoF) =0.

So it remains to check that y = (y',...,y") are coordinates at F (p). The composition yov~!

has a differential that is in lower triangular block form

L, 0
EY P

where the diagonal entries are the identity matrices on first m and last n — m coordinate
subspaces. This shows that they will form coordinates on some neighborhood of F (p).

As 1 and 2 are equivalent we can now use the proof that 1 implies 2 to show that if 1
or 2 hold, then 3 also holds.

Conversely assume that 3 holds. Select a coordinate chart z' =y’ o F around p € M,
where y' € 2, i=1,...,m. The chart z has rank m at p, so it follows that the corresponding
smooth map y must have rank at least m at F (p). However, the rank can’t be greater than
m as it maps into R”. We can now add n — m coordinate functions z' from some other
coordinate system around F (p) so as to obtain a map (y',...,y,z"*!,...,z") that has rank
n at F (p). These coordinate choices show that 1 holds. (]

COROLLARY 1.4.10. A smooth map F : M — N is an immersion iff for any smooth
map G : L — M and o € L we have

rank, (F o G) = rank,G.

DEFINITION 1.4.11. We say that F is an embedding if it is an immersion, injective,
and F : M — F (M) is a homeomorphism, where the image is endowed with the induced

topology.

PROPOSITION 1.4.12. For a smooth map F : M — N the following conditions are
equivalent:

(1) F is an embedding.
(2) F*(€~(N)) =% (M), i.e., F* is surjective on smooth functions.

PROOF. Start by assuming that 2 holds. Given p,q € M select f € €~ (M) such
that f (p) # f(g). Next find g € €~ (N) such that f = goF. Thus g(F (p)) # g(F (q))
showing that F is injective. To see that the topology of M agrees with the induced topology
on F (M) select an open set O € M and A : M — [0,0) such that A ~! (0,%) = O. Select
u:UCN —Rsuchthat A = uoF. Note that F (M) C U as A is defined on all of M.
Thus

1 (0,00)NF (M) =F (27" (0,00)) = F(0)
and F (0O) is open in F (M). Finally select coordinates x around p € M and write x' = y'o F
for smooth functions on some neighborhood of F (p). The composition yo F ox~! has rank
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m at x(p). So the map F ox~! must have rank at least m at x (p). However, the rank can’t
exceed m so this shows that rank,F' = m and in turn that F is an immersion.

Conversely assume that F is an embedding and f: O C M — R a smooth function.
Using that F' is an immersion we can for each p € M select charts x;, : O, — R™ around

p and y, : U, — R" around F (p) such that y£|F(0p) =0 for j > m. Since F is an

U,
embedding U, NF (O,) C F (M) is open. This means that we can assume that U,, is chosen
so that F (0,) = U, N F (M). On each U, define g, such that g, oy, (a',..,a") = fo
x;l (al,...,am). We can then define ¢ =}, ltpg,, where p, is a partition of unity for
U,. This gives us a function on the open set UU,. Since F is injective it follows that

goF =f. [

COROLLARY 1.4.13. If F : M — N is an embedding such that F (M) C N is closed,
then F*(C* (N)) = C* (M).

PROOF. The only additional item to worry about is whether the function g just con-
structed can be extended to N and remain fixed on F (M). When the image is a closed
subset this is easily done by finding a smooth Urysohn function p that is 1 on F (M) and
vanishes on N — U. The function pg is then a smooth function on N that can be used
instead of g. (I

REMARK 1.4.14. We note that when an injective immersion is also a proper map, then
it becomes an embedding whose image is a closed subset. Such maps are called proper
embeddings or proper submanifolds. Calling them “closed submanifolds” might cause
confusion as closed manifolds are generally compact manifolds without boundary.

DEFINITION 1.4.15. A subset S C M is a submanifold if it admits a topology such that
the restriction of the differentiable structure on M to S is a differentiable structure. The di-
mension of the structure on § 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 from the induced
topology, but it has to be finer as we require all smooth functions on M to be smooth on
S. In this way we see that a submanifold is in fact the image of an injective immersion. A
submanifold is embedded when the topology on S is the induced topology. This is equiv-
alent to saying that any point p € S has a slice neighborhood, i.e., there exist coordinates
x!,...,x" on a neighborhood U > p such that SNU = {x el | =...=x"= 0}.

An embedded submanifold can always be realized as a properly embedded submani-
fold inside a suitable neighborhood.

PROPOSITION 1.4.16. If S C M is an embedded submanifold, then there is an open
set S C O C M such that S C O is a properly embedded submanifold.

PROOF. For any point p € S, there exists a neighborhood p € V,, C M such that V,, and
SNV, are both compact. We can then simply define O = | hes Vp- O

Suppose F : M — N is a smooth map whose image lies in a submanifold S C N. When
is F : M — § smooth? This is definitely the case when S is embedded and also in case S is
immersed provided F : M — S is continuous.

PROPOSITION 1.4.17. Let F : M — N be a smooth map whose image lies in a sub-
manifold S C N. If F : M — S is continuous, then F : M — S is smooth.

PROOF. We fix p € M and with it ¢ = F (p) € S. There are coordinates y!,...,y" on
a neighborhood of ¢ € N, such that y',...,y* restrict to coordinates on a neighborhood
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g€V CS. Since F is continuous, the preimage U = F~! (V) is open. Smoothness of
F|y : U — N, then shows that that y' o F|y is smooth for i = 1,...,k. This shows that also
Fly : U — S is smooth. O

We finish with a useful lemma about when a map that is an embedding when restricted
to a submanifold can be extended to an embedding on a neighborhood of the submanifold.
Note that the crucial assumption that S C M is proper can be eliminated as proposition
shows that the submanifold is properly embedded in a suitable neighborhood.

LEMMA 1.4.18. If F : M — N is a proper immersion that is an embedding when
restricted to a properly embedded submanifold S C M, then F is an embedding on an open
set containing S.

PROOF. It suffices to show that F is injective on a neighborhood of S since proper
maps take closed sets to closed sets (see part (1) of proposition [[.4.22). We say that a
sequence x; converges to to S provided that for any open set U D S there exists N > 0
such that {x; | i >N} C U. If F is not injective on any neighborhood, then we can find
sequences with x; # y; that converge to S and such that F (x;) = F (y;). If the closure of
either of the sets {x;} or {y;} does not intersect S, then the complement will be an open set
that contains S, which is a contradiction. Thus both sets have accumulation points that lie
in §. By passing to suitable subsequences we obtain convergent sequences x;, — x € S and
yi; =y € S such that F (x;;) = F (y;;). In particular, F (x) = F (y) so x =y and x;; = y;;
for large j as they lie in a neighborhood of x =y where F is injective. U

1.4.5. Submersions.

DEFINITION 1.4.19. We say that F : M — N is a submersion if rank,F' = dimN for
allpe M.

PROPOSITION 1.4.20. For a smooth map F : M — N the following conditions are
equivalent:

(1) F is a submersion.
(2) For each p € M there are charts x : U — R" and y : V — R" with p € U and
F (p) €V such that

yoFox™! (xl,...,)/") = (xl,...,x").
(3) Foreach f € €~ (N) and p € M we have that rank, (f o F') = rankg(,,) (f).

PROOF. Assume that 1 holds and select a chart y around F (p). Then yo F has rank
n at p. We can now supplement with m — n coordinate functions x' from any coordinate

system around p such that x! = y' o F, ..., X" = y"oF, x"*!, ..., x are coordinates around
p- This yields the desired coordinates.
Clearly 2 implies 3.

If we assume that 3 holds and that we have a chart y around F (p). Then we can
consider smooth functions f = Y o;y’, where o; € R. These have rank 1 at F (p) unless
a' =... = a" = 0. If we choose coordinates x around p, then D (foF oxfl) x,,(p)) -

YaD(yoFox!) l¢-1(p)- So it follows that D (yoFox!) |¢-1(p) are linearly indepen-
dent, which in turn implies that yo F ox™! has rank n at x~! (p). (]

COROLLARY 1.4.21. A smooth map F : M — N is a submersion iff for any smooth
map G: N — O and p € M we have

rank, (GoF) = rankp(,)G
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Finally we mention a few useful properties.

PROPOSITION 1.4.22. Let F : M™ — N" be a smooth map.
(1) IfF is proper; then it is closed.
(2) IfF is proper, K C N is compact, and O > F~' (K) is open, then there exists an
open setV O K such that F~' (V) C 0.
(3) If F is a submersion, then it is open.
(4) IfF 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 (x;) — y, where x; € C. The
set {y,F (x;)} is compact. Thus the preimage is also compact. This implies that {x;}
has an accumulation point. If we assume that x;, — x € C, then continuity shows that
F (x;;) = F (x). Thus y = F (x) € F (C).
2. The set M — O is closed, so by 1 we obtain an open neighborhood
V=N-—F(M-0)
around C. If F (x) € V, then x ¢ M — O and consequently F~! (V) C O.

3. Consequence of local coordinate representation of F.
4. Follows directly from properties 1 and 3. U

COROLLARY 1.4.23. Let F : M — N be a submersion. If f: O CF(N) > Risa
function on an open set such that f o F is smooth, then f is smooth.

PROOF. Smoothness is clearly a local property so we can confine ourselves to func-
tions that are defined on the coordinate systems guaranteed from 2 in proposition [I.4.20}
But then the claim is obvious. (]

1.4.6. Constant Rank. The canonical forms for immersions and submersions can be
combined into a more general result for maps that have constant rank on all of the manifold.

THEOREM 1.4.24 (Rank Theorem). Let F : M — N be a map of constant rank k on
all of M. For each p € M there are charts x : U — R" and y: V — R" with p € U and
F(p) €V suchthat x(p) =0, y(F (p)) =0, and

yoFox! (xl,...,xm) = (xl,...,xk,O,...,0> .

Moreover, in case M = N and F (p) = p we can select just one coordinate system around
p such that

zoFoz ! (x],...,x'") = (x],...,xk707...,0) .

PROOF. We start with general charts around p and F (p) such thatu (p) =0, v (F (p)) =
0, and
voFou ! (ul, ™) = (A(u),B(u))
where A takes up the first k£ coordinates and B the remaining n — k. After possibly reordering
these two coordinate systems we can assume that u — A («) has rank k in a neighborhood
of 0. Now consider the map u — x (u) = (A (u),u**',...,u™). This map has rank m at 0
and is consequently a local diffeomorphism. This gives us a new chart x around p where

voFox! (xl,...,x"’) = (xl,...,xk7B(x)) .

Since this map has constant rank k it must follow that
JdB

ﬁ :0,l:k+17,m
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After possibly shrinking the domain of the chart we have that
voFox™! (xl,...,xm) = (xl,...,xk,B (xl7...,xk)> .

We can now define y = (v!,...,v% y&F1 — A1 yn— B} This map is nonsingular at 0
and
yoFo)f1 (xl,...,xm) = (xl,...,xk,O,...,()) .
([

1.4.7. Regular and Critical Points. We say that F : M — N is non-singular on M if
it is both a submersion and an immersion. This is evidently equivalent to saying that it is
locally a diffeomorphism.

A point p € M is called a regular point if rank,F = dimN, otherwise it is a critical
point. A point g € N is called a regular value if F~' (q) is empty or only contains regular
points, otherwise it is a critical value.

REMARK 1.4.25. Note that if p € M is a regular point for F : M — N, then there is a
neighborhood p € U C M such that ¢ is a regular value for F|y : U — N. Thus the set of
regular points is open. This however does not tell us that the set of regular values is open.
In case F' is proper we can use proposition[I.4.22]to conclude that the set of regular values
is open.

THEOREM 1.4.26 (The Preimage Theorem). If g € N is a regular value for a smooth
function F : M™ — N", then F~1 (p) is empty or a properly embedded submanifold of M
of dimension m — n.

PROOF. Note that the preimage is closed, so it follows that its intersections with com-
pact sets is compact. We shall also use the induced topology and show that it is a subman-
ifold with respect to that topology. We claim that " (M) restricts to a differential system
on the preimage.

If we select coordinates y’, i = 1,...,n around g € N, then the functions y' o F are
part of a coordinate system x’ around any point p € F~!'(¢). This means that we can
find a neighborhood p € U such that UNF~!(q) = {x € U | y' (F (x)) =)' (F (¢))}, i.e.,
x' =yl o F are constant on the preimage. Given f € € (M) defined around p we have that
f=F(x',...,x™). Now on UNF~'(q) the first n coordinates are constant so it follows
that f\UmF_l(q) =F (x1 (p),....x" (p),x" 1, ,x’") Thus the restriction can be written as
a smooth function of the last m — n coordinates. Finally we note that these last m —n
coordinates also define the desired chart on U N F~! (¢) as they are injective and yield a
homeomorphism onto the image. (]

REMARK 1.4.27. The constant rank theorem implies that the preimage theorem re-
mains true as long as the map has constant rank k£ on M. In this case the preimages have
dimension m — k provided they are nonempty.

To complement the preimage theorem we next prove.

THEOREM 1.4.28 (Brown, 1935, A.P. Morse, 1939 and Sard, 1942). The set of regular
values for a smooth function F : M™ — N" is a countable intersection of open dense sets
and in particular dense. Moreover, the set of critical values has measure 0.

PROOF. We prove Brown’s original statement: the set of critical values has no interior
points. The proof we give is fairly standard and is very close to Brown’s original proof.
The same proof is easily adapted to prove Sard’s measure zero version, but this particular
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statement is in fact rarely used. A.P. Morse proved the measure theoretic result when the
target space is R.

Note that the set of critical points is closed but its image need not be closed. However,
the set of critical points is a countable union of compact sets and thus the image is also a
countable union of compact sets. This means that we rely on the Baire category theorem:
a set that is the countable union of closed sets with empty interiors also has empty interior.
Thus we only need to show that there are no interior points in the set of critical values
that come from critical points in a compact set. Further note that it suffices to prove the
theorem for the restriction of F' to any open covering of M.

To clarify the meaning of measure 0 and prove Sard’s theorem in the case where it is
most used, we make some simple observations.

Consider a map F : O C R" — R". When F is locally Lipschitz, then it maps sets of
measure zero to sets of measure zero. Moreover, any differentiable map that has bounded
derivative on compact sets is locally Lipschitz. Thus C! diffeomorphisms preserve sets
of measure zero. This shows that the notion of sets of measure zero is well-defined in a
smooth manifold. Now consider F : M™ — N", where m < n and construct F : M x R*™" —
N, by F (x,z) = F (x). Then F (M) = F (M x {0}) has measure zero as M x {0} C M x
R"™ has measure zero.

In the general case the proof uses induction on m. For m = 0 the claim is trivial as M
is forced to be a countable set with the discrete topology. As mentioned above, it suffices
to prove it for maps F : U C R™ — R”", where U is open. For such a map let Cy be the
set of critical points and define C; C Cj as the set of critical points where all derivatives of
order < k vanish. Note that all of these sets are closed.

First we show that F'(Cy) has no interior points when k > m/n: Fix a compact set K.
Taylor’s theorem shows that we can select r > 0 and C > 0 such that for any x € B(p,r)
with p € CNK we have

k
F(p)—F (x)| <Clp—x""".
Now cover C; N K by finitely many cubes I of side length € < r, then F (If) lies in a cube
J£ of side length < C (m,n) *! for a constant C (m,n) that depends on C, m, and n. Thus
JEL < (COmyn))" et

= (C(m,n))"e" Ve

Since Cy N K is compact we can assume that Y |[f| remains bounded as € — 0. Thus
Y |J£| will converge to 0 since n(k+ 1) > m. This shows that F (C; N K) does not contain
any interior points as it could otherwise not be covered by cubes whose total volume is
arbitrarily small.

Next we show that F (Cy — Ci 1) has no interior points for k > 0: Denote by 9% some
specific partial derivative of order k. Thus (9*F) (p) =0 for p € C; — Cy41 but some partial

93)? (p) # 0. Without loss of generality we can assume that agif I (p) #0. This

means that near p the set where d*F! = 0 will be a submanifold of dimension m — 1. Since
p is critical for F it’ll also be a critical point for the restriction of F to any submanifold.
By induction hypothesis the image of such a set has no interior points. Thus for any fixed
compact set K the set KN (Cy —Cy41) can be divided into a finite collection of sets whose
images have no interior points.

Finally we show that F (Cp—Cj) has no interior points: Note that when n =1 it
follows that Cy = C; so there is nothing to prove in this case. Assume that p € Co—Cj is a

point where % = 0. After rearranging the coordinates in R and R” we can assume that

derivative
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%—5; # 0. In particular, the set L = {x | F' (x) =F'(p)} is a submanifold of dimension
m— 1 in a neighborhood of p. Let G = (Fz, .‘.,F") : L — R""! Now observe that if F (p)
is an interior point in F (Cy —Cy), then G (p) is an interior point for G (LN (Cy—Cy)).
This, however, contradicts our induction hypothesis since all the points in LN (Cy —Cy)
are critical for G. (For the measure zero statement, this last part requires a precursor to the
Tonelli/Fubini theorem or Cavalieri’s principle: A set has measure zero if its intersection
with all parallel hyperplanes has measure zero in the hyperplanes.)

Putting these three statements together implies that the set of critical values has no
interior points. (]

1.4.8. Covering Maps. We start with a more general result about proper maps.

LEMMA 1.4.29. Let F : M™ — N™ be a smooth proper map. If y € N is a regular
value, then there exists a neighborhood V around y such that F~1 (V) = }_, Uy where Uy
are mutually disjoint and F : Uy — V is a diffeomorphism for allk =1, ....n.

PROOF. First use that F is proper to show that F~!(y) = {x1,...,x,} is a finite set.
Next use that y is regular to find mutually disjoint neighborhoods W, around x; such that
F : W — F(W;) is a diffeomorphism. Finally, use proposition to find an open
neighborhood V of y such that F~! (V) C U}_, Wi. We can thenuse U; =W;NF~! (V). O

DEFINITION 1.4.30. A smooth map 7 : N — N is called a covering map if each point
in N is evenly covered, i.e., for every y € N there is a neighborhood V' around y such that
7~ (V) =U; where 7 : U; — V is a diffeomorphism and the sets U; are pairwise disjoint.
In other words: 7£~! (V) is diffeomorphic to 7! (y) x V:

(V) — wal(y)xV

p v
14

and F~! (y) C N is a O-dimensional submanifold.

COROLLARY 1.4.31. If t: N — N is a proper non-singular map with N connected,
then T is a covering map.

The key property for covering maps is the unique path lifting property. A lift of a
continuous map F : M — N into the base of a covering map 7 : N — N is a continuous map
F:M— Nsuchthat toF = F. If F (xy) = 7 (yo), then we say that the lift goes through

Yo-

N
74
M — N

When F is smooth then the lift is also forced to be smooth. Moreover, when the covering
is trivial:
N — 7n'(F(x))xN
¢ v
N

then F has a lift through any yo € 77! (F (x9))

PROPOSITION 1.4.32. If M is connected, xo € M, and yo € N such that F (xo) = 7 (o),
then there is at most one lift F such that F (x) = yo.
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PROOF. Assume that we have two lifts F; and F> with this property and let A =
{xeM | F(x)=F(x)}. Clearly A is non-empty and closed. The covering maps prop-
erty shows that A is open. So when M is connected A = M. (]

DEFINITION 1.4.33. We say that two maps Fy, F1 : M — N are homotopic if there is a
smooth map H : [0,1] x M — N such that F;y (x) = H (0,x) and F; (x) = H (1,x). Smooth-
ness of such a homotopy near the boundary points hasn’t been defined yet. However, using
a smooth function A : R — [0, 1] where A|(_., o) =0 and A|}; ..y = | we can alter any ho-
motopy to a new “homotopy” where ¢ € R:

H(A(),x) : RxM — M.

This is useful not only for defining smooth homotopies but also when M has boundary as
the product [0, 1] x M is not a manifold with boundary in this case. Moreover, composing
with A forces the homotopy to be stationary in the z-direction at + = 0,1. Thus we can
smoothly concatenate homotopies provided H; (1,x) = H; (0,x). In particular, maps being
smoothly homotopic is an equivalence relation.

DEFINITION 1.4.34. Curves are very simple homotopies between maps from a one
point space. Thus curves can easy be concatenated to smooth curves if we don’t care about
how they are parametrized. The equivalences of points created by curves are the path
connected components of a manifold. We say that a manifold is path connected if any two
points can be joined by a curve. A manifold is simply connected if it is path connected and
any closed curve is homotopic to a constant map.

THEOREM 1.4.35. Let w: N — N be a covering map. If M is connected and simply
connected, then any continuous F : M — N has lift through each point in 7= (F (xo)).

PROOF. Cover N by connected open sets Vy, such that 77! (Vg) ~ 77! (F (x9)) x Vq.

Next suppose that M is covered by a string of connected sets U;, i = 0,1,2... such
that F (U;) C V. We can then lift F on each of the sets U; to go through a given point
in 77! (F (U;)). If we further have the property that Uy N (Uf;ol U,-) is non-empty and
connected, then we can use the uniqueness of liftings to successively define F|y, given
that it is defined on Uf;ol U;. Note that the sets U; need not be open.

Unfortunately not a lot of manifolds admit such covers. Clearly R¥ does as it can
be covered by coordinate cubes. Also any interval, disc, and square has this property.
However, the circle S' cannot be covered by such a string of sets. On the other hand
spheres S, n > 1 do have this property. We will only use the property for the interval and
square.

We can now show that if we have a map G : My — M, where M has the desired cov-
ering property, then F o G can be lifted. Given two curves ¢; : [0, 1] — M where ¢; (0) = x
and ¢; (1) = x € M, where i = 0, 1, we invoke simple connectivity of M to find a homotopy
H :[0,1]> — M where H (s,0) = xo, H (5,1) = x, and H (i,1) = ¢; (). We can then find a
lift of F o H such that F o H (s,0) = yo. The unique path lifting property then guarantees
that m(s, 1) is constant, and, in particular, that the lift of F at x € M does not depend
on the path connecting it to xo. This gives us a well-defined lift of F that is smooth when
composed with any curve that starts at xg. (]

COROLLARY 1.4.36. If t : N — N is a covering map and F : M — N is a map such
that for every closed curve ¢ : S' — M the map F oc has a lift that passes through each point
in= ' (Foc(ty)) for afixed ty € S', then F has a lift through each point in T=" (F (xo)).
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PROOF. This proof is almost identical to the above proof. The one difference is that
the curves are no longer necessarily homotopic to each other. However, the fact that lifts
of closed curves in M are assumed to become closed shows that the construction is inde-
pendent of the paths we choose. (]

COROLLARY 1.4.37. If Fy : My — N and Fy : M1 — N are coverings where all man-
ifolds are connected and My are both simply connected, then My and M are diffeomor-
phic.

PROOF. This is an immediate consequence of the lifting property of each of the cov-
ering maps to the other covering space. ]

COROLLARY 1.4.38. (Hadamard) Let F : R* — R" be a proper non-singular map,
then F is a diffeomorphism.

1.5. Exercises

(1) Let F : R™ — R” be a smooth map such that F (Ax) = AF (x) for all A € R and
x € R™. Show that F is linear.
(2) Let F : R™ — R" be a smooth map such that F (0) = 0 and define

e (x) 0
H(t’x)_{Dﬂo(x) t=0

Show that H (¢,x) : R x R” — R" is smooth.

(3) Show that RP! and S' are diffeomorphic. Hint: Read subsection

(4) Show that CP' and S? are diffeomorphic. CP! is also called the Riemann sphere.
Hint: Read subsection[[.2.3

(5) Let p : C — C be a nontrivial polynomial and define P : CP' — CP' by

P([z:1])=[p(z): 1] and P([1:0]) =[1:0].

(a) Show that P is smooth.
(b) Show that a similar definition works for any smooth proper map f : C —
C and will always define a continuous extension F : CP' — CP!. Will it
always be smooth?
(6) Let § be a rational function, where p and g are complex polynomials without
common roots. Show that

R([z:1])=[p(2) : q(2)]

can be extended to a smooth map R : CP! — CP! (the extension depends on the
degrees of the polynomials).
(7) Let M™ be a path connected manifold. Show that if m > 1, then M — {p} is path
connected.
(8) Let F: R" — R" be a smooth proper map with finitely many critical values.
(a) Show that if n > 2, then F is surjective (Hint: The set of regular values is
connected).
(b) Give a counter example whenn = 1.
(9) Show that Aut (V) acts by diffeomorphisms on P (V).
(10) Show that
(a) FP*~!  FP” is an embedded submanifold
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(b) and
{lzo: " :z4] EFP" | dpz0+ -+ Anzn = 0}

defines an embedded submanifold diffeomorphic to FP"~! as long as (Ao, ..., A, ) #
0.
(11) Consider the immersion R — R? whose image looks like a figure 8 with loops
that are in the first and third quadrants and is invariant under the involution
A(x,y) = (y,x). Show that the restriction of A to this immersed submanifold
is not continuous.
(12) Show that the space of symmetric matrices of rank k£ < n in Mat,x, (R) is a
manifold of dimension (*}') +k (n— k).
(13) Let

Vi (R”) = {(vl,...,vk) cER"x .- xR" | VitVj= 6,'j} C Mat’,jxk (R)

be the Stiefel manifold of k£ ordered orthonormal vectors. Show that this is a
manifold of dimension kn — (kgl).
(14) Let Gi (R") be the Grassmannian of k-dimensional subspaces in R”.

(a) Show that the map
Mal,, (R) — Gi(R")
X — Ex=XX'X)'x*

is a submersion whose preimages are diffeomorphic to Gli.
(b) Show that there is a submersion Vi (R") — Gy (R") whose preimages can
be identified with O (k).
(15) Show that the complex exponential map exp : C — C* = C — {0} is a covering
map.
(16) Show that R” — T" = S' x --- x S! is a covering map and use this to show that
any map M — T" is homotopic to a constant provided M is simply connected.
(17) Let M,N be manifolds. If S C M is a closed subset and g € N, then there is a
smooth map F : M — N such that § = F~! (g).
(18) Show that if F : M — N admits a section s : N — M, i.e., F os = idy, then s is
an embedding. Show that there exists a neighborhood U of s(N) C M such that
F|y : U — N is a submersion.
(19) Show that the map

FP"™ x FP" — Fpmtmtn
([...:xi:...]7[...:yj:...]) > [...:xiyj:...]

gotten by multiplying all of the homogeneous coordinates is well-defined and an
embedding.
(20) Show that

{[zl :zz:m]é(CIPz\z’{Jrngng’:o}

is a compact submanifold.
(21) More generally, show that

{[z1:22:23) € CP? | p(21,22,23) =0}

is a compact submanifold when p is homogeneous and irreducible. What hap-
pens in the real case?



1.5. EXERCISES 26

(22) Show that
{(z0,.-zn) € C B4 2= 1}
defines a submanifold and that it is diffeomorphic to 7'S".
(23) Show that the Brieskorn variety W2'~! (d) C C"*! defined by the equations

G+t = 0
ZOZO+"'+ZnZn = 2

is a manifold of dimension 2n — 1.
(24) Show that the Milnor manifold with m < n given by

H(m,n)={([zo: " :zm],[wo: - :wy]) € FP" xFP" | zowo + - - - + zww, = 0}

is a manifold of dimension dimg F- (m+n—1).
(25) Let F : M — N be a submersion. Show that if § C N is an embedded submanifold,
then F~! (S) C M is an embedded submanifold that, when nonempty, satisfies

dimN — dimS = dimM — dimF ' ().

Hint: Start with the case where S = G~ (z) and z is a regular value. Then localize
to prove the result.

(26) Note that the torus S x S! can be embedded in R3.

(a) Show that the n torus S! x --- x S! can be embedded in R**+1.
(b) Show that SP x S can be embedded in RP+a+!,
(c) Show that SP! x --- x §Pk can be embedded in RP1H+Pet],

(27) LetF:S' > R.

(a) Show that if y € R is a regular value, then it has an even number of preim-
ages.

(b) Show that there are at least as many critical points as there are preimages of
a regular value.

(28) Show that RP" C RP"*! is not the preimage of a regular value of a function
RP"! — R.

(29) Without quoting theorem [I.4.28] Show that if F : M™ — N" has constant rank
k < n, then the image F (M) C N has measure zero.

(30) A classical way of embedding RP" into $"** uses a symmetric bilinear map
b R R R+ with the property that if b (x,y) = 0, then x =y = 0.
Define F : §" — §"*%, by F (x) = ey,

(a) Show that F (x) = F (y) if and only if x = +y. Hint: Consider b (x + ALy,x — 1y)
when b (x,x) = A2b(y,y).

(b) Show that F induces an embedding RP" — stk

(c) Use b(x,y) = (°,....,2"), where x = (x%,...,x"), y = (3°,...,y") and 2 =
Yitj—kx'y/, to obtain an embedding RP" — 5.

(d) Use the multiplicative structure on R? ~ C to obtain a diffeomorphism
RP! — ST

(31) A regular closed curve ¢ : S' — R? is said to have a crossing at g € R? provided
F~'(q) = {p1, p2} consists of exactly two points and the derivatives of c at these
two points are linearly independent. For each positive integer k there exists a
curve with k crossings (draw it). It can even be realized as the level set F~! (0)
of a polynomial F (x,y) : R? — R.

(a) Check this in these three cases: F (x,y)
(eryf)forp—lny ( 2

=x*+y? 1f0rp 0, F (x,y) =
( ) ) for p =2.
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(b) Show that if F~!(0) is the image of a curve with p crossings, then the zero
level set of F (x,y) +z> — € is a compact surface of genus p (p holes) for
sufficiently small €. Essentially the curve has been fattened so that each of
p + 1 enclosed regions of the curve correspond to a hole in the surface and
the crossings become necks.



CHAPTER 2

Tangent Spaces and Differentials of Maps

2.1. The Tangent Bundle

2.1.1. Motivation. To motivate let us start by selecting a countable differentiable sys-
tem {fi}, i=1,2,... of functions f: M — R (see corollary [1.3.9).

Tangent vectors are supposed to be tangents or velocities to curves on the manifold.
These vectors have, as such, no place to live unless we know that the manifold is in Eu-
clidean space. In the general case we can use the countable collection f’ of smooth func-
tions coming from a differential structure to measure the coordinates of the velocities by
calculating the derivatives

d(fioc)

dt
for a smooth curve ¢ : I — M. Thus a tangent vector v € TM looks like a countable collec-

tion V' of its coordinates. However, around any given point we know that there will be n
coordinate functions, say f',..., /", that yield a chart and then other smooth functions F/,
j>nsuch that f/ = FJ(f',..., f). Thus we also have the relations

In other words the n coordinates v', ...,1"* determine the rest of the coordinate components
of v. Note that at a fixed point p, the tangent vectors v € T,M form an n-dimensional vector
space, which is an n-dimensional subspace of a fixed infinite dimensional vector space.
Moreover, this tangent space is well-defined as the set of vectors tangent to curves going
through p and is thus not dependent on the chosen coordinates. However, the coordinates
help us select a basis for this vector space and thus to create suitable coordinates that yield
a differentiable structure on 7M.

As it stands, the definition does depend on our initial choice of a differentiable system.
To get around this we could simply use the entire space of smooth functions C* (M) to get
around this. This is more or less what we shall do below.

2.1.2. Abstract Derivations. The space of all smooth functions ¢ (M) is not a vec-
tor space as we can’t add functions that have different domains, especially if these domains
do not even intersect. If we fix p € M, then we consider the subset €, (M) C €~ (M) of
smooth functions whose domain contains p. Thus any two functions in €), (M) can now be
added in a meaningful way by adding them on the intersection of their domains and then
noting that this is again an open set containing p. Thus we get a nice and very large col-
lection of smooth functions defined on neighborhoods of p. To get a logically meaningful
theory this space is often modified by considering instead equivalence classes of function
in €, (M), the relation being that two functions are equivalent if they are equal on some
neighborhood of p. This quotient space is denoted .7, (M) and the elements are called
germs of functions at p. Note that %, (M) really is a vector space.

28
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Now consider a curve ¢ : I — M with ¢ (f)) = p. The goal is to make sense of the
velocity of c at fy. If f € €, (M), then f o c measures how ¢ changes with respect to f. If f
had been a coordinate function this would be the corresponding coordinate component of
c in a chart. Similarly the derivative % (f oc) measures the change in velocity with respect
to f, i.e., what should be the f-component of the velocity.

DEFINITION 2.1.1. The velocity ¢ (fp) of ¢ at #y is the map

¢ M) — R

f e S0 ).

Thus ¢ (1) is implicitly defined by specifying how it creates directional derivatives

d
Degyy)f = - (foc) (o)

for all smooth functions defined on a neighborhood of p = ¢ ().

DEFINITION 2.1.2. A derivation at p or on €, (M) is a linear map D : 6, (M) — R
that also satisfies the product rule for differentiation at p:

D(fg)=D(f)g(p)+f(p)D(g)-

There is an alternate way of defining derivations as linear functions on %), (M). Let
¢\ (M) C €, (M) be the maximal ideal of functions that vanish at p and (€7 (M ))2 C

%, (M) the ideal generated by products of elements in ‘5[9 (M).

ST

LEMMA 2.1.3. The derivations at p are isomorphic to the subspace of linear maps on
‘5[9 (M) that vanish on (‘5[9 (M))z.

PROOF. If D is a derivation, then the derivation property shows that it vanishes on
(%19 (M ))2 Furthermore, it also vanishes on constant functions as linearity and the deriva-
tion property implies

D(a)=aD(1)=aD(1-1)=a(D(1)+D(1)).

Conversely, any linear map D on ‘519 (M) that vanishes on (%S (M ))2 defines a unique
linear map on %), (M) by also defining it to vanish on constant functions. If f,g € €, (M),
then we have

0 = D((f=f(P)(g—sp)

= D(fg)—f(p)Dg—g(p)Df+D(f(p)g(p))
= D(fg)—f(p)Dg—g(p)Df
showing that it is a derivation. (I

Next we show that derivations exist.
PROPOSITION 2.1.4. The map f — % (foc) (to) is a derivation on €, (M).

PROOF. Thatitis linear in f is obvious from the fact that differentiation is linear. The
derivation property follows from the product rule for differentiation:

G (U900 1) = (5 (o) ) (g06) () + (£ 20) (1) 5 (200) ()
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DEFINITION 2.1.5. The tangent space T,M for M at p is the vector space of derivations
on 6, (M).

PROPOSITION 2.1.6. If p € U C M, where U is open, then T,U = T,M.

PROOF. We already saw that derivations must vanish on constant function. Next con-
sider a function f that vanishes on a neighborhood of p. We can then find A : M — R that

is 1 on a neighborhood of p and A = 0 on the complement of the region where f vanishes.
Thus A f =0 on M and

0=D(Af)=D(A)f(p)+A(p)D(f)=D(f).

This in turns shows that if two functions f,g agree on a neighborhood of p, then
D(f) =D/(g). This means that a derivation D on ), (M) restricts to a derivation on €, (U)
and conversely that any derivation on %, (U) also defines a derivation on ), (M). This
proves the claim. (]

We are now ready to prove that there are no more derivations than one would expect.

LEMMA 2.1.7. The natural map R" — TyR" that maps v to D, f = (%) (tv) |i=0 is

an isomorphism.

PROOF. The map is clearly linear and as
Dvxi =
it follows that its kernel is trivial. Thus we need to show that it is surjective. This claim

depends crucially on the fact that derivations are defined on C* functions. The key obser-
vation is that we have a Taylor formula

f0)=f0)+2f; (x)
where f; are also smooth and f; (0) = 2f (0). The functions are defined by

oxi
W= [ 2wy

and the formula follows from the fundamental theorem of calculus applied to the identity:
d df
T (f (tx)) = xlﬁ (tx).
Now select an abstract derivation D € ToR" and observe that

D) =D (0)+D (<) £i0) +0D(f) = 2 ) D (¥)

So if we define a vector v= (D (x'),...,D(x")), then in fact

D(f):Dv(f)'
U

REMARK 2.1.8. The space of linear maps on ck (R™), 1 <k < oo, that satisfy the
product rule
D(fg)=D(f)g(0)+/(0)D(g)
is infinite dimensional! It clearly suffices to show this for n = 1. Observe that if Z C C* (R)
is the subset of functions that vanish at 0, then we merely need to show that Z/ 772 is infinite
dimensional. To see this first note that if £ is C° and g € Z, then fg is differentiable with
derivative £ (0) g’ (0) at 0. This in turn implies that functions in Z? are not only C* but also
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have derivatives of order k+ 1 at 0. However, there is a vast class of functions in Z that do
not have derivatives of order K+ 1 at 0.

2.1.3. Concrete Derivations. To avoid the issue of crucially using C* functions we
give an alternate definition of the tangent space that obviously gives the above definition.

DEFINITION 2.1.9. T,M is the space of derivations that are constructed from the
derivations coming from curves that pass through p.

Without the above result it is not obvious that this is a vector space so a little more
work is needed.

PROPOSITION 2.1.10. Ifx',...,x" are coordinates on a neighborhood of p, then two
curves c¢; passing through p at t = 0 define the same derivations if and only if for all
i=1,..,n

d (xiocl) (0) = d (xiocz) )
dt dt '
PROOF. The necessity is obvious. Conversely note that any f € ), (M) can be ex-
pressed smoothly as f = F (xl, ...,x”) on some neighborhood of p. Thus

d(fOCl)(O)

d(F (xl ocl,...,x”ocl))
0
dt

5 (0)
B 8Fd(xioc])
T ox  dt 0)
B &Fd(xiocz)
T ox  dt (
d(foc)

- S0,

O

PROPOSITION 2.1.11. The subset of derivations on €, (M) that come from curves
through p form a subspace.

PROOF. First note that for a curve c through p we have

LU o) AU )

So scalar multiplication preserves this subset.
Next assume that we have two curves ¢; and select a coordinate system x' around p.
Define

c=x"! (xl oci+xloc, ..., X" oci +x" ocz)
where x~! is the inverse of the chart map x: U — V C R”. Then
xioc:xioc1+xiocz
and

d(J;oc) (0) = d(focr) (O)JFM(O).

t dt dt
This shows that addition of such derivations also remain in this subset. O
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DEFINITION 2.1.12. The velocity of a curve ¢ : I — M at ty is denoted by ¢(fp) €
T, (1p)M and is the derivation corresponding to the map:

f — d(];tOC) (l()).

