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1 Fundamentals of differentiable manifolds

1.1 Definition of differentiable manifold.

In the present notes, we will be in the realm of differentiable manifolds. Intu-
itively, a differentiable manifold locally looks like a piece of Euclidean space,
but globally those pieces are glued together in a smooth manner.

Let M be a non-empty set.



Definition 1.1. An (n-dimensional) coordinate chart on M is a non-empty
subset U of M together with a bijection ¢ : U — ¢(U) C R™ onto some open
subset ©(U) of R™. An (n-dimensional) atlas on M is a family of coordinate
charts {(Uq, ¢a)}aca such that

(1) M is covered by {Uq}taca;

(2) for any o, 8 € A, po(Uy NUg) is open in R™;

(3) (C* compatibility) for any a, 8 € A, if U, N Ug # 0, then the map

980 va’ + Pa(UaNUp) = 9a(Ua N Up)
is C* (has continuous partial derivatives of all order) with C* inverse.

The previous definition illustrates what the space M looks like locally and
globally in the mathematical way, if it is equipped with an atlas. This is very
close to the description of a differentiable manifold. However, the precise def-
inition should be independent of the choice of atlas (the way of parametrizing
M) in some sense.

Definition 1.2. Two atlases {(Ua, vq)} and {(V;,4;)} are compatible if their
union is again an atlas.

Compatibility is nothing but an additional requirement that
;0 90;1 D 0a(UaNVi) = i(Ua NV;)

is C* with C* inverse provided U, N'V; # (). Compatibility is obviously an
equivalence relation on the set of atlases.
Now we can give the definition of differentiable manifold.

Definition 1.3. A dif ferential structure on M is an equivalence class of at-
lases. A space M equipped with a differential structure is called a di f ferentiable
manifold. The dimension of the differential structure (i.e., of any atlas in the
equivalence class) is called the dimension of the differentiable manifold M.

Since we are always working with differentiable manifolds in this note, from
now on a differentiable manifold will be simply called a manifold.

Remark 1.1. By Definition 1.3, to specify a differential structure on a space M
which makes M a manifold, it suffices to assign an atlas on M.

Now we give some examples of manifolds, which will serve as fundamental
spaces we are going to study in this note.

Example 1.1. The Euclidean space R™. We can choose an atlas which consists
of only one coordinate chart U = R"™, and ¢ = id. Then R™ becomes an n-
dimensional manifold. Similarly for open subsets of R™. When we talk about
the open subsets of R™, we always use this canonical atlas.

Example 1.2. The unit circle

St={(2" 2') e R?*: (2 + (2')? =1}



We can choose four coordinate charts

U = {(2Y)es': 2' >0}, py((2°2h)) =2
D = {2 es': 2t <0}, pp((2°2h)) = 2%
L = {(%2Y)es': 2% <0}, op((2°,2)) = 2
R = {(@%2')es: 2" >0}, pr((2°2!)) =2,

each of which is parametrized by a copy of the open interval (—1,1). It is easy
to check that these coordinate charts together form an atlas of S!. Then S*
becomes a one dimensional manifold. Similarly, the n-sphere

Sn — {(xo’xl ’xn) c Rn—i—l . (1,0)2 + (1,1)2 a (wn)2 _ 1}

is an n-dimensional manifold by specifying an atlas consisting of 2n coordinate
charts, each of which is parametrized by the open unit disk in R".

Example 1.3. The product manifold. Let M and N be manifolds of dimen-
sion m and n with atlases {(Uq, pa)} and {(Vi,¢;)} defining their differential
structures respectively. Then M x N is a manifold of dimension m + n with
differential structure given by the atlas {(Uy X V;, Ca,i)}, where (. ; is the map

Coasit Ua X Vi = 0a(Us) x 9;(V;) CR™ x R",
(@,y) = (pal®),¢i(y))-
A particular example is the n-dimensional torus 7" = S! x --- x S%.

Example 1.4. The n-dimensional real projective space RP™: the space of
one dimensional linear subspaces (real lines through the origin) of R**1. More
precisely, define an equivalence relation ” ~” on R"*\{0} by

T~y <= y = Az for some nonzero A € R.

Then RP™ is defined to be the space of ~-equivalence classes. For i =0, -- ,n,
let
Ui={[z]: 2= (2%, 2™) € R""\{0} with = # 0},
where [z] denotes the ~-equivalence class of x, and define the map
i U = R",
[l’} = (1507"' 7i€i71ai §i+15"' 5T gn)’
where ;&7 = 27 /2% for j # i. Note that ; is well-defined (independent of the
choice of representatives in [x]). Moreover, ¢; is a bijection so that (U;, ¢;) is a
coordinate chart on RP™. Finally, the change of coordinates on U; N U; (i # j)
is given by
{fhifh h#l
J TR yJs
jgz = %7
which is clearly C* with C*° inverse. Therefore, {(U;, ¢i)}i=o,... ,n 1S an atlas
on RP", which makes RP™ an n-dimensional manifold.




Example 1.5. The n-dimensional complex projective space CP™. Similar to
the real projective space, CP™ is defined to be the space of one dimensional
complex linear subspaces of C"!, namely, the space of ~-equivalence classes
on C"*1\{0} where

z~w <= w = Az for some nonzero \ € C.

As in the case of RP™, we can construct an atlas consisting of n + 1 coordinate
charts parametrized by a copy of C™ =2 R?". This makes CP™ a 2n-dimensional
manifold. In fact, CP™ is a compler manifold of dimension n since it is easy
to see that the change of coordinates is always holomorphic with holomorphic
inverse.

There will be more examples of manifolds arising from C'*° maps between
manifolds, matrix groups and fiber bundles etc., as we shall see later on.

The differential structure of a manifold M induces a canonical topology on
M, called the manifold topology, defined as follows.

Take an atlas {(Ua, ¥a)}aca in the differential structure of M. Then for
any U C M, U is defined to be open if and only if

©a(UNU,) is open in ¢, (U,) for any a € A.

We leave it as an exercise to check that this defines a topology on M, and it is
independent of the choice of atlases in the given differential structure.

Proposition 1.1. Under the manifold topology, for any o € A, U, is open,
and o @ Uy = ©0(Uy) is a homeomorphism.

Proof. The fact that U, is open follows directly from the definition of atlas.
The fact that ¢, maps open sets in U, to open sets in ¢, (U,) follows from the
openness of U, in M and the definition of open sets in M. To see that ¢, is
continuous, let W be an open subset of ¢, (Uy), and

U= (W) CU,.
Then for any 8 € I with U, NUg # 0,

ep(UNUp) = p(UNUs,NUp)
= g0, (pa(UNUsNUp))
= <pﬁo<p;1(Wﬂ<pa(UaﬂU5)).

Since U NUpg is open in M, we know that ¢, (U NUgNU,) is an open subset of
©a(Uy NUg). By the definition of atlas,

Pp09at: pa(UaNUs) = @s(Us NUs)

is a diffeomorphism and hence a homeomorphism. Therefore, pg(U N Upg) is
open in g(Us NUg), and hence open in pg(Usp). O



So far there is not much about the manifold topology and geometry we can
say for a manifold M, and little analysis we can do on M if we don’t impose
additional conditions on the manifold topology. Throughout the rest of this
note, we will make the following assumption on the manifold topology:

e the manifold topology is Hausdorff and has a countable base of open sets
(second countability axiom).

It is easy to verify that all examples given before satisfy this assumption (in
Example 1.3, assume that M and N both satisfy this assumption). Moreover,
the manifold topology of S™ coincides with the relative topology as a subset of
R”*! and the manifold topology of RP™ (CP™, respectively) coincides with the
quotient topology on (R"**1\{0})/~ ((C**1\{0})/~, respectively).

Remark 1.2. In some textbooks (for example [2], [5]), the definition of differen-
tiable manifold starts from a Hausdorff space M with a countable topological
basis. In this situation, a coordinate chart is required to be a homeomorphism
from a non-empty open subset of M onto some open subset of R™. Once a dif-
ferential structure is given, it is not hard to show that the manifold topology is
the same as the original topology of M.

From now on, when we talk about topological properties, we always use the
manifold topology.

As in the case of Euclidean spaces, it makes perfect sense to talk about C'*°
functions on a manifold and C'*° maps between manifolds.

Definition 1.4. Let M be a manifold. A function f: M — R is said to be
C® atpe M if
fogp*l o(U) =R

is C* at ¢(p) (there exists some open neighborhood W of ¢(p) in ¢(U), such
that fo~! has continuous partial derivatives of all order at any point in W) for
some coordinate chart (U, ) around p. f is said to be C* if it is C*° at every
point of M. The space of C*° functions on M is denoted by C*°(M).

A map F': M — N between two manifolds M, N is said to be O at p € M
if there exists coordinate charts (U, ¢) around p and (V%) around f(p) such
that F(U) C V and

boFou s w(U) = (V)

is C™ at ¢(p). F is said to be C* if it is C*° at every point of M. Two
manifolds M and N are said to be dif feomorphic if there exists some bijection
F: M — N such that F, F~! are both C*.

Remark 1.3. The previous definition of smoothness at p does not depend on the
choice of coordinate charts.

It is easy to show that C°° functions and C'*® maps are always continuous
with respect to the manifold topology.



Example 1.6. An important example of C*° functions is a bump function on
a manifold M. More precisely, for any open sets U,V C M with U compact
and U C V, there exists some f € C°°(M), such that

1, U;
f(x){o iZV

The precise construction is in Problem Sheet 1.

Example 1.7. In Example 1.3, the natural projections
m: MXN—-M, m9: MxN—>N

given by
’/Tl(xay) =, ’/TZ(xvy) =Y

are C*°. In Example 1.4 and 1.5, the corresponding quotient maps are C'*°.

Example 1.8. An important example of C°*° maps is a smooth curve on a
manifold M: a C* map from some open interval I C R to M.

Remark 1.4. Tt is possible that a space M has two distinct differential structures
which are diffeomorphic (so they induce the same manifold topology). It is also
possible that M has two distinct non-diffeomorphic differential structures with
the same manifold topology (the Milnor’s exotic sphere).

Now we present a fundamental tool in the study of manifolds: partition of
unity. It is particularly important when we develop analysis on a manifold.

Definition 1.5. A collection {A,} of subsets of a manifold M is called locally
finite if for any p € M, there exists some neighborhood U of p, such that
UnN A, # 0 for only finitely many a.

Definition 1.6. A partition of unity on M is a family {¢; }ier of C°° functions
such that

(1) forany i € I, 0 < ¢; < 1;

(2) the collection of supports {suppy; = {x € M : ¢;(x) # 0} };¢c1 is locally
finite;

(3) for any p € M, Y ,.; i(p) = 1 (this is in fact a finite sum according to

(2))-

The following theorem is the existence of partitions of unity on a manifold
M. One can refer to [5] for its proof.

Theorem 1.1. Let M be a manifold and {Uqs }aca be an open cover of M. Then
(1) there exists a countable partition of unity {p; : i = 1,2,---} such that
for any i > 1, suppyp; is compact and there exists some o € A with suppp; C U,
(this is called subordinate to the open cover {Uy}aca);
(2) there exists a partition of unity {Ya}aca such that at most countably
many @, are not identically zero and for any o € A, suppp, C U, (this is
called subordinate to the open cover {Uy}aca with the same index).



1.2 The tangent space

On a smooth curve or surface sitting inside R?, one can define tangent lines or
tangent planes in a natural way. However, although geometrically intuitive such
definition is extrinsic and cannot be carried to an arbitrary manifold. We need
an intrinsic description of tangent vectors and tangent spaces. The idea is to
regard a tangent vector as taking directional derivatives or as a linear derivation
of locally C*° functions. These two approaches are in fact equivalent.

We start with the notion of cotangent space.

Let M be an n-dimensional manifold.

Fix p € M. Let C;° be the space of C™° functions defined on some open
neighborhood of p. It makes sense to talk about addition and multiplication on
Cye (for example, if f,g are defined on U,V respectively, then f + g, fg are
defined on U N'V). Introduce an equivalence relation ” ~” on Cp¢ by

f~g <= f =g on some open neighborhood of p.

Definition 1.7. The space of ~-equivalence classes, denoted by F,, is called
the space of C*° germs at p.

By acting on representatives, F,, is an (infinite dimensional) algebra over R.
Moreover, from the definition it makes sense to talk about the evaluation of a
> germ [f] at p as f(p).

If we think of a tangent vector as taking directional derivatives, reasonably
it should act on C*° germs linearly. Moreover, from the Euclidean case we
know that two functions with the same first order partial derivatives at p have
the same directional derivatives at p along any direction. Therefore, a tangent
vector, regarded as taking directional derivatives, should be defined as a linear
functional on a quotient space over F, in which two C'°° germs with the same
first order partial derivatives at p are identified.

Let H,, be the set of C*° germs [f] € F,, such that for some coordinate chart
(U, ¢) around p,

0
@lw(p)f‘:o_l(xlv"' ,2") =0, foralli=1,--- n.

By the chain rule of calculus, it is easy to see that such definition is independent
of the choice of coordinate charts around p. H,, is a linear subspace of F,.

Definition 1.8. The quotient space F,/H,, is called the cotangent space of M
at p, denoted by TyM. An element of Ty M, which is an H,-equivalence class
[f] + H,, over Fp, is called a cotangent vector at p, denoted by (df),.

Theorem 1.2. Let f',---,f* € Cpe, and F(y', - ,y°) be a C* function on
some open neighborhood of (f*(p),--- , f*(p)) C R*. Then f = F(f',---,f%) €
Cp, and

°\ OF ;
(df)p = Z aTJikfl(p)w- ,f'*(p))(df )p-
i=1



Proof. By the definition of H, and T;M, it suffices to show that for some
coordinate chart (U, ) around p, fo e~ ' and Y7, ng;‘ (i), o) o™
have the same first order partial derivatives at (p). But this is obvious from
the chain rule of calculus. O

A immediate corollary of Theorem 1.2 is:

Corollary 1.1. For any f,g € Cp° and o € R,
(1) d(f + 9)p = (df )p + (dg)p;
(2) d(af)p = aldf)p;
(3) d(f9)p = f(P)(dg)p + 9(p)(df )p-

Another important corollary of Theorem 1.2 is the following.

Corollary 1.2. T7 M is an n-dimensional vector space, where n is the dimen-
sion of M. Moreover, for any coordinate chart (U, ) around p,

{(dah)p, -+, (dz"),}
is a basis of Ty M (called the natural basis under (U, p)), and for any f € C5°,
- 8f¢_1 i

i=1

where x* € C° is the i-th coordinate function under (U, ¢).

Proof. Fix a coordinate chart (U, ) around p. For any f € Cp°, we may write

f: fogoil(xla"' axn)a

where we regard z° € Cp° as coordinate functions defined on U. It follows from
Theorem 1.2 that

n 9f o 1 4
@y =3 e da,.
i=1

Therefore, Ty M is spanned by {(dz'),, -, (dz™),}.
Moreover, assume that

> Xi(da'), =0 (in Ty M)
i=1

for some \; € R. By definition this means that under (U, ¢), > i, \;z’ and the
zero function have the same first order partial derivatives at ¢(p). Note that
here z!,--- 2™ are variables of the function Y ., A\;z" defined on (U). By

taking partial derivatives, it follows immediately that
A; =0, for all 4.

Therefore, (dz'),,- -+, (dz™), are linearly independent. O



Now we are able to give the definition of tangent space.

Definition 1.9. The dual space of T; M is called the tangent space of M at p,
denoted by T, M. Elements of T,,M are called tangent vectors at p.

Let (U, ¢) be a coordinate chart around p. We use

0 0
{%hﬂ 7@‘17}

to denote the dual basis of {(dz'),,---,(dz™),}. This is the natural basis of
T,(M) under (U, ¢). Moreover, for any f € Cp°, we have

) N Ofop! 9 : Of o™t
<@|p» (df)p) = Z W|«p(p)<@|p» (dz?)p) = T“’(P)‘

=1

Therefore, % p can be regarded as the i-th partial derivative operator when
acting on C'*° germs.

In general, for any tangent vector v € T,M, v can be equivalently viewed
as the differential operator taking directional derivatives along the “direction”
v. This point will become clearer in Problem 5 of Problem Sheet 1, where the
tangent space 1), M is identified to be the space of equivalence classes of smooth
curves through p representing “directions”.

Example 1.9. For any point z € R™, T, R™ is canonically identified as R™ since
R™ is parametrized by one natural coordinate chart and { a%lhw e ,%h} is
the universal natural basis of T,,R™ for all x € R™.

Remark 1.5. In the rest of the notes, sometimes we may use (U;z?) to denote
a coordinate chart in order to emphasize the coordinates, or simply use U. We
may also frequently drop the notion of ¢ when doing calculation in a coordinate
chart (U, ¢). So for example, we may simply write (1.1)

ozt

i=1

(df);v = () (dxl)p

Equivalently, we can define tangent vector as linear derivation over F,, (the
space of C'™° germs).

Theorem 1.3. Let pr to be the vector space of linear derivations over F,
i.e., the space of linear functionals X : F, — R such that

X([£1-[9]) = F(@)X([g]) + 9(p) X ([f])-
Define the map _
& T,M — T,M
by
((X), (df)p) == X([f]), (df)p € T,y M,
where [f] is any representative of (df ),. Then @ is well-defined, and it is a linear
isomorphism.



Proof. To see that ® is well-defined, it suffices to prove: for any X € TpM , if
[f] € Hys then X([f]) = 0.

In fact, assume that [f] € H,, and take some representative f € C;°. Choose
a convex coordinate chart (U, ¢) on which f is defined (this is always possible
by shrinking an arbitrary coordinate chart). Then by definition we know that

of
ox?

For any x € U, by convexity and the fundamental theorem of calculus, we have

(p)=0,Vi=1,--- ,n.

= f(a S AR — z)(zt — p’
F0 =@+ [ G0 =+ @)t

where (p',---,p") denotes the coordinate of p under (U, ¢). Now for any i =
1,---,n, define g;, h* € Cpe by

1
gi(xz) = ; 33{1((1 —t)p + tx)dt, hl(:r) =zt —pt.

It follows that

f@) = f(a) + 3 i@ (@),

and

and
X([]) = X(c[1]) = cX([1]), Vc R,

we know that X annihilates constant germs. Therefore, by linearity and the
derivation property, we have

X([f]) =0.

The linearity and injectivity of ® follows directly from definition.
To see that @ is surjective, let v € T, M, and define

X: F—R

by
X([f]) := (v, (df)p),

Then by Corollary 1.1 we know that X € TpM . It is then obvious that
v=>P(X).

Therefore, ® is a linear isomorphism. U

10



One might wonder how the natural basis of Ty M or T;, M transforms under
change of coordinates. In fact, this is an easy consequence of Corollary 1.2.