As any vector v € T,M can be written as v = ¢ (fp) we can also define the directional
derivative of f by

d(foc
va: (dt ) (tO)'
Most books also use the notation
V(f) = va~

2.1.4. Local Coordinate Formulas, Differentials, and the Tangent Bundle. Fi-
nally let us use coordinates to specify a basis for the tangent space. Fix p € M and a
coordinate system x' around p. For any f € 6y (M) write f =F (xl, ...,x") and define

of OF

oxi  oxi

of . o . 9
The map [ T){l (p) is a derivation on %), (M). We denote it by J%|,. These tangent
vectors in fact form a basis as we saw that

i 9f
D(f)=D(x') ﬁ\p
i.e.,
; 0

D=v E |177

where the components V' are uniquely determined. Moreover, as
d(foc) of d(x'oc)
0)===,———=(0
dt ©0) ox! dt (0)

we also get this as a natural basis if we use curves to define the tangent space.

DEFINITION 2.1.13. The cotangent space 7, M to M at p € M is the vector space
of linear functions on 7,M. Alternately this can also be defined as the quotient space

€Y (M) /(€)M ))2 without even referring to tangent vectors.

Using coordinates we obtain a natural dual basis dx’ satisfying

e ox' ;
dx (ax/) “o0 Y

dx' (v) = dx' (Vjaaxj) =

calculates the i" coordinate of a vector.
We also obtain a natural set of transformation laws when we have another coordinate
system y' around p:

In particular,

N
i J
dy' = 8xfdx
and .
d dx’ d



2.2. DERIVATIVES OF MAPS AND VECTOR FIELDS 33

Here the matrices [%} and B—);f} have entries that are functions on the common domain
of the charts and are inverses of each other. These are also the natural transformation laws
for a change of basis as well as the change of the dual basis.

The differential d also has a coordinate free definition. Let f € €, (M), then we can

define df € T, M by

d(foc
ar)=D.f =129 (g
if ¢ is a curve with ¢ (0) = v. In coordinates we already know that
af ;
df (V) = ﬁvl
so in fact 5
f o
df = ﬁdxl.

This shows that our definition of dx' is consistent with the more abstract definition and that
the transformation law for switching coordinates is simply just the law of how to write a
vector or co-vector out in components with respect to a basis.

It now becomes very simple to define a differentiable structure on the tangent bundle
TM. This space is the disjoint union of the tangent spaces 7,M where p € M. There
is also a natural base point projection p : TM — M that takes a vector in T,M to its
base point p. Starting with a differential system {f'} for M, we obtain a differentiable
system {fiop,dfi} for TM. Moreover, when f!,.., " form a chart on U C M, then
flop,...f"op,df',... df" form a chart on TU. This takes us full circle back to our
preliminary definition of tangent vectors.

IMPORTANT: The isomorphism between 7,M and R" depends on a choice of coor-
dinates and is not canonically defined. We just saw that in a coordinate system we have a
natural identification

TU - U xR"

which for fixed p € U yields a linear isomorphism
T,U — {p} xR" ~R".

However, this does not mean that 7M has a natural map to M x R”, that is a linear
isomorphism when restricted to tangent spaces. Manifolds that admit such maps are called
parallelizable. Euclidean space is parallelizable as are all matrix groups. But, as we shall
see, S? is not parallelizable.

2.2. Derivatives of Maps and Vector Fields

2.2.1. Derivatives of Maps. Given a smooth function F' : M — N we obtain a deriva-
tive or differential DF |, : T,M — T(,)N. If we let D =v = ¢ (0) € T,M represent a tangent
vector, then

DF|,(D) = DoF*,

Dpr|,m)f =Dy (foF),

d(F(c(1)))
DF = —0.
)=
When using coordinates around p € M we can also create the partial derivatives
JdF
—— €TN

oxi
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as the velocities of the x'-curves for F o x~! where the other coordinates are kept constant,

in fact
= (2
axi'P axi'P )"

Note that % is a function from (a subset of) M to TN which at p € M is mapped to Ty, N.
These partial derivatives represent the columns in a matrix representation for DF since

DF (v) = DF ) —pr (L) =2E,
Y= i )~ oxi )V T 0w

If we also have coordinates at F (p) in N, then

OF ; d(y/oF) ;9
DF(V)ale(axl)ngj

So the matrix representation for DF is precisely the matrix of partial derivatives

d(y/oF)| _ [a(yjoF'ox_l)] |

[DF] = oxt oxi

We can now reformulate what it means for a smooth function to be an immersion or
submersion.

DEFINITION 2.2.1. The smooth function F : M — N is an immersion if DF|, is in-
jective for all p € M. It is a submersion if DF |, is surjective for all p € M.

REMARK 2.2.2. When we consider amap F : M — R¥, then we also have a differential
dF!
dF=| : |:TM =Rk
dF*

The identification / : R¥ x R¥ — TR defined by I (p,v) = 4 (p+1v)|,—o shows that DF =
I(F,dF).

We can use differentials together with some elementary linear algebra to prove an
interesting result for retracts. A retract F : M — M is an idempotent map, FoF = F.
Linear projections are examples of retracts.

THEOREM 2.2.3. Let M be a connected manifold. If F : M — M satisfies FoF = F,
then the image F (M) C M is a submanifold.

PROOF. First note that the image is a closed subset. We next show that F has constant
rank on a open set that contains the image. First fix p € F (M). This is clearly a fixed
point of F and DF|, : T,M — T,M also satisfies (DF| ,,)2 = DF|,. In particular, DF|,
can only have eigenvalues O or 1 and ker DF |, ©imDF |, = T,M. Moreover ker DF |, =
im (idg,m — DF ) so it follows that

rank (idr,y — DF ) +rankDF|, = n = dimM.
As both ranks can only be the same or larger (see remark[T.4.5)) for points near p it follows
that they are constant on F (M). Let k = rankDF | ,. For a general x € M with F (x) = p we
have
DF|,0DF|, = DF|,
implying that rankDF < k on M. However, as rankDF > k is an open condition there must
be an open set containing F (M) where rankDF = k.
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By the constant rank theorem (1.4.24) we can select coordinate systems around p €
F (M) that put F in normal form

yoFox™! (xl,...,x”) = (xl,...,xk,07...70) .

If U is the intersection of the domains of these coordinates, then U becomes a slice neigh-
borhood for F (M) as

UNF (M) = {q cU | =0,.. 2 :0}.
This shows that the image is an embedded submanifold. (]

2.2.2. Vector Fields. A vector field is a smooth map (called a section) X : M — TM
such that X |, € T,M. We use X |, instead of X (p) as X is a map that can also be evaluated
on functions. In fact, we obtain a derivation

Dx :C”(M)—C” (M)
by defining

(Dxf)(p) =Dx, f-

Most books use the notation

X:C°(M)—C” (M)
and

X (f)(p) =X|pf = Dx|,[-

Conversely any such derivation corresponds to a vector field in the same way that tangent

vectors correspond to derivations at a point.
In local coordinates we obtain

N
X - D ! -
x () ox!
Given two vector fields X and Y we can construct their Lie bracket [X,Y] implicitly as
a derivation

Dy y| = DxDy — DyDx = [Dx,Dy].
This clearly defines a linear map and is a derivation as
Dy (fg) = Dx(gDyf+fDyg)—Dy (gDxf+ fDxg)
= DxgDyf+DxfDyg+gDxDyf+ fDxDyg
—DygDx f + —Dy fDxg —gDyDx f — fDyDxg
= g[Dx,Dy|f+ f[Dx,Dy]g.

In local coordinates this is conveniently calculated by ignoring second order partial
derivatives:

9 . Y9 X9
- J_— — i _ _Vv/J N
{X o’ 8xl} ox 9 ox) 9
iyj 9 Jyi 9’
XY oxiox/ X oxJox!

Y, 9 L ;0X" 9
oxt dxJ oxJ dxi

(XjaY" Yj(?X’) d

dxi " dxi ) dxi
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Since tangent vectors are also velocities to curves it would be convenient if vector
fields had a similar interpretation. A curve c (¢) such that

é(t) :X‘c(t)

is called an integral curve for X. Given an initial value p € M, there is in fact a unique
integral curve c (¢) such that ¢ (0) = p and it is defined on some maximal interval I that
contains 0 as an interior point.
In local coordinates we can write x'oc () = x/ (t) and X = X' %. The condition that ¢
is an integral curve then comes down to
1
(=9 _xi2
dt dx dxi
or more precisely
l
“ =X ().
This is a first order ODE and as such will have a unique solution given an initial value.
To get a maximal interval for an integral curve we have to use the local uniqueness of
solutions and patch them together through a covering of coordinate charts.
We state the main theorem on integral curves that will be used in several places.

THEOREM 2.2.4. Let X be a vector field on a manifold M. For each p € M there is a
unique integral curve c, (t) : I, — M where ¢, (0) = p, ¢p (t) = X, 1) for all t € Ip, and I,
is the maximal open interval for any curve satisfying these two properties. Moreover, the
map (t,p) — ¢, (t) is defined on an open subset of R x M and is smooth. Finally, for given
P € M the interval I, either contains [0,0) or c, (t) is not contained in a compact set as
t — b, for some b < oo,

PROOF. The first part is simply existence and uniqueness of solutions to ODEs. The
second part is that such solutions depend smoothly on initial data. This is far more subtle
to prove (see e.g. Michel and Miller). The last statement is a basic compactness argument.

O

We use the general notation that @ (p) = ¢, (1) is the flow corresponding to a vector
field X, i.e.

d

REMARK 2.2.5. If we have a smooth family of vector fields X : LxM —TM,A €L,

then the corresponding flows CI>§(l are also smooth with respect to A(see e.g. Michel and

Miller).

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 |¢(),
or in other words DF (X) =Y o F. Given that tangent vectors are defined as derivations we
note that it is equivalent to say that for all f € C*(N) we have (Dyf)oF = Dx (foF).
In particular, when X; are F-related to ¥; for i = 1,2, it follows that [X,X;] is F-related to
[Y1,Y2].

We can also relate this concept to the integral curves for the vector fields.

PROPOSITION 2.2.6. X andY are F-related iff F o @, = @, o F whenever both sides
are defined.
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PROOF. Assuming that F o @}, = &}, o F we have
d !
DF(X) = DF | = |_o®,
dt
d
= — |4— F o (bl
a0 (Fo®)

d
= =0 (P} oF)

= Yod)oF
= YoF.
Conversely DF (X) =Y o F implies that
d d
— (F o @} = DF ( —®|
g (F o) (dt X)
- DF(X|<D5()
= Y|Fo<l>§('

This shows that 7 — F o @ is an integral curve for Y. At =0 it agrees with the integral
curve 1 — P}, o F so by uniqueness we obtain F o @}, = P, o F. O

Let X be a vector field and & = @}, the corresponding locally defined flow on a
smooth manifold M. The derivative of a function f : M — R in the direction of X is the
first order term in a Taylor expansion:

F(@ () =£(p)+1(Dxf)(p)+o(r)
or simply
fod® =f+tlxf+o(t).

The Lie bracket [X, Y] similarly turns out to be a first order term in a Taylor expansion.
We wish to consider how Y changes along the flow of X, i.e., how ¥|¢r, changes. However,
this can’t be directly compared to Y as the vectors live in different tangent spaces. Thus
we look at the curve 7 — DD (Y |q1(,)) that lies in T,M. The derivative with respect to 7
is called the Lie derivative, LxY , and satisfies:

DO (Ygr(p)) =Y|p+1(LxY)|,+o(1).
This Lie derivative of a vector field is in fact the Lie bracket.
PROPOSITION 2.2.7. For vector fields X,Y on M we have
LyY =[X,Y].
PROOF. We see that the Lie derivative satisfies
DO (Y|g) =Y +1LxY +0 (1)

or equivalently
Y|t = D®' (V) +1DP' (LxY)+o(t).
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Consequently it is natural to consider the directional derivative of a function f in the direc-
tion of Y |er — DD (¥).
D(Y\q), —anf(y))f = DY\cprf — Dpgi(v)f
= (Dyf)o® —Dy(fod)
= Dyf+tDxDyf+o(t)
—Dy (f+tDxf+o(t))

= 1(DxDyf—DyDxf)+o(t)

= tDxyf+olt).
This shows that
o Yl =D (Y)

LyYy =1
X tlaO t

= [x,v].
O

Proposition [2.2.6]together with this new interpretation of Lie brackets leads to several
equivalent conditions for when vector fields commute.

PROPOSITION 2.2.8. Consider two vector fields X,Y on M. The following are equiv-
alent:

(1) @y od) =D} oD},
(2) D® (Y) =Y o @Y, i.e., Y is Dy -related to itself,
3) [X,Y]=00nM.

PROOF. The fact that (1) and (2) are equivalent follows from proposition [2.2.6| The
fact that (2) implies (3) follows from

Y|g — DD (Y
[X,Y]:limu.

t—0 t

Conversely, consider the curve ¢ (1) = D®y' (Y |¢3( <p)) € T,M. Its velocity at g is calcu-
lated by considering the difference:

Do, (Y|d>§((p)) _DCD;O (Y|¢’;?(p)> = DCD;O

—(1—19) (y|q>;,0<q);? (p))) - YI(PS? (P))

Showing that the curve is constant and consequently that (2) holds provided the Lie bracket
vanishes. (]

2.3. Vector Bundles

We collect the most important constructions and concepts about vector bundles.

R (Y |q>;’°<<1>3?<p>>)> —D&y" (Y|¢3?(p))
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2.3.1. Vector Space Constructions. We exhibit the most important vector space con-
structions that are also used for vector bundles. Given two vector spaces E and F over
the same field we have the product E x F, direct sum E & F, and the linear maps or ho-
momorphisms Hom (E, F) between the vector spaces. In the special case where F = F
is the field we obtain the dual of E, E* = Hom (E,F). When E = F we also denote
Hom (E,E) = End (E), the space of endomorphisms of E. In case E C F is a subspace we
also have to quotient space F/E that consists of the equivalence classes x+ E for x € F.

Note that the difference between direct sums and products only becomes apparent
when we have infinitely many vector spaces Ey. In this case ®gEq C X oEq consists of
the sequences (e ) where all but a finite number of entries vanish.

A particularly useful construction is that of the tensor product E ® F. It has the prop-
erty that there is a bilinear map

ExF — EQF

(mw) = vow

such that E® F = span{v®@w | v € E,w € F}. In particular, if eq is a basis for E and fg
a basis for F, then eq ® fﬁ is a basis for £ ® F. The rigorous construction is somewhat
clumsy as it requires a very big vector space even when both vector spaces are finite dimen-
sional. Let U be the vector space with basis (v,w), v € E,w € F and W C U the subspace
generated by

(A]V]—FAQVQ,W)—)Q (V],W)—AQ(VQ,W),AI,)Q eF,viimeE,weF

and
(v, ywy + powa) — g (v,wr1) — 2 (v,w2) , i, 2 € F,wi,wp € F,v € E.

With these constructions we can define tensor products as quotient spaces: EQF =U /W.
The inclusion map E X F — U that takes each pair (v,w) to a basis vector becomes a
bilinear map when composed with the quotient map U — U /W. If we denote the image of
the basis vector (v,w) by v®w € E ® F, then it is clear that the tensor product is spanned
by such elements. This takes us back to the desired properties.

Tensor products can be iterated and it is easy to check that (E®QF)® G and E ®
(F ®G) are canonically isomorphic. With this in mind we can create the k-fold tensor
product E®* with k factors of E. Selecting a basis e, for E allows us to write the elements
of T € E®* as linear combinations

ZTal'“akeal @ Qeg,.

We say that T is skew-symmetric if 7% %" = 0 whenever two indices are equal. In this
way the skew-symmetric elements are generated by elements of the form

it place 7 place it place 7™ place
(...® v ®® w ® — ...® w ®® Vv ®...

The space of skew-symmetric elements is denoted by NFE C E®K. The skew-symmetric
elements are the image of the projection:

Alt: E®F — g
1 .
VIR Qv il Z SIgn(G)Vo-(l)®...®Vo-(k>.

oSy
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The averaging factor k! ensures that Alto Alt = Alt. The skew-symmetrization operation
leads to the wedge product
k ! k+1
NExNE — N'E

~ (k+1)!
(Wl,WZ) = wiAwp = A
It is not difficult to check that this defines an (associative) ring structure on: A*E =
Drep /\k E. Note that with this choice of factor we obtain

Alt(w; @wp).

VIA- A =kIAIt(V ® - R wy) = Z sign (0) V(1) ® -+ @ Vg ()
GESk

When the indices « for a basis of E are totally ordered (usually by integers) we obtain
abasiseq A Neg, 0 <+ < 0. Thus

k dimE
dim /\ E=
and in particular A" E is 1-dimensional when n = dimE. In this case a choice of basis
el,...,e, creates a nonzero element in \"E and if v; = &/e;, i = 1,...,n, then

n A )
V]/\-.~/\vn = Z a]‘]].“a}{nejl/\“'/\ejn
jl-,----,jn=1
= Z aljl...a}{nejl/\__./\ejn
{jlv"'vjn}z{l,-...n}
1
— Z af(>"'ar(zj(n)€c(l)/\"'/\66(n)
cES,
= Y sign(0)a!" a7 Me A ney
oeS,

= det {ai’} etN---Ney.

We say that two bases define the same orientation provided their transition matrix has
positive determinant. This can conveniently be formulated as saying that

AN Afy=ael A Aep

for an o > 0.
One can similarly construct subspaces of symmetric elements spanned by

Vl@...@vk: Z vo_(l)®®vo_(k>

oES,

leading to E®K ¢ E®*,
2.3.2. Vector Bundles.

DEFINITION 2.3.1. A rank k vector bundle over M, @ : E — M, is a submersion such
that all the preimages E, = 7! (p) are vector spaces isomorphic to a fixed vector space F¥.
In addition, the vector space structures are compatible in the sense that the bundle is locally
trivial: For every p € M there is a neighborhood U > p such that 7! (U) is diffeomorphic
to U x F¥ and for each x € U the diffeomorphism restricts to a vector space isomorphism
E, — {x} x Fk — F*,
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A good way to check that a vector bundle is trivial over U C M is to find sections
S1y..,8¢ : U — E, i.e., mos; = idy, such that for each x € U the vectors s (x), ...,k (x)
form a basis for E,. The trivial product bundle E = M x F* is sometimes denoted by
ek = ek (M).

The vector space constructions from above lead to similar constructions for vector
bundles over a fixed manifold. In particular, we say that a rank k vector bundle is orientable
provided each fiber can be oriented in such a way that locally there are trivializations where
the sections are equivalent to the given orientations. This can more succinctly be stated as
saying that the 1-dimensional bundle AFE is trivial.

A subbundle E C F of vector bundles over M is a submanifold such that ENF, C F),
is a subspace of dimension / for all p € M. It is not immediately clear that subbundles are
locally trivial especially as subbundles of trivial bundles need not be trivial. Consider for
example TS" C §" x R"!. Here the tangent bundle is not trivial unless n = 1,3,7 and as
we shall see only admits nowhere vanishing sections when n is odd. The normal bundle
T8 ={(p,v) € " x R""! | v € span{p}} is however trivial and

TSn@TLSn — S}’l X Rﬂ+1

or more abstractly
TS"®e! (8") ~ g™ (sm).

PROPOSITION 2.3.2. The subbundle of a trivial bundle is locally trivial. Conse-
quently, subbundles of vector bundles are also vector bundles.

PROOF. We consider a subbundle E C M x R¥. As each E, C {p} x Rk ~ R there is
a unique orthogonal projection proj,, : R - E ». Since the subbundle is a smooth subman-
ifold it follows that

P:MxR — E
(p,v) = (p,proj,(v))

is smooth. Let ey, ...,e; be the canonical basis for R¥ and consider the sections s; (p) =
proj, (e;). These sections always span E,. For a fixed p we can select [ of these sections
siy (p),---»8i; (p) to form a basis for E,. When x is sufficiently near p these sections must
still be linearly independent and thus form a basis for Ey. This shows that E is locally
trivial. =

A bundle map between vector bundles E and F over M is simply a section of Hom (E, F).
If the restrictions to the fibers are always isomorphisms, then we say that the bundles are
isomorphic. In case of two vector bundles over different manifolds x; : E; — M;, i = 1,2
a bundle map consists of a map f : M| — M, and a lift f: Ei = E, that is linear when
restricted to fibers

E 5 E
1 {
M L M,

Given f : M] — M, we can construct a pull-back bundle f*E, — M; by letting the fiber
over p be the fiber over f(p):
E2={(p,v) eMi xEx2 | f(p) =m(v)}.

With this construction the bundle map f between E| and E, can be thought of as a section
of Hom (Ey, f*E»).
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PROPOSITION 2.3.3. Every vector bundle admits a smoothly varying inner product on
its fibers. In particular, every subbundle is the image of a bundle map that is a projection
on to it.

PROOF. If w: F — M is a vector bundle and M is covered by open sets Uy such that
ol (Ug) = Ugy X R, then we can select an inner product g4 on R* for each . Next use
paracompactness to select a partition of unity Ay : M — [0, o0) subordinate to the cover. The
sum g = Y 4 Apgq then defines an inner product on each fiber. Note that g is a (smooth)
section of (F*)®2,

When we have a subbundle E C F, then we can use the inner product g to define the
orthogonal projection fiberwise for each p € M. This gives a smooth global projection onto
E.

The orthogonal complement to E C F is called the normal bundle to E and denoted
E*. It clearly depends on the metric but it is easy to verify that all normal bundles are
isomorphic. (]

The tangent bundle TM of a manifold is a vector bundle, as is the dual 7*M and
their corresponding wedge products and symmetric products ATM NS T*M, T®*M, and
(T*M)Qk . Tensor products of these bundles are called tensor bundles and their sections
tensors.

A section of (T*M)® is called a (0,k)-tensor and is a k-linear map on each tangent
bundle. Sections of

Hom <T®kM7 T®ZM> = (T'M)* T M

are called (/,k)-tensors. Thus vector fields are (1,0)-tensors and functions are (0,0)-
tensors. In general the sections of a vector bundle E are denoted by I'(E) and in a nat-
ural way forms a module over C* (M). The space of vector fields on M are often denoted
by 2 (M). Sections of A*T*M are called k-forms and the space of all such sections is
denoted by QF (M). The space of all forms on M™ is the direct sum

Q" (M) = o, QX (M).

With the usual addition and the wedge product this forms a ring.
Occasionally tensors are defined globally on vector fields, in this case it is necessary
to have a criterion that guarantees that it is a tensor.

LEMMA 23.4. A k-linear map T : (2 (M))* — (2 (M))*! that is also C* (M)
linear in each variable is an (1,k)-tensor.

PROOF. The subtlety here lies in showing that it can be evaluated on vectors in a fixed
tangent space. To simplify notation assume k = 1. We have to show that if X|, =Y/,,
then 7' (X)|, = T (Y)|,. We start by localizing: If X =Y on an open set U C M, then
T(X)=T(Y)onU. For each p € U select select a bump function A : M — [0, 1] that is 1
on p and has support in U. Thus AX = AY on all of M. In particular,

TX)p=2P)TX)|p=TAX)[,=TAY)[,=A(P)T¥)[p =T (¥)lp-
Now assume that U is the domain for a coordinate system x', ..., x and write
Xy =Y X'
If we multiply the right-hand side by A we obtain a globally defined vector field. We can
further assume that A = 1 on some smaller neighborhood V > p. Thus

T(X)|, =T (LAX3) |, =YX (n) T ()],
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This shows that 7' (X) |, only depends on X|,. We can also use this construction to find a
vector fields that equal any v € T,M by using X = ¥ A1/, where v = ¥ 9} .. (]

The two propositions were only established for real vector bundles, but can without
effort be generalized to complex vector bundles with the caveat that one should use Her-
mitian inner products instead of Euclidean inner products.

2.3.3. Bundles over Projective Spaces. In this short section we discuss projective
spaces and their associated bundles.
The tautological or canonical line bundle is defined as

T(P") = {(p,v) eP"xF" |vep}.

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

™ (P") ~ {(p,v) € P" x F 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. From our coordinatization around a point
p € P" as in subsection where we think of p C F"*! as a 1-dimensional subspace we
see that
T,P" ~ Hom (p,pL)
and globally
TP" ~ Hom (‘L’(IP’”) Tt (IP’”)) .

For each p € P”" these bundles are trivial over the coordinate neighborhood P — P ( pL).

The maps 7 (P") — P" and F"*! — {0} — " seem suspiciously similar. The the fiber
over the former is p while the latter has fiber p — {0}. Thus the latter map can be identified
with the nonzero vectors in 7 (") . In other words 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 otherwise a bijection. The map F"*! — {0} — P when restricted to the
unit sphere § C F"+! — {0} is called a Hopf fibration.

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

]P)n-H _ {P} P
where P"*! — {p} is a tubular neighborhood of P* C P"*!. When p=[1:0:---:0] this
map is given by
I:Z:ZO:"':Zn:I — I:ZO:"':Zn:I
and looks like a vector bundle if we use fiberwise addition and scalar multiplication in the

z-variable.
The equivalence is obtained by mapping

P {100 0]} = T (PY),

0 n
[2:2%: " = ([ZO;...;ZVILZM>

It is necessary to conjugate z since [z:2°: -+ :z"] and [Az: A2%: -+ : 1Z"] have to map to

the same vector
; (ZO,...,z") Tz (lzo,...,lz")

(22,272 (A0, Az
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The conjugate to the tautological bundle can also be identified with the dual bundle Hom (7 (P"),C)
via the natural inner product structure coming from 7 (P") C P" x F"*!. The relevant linear

functional corresponding to [z:2°: -+ : 2] is given by

(zo,...,z")
Vo (Wi ).
(2%, ..., 2")]

This functional appears to be defined on all of F"*!  but as it vanishes on the orthogonal
complement to (zo, ...,z") we only need to consider the restriction to span { (ZO, ...,z”) } =

[20:o 2.

2.4. Frobenius

The Frobenius theorem sets up a correspondence between suitable subbundles of the
tangent bundle and decompositions of the manifold into equivalence classes of submani-
folds of the same dimension. The original motivation comes from partial differential equa-
tions where certain overdetermined problems can be solved if the PDE satisfies suitable
integrability conditions. The theory with be used later to set up a complete correspondence
between Lie subgroups of a Lie group and subalgebras of the Lie algebra of the group.

2.4.1. The Local Theory. We begin with a motivational example. It’s a classical
problem going back to Clairaut to ask when a 1-from is an exact differential

Pdx+ Qdy = du?

An obvious necessary condition is that ayP = 0,0, often called Clairaut’s theorem. How-
ever, Clairaut more importantly showed that it was a sufficient condition, at least locally.
The original question is an example of an overdetermined partial differential equation and
the condition that guarantees solutions is called the integrability condition.

This problem can also be formulated in a slightly different manner. If we consider the
graph of u as a submanifold in R? x R, then the vector fields d; + Pd; and d, + Q0; form
a basis for the tangent space to this submanifold. Their Lie bracket (d:Q — d,P) d; must
also be tangent to this submanifold. As the vector is vertical this is only possible when
0xQ — dyP = 0. Note that any submanifold whose tangent space is spanned by 0y + Po,
and dy, + Qd; is locally the graph of a function. In this way we have a more geometric
interpretation of the original question.

The most general overdetermined system of PDEs that can easily be handled this way
are of the following form. Given P} (x,u) = P} (x',...,.x",u',...,u™), where i = 1,...,m and
k=1,...,n we consider the initial value problems for a system of first order PDEs u (x):

ou' ;
S = B
u(xp) = uo
Since this implies that
%ul B 8P[i 8Pli i
oxkaxl  Ixk  Jui K
an obvious necessary condition becomes
JoF, OJF ; 0P, IJP ;

dxk " QuiTk T oxl T QuiTl
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Again this also becomes a sufficient condition for local existence. We can also reinterpret
this as a graph/submanifold problem in R"” x R™. Here the tangent vector fields are ﬁ +

L 9. k=1,...,n and their Lie brackets again become vertical vector fields

kout’
8P’ n 8P‘ j aP’ n aP,i pi 0
; < Z 8u1 Z oul ) Jui”

This leads to the following general question: When will a collection of linearly in-
dependent vector fields span the tangent space of a submanifold? With the now obvious
answer being that their Lie brackets must be in the span of the vector fields.

While the question for functions can’t always be solved globally it is possible to come
up with a global problem for submanifolds. This requires a few more notions. A distribu-
tion D for a manifold M is a subbundle D C TM. We say that D is involutive if any two
vector fields X, ¥ with values in D, X,Y € D, have the property that [X,Y] € D. The distri-
bution is integrable if locally there is a connected submanifold N C M through every point
in M such that TN = D|y. The submanifold N is called an integral submanifold. Clearly
integrable distributions are involutive and we will show that the converse is true as well.

THEOREM 2.4.1 (Frobenius). Let M be an m-manifold with a distribution D of rank
k. If D is involutive, then it is integrable.

PROOF. We show that in a neighborhood of a point p € M there exists a coordinate
system (z',...,2") such that D = span {a%’ 3 k} The integral submanifolds will then

(zl,...,zk) — (zl,...,zk,ak+1,...,a"’)
k+1

where a*"',...,a" are fixed. This implies the local existence and uniqueness of integral
submanifolds.

To construct the coordinate system start by selecting coordinates (xl,...,x’") in a
neighborhood of p such that

d d
Dp :Span{axl|p7...7axk|p}

and x' (p) =0, i=1,...,m. For the rest of the proof we can then work in suitable neighbor-
hoods of 0 € R™.
Let 7 be the projection

be given as the slices:

(xl,...,)f") > (xl,...,xk) .

This is a submersion and as Dr (D)) = D, we can shrink the neighborhood so that D7|p,
is an isomorphism for all x. We can then construct unique vector fields Zi,...,Z; with
values in D that are m-related to %, cny % This implies that [Z;,Z;] are m-related to
0= { I I J} (see proposition [2.2.6). However, as the distribution is involutive we must

have that [Z;,Z;] € D showing that [Z;,Z;] = 0. The corresponding flows Cbﬁ»i will then
commute (see proposition[2.2.8). This shows that

% (@ o o®f (1) =2
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We can then define a map
1 k
(zl,...,z’") = ®7 o od} (0,...,0,zk+1,...,zm).

This is a local diffeomorphism near the origin and defines coordinates such that

0J .
Sa=HED =1,k

O

There are two special cases worth noting: When D is 1-dimensional the integral sub-
manifolds are unparametrized curves. This is a geometric version of finding solutions to
first order differential equation. When D has codimension 1 the integral submanifolds lo-
cally become the level sets of a function by way of the coordinates constructed in theorem

241l

EXAMPLE 2.4.2. We will exhibit some 2-dimensional distributions that are far from
involutive.

In R3 consider two vector fields X = 9, + Pd; and Y = 9, + Q0. where P and Q are
functions of (x,y). These span a 2-dimensional distribution and their Lie bracket is given
by

Z=[XY]= (axQ_ayP)az
Soif P =1 and Q = x, then Z = d, and X,Y, Z are everywhere linearly independent.

In higher dimensions we can similarly consider X = d; + Y ;P'd; and Y = o> +

Y/ 3Q'0; with P' and Q' only being functions of (x',x*). We start with

i Q' — P 0,

and then iterate Lie brackets k more times to get:

n

Zk:[Xv'”[Xv[vam Z lk(alQl 82P’)
i=3

If now PP'=1and Q' = (xl)i_z, then
n
Z="Y (i-2)--(i—2—(k—1))x" %9,
i=k+2
creating n linearly independent fields from two simple vector fields.

2.4.2. The Global Theory. Our final goal is to obtain a global picture of the integral
submanifolds of an involutive distribution. This will used to understand subgroups of Lie
groups in a later chapter.

A k-dimensional foliation of a manifold M is a smooth equivalence relation (R C M x
M is a smooth submanifold with the projections 7; : M X M — M restricting to submersions
m; : R — M), where the equivalence classes consist of connected immersed submanifolds
(also called leaves) all of dimension k. The equivalence class that contains p € M can be
identified with the slice ({p} x M) NR. The normal form for a submersion (see proposition
[I.4.20) then guarantees that the tangent spaces to a foliation is an integrable distribution of
rank k. Again the converse is true, but there are some subtle points.

THEOREM 2.4.3. A rank k involutive distribution consists of the tangent spaces to a
foliation.
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PROOF. Let D be a rank k involutive distribution on an m-manifold M.

We start by observing that the local uniqueness of integral submanifolds shows that
if two integral submanifolds intersect, then their union is also an integral submanifold. In
this way we can create maximal integral submanifolds through a point p € M by taking
the union of all integral submanifolds that contain p. However, it is not clear that these
maximal integral submanifolds are second countable. The topology is defined locally via
the local embedded integral submanifolds from theorem 2.4.1] Note that the maximal
integral submanifold is path connected as it is the union of path connected sets that all pass
through a fixed point.

To check that maximal integral submanifolds are second countable we cover M by a
countable collection of slice charts (x(lx, ,x’&’) : Uy — R™ such that the first k coordinate
vector fields always span D. Thus the embeddings

1 k 1 ko _k+1 m
(xa,...,xa> — (xa,...,xwa yeenrd )

form integral submanifolds and maximal integral submanifolds are unions of such embed-
dings. We will show that only countably many embeddings from a given chart can be used
for any integral submanifold. This will show that integral submanifolds must be second
countable as there are only countably many charts.

We consider a maximal integral submanifold L C M. Any path connecting two points
in L is compact and can be covered by a finite collection of the charts Uy. Now consider
two embeddings

1 1 k+1 m .
(xw...,x]fx> — (xa,...,x'&,ai yeens ) ,i=0,1

with images in L. As two such embeddings can be connected via a finite collection of charts
the intersection L N Uy can only consists of a countable number of such embeddings. [J

We finish with a crucial technical proposition about smoothness of maps in to sub-
manifolds. The exercises to chapter 1 has examples of how this can go wrong.

PROPOSITION 2.4.4. If F : N — M is smooth and the image lies in a leaf L C M of a
foliation, then F : N — L is also smooth.

PROOF. Fix p € N and a coordinate chart U around F (p) € M such that LNU consists
of a countable collection of embeddings with connected images as described in theorem
Let V be a small connected neighborhood around p € N such that F (V) C U (conti-
nuity of F). Since the image lies in L and is also connected, it can only lie in the embedding
whose image contains F (p). This shows that F : N — L is continuous and smooth. O

2.5. Exercises

(1) Show thatif E C F is a subbundle and E’ is complementary to E, i.e., F = E®E’,
then E’ is isomorphic to F /E.
(2) Let E and F be vector spaces.
(a) Construct a canonical bilinear map

E x F — Hom (E*,F).
(b) Show that the corresponding linear map
E®F — Hom (E*,F)

is an injection and an isomorphism when E is finite dimensional.
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(3) Show that a vector bundle over a compact manifold is always a subbundle of
a trivial bundle. Hint: Use a partition of unity to map the bundle into a trivial
bundle constructed from a finite covering of trivial bundles.

(4) Show that the pull-back of a trivial bundle is trivial.

(5) Let F: M — N be a smooth map and g € N a regular value. Show that the normal
bundle to F~! (¢) C M is trivial. Hint: It is isomorphic to the pull-back bundle
of TN — {q} via F|p-1(, : F~' (q) = {q}.

(6) A manifold M" is said to be parallelizable iff the tangent bundle is trivial, TM ~
M x R". Show that M is parallelizable if and only if there are n vector fields that
span the tangent space at every point.

(7) Letm; : E; — M;, i = 1,2 be two vector bundles and consider the product bundle

T X El XEy — M| X M,.

(a) Show thatif M; = M,, then E| & E» is isomorphic to the pull-back of E| X E»
via the diagonal map x — (x,x).
(b) Let F; : M} x M, — M; denote the projections. Show that E; x E; is isomor-
phic to F{' (E1) @ F (E?).
(8) Show that R x S"and S! x " are parallelizable.
(9) Show that S? x §7 is parallelizable if p or g is odd. Hint: $?*~! C C" admits a
unit vector field.
(10) Show that S? is parallelizable. Hint: Use quaternions as in sectionto check
that 7,,S* = span {ip, jp,kp}.
(11) Show that the Lie bracket 2" x 2" — £ is not a tensor when the dimension is
> 2.
(12) Show that a real or complex Grassmannian Gy (V') admits a natural embedding

span{vy,...,vg} — span{vi A---Avi}

into the projective space P ( /\k V) . This is called the Pliicker embedding.
(13) Let D be a rank k distribution on M™.
(a) Show that locally there is a trivialization of the tangent bundle Xi,..., X,
such that Xi,..., X} span D.
(b) Let ',...,0™ be the 1-forms dual to Xi,..., Xy, i.e., ® (X;) = 8!. Show
that @' vanishes on D only when i = k+ 1,...,m and conclude that D =

M, ker o'
(c) Let & = {w e Q(M)| w|p =0}. Show that o7 is an ideal that is locally
generated by @* ™!, .., @™, i.e. every element is locally of the form ¥}, , | ¢;00',

0 € Q*(U).



CHAPTER 3

Submersions and Immersions

3.1. Submersions

In this section we present a number of results about the deeper structure of submer-
sions.

3.1.1. Submersion-Fibrations. We study the relationship of the topologies of the
manifolds related to a submersion.

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 3.1.1. 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.

PROOF. First we do a local construction of X. Since F' is a submersion proposition
1.4.20| shows that for each p € M there are charts x: U — R" andy:V — R" with p € U
and F (p) € V such that

yoFox™! (xl,...,)/") = (xl,...,x") .
This relationship evidently implies that a%i and % are F-related fori = 1,...,n. Thus,

if we write ¥ = Y -2

ek then we can simply define X =Y | Y'oF %. This gives the local

construction.

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

DF (X) = DF (Y AaXq)
= ) A4DF (Xq)
Y AaYoF
= YoF.

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

PROOF. Assume @ (p) is defined on [0,a). If a < b, then the set
K = {xeM|F(x)=®y(p) for somer € [0,a]}
= F ' ({®}(p)|1€[0.d]})

49
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is compact in M since F is proper. The integral curve t — @ (¢) lies in K since F (D (p)) =
®), (¢) . From theorem we know that a maximally defined integral curves are either
defined for all time or leave every compact set. In particular, [0,a) is not the maximal
interval on which # — ®% (p) is defined. O

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

DEFINITION 3.1.3. A fibration F : M — N is a smooth map that 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~! (p). This diffeomorphism must commute with the natural maps
of these sets on to U. In other words (x,y) € U x F~!(p) must be mapped to a point in
F~!(x). 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
§3 — 82 = P! is a more non-trivial example of a fibration, which we shall study further
below. Tubular neighborhoods are also examples of fibrations.

THEOREM 3.1.4 (Ehresman). If F : M — N is a proper submersion, then it is a fibra-
tion.

PROOF. 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~1(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

1, ..., 9. Our smooth map G : R” x F~1 (0) — M is then defined by G (tl,...,t",x) :':IJS(I1 o
~~-oCI>§n (x). The inverse to this map is G~! (z) = (F () 7@);”,»1 o oq;;fl (z)) , where
F(z)=(t',...t"). O

REMARK 3.1.5. Note that proposition [T.4.22] shows in analogy with lemma [T.4.29)]
that if F : M — N is a proper map and y € F (M) a regular value, then there is an open
neighborhood V > y such that F~1 (V) ~V x F~! (y).

The theorem also unifies several different results.

COROLLARY 3.1.6 (Basic Lemma in Morse Theory). Let F : M — R be a proper map.
If F is regular on (a,b) C R, then F~' (a,b) ~ F~! (c) x (a,b) where ¢ € (a,b).

COROLLARY 3.1.7 (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.)

THEOREM 3.1.8. Let @ : S — B be a fibration, where S is a sphere. If the fibration
admits a section, then B is diffeomorphic to S. In particular, the fibrations S — P" are
nontrivial.

PROOF. The proof uses that the identity map on is not homotopically trivial (see
proposition [5.4.5).

Note that as S is compact and connected so is B. In general, a section s : B — S is a lift
of the identity map on B and the image must be compact and connected.

When dim B = dim S the fibration is a covering map so the image of the section must be
a connected component of S and hence all of S. This implies that S and B are diffeomorphic.
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In case dimB < dim S Sard’s theorem shows that the section can’t be surjective. In
particular, the section is homotopically trivial as S is a sphere. This in turn implies that the
identity map on B is homotopically trivial leading to a contradiction. (]

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

THEOREM 3.1.9. 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 M. The flows will
then stay in dM or intM for all time if they start there. a

REMARK 3.1.10. 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 — § are closed discs rather than open
discs.

EXAMPLE 3.1.11. Consider the the projection R?> — R onto the first axis. This is
clearly a submersion and a trivial bundle. The standard vector field d, on R can be lifted
to the related field d, + y28y on RZ. However, the integral curves for this lifted field are

not complete as they are given by (t + 1o, %

In particular, neither the above proportion or theorem [3.1.4]can be made to work when the
submersion isn’t proper even though the submersion is a trivial fibration.

i 1
) and diverge as ¢t approaches % ~lo-

3.1.2. Quotient Manifolds. 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 , so that the equivalence classes are all closed embedded submanifolds,
then the quotient is a manifold and the quotient map a submersion.

A nasty example is R? — {0} with the equivalence relation being that two points are
equivalent if they have the same x-coordinate and lie in the same component of the cor-
responding vertical line. This means that the above general assumptions are not sufficient
as all equivalence classes are closed embedded submanifolds with trivial normal bundles.
The quotient space is the line with double origin and so is not Hausdorff!

REMARK 3.1.12. The key to getting a Hausdorff quotient is to assume that the graph
of the equivalence relation

R={(xy) [x~y} CMxM

is a proper submanifold. We can in fact find necessary and sufficient conditions that guar-
antee that the quotient space becomes a manifold and 7w : M — M/ ~ a submersion. We let
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712 : M x M — M denote that projections onto the first and second factor. The equivalence
class 7 (p) that contains p € M is both a subset in M and a point in the quotient. Note that

RN (M x{p}) = =(p)x{p},
RO({p} xM) = {p}xm(p).

PROPOSITION 3.1.13. If M/ ~ has a manifold structure such that ®: M — M/ ~
becomes a submersion, then R C M x M is a properly embedded submanifold and the
restrictions of the projection maps m 2|r : R C M x M — M are submersions.

PROOF. Note that a submanifold is properly embedded exactly when it is a closed
subset of the ambient manifold.
Consider the graph

G(n)={(p,m(p)) EMx(M/~)|peM}.

We have that id X 71 : M X M — M x (M/ ~) is a submersion and R = (id x 7) " (G (r)).
Since G (1) is a properly embedded submanifold R also becomes a properly embedded sub-
manifold. This also tells us that (id X 7) |g : R — G (7) becomes a submersion. Composing
this map with the diffeomorphism 7 [() : G (7) — M, then implies that 7| |g : R — M be-
comes a submersion. Since R is invariant under the involution (p,q) — (g, p) we have also
shown that |z : R — M is a submersion. O

The converse is also true and offers a particularly nice characterization of quotient
manifolds that rarely makes it into text books.

THEOREM 3.1.14 (Godement). If ~ is an equivalence relation on a smooth manifold
M, then M/ ~ has a manifold structure such that T : M — M/ ~ becomes a submersion
provided R C M x M is a properly embedded submanifold and the restriction i |g : R — M
is a submersion.

PROOF. We first settle the topological aspects of the quotient by showing that 7 : M —
M/ ~ is open and that M/ ~ is Hausdorff. Let O C M be open and note that by definition
of the quotient topology that 7t (O) is open precisely when 7! (7 (0)) is open. The latter
set is open since,

7 (n(0)=m(MxO0)NR)={geM|3g€0:p~q}

and 7 | is a submersion and thus an open map. For the Hausdorff property fix two equiv-
alence classes 7 (p), 7 (g). Select shrinking open neighborhoods U; 3 p and V; 3 ¢ with
N:U; = {p} and N;V; = {q}. If & (U;) N7 (V;) # O for all i, then there exists x; € U; and
yi € Vi such that 7 (x;) = w (y;) € m (U;) Nz (V;). But then x; — p, y; — ¢, and x; ~ y;. Since
R is a closed set this implies that p ~ ¢ and consequently 7 (p) = 7w (q).

Note that A and M x {p} are transverse at (p,p) = ANM x {p}, i.e.,

Tip.p) M X M) =T, ) A+ T, ) (M x {p}).

In particular, R D A and M x {p} are transverse at (p, p). The intersection of the tangent
spaces, T, RN T, ,y (M x {p}), has dimension k if dimR = n+ k. This intersection is
naturally isomorphic to the k-dimensional space E,, = {v €eT,M|(v,0) € T(,,,I,)R}. In this
way we obtain a subbundle of TM. Select a submanifold W C M whose tangent space 7,W
is a complement to E, C T,M. Since also m|r is a submersion a simple generalization of
the preimage theorem [1.4.26] (see also chapter 1 exercise [23]) shows that

V=RNMxW)=(mlr)' W)={(p.q) g€ W,p~q}
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is a submanifold of dimension n as codimW = k and dimR = n+ k. We claim that the
restriction 71|y : V — M is nonsingular at (p,p). Note that (v,w) € T(, ,)V iff (v,w) €
TippyRandw € T,W. Soif D |y (v,w) =v =0, thenw € E,NT,W = {0}. This shows that
we can find neighborhoods p € U;,U, C O such that mj|g : VN (U NU;) — U, becomes
a diffeomorphism. The inverse has the form f (x) = (x,r(x)), in particular, U, C U; and
r: U, — W. Now define

U={xely|r(x)elUanW}.

Since (r(x),r(x)) € AC RN (M x W) it follows that 7> = r and that U is invariant under r
(as in theorem[2.2.3). Finally consider

(x,y) €ERN(U x (UNW)) C V.

As my (x,y) = x and f (x) = (x,r(x)) = (x,y) we see that r (x) is the only point in U NW
that is equivalent to x. In other words, if x,y € U are equivalent then r (x) = r(y).

Now suppose that W was chosen so as to have global coordinates ¢ = (x',...,x"7%).
These descend to coordinates ¢ = (&',...,# %) on the open set 7 (U) = 7 (UNW). To
obtain a differentiable structure we note that any function f whose domain intersects
7 (UNW) has the property that fo¢~! = fomro¢~'. Thus fod~! is smooth when
fom is smooth. This shows that we can define a differentiable structure by declaring that
fEe€=(M/ ~)ifand only if for € € (M). O

3.2. Embeddings

3.2.1. Embeddings into Euclidean Space. The goal is to show that any manifold is
a proper submanifold of Euclidean space. This requires most importantly that we can find
a way to reduce the dimension of the ambient Euclidean space into which the manifold can
be embedded. Note that corollary is quite similar but much simpler.

THEOREM 3.2.1 (Whitney Embedding, Dimension Reduction). If F : M™ — R" is an
injective immersion, then there is also an injective immersion M™ — R>*" 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. Foreach v € R” — {0} consider the orthogonal projection onto the orthogonal
complement of v:
(x[v)v

M

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, o F (x) = f, o F (y) iff F (x) — F (y) is proportional to v. Similarly d (f, o F) (w) =
0 iff dF (w) is proportional to v. With that in mind consider the images of the following
two maps:

H(x)=x—

H:MxMxR — R"
hix,y,t) = t(F(x)—F(y))

G:TM — R
Gw) = dF(w)
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As long as 2m + 1 < n Sard’s theorem implies that the union of the two images has dense
complement. Therefore, we can select v € R" — (H (M x M x R)UG(TM)) . Clearly v # 0
as 0 lies in the image of both maps. So if F (x) — F (y) = sv, then either s=0 and x =y
or v=1(F (x)—F(y)) which is impossible. Similarly, if dF (w) = sv, then either s = 0
showing that w = 0 or v = 1 (dF (w)) which is impossible.

Note that the v we selected could be taken from O — (H (M xM xR)UG(TM)),
where O C R" is any open subset. This gives us a bit of extra information. While we
can’t get the ultimate map M™ — R?>"*! to target a specific (2m + 1)-dimensional sub-
space of R", we can map it into a subspace arbitrarily close to a fixed subspace of dimen-
sion 2m + 1. To be specific simply assume that R?"+!  R” consists of the first 2m + 1
coordinates. By selecting v € (—¢,€)*" ™ x (1 —¢&,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. When the first coordinate for F' is
proper, then f,, o F is also proper provided v is not proportional to e;. This means that we
merely have to select v € {|[v| <2 | (v]e;) < €} to obtain a proper injective submersion.

O

REMARK 3.2.2. Note also that if F starts out only being an immersion, then we can
find an immersion into R?>". This is because G (TM) C R" has measure zero as long as
n>2m.

LEMMA 3.2.3. If A,B C M™ are open sets that both admit embeddings into R*"*1,
then the union AU B also admits an embedding into R*"+1,

PROOF. Select a partition of unity A4,45 : AUB — [0, 1], i.e., suppAs C A, suppAg C
B, and A4 + Ag = 1. Further, choose embeddings Fy : A — R***! and Fp : B — R>"+1,
Note multiplying these embeddings with our bump functions we obtain well-defined maps
MFy, AgFp : AUB — R¥"!_This gives us a map

F:AUB — R ! xR xRxR,
F(x) = (Aa(x)Fa(x),2Ap(x)Fp(x), 24 (x), A5 (x)),

which we claim is an injective immersion.

If F (x) =F (y), then Ay g (x) = A4 g (¥). If, e.g., Ap (x) > O then Fg (x) = F (y). This
shows that x = y as Fp is an injection.

If dF (v) = 0 for v € T,M, then dA4 g (v) = 0. So if, e.g., A4 (p) > 0, then by the
product rule:

d(AaFa) |p = (d2a) [pFa (p) + Aa (p) dFalp = Aa (p) dFalp
and consequently
dFal, (v) =0

showing that v = 0.
If, in addition, we select a proper function p : AUB — [0,0), then we obtain a proper
injective immersion

(p,F):AUB - Rx R x R x Rx R

and consequently an embedding. The dimension reduction result above then gives us a
(proper) embedding into R¥"*1, O

THEOREM 3.2.4 (Whitney Embedding, Final Version). An m-dimensional manifold
M admits a proper embedding into R¥"+1.
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PROOF. We only need to check the hypotheses in theorem[I.3.8] Clearly the statement
is invariant under diffeomorphisms and holds for R™. Condition (2) was established in the
previous lemma. Condition (3) is almost trivial. Given embeddings F; : A; — R?"+1,
where A; C M are open and pairwise disjoint we can construct new embeddings G; : A; —
(iyi+ %)Zerl with disjoint images. This yields an embedding G : |J;A; — R¥" 1,

This shows that any m-manifold has an embedding into R?"*!. To obtain a proper
embedding we select a proper function p : M — [0,c0) and use the dimension reduction
result on the proper embedding (p,F) : M — R x R>"*1, O

3.2.2. Tubular Neighborhoods.

LEMMA 3.2.5. If M C R" is a properly embedded submanifold, then there exists a
neighborhood of the normal bundle of M in R" that is diffeomorphic to a neighborhood of
M in R".

PROOF. The normal bundle is defined as
T*M=T(MCR")={(v,p) e ,R"xM |v L T,M}.
There is a natural map
T*M — R
(v,p) = v+p.

This map is proper provided M C R" is properly embedded. It is also clearly an embedding
when restricted to the zero section. Note that the image of the differential at a point (0, p)
contains T,M and {v € T,R" |v L T,M}. Consequently the differential is nonsingular.
This shows that it is a local diffeomorphism on some neighborhood of the zero section
M. Lemma then shows that it is a diffeomorphism on a neighborhood of the zero
section. ]

THEOREM 3.2.6. If M C N is a properly embedded submanifold, then there exists a
neighborhood of the normal bundle of M in N that is diffeomorphic to a neighborhood of
MinN.

PROOF. Any subbundle of TN|y 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 a proper
embedding N C R" and then defining

T*M={(v,p) ET,NxM|v LT,M}.

We don’t immediately obtain a map 7--M — N. First we select a neighborhood N C U C R”
as in the previous lemma. The projection 7 : U — N that takes w+gc U toge€ Nis a
fibration. This gives us a neighborhood V = {(v,p) € T*M | v+ p € U} of M. This allows
us to define a map

V. —- N,
(»p) = w(+p).
that is a local diffeomorphism near the zero section and an embedding on the zero section.

O

As an application of Whitney’s theorem and the existence of tubular neighborhoods
we can show some crucial results about smooth approximations of continuous maps.
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THEOREM 3.2.7. Let F : M — R" be a continuous function and C C M a closed
subset such that F is smooth on a neighborhood Uy of C. If € : M — [0,1] is a continuous
function that is positive on M — C, then there exists a smooth function G : M — N such that
|F (x) — G (x)| < & (x). In particular, F (x) = G (x) for all x € C provided € vanishes on C.

PROOF. Consider a cover that consists of Uy and Uy, p € M —C, where U, C M —C
is a neighborhood of p where |F (x) —F (p)| < €(x) for all x € U,. We can then select
a partition of unity A9, 4,,p € M — C subordinate to this cover. Note that as all A, have
support in M — C, it follows that Ag|c = 1. Clearly

Fx)=X@F @)+ Y 2Ax)F ()
pEM—-C
and we can define a smooth function that agrees with F on C:
Gx)=A@)F )+ Y A&)F(p).
pEM—C
It follows that

F)=GWI< ), AW|F)—F(p)| <e©).
pEM—-C

O

We can next use the tubular neighborhood theory to approximate maps into general
manifolds.

THEOREM 3.2.8. Let F : M — N be a continuous function and C C M a closed subset
such that F is smooth on a neighborhood Uy of C. There exists a smooth G : M — N such
that F (x) = G (x), for all x € C and F and G are homotopic to each other.

PROOF. Let N C R” be a proper embedding and U a tubular neighborhood of N
in R” with w: U — N a retract onto N. Select € : N — [0,1] such that €|c =0 and
B(y,e(y)) C U forall y € N. From the theorem above we have smooth G : M — R" such
that |F (x) — G (x)| < & (x). The choice of & guarantees that for all x € M the homotopy

H(t,x)=(1—1)F (x)+tG(x) €eU,t € [0,1].

This gives a homotopy 7o H : [0,1] x M — N from F to a smooth map G = 7 o G such that
for all x € C we have

ToG(x)=moF (x)=F (x).
(]

REMARK 3.2.9. Note that if F is proper, then G will also be proper as the functions
stay close to each other provided € (x) is bounded.

COROLLARY 3.2.10. If two smooth maps are homotopic via a continuous homotopy,
then they are also smoothly homotopic.

3.3. Exercises

(1) Show that V; (R") can be realized as the quotient O (n) /O (n — k).
s

(2) Use theorem 4on Mat®_, (R) to show that the Grassmannian Gy (R") is a
manifold.

(3) Use theorem[3.1.14{on V¢ (R") to show that the Grassmannian Gy (R") is a man-
ifold.
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(4) Use theorem [3.1.14 on O (n) to show that the Grassmannian Gy (R") is a mani-
fold.

(5) Show that the submersions Vi (R") — G, (R") and O (n) — Gy (R") are fibra-
tions.

(6) Show that Mat*_, (R) — Gy (R") is a fibration (hint: this can be proven directly
from the definition or by using that V; (R"”) — G; (R") is a fibration).

(7) Give an example of an injective immersion R — T2 whose image is dense, e.g.,
of the form (™™, ¢27"). Extend this map to an immersion R x (—¢,€) — T?
and show that it is not injective on any neighborhood of R x {0}.

(8) Let F: M — N be a proper immersion. Show that if F is injective when restricted
to a closed subset C C M, then F is also injective on an open neighborhood of C.

(9) Show that any vector bundle E — M is a subbundle of a trivial bundle. Hint: You
need a dimension reduction result that controls the rank of the trivial bundle in
terms of the rank of E.



CHAPTER 4

Lie Groups

4.1. General Properties

A Lie group is a smooth manifold with a group structure that is also smooth, i.e., a
manifold G with an associative multiplication

GxG — G
(g:h) — gh
that is smooth and inverse operation
G —- G
g — &
that is smooth. The identity is generally denoted e. The most obvious example of a Lie
group is is simply a vector space with addition as the product structure. A more interesting
example is the space of invertible matrices, GI (n,[F) with matrix multiplication as the
product structure.

A Lie group homomorphism is a homomorphism between Lie groups that is also
smooth. A Lie subgroup H C G is a subgroup that is also an immersed submanifold such
that the inherited group operations are smooth on the submanifold, i.e., it is the image of a
Lie group under an injective immersion that is also a homomorphism.

A Lie group is homogeneous in a canonical way as left translation by group elements:
I, (x) = g-x maps the identity element e to g. Consequently, lop-1 maps h to g. Since
left translation is a diffeomorphism it can be used to calculate the differential of a Lie

group homomorphism from the differential at the identity. For a smooth homomorphism
¢ : G; — G, between Lie groups the homomorphism property can be expressed as

poly=lyg o0

1

or
9 =log) 0@ ol
This shows that
D¢|g = Dly(4) 0 D9, oD,

In particular, ¢ has constant rank and it’s kernel ker ¢ C G| must be a properly embedded
submanifold and a Lie subgroup.

We could equally well have used right translation r, (x) = xg for these observations.

A vector field is left invariant if it is /,-related to itself for all g, i.e., DIy (X|5) = X|gp.
This shows that X|, determines X. Conversely, given X|, € T,G it is easy to see that
X|g = DI,y (X|.) defines a smooth left invariant vector field. The space of left invariant
vector fields is denoted by g and is identified with 7,G as a vector space. However, there is
an extra structure on g as the Lie bracket of left invariant fields is again left invariant (see
section [2.2.2). This makes g in to a Lie algebra, i.e., an algebra with a bracket operation

58
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[X,Y] that is bilinear, skew-symmetric, and satisfies the Jacobi identity. Any associative
algebra (A, +,-) has such a bracket structure defined by commutation [a,b] = ab — ba. The
space of square matrices Mat,, (F) with this commutator bracket is denoted by gl (n,F)
when we think of it as a Lie algebra.

When H C G is a Lie subgroup it follows that h C g is a subalgebra as left multipli-
cation /; on G preserves H when g € H. More generally, for a smooth homomorphism
¢ : H — G we see that any X € fj is ¢-related to the left invariant field Y € g that is deter-
mined by Y|, = D¢ (X|.) showing that we obtain a Lie algebra homomorphism ¢, : b — g,
i.e., 9, is linear and preserves Lie brackets, ¢, [X,Y] = [¢ (X), ¢ (V)]

4.2. Matrix Groups

We explain the various basic matrix groups that come from the general linear groups.

4.2.1. The General Linear Groups. The most obvious examples of Lie groups are
matrix groups starting with the general linear groups

Gl (n,R) C Mat,«, (R) = gl(n,R),

Gl (n,C) C Mat,x, (C) = gl (n,C).

These are open subsets of the vector space of n X n matrices and and the group operations
are explicitly given in terms of the standard arithmetic operations of numbers. The identity
is usually denoted e = I for matrix groups. As such we have right and left translation
on Mat,, (IF) for any A € Mat,,,, (F) defined by I4 (X) = AX and r4 (X) = XA. These
are linear maps but not invertible unless A € GI (n,IF). With that in mind we note that
the equation for left invariant fields X |, = DI, (X|;) becomes X |, = gX|; = ry|, (g). This
allows us to show that the Lie bracket of left invariant fields is the same as the Lie algebra
gl(n,F). Let X = r4 and Y = rp be two left invariant fields and f : Mat, «, (F) — R a linear
function. For any tangent vector v € Mat, x, (F) we have D, f = f (v). This shows that

(Dxf)|g =Dgaf = f(gA) = fora(g)

and as ry is linear

(Dy (Dxf)) 1= (Dy (fora))li = foracrp(l) = f (BA).
Similarly,
(Dx (Dy f)) |1 = f (AB)

and we can conclude that

Dy flr = f([A,B]) = f (AB—BA).
Thus [X,Y]|; = [A,B] = AB— BA.

4.2.2. The Special Linear Groups. The determinant map det : Mat,,«, (F) — F is
multiplicative and smooth, and the general linear group is in fact the open subset of matri-
ces with non-zero determinant.

The derivative of the determinant is important to calculate. The determinant function
is multi-linear in the columns of the matrix. So if we denote the identity matrix by I, then
it follows that

det(I+tX) =1+t (tuX)+o0(t)
and for A € GI that

det(A+1X) =detA (1+¢ (tr (A7'X)) +0(1)).
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In particular, all non-zero values in F — {0} are regular values of det. This gives us the
special linear groups S! (n,F) of matrices with det = 1. The tangent space T;S! is given as
the kernel of the differential and is thus the space of traceless matrices:

TSI = {X € Maty, | trX =0} = sl (n,F).

4.2.3. The Polar Decomposition. Using that the operation of taking adjoints A — A*
is smooth we obtain a smooth map F : Mat,, (F) — Sym,, (F) defined by A — AA* where
Sym,, (F) denotes the real vector space of self-adjoint operators (symmetric or Hermitian
depending on the field.) Note that the image of this map consists of the self-adjoint matrices
that are nonnegative definite, i.e., have nonnegative eigenvalues. The differential of this
map at the identity can be found from the expansion

T4+X) I+ X" ) =T+t (X +X")+0(1)
and is
X+X".
This is clearly surjective since it is simply multiplication by 2 when restricted to Sym,, (F).
More generally the differential at an invertible A € G is given by

XA +AX*

which is also surjective as it is a bijection when restricted to the real subspace {X (A’l)* | X € Sym,, (F) }
Thus we obtain a submersion to the space of positive definite self-adjoint matrices:

F :GIl(n,F) — Sym/ (F).

Note that Sym;" (F) C Sym,, (F) is an open convex cone of a real vector space and dif-
feomorphic to a Euclidean space. Finally we observe that this submersion is also proper
as AyA; — oo when Ay — co. In particular, we can use Ehresman’s theorem m to con-
clude that GI(n,FF) is diffeomorphic to Sym," (F) x F~! (I). The fiber over the identity is
identified with the orthogonal group:

O(n)={0€Gl(n,R)| 00" =1}
or the unitary group

Un)={UeGlnC)|UU =TI}
and both are compact Lie groups. We note that left translates [4F ~' (I) = A-F ! (I) are
diffeomorphic to each other and A- F~! (I) C F~! (AA*). Thus fibers are precisely the left
translates of the orthogonal or unitary groups. This is the content of the polar decomposi-
tion for invertible matrices.

The tangent spaces to the orthogonal and unitary groups are given as the kernel of the

differential of the map A — AA™ and are thus given by the skew-adjoint matrices

T;0 (n) = {X € Mat,x,(R) | X* = —X} =s0(n),
T;U (n) ={X € Mat,, (C) | X* =X} =u(n).

These two families of groups can be intersected with the special linear groups to obtain
the special orthogonal groups SO (n) = O(n) N SI(n,R) and the special unitary groups
SU (n) =U (n)NSI(n,C).

It is not immediately clear that these new groups have well-defined smooth structures.
However, it follows from the canonical forms of orthogonal matrices that SO (n) is the con-

nected component of O (n) that contains I. The other component consists of the orthogonal
matrices with det = —1.
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For the unitary group we obtain a Lie group homomorphism det : U (n) — S! ¢ C
where all values are regular values.

The tangent spaces are the traceless skew-adjoint matrices. In the real case skew-
adjoint matrices are skew-symmetric and thus automatically traceless, this conforms with
SO (n) C O(n) being open. In the complex case, the skew-adjoint matrices have purely
imaginary entries on the diagonal so the additional assumption that they be traceless re-
duces the real dimension by 1, this conforms with 1 being a regular value of det : U (n) —
st.

4.2.4. The Matrix Exponential. The matrix exponential map exp : Mat,x, (F) —
Gl (n,F) is defined using the usual power series expansion. The relationship

detexp (A) = exp (trA)

shows that its image is in the general linear group and in case F = R that it maps into the
matrices with positive determinant.

It also commutes with the operation of taking adjoints expA* = (expA)*. This shows
that we obtain the following restrictions

exp: T;0(n) — SO(n),
exp: ;U (n) — U(n),
exp:Ti1SU (n) — SU (n),

as well as
exp : Sym,, (F) = T;Sym; (F) — Sym, (F).

These maps are all surjective. In all cases this uses that a matrix in the target can be
conjugated to a nice canonical form, O*CO, where C is diagonal in the last three cases
and has a block diagonal form in the first case that consists of 2 x 2 rotations and diagonal
entries that are +1. In the unitary case the diagonal entries are of the form ¢®. Thus
C = exp(iD), where D is a real diagonal matrix, and O*CO = O*exp (iD) O. Similarly,
in the last case C is a diagonal matrix with positive entries and C = exp (D) for a unique
diagonal matrix D with real entries. The first case is the most intricate. First observe that
rotations do come from skew-symmetric matrices:

cos® —sin6 0 -6
[ sin@ cos6 } :exp[ 6 0 ]

This also takes care of pairs of real eigenvalues of the same sign as they correspond to
rotations where 8 = 0 or . Since elements in SO (n) have determinant 1 we can always
ensure that the real eigenvalues get paired up except when n is odd, in which case the
remaining eigenvalue is 1.

The polar decomposition diffeomorphism GI (n,C) 2 Sym,’ (R) x U (n) now tells us
that GI (n,C) is connected. Similarly, GI* (n,R) ~ Sym; (R) x SO (n) is connected. As
the elements of O (n) with determinant —1 are diffeomorphic to SO (n) via multiplication

by any reflection in a coordinate hyperplane it follows that GI (n,R) has precisely two
connected components.

4.2.5. Low Dimensional Groups and Spheres. There are several interesting con-
nections between low dimensional Lie groups and low dimensional spheres.

First we note that rotations in the plane are also complex multiplication by numbers
on the unit circle '  C so:



4.2. MATRIX GROUPS 62

The 3-sphere can be thought of as the unit sphere S C C? and thus
$3 = {(z,w) € C?| |22+ w2 = 1}.

On the other hand:
SU(Z):U(2)ﬂSl(2,C):{[ va _ZW } 6U(2)|z2+ww:1}
so we have:
SU(2) =S
Next we note that
SO0(3) = {[ el e e3 ] |e[-ej:6,~j,det[ e1 e e3 ]:1}
= {[ e1 ey ey Xep } |61-62=0,|61|=|e‘2|=1}

= US?

where US> = {(p,v) | |p| = |[v| = 1, p-v = 0} is the set of unit tangent vectors.
There is a another important identification for this space

S0 (3) = RP,
This comes from exhibiting a homomorphism SU (2) — SO (3) whose kernel is {£7}. This
shows that via the identification SU (2) = S° the preimages are precisely antipodal points.

The specifics of the construction take a bit of work and will also lead us to quaternions.
First make the identification

<c2:{[fv N } (z,w)e(Cz}.

On the right hand side we obtain a collection of matrices that is closed under addition and
multiplication by real scalars. Since C is a commutative algebra the right hand side is also
closed under multiplication. Thus it forms an algebra over R. It is also a division algebra
as non-zero elements have det = |z|> + |w|*> > 0 and thus have inverses. This is the algebra
of quaternions also denoted H. Note that X € C? has Euclidean length

IX? = |z]* + |w]* = detX.
Any A € SU (2) acts by conjugation on this algebra as follows
A-X =AXA".

The map X — AXA™ is an orthogonal transformation as it doesn’t alter the Euclidean length
of X:
IAXA*|* = det (AXA*) = detAdetX detA* = detX = [X|*.

A natural orthonormal basis is given by

o See o S [8 S ][5 7

Note that these matrices each have Euclidean norm /2. So the inner product is scaled to
make them have norm 1. The last matrix is defined so that we obtain

ij=k=—ji,
Jjk=1i=—kj,
ki=j=—ik,
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In fact conjugation by elements A € SU (2) fixes 1 so it also fixes the orthogonal com-
plement spanned by i, j, k. Thus we obtain a homomorphism SU (2) — SO(3) by letting
A € SU (2) act by conjugation on spang {i, j,k}. The kernel of this map consists of matrices
A € SU (2) that commute with all elements in H since AX = XA. This shows that the ker-
nel must consist of homotheties or real numbers if we think of H = span{1,i, j,k}. Conse-
quently, the only possibilities are +-/ = +-1. It is also not hard to check that SU (2) — SO (3)
is a submersion by calculating the differential at the identity. Thus the image is both open
and closed and all of SO (3). This shows that SO (3) = RP.
From all of this we obtain a special proof of the “Hairy Ball Theorem” for 2.

THEOREM 4.2.1. Every vector field on S* vanishes somewhere.

PROOF. The proof is by contradiction. If we have a non-zero vector field, then we
also have a unit vector field p — (p,v(p)) € US?. This gives us a diffeomorphism

SO0(3) — S$*xS'cs?xR?
[p7eap><e] = (p,e-v(p),(pxe)-v(p)).

This contradicts that SO (3) = RP3, and hence has universal cover $°, as S* x S' has a
non-compact simply connected cover S x R. (I

4.3. The Exponential Map

Note that the exponential map for matrices satisfies the law of exponents exp (A + B) =
expAexpB when A, B commute. In particular, the map ¢ — exp (tA) is a homomorphism
from the Abelian Lie group (R,+). This one-parameter group is also the integral curve for
the left-invariant vector field defined by X |, = gA since

DA, = explio) LEPIA) o — (exp (104)) .

With this in mind we define the exponential map on a general Lie group, exp : .G —
G, by declaring 7 — exp (tX) to be the integral curve through e of the left-invariant field
defined by X |, = DI, (X), i.e., exp (tX) = @ (e). Smoothness of exp then follows from
remark [2.2.3] Note that

lyexp (1X) = gexp (1X) = P (g)
as they agree at ¢t = 0 and are both integral curves for X:

d(l,exp(tX d(exp (tX
w = DI, ((flt())> = Dl (Xexp(x)) = X1y exp(ox)-

If ¢ : G| — G, is ahomomorphism and Y is the left invariant field defined by D¢ (X) |,
then X and Y are ¢-related and hence by proposition
¢ (Px (¢)) = Py (e).
In other words

¢ (exp (1X)) = exp (tD9| (X))
and the diagram

.6 2% TH
exp | exp |
¢ % H

is commutative.

PROPOSITION 4.3.1. The exponential map has the following properties.
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(1) Dexp: TyT,G — T,G is an isomorphism. In particular, there is a neighborhood
U around 0 € T,M such that exp : U — exp (U) is a diffeomorphism.
(2) exp (sX +1Y + O (s> +12)) = exp (sX) exp (tY). In particular, for integers m we

have
1 1 m
exp(X+Y) = lim (exp (X) exp (Y)) .
m—reo m m
3) If .G=V ®W, then the map (X,Y) — exp(X)exp(Y), X €V, Y eWisa

diffeomorphism near the origin onto a neighborhood of e € G.

PROOEF. Recall that we can identify Tp7,G ~ T,G by sending X € T,G to % (tX)|o €

THT,G. As de%t(lx)h:o = X we see that Dexp|o = id7,g. This proves (1).

For (2) let log be the inverse of exp on a neighborhood of ¢ € G and consider the two
maps
(s,7) — log(exp(sX)exp(tY)),
(s,6) +— sX+1Y.
From (1) it follows that the derivatives % ‘(0,0) =X and %|(0’0) =Y are the same for both
maps. This proves the first part of the claim. For the second claim let s = ¢ = % and note

" ()t oroll)
(oo (x)ow (1)) =em(xr40(3))

when m is an integer and the claim follows by letting m — co.

For (3) we again use (1) and the identification Tp7,G ~ T,G =V & W. As in (2) we
note that

Thus

(s,7) — log(exp(sX)exp(tY)),X eV, Y €W

again has partial derivatives at (0,0) that respect the splitting 7,G =V & W. This shows
that

Vew — TG
(X,Y) = log(exp(X)exp(Y))

is nonsingular at the origin which proves the claim. [

THEOREM 4.3.2. Let G and H be Lie groups with H connected. A homomorphism
¢ : H — G is uniquely determined by its differential D9\, : T,H — T,G. In particular, a
connected Lie subgroup H C G is determined by T,H C T,G.

PROOF. Part (1) of the previous proposition together with ¢ (expX) = exp (D¢|.X)
shows that the D¢ |, determines ¢ in a neighborhood of the identity. We also have ¢ (gexpX) =
¢ (g)exp (D@|.X) so in a neighborhood of any g € H the map ¢ is determined by ¢ (g) and
D@|,. Thus any two homomorphisms with the same differential at e must agree on a set
that is clearly closed and by what we just saw also open. This establishes the claim. [

With the use of the exponential map we can also offer a very simple topological crite-
rion for when a subgroup is an embedded Lie group. However, most embedded subgroups
are also preimages of submersions so we can generally apply the preimage theorem[1.4.26|

or constant rank theorem [[.4.26[1.4.24]
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THEOREM 4.3.3 (Cartan). A closed subgroup H C G of a Lie group, is an embedded
submanifold and hence also a Lie group.

PROOF. Define the tangent space to H inside 7,G as
V={XeT,G|exp(tX) € H forall t € R}

and let W be a complement such that 7,G = span (V) ®W.
Clearly aX € Vif X € V forany @ € R. If X,Y € V, then the formula

1 1 m
expt(X+Y) = n%lglo <exp <mtX> exp <th)>

shows that X +Y € H as the right-hand side is the limit of elements in H and H is closed.
This shows that V' is a vector space.

Consider the restriction exp : V — H. We claim that this is a bijection near the origin.
If not, then we can find &, € H, with h,, — e such that h,, = expX,, exp Y, where X,,, € V,

Y, € W —{0}. Here X,, Y,, — 0 and we can assume that |§’:‘ — Y € W. Note thatexp¥;, €

H as hy,expX;,, € H. For fixed t € R — {0} let k,, be the integer closest to \YtT,\ so that
kY — tY. No w note that

expkn Yy = (exp Ym)k’” €H

and has exp?Y as a limit. Since H is closed we have shown that Y € V which is a contra-
diction.

The (X,Y) — expXexpY, (X,Y) € V@ W is a chart around e and restricts to exp :
V — H when Y = 0. This gives a chart around e € H. By left translation we obtain a
chart around every point in H. This submanifold is properly embedded as it is a closed
subset. (I

4.4. Coverings and Quotients of Lie Groups

THEOREM 4.4.1. A surjective Lie group homomorphism ¢ : G| — G, with a differ-
ential that is bijective is a covering map. Moreover, when Gy is connected the kernel is
central and in particular Abelian.

PROOF. Consider a surjective Lie group homomorphism ¢ : G; — G, whose differ-
ential is bijective. The kernel ker ¢ is by definition the pre-image of the identity and by
the regular value theorem a closed 0-dimensional submanifold of G. Thus we can select a
neighborhood U around e € G that has compact closure, U Nker ¢ = {e}, and is mapped
diffeomorphically to ¢ (U). Using continuity of the group multiplication and that inversion
is a diffeomorphism it follows that there is neighborhood around e € Gy such that V2 C U
and V! =Vie.,ifa,bc€Vthena-bcUanda ' € V. We claim that if g, € ker¢ and
g VNh-V #0,then g=h. Infact,if g-v| =h-vp, theng™! - h= vz'vfl € UNker¢, which
implies that g~! -7 = e. In this way we have found disjoint open sets g -V for g € ker ¢
that are mapped diffeomorphically to ¢ (V). We claim that additionally ¢! (¢ (V)) =
Ugekerg & V- To see this let ¢ (x) = ¢ (y) withy € V. Then g =xy ' € ker¢ and x € gV..

This shows that a neighborhood of e € G, is evenly covered. Using left translations
we can then show that all points in G, are evenly covered.

Finally assume that G is connected. For a fixed g € G| consider conjugation x —
gxg~'. We say that x is central if it commutes with all elements in G. This comes down to
checking that x is fixed by all conjugations. Now ker¢ C G is already a normal subgroup
and thus preserved by all conjugations. Consider a path g(¢) from e € G; to g € G, then
for fixed x we obtain a path g(¢)-x- (g(t))~". When x € ker¢ this path is necessarily in
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ker ¢ and starts at x. However, ker ¢ is discrete so the path must be constant. This shows
that any x € ker ¢ commutes with all elements in G. O

There is also a converse to the above theorem.

THEOREM 4.4.2. Let f : G — G be a covering map, with G connected. If G is a Lie
group, then G has a Lie group structure that makes f a homomorphism. Moreover, the
Jfundamental group of a connected Lie group is Abelian.

PROOF. The most important and simplest case is when G = G is simply connected.
In that case we can simply use the unique lifting property to lift the composition map
G x G — G x G — G to a product structure on G. The inverse structure is created in a
similar way. We then have to use the uniqueness of lifts to establish associativity as we
would otherwise obtain to different lifts for multiplying three elements G x G x G — G.

Covering space theory shows that the fundamental group is also a group of deck trans-
formations on the universal cover. These deck transformations are precisely the lifts of the
projection G — G. Composition and inverses of these lifts are simply new lifts. Conse-
quently, they form a group. This is the fundamental group as a lift is uniquely identified
by an element in the preimage of e € G. As the preimage of ¢ € G is also the kernel of
G — G the lifts can then be more precisely identified with left translations by elements in
the kernel of G — G. The group structure on the kernel is also the same as composition
since lg, oly, = lg,¢,. Thus the deck transformations form an Abelian group.