Proposition 1.2. If (U, ) and (V, ) are two coordinate charts around p, then
foranyi=1,--- n,

i _ . ayi i
@ = Y 5o,
j=1

i| _ 81:3
oyt axﬂ

where (z',---,2™) and (y',--- ,y") are coordinates under (U, o) and (V,v)
respectively.

Therefore, if o € Ty M with

o= Z)‘i(dxi)p = Zﬂj(dyj)p
i=1 j=1
then
Ox?
= Z)\ 9y , Vi=1,-
=1

Similarly, if v € T, M with

then

1.3 The differential of C> map and submanifolds

The notion of cotangent and tangent spaces enables us to linearize a C'*° map
locally. This is crucial in the study of manifolds.

Definition 1.10. Let F': M — N be a C* map between manifolds M, N. Fix
p € M and let ¢ = F(p). The pullback of cotangent vectors by F at p is the

linear map
F*: TIN 5 T:M
defined by
F*((df )q) = (d(f o F))p.
The dif ferential of F at p is the dual map of F*, usually denoted by (dF),.
More precisely,

(dF)p(v), a) = (v, F*(a)), Yv € T,M, a0 € T/ N.

11



Assume that dimM = m, dimN = n. Under coordinate charts (U, ¢) around
p and (V,4) around ¢, F is represented by

C=Fgh - 2™, a=1,--,n.

For any f € Cg°, we have

8foF aFa .
o Z (p), for all i.

It is then easy to see that F'* is well-defined. Moreover, by Corollary 1.1,

* [ G aFa i
F*((dy™)g) = oo () ('), for all o,

and by duality,

(dF a i |p Z

\ ), for all i.

Therefore, under the natural basis, the matrices of F* and (dF'), are just the
Jacobian (%};l (p))-
It follows immediately from the definition that if F: M — Nand G: N —

P are C* maps between manifolds and ¢ = F(p), then

(GoF)* =F* o G¥,

and

(d(G o F))p = (dG)q o (dF)y. (1.2)
Example 1.10. Let v: I — M be a smooth curve on M. For any ¢t € I,

0
(dy)e (8t| t) € TyiyM

is called the tangent vector of + at t.

Example 1.11. If F: R™ — R”, then (dF), is given by the linear map
— d le=oF(x +ev), v e R™
v de'*=° Fvev, v ’
where we identify T, R™ and Tp(,)R™ to be R™ and R™ in the canonical way,

respectively.

Definition 1.11. If (dF'), is injective, dF is called nonsingular at p. Of course
this definition implies that dimM < dimN.

If F is a diffeomorphism, then dF is an isomorphism everywhere from the
chain rule (1.2) applied to F~! o F' = idys. Conversely, by the inverse function
theorem, we have the following local result.

12



Theorem 1.4. Let FF: M — N be a C* map between two manifolds M, N
of the same dimension, and let p € M. If (dF), is an isomorphism, then there
exists open neighborhoods U of p and V' of q = f(p), such that F(U) C V and
Fly: U—V is a diffeomorphism.

Proof. Choose coordinate charts (Up, ) around p and (Vp,v) around ¢, such
that F'(Up) C Vp. Then by assumption the Jacobian of F' at p under these
coordinate charts is nonsingular. It follows from the inverse function theorem
that there exists open neighborhoods U C ¢(Up) of p(p) and V' C (Vp) of ¢(q),
such that B L

F=9¢oFopl: U=V

is a diffeomorphism. Take
U=¢ '(U), V=y"(V),

then B
F=¢yloFop: U=V

is a diffeomorphism. O

Definition 1.12. Let F: M — N be a C'"°° map between two manifolds of the
same dimension. If for any p € M, there exists an open neighborhood U of p,
such that F'(U) is open in N and

F|U U — F(U)
is a diffeomorphism, then F is called a local dif feomorphism.

Remark 1.6. Theorem 1.4 tells us that if dF is an isomorphism everywhere,
then F is a local diffeomorphism. However, F' may fail to be a diffeomorphism.
One can consider the map

F:R—S!

given by ,

F(z) =e™.
However, if FF': M — N is C'°°, bijective, and dF' is nonsingular everywhere,
then F' is a diffeomorphism (we don’t need to assume that M and N have the
same dimension—it can be proved!). The proof of this result relies heavily on

the second countability of the manifold topology. We will leave the challenging
proof as an exercise (one can consult [5] for some hints).

Another application of the inverse function theorem is the following descrip-
tion of the local geometry of a C°° map F': M — N at some point p where dF
is nonsingular.

Theorem 1.5. Let M, N be two manifolds with m = dimM < n = dimN.
If the differential of a C>* map F : M — N is nonsingular at p € M, then

13



there exists cubic coordinate charts (U, p) centered at p and (V,1) centered at
q = F(p), such that

FU) =4y Hyed(V): y'=0forallm+1<i<n}CV,

and for any p' € U,

V(F@) =2'(p), 1<i<m;
y'(F(p') =0, m+1<i<n,

where ', y" are coordinates under U,V respectively.

Proof. Choose coordinate charts (Up, ) around p and (Vj,1g) around ¢, such
that F(Uy) C Vp. Under these coordinate charts, the Jacobian of F' at p has
rank m. By a permutation of the coordinates under V, we may assume that
the matrix

0y’
(&rﬂ' (p))lgi,jgm

is nonsingular, where under Uy, Vj,
y'=Fiat, - 2™),i=1,-- ,n.
Now define a C* map

D o(Ug) x R*™™ — (V)

0P _ (BB )icijem O
a(x7w)((p,0))—( e Idn_m)»

which is again nonsingular. It follows from the inverse function theorem that
we can find a cube V in ¢(Up) x R"™™ centered at (¢(p),0) and some open
neighborhood V' C 1y(Vp) of ¥(g), such that

is a diffeomorphism. Finally, the cubic coordinate charts
(U ={z€plp): (x,0)€V}, ¢)

and B
(V =ty o®(V), =0 o)

are desired. O
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Theorem 1.5 tells us that if (dF'), is nonsingular, then we can parametrize
p and F(p) by cubes U and V such that F(U) is a slice of V. In particular, F is
injective near p.

It should be pointed out that if we look at the whole image F'(M) inside the
cube V, it may far from being a slice or a union of slices, even in the case of
submanifold.

Definition 1.13. Let ¢ : M — N be a C*° map between manifolds M, N.
(1) If (dy) is nonsingular everywhere, then ¢ is called an immersion.
(2) If ¢ is an injective immersion, then (M, ¢) is called a submani fold of N.
(3) If (M, ) is a submanifold of N, and ¢ : M — p(M) is a homeomorphism
(the topology of ¢(M) C N is the relative topology), then (M, ) is called an
embedding.

In the case of embedding, the local geometry becomes very simple: U,V can
be chosen such that ¢(M) NV is the single slice (U). In fact, we have the
following result.

Theorem 1.6. Let (M, ) be an m-dimensional submanifold of an n-dimensional
manifold N (m < n). Then (M, ) is an embedding if and only if for anyp € M,
there exists cubic coordinate charts U centered at p and V' centered at ¢ = ¢(p)
with properties described in Theorem 1.5 and p(U) = o(M)NV.

Proof. “=". First of all, by Theorem 1.5, there exists cubic coordinate charts
Uy centered at p and V) centered at ¢ = F(p) with properties in the Theorem.
Since (M, ¢) is an embedding, ¢(Up) is an open set in (M), and hence there
exists some open set V; C Vp, such that

o(Uo) = (M) N V1.

Now we can take some small cube V' C V; centered at ¢ and take U to be the
slice p(Up) NV. U,V will satisfy the desired properties.

“«<". For any p € M, by assumption we know that there exists some coor-
dinate chart (Vp; y®) around g = ¢(p), such that ¢(M) NV is characterized by
the equations

{yeVo: y"=-..=y" =0}
To see ¢! : (M) — M is continuous, it suffices to show that for any co-
ordinate chart (U;z?) of p, there exists some open neighborhood V' of ¢, such
that
o Hp(M)NV) CU. (1.3)

By the continuity of ¢ we may further assume p(U) C Vp. It follows that under
U and V), ¢ is given by
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Since (dy), is nonsingular,

oy”
( ozt (p))léa,ignz

is nonsingular. By the inverse function theorem,
a _ , « 1 m _
Yy _@(xf"am )aa_la"'7m7

has a C'™ inverse near ¢ on the hyperspace o(M)NVy, which is exactly the map
¢~ L. In particular, we can choose some small cube V' C V; centered at ¢, such
that (1.3) holds. O

So far we have discussed the local geometry of submanifolds, but haven’t
mentioned anything about the global topology.

Assume that (M, ) is a submanifold of N, then ¢(M) C N has a natural
differential structure induced by ¢ : M — (M), such that (p(M),i) is a
submanifold of IV, where 7 is the inclusion. However, the manifold topology of
»(M) may not be the same as the relative topology. The case of embedding is
exactly the case when these two topologies coincide.

Now let A be a nonempty subset of a manifold M. The following is a
uniqueness theorem for the differential structure on A, related to its global
topology, such that (A,4) is a submanifold of M, where ¢ is the inclusion. We
are not going to proof this result, one can refer to [5] for a sketch.

Theorem 1.7. (1) If there exists two differential structures on A, such that
(A,14) is a submanifold of M and they induce the same manifold topology on A,
then these two differential structures are the same.

(2) If there exists a differential structure on A, such that (A,i) is a subman-
ifold of M and the induced manifold topology is the relative topology, then this
is the unique manifold structure on A such that (A,3) is a submanifold of M.
In this case, (A, i) is an embedding.

Many important examples of manifolds arise from the implicit function the-
orem. Intuitively, if we solve n equations with m variables (m > n), then we
obtain a manifold of dimension m — n. But the solvability of these equations
requires some kind of nondegeneracy on the differential of the system.

Theorem 1.8. Let FF: M — N be a C*° map between manifolds M, N of
dimension m,n respectively (m > n). Let ¢ € N and assume that for any
p e F~l(q) # 0, (dF), is surjective. Then P = F~'(q) has a unique differen-
tial structure such that (P,i) is a submanifold of M, where i is the inclusion.
Moreover, under this differential structure

dimP =m —n,

and (P, 1) is an embedding.
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Proof. We are going to construct a differential structure on P of dimension m—n,
such that (P, ) is a submanifold of M and the induced manifold topology is the
relative topology. It then follows from the second part of Theorem 1.7 that this
is the unique differential structure on P such that (P, ) is a submanifold of M,
and it is in fact an embedding.

The construction is again benefited from the inverse function theorem. Fix
a coordinate chart (V;y®) around ¢. For any p € P, choose a coordinate chart
(U};2") around p such that F(U)) C V. Since (dF), is surjective, by a permu-
tation of the x coordinates we may assume that

a «
(8y$l (p))léa,zgn

is nonsingular, where
Yy  =Fzt - 2™), 1<a<n.

Define F : U, =V xR™™" by

It follows that the Jacobian of F is nonsingular at p. By the inverse func-
tion theorem, we can choose some cube (U,,¢) centered at F(x!, - 2™) to
parametrize p € M locally. Moreover, under such parametrization, P N U, is
exactly the (m — n)-dimensional slice

{h, -y 2™ ™) e Uy sy =y*(q) for all 1 < o < n}

of the cube Up,. Since (Up, ¢) is a coordinate chart around p in M, by restriction
it is obvious that under the relative topology on P, (P N U,,¢|pny,) is also a
coordinate chart around p in P (in the sense of Remark 1.2). Moreover, since
{Up}pep is C*° compatible on M, by restriction it follows immediately that
{PNU,}pep is an atlas on P. Therefore, from Remark 1.2 it defines a differential
structure on P of dimension m — n, whose induced manifold topology coincides
with the original topology, namely, the relative topology. Under such differential
structure, for any p € P, under U, the inclusion 7 is just the inclusion of the
slice PN U, into the cube U,,. Therefore, di is nonsingular at p, and hence (P, 1)
is a submanifold of M. O

Remark 1.7. From the proof of Theorem 1.8, it is not hard to see that for any
pep
(di)p(T,P) = Ker(dF'), C T, M.

Example 1.12. Consider F : R"*! — R defined by
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then for any z € F~1(1), the Jacobian of F at x is

which is of rank 1. Therefore, (dF), is surjective. By Theorem 1.8, (F~1(1) =
S™ i) is a submanifold of R"*1. By Theorem 1.7 this differential structure is the
same as the one introduced in Example 1.2, since they are both submanifolds
of R™*! with the same manifold topology-the relative topology.

Example 1.13. Let GL(n;R) be the group of n x n real invertible matrices.

This is an open subset of Mat(n;R) = R"z, the space of n x n real matrices.
Therefore, GL(n;R) is an n?-dimensional manifold. Let O(n) be the group of
orthogonal matrices of order n, i.e.,

AcOn) «— ATA=1.

n(n—1)

We are going to show that (O(n),i) is an -dimensional submanifold of

GL(n;R). Define
F: GL(n;R) — Sym(n)

by
F(A) = AT A,

where Sym(n) denotes the @—dimensional vector space of n X n real sym-
metric matrices. Then for any A € F~*(I), by Example 1.11,

(dF) 4 : Mat(n;R) — Sym(n)

is given by
WE)A(K) = L) oF(A+eK)= ATK + KTA.

For any S € Sym(n), let K = %, then we have

(dF) A(K) = S.
Therefore, (dF) 4 is surjective. By Theorem 1.8, (O(n),4) is as submanifold of
GL(n;R) of dimension "(anl)

1.4 Vector fields and the tangent bundle

We have defined tangent vector at one point. If for any point on the manifold,
we assign a tangent vector at this point, then we obtain a vector field.

Definition 1.14. Let M be a manifold. A vector field X on M is a collection
{X,}pen of tangent vectors such that

X, € T,M, ¥p € M.
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Let X be a vector field. For any p € M, X, can be regarded as a linear
derivation on the space of C* germs at p. Therefore, for f € C*°(M),

(X)) = Xp([f]); p € M,

defines a real function on M.

Definition 1.15. If for any f € C°(M), Xf € C*(M), then X is called a
smooth vector field. The space of smooth vector fields on M is denoted by

On the other hand, for any coordinate chart (U;z?), X|¢ can be expressed
by

n ) 8
X, = Hx)=—
. Za (x) 5
i=1
for some real functions a’(z) defined on U.

Theorem 1.9. X is a smooth vector field on M if and only if for any coordinate
chart (U; %), a'(z) € C®(U) for alli=1,--- ,n.

Proof. “=". For any coordinate chart (U;z?), the coordinate functions x' €
C>(U). For fixed p € U, we may use a bump function (see Example 1.6) to
extend z' from some open neighborhood of p to a C* function Z* defined on
M. Tt follows that

al(z) = X, @'

near p. Therefore, a’(x) is smooth at p.
“e” Let f € C°(M). For any p € M, choose a coordinate chart (U;x?)
around p. It follow that under U, X f is given by

(XN ) =Y a'@) gt (@), v e U

X

By assumption, we know that X f is smooth at p. O

Let X be a smooth vector field on M. Then the induced linear operator
X : C®(M) — C*™(M) satisfies the derivation property:

X(fg) = fXg+gXf, Vf,geC®(M). (1.4)

We are going to show that, any such linear operator X arises from a smooth
vector field. To see that, we first show that X is a local operator, namely, if
f =0 on some open set U, then X f = 0 on U. Indeed, for any p € U, choose
some open neighborhood W of p with W compact and W C U, let h € C>°(M)

be such that o
1, geW

h(q) =
0, g¢U.
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It follows that hf =0 on M, and by (1.4) we have

0=X(hf)(p) =h(p)(Xf)(p)+ f(p)(Xh)(p) = (X [f)(p)
Therefore, X f = 0 on U. Now for any p € M, and [f] € F,,, define

Xp(lf]) = (X)),

where f € C°°(M) is an extension of a representative f € [f] from an open
neighborhood of p to the manifold M. It follows from the previous discussion
that X, is well-defined and X, € T, M (in the sense of Theorem 1.3). More-
over, {X,},em defines a smooth vector field on M such that the induced linear
operator on C*°(M) is X.

By using the language of (infinite dimensional) vector space, this correspon-
dence is a linear isomorphism.

The space X(M) of smooth vector fields on M carries a product structure
which turns X(M) into a Lie algebra.

Definition 1.16. Let X, Y be two smooth vector fields on M. Their Lie bracket
[X,Y], is define to be the linear operator

[(X,Y]: C®(M) — C®(M),
f = XYf-YXF.

From the definition it is immediate that [X, Y] satisfies the derivation prop-
erty (1.4). Therefore, by the previous discussion we know that [X,Y] is again a
smooth vector field.

Moreover, we have the following easy algebraic properties about the Lie
bracket. It indicates that (X(M),+,[-,-]) is a Lie algebra.

Proposition 1.3. Let X,Y,Z € X(M) and f,g € C*(M). Then
(1) [X,Y] = —[Y, X];
(2) [X +Y, Z} = [X7 Z] + [Y7 Z];
(3) [fX,9Y] = f(Xg)Y —g(Y )X + fg[X,Y];
(4) [Xv [Y: Z“ + [K [va]] + [Z’ [XaY]] =0.
Here fX is the smooth vector field {f(p)Xp}penm , or equivalently,

(fX)(p) = [(X¢), ¢ € CF(M).

Proof. Straight forward by definition. O
Under a coordinate chart (U;x?), from the Definition 1.16 it is obvious that
the coordinate vector fields {8%1, e &%} satisfy:
o 0

T =0, Vi, j=1,---,n.
[a.’IJZ’ axj} 07 v@,j ’ ) TV
Therefore, for smooth vector fields X,Y on U, if
n n

i 9 j 9
Xy = 2 a (I)%v Y, = nglbj(@")@a zel,

?
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by Proposition 1.3 [X,Y] is given by

where

It is natural and convenient to look at vector fields from the view of the tan-
gent bundle. The notion of fibre bundles is very important for us to understand
global properties on the geometry and topology of a manifold. Later on we will
come to the study of fiber bundles in the context of de Rham cohomology.

Now we construct the tangent bundle T M over a manifold M. The construc-
tion is geometrically intuitive.

Let

TM = UpemTyM

be the set of tangent vectors at any point on M. We are going to introduce a
canonical differential structure on 7'M induced by the one on M, such that T'M
is a manifold of dimension 2n.

Fix an atlas {(Uqa, ¢o) : « € A} in the differential structure of M. For any
a € A, we define the map

O, : Ey =Upcv, TpyM — 9o (Uy) x R"

by

v = (zla"' 7xn7a17"' ’an)’
where (z!,---,2™) is the coordinates of p € U, such that v € T,M, and
(a',--+,a") is the coordinates of v under the natural basis {32 |,, - , 52 |p} of

T,M. ®, is a bijection because ¢, is bijective and each T, M (p € U,) is canon-
ically isomorphic to R™ under the natural basis. Now we are going to show
that {(Eq,Pa) : a € A} defines an atlas on TM. In fact, for any o, € A,
., (E, N Eg) is the open set

9a(Us NUg) x R® C R*™,
and the change of coordinates
Pgo® ' 0o (Us NUg) x R™ = 5(Uy x Ug) x R”
is given by

81’
Y i=1,--,n.

oxJ

n
yi _ (@Boﬁﬂgl)i(l‘l,"' ’xn)’ bi:Zaj
j=1

This is obviously C°° with C* inverse since {(Ua;¢a) 1 « € A} is an atlas

on M and (%)K%J‘én is nonsingular everywhere in ¢, (U, N Ug). Therefore,
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{(Ea,®qn) : «a € A} is an atlas on TM, which defines a differential structure
on T'M of dimension 2n. It is not hard to see that this differential structure is
independent of the choice of {(U,,pq) : « € A} on M. Moreover, from the
construction we can show that the manifold topology of T'M is Hausdorff and
has a countable base of open sets. This is left as an exercise.

Let m : TM — M be the natural projection, i.e., m7(v) = p if v € T, M.
It follows that 7 is a surjective C*° map. For any p € M, the vector space
71 (p) = T, M is called the fiber of TM over p.

Definition 1.17. A section of TM is a C* map X : M — T M such that
moX = id]y[.

By definition, a section of T'M is just a smooth vector field on X. Since
each fiber of TM is a vector space (tangent space), the zero section is well-
defined. Moreover, by using bump functions we can construct nontrivial sections
of TM. However, T M does not necessarily have an everywhere nonzero section!
Equivalently, not every manifold M has a non-vanishing smooth vector field.
This issue is closely related to the topology of the manifold. For example, later
on we will prove that the n-sphere S™ has a non-vanishing smooth vector field
if and only if n is odd, (this is known as the Hairy Ball Theorem) while the
n-dimensional torus (or more generally, every Lie group) has a non-vanishing
smooth vector field.

In exactly the same way, we can construct the cotangent bundle T*M. For
any f € C*°(M), since (df), € T, M for every p, f induces a section of T* M.
This section, denoted by df, is called the dif ferential of f. However, not every
section of T* M arises from a C'* function in this way.

2 Differential forms and integration on manifolds

2.1 Tensor products

The analysis of tensor fields, in particular, of differential forms on a manifold is
fundamental in the study of differential geometry. To understand the concept
of tensor fields, we first need to study tensor products.

Definition 2.1. Let V and W be two real vector spaces. The tensor product
of V and W is a real vector space T together with a bilinear map (i.e., linear in
each component)

o: VW —=SVeW,

such that the following universal property holds: if Z is a real vector space
and f: V x W — Z is a bilinear map, then there exists a unique linear map
g: T — Z, such that

f=goep.
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The tensor product is unique up to unique isomorphism. More precisely, if
(T',¢") is another real vector space with a bilinear map satisfying the previous
universal property, then there exists a unique isomorphism ¢ : T — T, such
that

@ =io.

We are not going to prove this algebraic result—it is just a manipulation of
the definition. We will use (V ® W, ®) to denote the tensor product of V' and
W with the bilinear map (up to unique isomorphism).

Remark 2.1. Tt is the properties of the tensor product which are more important
than what it is (as we use the properties of real numbers very naturally, we
seldom remind ourselves that they are equivalence classes of Cauchy sequences
of rationals).

We are going to construct the tensor product explicitly, in a relatively sim-
ple and conceivable way. From now on we assume that V' and W are finite-
dimensional real vector spaces.

For convenience we first construct V* @ W*, where V* and W* are the dual
space of V and W respectively.

Let L(V,W) be the space of bilinear functionals f : V x W — R. For
v* € V* and w* € W*, define

vVuw': VxW =R

by
v* @ w*(v,w) = v (V)w" (w), (v,w) eV x W.

It is easy to see that v* ® w* € L(V,W). Moreover, ® is bilinear from V* x W*
to L(V,W). V* @ W* is defined to be the subspace of L(V, W) spanned by the
elements of the form v* ® w*, where v* € V*, w* € W*,

It should be noticed that not all the elements in V* ® W* are of the form
v* ® w*. For example, v* ® v* + w* ® w* is usually not a monomial.

Fix a basis {a; : i = 1,--- ;m} of V and {by : o« =1,---,n} of W respec-
tively. Then for any v*, w*, under the corresponding dual basis {a**} and {b**},
we have the expression

m

vt = Zv*(ai)a*i, w* = iw*(ba)b*a.
a=1

i=1

Therefore, from the bilinearity of ® we know that V* @ W* is spanned by
{a** @ b**: 1<i<m,1 <a<n}. Moreover, this is a basis of V* @ W* since
it is obvious that they are linearly independent.

Theorem 2.1. V* @ W* = L(V,W). Moreover, V* @ W* together with the
bilinear map @ : V*xW* — V*QW™ satisfies the universal property introduced
before, and hence (V* @ W*,®) is the tensor product of V* and W*.
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Proof. For any f € L(V,W), we can write

f= Zf(ai,ba)a*i ® b*>.

Therefore, V* @ W* = L(V,W).

To prove the universal property, assume that Z is a real vector space and
f: V*xW* - Z is a bilinear map. Define g by specifying its values on the
basis:

g(a* @ b**) = f(a™,b*®), for all i and a. (2.1)

Then for any v* € V* w* € W*, we have
go®@('w') = g(v'@w)
= > v(a)w (ba)g(a™ ® b*)
i,

S o () (0, )
= f*,w").

Moreover, g is uniquely determined by f since it is determined by (2.1) on the
basis {a** @ b*®}, if it satisfies

f=go®.
Therefore, (V* ® W*, ®) satisfies the universal property of tensor product. O

Since V' can be regarded as the dual space of V* (and the same for W), we
can define V ® W in exactly the same way. It turns out that

VoW =LV, W)

with basis {a; ® by 1 1 < i< m,1 < a < n} and the dimension of V@ W is
again mn.
V* ® W* is the dual space of V ® W in a natural way, if we define

v @ w* (v w) =v"(v)w*(w). (2.2)

It follows that {a*! @ b**} is the dual basis of {a; ® b, }.

Now assume that V, W, Z are finite-dimensional real vector spaces. Similarly,
we can define V@ W ® Z as the linear subspace of L(V*, W* Z*) spanned by
the elements of the form v @ w ® z, where L(V*, W* Z*) is the space of trilinear
functionals f: V* x W* x Z* — R. It is not hard to show that

VoW ®Z=L(V*"W*, 2,

and (VeW)®Z, Ve (W ® Z) are both isomorphic to V@ W & Z. We will leave
these algebraic details as an exercise. More generally, for finite-dimensional real

24



vector spaces Vi,---,V,, we can define their tensor product Vi ® --- ® V. It
turns out that (V; ® --- ® V,,,®---®) is the unique vector space and unique
n-linear map (up to unique isomorphism) satisfying the universal property: if
Z is a real vector space and f: Vi X --- XV, — Z is an n-linear map, then
there exists a unique linear map g : V1 ® --- ® V;, — Z such that

f=g0o(® - ®).

If{el(-l) : 1< i<k} is a basis of Vj, then {el(-ll) ®--~®el(-:) 1< <kl <
I<n}isabasisof V1 ® - ®V,.
Now let V' be an n-dimensional real vector space.

Definition 2.2. Elements in the tensor product

Vi=V@ - VeV'e -V

T S

are called an (r,s)-type tensors. In particular, elements in Vj are called
contravariant tensors of degree r, and elements in V? are called covariant
tensors of degree s. Usually we use 7" (V) to denote V', and use T°(V*) to
denote V2. Conventionally, T°(V) = T°(V*) = R.

From the previous explicit construction of tensor product, we know that

VI =L(V*, V5V, V). (2.3)

S
Moreover, if {e; : ¢ =1,--- ,n} is a basis of V, then
{ei, @ ®e, @@ @€ 1<y, i, j1, 0, Js <1} (2.4)

is a basis of V. If x is an (r, s)-type tensor, then = can be uniquely expressed
as
= Z xir"i:eil R Qe ® e*t ®...®6*js7 (2.5)

Jig
1<iy, - ,irSn
1<ji, - Js<n

where by (2.3) and the duality (2.2),

iy

Tjid,

*i1 *Tp
9

1‘(6 )€ veju"'vejs)

e*il ®...®e*ir®ejl®...®ejs(.r).

(x?l:'.',? )i<iy, - ir<n are called the coordinates of x under the basis (2.4).
T 1 s S
It is usually convenient to introduce the Einstein summation convention.
More precisely, if some index appears as a superscript and a subscript at a single
expression, then they are automatically summed over the domain of the index.
For example, we can write (2.5) as

m_xjrnjrseh Q---Qe, Qe NQ...Qe s,
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In the rest of the notes we will always use the Einstein summation convention,
unless we want to emphasize the domain of the index.

Now a natural question is what the change of coordinates formula looks
like for (r, s)-type tensors. This is not hard to derive from the multi-linearity
structure of tensors.

Proposition 2.1. Let {e;: i=1,--- ,n} be another basis of V, and let (al) be
the transition matriz between the two basis, i.e.,

e, = agej.

Then for any (r,s)-type tensor x € VI, the change of coordinates formula be-
tween the corresponding two basis of Vsr is given by

i k, 1 Iy
i = kBl Bl el (26)
where (%) is the inverse of (a?)

Proof. By the multi-linearity of tensors we have

r = zfll lk€k1®"‘®€k ®e*l1®...®6*ls
= a7 (5k16u) ®(BirE;,) @ (a1 @ @ (ake)
= xll“ Tﬁ .. éi...a§i€i1®.'.®€ir®é*jl®.'.®€*jg
Therefore, the change of coordinates formula (2.6) follows immediately. O

Remark 2.2. From the formula (2.6) we can see why we call the “V” compo-
nents as contravariant and the “V*” components as covariant: the change of
coordinates for the “V” part (the super indexes) is given by the inverse of the
transition matrix (a}), while the change of coordinates for the “V*” part (the
sub indexes) is given by the original transition matrix.

One can define the tensor product of tensors of different type. Let x € V!
and y € V]2, then x ® y is defined to be the (r1 + 72, 51 + s2)-type tensor given
by

*1 *171+79
x®y( sttt U 7v1a"'7vsl+82)

*1 ... *T1+1 .
)

_ *71 *7T1+72
LU( U y ULy o 7vs1)y(v v yUsy 41, 7051+52)~

Under a basis the coordinates of x ® y is given by

L PN & KXy 2SN I PN
(z®y);. ; :

“Jsi4so JiJsy ddsy 41 Jsy+sg”

It is easy to see that such tensor product operator is bilinear and associative.
Consider the direct sum of real vector spaces

T(V) = @rzoT" (V).
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Elements of T'(V) is of the form
T = Z zr,
r=0

where x, € T"(V) and there are all but finitely many nonzero terms in the
sum. Besides the linear structure, T(V') carries a product structure naturally
induced by ® : T" (V) x T™2(V) — T +72(V), which is defined previously.

More precisely,
TRY = Z Z Try @ Yry- (27)
r>0ri+re=r

It turns out that T'(V) is an algebra over R, which is called the tensor algebra
over V.

Let S, be the permutation group of order r (r > 1). Recall that the sign
of a permutation o € S,, denoted by sgn(c), is the parity of the number of
inversions for o, i.e., of pairs (4, j) with ¢ < j and o(i) > o(j). For any o € S,
we can define a linear transformation o : T7(V) — T"(V) by

(U:L’)(U*l, .. ,”U*T) _ x(v*a(l), L ,”U*U(T)),

where z € T"(V) and (v*%,--- ,v*") € V* x .-+ x V*. It is easy to see that when
acting on a monomial v1 ® - - - ® v,

oV ® - ®Vp) = Up-1(1) @ -+ @ Vg—1(y).
Definition 2.3. A contravariant tensor x € T" (V) is called symmetric if
or =z, Vo € §,.
x is called antisymmetric if
ox =sgn(o)-x, Vo € S,.

The space of symmetric (antisymmetric, respectively) tensors in 77 (V) is de-
noted by P"(V) (A"(V), respectively).

By definition, it is easy to see that z is symmetric if and only if under some
basis {e; : i =1,--- ,n} of V, the coordinates of x are symmetric:

gl = gle e for all iy, -- i, and for all o € S,..

Similar result holds for the antisymmetric case.

The spaces P"(V) and A"(V) can be obtained by using the symmetrization
and antisymmetrization operators.

Define the linear operators S, A, : T7(V) — T7(V) by

S, (x) = % > ox, Afx) = % > sgn(o) - oz (2.8)

o€ES, " o€S,

Then we have the following result.
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Proposition 2.2. P"(V) = 5,.(T"(V)) and A"(V) = A.(T"(V)).

Proof. We only consider the antisymmetric case. A™(V) C A, (T"(V)) is trivial
since for any z € A"(V),

A (z) =z
Now assume that
1
y=- Z sgn(o) -ox € A.(T"(V))
ocS,
then for any 7 € S,
1
Ty = Z segn(o) - Tox
r ogES,
_ 1
= sgn(7)- a3 Z sgn(to) - Tox
og€S,
= sgu(7) - y.
Therefore, y € A™(V). O

Another convenient way of looking at antisymmetric tensors in 77 (V) is to
see how it acts on V*. More precisely, we have the following result.

Proposition 2.3. Let x € T"(V) = L(V*,--- ,V*). Then z € A"(V) if and
only if x is an alternating r-linear functional in L(V*,--- [ V*), i.e.,

(v, - v*) =0
whenever v** = v*J for some i # j.

Proof. x is an alternating r-linear functional if and only if for any (v*!,--- ,v*") €
Vix.-.xV*and 1 <i<j<r,

. ,’l)*n) = —:L'(’l}*l’... 7/1}*‘]-’... ’v*i7..a ’v*n).

Since any permutation o € S, can be written as a product of finitely many
transpositions (2-element exchanges), it is also equivalent to the fact that for
any o € S,

(0™ ) = sen(o) - z(o, - 0", V(' ) e VE X x VL
O

Remark 2.3. We can also define symmetric and antisymmetric covariant tensors
in T7(V*) is a similar way. The previous results can be easily formulated and
proved in the covariant case as well.
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2.2 The exterior algebra

Here we study the space of antisymmetric contravariant tensors in detail. Its
algebraic structure is fundamental in the study of differential forms.
Let V be an n-dimensional real vector space.

Definition 2.4. A"(V) is called the r-th exterior power of V. Elements in
A"(V) are called (exterior) r-vectors. Conventionally A°(V) = R.

Of course we can multiply exterior vectors of different degree simply by
viewing them as elements in the tensor algebra T'(V) and using the algebraic
structure of T'(V'). However, such multiplication of exterior vectors does not
necessarily give us exterior vectors again. An essential point of introducing
exterior vectors is that we can define an exterior product on exterior vectors
intrinsically.

Recall that A, is the antisymmetrization operator defined in (2.8).

Definition 2.5. Let ¢ € A¥(V) and n € A(V). The exterior product & An of
& and n is defined to be

(k+1)!
!

EAn= A ®@n) € AFH(V).

The exterior product has the following basic properties.
Proposition 2.4. The exterior product
Az AR(V) x AY(V) = ARV
is bilinear and associative. Moreover, for any & € A¥(V),n € AY(V),
Enn=(-DMpne.

Proof. Bilinearity is an immediate consequence of the linearity of the antisym-
metrization operator and the bilinearity of the tensor product operator.
For associativity, by definition we have

(€ A 77) A C(U*la T 7v*k+l+h) (29)
1
- xa(1) x0 (k+1)
= o~ Z sgn(o) - (EAN)(v yrr v )
(k+Dth! 0ESkith
ookt o (ktith)) (2.10)
1 1

Y Y smn@sen(r) - e, 0o
0ESkyi4n TESk41
. n(U*UTUH‘l)’ - 7U*UT(k+l)) . C(U*U(k+l+1), - 7U*U(k+l+h)>.

(k + )R K

But for each 7 € Sk, 7 can be regarded as a permutation in Ski;yp Where T
leaves the last h factors invariant. Therefore, by exchanging the two sums we
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can write (2.9) as

(5 A 77) A C(U*17 e av*kJrlJrh)
1 1
=GO 2 2 sen(en) - (€@ne QT ptr ),

TESk4+1 OESkti+h

Now it is easy to see that for each 7 € Sk,

3 sgnor) - (E@n@ Q)@ TW, . yroTktR)

TESkti+h

=(k+1+ M) Appn(@n@ @™, o),

Therefore we have

EAMAC@, - o) = %Amwh(f@ﬂ@C)(v R )
Similarly,
EAMAQ W™, v k+l+h)::E“EQTET‘l“4k+J+h(fQDn69C)(v e i),

Finally, for the antisymmetry, first notice that

f A 77(1}*17 .. 7’0*k+l)
1
:m Z Sgn(U)g(U*a(l)’ - 7U*G(k))7](v*g(k+1)a - ’,U*CT(kJrl)).
T 0ESKkt

Let 7 € Sk4; be the permutation

‘ k+i, 1<i
(i) =4 .
i—1, I+1

<
<i<k+1L

It follows that sgn(7) = (—1)*, and

5 A n(v»d’ L. 7v*k:+l) _ (;:'I-l)'kl Z Sgn(O'T)T](U*GT(l), . ’,U*O'T(l))
c€Sk41
E(uroTURD L ror(eD)
(_1)kl

= o D senlom)n @, e )
0ESK 41

(*1)]6[77 A 5(’[1*17 e 7U*k+l)'
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From the proof of Proposition 2.4, for any vy, -+ ,v,. € V, we have

v A A =TIA (0 Q- ® ). (2.11)
Therefore, for any v*!,--- ,v*" € V*, we have
U1 AR UT(’U*l, e 7,0*7“) — Z Sgn(g)v*g(l)(vl) e ,U*O'(’I“) (UT’)
€S,
= th(U*i(Uj))lgingr. (212)

(2.12) is called the evaluation formula for vy A--- A wvy.
Now assume that {e; : 1 < i< n} is a basis of V. We are going to construct
a basis of A"(V) in terms of {e;}.
First of all, for any r > n, if z € A"(V) C T"(V), then
T = xilu.ireil Q- e;

Applying A, on both sides, we have

r = 1'“'”17'1474(62'1 R ® eir)
xil“'ir
= e A Aei,

Since r > n, at least two of those e;; on the R.H.S. are the same. By Proposition
2.4, we have ¢ = 0. Therefore, A"(V) = 0.