In general, covering space theory shows that any connected cover G — G is determined
by its fundamental group m; (G) C m; (G). As m; (G) is a central subgroup of G we can
identify G with the group G/m; (G). This induces a group structure on G. This group
structure is also a lift of G x G — G x G — G and is consequently smooth. (]

We can now also address the question of when the coset space of a subgroup becomes
a manifold.

THEOREM 4.4.3. If H C G is a closed subgroup of a Lie group, then the quotient
space G/H is a manifold and w : G — G/H is a submersion.

PROOF. We have to check that the corresponding equivalence relation
R={(x,y) €eGxG|xy! €H}

is a properly embedded submanifold such that the restriction 7 |g : R — G is a submersion.
Consider the smooth map p : G x G — G defined by p (x,y) = xy~!. Clearly R = p~' (H),
so the goal is to show that p is a submersion. Fix x,y € G and define ¢, : G — G X G by
dy(z) = (z0,). In this way ¢y (xy~!) = (x,y) and p(¢y(z)) =z, i.e., po¢, =idg and p
is a submersion. This shows that R is a properly embedded submanifold. Next observe
that if we use ¥ : G x H — G x G defined by y (x,y) = (x,h~'x), then the image of y is
precisely R and the composition with 7; is the projection G x H — G which we know is a
submersion. Thus also 7| |z becomes a submersion. U

4.5. The Lie Group Lie Algebra Correspondence

We saw at the very end of section 4.1 that a connected Lie subgroup H C G defines a
subalgebra of left invariant fields h C g. The left translates of H form the coset space G/H.
As subsets of G they are all submanifolds that create a foliation of G. The corresponding
distribution consists of the left translates DI, (T,H). As we shall see this construction sets
up a bijective correspondence between subalgebras and connected Lie subgroups.
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THEOREM 4.5.1. Let G be a Lie group. A subalgebra by C g is the Lie algebra for a
unique connected Lie subgroup H C G.

PROOF. The Lie algebra § consists of left invariant vector fields on G whose Lie
brackets also lie in fj. As such they define an involutive distribution. By Frobenius’ theorem
there is a unique maximal integral submanifold through e € G. This submanifold H C G
is by definition connected and the left translates [,H are all maximal integral submanifolds
for the distribution. Note that g € H NI H provided g € H and consequently H = [,H. This
shows that group multiplication on G defines a multiplication H x H - H. AsH xH — G
is smooth proposition[2.4.4] guarantees that multiplication is also smooth in H.

It follows from theorem {f.3.2] that H is the only connected Lie subgroup with 7,H =~
b. (]

This theorem can be used to construct homomorphisms from Lie algebra homomor-
phisms.

THEOREM 4.5.2. Let G and H be connected Lie groups. Any Lie algebra homomor-
phism L : g — h corresponds to a unique homomorphism ¢ : G — H, where G — G is the
universal cover of G.

PROOF. It suffices to prove this in case G is itself simply connected as all covers of a
Lie group have isomorphic Lie algebras. We start by observing that the graph of a smooth
homomorphism ¢ : G -+ H

Graph(¢) = {(g,¢(g)) | g€ G} CGxH

is a Lie subgroup that is isomorphic to G, via inclusion g — (g,¢ (g)) and projection
(g,h) — g. Similarly the graph of a Lie algebra homomorphism L : g — b

Graph (L) = {(X,L(X)) [X € g} Cgxb

is a subalgebra isomorphic to g.

The graph Graph (L) will by the previous theorem correspond to a unique maximal
connected subalgebra G' C G x H. The projection onto G restricts to a homomorphism
m|g = 7 : G’ — G. By construction the tangent space T,G’ is mapped isomorphically on
to T,G. Theorem[d.4.T|then tells us that 7 is a covering map. If we assume that G is simply
connected, then 7 becomes a smooth isomorphism and the inverse followed by projection
onto H defines the homomorphism whose differential corresponds to L. ]

These results lead to a Lie group-Lie algebra correspondence. One missing piece is
Ado’s theorem which we will not prove.

THEOREM 4.5.3 (Ado). Each (complex) finite dimensional Lie algebra is a subalge-
bra of gl (n,R) or (gl(n,C)) for some n.

The simplest case of the theorem is when the Lie algebra has no center. The center
3={Xeg|[X,Y]=adxY =0, forallY € g}
is an ideal and is the kernel of the homomorphism:
ad:g — gl(g)
X +— ady.

An Abelian Lie algebra is clearly also a subalgebra as it can be identified with the space
of diagonal matrixes. However, it is not so easy to piece these two observations together
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as the quotient algebra g/3 can also have a center. A good example is the Lie algebra of
upper triangular matrices.
Assuming Ado’s theorem we obtain

THEOREM 4.5.4. Each Lie group corresponds to a unique Lie algebra and each finite
dimensional Lie algebra corresponds to a unique simply connected Lie group.

4.6. Actions and Exercises

Let G be a Lie group and M a connected manifold. An action of G on M is a general-
ization of left translation on a Lie group. It is a smooth map

GxM — M
(:x) — gx
such that g; (g2x) = (g1g2) x. It'll be convenient to introduce the action map

A:GXM — MxM
(&%) = (gx.x)
Note that 7, 0 A (g,x) = x is a submersion.

The orbits are denoted by G-x = {gx|g € M} and generate an equivalence rela-
tion. The corresponding relation R C M x M is in fact the image of the action map
R =A(G x M). The quotient or orbit space is denoted by G\M as we are acting on the
left. An action is fransitive if R = M X M or equivalently G\M is one point. An action is
proper if A is proper, in particular, actions by compact groups are always proper.

The isotropy or stabilizer group at x € M is Gy = {g € G | gx = x}. As such, G,, is a
closed subgroup and consequently also a Lie group by theorem[4.3.3] An action is effective
if Nyemr Gx = {e}, i.e., only the identity acts trivially on M. An action is free if G, = {e}
forallx e M.

(1) Show that if an embedded submanifold H C G of a Lie group is a subgroup,
then it is a closed subset of G. Recall that embedded submanifolds are in general
not closed subsets of the ambient space. Hint: Show that a slice neighborhood
around e left translates to a slice neighborhood around any point in H.

(2) Show that if a manifold has a group structure such that multiplication is smooth,
then the inverse operation is also smooth. Hint: Consider the smooth map
(x,¥) = (x,xy) and show that it is a bijection with non-singular differential at
(e,e).

(3) Show that if a subgroup H C G of a Lie group is an open subset, then it is also a
closed subset.

(4) Show that if a Lie group, G, is not connected, then the connected component,
Gy, containing e is an open and closed subgroup.

(5) Let G be a connected Lie group. Show that G is generated by any neighborhood
U > e. Hint A: Find a smaller neighborhood ¢ € V C U such that V~—! =V and
consider j,_; V™, where V" = V"~1.V_ Hint B: Selecta path c: [0, 1] — G with
¢(0) = e and find a subdivision 0 = 79 < --- < f; = 1 such that (c (1;_1)) ' ¢ (1;) €
U.

(6) Show that a continuous homomorphism between Lie groups is necessarily smooth.
(Hint: use the graph).

(7) Show that the homomorphism SU (2) — SO (3) defined in section 4.2.5 is a sub-
mersion.
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(8) Consider the two Lie groups U (n) and SU (n) x S'.
(a) Show that they have isomorphic Lie algebras.
(b) Show that they are not isomorphic by showing that their centers are not
isomorphic.
(c) Show that they are diffeomorphic by finding a section s : S' — U (n) for
det: U (n) — S, i.e., detos = idg: .
(d) Show that there is a homomorphism SU (rn) x S' — U (n) that is an n-fold
covering map.
(9) Let G — G be a covering of Lie groups. Show that there is a natural isomorphism
between the Lie algebras of these Lie groups.

(10) This is a generalization of theorem [4.4.T[Consider a smooth homomorphism ¢ :
G — H, where H is connected. Show that this is a fibration when D¢, is sur-
jective and in particular induces a smooth structure on the group G/ker ¢ via H.
Hint A: Lift left invariant fields to left invariant fields and argue as in theorem
[3.1.4] Hint B: Use exponential maps to find U C T,G that expoD¢ maps dif-
feomorphically on to a neighborhood of e € H and observe that the preimage is
{gexpU | g €ker¢p} ~exp (D¢ (U)) x ker ¢.

(11) The group Gl,+ acts on FP".

(a) Show that the action is not proper.
(b) Show that the action is transitive.
(c) Show that the isotropy groups are isomorphic to
o ab
{ 0 A }
where oo € Gl} =F*, b € F", and A € Gi,.
(d) Show that any element that acts trivially is a homothety AI, A € F —{0}.
(e) Show that the homotheties C = {A1 | A € F — {0} } are the center of G,
and that Pl = Gl,11/C is a Lie group that acts effectively on FP". Pl
stands for “projective linear”, the abbreviation PS! is also used as S — Pl
is a proper submersion.

(12) Let M = S' and G the group with two elements that acts as a reflection in the
x-axis. Is R C S' x S! smoothly embedded?

(13) Show that if G\M is a smooth manifold such that M — G\M is a submersion,
then R C M x M is properly embedded.

(14) Assume that the action of G on M is proper.

(a) Show that G, is compact.
(b) Show that there is a proper embedding G/G, — M whose image is G - x.
(c) Show that G\M is Hausdorff and second countable.

(15) Give an example of a free action of R on S x S that is not proper.

(16) Show that SU (2) /SO (2) is diffeomorphic to §* = CP!.

(17) Assume that an action of G on M is proper and free.

(a) Show that G\M is a smooth manifold such that M — G\M is a submersion.

(b) Show that M — G\M is a fibration. Hint: Theoremcannot be applied
directly, but the proof can be adapted by showing that vector fields can be
lifted to vector fields that are invariant under the action.

(18) Conjugation on a Lie group G defines what is called the adjoint action

Ad:GxG — G

(g,x) — Adg)c:g)cg_1
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(a) Show that its differential with respect to x, Adg = DAd, |e, defines an action
onT,G =g.

(b) Show that taking the differential with respect to g, ady = DAd, |e, defines a
Lie algebra action on g, i.e., ady oady —ady oady = ad[x’y].

(c) Show that ady (Y) = [X,Y].



CHAPTER 5

Transversality and Incidence Theory

The goal of this chapter is to introduce transversality and use it to define several im-
portant invariants such as degree, winding number, Lefschetz number, and Euler charac-
teristic. In chapter 7 and 8 we will show that these invariants can also be calculated using
de Rham cohomology. We prove several profound results that have been used widely in
the literature: Brouwer’s fixed point theorem, the Jordan-Brouwer separation theorem, the
Borsuk-Ulam theorem, the Poincaré-Hopf and Lefschetz theorems, and finally the Hopf
degree theorem. Each section contains one or more of these results.

5.1. Preimages

We say that a map F : M — N is transverse to a submanifold S C N provided
TF(,,)S-‘,-DF (TPM) = TF(,,)N

for all p € M with the property that F (p) € S. When M is itself a submanifold of N, then
F is the inclusion map. With this definition we obtain a very useful generalization of the
preimage theorem.

THEOREM 5.1.1. If F : M — N is transverse to a (properly) embedded submanifold
S C N, then F~1(S) C M is a (properly) embedded submanifold. When F~'(S) # 0 its
dimension satisfies:

codimF~! (S) = dimM — dimF~! (S) = dimN — dim S = codimS.

PROOF. The preimage of S will be a closed subset of M provided S is a closed subset
of N. To show the preimage is a submanifold fix p € F~!(S) and let ¢ = F (p). Around
q we can select coordinates (yl, ...,y") :U — R" such that SNU = {yl =0,...y = 0},
i.e., 0 € R¥is a regular value for (yl , ...,yk) : U — RK. Thus we have an open set F~! (U)
around p such that F~1 (U)NF~1(S) = F~' (UNS) is the preimage of 0 € R* for the map
G=(y'oF,...,y’oF).If G(x) =0, then the kernel of DG/, consists of (DF|,)~" (Tr()S)-
Let E, be a complement to (DF|,) ™" (Tr(yS) C TtM. The fact that F is transverse to
S implies that DF [, (Ex) @ T (S = Tp(yN. The differential of (y',...,y*) : U — R is
also surjective on DF|, (E,) so it follows that DG, : E; — ToRF is surjective (in fact an
isomorphism). This shows that 0 € R* is a regular value for G and consequently that
F~1(S) is a submanifold of codimension k = codims. (]

COROLLARY 5.1.2. Let G: M — N be transverse to an embedded submanifold S C N.
A map F : L — M is transverse to G~! (S) C M if and only if GoF is transverse to S.

71
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PROOF. This is essentially the second part of the above proof. Select x € L with
F (x) € G~ (S) and let E, C T,L be a complement to

(DF|) " (TryG'(S)) = (DF|X)71((DG‘F()C))ilTGOF(x)S)

= (D(GoF)|y)™" (Toor(wS) -

As G is transverse to S it follows that DF |, (Ex) is a complement to Ty y) G~1(S) if and
only if D(GoF) |, (E,) is a complement to Top (y)S. O

DEFINITION 5.1.3. Manifolds with boundary are defined like manifolds, but mod-
eled on open sets in L" = {x eR"|x' < 0} . The boundary dM is the set of points that
correspond to elements in JL" = {x € R" |x' =0}.

It is not hard to prove that if F : M — IR has a € R as a regular value then F~!(—oco,q]
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 ds, ..., d, is the positive orientation for dL"
since d; points away from L" and d;,d, ..., d, is the usual positive orientation for L".

When F : M — N, then we denote the restriction to the boundary as dF = F|gy,.

THEOREM 5.1.4. Let F : M — N, where M has boundary. If S C N has no boundary
and both F and OF are transverse to S, then F~' (S) is a submanifold with d (F~' (S)) =
F~1(S)noM.

PROOF. The transversality assumptions for F and dF at x € (9F) ™" (S) imply that we
can find a subspace E, C T,dM such that E; ©ker DIF |, = T,dM and E, Dker DF |, = T,M.
In particular, ker DF |, contains vectors that are not tangent to dM.

To see how this helps us we select coordinates around g = F (p) € S, p € dM, such
that S is the preimage of 0 € R¥. By also choosing coordinates around p we are reduced to
a situation where F : L — R¥ and 0 € R¥ is a regular value for both F and dF. By further
restricting around p € dL we can assume that F extends to F : R” — R¥ where 0 € R is
a regular value. The preimage £~ (0) C R” is a submanifold and

F10)={xe F'(0)]x'(x) <0}.
Thus F~'(0) becomes a manifold with boundary dF~!(0) = F~!(0) N dL provided 0

is a regular value for x!|z_i. This is equivalent to F~!(0) being transverse to dL. If
x € F~1(0)N L, then we saw at the beginning of the proof that

kerDF|, = T.F~" (0) = T,F ' (0)

contains vectors that are not tangent to 7,dM. This shows that F~! (0) is transverse to
dL. g

Before we can apply this to our first interesting result we need to classify one-dimensional
manifolds.

THEOREM 5.1.5. A connected one-dimensional manifold is diffeomorphic to either S
or R when it has no boundary and either [0,1] or [0,0) when it has boundary.

PROOE. If M is orientable, then it has a vector field that never vanishes. It can be
constructed locally to be nonzero and point in the positive direction and then using a parti-
tion of unity to create a global nonvanishing vector field. Any maximal integral curve will
cover the manifold and thus parametrize it. To see this, assume that ¢ : (a,b) — M is a
maximal integral curve, where 0 € (a,b). Any x € M is connected to ¢ (0) by a continuous
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path which is also a compact set C C M. The integral curve must either lie in C as ¢t — b
(or t — a) or leave C. In the latter case it will hit x. In the former, the integral curve will
have an accumulation point z as t — b (or ¢t — a). However, there is also a nonstationary
integral curve through z which must overlap with ¢ and thus up to translation coincide with
c. This shows that z lies in the image of ¢ and thus that it was not a maximal integral curve.

If the manifold is not orientable, then the orientation covering has an involution that is
orientation reversing. However, any diffeomorphism on [0,0) clearly fixes the boundary.
On [0, 1] it either fixes the boundary points or reverses them, in the later case the interme-
diate value theorem guarantees an interior fixed point as it must cross the diagonal y = x.
When the manifold has no boundary we must in addition use that it is orientation reversing
to get a fixed point. For R the map is strictly decreasing and so is also forced to cross y = x.
On S' we can lift the map to R where it will have a fixed point. (|

COROLLARY 5.1.6. A compact manifold with boundary admits no retracts onto the
boundary.

PROOF. Consider a map F : M — dM, such that F|yy = idyy. If p € IM is aregular
value, then F~!(p) C M is a one-dimensional manifold with d (F~'(p)) = F~!'(p) N

OM = {p}. Thus F~!(p) is noncompact and consequently M must also be noncompact.
O

COROLLARY 5.1.7 (Brouwer’s Fixed Point Theorem). Any map on the closed unit
ball in Euclidean space has a fixed point.

PROOF. Consider a map F : B — B, where B C R” is the closed unit ball. If F has no
fixed points, then there is a unique line through p and F (p) for all p € B. Let G(p) € 0B
be the point on this line closest to p. We offer an explicit formula by solving

tp+(1-0)F(p)P =1.
This quadratic equation has no solutions on (0, 1) as that corresponds to the point between
p and F (p) and there is a solution #op < 1 and another #; > 1. The latter corresponds to

G(p)=tip+(1—1;)F (p). When p € dB we have G(p) = p so we can use the previous
corollary to obtain a contradiction. (]

REMARK 5.1.8. This corollary uses that the function is smooth. As any continuous
function can be approximated by smooth functions we also obtain the more general results
for continuous functions.

5.2. Thom’s Transversality Theorem

Throughout the section we will consider maps from M" (possibly with boundary) into
N (without boundary). We are interested in finding maps that are transverse to a specific
(properly) embedded submanifold S C N.

LEMMA 5.2.1. Let L be a manifold without boundary and F : M x L — N. If F and
JF are transverse to S C N, then F; : M — N and JF, : M — N are transverse to S for
almost all | € L, where F; (x) = F (x,1).

PROOF. Our assumptions allow us to conclude that $* = F~! (S) € M x L is a (prop-
erly) embedded submanifold with boundary 0S* = S*NdM x L. Consider the restriction
of the projection onto L, 7w : S* — L. We claim that if / € L is a regular value for 7 and
dm, then F; and JF; are transverse to S. For simplicity we focus on F; as the argument is
identical for dF;.
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For the given / consider (x,1) € S* and y = F (x,/) = F; (x) € S. By assumption
DF|(.;) (T:M x TIL) + T,S = T;N.
For any fixed a € TyN, there exists (w,e) € T,M x T;L such that
DF |y (w,e) —a €T,S.
Since / is a regular value for 77 : §* — L we can also find (u, e) € T, ;)S* such that Dx|,. ;) (u,e) =
e. Now DF |, ) (u,e) € T;S as S* = F ' (S). So if v =w —u € T,M, then
DF, (v) —a = DF|(,;y (v,0) = DF|( ;) (w,e) —a—DF |, (u,e) € T,S.

This shows that F; is transverse to S C N. O

This lemma can be used to prove the Borsuk-Ulam theorem. A map F : O C R" — R"

is said to be odd (or even), if O is invariant under x — A (x) = —x and FoA =AoF (or
F oA = F). Note that all matrices in Mat,,,, induce odd maps.

THEOREM 5.2.2. The following statements are equivalent and true:
(1) If f: 8" — R", then there exists x € S" such that f (x) = f (—x).
(2) If f: 8" = R"is odd, then there exists x € S" such that f (x) = 0.
(3) There is no odd map f : S" — " 1.

PROOF. We first establish equivalence and then prove (2).
Clearly (1) implies (2) and (2) implies (3). For (3) implies (1) simply note that if (1)
fails for some f, then

) —f(==x
oy — LW —f ()
|f () = f (=x)]
contradicts (3).
Let L = MatZX(n ) be the open set of rank n matrices. If B € MatZX(n e then

it induces an odd map B : " — R" with exactly two zeros {£vg} both of which span
ker (B (R R"). Note that the rank n assumption also implies that O is a regular value
for B: " — R".

Assume now that f : " — R" has no zeros and consider the linear homotopies

F(t,x,B)=Hg(t,x) =tf(x)+ (1 —1)B(x):[0,1] x §" x Matﬁx(nﬂ) — R

We claim that F is transverse to 0 € R". Suppose F (t,x,B) = 0. As f has no zeros we
must have ¢ < 1 and we can use that

DF |1 p) (0,0,H) = (1 —1)H (x).
Since x # 0 and 7 < 1 we can for any u € R" = ToR" find H € Mat,, (,11) = TpMat)
such that u = (1 —¢) H (x). Thus F is actually a submersion when 7 < 1.

Lemma then implies that there is a B € Mat}_, ;) such that the homotopy Hp
is transverse to 0 € R". Let N = Hy 1(0). This a compact one-dimensional manifold
with dN = NN {0,1} x §" showing that N = {(0,+vp)}. Thus N is a union of circles
and one arc N that joins the two zeros {£vg} on the boundary. Note that the homotopy
is a homotopy of odd maps, Hp (t,—x) = —Hp (t,x). Thus A(N) = N and A (Ny) = Np.
Now parametrize the arc Ny to be a unit speed curve ¢ : [0,b] — [0,1] x §" C R"*2 with
¢(0) = (0,vg) and ¢ (b) = (0,—vp). Since A is an isometry that preserves Ny we see that
Aoc is also a unit speed curve with Aoc(0) = (0,—vg) and Aoc(b) = (0,vp). In other
words A o ¢ is simply ¢ parametrized backwards:

Ac(s))=c(b—ys).

(n+1)
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This shows that A (c (%)) =c (%) € [0, 1] x S which is impossible. g

Since L is locally path connected lemmal5.2.T|shows that any F; is homotopic to nearby
maps that are transverse to S C N. This will allow us to show that any map is homotopic
to a nearby map that is transverse. We will prove a slightly more complicated version that
also works for maps that are sections, e.g., vector fields.

THEOREM 5.2.3 (Thom). Any map f : M — N is homotopic to a nearby map that is
transverse to S C N. Moreover, if f is a section for 1 : N — M, i.e., mo f = idy, then
the homotopy H : [0,1] x M — N can be chosen so that all of the maps H; : M — N are
sections. Finally, if f is proper, then the homotopy is also proper.

PROOF. In case were f is a section note that the property 7 o f = idy; implies that
f M — N becomes an embedding. Moreover, Dn\f(x) 1 TyyN — TM is a surjection
and hence is a submersion on a neighborhood of f (M). This also shows that it is trans-
verse to each of the preimages of 7. For the rest of the proof we will assume that N is a
neighborhood of f (M) on which 7 is a submersion.

Using a proper embedding N — R¥ we can orthogonally project the coordinate vector
fields on to T'N to obtain vector fields X, ...,X; on N that span the tangent space at every
point. We can further orthogonally project on to the tangent spaces of the preimages of @
to obtain vector fields Yi,...,Y; on N that span the tangent spaces to the preimages of 7.
Let CIZ'tl1 sy CIDZk be the flows of either X1, ..., X} or Y1,..., Y, depending of which case we are
considering. For each y € N, there exists 0 < € (y) < 1, such that

B(0,e(y)) — N,
(t1yet) — CIDtllo---oCI)Z‘ (y)
is a submersion to a neighborhood of y in N or in a preimage of 7. The function € (y) can

be chosen to be smooth as the existence of flows is locally uniform. We can then scale the
parameters s; = f;/€ (y) to obtain maps

B(0,1) — N,
(S],...,Sk) — CI)T(}!)SI O od)lf(y)sk (y)

that are submersions into N or preimages of 7.
We claim that

F:MxB(0,1) — N,
(x,sl,...sk) s q>§(f(x))51O.“Oq)i(f(x))fk(f(x))

is transverse to S C N. Note that Fg o) (x) = f (x). Moreover, the maps F;, _):M — N
are sections to 7 since the flows preserve preimages of 7.

In case the vector fields span TN the map (sq, ..., %) — F (x, 81, ...,5;) is a submersion
for each x and in particular transverse to S. In case the vector fields only span the tangent
spaces to the preimages of 7 the whole map F' becomes a submersion since each section
:M — N is transverse to the preimages of 7.

The previous lemma now guarantees a point (si,...5¢) so that Fi ) M — Nis
transverse to S. The homotopy is then defined by

H(t,x) =F (x,£81,...,t5¢) -
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Finally, assume f is proper. First observe that as N C R is properly embedded it
follows that: y; — o in N if and only if y; — oo in R¥. Moreover, as the vector fields X; or
Y; all have norm < 1 in TN C TR¥ we have that in the Euclidean distance:

Cpelf(y)vl 0.0 q>z(">“'k () —y| <ke(y).

Thus y; — o if and only if CIDT(”)S1 0--- ocIDi(y")s" (y;) — . As f is proper we have that
yi = f (x;) — oo provided x; — o in M. This shows that also CIDT(”)“ o odbi(msk (yi) — oo.

F (x,ts1,...,ts) is proper when f is proper. O

We obtain a series of useful consequences. The first is a relative version of the above
theorem.

THEOREM 5.2.4. If f : M — N is transverse to S for all x € CN f~1(S), where C C M
is closed, then the homotopy can be chosen so that H (t,x) = f (x) for all x € C and x —
H (1,x) is transverse to S C N.

PROOF. We use the same notation as in theorem Select a bump function A :
M — [0,1] such that ! (0) = C. Define

m:MxB(0,1) — MxB(0,1),
(x,s) — (x,lz(x)s)

and note that
Dm(v,e) = (v, A% (x)e+2A (x)dA (v) 5).

We can now define G = F om so that both G (x,s) = f (x) and DG/, 5 (v,e) = Df|, (v)for
x € C. This shows that G is transverse to S for all x € CN f~! (). For x € M — C we have

DG|(x,s) (Oa 6) = DF|(x,s) (07 12 (X) 6)
showing that G, : B(0,1) — N becomes a submersion. O

COROLLARY 5.2.5. Let F: M — N. If dF : dM — N is transverse to S C N, then
there is a homotopy H : [0,1] x M — N, such that H (t,x) = JF (x) for all x € IM and
x+— H (1,x) is transverse to S C M.

REMARK 5.2.6. In particular, if two maps are homotopic and transverse to S, there
there exists a homotopy between the maps that is also transverse to S.

COROLLARY 5.2.7. Any manifold admits a vector field that is transverse to the zero
section p — 0, € T,M.

COROLLARY 5.2.8. Anymap F : M — M is homotopic to amap G : M — M such that

(idy,G):M — MxM
x = (xG()

is transverse to the diagonal A= {(p,p) | p € M}.

PROOF. Just use that (idy, F) is a section of the projection 7, : M x M — M on to the
first coordinate. g
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5.3. Mod 2 Intersection Theory

We start with some elementary observations about intersections of subspaces V¥, W! ¢
R". They will always intersect in the origin and when k + [ > n they actually intersect in a
nontrivial subspace.

This leads to some observations about spheres and projective spaces. In S any two
great circles intersect in two points or coincide. However, we can always homotope one of
these great circles away from the other. This means that the fact that great circles intersect
is not a topological property. When we pass to the projective plane RP2, the great circles
become projective lines RP! C RP? and they will intersect in one point or coincide (2-
dimensional subspaces in R? intersect in a line or coincide). In contrast to the sphere we
will show that the fact that projective lines intersect is a topological property and cannot
be changed via homotopies.

The general set-up in this section and the next is a map F' : M — N where M is compact
and N is connected. We wish to study how F intersects a closed submanifold S C N.
When M has boundary we further assume that dF does not intersect S and, in particular, is
transverse to S. If we assume that F is transverse to S and that

dimM +dimS = dimN,
then F~!(S) C M is a finite collection of points none of which lie on the boundary. We
define
0 if#F~1(S)is even,
1 if#F~1(S) is odd.
We proceed to show that this intersection number is a homotopy invariant of F. Note

by contrast that the number of preimages is not a homotopy invariant. In the next section
we will define a more subtle integer valued intersection number.

b (F,S) = #F~1 ($) mod 2 = {

THEOREM 5.3.1. If Fy,F; : M™ — N" are homotopic and transverse to S*~™ C N,
then b, (Fy,S) = I, (F1,S). When dM # 0, we assume that dFy = dFy, does not intersect S,
and that the homotopy is fixed on dM.

PROOF. When dM # 0 the space [0, 1] X M is not a manifold with boundary. However,
we are assuming that any homotopy maps [0,1] x dM to a set that is disjoint from S.
Theorem and its corollary can easily be reframed to work in this context. Thus we
obtain a homotopy H : [0, 1] x M — N that is transverse to S and such that H ([0, 1] x dM) N
S = 0. The preimage H~! (S) C [0, 1] x intM is a compact one-manifold with boundary

OH'(S)=H""(S)N{0,1} xintM = {0} x F; ' (S)U{1} x F, ' ().

As#IH™'(S) =#F; ' (S)+#F' (S) is even it follows that the two terms on the right have
the same parity. This proves the theorem. (]

This immediately explains why projective lines can’t be homotopied away from each
other as they intersect in one point. The theorem also allows us to define the intersection
number of a map.

DEFINITION 5.3.2. If F: M™ — N" and S"~" C N, then I, (F, S) is defined as the mod
2 intersection number of any map that is homotopic to F' and transverse to S. In case M has
boundary, dF does not intersect S and the homotopies are all dF when restricted to dM.

When M™ C N", then we define the intersection number as I, (M,S) = L (i,S), where
i:M — N is the inclusion map.
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We can now also place corollary in a more general context. For this to be more
clear note that I (idy,{x}) = 1.

THEOREM 5.3.3. Let B™! be a compact manifold with boundary B = M™ and f
M™ — N™ with "™ C N" a closed submanifold. If f = 0F, where F : B — N, then

L(f,S)=0.

PROOF. We can use theorem to find a map G : B — N that is homotopic to F
and such that both G and dG are transverse to S. The preimage G~ (S) is a compact one-
manifold with an even number of boundary components @ (G~' (S)) = (9G) ™" (S). Thus
0=5L(dG,S)=5L(f,S). U

REMARK 5.3.4. All of the above results also work for proper maps in case M is not
compact. Theorem [5.2.3] guarantees that proper maps are homotopic to proper maps that
are transverse through homotopies that are proper. Likewise theorems [5.3.1| and its more
general version[5.3.3]as long as we assume that the homotopy or extension map are proper.

DEFINITION 5.3.5. The mod 2 Euler characteristic of a manifold is defined as x» (M) =
L (X, M), where X : M — TM is a vector field and My = {(p,0,) | p € M} the zero sec-
tion. Corollary implies that this is well-defined as all vector fields are homotopy
equivalent.

Similarly corollary[5.2.8|shows that the mod 2 Lefschetz number of amap F : M — M,
L, (F) =L ((idu,F),A), is a well-defined homotopy invariant of F'.

PROPOSITION 5.3.6. We have y» (M) = L (idy).

PROOF. We identify M with the diagonal A C M x M and TM with the normal bundle
T+ (A) = {(v,—v) | v € TM} to the diagonal in the product. For a vector field X on M we
obtain a section (X, —X) of N (A) that is homotopic to the zero section

AO = {((p7p)7(0pu_op)) | P EM} .
This tells us that
La (idy) = I ((idys ida) , A) = D> (A,A) = D> (80, A0) = I (=X, X), A0) = I (X, Mo) .
O

The mod 2 Euler characteristic of a sphere is always 0. For odd dimensional spheres
this is because they admit a nonvanishing vector field. For even dimensional spheres we
can select such a nonvanishing field on the equator and extend it to the entire space creating
only two zeros. What is more interesting is that }» (R]P’Z”) =1 as we can select a vector
field on S that is invariant under the antipodal map and has two zeros. In projective
space this yields a vector field with one zero. By the same construction we also see that
2 (RPZnJrl) =0.

We can now prove another difficult result, the Jordan-Brouwer separation theorem.

THEOREM 5.3.7. IfS C R"*! is a closed, connected, n-dimensional submanifold, then
R™"*! — S has two connected components.

Note that RP" C RP**! has a complement that is a disc and is thus connected. The
theorem holds with virtually the same proof when the ambient space R"*! is replaced with
a simply connected manifold. Note also that transversality can be used to show that the
complement of a submanifold of codim > 2 is always connected. Thus the complement of
a finite set in a connected manifold is connected when the manifold has dimension > 2.
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PROOF. We start with the observation that I (f,S) = 0 for any closed curve f: S' —
R™1. This is where simple connectivity is used.

This simple observation implies that there exists a unit normal field X : S — R**! ie.,
X (p) L 1,8 for all p € S. Note that at each point there are only two choices for this unit
normal and the existence is equivalent to saying that S is orientable.

First note that the space of unit normal vectors

UN(SCR"™) ={ve,R" |peS,v LTS, |v[=1}

is a two-fold covering space of S. We can now appeal to corollary [[.4.36|and obtain a sec-
tion S — UN (S - R"+1) provided the unique lift of a closed curve in S becomes a closed
curve in UN (S C R*™!). Let ¢ : [0,1] — S be a curve, and X : [0,1] — UN (S C R"™!)
the unique lift. In case ¢(0) = ¢(1) we need to show that X (0) = X (1). If not, then
X (0) = —X (1). Consider the curve c¢ (1) = ¢ (t) + €X (¢). Since X is nontrivial and trans-
verse to S there must be a small € such that ¢, (¢) does not intersect S. Now join the end
points ¢ (0) +€X (0) and ¢ (1) +€X (1) = ¢ (0) — X (0) by a straight line that intersects S
orthogonally and only in ¢ (0) = ¢(1). This leads to a closed curve that intersects S only
once.

We can now create a tubular neighborhood, more like a band neighborhood, by consid-
ering H (s, p) = p+sX (p) on (—€,€) x S. As S is compact and X transverse to S the differ-
ential of H is an isomorphism at all points (0, p). Thus it is a diffeomorphism on a neigh-
borhood of {0} x §. By decreasing € we obtain a diffeomorphism H : (—€,€) x § - U
onto a neighborhood of S.

This neighborhood allows us to deform curves c : [0, 1] — R"*! between points p,q €
R"+! —§ to curves with a minimal number of intersections with S. Note that I (c,S) is
well-defined for curves with ¢(0) = p and ¢(1) = ¢ and is invariant under homotopies
that fix p and g¢. We claim that given p,q € R™"! —§ there is a curve that intersects §
transversely and intersects S in I (¢,S) points, where ¢ is any curve from p to g that is
transverse to S. In the tubular neighborhood U we can write ¢ () = p(¢) + s () X (p(2))
and note that if ¢ (fy) € S, i.e., s (fo) = 0, then either it crosses from negative s to positive
s, or the other way around. We say that it has a positive or negative crossing. Now assume
that the first crossing #y is positive, the last crossing #; can be negative or positive. If #
is negative, then we can replace ¢ on [—8 +1y,#; + 8] by a curve in H ({—6} x S) (this is
where connectivity of S is used) to obtain a new curve that does not intersect S. This gives
a curve that does not intersect S provided I (¢, S) = 0. While if #; is positive we can replace
con [—6+1y,t; — 8] by acurve in H ({8} x S) to obtain a new curve that intersects S in
only one point (at #;). This gives a curve that intersects S once when I, (¢, S) = 1.

We can now finish the proof. Fix py € R"*! —§ and define

Ooor1 ={peR™ —S|DL(c,S)=00r1}.

We claim that both sets are nonempty, open, and connected. Clearly pg € Op. For O; select
a shortest line segment from pg to S. It’ll intersect S orthogonally and its continuation will
yield a slightly longer segment that intersects S orthogonally in exactly one point. Both
sets are open as any point p € R"*! — § has a neighborhood B (p,8) € R™"! —§. Thus any
point in B(p, §) can be joined to p by a segment that doesn’t intersect S, and hence to py
by a curve with the same intersection number as a curve from pg to p. Finally, both sets are
connected since any two points p,q € Og o1 are joined to po by curves whose intersection
number with S have the same parity. This leads to a concatenated curve from p to g with
an even number of intersections with S. By the above argument it can be replaced with a
curve that doesn’t intersect S. (]
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5.4. Oriented Intersection Theory

We refine the mod 2 intersection numbers from the last section to integer valued inter-
section numbers provided all of the manifolds involved in our standard set-up

F:M—ND>S

are oriented. We shall further assume that M is closed.

5.4.1. The Oriented Intersection Number. Recall that an orientation for a vector
space V is a choice of an equivalence class of ordered bases. It can be denoted [V] or
[Vi,...,vn] if it refers to a specific ordered basis.

Given a subspace Vp C V that also comes with an orientation we can select a unique
orientation on a complement VG V| =V so that a positively oriented basis on V followed
by a positively oriented on V; gives a positively oriented basis for V. We also write [Vo] ®

[Vi] = [V]. Note that could also select an orientation [Vl}/ such that [Vl]/ ®[Vo] =[V]. These
orientations agree unless both subspaces are odd dimensional as it takes dimVp - dim V)
transpositions to switch the ordered bases from Vo &V to Vi & V.

When M has boundary we orient the boundary by first declaring that outward pointing
vectors are positively oriented: [ny] @ [T,dM] = [T,M]. This is consistent with how H" =
{x eR"| x< 0} and its boundary are oriented when we use n = d.

In case M = [0, 1] we simply assign numbers +1 to the points on the boundary. Thus
{1} is assigned a +1 while {0} gets a —1. Note that these signs cancel. Thus any compact
oriented one-manifold has the property that the sum of the signs assigned to the boundary
points is 0. This will be fundamental for homotopy invariance of oriented intersection
numbers.

Now suppose that F : M — N is transverse to S and that M, N, S are oriented manifolds.
We wish to assign an orientation to S* = F~! (S). Select x € S* and a complement E, to
T.S* C LM, Ex ® T,S* = T,M. Since F is transverse we note that DF |, (Ey) ® T,.S = TyN.
Thus we select the orientation of this complement so that

[DF | (Ex)] & [I:S] = [T:N].

Since E, and DF |, (E) are isomorphic this also induces an orientation on E, and thus we
can orient S so that
[Ex] & [T:S] = [T:M].

A slight consistency issue now develops when M has boundary and also JF is trans-
verse. Here dS* obtains two possible orientations, one as the boundary of $* which is ori-
ented by F and one simply via dF. We need to check what affects this possible difference
in orientations. Fix x € dS* and start by noting that an outward pointing n, € T,.S* C T,M
is also outward pointing for M. Next we need a complement E, to 7,.5* C T,.M. We obtain
such a complement by selecting a complement E, for 7,dS* C T,dM, this will then also be
a complement for 7,.S* C T,M. We now have from S* that dS* gets oriented by via F by:

[Ex] & [I:S™] = [T:M],
in] @ [1,05"] = [1:5"].
In other words
[Ex| @ [n] @ [T:dS"] = [T:M].
On the other hand via dF we obtain
[E] ® (198" = [T.om],
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where
(] & [T:oM] = [T.M],
i.e.,
n ® [E] @ [1,08"] = [T:M].
Thus we conclude that
] @ [Ed] @ [19S7] = [Eo] @ [n.] @ [1:957].
Here the orientations [n,] @ [Ex| and [E,] @ [n,] agree if dimE, is even, and are opposite
when dim E}, is odd. This shows that we have the predictable relationship
[1.98") = (1) [1,957].
We can now define oriented intersection numbers. If F : M — N is transverse to S and
M™ N",§"™ are oriented manifolds, then we assign a sign/orientation [x] = £1 to each
x € F~!(S) with the understanding that it is 1 precisely when the orientation of T,M = E,
is mapped to the positive orientation for DF (T.M):
[x] = signdetDF |y,
where det DF |, is calculated with respect to positively oriented bases for .M and DF (T:M).
THEOREM 5.4.1. When F = dG, where G : B— N and B is compact and oriented,

then
Y K=o

x€F~1(S)

PROOF. By theorem we can assume that G is transverse to S. Here G~!(S)
is a compact one-manifold with dG~! () = F~!(S). Orientations assigned to points in
F~1(8) differ by the same sign (—1)" depending on whether we use the definition from F
or as the boundary of G~! (S). We conclude that they add up to 0 as they come in pairs of
opposite signs corresponding to each arc in G~! (S). (]

REMARK 5.4.2. This shows that two homotopic and transverse maps on a closed
manifold must have the same value for the sum Y [x]. Also note that as in remark we
can generalize this theorem the the case where B is not compact provided G is proper.

DEFINITION 5.4.3. The oriented intersection number I (F,S) is defined as
I(Fl 7S) = Z [.X}
xeF1(S)
for any map Fj that is homotopic to F and transverse to S. This differs in absolute value
from #F ! (S) by cancelling pairs of opposite signs, in particular
I(F,S) =L (F,S) mod 2.
When M™ C N" we obtain two possible intersection numbers / (M, S) and I (S,M). Since
[TM) & [1.8] = (=)™ M 9IS (1.5 @ [TM)]
this intersection number vanishes when the submanifolds are odd dimensional and homo-
topic to each other.

Consider the intersection FP" FP"~ C FP". When the subspaces are in generic
position they will intersect in a point FP°. When IF = C this is the oriented intersection
number. When F = R it is the mod 2 intersection number as at least one of the three spaces
is even dimensional and so not orientable.
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5.4.2. Degree and Winding Numbers. We can now also define the oriented degree
of amap F : M" — N" between oriented manifolds where we in addition assume that N is
connected. Using remark [5.4.2] the degree for proper maps is also well-defined as long as
we modify all extensions and homotopies to be proper.

We start by considering the intersection numbers I (F,{g}), ¢ € N. We know from
lemma that when ¢ is a regular value, i.e., F is transverse to {¢}, then some con-
nected neighborhood V is evenly covered: F~! (V) =UU;, where F : U; — V is a dif-
feomorphism. Thus DF preserves (or reverses) the orientation on Uj if it preserves (or
reverses) orientations at just one point. Thus I (F,{y}) =1 (F,{¢}) for all y € V. Now for
a given F there is always a map homotopic to F that is transverse to {g}. So we can
again conclude that I (F,{y}) =1 (F,{q}) for all y in a neighborhood of ¢. This means that
y — I (F,{y}) is locally constant on N, and in particular constant when N is connected.

DEFINITION 5.4.4. The oriented degree for F : M" — N" is well-defined as
degF =1I(F,{q}),q €N
when N is connected and F' is proper.

We get several nice results using degree theory. The key observation is that the degree
of a map is a homotopy invariant as it is simply an intersection number. However, as we can
only compute degrees of proper maps it is important that the homotopies are through proper
maps. When working on closed manifolds this is not an issue. However, if the manifold is
Euclidean space, then all maps are homotopy equivalent, although not necessarily through
proper maps.

PROPOSITION 5.4.5. The identity map on a closed manifold is not homotopic to a
constant map.

PROOF. The constant map has degree O while the identity map has degree 1 on an
oriented manifold. In case the manifold isn’t oriented we can use the mod 2 degree. d

THEOREM 5.4.6. Even dimensional spheres do not admit non-vanishing vector fields.

PROOF. A nowhere vanishing vector field X on S" can be scaled so that it is a unit vec-
tor field. If we consider it as a function X : §” — §" C R"*! then it is always perpendicular
to its foot point as 7,5" L p in R"*1. We can then create a homotopy

H (p,t) = pcos(mt) + X, sin(7t).
Since p L X, and both are unit vectors the Pythagorean theorem shows that H (p,t) € S"
as well. When ¢ = 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. a

Next we offer two interesting results for proper maps. The first is related to corollary

438

THEOREM 5.4.7. If F : M — N is a proper nonsingular map of degree £1 between
oriented connected manifolds, then F is a diffeomorphism.

PROOF. Since F is non-singular everywhere it either reverses or preserves orientations
at all points. Moreover by corollary [1.4.31] it is also a covering map. Thus |degF| =
#F~! (y) for all y € N. This shows that it must be a diffeomorphism. d

Next we offer an interesting and very broad extension of the Fundamental Theorem of
Algebra.
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THEOREM 5.4.8. Let F : M — N be a proper map between oriented noncompact n-
manifolds, where N is connected. If F is nonsingular and orientation preserving outside a
compact set, then F is surjective.

PROOF. We assume that all critical points lie in the compact set C C M and consider a
value y € F (M) — F (C). This is a regular value and by assumption deg FF = #F ! (y) > 0.
In particular, F is surjective. O

REMARK 5.4.9. Note that when n = 1 the function f (x) = x? is proper and nonsingu-
lar outside a compact set. When n > 2, it is often possible to ensure that M — C is connected
as long as M is itself connected. Thus it often suffices to assume that the map is proper and
nonsingular outside a compact set.

The classical winding number for curves in the plane is the number of times a closed
curve goes around a fixed point such as the origin. It can be calculated using degrees and
as we shall see later also with integration.

DEFINITION 5.4.10. Let F : M" — R"! where M is closed and oriented. When
7z ¢ F (M) we define the winding number

W (F,z) = deg (;Ex; o M—>S”>

While it is simply a degree, and the degree is simply an intersection number, it is convenient
to maintain these terminologies.

We note that W (F,z) = W (F —z,0) and that the winding number is a homotopy in-
variant under homotopies that map in to R"*! — {z}.

The winding number can also be calculated in a different way as an intersection num-
ber and in return intersection numbers can be calculated as degrees.

THEOREM 5.4.11. Let G : B""' — R"! have 0 € R**! as a regular value. If B is
compact and oriented with boundary M = dB and F = dG does not contain 0 in its image,
then

W (F,0)=1(G,{0}).

PROOF. We select pairwise disjoint coordinate balls B, ~ B (0, €) around each x €
G~'(0) such that G (h) = DG|h+ o (h).

LetN"*! =B— UxeG (0) Bx- This is a new compact manifold with boundary M Uxec1(
The boundaries dB, come with two orientations. One from being the boundary of B, and
the opposite from being part of the boundary of N. By theorem [5.4.T| we conclude that

O—deg<|cG;|:8N—>S”>.

Here the degree is the sum of the degrees from decomposing the boundary as dN =
MU,cG-1(0) 9Bx but where the degrees from the restrictions to dB, come with the opposite
sign. More precisely:

deg ( ‘M — S”) = deg ( : 0B, — S”)
Gl & ar

where dB, is oriented as the boundary of B,.
We now have to calculate the terms on the right. Since x € G~!(0) is regular the
differential DG]|, is nonsingular. In particular, we can assume that B, is so small that

(0) 9Bx.
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lo (h)| < |DG|:h| for all h € dB,. Consequently, we obtain a homotopy from DG|h to G
defined by

H (t,h) = DG|,h+to(h) : [0,1] x B, — R —{0}.
This reduces the task to calculating the winding number of the differential. However, the
space of nonsingular matrices Gl, (R) has two components. The orientation preserving
matrices contributing +1 and the orientation reversing matrices — 1. This proves the theo-
rem. O

REMARK 5.4.12. In case O is not a regular value for G but still has a finite preimage
that lies in the interior we instead obtain the formula

W(F,O):deg(|G| M—>S”): Z deg<G| OB, —>s">= Y, W(Glss,,0).

xeG~ x€G~1(0)

as the condition that each x € G~! (0) is regular is only used to calculate the local wind-
ing number and show that it agrees with the intersection number. Thus the total winding
number can be split up into local winding numbers.

The above theorem also gives us a new proof of a stronger version of the Borsuk-Ulam
theorem Note that an even map on a sphere obviously has even degree.

THEOREM 5.4.13. An odd map F : S* — S" has odd degree. In particular, there are
odd maps S" — §"1.

PROOF. We use induction on n. For n = 0 we have S° = {:I:l} As the map is odd
it is a bijection and so has degree 1. When n > 0 select "' C §" and y ¢ F (§"7').
As F is odd and $"~! is invariant under the antipodal map also —y ¢ F (S"_l). We can
additionally assume that {+y} are regular values for F. Now project along great circles
through £y onto the orthogonal equator S;l’l to obtain a new odd map

G()C) — F(x)_ (F('x)7y)y _ ToF 7
[F(x) = (F(x),y)y]  |moF]|
where 7 is the orthogonal projection along y in Euclidean space. Using counting and that
F is odd we obtain

degF

I(F,{y})

= IR )

= 1 (F \ s {iy}) , where §"| is the hemisphere with pole y
I(moF,0)

= degG,

where the previous theorem was used for the last equality. (|

5.4.3. Lefschetz numbers and the Euler Characteristic. To define Lefschetz num-
bers and the Euler characteristic we need to select orientations for M x M and TM. A
closer look at how orientations are used tells us that the ambient space only needs to have
orientations defined along the submanifolds that the maps are intersecting. For A C M x M
we note that 7(,, \M x M = T,M x T,,M comes with a canonical orientation: any choice of
an ordered basis ey, ...,e,, for T,M gives the same choice of orientation

(e1,0),...,(em,0),(0,e1),...,(0,ey).
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Similarly for My C T M, there is a natural identification To, TM =T,M x To, TyM = T,M ¥
T,M where the first factor corresponds to M.

DEFINITION 5.4.14. Let M be closed and oriented, F' : M — M, and X a vector field.
The oriented Lefschetz number and Euler characteristic are defined by

L(F)=1((idu,F),A)
and
x (M) =1(X,Mo).
We can now reprove proposition[5.3.6
PROPOSITION 5.4.15. For a closed and oriented manifold
L(idy) = x (M).

PROOF. The proof is the same after we note that the identification of TM with N (A)
respects the orientation choices we have made. Given a positively oriented basis e, ..., e,
we assume that A is oriented by (ej,e1), ..., (em,en) and claim that N (A) is oriented by
(e1,—e1), ..., (em, —en). We use column operations to verify this, noting that adding mul-
tiples of vectors to other vectors can’t change orientations. Starting with

(617_81)7'“7 (ema _em) ) (elael)7"'a (em7em)

we can add the last m vectors to the first m and obtain

(6170)7“'7 (emvo)a(el,el) PRXRS) (elvem)

and then subtract the first m vectors from the last m vectors to get our standard basis

(e1,0),...,(em,0),(0,e1),...,(0,ey) .

COROLLARY 5.4.16. For an odd dimensional manifold L (idy) = x (M) = 0.

In order to do calculations we need a way of checking orientations at intersection
points.

LEMMA 5.4.17. Let M be closed and oriented and F : M — M. The map (idy,F) :
M — M x M is transverse to A at (p, p) if and only if DF |, : T,M — T,M only has 0, as a
fixed point, i.e., +1 is not an eigenvalue for DF|,. Moreover, in this case the intersection
number is given by the sign of det (idTpM — DF|,,).

PROOF. Fix an oriented basis ey, ..., e,, for 7,M and for convenience denote DF |, =A.
The tangent space to the graph of F' is spanned by

(61,A (61)) IRRLP (em’A (em))
so transversality comes down to checking if
(elvA (81)) 5oy (eva (em)) 9 (elael) geeey (emvem)

is a basis and the intersection number is determined by whether this is a positively oriented
basis. We subtract the first m vectors from the last m to obtain

(elvA(el))7'~'7(emaA(em)) ) (0,81 7A(€1)),..., (anm 7A(em)) .
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This can only be a basis if the last m vectors are linearly independent, i.e., det (idTp v — DF| p) #
0. Moreover, when this happens then suitable linear combinations of the last m vectors can
be used to obtain the basis

(e1,0),...,(em,0),(0,e1 —A(e1)),..., (0,e,n —A(em))
which is positively oriented only if
e1—A(er),....,em—Al(em)
is positively oriented. U

REMARK 5.4.18. This lemma also shows that we don’t have to know or use the orien-
tation of T, M to calculate the intersection number as the sign of det (idTpM — DF| p) does
not depend on a choice of basis. This makes it particularly easy to calculate Lefschetz
numbers.

Let us calculate the 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 (A) = dimV. 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 eigen-
values 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 [l ighoe z”] and observe that

Al czbe 2" = [l ‘iz e A2

This is already (complex) linear in these coordinates so the differential at p must be repre-
sented by the complex »n X n matrix

= |1

M
o 0
DA|p = .

As the eigenvalues are all distinct 1 is not an eigenvalue of this matrix, showing that A really
is a Lefschetz map. Next we need to check the differential of det (I — DA|,) . Since Gi, (C)
is connected it must lie in Gl;n (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 — DA|,) > 0. So all local Lefschetz numbers are 1. This shows that L(A) =n+1.
Since Gl,+1 (C) is connected any linear map is homotopic to a linear Lefschetz map and
must therefore also have Lefschetz number n 4 1.

In particular, we have shown that all invertible complex linear maps must have eigen-
vectors. Note that this fact is obvious for maps that are not invertible. This could be one
of the most convoluted ways of proving the Fundamental Theorem of Algebra. We used
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the fact that GI,, (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 the
Spectral Theorem can be proven without invoking the Fundamental Theorem of Algebra.
The alternate observation that the above Lefschetz maps are dense in Gi, (C) is also
quite useful in many situations.
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 € GL;l +» (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 €GL3, , (R).On the other hand any A € GL,, ., (R) must have at least two eigenvalues

of opposite sign. Since GL,, , , (R) is connected we just need to check what happens for a
specific

1o -
0 —1
0 —1
A = 1 0
0 -1
L l O -
(1 0 0
= -1 0
L0 0 R
We have two fixed points
p [1:0:---:0],
g = [0:1:---:0]
For p we can quickly guess that
-1 0
-3 0]
This matrix doesn’t have 1 as an eigenvalue and
-1 0 2 0
det(l{ 0 R }) = det_ 0 I—R}
-y -
1 1
-1 1
= det
1 1
L _1 1 -
2n+1 )
So we see that the determinant is positive. For ¢ we use the coordinates [ZO i EFERPR z”]

and easily see that the differential is

o %]
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which also doesn’t have 1 as an eigenvalue and again gives us positive determinant for
I — DA,. This shows that L(A) =2 if A € GL,, ,, (R).

In case A € Gly,+1 (R) it is only possible to compute the Lefschetz number mod 2 as
RIP?" isn’t orientable. We can select

4 +1 0 +
o [5 9] eoam

with R as above. In either case we have only one fixed point and it is a Lefschetz fixed
point since DA;; = £R. Thus L(A*) = l and all A € G (2n+1,R) have L(A) = 1.

This last example can also be used to calculate the Euler characteristic of even dimen-
sional spheres. In fact the matrix

10
A= { o R } €S0(2n+1)

is orthogonal and preserves the sphere with two fixed points (£1,0,...,0) and is homo-
topic to the identity map. The intersection numbers are both calculated as the sign of

det (idTp s — R) > 0. So the Lefschetz number and the Euler characteristic are both 2.

5.4.4. Isotopies and Poincaré-Hopf-Lefschetz. We start with a useful localization
procedure showing that any finite collection of points in a connected manifold lie in an
open set diffeomorphic to R".

DEFINITION 5.4.19. An isotopy is a homotopy of diffeomorphisms H : [0,1] x M —
M, i.e., for each ¢, the map x — H (¢,x) is a diffeomorphism. It is said to be compactly
supported if there is a compact set C C M, such that H (¢,x) = x for all  and x € M — C.
Note that we can alter any such homotopy, using a function A : [0,1] — [0,1], to a new
homotopy H (A (t),x). If A =0forz < € and A =1 for t > 1 — ¢, then the new homo-
topy becomes stationary at the ends. This allows us to smoothly concatenate homotopies
provided H; (1,x) = H> (0,x).

PROPOSITION 5.4.20. If p,q € R", then there exists a compactly supported isotopy
such that H (0,x) = x for all x e R" and H (1,p) = q.

PROOF. Simply select a suitable compactly supported function ¢ : R" — [0, 1] with
¢ (p) = 1 and define

Hy (x) = H (1,x) =x+1¢ (x) (g —p)-
This map is proper since it is the identity outside a compact set, it is also nonsingular
provided |d¢| < Flp\' Thus corollary|1.4.38|shows that it is a diffeomorphism. O

LEMMA 5.4.21. Let M be connected and with dimM > 2. If p1,..., px € M are distinct
and q1,...,qr € M are distinct, then there exists a compactly supported isotopy such that
H(0,x) =xforallx e M and H (1, p;) = q;.

PROOF. The proof is by induction on k.

For k = 1 we create a relation by saying that p, g are related provided the statement of
the lemma holds. This is clearly an equivalence relation. The previous proposition shows
that the equivalence classes are open. The fact that M is connected then finishes the proof.

Now assume the statement holds for kK — 1 points. Since dimM > 2 we know that
M—{pi,qc} and M —{p1,...,px—1,91,---,qx—1} are connected. Therefore, there exist com-
pactly supported isotopies H on M — {py,qx} and Gon M —{p1,..., Pr_1,41,---,qx—1 } that
are the identity when t = 0 and with H (1,p;) = ¢;, i = 1,...;k— 1 and G (1, pg) = g As
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they are compactly supported they extend to all of M. Now H fixes p;,q;, i =1,....k—1
and G fixes py, qx. We can then compose H (1, G (t,x)) to obtain the desired isotopy. [

COROLLARY 5.4.22. Any finite collection of points in a connected manifold lies in an
open set diffeomorphic to R".

PROOF. The above lemma settles this when n = dimM > 2. When dimM =1, it
follows from our classification of one-manifolds. O

Consider a vector field X on R" where p is an isolated zero. Trivializing the tangent
bundle TR" = R" x R" we can think of X : R* — R”", where p is an isolated zero. We
define the index of X:

ind,X =W (X|yp(p.e),0) -

Similarly, if a map F : R" — R” has an isolated fixed point p, then consider X (x) = x —
F (x) and define the Lefschetz number:

L,(F)=ind,X.

These definitions make sense for all small € and by remark[5.4.12 will give the same answer
for all €. In fact, instead of B(p,€) we could have used any closed neighborhood, M,
around p with smooth boundary and with the property that p is the only zero or fixed point
in M. Both definitions also match the intersection numbers as discussed in the previous
subsection when everything is transverse.

We can now define the index of an isolated zero of a vector field and the Lefschetz
number of an isolated fixed point of a function on an oriented manifold. Simply select a
positively oriented chart around the point and then use the definition from Euclidean space.
It is easy to prove that any two positively oriented charts give the same number. We just
need to check that the definition in Euclidean space is independent of diffeomorphisms
that fix, say, the origin. Such maps have an expansion G (x) = DGJox+ o(x) and are
thus isotopic to DGy on a small neighborhood of the origin. As DGy is an orientation
preserving linear map it is in turn isotopic to the identity.

THEOREM 5.4.23 (Poincaré-Hopf). If X is a vector field with finitely many zeros on
an oriented compact oriented manifold, then
xM)= Y ind)X.
P X(p)=0

THEOREM 5.4.24 (Lefschetz). If F : M — M is a map with finitely many fixed points
on a compact oriented manifold, then

LF)= Y Ly(F).

p,F(p)=p

PROOF. The two proofs are virtually identical after restricting to an open set U C M
diffeomorphic to R" that contains all the zeros or fixed points. We focus on the second
as it is more general. As such, we consider a map F' : M — M that has a finite number
of fixed points py, ..., p in the interior of a closed ball B= B(0,R) CR" ~U C M. To
calculate the relevant winding numbers we consider the auxiliary vector field X (x) =x—
F (x) on B whose zeros are precisely the fixed points of F. From remark we have
for sufficiently small € > O that

ZLPi (F) = ZW (X|BB(p,-,€)70) =W (X|83a0)'
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We can now select a new function G : M — M that is homotopic to F, agrees with F' on
M — intB, and such that the graph of G is transverse to the diagonal. This implies that O is
a regular value for ¥ (x) = x — G (x). We can then invoke theorem [5.4.11|to conclude

Y Ly, (F) =W (X|yp,0) =W (Y[35,0) =1 (¥,{0}) = L(G) = L(F).

O

It is tempting to use the above constructions to define Lefschetz numbers for maps on
noncompact manifolds. But even on R” this runs in to some trouble. Clearly all maps are
homotopic. However, there are maps without fixed points such as translations and maps
with nontrivial Lefschetz numbers such as rotations in the plane. The same issue occurs for
vector fields, as there exist vector fields that vanish only at the origin but with any integer
as index. Similar issues occur for vector fields on compact manifolds with boundary such
a closed ball in R”.

Finally we give an outline of how the Euler characteristic ties in with the traditional
combinatorial definition. This works in all dimensions but is a little easier to define for
surfaces.

DEFINITION 5.4.25. A polygonal subdivision of a surface M is a decomposition M =
UPq such that each Py is diffeomorphic to a polygon in the plane and such that P, N Pg is a
vertex or union of edges. The fact that M is a manifold without boundary means that each
edge is the edge of exactly two polygons.

With respect to such a decomposition it is easy to visualize a vector field that is tangent
to the edges, has a sink at each vertex, a saddle at exactly one interior point of each edge,
and a source at exactly one point in the interior of each polygon. As sinks and sources have
index 1, while saddles have index -1 we end up with the formula

XM)=V—-E+F

where V is the number of vertices, E the number of edges, and F' the number of polygons,
e.g., faces.

We shall in section [8.2] show a more general formula for the Euler characteristic and
Lefschetz number which only depends on the cohomology of the space. This formula
makes sense on a much broader class of compact spaces, but it is less obvious why a
map with nonzero Lefschetz number must have a fixed point. This topological Lefschetz
number is invariant under homotopies. In particular, translations have Lefschetz number 1
S0 compactness is a crucial assumption in order to guarantee fixed points.

5.4.5. Hopf’s Degree Theorem. The Hopf degree theorem states that maps from a
closed, connected, oriented n-manifold to the n-sphere are homotopic if and only if they
have the same degree. The same statement holds for nonorientable manifolds if we use the
mod 2 degree. Since the result is also important when n = 1 and has a much more direct
proof we start with that case.

THEOREM 5.4.26. A map F : S' — S is homotopic to 7 — 79¢F

PROOF. We can use the covering map 7 : R — S given by the function 6 — ¢**® of
period 1 to lift F to a map £ : R — R such that F (¢2™0) = ¢>™F(®)_ Clearly F (6 +1) —
F (0) € Z so it follows that it is a constant, say, k. We will show that F and z — 7~ are
homotopic. In R we have an obvious linear homotopy

H(t,0)=(1—1)F(0)+1k0.
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Since
H(t,0+1)—H(,0)=k
it induces a homotopy
H (L ezme) _ (2miA(1,0)
between F and z — zX. As the latter map has degree n the theorem follows. U

Before moving on to the general case we start with two easy extension results.

PROPOSITION 5.4.27. Let B C R" be an open ball and N a manifold. IfF :R"—B — N
has the property that F |yp : dB — N is homotopic to a constant, then there is an extension
F :R" — N that agrees with F on R" — B.

PROOF. LetH (¢,x) : [0,1] x dB — N be a smooth homotopy with H (1,x) = F (x) and
H (0,x) = p for some p € N. We can further assume that for # < € we have H (t,x) = p
and for 7 > 1 — € we have H (¢,x) = F (x). Parametrizing B by [0, 1] X dB — B then shows
that H induces a smooth map on B that is F near the boundary and thus smoothly extends
F. O

LEMMA 5.4.28. Let B be a manifold with smooth boundary 0B = M. Any map F :
M — R" extends to a smooth map G : B — R" where dG = M.

PROOF. We can assume that there is a proper embedding B C R¥ and instead show
that we can extend F to be defined on all of R¥. The desired G is then gotten by restricting
to B.

Select a retract  : U — M on a tubular neighborhood U D M and a bump function A :
R¥ — [0, 1] which is 1 on M (M is a closed subset as it is properly embedded) and 0 outside
a neighborhood V O M with V C U. The extension is given by G (x) = A (x) F (7 (x)).
This is certainly an extension to U and as it vanishes outside V it is well-defined on all of
R, O

To prove the Hopf degree statement we start by considering maps of degree 0.

THEOREM 5.4.29. Let M" be a closed, connected, oriented n-manifold. If F : M™ — S"
has degree 0, then F' is homotopic to a constant map.

This has an immediate consequence

COROLLARY 5.4.30. Let M" be a closed, connected, oriented n-manifold. If F : M"" —
R — {0} has W (F,0) = 0, then F is homotopic to a constant map in R"*!' — {0}.

PROOF. Theorem (5.4.29|shows that % : M" — §" is homotopic to a constant. (]

PROOF OF THEOREM [3.4.29] The proof is by induction on n and recall that we did
the full theorem when n = 1 above. For the purpose of the induction step note that the
above corollary holds in dimension n — 1 provided the theorem holds in dimension n — 1.

Consider amap F : M" — S" of degree 0. If the map is not surjective, then it is clearly
homotopic to a constant map. Otherwise select two regular values p,q € S” and an open
set U =~ R" that contains F~! (p) and is disjoint from F~!(g), i.e., Fly : U — S" — {q}.
We have diffeomorphisms A : §" — {g} — R" that map p to the origin and B : R” — U with
the property that F~! (p) C G(B(0,1)). The composition G =AoFoB: R" — R" has 0
as a regular value so by assumption and theorem [5.4.11) we have

0 = degF = [(G,{O}) = W (G|S’171=83(0,1)70) .
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By induction it follows that G|g,—1 : §"~! — R" — {0} is homotopically trivial. Proposition
then gives us an extension of G|gn_g(o,1) to a map G : R" — R" — {0}. This gives
usamapA~'oGoB~!:U — 8"~ {p,q} that agrees with F outside a compact set in U
and thus induces amap F : §" — S" — {p}.

Here G,G : R" — R" are clearly homotopic via a linear homotopy that is independent
of t on R” — B(0,1). Thus there is a similar homotopy of A~! o GoB~! and F|y that maps
into " — {¢} and is independent of ¢ outside a compact set. This shows that F and F are
homotopic. As F is not surjective it is homotopic to a constant. [

This theorem implies an important extension that is a partial converse to theorem[5.4.1]

COROLLARY 5.4.31. Let N"t' be a compact, connected, oriented manifold with
boundary. A map F : N — S" has an extension to G : N — S"with dG = F, provided
degF =0.

PROOF. By lemma|5.4.28 we can find an extension F : N — R"*! with 0F = F. We
can further assume that 0 is a regular value for F and that F~! (0) C B where B is an open
ball with smooth boundary dB. The map F |5 : dB — R"*! — {0} has winding number 0

by theorem|5.4.11|and is thus homotopic to a constant in R"*! — {0}. By proposition|5.4.27
we can then extend F : N — B — R"! — {0} to a smooth map G : N — R"*! — {0}. This

map agrees with F on dN and can thus be normalized to create the desired extension. [J

The full version of Hopf’s theorem now follows.

THEOREM 5.4.32. Let M" be a connected, closed, and oriented manifold. Two maps
Fy,F1 : M — S" are homotopic if they have the same degree.

PROOF. Let N = [0,1] x M with it natural orientation so that the boundaries have
opposite orientations. Thus Fy, F] yield a map dN — S" of degree 0. We can then apply
the above corollary. g

Our final result follows along similar lines:

THEOREM 5.4.33. If M is a compact, connected, and oriented manifold, then x (M) =
0 if and only if M admits a nowhere vanishing vector field.

PROOF. Clearly a nonzero vector field leads to vanishing Euler characteristic. Con-
versely select a vector field X that is transverse to the zero section and an open ball B with
smooth boundary such that these zeros are contained in B. On a neighborhood of B we
can trivialize the tangent bundle and write X (x) = (x,F (x)). Now 0 is a regular value for
F:B— R"and

0=x(X)=1(F(0),{0}).
Thus F|yp has a smooth extension to a map F : B — R" — {0} that we can assume is
smoothly joined to X outside B. This gives us a nonvanishing vector field. U

5.5. Exercises

(1) Let S C R" — {0} be a submanifold. Show that almost all k-dimensional sub-
spaces are transverse to S. Hint: consider the map

1 k i
((X sy O ,vl,...,vk) 0—)2061\/,'

where vy, ..., vy are linearly independent.
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(2) Given maps between compact, connected, oriented n-manifolds:
LLmEN
show that
deg(GoF)=degGdegF.

(3) Let M™ N" C R+ pe two closed, oriented, disjoint submanifolds and define
the linking number

l@LM:d%UTMxN%W“%F&Jﬁwiiy
(a) Show that [ (M,N) = (—1)™D0+D 1 (N ar).
(b) Show that I (M,N) = 0 if M = dB, where B is compact, oriented, and dis-
joint from N.

(4) Starting with S' show that there is a map of degree k on S” for every integer k.

(5) What is the degree of a rational map 5 on CP!, where p,q € C [X] have no roots
in common?

(6) Let M be a closed, connected, and oriented n-manifold. Show that there is a map
M — S" of degree k for every integer k.

(7) If M — N is a k-fold covering of closed manifolds, then ) (M) = k) (N).

(8) If M,N are manifolds, then y (M x N) = x (M) x (N).

(9) Let M be connected and py, ..., px and gy, ..., gx two collections of distinct points
as in lemma Show that if v; € T,,M — {0} and w; € T,,M — {0}, then
there is a compactly supported isotopy H from idy such that Hy (x) = H (1,x)
satisfies:

DH\|p; (vi) = wi.

(10) Calculate the intersection number of CP¥, CP"~* c CP".

(11) Let X be a vector field on C given by a complex polynomial that has no repeated
roots. What is the index at each zero?

(12) Calculate the indices at 0 € C of the vector fields given by X (z) =z" and X (z) =
7" m=1,2,3...

(13) Calculate the Lefschetz numbers at 0 € C of the maps F (z) =z—27" and F (z) =
z—7",m=1,2,3...

(14) Show that there are antipodal points on Earth with the same the temperature and
barometric pressure.

(15) Using theorem [3.2.8] and corollary [3.2.10] show that intersection numbers and
Lefschetz numbers are well-defined for continuous maps. Conclude that Brouwer’s
Fixed Point Theorem, The Borsuk-Ulam Theorem, and The Hopf Degree Theo-
rem hold for continuous maps.

(16) LetU; CR",i=1,...,n be open, bounded, and connected. Show that there exists
a hyperplane H that bisects the n open sets, i.e., if R* = AUB, where ANB =H,
then

vol(U;NA) =vol(U;NB),i=1,...n.
Hint: You can use that Borsuk-Ulam holds for continuous functions.

(17) Assume L"~! € M" is properly embedded, both manifolds are connected, and M
is simply connected. Show that M — L has exactly two components.

(18) Consider the maps on CP?:

Fi(z0:21:22]) = {z’é:z’f :zlﬁ} ;
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Fi([z0:21:22)) = {Z’S:Z’f :Z’E} ,
where k =1,2,3,...
(a) Show that if Uy is the group of the kth roots of unity then Uk3 /A acts transi-
tively on the preimages of these maps, here A= {({,{,8) | { € Ui}
(b) Show that the degree is k2.
(c) What happens with the analogous question on RP2?
(d) Show that F; is transverse to

CP' = {[wo : wi : wa] € CP? [ wo+ w1 +wp =0}

and let M be the preimage so that we obtain a map Gy : M — CP!.

(e) Show that U/<3 /A acts transitively on the preimages of Gy.

(f) Show that except for three points where there are k preimages all other
points have k> preimages.

(g2) Use this to show that y (M) = k(3 — k) (hint: the image is the union of two
triangles whose vertices are the special three points with k preimages).

(h) Is F; transverse to

(C]Pl = {[Wo W1 ZWQ] € (CPZ | wo 20}?



CHAPTER 6
Basic Tensor Analysis

Recall from section that (k,I)-tensors are sections of tensor bundles (TM)“* @
(T*M)®'. Here (1,0)-tensors are vector fields and (0, 1)-tensors 1-forms. In section
the Lie derivative was introduced on functions and vector fields. Moreover, it was shown
that on vector fields it was the same the Lie bracket.

In this chapter we expand the constructions that involve tensors to include the exterior
derivative, orientations, and integration of forms. This will culminate in the general Stokes’
theorem and how it contains the three classical integral theorems.

6.1. The Lie Derivative
Let F : M — N be a smooth map, the pull-back operation
F*e (T*N)@)k N (T*M)®k
is defined by
(F*T)(viy...,vx) =T (DF (v1),...,DF (w))

ok
if T e (Tg‘(p)N) is a k-linear map on Ty, N. This operation naturally extends to (0,k)-

tensors, i.e., sections of the respective bundles. There is also a corresponding push-forward
F. : (TM)®* — (TN)**

defined by

F(v®: - ®;) =DF (v{)®---QDF (v).
This operation however does not necessarily extend to sections when F is not injective or
surjective (try to push forward a vector field on M). In case F is a diffeomorphism the
push-forward is well-defined for sections, e.g., for a vector field

F.(X)|, = DF (X\Fq(q)) .

Let X be a vector field and &' = @ the corresponding locally defined flow on a
smooth manifold M. Thus &' (p) is defined for small # and the curve ¢ — @' (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.

For a function f : M — R we have

F (@ (p) =f(p)+1(Lxf)(p)+o(),

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

fod f+tlxf+o(t),
Lxf = Dxf=df(X).

95
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For a vector field Y
(@7)'Y) [, =D (Ylar(p)) =Yp+1(LxY)|p+o(r).
The Lie derivative of a (0,k)-tensor T is constructed as for a function
(®)'T=T+t(LxT)+o(t)
or more precisely
(®)'T)(n,...¥,) = T (DP' (11),....DP (Vi)
= T,..Y%)+t(LxT)(Y1,...Y)+o(z).

PROPOSITION 6.1.1. If X is a vector field and T a (0,k)-tensor on M, then
(LxT) (Y1,.... Ye) = Dx (T (Yy, .. ZT i, LYiy o Ye)

PROOF. We restrict attention to the case where k = 1. The general case is similar but

requires more notation. Using that
Y|t = D®' (V) +1tDP' (LxY) +o0(t)
we get
(@)T)(r) = T (D% (r)
T (Y|g: —tDP' (LxY)) +o (1)
= T(Y)od —iT (D (LxY))+o(t)
T (Y)+tDx (T (Y))—tT (D (LxY)) +o(t).

Thus

(LxT)(¥Y) = lim ((@)'T) EY)—T(Y)

t—0
= lim (Dx (T'(Y)) =T (D®' (LxY)))
= Dx(T(Y))—T(LxY).
O

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, k)-
tensors. However, it is less clear when multiplying tensors.

PROPOSITION 6.1.2. Let Ty and T, be (0,k;)-tensors, then
Ly (T1®T)=(LxT) @+ T ® (LxT>) .

PROOF. Recall that for 1-forms and more general (0, k)-tensors the tensor product is
defined as

i1 (X],...,Xkl Y, ...,Ykz) =T (Xla-“anl) -T (Yly"'7Yk2) .

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

PROPOSITION 6.1.3. Let T be a (0,k)-tensor and f : M — R a function, then

Mw-

LexT (N1, ... Y) = fLxT (Y1,....Y) +df (Y) ) T (V1,..., X, ... Ye) -

i=1
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PROOF. We have that

k
LixT(Y1,...Y) = Dpx(T(V,...%) = Y. T (V1,....LxYi, ... ¥o)
i=1
k
= fDx(T (N, X)) = Y T (Y1, [fX, Y], Vi)
i=1
k
= fDx(T(M,...Y0) = f Y T (Y1, [X, Y], )

M»

+df (F) YT (H X, s Ye)

Il
-

O

The case where X|, = 0 is of special interest when computing Lie derivatives. We
note that &' (p) = p for all t. Thus D®' : T,M — T,M and

D® (Y|, -Y
DO (v],) Y],

Lx¥lp = jm t
— Lo )0
dt =N

This shows that Ly = % (DP ") |;=0 when X|, = 0. From this we see that if 0 is a 1-form,
then Lx® = —0 o Ly at points p where X|, = 0.
The interior product is simply evaluation of a vector field in the first argument of a
tensor:
ixT (Xl ) “'an) =T (X7X17 ~~~»Xk)

We list 4 general properties of Lie derivatives on tensors that are easy to check:

Lixy = LxLy—LyLx,
Ly (fT) = Lx(f)T+fLxT,
x[V7 = L2+ Y 0xZ),
Lx (iyT) = iryT +iy (LxT).

6.2. The Exterior Derivative

6.2.1. General Properties. Forms are skew-symmetric p-tensors. The wedge prod-
uct was defined in section 2.3.1]

QP (M) x QI (M) — QPFI(M),
(0,v) — oAV
This operation is bilinear and antisymmetric in the sense that:
oAy =(-1D)"yAao.

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

d: QP (R") — QP (R
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is defined as follows

do = d( ) a)il...ipdxil/\---/\dxil’>

i1 <-<ip

Y day i, NdxT A Adx
i <-<ip
Z &jwil...ipdxj/\dxil A-e-Adx?.

j,i1<"'<i],

The same formula can be used in any coordinate system and thus also gives us an exterior
derivate on all smooth manifolds. To check that the formula doesn’t depend on the coordi-
nate system can be done with a brute force calculation or by collecting the properties that
characterize it.