On the other hand, for any 1 < r < n, we are going to show that {e;, A---A
e, 1<ip < <i, <n} form a basis of A"(V). In fact, the same reason as
before shows that A"(V') is spanned by {e;;, A---Ae; : 1<y <+ <ip <n}.
To see they are linearly independent, let

> e A Ae, =0 (2.13)

1<i1 <+ <ir<n
Foreach 1 < j; < - <jr.<1,let k; <--- < k,_, be such that
{jl,"' aj?“aklv"' ,kn—r} = {]-a 7”}'

By taking exterior product with eg, A---Aeg, . on both sides of (2.13), we have
j:ajl”'jrel N---Nep=0.

By acting on (e*!,--- ,e*) where {e*' : 1 <i < n} is the dual basis of {e;}, it
follows from (2.12) that
ajl“'jT f— O.

Therefore, {e;, A=+ Ne;, : 1 <41 <- - <1, <n} are linearly independent,
and hence they form a basis of A”(V). It is easy to see that

dimA"™(V) = ( " ) .

rli(n —r)!
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Similar to the case of tensor algebra, we can define the exterior algebra over
V. Let A(V') be the direct sum

A(V) =D AT(V).

r>0

This is in fact a finite direct sum from degree 0 to degree n = dimV. A(V') carries
a canonical product defined in the same way as in (2.7), but replacing “®” by
the exterior product “A”. Under the basis {e;} of V, A(V) is a 2”-dimensional
algebra over R with basis

{le;, Ao Ney, : 1<r<n, 1 <ip <+ <ip <n}

A(V) is called the exterior algebra over V.

Since V* is also a finite dimensional real vector space, we can also construct
the exterior algebra over V* in the same way.

There is a natural pairing of A™(V*) and A"(V') such that A"(V*) is the dual
space of A" (V). On monomials such paring is defined to be

<U*1 VARERIAN ’U*T,"Ul VARERIVAN ’UT> = det(v*i(’l}j))lgi,jgr. (214)

We leave it as an exercise to see that this pairing is well-defined. In particular,
under the basis {e;} of V, {e*" A--- Ae* @ 1 < i < -+ < i, < n} and
{ei, ANoo-Nej, w1 <ip <-+- < i, <n} are dual to each other. In this manner
A(V*) becomes the dual space of A(V).

Remark 2.4. Since A™(V) C T"(V) and A" (V*) C T"(V*), by using the pairing
(2.2) of tensor products we have another pairing of A"(V*) and A" (V). These
two pairings defer by a constant factor:

90(5) = T!<(p7§>7 VQP € AT(V*)7£ € AT(V)

A linear map F': V — W between two finite-dimensional real vector spaces
V and W induces the pullback of exterior (covariant) vectors by F. More
precisely, for each r > 1, define

F* o AT(W®) = AT(VY)
by
(F*@)(’Ul,”' ﬂv'f‘) :w(F(Ul)f" ?F(’UT))? pE AT(W*)v(Uly"' ,UT) € Vx---xV.

When r = 0, we define F* to be the identity map from R to R. In particular,
when r = 1, F* is just the dual map of F. From Proposition 2.3, it is easy to
see that F*p € A™(V*). Moreover, we have the following result.

Proposition 2.5. F*: A(W*) — A(V*) is an algebra homomorphism.
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Proof. The only less trivial part is to prove that for any ¢ € A¥(W*), ¢ €
AY(W™),

F*(p A1) = F*o NF*y. (2.15)
In fact, by definition we have
F* (o A)(vr, - k) = @AO(F (1), -, Fvesr))
1
= > sgn(0) - o(F(ve1), -+ F(vom))
0ESK+1
.¢(F(v0(k+l))7 et ,F('Uo.(k_,’_l)))
1 *
= m Z sgn(o) - (F*9)(Voy, Vo))
0E€ESK1

(F ) (Vo (kg1)s 5 Vo (ktl))
= F*oANF*Y(vr, -, 0pt1)-

Therefore (2.15) holds. O

IfF: V—>Wand G: W — Z are linear maps between finite dimensional
real vector spaces, then by definition we have

(GoF)" =F"oG". (2.16)

2.3 Differential forms and the exterior differentiation

The analysis of (r, s)-type tensor fields and differential forms is closely related
to global geometric and topological features of a manifold. (r,s)-type tensor
fields and differential forms are sections of the (r, s)-type tensor bundle and the
exterior algebra bundle over a manifold. The construction of these bundles are
very similar to the case of the tangent bundle.

Let M be a manifold of dimension n.

For p € M, let

TI(p)=T,M@ - @T,MT,M®---@T M.

s s

T’ (p) is a real vector space of dimension n"**. Define

T3 (M) = Upen T (p)-

Similar to the construction of the tangent bundle, 77 (M) has a canonical dif-
ferential structure induced by the one on M, such that it becomes a manifold
of dimension n + n"T%. More precisely, let {(Uy, ¥a)}aca be an atlas in the
differential structure on M. For each p € U, T7 (p) has a canonical basis given
by

0 0 ; ; , o .
{al'il ®"'®ﬁ®dle®dmjs: 1<117"' ylryJ1, ajsgn}
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evaluated at p. The associated coordinate chart
o) . B = Uper TV (p) = @a(Us) x RY T C R x RY

is given by
(r,s) _ i d1i o o )
Dy (E) = (x ?a’jran)lg’Lﬂla“'ﬂm]lf"g]s<n7

where x? are the coordinates of the base point of ¢ and aj»ll'_'_'_éz are the coordi-
nates of £ under the natural basis of 77 (p). By Proposition 2.1 one can easily
write down the change of coordinates formula between two charts in terms of
the Jacobian of the change of coordinates on M. In particular, along the fiber
T7(p) the change of coordinates is a linear isomorphism. It follows by the same
argument as in the case of the tangent bundle that 77 (M) is a manifold of
dimension n + n" T,

Definition 2.6. T7 (M) is called the (r,s)-type tensor bundle over M. An
(r, s)-type tensor field on M is a section of TT (M), i.e., a C° map £ : M —
T7 (M) such that m o ¢ = idj; where 7 is the natural projection map.

When r = 1,s = 0, T7 (M) is simply the tangent bundle, and when r =
0,s = 1 this is the cotangent bundle. By using the tensor product defined in
(2.7) along each fiber, we are able to form the tensor product of an (r1, s1)-type
tensor field and an (rq, $2)-type tensor field, which yields an (r1 472, s14$2)-type
tensor field.

In exactly the same way, we can construct the exterior r-bundle

A7 (M) = Upenr A" (I M)
and the exterior algebra bundle
A(M) = Upen AT, M)

over M. Under a coordinate chart (U,z") of M, the natural basis of A™(T; M)
for p € U is given by

{dati1 Ao Adatr s 1<y < -+ < iy < n}
evaluated at p. It turns out that A"(M) (A(M), respectively) is a manifold of

dimension n + ( Z ) (n + 2™, respectively).

Definition 2.7. A section of the exterior r-bundle A" (M) is called a (smooth)
r-form on M. A dif ferential form on M is a section of the exterior algebra
bundle A(M). The space of r-forms (differential forms, respectively) is denoted
by Q"(M) (Q(M), respectively).

By definition, Q°(M) is simply the space C°°(M) of smooth functions on
M. Moreover, a differential form w can be uniquely written as

w=w+w +- -+ wm,
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where each w” is an r-form in Q"(M). There is a canonical exterior product
structure on the real vector space (M) induced by the exterior product “A”
on each fiber pointwisely. It turns out that Q(M) is an infinite dimensional
(graded) algebra over R.

By the definition of the exterior algebra, an r-form w can be regarded as a
(0,7)-type (antisymmetric) tensor field. According to Proposition 2.3, w acts
on the space X(M) of smooth vector fields on M pointwisely as an alternating
r-linear map

w: X(M) x - X(M) — C=(M).

It is not hard to see that this is also an equivalent characterization of r-forms on
M. This point is quite convenient and important in the calculation of differential
forms. Under a coordinate chart (U, z"), an r-form w can be expressed as

w = Z Qi i dz™ A - Adat

"

1< <<t <

Like the case of functions, differential forms can be “differentiated” via the

exterior differentiation. This is a fundamental concept in the analysis on mani-
folds.

Theorem 2.2. There exists a unique linear operator
d: QM) — QM)

which satisfies the following properties.
(1) For any r > 0,
d(Qr(M)) c Q"TH(M).

(2) If wy is an r-form, then for any we € Q(M),
d(wl A (UQ) = dwl N wa + (—1)Tw1 A dwg.

(8) If f € C°°(M), then df is differential of f.
(4) If f € C°(M), then
d*f = 0.

Proof. We prove the theorem by several steps.
(1) We show that if d exists, then it is a local operator. More precisely, for
any open subset U, if wy,ws € Q(M) with

wily = wsalu,

then
dwl\U = dw2|U.

By linearity, it suffices to show that: for any open subset U, if w € Q(M)
vanishes on U, then dw vanishes on U as well. In fact, for any p € U, choose
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a bump function h near x with respect to (V,U) where V C U is some open
neighborhood of p whose closure is compact. It follows from property (2) that

d(hw) = dh Aw + h A dw. (2.17)

But hw = 0, by property evaluating (2.17) at p we obtain that dw(p) = 0. Since
p € U is arbitrary, we see that dw =0 on U.

(2) If d exists, then for any open subset U, d induces a linear operator
dy : QU) — Q(U) satisfying (1) to (4). Explicitly, if w € Q(U), then we define

(dyw)(p) = (dw)(p), p€ U,

where @ € (M) is an extension of w near p. If we have another such extension
w, then W = @ in a neighborhood of p. By the locality of d, we know that

(dw)(p) = (dw)(p)-

Therefore, dy; is well-defined. Moreover, it is easy to see that dy satisfies prop-
erties (1) to (4). For example, to see (4) holds, notice that for any f € C*(U)
and p € U,

(@2 f)(p) = d(du f)(p),

where (2;]3” € Q' (M) is an extension of dis f near p. But if we choose an extension
f € C°°(M) of f near p, then dfis an extension of dyy f. It follows from property
(4) for f that
(di; f)(p) = 0.
Since p € U is arbitrary, we know that df, f = 0. We call dyy the restriction of d
on U.
(3) Let (U, z*) be a coordinate chart on M. If w € Q(U) is given by

w = z”: Z iy g, AT A NdatT, (2.18)

r=01<i1 <<, <n

then define

dyw = z": Z da,...;, N dz A - Adatr. (2.19)

r=01<i1 <<t <n

It is easy to see that dyy : Q(U) — Q(U) is a linear operator satisfying properties
(1) to (4). By the previous step, we know that dyy can be restricted to any open
subset of U, which is still given by (2.19). Now let (V,3’) be another coordinate
chart on M with U NV # § and define dy : Q(V) — Q(V) in the same way.
Then the restriction of dy on U NV, denoted by dy|ynv, satisfies properties (1)
to (4). In particular, for w € Q(U NV) given by (2.18), we have

dvlvnv(w) = Z Z daj,..;, ANdz™ A+ Ndz't = dyluay (W),

r=01<i1 <---<ip<n
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since z are coordinate functions on U NV and hence dV|Um/dac“ =
(4) For w € Q(M), define dw by

(dw)(p) = (duw|v)(p)

for any coordinate chart (U,2%) on M and any p € U, where dy is the linear
operator defined in step (3). It follows from the discussion in step (3) that d is
a globally well-defined linear operator satisfying properties (1) to (4).

(5) Let d' : (M) — (M) be a linear operator satisfying properties (1) to
(4). Then for any w € Q(M) and any coordinate chart (U, z°) on M, we have

(d'w)(p) = (dywlv)(p), p €U,

where di; is the restriction of d’ to U. Since dj, satisfies properties (1) to (4),
the same argument in step (3) shows that it is given exactly by (2.19), which is
the same as the restriction of d on U. Therefore, d’' = d.

Now the proof is complete. O

By the locality of the exterior differential d, computation on coordinate
charts yields the following fact.

Proposition 2.6. d? = 0.

Example 2.1. Consider M = R3, and use (x,v,2) to denote the canonical
coordinates of M.
(1) For a C*° function f,
f of of

0
df—a—daz—l——dy—ka

dz.
T Jy :

The coefficients of df form the gradient of f.
(2) For a one form
w = adr + bdy + cdz,

we have
o= (%dz + %dy + %dz) Ado+ (%dw + g—zdy + %dz) A dy
+(%dx + g—;dy + %dz) A dz
= (%—%)dyAder(%—%)dzAdx+(%—g—Z)dxAdy.

The coefficients of dw form the curl of the vector field (a, b, ¢).
(3) For a 2-form

w = ady N dz + bdz A dx + cdx N\ dy,

we have 5 % o
a c
dw = (7 + *y + &)

9% 5 dx Ndy N dz.
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The coefficient of dw is the divergence of the vector field (a, b, ¢).

From the previous computation, Proposition 2.6 in the case of M = R? takes
the following classical form: for any smooth function f and smooth vector field
X on R3,

curl(gradf) = 0;
div(curlX) =

In the study of exterior algebra, we’ve seen that a linear map induces the pull-
back of exterior vectors. Since differential forms are pointwise exterior vectors
over cotangent spaces, a C°>° map between manifolds will induce the pullback
of differential forms naturally.

More precisely, assume that F': M — N is a C*° map between manifolds
M and N. We define the pullback of dif ferential forms by F to be the linear
map F*: Q(N) — Q(M) given by

(F"w)(p) = (dF),w(F(p)), p € M,

where each (dF') is the pullback by the linear map (dF), : T,M — Tp@)N. If
w is a zero form (i.e., a C*° function), then by definition F*w is the composition
of F and w. If w is a one form, (F*w)(p) is just the pullback of w(F(p)) by F
at p in the sense of Definition 1.10.

To see the smoothness of F*w, we can simply work it out explicitly in co-
ordinate charts. Fix p € M and let ¢ = F(p). Choose some coordinate charts
(U, z) around p and (V,y*) around ¢ such that F(U) C V. Under V we may

write .
wly = Z Z Qi Y™ A+ N dy'T

=011 <-<ip
It follows from Proposition 2.5 and the case for pulling back zero and one forms
that

(F* o

—Z > (@i, 0 F)AF" A--- AdF™

r=01i; <<t

—Z > (ai- f: gf:~-~g§::dxal/\---/\dxam (2.20)

r=01i1 < <ip aly"'yarzl

where under U and V, F is expressed as
yi :Fi(x17"' ’J:WL)’ i = 17 y T

From this we can easily see that F*w is smooth in U, in particular, it is smooth
at p. Since p is arbitrary, we know that F*w defines a differential form on M.

Equivalently, for an r-form w on N and for any smooth vector fields X5, --- , X,
on M, as an alternating r-linear map

(F*w)(Xy, -, X,) =w(dF(Xy), - ,dF(X,)) € C®(M).
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By pushing one step forward in the calculation in (2.20), we can easily show
the following very important result.

Proposition 2.7. F* commutes with d. In other words, the following diagram
commutes:

Q(N) - ()

Qd(a) . Q?Jl\/[)

Proof. Use the previous notation, we know that

n

dw)lv =Y Y dai,i, Ady™ ANy,

r=0141 <---<ip

and therefore

(Fdo)lo =Y Y d(ai.i, o F) ANdF™" A+ NdF'.

r=0 iy <--<ip

But from the first equality in (2.20) and the properties of d, we have

[@FW)lo =Y 3 d(ai.;, o F) ANdF™" A+ NdF'.

r=0141 < <ip

Therefore, F*dw = dF*w in U and in particular at p. Since p is arbitrary, we
have F*d = dF™*. O

Since the pullback of differential forms is defined pointwisely, from (2.16) we
know immediately that if F': M — N and G: N — P are C* maps between
manifolds, then

(GoF)"=F"oG*: Q(P) = Q(M). (2.21)

2.4 One-parameter groups of diffeomorphisms and the Lie
derivative

There is another natural way of thinking about smooth vector fields. If we know
the direction of the tangent vector at each point on the manifold, in principle
we should be able to follow a trajectory determined by the vector field to move
along the manifold starting from any initial position. First proceeding for time
t and then proceeding for time s is the same as proceeding for time ¢+ s without
any stop. Moreover, as your starting position varies, the trajectory varies in a
smooth manner. Mathematically, this is the relation between a one-parameter
group of diffeomorphisms and its generating smooth vector field.
Let M be a manifold of dimension n.
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Definition 2.8. A one-parameter group of diffeomorphisms on M is a C*° map

o: MxR' - M

such that:
(1) for each t € R, pi(-) = (-,t) : M — M is a diffeomorphism;
(2) po =idns;

(3) Ps+t = Ps O Pt

A one-parameter group of diffeomorphisms on M specifies the global trajec-
tories explicitly about how to move on M. At any point p € M, by following
the trajectory ¢;(p) infinitesimally, we are able to determine the direction at p
(a tangent vector). More precisely, let X,, € T,M be the tangent vector of the
smooth curve ¢;(p) at t = 0. This defines a vector field X on M. The smoothness
of X follows easily from the smoothness of ¢. For any f € C°°, we have

(X)) = Elimof (01(p).

X is called the generating vector field of .

An interesting and important point is the converse: if we have a smooth
vector field X, is there a one-parameter group of diffeomorphisms ¢ whose gen-
erating vector field is X7

In general, the answer is no. Just consider M = (—o00,0) and the unit speed
vector field X = %. For a particle starting at any x € M, the vector field X
will bring the particle to the boundary z = 0 and “blow” it out of M in finite
time (the trajectory is not defined globally).

However, a smooth vector field X can always be integrated to a local one-

parameter group of diffeomorphisms.
Definition 2.9. A smooth curve v : (a,b) — M is called an integral curve

of X if for any ¢ € (a,b),

0
(dV)t(a\t) =Xy )-
In other words, the tangent vector of v at t is X ).

Locally we can always find an integral curve of X starting at a point p.
Essentially this is just the problem of solving ordinary differential equations
(ODEs).

Proposition 2.8. For any p € M, there exists some € > 0 and a smooth curve
~v: (—g,e) = M, such that v(0) = p and v is an integral curve of X.

Proof. Choose a coordinate chart (U, z%) around p. Under U an integral curve
y(t) = (H(t), -+ ,9™(t)) of X starting at p is determined by the ODE

{%:wmm, (2.22)

7(0) = p,
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where

4 0

X - Xl o

(1) = X'(2) 1

According to ODE theory, there exists some ¢ > 0 and a unique solution = :
(—e,e) = M to (2.22). This gives an integral curve of X starting at p locally. O

xzeU.

By the local uniqueness in ODE theory, an integral curve of Xstarting at
p can be uniquely extended to the maximal domain. Let Z be the set of open
intervals (a,b) such that 0 € (a,b) and there exists some integral curve v :
(a,b) — M of X with v(0) = p. The fact that Z is non-empty follows from
Proposition 2.8. Moreover, let (a,b), (¢,d) € Z and 71,72 be integral curves of
X defined on (a,b) and (¢, d) respectively, with v1(0) = v2(0) = p. Consider the
set

T ={te(a,b)N(c,d): m(t) =2(t)}

By continuity it is obvious that T is closed in (a, b)N (¢, d). On the other hand, for
any to € T, since 1 and 72 are both integral curves of X with ~;(tg) = v2(to),
under some coordinate chart around ~vi(tg), by the uniqueness part in ODE
theory we know that 77 and ~2 must coincide in some neighborhood (tg—e, to+¢)
of tg. Therefore, T is open in (a,b) N (¢,d). Since 0 € T, by the connectedness
of (a,b) N (¢,d) we know that

T = (a,b) N (¢, d).
In other words, 71 = 72 on (a,b) N (¢, d). Therefore, if we let

(a(p), b(p)) = Uiapyez(a,b),

then we can define an integral curve 7, : (a(p), b(p)) = M of X with ~,(0) = p.
Obviously, (a(p), (b)) is the maximal interval containing 0 on which we can define
an integral curve of X starting at p. We shall call vy, the maximal integral curve
of X starting at p.

For any ¢t € R!, define

Dy ={pe M: te(alp)bp))}-

Intuitively, D; is the set of points on M starting from which along the maximal
integral curve one can proceed at least for time ¢t. Obviously Dy = M. Moreover,
it is possible that D; is empty for some ¢ # 0. However, by Proposition 2.8 we
know that D; # () when ¢ is small and

M = Ui»0D; = Ui<oDs.
For t € R! and p € D;, define

@i(p) = Yp(t)-

We are going to show that ¢ is a local one-parameter group of diffeomorphisms
whose generating vector field is X. But we need to make it more precise since
 is not globally defined.
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The most important point is the group property. For t € R! and p € Dy,
consider the curve
s = Yp(s+1t).

This is an integral curve of X starting at 7, (t) defined for all s € (a(p)—t, b(p) —
t). Therefore,

(a(p) = t,b(p) —t) C (a(p(t)),b(p(2)))-

On the other hand, the curve

S ’y,yp(t)(s —t)

is an integral curve of X starting at p defined for all s € (a(v,(t))+t, b(vp(t))+1),
and hence

(a(yp(t)) +t,b(1 (1) + 1) C (alp), b(p)).
It follows that
(a(p) —t,b(p) — t) = (a(¥p(t)), b(7p(1)))- (2.23)

Consequently, the domain of ¢ o ¢; , denoted by

Dyy={peM: t€ (alp),b(p)) and s € (a(3 (1)), b(3, ()},

is contained in the domain Dsy; of @s4s. Moreover, by (2.23) we know that
both ¢. 0 p:(p) and ¢.;+(p) can be regarded as the maximal integral curve of X
starting at -y, (¢). Therefore, we have

s 091(p) = Part(p), ¥p € Dy (2.24)

It should be pointed out that in general 7537,5 # Dyit, but they are equal if s
and ¢ have the same sign.

Now we show that each D; (if not empty) is open and ¢, is a diffeomorphism
from D; to D_; with inverse ¢_;. From (2.24) with s = —t it is trivial to see
that ¢ is a bijection with inverse ¢_;. The openness of D; and the smoothness
of ¢; follow from the following key result.

Proposition 2.9. For any p € M, there exists some € > 0 and some open
neighborhood V' of p, such that the map

(t,q) = wi(q) (2.25)
is well-defined and C* from (—e,e) x V to M.

Proof. This is a direct consequence of the local smooth dependence of solutions
to ODEs on their initial values. More precisely, first take a coordinate chart U
around p, then standard results in ODE theory tell us that there exists € > 0
and some open neighborhood V' C U of p, such that for each ¢ € V, the ODE
(2.22) with initial condition at ¢ has a unique solution on (—¢,¢) taking values
in U, and the solution map (2.25) is C*° on (—¢,¢) x V. O
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Now let ¢ > 0 and p € D; (the case of ¢ < 0 is similar). Since 7,([0,¢]) is a
compact set in M, by Proposition 2.9 and a standard covering argument, there
exists some ¢ > 0 and some open set W containing v, ([0, ¢]), such that the map
(2.25) is well-defined and C'* on (—¢, ) x W. Choose a natural number n such
that % < e and let Wy =W. For i =1,--- ,n, define inductively that

o = 90%|W1-,1 and W, = Ozi_l(Wi_ﬁ Cc Wi_1.

It follows that W,, is an open neighborhood of p and W, is contained in the
domain of aj o--- o ay. In particular, W, is contained in the domain of ¢, ,, o
-+ 0@y /n. Therefore, from the group property (2.24), we have

Q1o = (2.26)

on W, . In particular, W,, C D; and hence D, is open, and the smoothness of ¢
follows from (2.26) and the smoothness of each «;. Therefore, for each t € R!,
¢t is a diffeomorphism from D; (if not empty) to D_; with inverse ¢_;.

It is not hard to see that the domain of ¢, denoted by

D={(p,t): peD;} C M xR}

is open and ¢ is C*° on D.

In summary, we have now finished the proof that a smooth vector field X can
always be integrated to a local one-parameter group ¢ of diffeomorphisms on
M. From the proof we can see that the map (¢ is maximal, unique and canonical.

Definition 2.10. A smooth vector field X is complete if D = M x R!. In other
words, for each p € M, the integral curve of X starting at p is well-defined for
all t € R,

If a smooth vector field X is complete, then it integrates to a one-parameter
group of diffeomorphisms on M in the sense of Definition 2.8. As we’ve seen
before (M = (—00,0) and X = a%), X is not necessarily complete. However,
we have the following important result in the compact case. The proof is left as

an exercise.

Theorem 2.3. If M is compact, then every smooth vector field X on M is
complete.

By using the local one-parameter group of diffeomorphisms generated by a
smooth vector field X, we are not only able to differential C'* functions along X
(the directional derivative), but also able to make sense of differentiating vector
fields and even tensor fields along X. This is know as the Lie derivative, which
is a fundamental and very useful notion in differential geometry.

Let £ be an (r, s)-type tensor field on M. For each p € M, ¢, is well-defined
when ¢ is small. A natural idea of differentiating ¢ along the direction X, at
p is to pull back the tensor field £ to the fiber T7(p) along the integral curve
vp, and differentiate in the classical sense on the vector space T, (p). Before
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giving the precise definition, let’s first illustrate how to pull back £ along ~,. By
using a coordinate chart around p and linearity, we may assume without loss of
generality that

f:X1®~~~®XT®Ozl®~~®aS

near p. The pullback ®;¢ € T7(p) is then defined to be

(@) = (do—t)g,(p)(X1)g,(p) @ @ (A1), (p) (X))

®<p2‘(a%(p)) By (O‘fm(p))’
where (d¢_t),,(p) is the differential of ¢ _; at o;(p) and ¢} is the pullback of
cotangent vectors by ¢; at p. Note that ®;¢ is defined for any p € M and small
t (depending on p).

Definition 2.11. The Lie derivative of & with respect to X, denoted by Lx¢,
is defined to be the (7, s)-type tensor field

(Lx€)(p) = lim w

t—0

€T (p), pe M. (2.27)

We haven’t proved that the limit in (2.27) exists and Lx¢& is smooth in p.
But this will become clear soon as we move on.

Since the pullback of a C*° function is just composition, by definition, when
acting on f € C*°(M),

(Lx f)(p) = lim Ilpe(p)) = f(p)

d
lim ) = S le=0f(ee(p)) = (X f)(p)-
Therefore, Lx f is well-defined and
Lxf=XfeC>®M). (2.28)

Now consider the most important situation: the Lie derivative LxY of a
smooth vector field Y. Let v be the local one-parameter group of diffeomor-
phisms generated by Y. By definition, for any f € C*°(M),

(do—t) i (p) You () = Y

L)) = lim : vf
— lim Yo, (fop—t) = YVpf
t—0 t

d
= %\tzoysat(p)(fwﬁ—t)

Define a function
H(t,u) = f(p-t(Pulee(p)))),

this is well-defined and C'*° in some open neighborhood of (0,0). Moreover, it

is easy to see that
0OH
Yo, (fop—t) = %M:O-
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Therefore,
0’H
(LxY)(f)(p) = mkt,u):(o,o)o

If we let
K(S, u7t> = f(%(%(%(?)))),

then from the chain rule of calculus we have

0’H ?K ?K

910y t0=00) = ~ 55 lsu0=000) + 55l (s:0.60=(0,00)-

But
OPK 9?
@ks,w):(o,op) = mks,u):(op)f(%lﬁu(p))
d
= @|u=0qu(p)f
= Yp(Xf)’
and similarly
PK 02
%ks,u,t):(o,o,O) = m|(u,t):(o,o)f(¢u(%0t(p)))

d
= %hzoyw(p)f
= Xp(yf)-

Consequently, the limit in (2.27) exists and we have

(LxY)(f)(p) = Xp(Yf) = Y (X[f) = ([X, Y])(p)-

This further shows that LxY is smooth in p and in fact we have proved the
following important result.

Proposition 2.10. For any smooth vector fields X and Y, LxY = [X,Y].

Now let’s consider the Lie derivative of a (0,1)-type tensor field « (i.e., a
one-form). For any smooth vector field Y, by definition we have

. PrO(p) —
(Lxa)V)(p) = lim P00 =%y
— Iim a@t(iﬂ)((d@t)p(yp)) —ap(Yy)
TS0 t
— lim asat(p)((d@t)p(yp)) — Oy (p) (Yw(p))
t—0 t
Y, — Y,
+th£% Aoy (p) ( w(z;)) ap( p) (2.29)
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The first term on the R.H.S. of (2.29) equals

(depe)p(Yp) — Yo, (0) )

(YP = (do—t) . (0) You 0) )

lim avg, (p) ( = limag, ) ((der)y

t—0 t t
. * Yp = (do—t) o, () Yer 0)
= }E;%(@t Qop, (P)) t
= —a(LxY)(p).

The second term on the R.H.S. of (2.29) equals

d

211200 ) (Yo ) = Xp(a(Y)).
Therefore, we have

(Lxa)(Y) = X(a(Y)) - a(LxY).

This immediately shows that Lxa is well-defined and smooth in p.

In general, if £ is an (r, s)-type tensor field on M, locally it is a linear combi-
nation of monomials of the form X; ® - -® X, ®a' ® - - ® a®. By the definition
of Lie derivatives, it is easy to see that

Lx(X1®~--®XT®Oé1®-~'®aS)

= X1®-®LxX;® - ®X,0d @ --0a°
i=1
+Y X190 ®X,®a'® - Lxad @ @0, (2.30)
j=1

which is well-defined and smooth locally by the previous discussion. Therefore,
Lx¢ is a well-defined (r, s)-type tensor field on M. Moreover, from (2.30) it is
not hard to see that we’ve in fact proved the following result.

Proposition 2.11. Let &, be two tensor fields on M. Then

(1) Lx(§®n) = Lx§ @n+&§® Lxn.

(2) If € is of (r,s)-type, then for any (0, 1)-type tensor fields al,--- ,a" and
any smooth vector fields Yy, -+, Y,

(fo)(alv"’ varaYh"' 7}/:9)
:X(E(ala”' aarayla"' ,YS))*ZE(OZI,"' aLXaia"' 7O‘T3Y17"' aY;)

_Zf(al,""ar7Y17"'7LX}/j7.”7}/3)' (2.31)

It is easy to see that the second result in the proposition is just a reformu-
lation of the first one (the Leibniz rule) in the dual setting.
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The importance of the Lie derivative lies in the case when acting on differen-
tial forms. Since each r-form w can be regarded as a (0, r)-type (antisymmetric)
tensor field, Lxw makes sense and by (2.11) it is not hard to see that

LX(w1 AN OJQ) = Lxwi ANwa +wi A Lxws (2.32)

holds. Equivalently, (2.31) also holds for differential forms.
Moreover, Lx commutes with the exterior differential d. This is because
locally we have
prdw = dpjw

according to Proposition 2.7. Therefore,

sdw — d
im L

Lo =l 51
. dyjw —dw
= lim ———
t—0 t
= dLxw. (2.33)

Conversely, we can easily show that (2.28), (2.32) and (2.33) together char-
acterize the Lie derivative Lx on differential forms uniquely. The reason is
that these three rules tell us explicitly how to compute Lxw locally for any
differential form w.

Before going further, we first introduce the interior product on differential
forms.

Proposition 2.12. Given a smooth vector field X on M, there exists a unique
linear map ix : QM) — Q(M) with the following properties.
(1) For any r > 0,
ix(Q"(M)) c @71 (M),

where Q=Y (M) = {0}.
(2) If wy is an r-form, then for any we € Q(M),

ix(wl /\w2) =ixwi Aws + (—l)rwl N1xws.
(3) For any one form w € Q*(M),
ix(w) =w(X).

Proof. Like the exterior differential d, the three properties in the proposition tell
us explicitly how to compute i x locally. Therefore, the existence and uniqueness

can be proved easily in the same spirit as proving the existence and uniqueness
of d. O

Definition 2.12. ix is called the interior product.
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Example 2.2. Consider a = dx Ady and X = :ca% + ya% on R2. Then

ixa = ixdrAdy—dxNixdy
0 0 0 0
= — —)ady — (r—=— — )yd.
(l’amﬂ/ay)xy (Iaeryay)yx
= xdy — ydzx.

It should be pointed out that ix is not a differential operator, and it does
not commute with d. Instead, it acts on differential forms pointwisely. More
precisely, we can show that ix is given explicitly in the following global way.
For any r-form w and smooth vector fields Y7, -+, Y,_q,

(ixw)(Y1,~«~ 7Yr—1> :w(X,Y1,~~« 7Yr—1)- (234)

(2.34) yields immediately that i3 = 0.
Finally, we have the following important result. This is know as the Cartan
formula.

Theorem 2.4. Lx =doix +ix od.

Proof. Tt suffices to show that doix +ix o d satisfies (2.28), (2.32) and (2.33),
which can all be verified by definition easily. O

2.5 Integration on manifolds and Stokes’ theorem

Now we are going to study integration of compactly supported n-forms over
a regular domain on an oriented manifold. The most fundamental theorem in
integration theory is Stokes’ theorem, which unifies and generalizes the funda-
mental theorem of calculus in R!, Green’s theorem in R?, Gauss’s theorem in
R3, and Stokes’ theorem for 2-dimensional surfaces in R? in a simple and elegant
form.

Let M be an n-dimensional manifold.

Since we only consider integration on oriented manifolds, we first introduce
the notion of orientation.

Definition 2.13. M is called orientable if there exists a non-vanishing n-form
won M. An orientaion on M is an ~-equivalence class of non-vanishing n-forms
on M, where w’ ~ w if and only if ' = fw with f > 0. M is called oriented if
it is assigned by an orientation.

Example 2.3. M = R" is orientable with the orientation given by dxz' A --- A
dx™. For Euclidean space we will always use this canonical orientation.

If M is oriented, let w be an n-form defining its orientation. Then for each
p € M, since w(p) € A"(T; M), we can define an orientation on T, M in the
sense of finite dimensional real vector spaces: a basis {vi, -+ ,v,} of T,M is
positive oriented if and only if

w(p)(ve,---,vp) > 0.
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An orientation on M is then equivalent to a smooth choice of orientation (equiv-
alence class of basis) on each tangent space. A coordinate chart (U, z?) is called
oriented if

w=adz' A Adx"

with @ > 0 everywhere in U. An atlas {U, }oca is oriented if each U, is oriented.
It is easy to see that the determinant of the Jacobian of change of coordinates
in an oriented atlas is always positive. Conversely, we have the following useful
result.

Proposition 2.13. Let {Uy}aca be an atlas on M. If the determinant of the
Jacobian of change of coordinates in this atlas is always positive (an atlas with
this property is called orientation compatible), then M is orientable. Moreover,
we can assign an orientation on M, such that {Uy}aca is an oriented atlas
under this orientation.

Proof. Choose a partition of unity {4 }aca subordinate to the atlas {Ug }aca
with the same index. For each a € A, let z!, be the coordinates in U,. Define

w = Zcpadmi/\"'/\dxg.
acA

This is obviously well-defined by local finiteness. To see that w is smooth, for
p € M, there exists some open neighborhood V' of p, such that V intersections
finitely many suppya, say supp@a, , - - ;SUPPYa,, - Since each suppy,, is closed,
without loss of generality we may assume that for each

P € SuppPa; C Uq,, Vi=1,--- ,m.

It follows that in an open neighborhood W of p,
w= Z(paidx}li A---Ndxg,,
i=1

and W C U,, for all i = 1,--- ,m. Therefore, w is smooth at p. This at the
same time shows that w(p) is nonzero since if p € U,, then

830’;1_ L .
B (P))1<ki<n)dag A -+ Adal
«

wip) = (Z@aidet(

with 7" ¢a,;(p) = 1 and the determinants on the R.H.S. are all positive.
Therefore, w is a non-vanishing n-form and hence defines an orientation on M.
The same reason shows that {U,}aca is oriented under this orientation. O

Definition 2.14. A subset D C M is called a regular domain if each point of
M falls into one of the following three mutually exclusive types:

(A) there exists some open neighborhood U of p such that U C M\D;

(B) there exists some open neighborhood U of p such that U C D;
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(C) there exists some coordinate chart (U, ¢) around p such that ¢(p) =0
and
e(UND) = pU)NH",

where H" is the upper half space in R™ defined by {(z!,---,2"): 2™ > 0}.

It is an easy exercise to see that a regular domain D must be a closed subset
of M. The set of type (B) points is denoted by Int(D), which is exactly the
interior of D. The set of type (C) points is denoted by 0D, which is exactly the
boundary of D.

A trivial example of a regular domain is D = M, in which all points of M
are of type (B). Moreover, for a regular domain D, 8D = () if and only in D is
a union of connected components of M.

If the boundary 0D of a regular domain D is nonempty, then it carries a
canonical differential structure of dimension n — 1 induced from M, such that
(0D, 1) is an embedded submanifold of M, where i is the inclusion map. In fact,
for any p € 9D, take a coordinate chart (U, ¢) around p given in (C). It follows
that

Ylunep : UNID — o(UNID) = p(U)NIH"

is a homeomorphism. If we regard ¢(U) N OH" as an open set in R"~! via
OH™ =2 R"~! then (UNAD, ¢|unop) defines a coordinate chart around p € 9D
in the sense of Remark 1.2. By letting p vary, we obtain an atlas on 9D since the
change of coordinates between two coordinate charts arising from (C) restricts
to a diffeomorphism between two open sets in JH". It follows that 0D is an
(n — 1)-dimensional manifold whose manifold topology is the relative topology.
Moreover, it is trivial to see that (0D, ) is a submanifold of M, and hence by
Theorem 1.7 we know that (0D, ) is an embedding.

From now on, assume that M is oriented, and let D be a regular domain on
M.