PROPOSITION 6.2.1. The exterior derivative is uniquely defined by the properties
(1) d(w + ) =doy +dw,.
(2) d(w An) = (do)) N+ (—1)” 0 Ada, for o € QP (R").
(3) d(dw)=0o0rd*=0.
) df (v) =Dyf. for f € C*(R") = Q° (R").
PROOF. (1) and (4) are obvious. 'This shows that for (2) we can assume that ®; =
fidx! and @, = fodx’, where dx! = dx't A\ --- Ndx'r:
d(fidx' A fdx') = d(fifodx Ndx')
= d(fifs) Ndx ndxX!
= ((df) o+ fidf) Ndx' Ndx’
= dfi NdX! A frdx! + (—1)P frdx' Adfy Ndx’
= d(fidx") A fodx’ +(=1)? fidx' Nd (fodx").
For (3) we can similarly assume that @ = fdx! so that:
do =Y 0;fdx) Ndx'.
J

This gives us

d*0 = Y 0}fdx' ndx) ndx

ij
= Y 9}fdx' ndx) ndx'
i#]
= Y (95f—05f) dx' ndx! nax!
i<j
= 0.
Should there exist another exterior derivative d with the same properties, then we need to
check that
d(dx") =0.
By (4) we have dx’ = dx!. We can then use (3) to show that d (dx’) = 0 by induction on
the degree of the form as

(d_(d_xi1 AR /\cl_xil’) =d?x" Ndx2 A - Adxir — dx! /\d_(d_xi2 /\~~-/\cl_xip)) .
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This proposition leads to a new invariant formula for the exterior derivative.

PROPOSITION 6.2.2. If Xy,....X, € Z" (M) and ® € QP (M), then

k . N
do (Xo,.... Xe) = Z(—l)’DX[(a)(Xo,...,X,-,...,Xk))
i=0
_Z(—l)iw(Xo,...,)?i,...,[XhXj},...,Xk>
i<
k . ~
= Z(—l)lei (CO(XQ,...,Xi,...,Xk))
i=0
+Z(71)"+/w([Xi,xj],Xo,...,)?i,...,)?i,...,xk).
i<

For a 1-form this becomes
do(X,Y) = Dx (0 (Y)) =Dy (0 (X)) — o ([X,Y]).
PROOF. First use lemma [2.3.4]to show that the right hand side defines a tensor. This

shows that it suffices to check the formula for a p-form of the type @ = fdx' A--- AdxP.
In this case

n
do = Y 0Oifdx'ndx'N---ndx.
i=p+1
We can then evaluate both sides on p + 1 elements of a coordinate basis i, ...,d,. In this

case the right hand side only depends on the first term and we see that both sides vanish
unless the p + 1 vectors are of the form d;,d,...,d, for j > p. For this choice of vectors
the left hand side becomes d; f and the right hand side

aj ((D(al,...,ap)) = 8,f
O

Lie derivatives, interior products, wedge products and exterior derivatives when eval-
uated on forms together satisfy:

dlony) = (do)Ay+(-1)’on(dy),
ix(oAy) = (ixo)ANy+(—D’oA(ixy),
Ly(oAy) = (Lx@) ANy+oA(Lxy),
and

dod = 0,

ixoix = 0,

Ly = doix+ixod,

F*od = doF7,

Lyod = dolLy.

The third property Ly = d oix +ix od is also known a H. Cartan’s formula (son of the
geometer E. Cartan). It is behind the coordinate free definition of the exterior derivative
we gave above. If we know how d is defined on p-forms, then we can define d on (p+ 1)-
forms by

iX() od= LXO 7d0l'X0.
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6.2.2. Div, Grad, and Curl. We use the language of forms to explain some basic
concepts from multivariable calculus in R.
The gradient of a function f is a vector field

OcfOx+ 0y foy+ 9 f0,.
This formula depends on using Cartesian coordinates unlike the formula for the differential
df = ocfdx+d,fdy+ 0. fdz.

The volume form is the 3-form vol = dx A dy A dz. We shall explain in section
why it is natural to integrate form on manifolds. The divergence of a vector field X =
Pd,+ Q0 + RO, is usually defined as

div(X) = &P+ 9,0 + I.R.
Again this depends crucially on Cartesian coordinates. Again we have an alternate defini-
tion via the formula
Lxvol = div (X) vol.
To check the validity we calculate
Lx (dx Ady Nd7)
(Lxdx) Ndy ANdz+dx A Lxdy Ndz+dx ANdy A Lxdz.

Lxvol

Here
Lydx = Lpaxdx + LQavdx + LRgzdx

and if Y = Pd, + 00y + Ro, then

(Lxdx)(Y) = Dy (dx(Y))—dx|[X,Y]
= Dxpfdx((DprDyP)ax+“')
= DyP.

Thus Lydx = dP and
(Lxdx) Ndy Ndz = (dP)dx Ndy \dz.
Similar calculations for the other two terms then show that
Lyvol = div (X) vol.
While this formula still depends on our particular formula for the volume form it can be
used for other coordinates as long as we change the volume form to those coordinates.

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

div(X)vol = Lyvol
= dixvol+ixdvol
= diyvol.
In particular, div (X) vol is always exact.

This formula suggests that we should study the correspondence that takes a vector
field X to the 2-form ixvol.

ixvol = ixvol

Pi vol + Qiy vol + Riy vol
PdyNdz— QdxNdz+RdxAdy
= PdyANdz+QdzAdx+RdxANdy
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If we compose the grad and div operations we get the Laplacian:
div(gradf) = Af
The curl operation is a little more involved
curlX = (d,R — 9.Q) ;. + (d.P — d\R) 9y + (.0 — 9, P) 0...
Again we can use a more invariant correspondence by checking that:
d (Pdx+ Qdz+ Rdz) = icuux vol.

If we define @y = Pdx+ Qdz+ Rdz or better yet by @y (v) = X -v, then all the formulas
are:

wgradf = df,
icrixvVol = doy,
div(X)vol = dixvol.

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

curl(gradf) = 0,
div(curlX) = 0,
from
feurl(gradf) VOl = d@grady = ddf,
div(curlX)vol = digyixvol =ddwy.

6.3. Orientability

Recall from section that two ordered bases of a finite dimensional real 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 Oy — M, where the preimage of each p € M consists
of the two orientations for 7,M. A connected manifold is said to be orientable if the orien-
tation 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. Using A" TM we similar see that M is
orientable if and only if A" TM is trivial.

To see that Oy really is a covering just note that if we have a chart (xl X2 ...,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 (d;,d,...,d,) and by the framing (—d;,d,...,dy).
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 (9 ,d,...,0y) .

Orientability of real vector bundles can be defined in a similar way and be related to
AFE and a corresponding orientation two-fold covering map O — M.

Note that since simply connected manifolds only have trivial covering spaces they
must all be orientable. Thus $”, n > 1 is always orientable.
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An other important observation is that the orientation covering Oy, is an orientable
manifold since it is locally the same as M and an orientation at each tangent space has been
picked for us.

THEOREM 6.3.1. The following conditions for a connected n-manifold M are equiva-
lent.

1. M is orientable.

2. Orientation is preserved moving along loops.

3. 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 Oy is disconnected.

1 = 3: Pick an orientation. Take any atlas (U, Fy,) of M where Uy, is connected. As
in our description of Oy, from above we see that either each Fy corresponds 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 Fy o FEl have positive Jacobian as they preserve the canonical
orientation of R".

3 = 4 : Choose a locally finite partition of unity (Ay) subordinate to an atlas (Ug, Fy)
where the transition functions have positive Jacobians. On each U, we have the nowhere
vanishing form @y, = dx}, A ... Adx,. Now note that if we are in an overlap Ug N Ug then

0 0 . 0

i nondet | 2 L det [ ax, [ -
o B <‘9le5 ax%) ( o (9%))
- det(D (FaoFﬁ_l))

> 0.

Thus the globally defined form @ = Y A, ®,, is always nonnegative when evaluated on

(gcl’ e 3‘)2”) . What is more, at least one term must be positive according to the definition
B B

of partition of unity.

4 = 1 : Pick a nowhere vanishing n-form ®. Define the two sets O1 according to
whether o is positive or negative when evaluated on a basis. This yields two disjoint open
sets in Oy; which cover all of M. O

The generalization for vector bundles only needs to be slightly reformulated.

THEOREM 6.3.2. Let E — M be a rank k real vector bundle over M. The following
conditions for a connected n-manifold M are equivalent.

1. E is orientable.

2. Orientation is preserved moving along loops.

3. E admits local trivializations that define the same orientations on intersections of
their domains.

4. N\*E and /\kE * admit nowhere vanishing sections, i.e., both bundles are trivial.

With this result behind us we can try to determine which manifolds are orientable 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 7 : M —
M, where M is oriented and the two given orientations at points over p € M are mapped to
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different orientations in M via D7. 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 (x) # x, AoA = idy, and moA = . With this is mind
we can show

PROPOSITION 6.3.3. Let w: M — M be a non-trivial 2-fold covering and M an ori-

ented manifold. In this case 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 orien-
tation ey, ...,e, € T,M we can declare D7t (e1),...,Dm (e,) € Tr(xyM to be an orientation at
7 (x). This is consistent as DA (e} ), ...,DA (e,) € TI(x)M is mapped to Dx (e1),...,Dm (ep)
as well (using T oA = m) and also represents the given orientation on M since A was as-
sumed 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 gen-
erality assume that the orientation is preserved. Then we just use ToA = 7 as in the first
part of the proof to see that A must preserve the orientation on M. (I

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 check-
ing 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 paral-
lelizable 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 . . —
0= (=) xdx" A Adxi A - A dXT!
i=1

on R"!. This form is a generalization of the 1-form xdy — ydx, which is %+ the angular
form in the plane. Note that if X = x'd; denotes the radial vector field, then we have (see
also the section below on the classical integral theorems)

ix (dx' A ndx"T) = w.
From this it is clear that if v, ..., v, form a basis for a tangent space to the sphere, then

O (V2y.yvy) = dx' A+ AdT! (X,v2,y ey Vit1)

£ 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 " as a natural double covering with the antipodal map as a natural
deck transformation. Now this deck transformation preserves the radial field X = x'd; 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.



6.4. INTEGRATION OF FORMS 104

6.4. Integration of Forms
We shall assume that M is an oriented n-manifold. Thus, M comes with a covering
of charts @y = (xf,...,x%) : Uy <— B(0,1) C R" such that the transition functions ¢ o
(pE ! preserve the usual orientation on Euclidean space, i.e., det (D ((pa o (pB’ 1)) >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 @y, : M — [0, 1] such that ¢, = 0 on M — Uy, and
Y o 9 = 1. For the last condition to make sense, it is obviously necessary that the covering
be also locally finite.

Given an n-form @ on M we wish to define the integral:

| o

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

© = fadx\, A-- NdxL.
Using the partition of unity, we then obtain
o = Y 0s0
o
= Y Gafodxy A+ NdXy,
a

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

/(pafadx(lx/\m/\dx'&:/_ O fodx' - -dx".
Ug Uqg

Here the right-hand side is simply the integral of the function ¢4 f; viewed as a function
on Uy. We define

/ w:Z/ O fodxh A~ Ndx,
JM o Y Ua

whenever this sum converges. Using the standard change of variables formula for integra-
tion on Euclidean space, we see that this definition is indeed independent of the choice of
coordinates and partition of unity.

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

THEOREM 6.4.1. Let M be an oriented n-manifold. For any ® € Q"~' (M) with com-
pact support we have

/ do = .
M oM

PROOF. If we use the trick

do=Y d(¢ps0),

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

n —~
0=Y fidx' Ao Adxi A Ndx
i=1
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The differential of @ is now easily computed:

do = Z(df,)/\dx/\ AdX A A dA

=

(9if;)dx* Ndx" A -- A A A Y

I¥
—

(— 1)i_1(9ifidx1/\~~/\dxi/\"'/\dxn~

I

Il
—_

Thus,

N

/dw:

Y (1) O fidx A A X

i=1

’1/8ﬁdx -dx"

/(/(aifi)dx') e T i,

Since each f; has compact support the fundamental theorem of calculus tells us that

/ (9ifi)dx" = 0, fori>1,

I
M: i M: {;\

0
/ (fi)dx' = fi(0,x%....x").

Thus

/ do = / A0, YA A - A d.

2 arLn
Since dx' = 0 when restricted to dL" it follows that
Oy = frdx® A--- Ndx".
This proves the theorem. (]
We get a very nice corollary out of Stokes’ theorem.

THEOREM. IfM is a compact connected manifold with nonempty boundary, then there
is no retract r: M — dM.

PROOF. Note that if dM is not connected such a retract clearly can’t exists so we need
only worry about having connected boundary.
If M is oriented and @ is a volume form on dM, then we have

0 < [0}
oM

= / ro

oM
/d(r*a))
M
/r*da)
M

= 0

If M is not orientable, then we lift the situation to the orientation cover and obtain a con-
tradiction there. [l
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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 6.4.2. (Green’s Theorem) Let Q C R? be a domain with smooth boundary
Q. If X = P, + Q0 is a vector field defined on a region containing S then

/Q (0:Q — 0yP)dxdy = /8(2 Pdx+ Qdy.

PROOF. 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 @ = Pdx' 4+ Qdx? on the 1-manifold dQ. With
this in mind we just need to observe that d® = (9, Q — d»P) dx' A dx? in order to establish
the theorem. (]

Gauss’ Theorem is quite a bit more complicated, but we did some of the ground work
when we defined the divergence above.

THEOREM 6.4.3. (The divergence theorem or Gauss’ theorem) Let X be a vector field
defined on a compact domain M C R> with smooth boundary and N the outward pointing
unit normal field to IM. If volyy, = inyvol denotes the area form on the boundary, then

/(diVX)Vol:/ X - Nvolyy,
M oM

PROOF. We know that
divXvol = dixvol.

So by Stokes’ theorem it suffices to show that
(ixVOl) |¢9M =X 'NVOlaM.
The orientation on Tp8M is so that vy, v3 is a positively oriented basis for Tp8M iff N,vy,v3
is a positively oriented basis for 7,,M. With such a choice of basis we have
ixvol(v2,v3) = vol(X,va,v3)
= vol((X-N)N,vz,v3)
X -Nvol (N,vy,v3)
= (X-N)iyvol(vz,v3)
= X -Nvolyy (va,v3)

where we used that X — (X - N) X, the component of X in 7,0M, is a linear combination of
v2,v3 and therefore doesn’t contribute to the form. O

The divergence theorem can easily be generalized to domains in R” and even Rie-
mannian manifolds with boundary. Stokes’ Theorem is specific to 3 dimensions. Classi-
cally 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 6.4.4. (Stokes’ theorem) Let S C R? be an oriented compact surface with
boundary dS. If X is a vector field defined on a region containing S and N is the unit

normal field to S, then
/(curlX -N)iyvol = / @y .
s as
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PROOF. Recall that wy is the 1-form defined by
wx (v)=X-v.

This form is related to curlX by

dwy = icyx Vol
So Stokes’ Theorem tells us that

/ Wy = / icurix VOI.
as S

The integral on the right-hand side can now be understood in a manner completely anal-
ogous to our discussion of iyvoly,, in the divergence theorem. We note that N is chosen
perpendicular to 7, in such a way that N, v»,v3 € T,M is positively oriented iff v;,v3 € T),S
is positively oriented. Thus we have again that

VOlS = iNV01

and consequently
icurlx Vol = curlX - Nvoly,,.

6.5. Exercises

(1) Let f: R" — R be smooth and define Vf = gradf by df (v) =v- V.
(a) Show thatv-w = (¥ 6Ydx' @dx’) (v,w).
(b) Show that Vf = ¥ 519, f9;.
(c) Show that
Ly Y 8Ydx' @dx! =Y of fdx* @dx'.
(2) Show that if @ = f- (—ydx+xdy — dz), where f: R®> — (0,0), then d # 0 on
all of R3.
(3) Show that the following relations hold when evaluated on forms:

ixoix = 0,

Ly = doix+ixod,
F*od = doF”*,
Lyod = doly.

(4) Let

r= Z (xi)?.
(a) Show that the gradient is the unit radial field:
Vr= ij&i.
r

(b) Show that on R? — {0}
dxNdy=rdrNdeo,

where 6 is any unit speed parametrization of part of S' (1).
(c) Show that on R" — {0}

vol :=dx' A Ndx" = rdr AVolgi—1(yy,

where volgi1 (1) = (iv,vol) [gn1(y).
(5) Let D be a rank k distribution on M™.
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(a) Show that locally there is a trivialization of the tangent bundle Xi,..., X,
such that Xi, ..., X} span D.
(b) Let ®',...,0™ be the 1-forms dual to Xi,..., Xy, i.e., ® (X;) = 51’ Show

that @’ vanishes on D only when i = k+ 1,...,m and conclude that D =

N, ker o'

(c) Let & = {w e Q(M)| w|p =0}. Show that o7 is an ideal that is locally
generated by 0", ... @™, i.e. every element s locally of the form ¥}, | ¢;e',
0 € Q*(U).

(d) Show that D is involutive if and only if there are 1-forms ¢if such that for
j=k+1,...,n we have

do’ =Y o/ N
i=k+1
(e) Show more abstractly that D is involutive if and only if the exterior deriva-
tive preserves <7, i.e., d (&) C .

(6) Let w € Q' (M) with dw = 0. Show that on a neighborhood of a point where ®
doesn’t vanish we have @ = d f. (A similar statement is true for all forms but the
proof a bit more involved.) Hint: Use the local version of the Frobenius theorem.

(7) Let o € Q' (M?) be a nowhere vanishing 1-form and D = ker @ the correspond-
ing distribution of rank 2.

(a) Show that D is involutive if and only if @ Adw = 0.
(b) Show that D is involutive if and only if locally @ = gd f for functions f and
g>0.

(8) Show that the Klein bottle and Mobius band are nonorientable by finding suitable
double covers that are oriented.

(9) Show that if

(=) Xidx Ao Adxi A A d

-

S| =
Il

w =
]

then dw = dx' A--- Adx" and use this to show that
1
~vol,_18" 1 (1) = volB(0,1),
n

where B (0, 1) is the closed unit ball and §*~! (1) = dB(0,1).
(10) On R" — {0} consider the (n— 1)-form

1

l
where r> = Y7, (x)

(a) Show thatdw = 0.
(b) Show that

n . . —
o=r""Y (=) 'Xdx" Ao Adxi A N dX,
2
1 .

/ ® = nvolB(0,1),
sn=1(e)

where B(0,1) is the closed unit ball and $"~! () the sphere of radius €
centered at the origin.



CHAPTER 7

Basic Cohomology Theory

7.1. De Rham Cohomology

Throughout we let M be an n-manifold. Using that d od = 0, we see that the exact
forms

BY (M) =d (Q" ' (M))
are a subset of the closed forms
ZPM)={w e Q (M)|dw=0}.

The de Rham cohomology is defined as the quotient space:

1 () = 22 M)

B (M)’
Given a closed form y, we let [y] 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 consequently have

H° (M) =R.
Given a smooth map F : M — N the pull-back operation on forms induces a map in
cohomology:

HP(N) — HP (M),
Fi(ly]) = [F'y].

This definition is independent of the choice of y, since F* commutes with d.
The two key results that are needed for a deeper understanding of de Rham cohomol-
ogy are the Mayer-Vietoris sequence and homotopy invariance of the pull-back map.

LEMMA 7.1.1. (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” (ANB) — H'*' (M) — - -- .
PROOF. We start by defining a short exact sequence
0—->Q°(M)— QP (A)®dQ”P (B) » Q7 (ANB) — 0.

The map QF (M) — QP (A) @ QP (B) is simply restriction @ — (®|4,®|p). The second
is given by (@, ¥) — (@|ans — ¥|ang) . With these definitions it is clear that Q” (M) —
QP (A) @ QP (B) is injective and that the sequence is exact at Q7 (A) ® Q7 (B). It is a bit
less obvious why QP (A) ® QP (B) — QP (ANB) is surjective. To see this select a partition
of unity A4, Az with respect to the covering A, B. Given @ € QP (AN B) we see that A4 ®
defines a form on B and Az® defines a form on A. Consequently, (A0, —A4 @) — ©.

109
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These maps induce maps in cohomology
H? (M) — H? (A)®H? (B) — H’ (ANB)
such that this sequence is exact. The connecting homomorphisms
8 :HP (ANB) — HP ™ (M)
are constructed using the diagram
0 — Qti(m) — At (B) — Q' (ANB) — 0

+d +d +d
0 - QM) — QA)SQ’B) — QP(ANB) — 0.

If we take a form @ € Q” (ANB), then (Apw, —A4®) € QP (A) ® QP (B) is mapped onto
o.If do =0, then

d(Apw,—240) = (dAgN@,—dAy A O)
e ot (A et (B)

vanishes when mapped to Q7! (AN B). So we obtain a well-defined form

S — dAgAN®w  onA
o —dAA® onB
c ol (m).

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

The construction here is fairly concrete, but it is a very general homological construc-
tion. U

The first part of the Mayer-Vietoris sequence
0—H"(M)—H°(A)oH(B) - H*(ANB) — 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)®H(B) - H*(ANB) =0
so the Mayer-Vietoris sequence for higher dimensional cohomology starts with
0—-H'(M)—H' (A)oH' (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. Since M potentially
has boundary we will instead investigate R x M.

On the product R x M we have the vector field d; tangent to the first factor and the
corresponding one-form dt. In local coordinates on R x M forms can be written

o = ajdx' +bydt Ndx’
if we use summation convention and multi index notation
ar =  dj.j,
dx!' = dx'""A-- Adx

Given a < b we can integrate out the dt factor as follows

fab(co):/ahw:/abbjdt/\dx’: </abb1dt> dx’'
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Thus giving a map
QLR x M) — Q% (M)
To see that this is well-defined note that it can be expressed as
1
I (@) = /o dt Nig o
since
iy (®) = bydx’.
LEMMA 7.1.2. Let j, : M — R X M be the inclusion map j, (x) = (t,x), then
L (do) +dI7 (0) = j, (0) - j; (),
where a < b.

PROOF. We can assume without loss of generality that @ = 0 and b = 1 and define
& = 7. The key is to prove that

1
J(dw)+dI (o) = / dt ALy @
JO

Given this it follows that the right hand side is

1 1
/ dt ALy, © / dt ALy, (ardx +bydt A dx')
0 0

1
= /dt/\(a,a,dx’Jr&,det/\dx’)
0

/0 it A (Spar) do!

1
</ dt&,cu) dx!
0

(ar (1,x) —ay (0,x))dx1
Ji (@) — jo (o)

The first formula follows by noting that
1 1
/ di Nigdo+d (/ dt/\i(;ta)>
0 0

-1 1
/ dt/\i(;td(l)-‘r/ dt Ndiy®
0 0

F(do)+dI (o)

1
/ dt A\ (iatdw -‘rdi,;t(x))
0
1
- / di 1\ (L 0)
0
The one tricky move here is the identity

1 1
d(/ dt/\iat(x)>=/ dt Ndiy®
0 0

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 dr this does not become an
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issue. Specifically, if d is exterior differentiation on R x M and d, exterior differentiation

on M, then
1 1
d; (/ dt/\iata)> dy (/ bjdt> Adx’
0 0

1
= Z%/\dxi/\dx/

i

I .
= Z/ 91 4y i N
~Jo dxt

</01dt/\ (;Z’dex’)) Adx

_ (/Oldt/\(dxbj)> Ndx!

(/(;lth(de—a,det)) Adx’

(/1dt/\db1> Adx’
0

1
/ di Ndiy®
0

We can now establish homotopy invariance.

PROPOSITION 7.1.3. If Fy,F1 : M — N are smoothly homotopic, then they induce the
same maps on de Rham cohomology.

PROOF. The formula
S (do)+dJ (0) = ji (0) - j; (@)
shows that jj (w) — j§ (@) is exact provided dw = 0. In particular, jo and j; induce the
same maps in cohomology:
Jo=Ji :H" RxM)—H"(M).

Assuming we have a homotopy H : [0,1] x M — N, such that Fp = Ho jy and F} =

H o j; it follows that
F' (0) = Fg () = (Ho j1)" (@) = (Ho jo)" (©) = 0.

Note that by using a smooth function A : R — [0, 1] with A () =0 fort <0Oand A () =1 for
t > 1, we can always obtain a smooth map H (A (¢),x) : R x M — N from a homotopy. [

COROLLARY 7.1.4. If two manifolds, possibly of different dimension, are homotopy
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. (]

LEMMA 7.1.5. (The Poincaré Lemma) The cohomology of a contractible manifold M
is
HO(M) =R,
H? (M) ={0} for p>0.
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In particular, convex sets in R" have trivial de Rham cohomology.
PROOF. Being contractible is the same as being homotopy equivalent to a point. [

While we can’t definitely relate the cohomology of a covering space to its base there
is a simple relationship.

LEMMA 7.1.6. Let F : M — N be a finite covering map, then
F*:HP(N)— H? (M)
is an injection.

PROOF. The trick lies in finding a so called transgression map 7 : QP (M) — Q7 (N)
that commutes with exterior differentiation, d o T = T od and such that 7o F* = idgp (N)-
This will induce a map 7 : H* (M) — H* (N) such that T* o F* = idp- y), which shows in
particular that F* is an injection.

While it’d be natural to try to average forms on M to make them descend to N, this
won’t work unless we have a finite group that acts transitively on the fibers. Instead we do
the averaging in N. If @ € QP (M) and y € N is covered by the points x; € M, i = 1,...,k,
then we can push each of the linear forms |, on 7, via DF|,, to a linear p-form on 7, N
and then define

%
@)= ¥ (0Fl) ") ol
This yields a smooth form as each point in N is evenly covered by k diffeomorphic sets.
The composition property is immediate and the commutation with d follows from the fact
that d commutes with pull backs of maps, in this case the locally defined inverse of F. [

7.2. Examples of Cohomology Groups

We calculate the cohomology of spheres and projective spaces in two ways. First the
traditional way using Mayer-Vietoris and then by a completely different approach using
the large group of symmetries on these spaces.

7.2.1. Spheres. For S" we use that

st o= ($"—{pHu(s"—{-pr}),
§"—{tp} =~ R
(s"—{pHn(s"—{-p}) = R"-—{0}.

Since R” — {0} deformation retracts onto $"~! this allows us to compute the cohomology
of §" by induction using the Mayer-Vietoris sequence. We start with S', which is a bit
different as the intersection has two components. The Mayer-Vietoris sequence starting
with p = 0 looks like

0+R—-ROR—->ROR—H'(S') = 0.

Showing that H' (Sl) ~ R. For n > 2 the intersection is connected so the connecting ho-
momorphism

HP! (S"_l) — HP (§")
must be an isomorphism for p > 1. Thus

0, 0,n,
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7.2.2. Projective Spaces. For P" we use the decomposition
P = (B PP - ),
where
p
Pto= P(pt) = {02 i 2| (&) €F - {0}),

and consequently

Il
=

o
=)

P'—p = {[z:¢': | (") €F"— {0} and z € F} ~P* 1,
Pr-Pt = {[1: ] (2 2) eFT) 2 T
P -P" NP -p) = {[1:2':: ]| (d,....7") eF*—{0}} ~F"—{0}.

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 Mayer-Vietoris sequence reduces to

0 - H'P)—H' P Y)Y >H ()
- HPN(S) = HP (P") — HP (P ') - HP(S) — -+

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 § = §?"~! and
CP! ~ §2. A simple induction then shows that

0, p=13,..2n—1,

HP(CW):{ R, p=024,..2n.

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" ' (§"') = H" (RP") - 0

where we know that
HH (") =R
This shows that H" (RP") is either 0 or R. Next we observe that the natural map
H* (RP") — H* (8™)
is an injection by lemma([7.1.6] This means that we obtain the simpler exact sequence
0—H"'"(RP" ") 5 H" (") = H"(RP") - 0

From this we conclude that H" (RP") = 0iff H"~! (RP"~') =R. Given that H' (RP') =R
we then obtain the cohomology groups:

H” (RP?) = {

HP (R]P)2n+l) _ { 07 2n sz 17
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7.2.3. Invariant Cohomology. There is a very powerful general principle that allows
us to calculate the cohomology of all of the above spaces and more using only homotopy
invariance.

The general set-up is a manifold M with an action by a group G of diffeomorphisms.
The action of each group element g € G will be denoted by

Ag:M — M
x = Ag(x)=gx
The G-invariant p-forms are defined by
QL (M) ={0ecQ’(M)|A;0=wforallgeG}.
As Ayod = d oA, we obtain a complex
d d d
Qg (M) = Qg (M) = Qg (M) = -

and a corresponding G-invariant cohomology

ker ( Q7 d qri!
e o)~ er (@4 () % 0" (M)

im (gg” M) S 0P (M)) '
The inclusion
QG (M) — QF (M)
induces a natural map
Hg (M) — H" (M)
which need not be an isomorphism or even an injection.

EXAMPLE 7.2.1. On R consider the action that translates by integers Z C R. The
invariant 1-forms are simply the forms f (x)dx where f is a function with period 1. For
such a form to be exact with respect to invariant forms requires that fdx = dh for some
function & with period 1. This however implies that

/Olfdx:h(l)—h(o):o.

So if f =1, then [dx] € H} (R) creates a nontrivial cohomology class that is trivial in
H' (R). In this case we have in fact that

H;(R)~H* (R/Z)=H"(S").

THEOREM 7.2.2. If G is a compact Lie group, in particular a finite group, then
H[. (M) — HP (M) is an injection. Moreover, if in addition G C G*, where G* is a con-
nected Lie group that also acts on M, then H, (M) — HP (M) is an isomorphism.

PROOF. Select a left invariant volume form volg on G. By compactness we can as-
sume for simplicity that [;; volg = 1. On a finite group integration is merely averaging over
the elements in the group.

Integration of vector valued functions on G allows us to create a left inverse to the
inclusion Q7. (M) — QF (M). For o € Q” (M) fix a point x € M and average (A;,‘a)) | over
geG:
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When o € QF, (M) it follows that

@ | :/ (A;a)) [xvolg :/ o|volg = a)|x/ volg = w|,.
G G G

Thus averaging really is a left inverse. To check that the averaged form is invariant we have
to use that the volume form is left invariant:

Ard = / ALAovolg
G
= / Ap @l volg
G
_ * *
= /GAlhgwthOIG
= Ao volg.
| (40)
Finally note that averaging also commutes with the exterior derivative on forms
dd = / dA%volg = / Atdavolg = do.
G G

Thus averaging also induces a left inverse in cohomology. In particular, the induced map
H!. (M) — H? (M) is an injection.

When the elements g € G C G* are part of a larger connected group, a path from g to e
creates a homotopy from A, to A, = id). Thus the cohomology classes satisfy [AZ a)} = [w]
for all g € G. This shows that (@] = [@] and in particular that H: (M) — HP” (M) is an
isomorphism. |

EXAMPLE 7.2.3. On §?" the antipodal map A is orientation reversing. Since A% = id gon
we can average over the group {idg.,A}. For any volume form @ € Q' (5*") we have
Jsn A*® = — [, @. Thus averaging volume forms simply results in a form that integrates
to zero. As we shall see in section 7.5.1 this implies that the cohomology class of an
averaged volume form vanishes.

In order to calculate the cohomology of some basic examples it is convenient to reduce
the task. We will consider manifolds M with a transitive action of a compact connected Lie
group G, i.e., for each x,y € M there exists g € G such that Agx = gx =y. The isotropy at a
fixed point x € M is the closed subgroup H = {g € G | Agx = gx = x}. Since each A, fixes
x, when h € H, the differential DA, |, acts on T,M. Thus H induces a linear action on T, M.
Since the action is transitive any G-invariant form @ is completely determined by its value
at x. The linear form ®|, on 7, M is in addition invariant under the action of H on T,M:

ol (vi,...,vp) = Olx (DAp|x (V1) , ..., DAp|x (vp))

for all vy,...,v, € T,M and h € H. We claim that the converse is also true, i.e., any linear
form w, on T,,M that is invariant under the action of H extends to a G-invariant form on M.
Note that if y = gx = g'x, then g’ = gh, where h = g~ 'g’ € H. We define

0|y (DAgly (V1) .., DAglx (v))) = @y (v1, ..., v,)
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or more succinctly @[y o DAg|x = o or equivalently @]y = @, 0DA,1|,. This is well-
defined as
o[,oDA;, = o,
= wxoDAh|x
= ]y0DAg|y 0 DAy,
= w|yODAgh|x~

It is also easy to see that it is a G-invariant form.

EXAMPLE 7.2.4. We can use the action of SO (n+ 1) on S" to calculate the cohomol-
ogy of spheres. The action is by orthogonal transformations of unit vectors in R”*! that
transform the standard basis e, ..., e, to the other positively oriented orthonormal bases of
R In particular, the action is transitive on S*. We fix x = ¢ as the first basis vector in
the ambient Euclidean space. The elements of SO (n+ 1) that fix x can be identified with
SO (n). So we consider the action of SO (n) on T,S" = x= = span{ey,...,e, }.

This reduces the problem to checking which constant coefficient p-forms

o= Z (L)il...ipdxil A"'/\dxi"’7 @i, eR
i <-"<ip
on R” are invariant under SO (n). Clearly constant functions and the standard volume form
have this property. So we have to consider the case where 0 < p < n. Evaluating on
eiy;--- e, we can select j # iy, ...,i, and an element g € SO (n) such that g (e;; ) = —e;;,
g(ej) = —ej, g(e;) = e;, fori # iy, j. This shows that
(D,'l...,'p =0 (e,-l s ...,e,'p) =0 (—eil s ...,e,'p) = —a)il...,'p.

Thus all linear p-forms that are SO (n) invariant vanish.

We conclude that 920(Vl+1) (") =R, le)o(nﬂ) (§") =0, for 0 < p <n, and Qo 1) (s") =
R with a generator

Y (=1 dx® A Adxi A AdX
i
This generator restricts to the standard volume form dx!' A --- Adx" on T,.S™. The invariant
O-forms are clearly all closed. This shows that the invariant n-forms are not exact when
n=1. For n > 1 the n-forms can’t be exact as there are no nontrivial invariant (n — 1)-
forms. This calculates the cohomology of $” and agrees with the previous calculations:

H™(8") ~ Hgp 1) (8") = Qs0(41) (5") -

EXAMPLE 7.2.5. The previous example can be used to calculate the cohomology of
RP" also using the action of SO (n+ 1). We will think of points x € RP" as antipodal pairs
{£y} € §". In this way T,RP" also becomes equivalence classes in 7'+,S" = {#y}* where
(y,v) € 8" x {y}*" C 8" x R"*! is identified with (—y,—v) € 8" x {—y}*. The action of
g€ SO (n+1) on 8" becomes an action on 7'S":

8- (1) = (Agy, DAgv) = (8y,8v) -
As —g- (y,v) = g (—y,—v) this also tells us how g acts on TRP":

g (£y,£v) = (fgy, £gv).

As for §" it follows that SO (n) fixes the point x = {£eg }, however, the full isotropy con-
sists of S(O (1) x O(n)) which has two components. The other component consists of the
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orthogonal transformations that send ey to —eq and act on span{ey,...,e,} with determi-
nant —1.

We thus immediately obtain: ng(n+1) (RP") =R, ng(nﬂ) (RP") =0, for0 < p <n.
For ngn ) (RP") the answer depends on the parity of n. In case n = 2k+ 1 is odd, the

antipodal map —I € SO (2k + 2) acts trivially on RP?**1, The isotropy of x thus consists of
elements g € SO (2k+1) and —Ig € S(O(1) x O (2k+ 1)) in the other component. As the
actions of g and —/Ig are the same on RPP?**! we only need to consider the linear action of
SO (n) on R" in order to understand the linear action of the isotropy on T,RP**!. As for

the sphere we conclude that ngo+(21k +2) (]RIP’zkH) = R. When n = 2k is even the antipodal

map is not an element of SO (2k+ 1) and thus the action on RP? is effective, i.e., no
element fixes all points. This means that the isotropy S(O (1) x O (2k)) is also effective
and in particular contains an element that is orientation reversing on T,RP*, e.g., the
element that maps eg to —ep, e; to —ej, and fixes all other basis vectors (on RPZ+! thig
map preserves the orientation!). Since the linear volume form on R” is not preserved by
orientation reversing orthogonal transformations we conclude that ngo(% ) (RIPZI‘ ) =0.
All in all we have shown that

HP (RP") ~HE) (RP") = QF

sogn1) REY).

(n+1)

EXAMPLE 7.2.6. On complex projective space P" we can use the transitive action of
U (n+1) that maps complex lines to complex lines in C"*!. We use the standard com-
plex basis co, ...,c, which gives a real basis e, fo, ..., e,, fu, Where ¢; = e; ++/—1f;. The
isotropy atx =span{co} =[1:0:---:0]is U (1) x U (n), where U (1) acts trivially as it is
simply multiplication by complex scalars on span{c¢} and U (n) acts on the tangent space
in the way U (n) acts on C" = span{cy,...cx }.

We can then again simply check which constant coefficient forms on C" are invariant
under U (n). Consider the unitary transformations g; € U (n) such that g; (¢;) = —¢; and
gi(cj) = cj for j #i. Using these transformations it follows that a (p+ ¢)-form, 0 <
P +¢ < 2n, vanishes if it is evaluated on ¢;, ..., €;,, fj, , ..., fj, where one of ¢; (resp. fj)
in the collection does not have its partner f;_ (resp. ¢;,) in the collection. This means that
we can restrict attention to the cases where p = g and i; = ji,...,i, = j,. However, in all
of these cases the value @ (eil seeer @iy Siys ooy f,-p) must be the same as permutations of the
complex basis vectors cy,...,c, are also unitary transformations.

This shows that Q%}Zﬂl) (P") = 0 and Q%]p(n L1y (P") =R with a generator that when
restricted to T,IP" is given by

n P
de’ ANdy' | = <n) Z dx"" Ady" A ANdx'P NdY'P.
i=1 P/ i< "<ip

Since there are no invariant forms of odd degree all of the invariant forms of even degree
are closed but not exact. This calculates the cohomology of complex projective space
and in addition gives us generators [@”] € H?” that can be calculated from any generator
(] € H?:

H* (P") ~ H(*/er) (P = Q*L‘,(Hl) (P").

EXAMPLE 7.2.7. The final example will be the torus 7" = S! x --- x S' ¢ C" which
acts on itself via multiplication of unit complex numbers in each factor. This action is also
transitive but has trivial isotropy. The 1-forms d@’, i = 1,...,n that are the standard volume
forms on the factors are invariant under this action as are all of their wedge products. This
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shows that
QL. (T") :span{deil Ao AdOP |1 <iy <+ <ip <n}.
As these forms are all closed we have calculated the cohomology of 7" to be
H* (T") =~ Hjun (T") = Qpa (TT).

Based on this last example it is tempting to think that the cohomology of a connected
compact Lie group is equally simple. It is true that we can select a basis of left invariant 1-
forms and their wedge products to obtain similar spaces for Q’é (G). However, these forms
are not necessarily closed. For example, if we evaluate the differential of a left invariant
1-form on left invariant fields we obtain

do(X,Y)=Dxo(Y)—Dyo(X)—o([X,Y])=-o([X,Y]).

Thus the differential is dictated by the Lie algebra, which in case of the torus was Abelian.
Nevertheless with a good choice of basis for the Lie algebra it does become possible to
calculate the cohomology.

7.3. Axiomatic Cohomology

In this section we specify the most basic properties of cohomology theories for mani-
folds.
In section 7.1 we introduced the functor

M- H (M)=H'M)oH" (M)&---®H" (M)

that maps an n-manifold to a graded vector space. The morphisms are the smooth maps
between manifolds and the functor is contravariant as F : M — N induces a pull-back
F*:H*(N) — H* (M). Pull-back maps are natural in the sense that (GoF)" = F* o G*.
We established the basic, but not elementary, properties:

o (Point Axiom)
H*({p}) =H"({p}) =R.

o (Mayer-Vietoris) If A,B C M are open subsets, then we obtain a connecting ho-
momorphism & : H* (ANB) — H**! (AUB) that yields a long exact sequence

= H"(AUB) = H*(A)®H"* (B) = H* (ANB) — H" ™ (AUB) — ---.
e (Homotopy Invariance) The projection 7 : R x M — M induces an isomorphism
H*(M) = H*(RxM).
The inclusions j; : M — R x M given by j; (x) = (¢,x) all induce inverses to 7 in

cohomology.

The last statement clearly follows from homotopy invariance of de Rham cohomology
(proposition [7.1.3).

The above properties hold for all cohomology theories on topological spaces and es-
sentially characterize them. On manifolds, or even just for all (orientable) n-manifolds, we
can simplify these axioms to better align with theorem [1.3.8] This will also guide us in
how to establish several isomorphism results.

First we narrow down the category. The objects can be all manifolds, all n-manifolds,
or all oriented n-manifolds. The morphisms are the inclusion maps A C M of open sets in
manifolds. A cohomology functor on manifolds and inclusions

M s (M) = #° (M) (M) D - © A" (M)
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is now only natural under inclusions:
Jacs 0 isem = (Jpem© jacs)” = (jacm)"
We impose the additional requirement that the cohomologies of diffeomorphic manifolds
are isomorphic. The modified axioms for (oriented) n-manifolds now become:
(1) (Poincaré Lemma)

A (R") = #° (R") =R.
(2) (Mayer-Vietoris) If A,B C M are open subsets, then we obtain a connecting ho-
momorphism & : #* (ANB) — **! (AUB) that yields a long exact sequence

o > A (AUB) = 7 (A) & A (B) —» A (ANB) — AT (AUB) — -+

(3) (Countable Disjointness) If A, C M form a countable collection of pairwise dis-
joint open subsets, then

H (UAO,> = Xq /" (Ag)-

We’ve already established all but the last property for de Rham cohomology. For last last
property just note that any form on the union naturally restricts to forms on each of the
open sets. Moreover, the form is exact iff it is exact on each set Ay.

The last axiom is really a countable version of Mayer-Vietoris for disjoint sets and is
necessary for when we wish to prove results for general noncompact manifolds. Note that
there is no homotopy invariance axiom, but the three axioms together actually imply homo-
topy invariance. In fact theorem [I.3.8]immediately implies that these properties uniquely
determines cohomology on n-manifolds. This is also known as the de Rham isomorphism
theorem.

THEOREM 7.3.1. Consider a cohomology theory F€*on (oriented) n-manifolds that
satisfies (1),(2),(3) and a natural map 7¢* (M) — H* (M) that respects inclusions:

H* (M) — H*(M)
1 \!
H*(A) — H*(A)
The map * (M) — H* (M) is an isomorphism for all (oriented) n-manifolds provided it
is an isomorphism when M = R".

PROOF. Given that P(R") is true we still need to establish the other two conditions
in theorem Assume that A, B C M are open and that P(A), P(B), and P(ANB) are
true. Using the Mayer-Vietoris property we obtain

VAo (B) — H#'ANB) — H*(AUB) — H*(A)oH*(B) — H*(ANB)
1 \ 3 3 3
H'(A)eoH'(B) — H"'(ANB) — H*(AUB) — H'(A)®H*(B) — H*(ANB)
Each square in this diagram is commutative and all vertical arrows, except for the middle
one, are assumed to be isomorphisms. It follows by a simple diagram chase that the middle
arrow is also an isomorphism. More precisely, the five lemma asserts that if we have a
commutative diagram:

Al — Ay — A3 — Ay — Ajs

1 i 1 i i

B - B - By — By — Bs
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where the two horizontal rows are exact and A; — B; are isomorphisms for i = 1,2,4,5,
then A3 — B3 is an isomorphism.
Finally assume that A, C M are pairwise disjoint open sets and P (Ay) are true. It

follows that
2 (JAa) = x " (Aq) = xH" (Aq) = H* (A«
and P (JAg) is true. O

REMARK 7.3.2. Note that condition that .7* (R") — H* (R") is an isomorphism is
almost trivial as the two vector spaces are isomorphic to R. Thus the natural map merely
has to be nontrivial for it to become an isomorphism.

The squares in the five-lemma were all assumed to be commutative. This depends on
how the horizontal maps in the Mayer-Vietoris sequence are defined. It can happen that a
sign makes the squares anti-commute, but this does not affect the validity of the statement.

EXAMPLE 7.3.3. We can check homotopy invariance by defining 7* (M) = H* (R x M)
and 7% : H* (M) — 5* (M), where @ : R x M — M is the projection. All the conditions
are easy to verify.

If instead we take products with a noncontractible space such as S', then we can again
check that most of the conditions still hold, only (1) fails. In this way we can construct
cohomology theories where only the point axiom fails.

7.4. Generalized Cohomology Theories

We introduce several cohomology theories that can assist in calculating the cohomol-
ogy of spaces. Only compactly supported cohomology is needed for subsequent sections.

7.4.1. Compactly Supported Cohomology. Compactly supported cohomology is not
a cohomology theory in the sense of theorem In the next section we will see how it
can be dualized to better fit in with cohomology. Here we establish the basic properties.

DEFINITION 7.4.1. Compactly supported cohomology is defined as follows: Let QF (M)
denote the compactly supported p-forms. With this we have the compactly supported exact
and closed forms BY (M) C Z¥ (M) (note that d : QF (M) — QZ" (M)) and define

Z¢ (M)
Bl (M)’

HY (M) =

Needless to say, for closed manifolds the two cohomology theories are identical. For
connected 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 H? (M) = {0} if M has no compact
connected components.

Note that only proper maps F : M — N have the property that they map F* : QF (N) —
QF (M) . In particular, if A C M is open, we do not have a restriction map. Instead, we
observe that there is a natural inclusion QF (A) — QF (M), which induces

HP (A) — HP (M).

Thus compactly supported cohomology looks more like a homology theory.
We start by establishing a version of the Poincaré lemma for this new cohomology
theory.
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LEMMA 7.4.2. The compactly supported cohomology of Euclidean space is

R when p =n,

H? (R") =
¢ (&) {0 when p # n.

PROOF. We focus on the case where p = n, the other cases will be handled in a similar
way.
First observe that for any oriented n-manifold, M, the map

QM) - R,

(D+—)/(D
M

vanishes on closed forms by Stokes’ theorem. Thus it induces a map

H!'M) — R,
(0] — /Ma).

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.

Case 1: M = S". We know that H" (§") =R, so [ : H" (§") — R must be an isomor-
phism.

Case 2: M =R". We can think of M = §" — {x}. Any compactly supported form ®
on M is thus also a form on S". Given that [, @ = 0, we further note that [, @ = 0. In
particular, ® must be exact on S". Let y € Q"' (§") be chosen such that dy = ®. Use
again that @ is compactly supported to find an open disc U around x such that @ vanishes
onU and UUM = §". Then vy is clearly closed on U and must by the Poincaré lemma be
exact. Thus, we can find 8 € Q"2 (U) with d6 = y on U. This form doesn’t necessarily
extend to S", but we can select a bump function A : §” — [0, 1] that vanishes on " — U
and is 1 on some smaller neighborhood V C U around x. Now observe that y —d (10) is
actually defined on all of §”. It vanishes on V and clearly

d(y—d(A0))=dy =o.

The case for p-forms proceeds in a similar way using that H? (§") =0 for 1 < p < n.
When p = 1, we obtain @ = dy, where y € Q° (§"). Thus y is constant in a neighborhood
of x and we can use ¥ — Y (x) as a function with compact support in S" — {x} whose
differential is ®.

Finally H? (M) = 0 for all connected non-compact manifolds. (]

This result together with the fact that compactly supported cohomology respects in-
clusions of compact sets indicates that for an n-manifold we should consider

AP (M) =Hom (H! " (M) ,R).

This in fact defines a cohomology functor. Clearly, 7#* is the same for diffeomorphic
manifolds and is contravariant under inclusions:

AP (M) =Hom (H!"? (M),R) — Hom (H! "7 (A),R) = " (A).
The above lemma tells us that the Poincaré lemma holds:

A% (R") = #° (R") = Hom (H" (R"),R) = R.
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Since Q} (UgAa) = afdi (Ag) for a pairwise disjoint union of open sets Aq C M,

we also obtain
() - ()

~ Hom (@Hﬁ*«Aa»,R)

o

= XHom (H! *((Aq)).R)
= X%*(Aa)-

Finally we need a Mayer-Vietoris sequence for open sets A,B C M with M = AUB.
This starts with the observation that we have exact sequences:

0 — Q' AnB) — QT'A)eyt'(B) — Q'M) — 0
1d 1+d 1+d
0 - QANB) — Q:(A)e Q! (B) - QM — 0

where the horizontal arrows are defined by:

Q:(ANB) — Q:(A)©Q:(B),

(@] = ([0],[0]),

and

Q. (A)oQ (B) — Q (M),

([wa],[0p]) [0 — wg].
This certainly leads to a long exact Mayer-Vietoris sequence:
- > H'(ANB) = H (A)®H! (B) — H' (M) — H:"' (ANB) — ---.

However, we can also dualize to obtain a short exact sequence that algebraically looks
similar (even with the sign choices) to the sequence used for Mayer-Vietoris:

0— Hom (7 (M),R) — Hom (Q2 7 (A),R) &Hom (7 (B),R) — Hom (Q! 7 (ANB),R) — 0
and differentials that map
d :Hom (Q! 7 (M),R) — Hom (Q! "' (M),R) = Hom (fo(pﬂ) (M) ,R) )
This gives us a connecting homomorphism & : #* (ANB) — 2#**! (M) and a long exact
sequence
e HO(M) = K (A)® A (B) — AT (ANB) — AT (M) — -
Finally we can also prove lemma([7.1.6]for compactly supported cohomology.
LEMMA 7.4.3. If F : M — N is a finite covering map, then
F*:HP(N)— H? (M)

is an injection.

PROOF. The proof uses the same transgression map after we note that it maps 7 :
QF (M) — QF (N) since F takes compact sets to compact sets. O
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7.4.2. Relative Cohomology. Compactly supported cohomology can be used very
effectively to define relative cohomology and also simplifies the calculation of some of the
cohomology groups we have seen.

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

PROPOSITION 7.4.4. If S C M is a closed submanifold of a closed manifold, then
(1) The restriction map i* : QP (M) — QP (S) is surjective.
(2) If 0 € QP~1(S) is closed, then there exists W € QP~1 (M) such that 6 = i*y and
dye Q' (M-YS).
(3) If € QP (M) with dw € QP (M —S) and i* € QP (S) is exact, then there
exists 0 € QP~1 (M) such that @ —d0 € QF (M —S).

PROOF. Select a neighborhood S C U C M that deformation retracts & : U — S. Then
i*:HP (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 @ € Q7 (S) let @ = An* (@) .

2. This also shows that d (An*6) = dA A*0 + Adn*6 has compact supportin M — S.

3. Conversely assume that @ € Q (M) has dw € QF "' (M — S). By possibly shrinking
U we can assume that it is disjoint from the support of d®. Thus, d®|y =0 sincei: S — U
is an isomorphism in cohomology and we assume that i*  is exact, it follows that @|y =
dy for some y € QP! (U). Define 8 = Ay and then note that

0—dd = w—-Ady—diny
= 0—Awly—dAn6
e QXM-S).

O

THEOREM 7.4.5. Assume S C M is a closed submanifold of a closed manifold, then
— HP (M —S) — HP (M) — HP (S) — H' ™' (M — 5) —
is a long exact sequence of cohomology groups.
PROOF. Part (1) of the above proposition shows that we have a short exact sequence
0 — QF(M,S)—QF(M)— QP (S)—0,
QP (M,S) = ker(i":QF (M)— QF(S)).
We claim that (2) and (3) show that the natural inclusion
QLM—-S)— Q" (M,S)

induces an isomorphism H? (M — S) — HP (M, S).

To show that it is injective consider @ € QF (M — ), such that @ = d6, where 8 €
QP! (M., S). We can apply (3) to 0 to find y € Q72 (M) such that 6 —dy € Q¥ ' (M — ).
This shows that @ = d (6 —dy) for a form 6 —dy € or! (M-3S).

To show that it is surjective consider @ € Q7 (M, S) with do = 0. By (3) we can find
6 € Q7! (M) such that ® —d8 € QF (M — S), but we don’t know that € Q7! (M, S). To
fix that problem use (2) to find y € Q~! (M) such that i*0 = i*y and dy € QF (M —S).
Then @ —d (6 —y) = (®—d8) —dy € QF (M —S) and 8 — y € Q"1 (M,S). O
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Good examples are §"~! C 5" with §" — §"~! being two copies of R” and P"~! C P"
where P" — P"~! ~ . This gives us a slightly different inductive method for computing
the cohomology of these 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? (M) — HP*! (intM) —

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

HPYY (BT = HP (5771,
For general connected compact manifolds with boundary we also obtain some interesting

information.

THEOREM 7.4.6. If M is a connected compact n-manifold with boundary, then
H" (M) =0.
PROOF. If M is oriented, then we know that dM is also oriented and that
H"(M,0M) = H!(intM)~R
H"(oM) = {0},
H"™ ' (oM) ~ R

where k is the number of components of dM. The connecting homomorphism H"~! (dM) —
H! (intM) can be analyzed from the diagram

0 - Q"MIM) — QM) — Q"IM) — 0
Td Td Td
0 — Q" '(MoM) — Q'M) — QM) — 0
Evidently any @ € Q"' (dM) is the restriction of some @ € Q"' (M). Moreover, if
dw = 0, then we can further assume that d@ € Q (intM). Stokes’ theorem then tells us

that
/ d®d :/ o= .
M oM oM

This shows that the map H"~! (M) — H" (intM) is nontrivial and hence surjective, which
in turn implies that H" (M) = {0} .
If M is not orientable then we can use lemma([7.1.6|on the orientation covering. [

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

— H? (M —S) — H? (M) — HP (S) — H'™' (M - §) —
It is even possible to also have S be non-compact if we assume that the embedding is proper
and then also use compactly supported cohomology on S

— HP (M —S) — HP (M) — HP (S) — H T (M- S) —
We can generalize even 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
. weQf (M
ar(s) - {0 () |
W) ~ @y iff @] = w, on angbd of §
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i.e., the elements of (S) are germs of forms on M at S. We now obtain a short exact
sequence

0— QF (M —S) = QF (M) — QF (S) = 0.
This in turn gives us a long exact sequence
— HP (M —S) — HP (M) — HP (S) — H' ™ (M- S) —

Finally we can define a more general relative cohomology group. We take a differen-
tiable map F : § — M between manifolds. It could, e.g., be an embedding of S C M, but §
need not be closed. Define

Q7 (F)=QF (M)o QP (5)
and the differential
d:QP(F) — QPFYI(F)
dlo,y) = (do,Fro-dy)

Note that d> = 0 so we get a complex and cohomology groups H” (F). These “forms” fit
into a sort exact sequence

0— Q1 (S) = QF (F) = QF (M) =0,

where the maps are just the natural inclusion and projection. When we include the differ-
ential we arrive at a large diagram where the left square is anti-commutative and the right
one commutative
0 — Q) — Qrf'Mmeqrs) — Qf'M) — 0
1d 1 (d,F*—d) td
0 — QI(S) — QM (s - QM) — 0

This still leads us to a long exact sequence
— HP"Y(S) — HP (F) — H? (M) — HP (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.

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= Q7 (M)BQP1(S) = QF (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 7.4.7. Ifi: S C M is a closed submanifold of a closed manifold, then
the natural map
QLM—-S) — QF(M)pQP(S)
o — (0,0
defines an isomorphism
HP (M —S8)~H"(i).

c
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PROOF. Simply observe that we have two long exact sequences
— HP (i) — H? (M) — HP (S) — H"*! (i) —
— HP (M —S) — HP (M) — H” (S) — H' ™ (M~ S) —
where two out of three terms are equal. (I

Now that we have a fairly general relative cohomology theory we can establish the
well-known excision property.

THEOREM 7.4.8. If M = U UV, where U and V are open, then the restriction map
H? (M, U) — HP (V,UNV)
is an isomorphism.

PROOF. First select a partition of unity Ay, Ay relative to U, V.
We start with injectivity. Take a class [(®, y)] € H? (M,U), i.e.,

do = 0,
(L)‘U = dy.

If the restriction to (V,U NV) is exact, then we can find (@, §) € Q7 (V)o QP2 (UNV)
such that

(1)|V = dCT)7
®|yny —dy.

Vlunv
Using that ¥ = Ay ¥ + Ay ¥ we obtain
(V+d (W) vy = (@—d(AuW))lunv,
y+d(vp) € Q7).
o—dAyw) € QN(V).
Thus we have a form @ € QP~! (M) defined by w+d (Ay W) on U and @ —d (Ay W) on V.

Clearly d® = w and y = ®|y — d (Ay ¥) so we have shown that (@, y) is exact.
For surjectivity select (@, ) € Q7 (V) QP! (UNV) that is closed:

do = 0,
= dy.

m

®|ynv

Using

olury —d (Ay ) d(Avy),
O—d(Ay) € QF(V),
Q) € QW)
we can define @ as @ —d (Ay W) on V and d (Ay W) on U. Clearly o is closed and 0|y =
d(Avy). Thus we define y = Ay ¥ in order to get a closed form (w,y) € Q7 (M) ¢
QP~1(U). Restricting this form to Q7 (V) ® QP~1(UNV) yields (@ —d (Ay W), Ay )
which is not (@, ) . However, the difference is exact:
(@,9)— (@—d(w¥) WP) = ([dOP), 20 P)
= d (A'U v, O) :

Thus [(w, y)] € H? (M,U) is mapped to [(®, )] € H? (V,UNV). O
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7.5. Poincaré Duality and its Consequences

We explain several interesting results that follow from Poincaré Duality and begin
to connect the numerical invariants defined geometrically using transversality to algebraic
concepts in cohomology. We start by explaining Poincaré duality, then give some examples
of its consequences and finish by showing how it can be used to calculate the degree of a
map using integration.

7.5.1. 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

H? (M) xH?(M) — HPT(M),
([w],[yv]) — [ory].
This is well-defined as

(@+dO)N(y+do)=oANy+d(ON(y+do))Ld(@N9).

Thus the wedge product induces a ring structure on H* (M) that in a suitable sense will

be shown to be dual to the intersection theory developed using transversality.To that end

we are particularly interested in understanding what happens in case p 4+ ¢ = n as that will

create a natural map from the cohomology functor 7#* (M) to de Rham cohomology.
Note that this ring structure also gives us a well-defined map:

H? (M) x H (M) — HPT(M).
When M is oriented and p 4+ g = n we can in addition integrate to obtain a pairing:

HP (M) x HI (M) — H' (M) L R.

THEOREM 7.5.1 (Poincaré Duality). Let M be an oriented n-manifold. The pairing
HP (M) x H!"? (M) — R,
(], [v]) = [yory

is well-defined and non-degenerate. In particular, the two cohomology groups HP (M) and
H; "7 (M) are dual to each other and consequently have the same dimension when they are
finite dimensional.

PROOF. The bilinear form defines a linear map on all oriented n-manifolds:
H? (M) — Hom (H] 7 (M),R) = A" (M).

We claim that this map is an isomorphism for all orientable, but not necessarily connected,
manifolds. This will follow from theorem [7.3.1] provided we can show that it is an isomor-
phism when M = R". This case follows from the proof of lemma|7.4.2 |

There is also a map
H! 7P (M) — Hom(H? (M),R)

which is an isomorphism when H, ” (M) is finite dimensional, but not necessarily other-
wise. In fact the countable disjointness property generally fails in this case.
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7.5.2. Consequences of Poincaré Duality.
COROLLARY 7.5.2. If M" is contractible, then

R when p=n,

HE (M) = {0 when p # n.

THEOREM 7.5.3. On a closed oriented n-manifold M the cohomology groups HP (M)
and H"P (M) are isomorphic.

PROOF. This requires that we know that H? (M) is finite dimensional for all p.

First note that if O C R¥ is a finite union of open boxes, then the de Rham cohomology
groups are finite dimensional. The proof of this uses Mayer-Vietoris and induction on the
number of boxes. Specifically if M = AUB, where H* (A), H" (B), and H* (ANB) are
finite dimensional, then also H* (M) is finite dimensional. To see this consider the part of
the long exact sequence:

H* ' (ANB) — H* (M) — H* (A) ® H* (B).

Here the image of H*~! (ANB) — H* (M) is finite dimensional and as the sequence is
exact any complement to the image is mapped injectively into H* (A) ® H* (B) and is thus
also finite dimensional. Next if By, ..., By C R¥ are boxes, then the intersection

BiN(ByU---UBy_1) = (ByNB;)U---U(ByNBy_1)

consists of at most k — 1 boxes. This allows us to complete the induction step.

This will give the result for M C R¥ as we can find a tubular neighborhood M C U C R*
and a retract r : U — M, i.e., r|y = idy. Now cover M by open boxes that lie in U and use
compactness of M to find M C O C U with O being a union of finitely many open boxes.
Since r|y = idy the retract r* : HP (M) — HP (O) is an injection so it follows that H? (M)
is finite dimensional. U

Note that RP? does not satisfy this duality between H° and H2. In fact we always have
THEOREM 7.5.4. If M is a connected n-manifold that is not orientable, then
H! (M) =0.

PROOF. 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. This implies that pull-back by A changes integrals by a sign:

/An:—/ﬂA*n, neQl(M).
M M

To prove the theorem select @ € Qf (M) and consider the pull-back F*@ € Qf (M)
Since F' = F o A this form is invariant under pull-back by A

/A Fro= /AA*oF*a).
JM JM

On the other hand, as A reverses orientation we must also have

/AF*a):—/AA*oF*a).
M M
/AF*a):O.
M

Thus
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This shows that the pull-back is exact
Fro=dy, ye Q' (M).

On the other hand, from lemma we know that F* : H* (M) — H! (M ) is an injection.
This shows the claim. g

COROLLARY 7.5.5. If M is an open connected n-manifold, then
H" (M) =0.

PROOF. By lemmal|7.4.3|it suffices to prove this for orientable manifolds. In this case
it follows from Poincaré duality that

H" (M) ~Hom (HL(,) (M),R) ~0.
O

There are many more interesting results for compactly supported cohomology. In case
of oriented manifolds Poincaré duality is a natural way of proving them, but without that
result one can often proven them using theorem [1.3.8] A good example is the compactly
supported version of homotopy invariance

HY (M) ~H* (R x M).

7.5.3. Degrees of Maps. 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 connected oriented n-manifolds M and N and also
a proper map F : M — N. Then we get a diagram

HE(N) 5 HE (M)
L L
R 4 R
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*a):degF~/ o.
M N

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

PROPOSITION 7.5.6. If F : M — N is a diffeomorphism between oriented n-manifolds,
then degF = +1, depending on whether F preserves or reverses orientation.

PROOF. Note that our definition of integration of forms is independent of coordinate
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 7.5.7. If F : M — N is a proper map between oriented n-manifolds, then
deg F is an integer and agrees with the oriented degree.
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PROOF. The proof will also give a recipe for computing the degree. By Sard’s theo-
rem there is a regular value y € N. Lemma[[.4.29] there exists a neighborhood V around y
such that F~1(V) = U}_, U, where Uy are mutually disjoint and F : Uy — V is a diffeo-
morphism. Now select @ € Qf (V) with [ @ = 1 and note that:

k
Fro =Y Foly,
i—=1

=

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

/ F*a)|U[ =+1.
Ju;
Hence,
degF = degF-/a)
N
= degF-/ w
U

= /F*w
M
k

_ Z/ Foly,
i=1/Ui

is an integer. Here fUi F*o|y, = £1 depending simply on whether F preserves or reverses
the orientations at x;. Thus, the cohomologically defined degree also counts the number of
preimages for regular values with sign just as the oriented degree from section[5.4.2] [

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 Rie-
mannian manifolds F : (M, g) — (N,h) can be computed as

Sy F* (dvoly)

F =
deg vol (N)

In case F is locally a Riemannian isometry, we must have that:

F* (dvoly,) = £dvol,.

Hence,

volM

degF =+ .
°8 volN

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} there is an interesting closed (n — 1)-form

—n

o=r (=) xXdx' A Adxi A Adx,

s

i=1
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N2 o . -
where 2 = Y7, (x)". If we restrict this to a sphere of radius & around the origin, then

n o~
® = e*”/ D) d A A A A dY
/Sn—l(s) Sn—l(e) 1:21( )

s*”/_ d(Z(—l)”lx"dxlA---A@A---Adﬂ)
B(0,¢)

i=1

= 87”/_ ndx" A+ Ndx"
B(0,e)

= ne "volB(0,¢)
= nvolB(0,1)
= vol,_;5"! (1).
More generally if F : M"~! — R" — {0} is a smooth map, then it is clearly homotopic to

the map Fy : M"~' — "1 (1) defined by F; = F/|F| so we obtain an integral formula for
the winding number

W (F,0) = degh

1
= — | Ffoo
vol,,_15"—1 (1) /M :

1
= —— [ Fro.
vol,_ 1571 (1) /M
7.6. The Kiinneth-Leray-Hirsch Theorem

In this section we shall compute the cohomology of a fibration under certain simplify-
ing assumptions. We start with the trivial fiber bundles £ = F x B. The standard projection
for any fiber bundle is denoted 7 : E — B and when the bundle is trivial we also have a
projection T : E — F on to the fiber.

THEOREM 7.6.1 (Kiinneth). If H* (F) is finite dimensional, then there is an isomor-
phism:
@ H?(F)®H(B) - H' (E)
pta=r
where the map HP (F) @ HY (B) — HPT9(E) is defined by w @ @ — T* () A" (®).

PROOF. We fix F and use theorem with the statement P (B) being that the theo-
rem is true.
When B = R", we have H* (B) = H’ (B) = R. Thus

& H”(F)®HI(B)=H'(F)
prq=r

and the statement follows from homotopy invariance of cohomology.

For condition (2) in theorem|[T.3.8]assume that the result holds for open sets A1, A2,A1 N
A> C B, then we can use the same strategy as in the proof of theorem [7.3.1]to verify the
statement for A; UA».

Finally for condition (3), assume the statement holds for pairwise disjoint open sets:
Ag C B. We have to show it also holds for the union. This depends crucially on H? (F)
being finite dimensional as tensor products do not, in general, respect infinite products (see
example below). Specifically, we use that

Hom (Hom (H? (F),R),V) ~Hom (Hom (H? (F),R),R)®V ~ H? (F)®V.
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In particular, if V = X 4Vy, then

H? (F)®(X¢Vy) = Hom(Hom(H? (F),R),*xaVy)
= XxgHom (Hom (H? (F),R),Vy)
= o (HP (F)®Vy).

This leads us to the desired isomorphism:
@ wFen (Uta) = @ H(F)@(xaH (Aa)
pta=r pta=r
= @ x«(H'(F)©H (Ag))
pta=r
= xo @ (H"(F)©H! (Aq))
pt+q=r
= xoH' (7' (Aq))

= H* (nl (LQJAOC>> :

EXAMPLE 7.6.2. In case both factors have infinite dimensional cohomology the result
does not necessarily hold. Consider two 0-dimensional manifolds A, B, i.e., they are finite
or countable sets. Here H” (A x B) is isomorphic the the space of functions A x B — R,
while H (A) ® H° (B) consists of finite sums of elements of the form f4 ® fz, where fc :
C — R. Thus the map H° (A) ® H° (B) — H° (A x B) is only an isomorphism when A or B
is finite. To address the construction in the above proof note that

H® (A) @ H® (B) = H’ (A) @ xpepH’ (D)

O

while
leeBHO (A) ®HO (b) = ><beBHO (A) @R = XbeBHO (A) = X aea,beBR = H° (AxB).

Kiinneth’s theorem also has a direct counter part for compactly supported cohomol-

ogy:
P H? (F)@HE (B) = H, (F x B)
pta=r
as long as H (F) is finite dimensional. The proof is similar with the caveat that homotopy
invariance is replaced by
H(F xR") ~H!(F).

We now assume that 7 : E — B is a submersion-fibration where the fibers are diffeo-
morphic to a manifold F. The key condition that is needed is that the restriction to any
fiber 77! (p) = F is a surjection in cohomology

H*(E) = N*(z~'(p)) =0, forall p € B.

In the case of a product this obviously holds since the projection & : F x B — F is aright
inverse to the inclusions F — F x {s} C F x B. The restriction assumption does not hold
in general, e.g., the fibration $> — $? is a good counter example.

It seems a daunting task to check the condition for all fibers in a general situation.
Assuming we know it is true for a specific fiber F = 7~! (p) we can select a neighborhood
A around p such that 77! (A) = F x A. As long as A is contractible we see that 7! (A) and
F are homotopy equivalent and so the restriction to any of the fibers over A will also give a
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surjection in cohomology. When B is connected a covering of such contractible sets shows
that H* (E) — N* (™" (x)) is a surjection for all x € B. In fact, this construction gives us
a bit more. We assume that for a specific fiber F there is a subspace ¥* € H* (E) that is
isomorphic to H* (F). The construction then shows that %* is isomorphic to H* (77! (x))
for all x € B as long as B is connected.

THEOREM 7.6.3 (Leray-Hirsch). Assume we have ¥* C H* (E) that is isomorphic to
H* (77:’l (x)) via restriction for all x € B. If H* (F) is finite dimensional, then there is an
isomorphism:
@ 7"®H!(B)—H'(E),
pta=r
where the map VP @ H1 (B) — HP™4(E) is defined by y @ @ — Yy AT* (o).

REMARK 7.6.4. Observe that for any map E — B the space H* (E) is naturally a
H* (B) module:
H*(B)xH*(E) — H"(E)
via pull-back H* (B) — H* (E)) and wedge product in H* (E). The statement of the theorem
can then be rephrased as offering a condition for when H* (E) is a free H* (B)-module.

PROOF. Note that for each open A C B there is a natural restriction
V*CH*(E) = ¥V*|a CH (71 (4)).

This shows that the assumption of the theorem holds for all of the bundles 7! (4) — A,
where A C B is open.

With these constructions in mind we can employ the strategy from corollary [I.3.10}
To that end, restrict attention to open subsets A C M with the statement P (A) being that for
all r the map

P 77Ia@H(A)—H (7' (A))
pt+q=r
is an isomorphism.

To check condition (1) note that the statement holds for any A C B that is diffeomor-
phic to R4™5 and where the bundle is trivial 77! (A) = F x A. In particular, the statement
also holds for any box in A.

Condition (2) in corollary is established as in theorem and the proof of
theorem [Z3.1]

Finally for condition (3) we simply replace H” (F)) with ¥? and proceed as in the

proof of theorem O

In the general case of a fiber bundle the obvious generalization to a compactly sup-
ported result runs into some logistical problems. The best version uses forms on E that are
compactly supported on fibers Q7 (E), thus Q} (E) C Q},(E) C Q*(E). This leads to a
cohomology theory H, (E) that has the natural property that for A C B there is a restriction
map H, (E) — H}, (' (A)). The proof from above can then be used again to show.

THEOREM 7.6.5. Assume we have ¥z C H}, (E) that is isomorphic to H} (17" (x))
via restriction for all x € B. If H} (F) is finite dimensional, then there is an isomorphism:

D 7&oH!(B) — H,, (E)
pt+q=r

where the map ¥ © H1(B) — HY, 1 (E) is defined by w ® @ — y A 1" (o).
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The important special case is when B is compact where the formulation becomes more
natural.

COROLLARY 7.6.6. Assume that B is compact and ¥ C H} (E) is isomorphic to
H} (m='(x)) via restriction for all x € B. If H} (F) is finite dimensional, then there is an
isomorphism:
P 7»@H(B) — H(E)
pra=r
where the map ¥ @ H? (B) — HY ™ (E) is defined by w @ @ — w A " (o).

This corollary follows directly from Poincare duality when both E and B are ori-
ented. The corresponding ¥* is defined via the Poincare duality isomorphism H* —

Hom (H"*,R), i.e., #” ~ Hom (”f/c"_p,]R> , where n = dimE.

7.7. Exercises

(1) Using theorem and corollary show that pull backs F* : H* (N) —
H* (M) are well-defined for continuous maps F : M — N.

(2) Calculate the cohomology of the torus using Mayer-Vietoris and induction on
dimension.

(3) Calculate the cohomology of SP x S using Mayer- Vietoris.

4) Let w € Q' (M).

(a) Define [, @ for a piecewise smooth curve c : [a,b] — M.

(b) Ifdo =0, then [, @ = [, @, where co,; : [a,b] — M agree at the end points
and are homotopic via a homotopy that fixes the end points.

(c) Show that w is exact provided [. @ only depends on ¢ (a) and ¢ (b).

(d) Show that a simply connected manifold has H' (M) = 0.

(5) Let G/H be a homogeneous space where G is compact and simply connected
and H is connected. Show that G/H is simply connected, e.g., SU (n) /SO (n) is
simply connected. Hint: Lift a loop based at the equivalence class H to a path in
G that begins and ends in H.

(6) Let G/H be an n-dimensional homogeneous space where G is compact and con-
nected. Show that:

dimH” (G/H) < <;) .
(7) Let G/H be an n-dimensional homogeneous space where G is compact and con-
nected. Show that if the linear action of H on TyG/H contains an orientation
reversing element, then Q, (G/H) = 0 and G/H is not orientable.
(8) Let M be a closed n-manifold. Calculate H* (M — {p}) in terms of H* (M).
(9) Show that if F : M — N is homotopic to a constant map then F* (®) is exact for
any closed form @ on N.
(10) Show that if F : M — N admits a section s : N — M, i.e., F os = idy, then
F*:H*(N) — H* (M) is an injection.
(11) Let G be a finite group that acts on M with trivial isotropy, i.e., if gx = x for any
X €M and g € G, then g = e. Show that M — M /G defines a covering map and
that H* (M /G) = H;, (M).
(12) Show that there is a natural isomorphism

H' (M) ~H" N (RxM).
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(13) Show that the cohomology of S” x $9 is generated by a form @; € QP (S x §9),
aform m, € Q4 (SP x §9), and @; A @,. Hint: Use Kiinneth’s theorem or that the
action by SO (p+ 1) x SO (¢ + 1) is transitive.

(14) Let M =T" = S' x --- x S! and let 6 be a generator for H' (Sl). Define 6, =
77 (6), where m; : T" — S! is the projection onto the i factor. Use Kiinneth’s
theorem to show that H” (T") has a basis of the form 6;; A---A6; , i} < --- <ip.
Conclude that dimH? (T") = ().

(15) Show that if @ € Q? (CP") generates H? (CP"), then ®* generates H* (CP").

(16) Show that any map SPT4 — §” x S4 has degree 0.

(17) Let p,q € N. Show that any map S?” x §?¢ — CPP*4 has degree 0 unless p =
q=1.

(18) Show that any map CP"™ — CP", m > n, induces a trivial map H* (CP") —
H* (CP™) for k > 0.

(19) Let M, N be closed oriented n-manifolds with N connected. Show thatif F : M —
N has nonzero degree, then F* : N* (N) — H* (M) is injective.

(20) A symplectic form o € Q? (M2”) is a closed form that is nondegenerate, i.e., for
every v the linear function w — @ (w,v) is not trivial.

(a) Show w € Q? (M) is nondegenerate if and only if dimM is even and @" is a
volume form where 2n = dim M. Hint: This is linear algebra. Find a normal
form on a vector space for any skew-symmetric bilinear form.

(b) Show that when M is closed, then a symplectic form generates a nontrivial
element in cohomology.

(21) Let M**2 be closed and oriented. Show that dim H*+! (M) is even.

(22) Let S C R” be a closed or properly embedded oriented submanifold of codimen-
sion 1.

(a) Use the long exact sequence for the pair (R”,S) to show that the number of
components of R” — § can be calculated with the formula:

dimH® (R" —S) = 1 +dimH""" (S).

P’

(b) Generalize (a) to the case where R” is replaced by a connected oriented
manifold M" with H' (M) = 0.
(c) Give examples where (b) fails if one or both manifolds are not orientable.
(23) For a smooth function f : M" — R define

dp:QF (M) — QM)
df(w) = do+dfho
and
mp: QP (M) — QP (M)
me(w) = o
(a) Show thatdy =m_sodomyanddyody = 0.
(b) Show that the cohomology groups defined by d are isomorphic to de Rham

cohomology.
(24) For a 1-form 0 € Q! (M) define

do:QF (M) — QP (M)
dg (@) = do+6N®
(a) Show that if d@ = 0, then dg odg = 0.
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(b) Show that if 0 is closed but not exact, then the cohomology defined by dy
is not necessarily isomorphic to de Rham cohomology. Hint: Show that the
dg-cohomology of S is trivial.



CHAPTER 8

Intersection Theory Revisited

The goal of the chapter is to develop and cohomological approach to intersection num-
bers. This will allow us to calculate the Lefschetz numbers of maps on spheres, tori, and
projective spaces.

8.1. Intersection Theory and the Poincaré Dual

Let S C N" be a closed oriented submanifold of an oriented manifold with finite di-
mensional de Rham cohomology. The codimension is denoted by m = n — k. By integrating
k-forms on N over S we obtain a linear functional H* (N) — R. By theorem we have
Hom (H* (N),R) ~ H (N). The Poincaré dual to this functional is the cohomology class

[n] € H™ (N) such that
/wz/ RN
N N

for all ® € H*(N). Any representative 11y € [nY] is called a Poincaré 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 = §".