Let w be a compactly supported n-form on M. We are going to define the
integration of w over D. The idea is to localize to the Euclidean case by using
the partition of unity.

First consider the case when suppw is contained in some oriented coordinate
chart (U, z%). Write

w=adz' A--- Ndz"

under U. If suppw N D = (@, define

/sz;
D

/ w= / adz! - - - dz", (2.35)
D @(UND)

where ¢ is the coordinate map and the R.H.S. of 2.35 is the Lebesgue integral.
This is well-defined since a is compactly supported in ¢(U). Now assume that
(V,y%) is another oriented coordinate chart containing the support of w, and

otherwise define

w=bdy* A--- Ady".
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Since suppw N D C U NV, by the change of variables formula for Lebesgue
integrals, we have

/ bdy' - dy" = / bdy' - dy™
Y(VND) »(UNVND)

adzt - - - da™
"Elna

~dx™.

/p(UﬁVﬂD)
/.

ad
UnD)

Therefore, the definition of [ pw is independent of such coordinate charts. It is
easy to see that if wy, ws are both compactly supported in an oriented coordinate

chart U, then
/(w1 + wo) :/ w1+/ wa. (2.36)
D D D

Now consider the general case. Let {U, }oca be an oriented atlas on M, and
choose a partition of unity {¢s}aca subordinate to the open cover {U,}aca

with the same index. Define
w = PaW. 2.37
/ by / (237)

First of all, it is a finite sum since w is compactly supported. Moreover, since
paw is compactly supported in U,,, each term is well-defined as before. Finally, if
we have another such atlas {V;};c; and a partition of unity {t;};c; subordinate
to this atlas with the same index, then by the previous linearity (2.36),

S [vw = X[ (X e

i€l icl a€cA

= Z/D%ﬂ/%w
= Z/D(Zwi)%cw

acA i€l
= E / PaW,
aca’D

where each sum is a finite sum by compactness. Therefore, |’ pw is well-defined.

Definition 2.15. The real number defined by (2.37) is called the integral of
w over D.

It follows immediately that f p + is linear on the space of compactly supported
n-forms.
Now we are going to prove Stokes’ theorem.
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Let D be a regular domain on M. Informally, Stokes’ theorem says that for
a compactly supported (n — 1)-form w, the integral of dw over D is the same as
the integral of w over 0D.

To formulate the result more precisely, we first need an induced orientation
on 0D. For each p € 9D, choose an oriented coordinate chart (Up, x') according
to (C) of Definition 2.14. The Jacobian of change of coordinates restricted on
0D takes the form

Jo [ G2 0)icijgn o * .
0 azn(xla”' ’xnfl,o)

Since the coordinate charts are both oriented, we know that the determinant of
J is positive. It follows again from (C) that

8 n
6171 (xl’ T ’xn_lvo) >0,
and therefore Ny
det((agj (@, 2" 0)igiggn—1) > 0.

This shows that the atlas {U, N 0D},cop on 9D is orientation compatible.
Therefore, by Proposition 2.13 it defines an orientation [w] on dD. However,
for the consideration of the sign consistency in Stokes’ theorem, in the following
we will use the orientation —[w] instead of [w] on dD. On the coordinate chart
(Up, '), this orientation is equivalent to

(=D)da' A Ada L

Now we are in a position to state and prove Stokes’ theorem. Recall that
(0D, 1) is an embedded submanifold of M. If w is a compactly supported dif-
ferential form on M, then it is easy to see that the pullback ¢*w is compactly
supported on 0D.

Theorem 2.5. Let w be a compactly supported (n — 1)-form on M. Then

/de:/aDi*w. (2.38)

Proof. Choose an oriented atlas {(U,,¥a)}aca on M, where each U, arises
from (A), (B) or (C) of Definition 2.14. Let {hq}aca be a partition of unity
subordinate to this atlas with the same index. From the definition of integration,

we have
dw = haodw,
=%/,

92
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Since ), ha = 1, we know that

> hadw =Y d(haw).

a€cA acA

/de: Z/Dd(haw).

acA

Therefore,

Now to prove (2.38), it suffices to show that

/Dd(haw) = /é)D i*(how).

Hence we only need to consider the special case when w is compactly supported
in some U,.

If U, arises from (A), then (2.38) is trivial.

If U, arises from (B), write

n
w:Zaidzl/\~~~/\daji/\~~/\dI"
i=1

under U,. Then

dw = (Z(—Ui*l%)dxl Ao Ada™
i=1

Since suppw C U, C D, it follows from Fubini’s theorem and the fundamental
theorem of calculus

= ; Oa;
dw = (—1)1_1/ ;dxl---dx" =0.
/D ; pa(Us) 0T

On the other hand, it is easy to see that i*w = 0. Therefore, (2.38) holds.
If U, arises from (C), then by the same argument as before we have

/dw
D

=Z(—1)i‘1/ 001 .. aum
i=1 ®

a(UaND)=pa(Ua)NH™ 8$Z

an(zt, - 2" 0)dat - da™ Tt (2.39)

(o [
@Yo (UaNID)=¢q (Uy)NOH™
On the other hand, if we use

(W (ul’ L. 7un—l) — ((_1)71,.1,173727 . ,xn—l))
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to parametrize 0D locally, then i*w is compactly supported in this single coor-
dinate chart which is compatible with our choice of orientation on 0D, and it is
given by

i*w=an((=1)"ut,u? - u" ) dut A A dum T

Therefore, the R.H.S. of (2.39) is the same as
/ an((_l)nul?UQa"' aun_l)dul"'dun_17
w

which by definition is faD *w. O

Remark 2.5. By using a cut off argument, if the regular domain D is compact,
then we don’t need to assume that the n-form w is compactly supported and
the integral of w over D is well-defined. Moreover, in this case 9D is a compact
manifold of dimension n — 1, and Stokes’ theorem holds for any (n — 1)-forms
on M.

Now let’s see how Stokes’ theorem unifies the classical results in Riemann’s
integration theory in low dimensions. We first give a remark on the orientation
on 9D. For any p € 9D, we call a vector v € T,M an outer vector to D if
v is the tangent vector of some curve v : (—4,d) — M through p such that
v(t) ¢ D for 0 < t < 4. A basis {v1,--- ,vp—1} of T,0D is define to be positive
oriented if {v,v1,--- ,v,} is positive oriented with respect to the orientation on
M. This definition is independent of the choice of outer vectors to D, and as p
varies on 0D this is a smooth specification of orientation on tangent spaces of
0D. Therefore, it defines an orientation on dD. This is equivalent to the one
we introduced before. We leave it as an exercise for the readers to work out the
details.

Example 2.4. (1) D = [a,b] C RL.
The fundamental theorem of calculus takes the form

- f'(@)dz = f(b) — f(a). (2.40)
a,b
If we denote 0D = {a} U {b}, then (2.40) is just Stokes’ formula (2.38) where
w=f.

(2) D is a regular bounded domain in R2.

The Green’s theorem takes the form

9Q op _
/D( o a9 Ydxdy /aD(Pch + Qdy).

This is Stokes’ formula if we let w = Pdx + Qdy.
(3) D is a regular bounded domain in R3.
Gauss’s theorem takes the form

oP 0Q OR

il il - = P .
/D( o + By + % Ydxdydz /8D( dydz + Qdzdx + Rdxdy)
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This is again Stokes’ formula if we let w = Pdy A dz + Qdz A dx + Rdx A dy.
(4) D is a regular compact domain in a 2-dimensional surface M C R3.
Stokes’ theorem for surfaces takes the form

OR 0 0P OR 0Q 0P
/D((—Q)dydz+(8z—)dzdx—f—(af—ay)dxdy) = /aD(Pda:—dey—f—Rdz).

dy 0z ox
This is also Stokes’ formula if we let w = Pdx + Qdy + Rdz.
The orientation on 9D in each of the previous four cases is induced from the
standard orientation on the corresponding Euclidean space, defined in the sense
of the remark before this example.

Remark 2.6. It is possible to define integration of p-forms on singular p-chains
(p-dimensional triangles on M), and Stokes’ theorem also holds for this case.
Moreover, Stokes’ theorem gives a duality relation

(Oc,w) = {c, dw),

where c is a singular p-chain. This point of view is fundamental in the famous
de Rham theorem, which asserts that the de Rham cohomology is isomorphic
to the singular cohomology via integration.

3 The de Rham cohomology

3.1 The de Rham complex and the de Rham cohomology
groups

In the rest of the course, we will be mainly focused on the study of a very impor-
tant algebraic topological invariant over differentiable manifolds: the de Rham
cohomology. This is a fundamental object carrying rich topological information
of the manifold. Here we shall see how algebraic structures comes into the story
and interacts with differential calculus in the study of topological issues.

To motivate our study, let’s first look at a simple but nontrivial example.

For a C* function f on R?, we know how to compute its gradient (g—g, %).
One might ask the following natural question: if we are given a pair fi, fo of '™
functions on R2, is there some f € C°°(R?) such that (f1, fo) is the gradient of
f7 Let’s assume the existence of f for the moment, which means that

of . of _
9 f1, By fa.
Therefore, by differentiating again we have
0fi  9fa
- === 1
oy Ox (3.1)

In other words, (3.1) is a necessary condition of the existence of such f. Con-
versely, if f1, fo satisfies (3.1), then the function

fla,y) = / (i (b, ty) + yfo(t, ty))dt € C=(R?)

0
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has gradient (f1, f2). In fact, we have

of ! 9fi dfs
o~ J, (f1(tx, ty) + tx—ax (tx,ty) + ty—ax (tx, ty))dt.
On the other hand,
d _ on on
pm (tfi(tz, ty)) = fi(tz, ty) + tx o (tz, ty) + ty a9y (tz, ty).

It follows from (3.1)

o td
a% :/O (et ty)dt = f1(2,).

Similarly, g—;j = fa(z,y).

However, the situation becomes completely different if we are working on
the punctured plane R?\{0}. Of course (3.1) is still necessary of the existence
of f, but it may not be sufficient any more! Consider a pair of C*° functions on
R2\{0} defined by

—(__ Y r
(f17f2) - ( 22 +y27 22 +y2)
It is easy to see that (3.1) holds. If (fi,f2) is the gradient of some f €
C°°(R?\{0}), then we have

2T
/ %f(cos@,sin@)dG:f(l,O)—f(l,O):O. (3.2)
0
But
d Y. oy .
@f(cos 0,sinf) = D (cos,sinf)sin 6 + dy (cosf,sin @) cos 6

= —fi(cosf,sinf)sinf + fo(cosh,sinb) cos b
= 1’
which certainly yields a contradiction to (3.2). In other words, such f does not
exist.

Let’s summarize these two situations in the language of differential forms.
The pair (f1, f2) is equivalent to a 1-form

w = fidx + fady,

and (3.1) is equivalent to saying that dw = 0. The existence of f such that
(f1, f2) is the gradient of f is equivalent to saying that df = w. If such f exists,
since d®> = 0, it certainly implies that dw = 0 and hence (3.1) holds. This
is true on R? or R?\{0} (in fact on any open subsets of R?). However, the
converse problem behaves very differently in the previous two situations. The
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fundamental reason is the difference between the topology of R? and R?\{0}:
one does not have holes while the other have one hole.

Once we’ve reformulated the problem by using differential forms, of course
we can ask the same question on R? and for differential forms of each degree.
For example, one can ask: if a smooth vector field Y on R3 is divergence free, is
it the curl of some smooth vector field X (this correspondence to the question
for 2-forms on R3)? In general, this leads us to the following definition.

Definition 3.1. Let M be a manifold. An r-form w on M is called closed if
dw = 0; it is called exact if dr = w for some (r — 1)-form 7. The space of closed
(exact, respectively) r-forms on M is denoted by Z"(M) (B" (M), respectively).

Since there is no (—1)-forms, each 0-form is exact. Moreover, it is easy to
see that Z" (M) and B" (M) are (usually infinite dimensional) real vector spaces.
Since d? = 0, it is immediate that B"(M) is a subspace of Z"(M) for all r > 0.

The two examples we gave previously are essentially about studying how far
is a closed r-form from being exact. More precisely, it is about the study of the
quotient space Z"(M)/B"(M).

Definition 3.2. The sequence Q*(M) = (Q"(M)),>¢ of differential forms to-
gether with the exterior derivative d is called the de Rham complex over M.
The quotient space

Z' (M) Ker(d: (M) — Q+1(M))
Br(M) Im(d: Q' — Q(M))

as a real vector space is called the r-th de Rham cohomology group of M, and
it is denoted by H"(M). Elements in H" (M) are called cohomology classes of
degree 7.

Remark 3.1. Although we call H"(M) a group, it is just a real vector space
(usually of finite dimension). In the context of algebraic topology, we will en-
counter more general cohomology groups and homology groups, which are free
abelian groups with coefficients not just R.

By definition, under the quotient map a closed r-form w defines a cohomology
class [w] of degree r. If [w] = [w'], then there exists some (r — 1)-form 7 such
that W’ — w = dr.

H°(M) is just the space of C°° functions f with df = 0, which is equivalent
to the fact that f is locally constant. Therefore, if M is connected, H(M) is
naturally isomorphic to R. In general, H°(M) is isomorphic to R, where N is
the cardinality of the set of connected components of M (at most countable since
the topology of M is second countable). In particular, if M is compact (so there
will be only finitely many connected components of M since the set of connected
components form an open cover of M), then H°(M) is finite dimensional. Later
on we will prove that for a compact manifold M, H"(M) is finite dimensional
for all » > 0.

If r > n = dimM, by definition we have H"(M) = 0.
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By using the wedge product, we are able to multiply cohomology classes of
different degrees. Let a € H"(M) and b € H*(M). We define

a-b=[wAT],

where w (7, respectively) is a representative in the cohomology class a (b, re-
spectively). This is well-defined since w A 7 is closed and if

W —w=da, 7 —7=4dpB
for some «, 3, then

VAT = (wHda)A(T+dB)
= wATHA(-1)"wAB+aAT+(=1)"daAp),

where 7 is the degree of w. Therefore, “-” defines a bilinear product on
H(M) = @&,>oH"(M)

which makes H(M) a graded algebra over R!. H(M) is usually called the de
Rham cohomology. Note that due to the antisymmetry of the wedge product,
we have

a-b=(=1)b-a, Yac H"(M),be H*(M).

A crucial point on the de Rham cohomology is that a C*° map F : M —
N between manifolds induces a pullback on cohomology classes by acting on

representatives, which is indeed an algebra homomorphism. More precisely,
defined F*: H"(N) — H"(M) by

F*w] = [F*w].

This is well-defined since F* commutes with d (see Proposition 2.7). Moreover,
if [w] € H"(N),[r] € H*(N),then

F(w]-[r]) = FrlwAT]=[F"(wAT)]=[F'wAF*7]
= [F*w]-[F*7] = F*lw]- F*[7].

Therefore, F* : H(N) — H(M) is an algebra homomorphism.
From (2.21) we can see immediately that if '+ M — Nand G: N — P
are C'°° maps between manifolds, then

(GoF)* =F*oG*: H(P)— H(M). (3.3)

As we shall see later on, the de Rham cohomology reveals the global topology
of the manifold to some extend. Therefore, the computation of the de Rham
cohomology groups is a significant problem. At the moment we only have very
limited tools in computing these groups of a general manifold. But for some
special examples, it doesn’t take too much efforts.

98



First consider the simplest case: M = R!. Since R! is connected, we know
that H°(R') = R. Now we only need to compute H!(R!). In this case every one
form w = fdx is closed. If we let

Fa) = | " f(t)dt € 0> (®Y),

then it is immediate that dF = w. In other words, every closed form on R! is
exact, and hence H!(R!) = 0. Therefore, we have

R, r=0;
0, otherwise.

H"(RY) = {
Now we want to consider higher dimensional Euclidean spaces. Let U be
some open subset of R™, and use
sp,81: U —U xR
to denote the inclusions (the 0-section and the 1-section)
so(z) = (,0), s1(x) = (x,1), z € U.
The key to the computation is the following result.

Proposition 3.1. For each r > 0, there exists a linear operator §T QYU x
RY) — Q"= YU) (Q~1(U) :=0), such that

doS, 4+ 8, 10d=st—s5: Q(UxR"Y) = Q' (U), (3.4)

where sy, s7 are the induced pullbacks of differential forms by so, s1, respectively.
In particular, when acting on the de Rham cohomology groups,

se=s7: H(UxRY) — H"(U). (3.5)

Proof. Let’s first see how (3.4) implies (3.5). In fact, when r > 1, for any closed
r-form w on U x R! | (3.4) implies that

Sjw — spw = dg,,(w),

and hence siw and sjw defines the same cohomology class. When r = 0, if f is
a C™ function on U x R! with df = 0, then (3.4) implies that s} f = s{ f.

Now we show the existence of the linear operator S, such that (3.4) holds.
Intuitively, §, is just the “integration along each fiber”.

Let
i <<l
+ D b (@ )dE Ada A AdaT € N(U x RY),
J1<-<jr—1

99



and define

1
ST‘(w) - Z (/ bjl"'jr—l (.’13, t)dt)dle Ao NdaIrr,
0

J1< - <jr—1

If r = 0 simply define S, = 0. It follows that

~ Lob,,...; t , ,
dS,(w) = > (/ e g—;(x’ )dt)dxk/\dle/\-~-/\dx3"'*1.
. . 0 xr
J1<-<Jr—1

On the other hand,

daiy .., (z,t ; ;
dw = Z 7%18%’“(% )dxk/\dx“/\~--/\dx”r
i< <y r
Oajy .., (z,t ; ;
+ Yy Hanhl 5t(x Vit Az A~ A daie
i< <dpe

O i (w1 | |
+ ) Mdm’“/\dt/\dw”/\~~~/\dx3"*1.

, _ Ok
J1<-<Jr—1
By the definition of §r, we have
Spy1(dw) = Z aiy i (2, 1)d2z™ Ao A da'
i< <lde
- Z ag, i (2,0)dz™ A--- Ada'
i1 <<y
Lo, ... t , .
— Z (/ L}ﬁl(m)dt)dxk Adzit A« A dair-1.
. . 0 ox
I1<-<Jr—1
Therefore,
dS, () + Spprd(w) = Z iy, (2, 1)d2™ A - A da'
i1 <<y
- Z aiy.i, (2,0)dx™ A--- Ada'.
g <o <l

But it is easy to see that the R.H.S. of the above identity is just sjw — s{w,
hence (3.4) holds. Note that (3.4) also holds for r = 0. O

By using coordinate charts and showing invariance under change of coordi-
nates, one can prove the following result in the same way. We leave the proof
as an exercise.

Proposition 3.2. Proposition 3.1 holds when U is replaced by a manifold M.
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Proposition 3.2 yields immediately the homotopy invariance for the de Rham
cohomology. This is perhaps the most important property for the de Rham
cohomology.