To find a nontrivial dual we observe that [; @ only depends on the values of ® in a
neighborhood of S. Thus we can consider duals supported in any neighborhood U of S
in N, i.e., [n{] € H (U). We normally select a tubular neighborhood so that there is a
deformation retraction 7 : U — S, where the fibers 7~ (p) are diffeomorphic to R™ for all
p € S. In particular,

n* HE(S) — H* (U)
is an isomorphism and [néj ] € H" (U) is characterized as the dual to integration of k-forms
on S, i.e., for all @ € QF (S) we have

/Sa):/Ungv/\yr*(w).

EXAMPLE 8.1.1. When S = p is a point integration over S is simply evaluation of
functions at p. The Poincaré dual is represented by any compactly supported n-form that
integrates to 1.

EXAMPLE 8.1.2. When S =S' C S! x (—1,1) C 5 we first note that [ns’sf} — 0 while

Stx(-1,1
n x(=L1)
HY? (S"). The Poincaré dual can be represented by 751 , where 7, : S' x (—1,1) — (—1,1)
is the projection and € Q! ((—1,1)) any form with integral 1.

] € H} (S' x (—1,1)) where homotopy invariance implies that 7! (S' x (—1,1)) ~

EXAMPLE 8.1.3. Consider the embedded submanifold S,, C 7% = S' x S' defined
by F (¢'%) = (e'P? ¢14%), where p,q € Z only have 1 as common divisors. Let dt = 42 €
Q! (S 1) be the volume form with integral 1 and 7; 5 : T? — S! the projections onto the two

138
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factors. We obtain two forms 12 = 7}, (dt) that generate H' (T2) and yield a volume
form 1m; A M that integrates to 1. To find a representative nSTp zq = any + Bn, we simply
need to check that

/Tz(aerﬁnz)Am = M

Sp.q

/Tz(aerBle)/\ﬂz = R

N SPv‘I
Here the left hand sides are —f3 and o respectively, while the left hand sides are p and ¢
respectively. Thus

72 _
Ns,, =4M — PMN2-
The dual gives us an interesting isomorphism called the Thom isomorphism. A more

general and abstract version was presented in corollary

LEMMA 8.1.4 (Thom Isomorphism). Recall thatk+m =n. Ifw:U — S is a tubular
neighborhood, then the map

H(S) — H™U),
o~ 0¥ A7 (0)
is an isomorphism.
PROOF. Using Poincaré duality twice we see that
H™(U) =~ Hom(H"*"(U),R)
~ Hom (Hk_* (S) ,IR)
~ H(S).

Thus it suffices to show that the map
HI(S) — HI™"(U)
(@ — [n§An"(0)]

is injective. When p = k this follows from the construction of the dual. For p < k select a
nontrivial [@ € H” (S)]and using Poincaré duality T € H*~7 (S), such that [@ A 7] € H* (S)
is nontrivial. This shows that [N A 7* (@) A 7* (7)] is nontrivial. This in turn implies that
[nY A7 (w)] is nontrivial. O

The next goal is to find a characterization of n g , this characterization is valid as long as
7 : U — S is merely a retract with connected preimages, i.e., Toi = ids, where i : S — N is
the inclusion. However, we will only use it for tubular neighborhoods. The characterization
makes it possible to construct the dual in many situations and also shows why the Thom
isomorphism follows from corollary

THEOREM 8.1.5. The dual is characterized as a closed form with compact support
that integrates to 1 along fibers ! (p) for all p € S. In particular, when U is a tubular
neighborhood the dual generates the cohomology of the fibers H: (n~' (p)) = H} (R™).

PROOF. The characterization requires a choice of orientation for the fibers. It is cho-
sen so that T1,717_1 (p) ®T,S and T,N have the same orientation (this is consistent with
[Guillemin-Pollack], but not with several other texts.) For @ € QF(S) we note that 7*®
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is constant on 7! (p), p € S. Therefore, if 1 is a closed compactly supported form that
integrates to 1 along all fibers, then

/nAn*w:// n/\n*w:/w
U sJr=1(p) s
as desired.

Conversely we define

f : S—=R,
_ U
f(p) /rl(p) UK

/a):/‘ ngAn*w:/fa)
s Ju s

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

and note that

Unless explicitly stated, we assume that duals of submanifolds are calculated inside
tubular neighborhoods. Given the structure of the dual on the fibers we shall generally use
the notation 7 with the implicit assumption that it is defined in some tubular neighborhood
of §. Note that tubular neighborhoods are constructed to be naturally diffeomorphic to a
tube around the zero section of a normal bundle of S C N (theorem [3.2.6). With that in
mind it is natural to focus attention on oriented vector bundles £ — S with oriented base S.

COROLLARY 8.1.6. If F : S' — S is a map between closed oriented manifolds and
. E — S is an oriented m-dimensional vector bundle, then

% F*(E
F*(ng) =Ny ).
PROOF. The pullback vector bundle is given by
F*(E)={(x,v)eS'XE|F(x)=m(v)}

and thus has the same the same fibers as E. This also naturally orients F* (E). When
restricting F* (n§) to a fiber F* (E), ~ Ep(,) we see that

F*(n5) = / g =1.
/F “(E)x ( ) EF(y
Theorem [8.1.5]then implies the claim. O

COROLLARY 8.1.7. If F : M — N is proper and transverse to S, then for suitable
tubular neighborhoods we have

[F*(ns)] = [ﬂp—l(m} :

PROOF. We can assume that both M and N are embedded in Euclidean space so that
the tangent spaces come with inner product structures. The key is simply to observe that
if 7 (S C N) is the normal bundle, then the pullback bundle F*T+ is isomorphic to the
normal bundle 7+ (F~! (S) C M). Since F is transverse to S it follows that each fiber
T;-F~'(S) is mapped to a subspace DF (T,F~'(S)) that is a complement to Tf (S C

Tr(xyN. We can then orthogonally project it onto TFL(X)S to obtain an isomorphism

PrOj7 50 DF |1 p1(5): TEF ' (8) = F* (T;(X)S) .
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This isomorphism is orientation preserving as the orientation on T;"F ! (S) is chosen to
agree with the orientation for DF (T-F ' (S)) as in section O

A special interesting case of naturality occurs for submanifolds.

COROLLARY 8.1.8. If SllCl ,ng C N are compact, transverse and oriented, then with
suitable orientations on S| NS, the dual is given by

[Ms, ATls,] = [Msins, ] -

PROOF. We have the inclusions S1 NS> C S; C U and ns,ns, = i* (7752) since the
inclusion i : §| — N is transverse to Sy. Thus for @ € Q"%1—%2 (N) we see that

- _ S ok —
/NnS1/\nS2/\(l):/Sll (nszAw)_/glnS1lﬂ5sAl (@)—Almssw

showing that 15, A 75, represents the dual to S1 NSy C N. ]

We can also apply the naturality of the dual to obtain a new formula for intersection
numbers.

COROLLARY 8.1.9. IfdimM +dimS =dimN, and F : M — N is proper, then
1FS)= [ Fns)= [ F*(md).
IM JM

PROOF. We can assume that F is transverse to S as in corollary Here F~!(S)
is a finite collection of points and its normal bundle F~! (S) is simply the tangent spaces
at these points. Similarly, the pullback bundle F* (T5) consists of finitely many vector
spaces that can be identified with the tangent spaces to M via proj;1 ¢ o DF. The orientation
of the fibers 7;"F ! (S) ~ F* (T+S) ~ TFL<X)S are chosen so that the isomorphisms are ori-
entation preserving. This might not agree with the orientation of 7,M (as in section [5.4.1))
thus assigning sign, = +1 as an orientation for each x € F~! (S). The sum of these signs
is precisely the intersection number. Next identify 7" F ! (S) with a tubular neighborhood
V D F~1(8), i.e., afinite collection of pairwise disjoint discs V, and use proposition
to select a tubular neighborhood U O S corresponding to TS such that F~! (U) C V. The

orientation choice of x gives us the crucial difference between integrating F* (n ST °s ) and

F (n?):
TS\ _ o * (U
/T}F*I(S) F* (ns ) = Slan/VXF (Tls )
and thus
I(F,S) = /VF (nd).
Finally,
1FS)= [F ()= | F*(n).

since Ng € Q7 (U) C Q" (N) can be used as a representative for [n§]. O

Note the the integral vanishes when F doesn’t intersect S or when [n)] = 0. The
advantage of this formula is that the right-hand side can be calculated even when F isn’t
transverse to S. As both sides are invariant under proper homotopies of F this gives us a
more general way of calculating intersection numbers.
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8.2. The Hopf-Lefschetz Formulas

We are going to relate the Euler characteristic and Lefschetz numbers to the cohomol-
ogy of the space.

THEOREM 8.2.1. (Hopf-Poincaré) If M is a closed oriented n-manifold, then
X (M)=1(AA) =) (~1)"dimH” (M).
PROOF. If we consider the map
(id,id) : M—A,
(id,id) (x) = (xx),
then the Euler characteristic can be computed as the intersection number
x(M) = 1(AA)
= I((id,id),A)
- /M (id, id)" (nMM) |

Thus we need a formula for the Poincaré dual 1y = 172’1 *M " To find this formula we use
Kiinneth’s formula for the cohomology of the product. To this end select a basis @; for the
cohomology theory H* (M) as well as a dual basis 1, i.e.,

/M(l),'/\Tj = 6,‘J',

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

| wi @) A% () Am (2 AT (o)
MxM

= (R [ o)A () A% (5) A5 (@)

= (k) | g (@) A (5) AT (0) AT (%)
X

= (—1)enleenideo) </ (Di/\Tk> (/ wz/\rj>
M M

_ (_l)degrj(deg T +deg ;) 6ik61j

Clearly this vanishes unless i =k and / = j.
This can be used to compute 1x for A C M x M. We assume that

Na =Y cijmi (o) A5 (T)).

On one hand

| maami (@) nms @)
MxM

|
=

J [ i (@) AR (5) AR (70 A7 (@)
MxM

_ Zcij (_1)degrj(deg1k+dega)1) 6ki5jl

(7 1 )deg 7;(deg T +deg ay)
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While on the other hand the fact that (id,id) : M — A is a map of degree 1 tells us that

| mami@am@) = [ ai@)am )
MxM A

_ / (id,id)* (7} (7)) AT (@)
M

= /Tk/\(l)l
M

(- 1)deg(fk) deg(wy) 8.

Thus

deg 7;(deg w;+deg 7, deg 7, deg @,
cu (1) g 7 (deg oy gk):(_l) grdegoy 5,

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

deg 7 (2deg wy+deg 7,
it (—1)deen(2degxtdegm)

(_ 1 )degrkdegrk

(_l)deg‘ck )

This yields the formula

M=), (=D xj (@) A3 ().

The Euler characteristic can now be computed as follows

(M) = /A;(id,id)*(ngw)
| Gid.idy (£ (1% (o) A3 (1)

Z (—l)degfi /M w; N\ T

— Z(_l)dcg‘[i
= Y (-1)"dimH? (M).

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

THEOREM 8.2.2. (Lefschetz) If F : M — M, then

L(F)=1(graph(F),A) :Z(fl)Ptr(F* :HP (M) — HP (M)).
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PROOF. This time we use the map (id,F) : M — graph (F) sending x to (x,F (x)) to
compute the Lefschetz number

Heraph(F),8) = [ (id,F) ny
= [ Fy (S0 @) n (7))
Z(_l)degn /A‘/IO),‘/\F*T,'

= Z(_l)degn&a’i/\Fufj

= Y (-1)*TE;8;

= Y (-n*E

= Y (-D)’u«(F*:H? (M) — H" (M))

]

The definition / (graph (F) , A) for the Lefschetz number is not consistent with [Guillemin-Pollack].
But if we use their definition, then the formula we just established would have a sign
(—l)dlmM on it. This is a very common confusion in the general literature.

8.3. Examples of Lefschetz Numbers

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

r(F*:H' (M) - H"(M)) = 1,
tr(F*:H" (M) — H"(M)) = degF.

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

When F : §" — S" we have L(F) = 1+ (—1)"degF. This confirms that any map
without fixed points must be homotopic to the antipodal map and therefore have degree
(_ 1 )n+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;n 1 (R),
then it is possible to not have a fixed point as F : R?**2 — R?"+2 might not have an eigen-
vector. On the other hand, if F € G, ,, (R), then there should be at least two fixed points.

The even dimensional version F : RP?" — RIP?" 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 € Glp,+1 (R), this is indeed true as such maps have an odd number of
real eigenvalues. For general F we can lift to a map F : $? — S satisfying the symmetry
condition

F(—x)=+F (x).
The sign + must be consistent on the entire sphere. If it is + then we have that F oA = F,
where A is the antipodal map. This shows that deg F - (71)2"“ = degF, and hence that
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deg F = 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

(1—1)F (x) —tx

HOO =
must also be odd
 00PC9-ie
H=xt) = T F (o =)
- (1—1)F (x)—1(x)
|(1—t)17"(x)—f(x)‘
= —H(x,t).

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

8.3.2. Tori. Next let us consider M = T". The torus is a product of # circles. If we let
d0 be a generator for H' (S 1) and d6; = 77 (df), where ; : T" — S !is the projection onto
the i factor, then example or Kiinneth’s formula (theorem|7.6.1) tells us that H (T")
has a basis of the form d6;, A--- /\d6,~,,, i1 < --- <ip. Thus F* is entirely determined by
knowing what F* does to d6;. We write F* (d6;) = 0;;d0;. The action of F* on the basis
de,‘l /\"'/\d@,’p, n<---< ip is

F*(d@il/\---/\deip) = F*(deil)/\”'/\F*(deip)
= a,-lj,dej] JARERWAY (Xipjpdejp
(iyjy -~ iy j, ) dOj A+ A6,
this is zero unless ji, ..., j, 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 iy,...,i,. If S(iy,...,i,) denotes the set of
permutations of if, ...,i, then we have shown that

Wl = ¥ L si20(0) Gy, )

i <"'<ip O'GS(i] ,...,ip)

This leads us to the formula
n

LE=Y (1) L L sign(0)Ghou) o)

p=0 < <ip 6eS(iy i)

We claim that this can be simplified considerably by making the observation

det(6;; — o) = Y, sign(0) (8161) — Qio(1))  (Buo(n) — Fuo(n))
oeS(1,...,n)
= ) sign(0) (1) o) (3,0 o (i) Finolin)
oeS(1,...,n)

where in the last sum {i1,...,ip,ip+1,...,in} = {1,...,n}. Since the terms vanish unless the
permutation fixes iy, ...,i, we have shown that
L(F) = det(5,-j - aij) .

Finally we claim that the n X n matrix [0;;] has integer entries. To see this first lift
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"
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means that F (x+e¢;) — F (x) € Z" for all x and i = 1,...,n. Since F is continuous we see
that

F(x+e)—F(x) =F(ef) — F (0) = Ae; € Z"

For some A = [g;;] € Mat,,», (Z). We can then construct a linear homotopy

H(x,1) = (1-1)F (x)+1(Ax).
Since
H(x+ent) = (1—1)F(x+e)+iA(x+e)
= (1—1)(F(x)+Ae) +1(Ax+Ae))
= (1—1)(F(x)) +1(Ax) +Ae
= H(x,t)+Ae;
we see that this defines a homotopy on 7" as well. Thus showing that F is homotopic to

the linear map A on 7". This means that F* = A*. Since A* (d6;) = a;d0;, we have shown
that [oy;] is an integer valued matrix.

8.3.3. 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 hap-
pened on tori. To establish this we need to show that any generator [@] € H? (P") has the
property that [a)k] € H?(P") is a generator (see also example for a different proof).
We can use induction on n to show this. Fix P*~! ¢ P" and recall from section that
H? (P") — H?* (P"!) is an isomorphism for k < n— 1. We can now use the induction
hypothesis to claim that [@*[p.1] € H** (P"~!) are nontrivial for k < n— 1. This in turn
shows that [a)k] € H?(P") are nontrivial for k < n — 1. Finally, since the duality pairing

H?(P") x H*=D (P — B (P,
([on],[@2]) = [0 A
is nondegenerate it follows that [©"] = [@ A @"~']| € H?" (P") is a generator.
Now let F : P" — P" and define A by F* (®) = A®. Then F* (o*) = A¥o* and
LF)=14+A4---+A".
If A = 1 this gives us L (F) = n+ 1, which was the answer we got for maps from Gl (C).

In particular, the Euler characteristic ¥ (P") =n+ 1. When A # 1, the formula simplifies
to

1— ln+1
LF)= ——.
(F)=——3
Since A 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 P?"*! 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 P?"*!

([ ]) =] ]
If I fixes a point then
-zt = 2,
22 = 7
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which implies
_ I A |2 i Zi

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

Alo] = [F*(0)] = [F (0)].

We now claim that F; is homotopic to a map P! — P!. To see this note that F; (Pl) cp?
is compact and has measure 0 by Sard’s theorem. Thus we can find p ¢ im (Fj) UP!.
This allows us to deformation retract P* — p to a P"~! > 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 Fj : P! — P" is
homotopic to a map F; : P! — P"~!. We can repeat this argument until we obtain a map
F,, : P! — P! homotopic to the original F;. This implies that

Alo] = [F(0)] = [F, ()]

and consequently A = deg (F,).

The next two examples show two different approaches to finding a specific form ®.
The first example is an abstract construction that yields a unique form, the second offers a
concrete calculation of the form in coordinates.

EXAMPLE 8.3.1. The form o that generates H> (Pz) can be constructed to have the
property that [p1 @ = 1 for all P! C P". Recall that we showed in example that
the space of U (n+ 1) invariant 2-forms is 1-dimensional. So it is clear that we can find
® € Q. ) (P") such that [ @ = 1 for a specific P! C P". However, U (n+ 1) also acts

transitively on the space of P's in P". Specifically, a P! corresponds to a complex subspace
of dimension 2 in C"*! and for any two such subspaces there is a unitary transformation
that takes one into the other. This shows that our chosen 2-form also integrates to 1 on all
other P! C P".

EXAMPLE 8.3.2. With a bit of complex analysis notation we obtain a more concrete
construction.

Using the submersion C"™!' — {0} — P" that sends (2%,...,2") to [2%:---:2"] we
should be able to construct @ on C**! —{0}. A bit of auxiliary notation is needed to
define the desired 2-form @ on C"*! — {0}:

d7 = dx'++v/—1dy,

d7 = dx'—v—=1dy,

of 1 [df of

EE A z(axivlayi)’

of _ 1(of  ,=9f

a7 2<8xi+ _18yi)
_9df

8f = a—zidz,

of = 8f.d?.

7
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The factor % and strange signs ensure that the complex differentials work as one would

think
) dz; .07 [ d
J| = — N8/ = g5
dz (Bz’) oz % 7 a (aii)’

| ]
il % — g5 (2
dz (8?) 0=dz (81’)

More generally we can define d @ and d for complex valued forms by simply computing
d and d of the coefficient functions just as the local coordinate definition of d, specifically

9 (fdz" A---NdZ'? NdZV N NdFT) = f NV A AdZP ADETT A NdR,
0 (fdz" A---ANdZ' NdZV N NdFIT) = Df ATV N AdZP NAZN A NdZ

With this definition we see that

d d+9,
92 = 92=090+09=0

and the Cauchy-Riemann equations for holomorphic functions can be stated as

df =0.
Working on C"*! — {0} define
®(z) = logle
= log (" +---+7'7")
and
V=1 -
®=-—-——000.
2

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

®(z) = log(|zl’) = log[A ] +log|<”
= logA*+@(2)
so when taking derivatives the constant log |)~|2 disappears. This shows that the form @
becomes invariant under multiplication by complex scalars and so defines a form on P".
That said, it is not possible to define ® on all of P*. We give a local coordinate representa-

tion below. It is called the potential, or Kihler potential, of w. Note that the form is exact
on C"™! — {0} since

20 =(2+2)d =da.

To show that @ is a nontrivial element of H* (P") it suffices to show that [p1 @ # 0.
By deleting a point from P! we can coordinatize it by C. Specifically we consider

PI:[ZO:ZI:O:uﬁO],
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and coordinatize P! —{[0:1:0:---:0]} by z+>[1:2:0:---:0]. Then

— _1 I -
= ?8310g(1 +ZZ)

dG)

2n L+ |2

V=T [ 0(xd2) dz
BT 1+Z|zz|2_(a(l+|z|2>)A(1j|zz|2)2

v—1[dzNndz zdz
2r

——— —(Zdz) A 5
L+ | (1 + \Z|2)

dzhdz l2[*dz A dZ

V-1
2 2

2 1+|Z| (1 +|Z|2)
V-1 dzAdZ

2 2

" ()

V—1d (x+v=1y) Ad (x—/—1y)

2n (1422 +y2)
vV—=12y/—1ldyANdx

2T (1422 4)2)°

1 dxAdy
T (14+x24y2)°

1 rdrANdO
T (1412)°
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 conformally

ﬂat mOdel. SpeClﬁcally,
/1 @ /1— :1:0:--. @

B / dzNdz
- 2
c22my/—1 (l+|z|2)
1 dxAdy

2% ydr ANdO
7// l—H’2
_ ' 2rdr
- /o (1+72)°

= 1
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This tells us that the concretely defined form is the unique form described abstractly
in the previous example.

We can more generally calculate @ in the coordinates z = (zl, ...,z") € C" correspond-
ing to points [1 FARRES :z"] e P

VT

0 = ?89105;(1—1—2]2‘4----—!—512")
_ Volosg 2
= S5 ddlog <1+|Z| )

_ v 5 a1z
2m I+ |2
V=T [ 09[> 9Lz Adef
2 | 14z (1+Iz|2>2
V=1

< oy () -arnand)

and in coordinates

0 = %891% (1 + |Z|2)

\/jl8210g(1+|z\2) . )

= — dz' NdZ
27 d7.07)
A ) )
= ?Ej‘dzl /\de

Here the matrix [Fi r] is Hermitian and in fact positive definite. The entries are given by
2\ 8. — 5
(l+|z| )5,, — 2z

i 2
(1 n \z|2)

Here [szi] = z-7*, where z* is the adjoint of the column matrix z. The kernel of z-
Z* consists of all the vectors orthogonal to z and z is an eigenvector with eigenvalue
\z|2. This gives the eigenspace decomposition for [F,»f]. Specifically, n — 1 eigenvectors

!
1+

with eigenvalue

—n
(1 + Iz\z)
We can now calculate

v—1\" . .
" = <2n> (Fjdz' ndz)"

v=1\" . 4 4 .
= < >( B, d2 AT A NdZ N dT)

and one eigenvector with eigenvalue L. Thus det [Fl Jf] =

(1+1)°

-1

o i1J1
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Now note that this vanishes unless all of the indices iy,...,i,, as well as ji,..., j,, are dis-
tinct. After rearraging we obtain
VLN _ _
" = (271 Sign (i1, ...,in) SigN (J1, -5 Jn) F 7, "'Finindzl AdZ A NN AT
v—1\"
- (27:) nldet [Fj;] dz' AdZ' N+ NdZ* AT

n! 1 1 n
= ——————————dx Ndy N---NdX*"Ndy

n+l1
o (1 + |z|2>

and
n+1
1

/w”:/ o= an|——— | @l Ady A ndX AdY > 0.
Pn Prn_pn—1 R2n 77:(1+|Z|2>

This shows that @" is a volume form and that ®* € H* (P") is a generator for all k =
0,...,n.

8.4. Exercises

(1) Show that a map F : §? x §? — CP? has even degree. Hint: Use suitable @ €
Q? (CP?) and @’ € Q2 (5?) that can be used to generate volume forms on CP?
and $? x $2.

(2) Show that there are classes in H' (72) which are not duals to closed 1-dimensional
submanifolds of 7.

(3) Show that if E — M is a vector bundle with dimE, = m, x € M, then H} (M) ~
H*™(E), provided M and E are oriented manifolds. Show that the Mobius band
is a counterexample in case E is not orientable.



CHAPTER 9

Characteristic Classes

9.1. 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 nf; € H™ (E) is in this case usually called the Thom class of the bundle
E — M. The embedding M C E is proper so by restriction to M this dual defines a class
[e(E)] =i* (nf;) € 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*1y. This immediately proves a very interesting theorem.

THEOREM 9.1.1. Ifa bundle 7t : E — M has a nowhere vanishing section then e (E) =

PROOF. Lets: 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 1y, and hence s* (1) =0. O

This Euler class is also natural

PROPOSITION 9.1.2. Let F : N — M be a map that is covered by a vector bundle map
F:E'— E,ie., F is alinear orientation preserving isomorphism on fibers. Then

e(E')=F*(e(E)).
An example is the pull-back vector bundle is defined by
FY(E)={(p,v) eNXE[m(v)=F(q)}

Reversing orientation of fibers changes the sign of % and hence also of ¢ (E). Using
F =id and F (v) = —v yields an orientation reversing bundle map when & 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. In case M and the
fibers have the same dimension, we can define the intersection number I (s, M) of a section
s : M — E with the zero section or simply M. The formula is

16M) = [ 5'(e(®))

— /Me(E)

since all sections are homotopy equivalent to the zero section.

152
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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 character-
istic. Thus

x(M):I(X,M):/Me(TM)

This result was first proven by Hopf and can be used to compute ) using a triangula-
tion. This is explained in [Guillemin-Pollackl] and [Spivak].

THEOREM 9.1.3. The Euler class is characterized by
M AT (efy) = Nz Az € HZ" (E).

In particular, ef,, =0ifmis odd.

PROOF. Since 7* (e};) and nj; represent the same class in H™ (E) we have that

T (efy) — Ny = do.
Then
M AT (el) =M ATy = Mg A (do)
= d(njro).

Since nfi A @ is compactly supported this shows that nfi AT* (ef/,) = nf, A nfl.
Moreover, as the map

is injective, it follows that that the relation n& A 7* (¢) = n& An¥ implies that e = €f;. In
particular, eg = 0 when ng A ngj = 0. This applies to the case when m is odd as

ng An§ =-n§ Ané.
0

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

THEOREM 9.1.4. Given two vector bundles E — M and E' — M, the Whitney sum
has Euler class

e(E®E")=e(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 7 x 7’ :
E X E'— M x M’. With this we have the projections T : EXE' - Eand m: EXE' — E’.
Restricting to the zero sections gives the projections 7 : M x M’ — M and 7, : M x M’ —
M'. We claim that

M = (=1 1 (ag) A5 (M) € H (E X E').

Note that since the projections are not proper it is not clear that 7} (1) A 75 (15y7) 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 @ € H" (M) and
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@' € H" (M') that integrate to 1. Then 7} (@) A 7 (@) is a volume form on M x M’ that
integrates to 1. Thus it suffices to compute

L7 ) A () A (75 7) (2 (@) A5 ()

i () A () A (7 (@) A5 () (@)

0 [ ) A (7 (@) A5 () A5 () (@)

o (fwns @) (e =) (@)

= (=)™

When we consider Euler classes this gives us

e(EXE") =nj (e(E)Am5 (e (M) € 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 tak-
ing direct sums of the vector space fibers over points in M. This means that E G E' =
(id,id)" (E x E") where (id,id) : M — M x M since

(id,id)" (ExE") ={(p,vV) EMxEXE :n(v)=p=n'(V)} =E®E'"

Thus we get the formula
e(E®E")=e(E)Ne(E').

This implies

COROLLARY 9.1.5. If a bundle ® : E — M admits an orientable odd dimensional
sub-bundle F C E, then e (E) = 0.

PROOF. We have that E = F @ E/F or if E carries an inner product structure £ =
F @ FL. Now orient F and then E /F so that F & E /F and E have compatible orientations.
Thene(E)=e(F)Ne(E/F)=0. O

Note that if there is a nowhere vanishing section, then there is a 1 dimensional ori-
entable subbundle. So this recaptures our earlier vanishing theorem. Conversely any ori-
entable 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 npr = . Since conjugation reverses orientation on 1 dimensional bundles this
shows that e (7 (P")) = —o.

Since x (P") =n+1 we know that e (TP") = (n+ 1) 0".

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 |Uk is trivial and that there is a partition of unit A,
relative to this covering.
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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 y € Q! (Sm_l)
that integrates to 1 and a bump function p : [0,%0) — [—1,0] that is —1 on a neighborhood
of 0 and has compact support. Then extend y to R™ — {0} and consider

d(py)=dpAy.

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

apny = [ap[ v
R 0 sm-1
(p () =p(0))
= 1.
Each fiber of E carries such a form. The bump function p is defined on all of E by p (v) =
p (|v]), but the “angular” form y is not globally defined. As we shall see, the Euler class
is the obstruction for y to be defined on E. Over each Uy the bundle is trivial so we do get

a closed form y; € Q"1 (S (E \Uk)) that restricts to the angular form on fibers. As these
forms agree on the fibers the difference depends only on the footpoints:

Vi — V) = T i,

where ¢ € Q"1 (UyNUy) are closed. These forms satisfy the cocycle conditions

o = —on,
Ori + it O

Now define
& =Y Mt € Q" (Up)
7

and note that the cocycle conditions show that
&—¢& = Zli(bki - Z&'%‘
1 1
Z Ai (O — P1i)
1
= Zlifpkz
- o

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

e=d (Z%‘%‘) = Zd/li A Gk

Next we observe that
e —TE =W~ W
SO

Y=y — g
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defines a form on E. This is our global angular form. We now claim that

n = dpy)
= dpAy+pdy
= dpANy—pnideg,
= dpAy—pre

is the dual. First we note that it is defined on all of E, 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=dpAy,—dp AT g —pre.

But both 7*& and 7*e vanish on fibers so 17, when restricted to a fiber, is simply the form
we constructed above whose integral was 1. This shows that 1 is the dual to M in E and
that e is the Euler class.

We are now going to specialize to complex line bundles with a Hermitian structure 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 d6 as it is the differential of the locally defined
angle. To make sense of this we select a unit length section sy : Uy — S (E|y, ) . For v €
S (E|y,) the angle can be defined by

v="h (v)s = eﬁe"sk.

This shows that the angular form is given by

dh
6, = —/—1-—*
D
= —v—ldlogh.
Since we want the unit circles to have unit length we normalize this and define
V=1
Y = —?dloghk

On U, NU; we have that
hys; =v = hysy
So
(h) ™" hesi = 51
But (hl)fl h; now only depends on the base point in U, N U; and not on where v might be
in the unit circle. Thus
g = gu ot =hi (b))~

where gy : Uy NU; — S! satisfy the cocycle conditions

(gu)”' = su
8ki&it = 8kl-
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Taking logarithmic differentials then gives us

V-1 _.d V-1
e i f?n*dlog(gkl)

2; 8kl
- (\/2?dlog(hk)) - (\/Z?dlog (hz))
() (L),

2r /’lk

2n Ny
Thus
=

1
& = TR Zj:lid log (gi) ,

V=1 dh, i
Vo= <_27rhk T

e = dg
v—1
= d (leidbg(gki)>

V-1
= or Zi:dli Adlog (gxi)

This can be used to prove an important result.
LEMMA 9.1.6. Let E — M and E' — M be complex line bundles, then
e(hom(E,E")) = —e(E)+e(E'),
¢(EQE') = e(E)+e(E).

PROOF. 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 sy respectively # on
Uy. If we define L € hom (E,E’) such that Ly (sy) = t, then hy is a unit length section of
hom (E, E’) over Uy. The transitions functions are

gkiSk = SI,
Suty = 1.
For hom (E, E’) we see that
Li(st) = hi(gusi)
= gunli(s1)
= &l
= 88tk

= (gkl)71 8hitk
Thus
L= (gu) " Gulx.
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This shows that

e(hom (E,E")) = —\/Z%Zdli/\dlog«gki)_lgki)

V-1 V-1 _
= ——Y dAiAdlog(gk) — ~=— Y dA; Adlog (gi)
2 & 2r =
= —¢(E)+e(E).
The proof is similar for tensor products using

i@t = (gusk) ® (8utk)
= 8u8u (Sk®t).

9.2. Characteristic Classes

All vector bundles will be complex and for convenience also have Hermitian struc-
tures. 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 Gl3 (R).

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

c(E) = co(E)tci(E)+te(E)+-,
c(E) = 1eH" (M),

ci(E) € H*(M),

@ (E) € HY(M),

cm(E) € }-Izm(M),
c(E) = 0,l>m

For a 1 dimensional or line bundle we simply define ¢ (E) = 14c¢; (E) = 1+4e¢(E). 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 E — E’ that is an isomorphism on
fibers. Second, they should satisfy the product formula
c(E®E") = c(E)Ac(E)
m+m' p
= Z ci(E)Aep—i (E')
p=0 i=0
for Whitney sums.

There are two approaches to defining ¢ (E) . In [Milnor-Stasheff] an inductive method
is used in conjunction with the Gysin sequence for the unit sphere bundle. This approach
is explained in the next section. 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.
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First we need to understand the cohomology of H* (P (E)) . 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
bundle is for simplicity denoted

e=e(t(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 (¢ (P(E))) = 7 (P")
thus showing that
i“(e)=e(t(P")).
Ase (7 (P™")) 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
o € H* (P (E)) has an expression of the form

m
o=Y 7" (o) A"

i=

—_

where @; € H* (M) are unique. In particular we can write:
0 = (=&)"+7 (et (E)A(=€)" - 47" (et (E) A (=€) + 7" (e (E))

in* (1 (E) A (—e)™

This means that H* (P(E)) is an extension of H* (M) with a unique monic polynomial
pe(t) =t"+c1 (E)" '+t cm1 (E)t 4+ (E)
such that pg (—e) = 0. Moreover, the total Chern class is defined as
PE(1)=c(E)=1+c(E)+--+cn(E).

The reason for using —e rather than e is that —e restricts to the form @ on the fibers of
P(E).

THEOREM 9.2.1. 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)y=F"(c(E")).

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

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

F* (e/) =e
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and therefore
m .
0 = F* (Z i (E') A (e')m_l>
m .
= Y F¢(E)n(—e)""
i=0

Since ¢; (E) are uniquely defined by

we have shown that

(]

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

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

THEOREM 9.2.2. Ifa bundle mw : E — M splits E = L1 & --- ® Ly, as a direct sum of
line bundles, then

m
H (1+e(L
=1

PROOF. We pull back all classes to E without changing notation. We know that
c(E) = pe (1) so it suffices to identify pg with the monic polynomial of degree m de-
fioned by p (t) =TT/, (t +e(L;)). To prove this we need to show that

m

p(=e)=[](~e+e(L))=0.

i=1
Note that we can identify —e + e (L;) with the Euler class of hom (7, L;). With that in mind:

ﬁ —e+e(L = e(éHom(r,L,))

i=1
= e(Hom(t,Li®---DLy))
e(Hom (7,E))

= e
= e¢(Hom (TaT@TL))
- e (Hom(T, 7)) Ae (Hom (T’ Tl))

Where the last equality follows from the fact that Hom (7, 7) has the identity map as a
nowhere vanishing section. d
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The splitting principle can be used to compute ¢ (TP") . First note that TPP" ~ Hom (T (P, (IP’”)l> .
Thus

TP C

|

an
S
8

L) @ Hom (z (P"), 7 (P"))

= Hom(t(P"),C"")
= Hom(z(P"),C)®---&Hom(t(P"),C)
Thus
c(TP") = c¢(TP"®C)
_ (1+a))n+]

This shows that

which conforms with
e(TP") =, (TP") = (n+1) 0"
We can now finally establish the Whitney sum formula.
THEOREM 9.2.3. For two vector bundles E — M and E' — M we have
c(EQE")=c(E)Ac(E').

PROOF. First we repeatedly projectivize so as to create a map N — M with the prop-
erty 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
amap F : N — M such that F* is an injection on cohomology and both of the bundles split

F*(E) = L& - ®Ly,
F*(E/) — Kl@...@[(m,

The splitting principle together with naturality then implies that

F'(c(E®E")) = (*(E@E’))
= c(L)A--AcLp)Ac(K) A Ae(Kyy)
= c(F*(E))Ac(F" (E))
F*c(E /\F* E')
= F'(c(E)Ac(E)).

Since F* is an injection this shows that

c(E®E")=c(E)Ac(E').
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9.3. 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 £ — R that takes v to Mz is then smooth and the only critical value is 0. As such
we get a smooth manifold with boundary

DE)={veE: || <1}
called the disc bundle with boundary
S(E)y=0dD(E)={veE:|v|=1}
being the unit sphere bundle and interior
intD(E)={veE:|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 E, while D (E) is homotopy equivalent to E. This gives us a diagram

— HI(intD(E)) — HP(D(E)) — HP(S(E)) — Hg’“(imD(E)) —
T ) T
—~  HI(E) — HP(E) — HP(S(E)) --»  HI'''YE) -

where the vertical arrows are simply pull-backs and all are isomorphims. The connecting
homomorphism
HP (S(E)) — H["! (intD (E))
then yields a map
HP (S(E)) - HI'(E)
that makes the bottom sequence a long exact sequence. Using the Thom isomorphism
HP™ (M) — H? (E)

then gives us a new diagram

- HP (M) L HP(M) — HP(S(E)) - HPYIT(M) -
InuAr*(-) ? ) 1
—  HP(E) —~ HP(E) — HP(S(E) — H'YYWE) =

Most of the arrows are pull-backs and the vertical arrows are isomorphisms. The first
square is commutative since *i* (ny) = 7* (e) is represented by 1My, in H” (E). This
is simply because the zero section / : M — E and projection © : E — M are homotopy
equivalences. The second square is obviously commutative. Thus we get a map

H? (S(E)) --» H""'™" (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.
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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)|LC n~ ' (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) |veL}.
The unit-sphere bundle for 7 is naturally identified with S (E) by
S(E) — S(z(P(E))),
(pv) = (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,L7w) |we LJ‘}
be the orthogonal complement then we have that
" (e (E)) = e (n* (E)) :e(r(P(E)))Ae(rl) € H* (P(E)).
Thus we obtain a commutative diagram

2 E) B Hr(EE)

HP1(S(E)) g Te(th)Am() (K HP (S(E))
S hY / hY
e 07) WL )
What is more we can now show in two ways that
span{1l,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.

9.4. 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 in the early chapters. The cohomology
aspects we cover here correspond 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 [Spivakl, vol. V] is also
worth consulting for many aspects of the theory discussed here. For a more topological ap-
proach we recommend [Milnor-Stasheff]. Other useful texts are listed in the references.
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