Definition 3.3. Let f,g: M — N be two C°*° maps between manifolds M
and N. A smooth homotopy from f to g is a C°° map

F: MxR' > N

such that
F(p,0) = f(p), F(p,1) =g(p), Yp € M.

f and g are called smoothly homotopic (denoted by f =~ g) if there exists a
smooth homotopy from f to g.

Now we have the following result.

Theorem 3.1. Let f,g: M — N be two C* maps between manifolds M and
N. If f and g are smoothly homotopic, then f* = g*: H"(N) — H"(M) for
all r > 0.

Proof. Let F be a smooth homotopy from f to g, and use sg,s; : M — M xR!
to denote the inclusions as before. Then we have

f:FOSO7 g:F081,

and hence
ff=shoF*, gt =s]oF*.

By Proposition 3.2, we have f* = g* when acting on the de Rham cohomology
groups. O

As a corollary, we obtain the so-called Poincdre lemma.

Proposition 3.3. Let U be a star-shaped open subset of R™ (i.e., there exists
some xo € U such that for any x € U, the line segment {txo+(1—t)x : ¢ € [0,1]}
is contained in U). Then

R, r=0;

. (3.6)
0, otherwise.

In particular, (3.6) holds when U = R™.

Proof. Obviously U is connected and hence H°(U) = R.
Now consider H"(U) with 7 > 1. Let h(t) € C*°(R!) be such that

w-fs

and 0 < h(t) < 1 for ¢ € [0,1]. It follows that

1
0,
F(x,t) = (1 — h(t)zo + h(t)z, (2,t) € U x R
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defines a smooth homotopy from the constant map
ez, () = 20, z €U,

to the identity map idy. Therefore, by Theorem 3.1 we have e} = idy;. But it
is easy to see that for any a € H"(U),

e,,a =0, idja = a.
It follows that @ = 0 and hence H"(U) = 0. O

By taking U = R"™ in Proposition 3.3, we obtain immediately that

R, r=0;
0, otherwise.

H'(R") = {

In particular, the problem proposed at the very beginning for R? is solved com-
pletely. However, the case of R?\{0} is still unclear, and we will come to this
point later on.

Definition 3.4. Two manifolds M and N are said to be homotopy equivalent
(in the smooth sense) if there exists C*° maps f: M - Nandg: N > M
such that

gOfZidM, ngZldN
Another important consequence of Theorem 3.1 is the following.

Theorem 3.2. If manifolds M and N are homotopy equivalent, then H" (M) =
H"(N) for allr > 0.

Proof. Let f,g be C* maps given in Definition 3.4, then by Theorem 3.1 we
have
ffog*=id: H"(M)— H"(M),

and
gtof*=id: H"(N)— H"(N).

Therefore, f* is an isomorphism from H"(N) to H"(M) with inverse g*. O

Example 3.1. Let M be a manifold. It is easy to see that M x R™ and M are
homotopy equivalent, under the maps

m: M xR" = M, n(p,x) =p,

and
i: M — MxR" i(p)=(p,0).

More generally, one can show that for any real vector bundle, the total space
and the base space B are homotopy equivalent, and hence they have the same
de Rham cohomology (up to isomorphism).
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Example 3.2. R"*1\{0} and S™ are homotopy equivalent under the maps

T

R

r: RPTN\{0} = S, r(x)

and the inclusion i : S™ — R"*1\{0}. Therefore, they have the same de Rham
cohomology.

Example 3.3. A manifold M is called contractible if it is homotopy equivalent
to the single point space {z¢} which is regarded as a 0-dimensional manifold
(equivalently, if the identity map is smoothly homotopic to a constant map on
M). If M is contractible, then

HY (M) = R, r=0;
~ 10, otherwise.

In particular, a contractible manifold is always connected.

An interesting geometric application of the homotopy invariance of de Rham
cohomology is the so-called Hairy Ball Theorem.

Theorem 3.3. There exists a smooth non-vanishing vector field on the n-sphere
S™ if and only if n is odd.

Proof. Assume that X is a smooth non-vanishing vector field on S™. Note that
for each x € S™, we can think of X, as a vector in R"*! canonically. In this
manner, we can regard X as a smooth non-vanishing map v : S® — R"*!, and
we may further assume that v is normalized so that

Jo(z)]| =1, Va € S™, (3.7)

where || - || is the Euclidean norm.
Define a C* map F : S™ x Rl — R"*! by

F(x,t) = (cosmt)z + (sinmt)v(z), (z,t) € S™ x RL.

Since (z,v(z)) = 0 for all x € S™ (here (-, ) is the Euclidean inner product), by
(3.7) we can easily see that F' takes value in S™. Moreover,

F(z,0) =z, F(z,1) = —x, Vo € S™.

Therefore, F' defines a smooth homotopy from the identity map to the antipodal
map
a(z) = —x, x € S",

on S". It follows from Theorem 3.1 that

id5, = a*: H"(S™) — H™(S™). (3.8)
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On the other hand, if we take the standard orientation form w on S™, which
can be defined by the pullback of the form

on R™*! by the inclusion map i : S™ — R™"L, then it is easy to see that (one
may probably encounter this in the Problem Sheet 2)

a*w = (—1)""w.

In particular, if n is even, then a*w = —w. By (3.8) we conclude that [w] =
0 € H™(S™), which means w = da for some o € Q"~1(S™). It then follows from
Stokes’ theorem that
/ w = da = 0.
n Sn

But this is a contradiction since the integration of any orientation form on S™
is strictly positive by definition (in fact, for our choice of w here, [ gn W gives the
volume of S™).

Therefore, if n is even, any smooth vector field on S™ must vanish at some
point.

If n is odd, write n = 2k —1, and for any x = (a',b',--- ,a*, b¥) € S* C R?k,
define
v(z) = (bt at, -, —b* a") € S
It is easy to see that (x,v(x)) = 0 for all € S™ and hence v defines a smooth
non-vanishing vector field on S™. O

3.2 The top de Rham cohomology group and the degree
of a C"™° map

The integration theory developed in Section 2.5 is a very useful tool in studying
the de Rham cohomology of a manifold and related topological problems. In
particular, for a compact, connected and oriented manifold M of dimension n,
the integral operator induces an isomorphism from the top de Rham cohomology
group H™(M) to R, so that H" (M) is always one dimensional.

Since integration is defined on the space of compactly supported top forms,
there is no point to assume compactness of the manifold in the first place.
Therefore, we start with the more general situation.

Let M be an n-dimensional connected and oriented manifold.

For r > 0, let Q7 (M) be the real vector space of compactly supported r-
forms. By the locality of d, it is easy to see that d(Q5~1(M)) C QL(M). Define
the quotient space

HP (M) = Q2 (M) /d(©Q2" (M)).

This is called the n-th (or top) de Rham cohomology group of M with compact
supports. In general (except the case when M is compact), H(M) and H™ (M)
are not isomorphic.
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Now we are going to show that, the integral operator

[ s aran -

which is well-defined in Section 2.5 with respect to the given orientation on M,
induces a linear isomorphism

/M; H"(M) >R

defined by
/M=/Mwemw» (3.9)
M M

Note that |’ 18 well-defined by Stokes’ theorem.
By using a bump function in an oriented coordinate chart, we can always
construct a compactly supported n-form w such that

/wzl.
M

Therefore [ A given by (3.9) is surjective. Now it suffices to show that: if
w € QM) with
/ w =0,
M

then w = da for some o € Q~1(M).
We first look that the simplest example: M = R™. Essentially this is equiv-
alent to the following result.

Proposition 3.4. If f € C°(R™) satisfies
f(x)dz! ---da™ =0,
]Rn

then there exists f1,- - , fn € C2(R™) such that
9
f= ; ozt

Proof. We prove the result by induction on the dimension n.
Ifn=1, f € C*(R!) with

. f(z)dz =0, (3.10)

let N
fi(z) =/ f(t)dt, x € R
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From (3.10) it is easy to see that f; € C°(R!), and obviously we have

_dh
dz’

Now assume that the result is true for dimension n. Let f € C°(R" 1) with

/ f(x)dat---da™ Tt = 0.
Rn+1

f

Define
glat, - 2") = /°° flt - 2 2" dae™ T (2t 2™) € R
It follows that g € C°(R™) and by Fubini’s theorem we have
/ g(x)dx! - da™ = 0.
By induction hypothesis, there exists g1, - , g, € C°(R™), such that
0=3 5%

Choose a bump function p € C°(R!) with

/_0:0 plx)dz = 1.

For 1 < i < n, define

fi(ﬂjl,"' 7xn7xn+l) = gi(‘xlf" 7$n)p(l‘n+1) S CSO(RTH_I)?
and let
"t n (9f
fn+1(x17"' vanrl) :/ (f(xla ,{En,t) - o 2(1'17"' ,{En,t))dﬁ.
X
e i=1

One may easily verify that f,1 € C>°(R""1). Therefore, we have

n+1af1‘
f:;(%ci'

O

So far we have proved that H'(R™) = R via the integral operator (note that
this already shows H”(R™) is not isomorphic to H"(R™) = 0). The idea of
proving the isomorphism for a general connected and oriented manifold M is to
reduce to coordinate charts which are diffeomorphic to R™ and use connectedness
to go from one coordinate chart to another.

First we need to following lemma.
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Lemma 3.1. Let {U;};cr be an atlas on M. Then for any p,q € M, there exists
a finite sequence of indices ig, -+ ,ip € A, such that

pe Uiov q € Uika

and

Uil—l n Uiz 7{ Q)v Vi = 1, ce ,k~ (311)

Proof. Fix p € M and some Uj;, containing p. Define V' to be the set of ¢ € M
such that there exists a finite sequence iy,--- i, € A with ¢ € U;, and (3.11)
holds. Obviously V # @ as U;, C V. If ¢ € V with iy, - - , i) being the associated
finite sequence, then U;, C V, and hence V is open. Moreover, let ¢ ¢ V and
assume that g € U; for some i € I. It follows from the definition of V' that
U; C V¢. Therefore, V is closed. By the connectedness of M, we know that
V=M. O

Now we are able to prove the following result.

Theorem 3.4. The integral operator fM : HYM) — R is a linear isomor-
phism.

Proof. As we've discussed before, it suffices to show that: if w € Q7 (M) with
zero integral, then w = da for some « € Q21 (M).

Choose an oriented atlas {U; };er on M such that each U; is diffeomorphic to
R™ under the coordinate map, and take a partition of unity {¢; };c; subordinate
to {U,;}ier with the same index. It follows that

w= ngiw, (3.12)
icl

which is in fact a finite sum by local finiteness. Fix ig € I and use a bump
function to define an n-form wy supported in U;, with

/wO=1.
M

For each fixed i € I in the (finite) sum (3.12), we know that suppp,w C U;.
From Lemma 3.11, it is not hard to see that there exists a finite sequence of
indices 41, - ,ix—1 € I, such that

Uy, NU;, #0,1=1,--- |k,

where i := i. By using bump functions, for each 1 <[ < k, we can construct
an n-form 7; supported in U;, , N U;, such that

/Tl:1.
M
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It follows from the choice of the atlas and Proposition 3.4 that for each 1 < I < k,
there exists an n-form (; supported in U;,_,, such that

wo—11 = dp,
Tii—n = dB, V2<I<k.
Therefore, .
wo— 7k =d()_ B). (3.13)
1=1
Now let

Ci = / Piw,
M

/ (piw —ciT) = 0,
M

and @;w — ¢; 7y is supported in U;, = U;. Again by Proposition 3.4, there exists
an n-form v supported in U;, such that

it follows that

Yiw — ;T = d.
Combining with (3.13), we have

k

piw = cwo +d(y — ¢ Zﬂl)
=1

We use a; to denote v — ¢; Ele B.
Finally, let @ = >, a; € Q2 1(M) (note that this is a finite sum). Since

[y w =0, we have
Zci =0.
i

Therefore,
w= Z piw = da,

and the proof is complete. O
One immediate corollary of Theorem 3.4 is the following.

Corollary 3.1. If M is a compact, connected and oriented manifold of dimen-
sion n, then the integral operator fM induces a linear isomorphism from H™ (M)
to R. In particular,

dimH" (M) =1,

and any n-form w on M with nonzero integral induces a generator [w] of H™(M).

Remark 3.2. By Corollary 3.1 and using a bump function, we can always choose
a generator of H™(M) represented by some n-form w supported in any given
open subset U C M whose integral is nonzero.
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An interesting application of Corollary 3.1 is the so-called Brouwer Fized
Point Theorem. Let D™ be the closed n-dimensional unit ball, so 9D" = S"~ 1.

Theorem 3.5. Let F' : D™ — D" be a C*° map. Then there exists some
x € D™ such that F(x) = x.

Proof. The case of n = 1 can be proved easily by using properties of continuous
functions on a closed interval. Let’s consider n > 2.

Assume on the contrary that F' does not have a fixed point. For any x € D™,
extend the straight line segment F(z)z until it meets the boundary D" = S"~1
at the point g(x). This defines a C*° map

g: D" — 87!

such that g|gn-1 = idgn-1.
Let h € C>(R') be defined as in the proof of Proposition 3.3. It follows
that
g(h(t)x), (x,t) € "' x RY,

defines a smooth homotopy from the identity map on S”~! to a constant map
which maps the whole sphere S?~! to the point g(0). The same reason as in
the proof of Proposition 3.3 shows that the r-th de Rham cohomology group of
S™~1 is trivial for + > 1. But this contradicts Corollary 3.1 since we know that
Hn—l(sn—l) ~ R.

Therefore, F' has a fixed point on D". O

Corollary 3.1 allows us to introduce the concept of degree of a C* map
between two compact, connected and oriented manifolds M, N of the same di-
mension n.

More precisely, let F': M — N be a C* map. Since the integral operator
induces a natural isomorphism from the top de Rham cohomology group to R,
there exists a unique real number k such that the following diagram commutes:

H"(N) -2 H™(M)

Mo w

R#R.

Here the bottom row means multiplication by k.

Definition 3.5. This real number £ is called the degree of F, and it is denoted
by degkF.

By definition, for any w € Q"(N),

/ F*w = degF - / w. (3.14)
M N
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Since there exists unique cohomology classes [wys] on M and [wy] on N whose
integrals are both equal to 1, we can equivalently define degF’ to be the number
such that

F*[WN] = degF . [WM]

It follows from Theorem 3.1 that if F' and G are smoothly homotopic, then
degF = degGG. Moreover, if

F: M—N,G: N— P,

are C'>° maps between compact, connected and oriented manifolds of the same
dimension, then by (3.3) we have

deg(G o F) = deg(F) - deg(G).

We now prove a surprising and crucial fact: the degree of a C'°° map is
always an integer. Let F': M — N be as before.

Definition 3.6. A point ¢ € N is called a regular value of F if either F~1(q) =
0, or for each p € F~1(q), the differential (dF), is surjective.

If ¢ is a regular value of F, then for any p € F~1(q) (if not empty), by
definition we know that (dF), is a linear isomorphism from T,,M to T,N.

Let T: V — W be a linear isomorphism between two real oriented vector
spaces of the same dimension. We define the sign of T" to be

1, if T preserves orientation;
sgnl’ = .
—1, otherwise.
Now we have the following result.
Theorem 3.6. Let q be a reqular value of F. Then
degF = Z sgn(dF),.
PEF~1(q)

Proof. If F~1(q) = 0, since F(M) is compact in N, there exists some open
neighborhood V' of ¢, such that V' N F(M) = (). Use a bump function to choose
some w € Q"(N) supported in V with

/w:l.
N

It follows that F*w = 0 and by (3.14) we have
degF = 0.

If F~1(q) # 0, for any p € F~1(q), by the inverse function theorem there
exists some open neighborhoods U, of p and V,, of ¢ such that F|y, : U, =V,
is a diffeomorphism. In particular,

UpN Fﬁl(Q) = {p}
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By a compactness argument and shrinking those open neighborhoods if neces-
sary, we can see that

F~q) ={p1,-- ,pr}

is a finite set and there exists disjoint open neighborhoods U; of p; and an open
neighborhood V of g, such that

F~Y(V)=Ur U;

and

F‘U{, U =V
is a diffeomorphism. We may further assume that U;, V are connected oriented
coordinate charts (i =1,--- , k).

Now choose w € Q"(N) supported in V' with

/w:l.
N
k
Frw = /F|*w
/M ; U; vi

w=f(y)dy" A---Ndy"
under V. For each 1 < i < k, under U; we have

oy
928

It follows that

Write

F Vi<a,p<ndst Ao Ada™,

v,w = f(F(z))det(-7

where
ya:Fa(xl,”. ’xn)’ Otil,"' ) 1.

Therefore,

Oé
/ F|Uw—/ f(F(x))det( 6 B)1<a5<ndx ~dx™.

On the other hand, we can regard F|y, as a change of variables for Lebesgue
integrals from V to Uj;, therefore we have

/N w = / f(y)dy’

— /f |det(8 5)1<a,/3<n\dx - dx™

By the connectedness of U;, the sign of det(gzz )i<a,B<n is constant on U;, and
it equals the sign of (dF'),,. It follows that

/ Flf,w = sgn(dF),,.
U;
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Therefore,
k

/ Frw= ngn(dF)pi.
M i=1

Now the proof is complete. O
An immediate corollary of Theorem 3.6 is the following.
Corollary 3.2. If F is not surjective, then degF" = 0.

One may wonder whether F' always has a regular value. In fact, a much
stronger result holds in a very general setting, known as Sard’s theorem. Here
we state a special case of Sard’s theorem without proof, which asserts that there
are lots of points as regular values of F'. A subset S of a manifold M is called
a null set in M if there exists a countable atlas {(U,, ¢n)}n>1 on M such that
for each n > 1, ¢, (S NU,) is a Lebesgue null set.

Theorem 3.7. Let F': M — N be a C* map between manifolds M and N of
the same dimension. Let S be the set of p € M such that (dF), is not surjective.
Then F(S) is a null set in N.

Example 3.4. Consider the antipodal map a on the n-sphere S™. Obviously
every point on S™ is a regular value of a. Fix ¢ € S™, there is exactly one pre-
image p of ¢ under a, namely, p = —q. If we visualize the orientation on S™
in terms of a normal vector field, it is not hard to see {v1,--- ,v,} on T,S",
{(da)p(v1), -+, (da)p(vy,)} is a positively oriented basis on T,S™ if and only if
n is odd (we leave it as an exercise). Therefore, dega = (—1)"*1.

In particular, this gives another proof of the Hairy Ball Theorem. In fact,
if there exists a smooth non-vanishing vector field X on S™, from the proof
of Theorem 3.3 we know that the identity map is smoothly homotopic to the
antipodal map. Therefore,

1 = degidgn = dega = (—1)""1,
which implies that n is odd.

By using the degree of a C°° map, one can give a geometric proof of the
fundamental theorem of algebra.

Theorem 3.8. Let p(z) = 2" +a12" '+ +a,_12+a, be a polynomial with
complex coefficients of degree n > 1, then there exists some zg € C, such that
p(z0) = 0.

Proof. Let M = CU {oo} be the Riemann sphere, which is diffeomorphic to 52
(see Problem 1 in Problem Sheet 1). We can think of p as a C* map from C
to itself, which can be extended to a C* map (still denoted by p) from M to
itself by defining p(co) = co. Moreover,

Flo.t) = {z” +tlarz" P+t an1z+an), z€C

0, z = 00,
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defines a smooth homotopy from C* map

2" z e
po(2) {

00, Z =00,

to the map p. Therefore, the degree of p is the same as the degree of py.

Now consider the oriented chart C C M with coordinates (z,y). Choose a
bump function f with compact support in C which depends only on ||z|| and
does not contain the origin, and consider the 2-form

w= f(z,y)dz A dy.
By using polar coordinates (r,0), we may write
w= f(r)rdrAdf

and
pow = f(r™)r™d(r™) A d(nb).

It follows from (3.14) that
degpy - fr)yrdrdd =n - fE™)rtd(r™)df =n - fr)rdrds.
R? R2 R2

Therefore, degp = degpy = n > 1. By Corollary 3.2, we know that p is surjective.
In particular, p~1(0) # () and hence there exists some 2o € C such that p(z9) =
0. O

3.3 The cohomology of cochain complexes

We need to develop more tools to study the de Rham cohomology of a mani-
fold. One natural idea, which is quite fundamental in algebraic topology, is to
decompose the manifold into open subsets and to study the relation between
the de Rham cohomology of these subsets and of the original manifold. This
technique is formally known as the Mayer-Vietoris argument.

Before going into the geometric setting, we shall first develop some algebraic
tools.

Definition 3.7. A cochain complex A* = (A',d’) is a sequence {A"} of real
vector spaces (not necessarily finite dimensional) connected by a sequence {d" :
A" — A1} of linear maps, called coboundary maps, such that "+t od” = 0
for all .

We can use the diagram

1 41 dar 1 ar+1 9
s AT 4>Ar4>Ar+ Ar+

to describe a cochain complex A*.
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For each r, elements in A™ are called r-cochains, elements in Kerd" are called
r-cocycles, and elements in Imd™~! are called r-coboundaries. Since d" ' od" =
0, similar to the de Rham cohomology, we can also form the quotient space

.. Kerd"
HAD) = gt

Definition 3.8. H"(A*) is called the r-th cohomology group of the cochain
complex A*.

Definition 3.9. A cochain complex A* is called exact if Imd"' = Kerd"
(equivalently, H"(A*) = 0) for all r.

We may talk about maps between cochain complexes.

Definition 3.10. A cochain map f: A* — B* between two cochain complexes
consists of a sequence {f" : A" — B"} of linear maps, such that f"™!od} =
dp o f" for all r. In other words, the following diagram commutes:

r—1 T

--—>A’"—1L>A’“4A>A’“+14>.-.
I e
a dy,
e s prl_EB o pr_Boprtl o ..

By the commutativity of the previous diagram, it is easy to see that a cochain
map induces a linear map

f*: H(A*) —» H"(B")
for each r, by acting on representatives.

Example 3.5. The de Rham complex together with the exterior derivative, and
the pullback of differential forms by a C* map between manifolds is a standard
example of these algebraic concepts.

Now we introduce a particularly important concept: a short exact sequence.

Definition 3.11. A short exact sequence is an exact cochain complex of the

form

0—>aA-tl.p_*

C 0. (3.15)

A short exact sequence of cochain complexes

0 A Lop 7 o 0 (3.16)
consists of chain maps f and g such that
0—=ar Lo pr O cor 0.

is a short exact sequence for all r.
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It is easy to see that a cochain complex of the form (3.15) is a short exact
sequence if and only if f is injective, g is surjective, and Kerg = Imf.

The main result we are going to present here is that a short exact sequence
of cochain complexes induces a long exact sequence on cohomology, and the
construction is canonical.

Assume that we have a short exact sequence of cochain complexes of the
form (3.16). To simplify the notation, we will always use the same d to denote
coboundary maps even in different cochain complexes and use the same f and g
to denote cochain maps acting on each degree, although the domain of definition
for d, f, g may depend on the context.

Now we have the following commutative diagram:

0 0 0 (3.17)

AT7 1 d Ar d Ar+1

! I !

Brfl d BT d Br+1 -
g g g

cr—1 d cr d ortl o

0 0 0,

where each row represents a cochain complex and each column is a short exact
sequence.
We are going to construct a linear map 9* : H"(C*) — H"t1(A*) which
connects the whole diagram (3.17) up and down on the level of cohomology.
Let [c] € H"(C*) be represented by an r-cocycle ¢ € C”. By short exactness,
we know that g is surjective, hence there exists b € B” such that ¢ = g(b). From
the commutativity of the diagram, we have

g(d(b)) = d(g(b)) = d(c) = 0,

which means that d(b) € Kerg. Again by short exactness, we have d(b) € Imf,
and hence there exists some a € A™™! with d(b) = f(a). From commutativity
again, we have

f(d(a)) = d(f(a)) = d*(b) =0,

which implies that d(a) = 0 since f is injective. Therefore, a is an (r+1)-cocycle
which determines a cohomology class [a] € H"t1(A*). We define 9*([c]) = [a].
This procedure of defining 9* is usually known as diagram chasing.

Of course we need to prove the following fact.

Lemma 3.2. 9*: H"(C*) — H"1(A*) is a well-defined linear map.
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Proof. Assume that we start with another r-cocycle ¢ € C™ in the cohomology
class [c], and define
b =d)—d

by the previous diagram chasing procedure. We need to show that a’ — a is an
(r 4+ 1)-coboundary, namely, there exists some ag € A" such that d(ag) = a’ — a.

First notice that ¢/, c represent the same cohomology class, and hence there
exists cg € C"~1 with decg = ¢ — c. By the surjectivity of g, we can find some
by € B"! with g(by) = co. It follows from commutativity that

g —b—d(by)) = ¢ —c—g(d(b))
= ¢ —c—d(g(by))
= 0.

Therefore, by short exactness we have b’ — b — d(by) € Imf, which implies that
there exists some ag € A” such that

bl —b— d(b()) = f(a()).
Now again by commutativity we have
fld(ag)) = d(f(ao))
= d' —b—d(by))
= f(@)~ f(a).

It follows from the injectivity of f that d(ag) = @’ — a, which concludes the
proof. O

Now we have the following important result.

Theorem 3.9. A short exact sequence of cochain complexes of the form (3.16)
induces the following long exact sequence:

e BT (A7) e 1 (BY) e 17 (C7) T (A7) s
(3.18)
where 0* is the linear map defined previously.

Proof. Tt is straight forward from definition that the sequence (3.18) satisfies
g o f =0, 0 0g =0, ffod" =0,

and hence it is a cochain complex. Now we show exactness at each part.

(1) Kerg* = Imf*.

Let [b] € Kerg*, then g(b) is a coboundary, so g(b) = d(c1) for some cochain
c¢1. By the surjectivity of g, there exists some cochain by such that g(by) = ¢;.
It follows that

g9(d(b1)) = d(g(br)) = d(c1) = g(b),
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and thus b — d(by) € Imf, which implies

b—d(by) = f(a)

for some cochain a. Since b is a cocycle, it is easy to see that a is also a cocycle,
which implies that [b] = f*[a] € Imf*.

(2) Kerd* = Img*.

Let [¢] € Kerd*, and take a,b as in the construction of 9*. It follows that
there exists some cochain a1 such that d(a;) = a. Let by = f(ay), then we have

glb—"b1) =c—g(f(ar)) =ec.

On the other hand,

d(b—b1) = f(a) = df (a1) = f(d(a1)) — d(f(ar)) =0,

which means that b — by is a cocycle. It follows from the definition of ¢g* that
[c] = g*([b— b1]) € Img*.

(3) Kerf* = Imo*.

Let [a] € Kerf*, then f(a) = d(b) for some cochain b. Let ¢ = ¢(b). It follows
that

d(c) = d(g(b)) = g(d(b)) = g(f(a)) =0,

which implies that ¢ is a cocycle. By the definition of 0%, it is obvious that
[a] = 0*([c]) € ImO*.

Now the proof is complete. O

Another very useful algebraic result about exact sequences is the following
so-called the Five Lemma, which will be used later on.

Theorem 3.10. Let f be a cochain map between two exact cochain complezes

A* and B* of the form

Al dlA A2 d?“ AS daA A4 di‘ AS
fl lf? lf& lfél lf{)
i dl d2 d3 d4

Bt—2-p2_2.pg3_E._pi B, pB5

Assume further that f', f2, f4, f° are isomorphisms. Then f3 is also an iso-
morphism.

Proof. Exercise. O

Finally, by using the notions of cochain complexes and cochain maps, we may
recapture what we’'ve essentially done when proving the homotopy invariance
for de Rham cohomology from an algebraic point of view.
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Definition 3.12. Two chain maps f,g: A* — B* between cochain complexes
A* and B* are said to be cochain-homotopic, if for each r, there exists a linear
map s” : A" — B"~! such that

dytos +sody=g"—f: A"—DB".

This sequence s = (s') of linear maps is called a homotopy operator from f to
g.

It is immediate from definition that if f and g are cochain-homotopic, then
f*=g*: H(A*) —» H"(B*) for all r.

If we look back into the proofs Proposition 3.1 and Proposition 3.2, actually
what we are doing is to construct a homotopy operator S from the cochain maps
sg to s7 on de Rham complexes. This implies immediately that s§ = s} on the
de Rham cohomology, which is the key to proving the homotopy invariance for
the de Rham cohomology. More directly, from the proof of Theorem 3.1, it
is easy to see that S o F* defines a homotopy operator from f* to ¢g*, which
concludes that f* = ¢g* on the de Rham cohomology.

3.4 The Mayer-Vietoris sequence

Perhaps the most important application of Theorem 3.9 in the context of de
Rham cohomology is the so-called Mayer-Vietoris sequence, which provides us
with a fundamental tool of computing the de Rham cohomology groups in gen-
eral. The basic idea is that the de Rham cohomology of the union U; UUs of open
subsets of a manifold can be computed via H*(U;), H*(Us), and H*(Uy N Us).
By induction, this approach generalizes to the case where we have finitely many
open subsets.

Let M be a manifold, and let Uy, Us be non-empty open subsets of M. For
a=1,2 weuse i, : Uy, - U UU;y and j, : U3 NUs — U, to denote the
inclusions.

Now we have the following result.

Proposition 3.5. For each r > 0, define I* : Q" (U UUs) — Q" (Uy) & Q" (Us)

by
I'(w) = (w, i3w),

and define J* : Q" (Uy) @ Q"(Uz) — Q" (U; NUs) by
J*(w,7) = fw— G
Then
00— Q (U UUs) ——= Q*(U}) @ Q*(Us) ——> Q* (U, N Up) — 0

(3.19)
is a short exact sequence of cochain complexes (de Rham complezes).

Remark 3.3. When U; NUs = (), we define J* to be the zero map, and obviously
I* is an isomorphism.
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Proof. Let r > 0.

(1) I* Q" (U, UUz) — Q7 (Uy) ® Q7 (Us) is injective.

This is trivial by using local coordinate charts.

(2) J: Q" (Uy) ® Q" (Usz) — Q"(U; NUs) is surjective.

Let oo € Q"(Uy N Uz), and choose a partition of unity {¢1, p2} subordinate
to the open cover {Uy,Us} of Uy U Uy with the same index. Define

. S NU;
wl(p) = ¢2(p) - a(p), p € suppp: Ui (3.20)
0, p € (suppyp2)° N U1,
and
— . , € N Us;
(p) = ¢1(p) - a(p), p € suppey U (3.21)
0, p € (suppy1)© N Us.

It follows from the properties of {¢1, w2} that w € Q" (Uy), 7 € Q"(Uz) and
J*(w,7) = ji(w) —j3(1) = .

(3) KerJ* = ImI*.
It is trivial to see that Im7* C KerJ*. Conversely, if (w,7) € KerJ*, we can

simply define
w(p)v peE Uy;
£p) =
( ) {T(p)a pE U2'

This is well-defined and it is an r-form on M such that I*(§) = (w, 7).
Now the proof is complete. O

Note that for two cochain complexes A* and B*, we have a canonical isomor-
phism between H" (A*@® B*) and H" (A*)&® H"(B*) defined by [(a, b)] — ([a], [0])
(see Problem 2 of Problem Sheet 3). By Theorem 3.9, we have the following
important result. This is known as the Mayer-Vietoris sequence.

Theorem 3.11. The short exact sequence (3.19) of cochain complexes induces
a long exact sequence

T L HNU,UUy) —E— H(Uy) ® H'(Us) —L— H" (U, N Us)
or r+1 I" 41 r+1 J*
—— H" " (U, UlU,) —=H (U1)G9H (Us)
(3.22)

on the level of cohomology, where the coboundary map 0* is defined explicitly
via diagram chasing as before.

It is better to describe 0* in our context here. According to its construction
and the proof of Proposition 3.5, for any [a] € H"(U; NUz), we can find (w,7) €
Q" (Uy) @ Q7 (Us) (defined by (3.20) and (3.21)) such that

-k Sk
W — JoT = Q.
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Since da = 0, we know that dw coincides with dr on U; NUs. It follows that dw
and dr glue to a closed (r + 1)-form £ on Uy U Us, and we have [§] = 9*([a]).
An important application of the Mayer-Vietoris sequence is the computation
of the de Rham cohomology of the n-sphere S™.
First of all, we have seen in Section 3.2 that

IR o2
Now suppose n > 2. Let
U = {2 2")es: 2" > —%},
Uy = {2 - 2")es™: 2" < %}

It follows that U; and Us are both contractible. Moreover, U; U Uy = S™ and
U, N U, is diffeomorphic to S™~1 x (—%, %)
For r > 1, from the Mayer-Vietoris sequence we know that the sequence

0=H"(Uy) & H"(Uy) —L

H™ (U N Uy)

9*

H+Y (U, UUs) —2s H+Y(Uy) @ HP Y (Us) = 0

is exact. This implies that 0* is an isomorphism and hence we have

H" (5" 1 x (—%, %)) ~ H"(U, NU) = H YU, Ul,) = H™TH(S™).

On the other hand, since S~ ! x (—%, %) and S™~! are homotopy equivalent, it
follows that
H" (8" = gH(s™). (3.24)

For r = 0, we consider the exact sequence
0—>R-—LsReR—L>R-5 HI(S") — >0, (3.25)

where we identify each de Rham cohomology group of degree 0 with R by con-
nectedness. Then we have

HY(S™) = Im(0*), Ker(9*) = Im(J*), Ker(J*) = Im(I*).
Since I* is injective, it follows that
dimIm(I*) = dimKer(J*) = 1,
and hence

dimKer(0*) = dimIm(J*) = 2 — dimKer(J*) = 1.
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This implies that 0* is a zero map and therefore
H'(S™) =0. (3.26)

Combining with (3.23), (3.24) and (3.26), by induction we obtain the follow-
ing result.

Proposition 3.6. Forn > 1,

R, r=0,n;

0, otherwise.

H"(S") = { (3.27)
Remark 3.4. If we examine the proof more carefully, the only place we’ve used
the result on the top cohomology of a compact, connected and oriented mani-
fold (namely, Corollary 3.1) is for the circle S'. The use of the Mayer-Vietoris
sequence and the induction argument are purely algebraic.

One might ask if we can compute the de Rham cohomology of S' directly
from the Mayer-Vietoris sequence without using Corollary 3.1. This is of course
possible. In fact, we can use the same exact sequence as (3.25), but here

HY(UyNU;)) 2RaR

since U; N Us has two connected components. The same argument as before
yields that
dimA'(S?) = dimImo* = 1,

and therefore H!(S1) = 1.

From Remark 3.2 we know how to construct a generator of the top de Rham
cohomology group H™(S™) via integration. Alternatively, we can use the Mayer-
Vietoris seqeunce to do this. Firstly, for the circle S', let

alp) = 1, peUinUsn{(2zt) e St: 20> 0};
Pr= 0, peUiNUyn{(z%2at)eSt: 2° <0}

This is a closed 0-form on U; N Us. From the construction of the coboundary
map 0%, we can define a closed 1-form &; on S' via diagram chasing, which
represents the de Rham cohomology class 9*([a]). We leave it as an exercise to
show that &; is not exact so [¢] is a generator of H*(S'). Moreover, by using
partition of unity (see (3.20) and (3.21)) we can choose & to be supported in
(in fact, any open subset of) U; N Us. For n > 2, notice that the pullback of
differential forms by the projection m : S"~! x (—%, %) — S~ ! induces an
isomorphism

* n— n— n— n— 1 1
s HYTHSTT) = HYTHS T X (=50 5)),

Therefore, by using induction on the exact sequence
J* o* I

0—— H"" 15" x (—4,3)) —= H"(S") —=0

)
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we can construct a generator [£,] of H™(S™) which comes from a generator
of H"=1(U; NUy) & H" 1(S"~1) via the isomorphism 9*, and by the same
reason as before £, can be chosen to be supported in U; N Us. If we look at the
construction more consistently, we can see that all these &,’s are obtained by

a—=& T LT G T

by propagating along the coboundary operator 0* in the Mayer-Vietoris se-
quence for each n.

Now we use (3.27) to compute the de Rham cohomology of the real projective
space RP™.

Let ¢ : S™ — RP™ be the projection map and a : S™ — S™ be the antipodal
map. We leave it as an exercise to show that for each r > 0, ¢* : RP™ — S" is
injective and

¢ (Q(RP")) ={weQ"(S"): a*w=w}.

On the other hand, since a? = idg», from standard linear algebra we have the
eigen-space decomposition

Q7 (S") = QL(S") @ QL(S"),

where

QLS ={we"(S"): a'w = tw}.
From Problem 2 (1) in Problem Sheet 3, we know that
H*(S") = HE(S™) @ HE ("),

where H% (S™) is the cohomology of the cochain complex (% (S™),d).
Now we see that
H*(RP™) = H* (S"),

which already implies by (3.27) that
H"(RP")=0,Vli<r<n-—1.

Moreover, if we take the standard orientation form w on S™, then [w] is a
generator of H™(S™) = R and we’ve seen before that

a*w = (—1)""w.
Therefore, if n is even, then
H"(RP™) = HY(S") =0

and if n is odd,
H"(RP™) = HY(S")= H"(S") =R.

Finally, combining with the fact that RP"™ is connected, we obtain the following
result.
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Proposition 3.7. Forn > 1,

H(RP™) = {R r=0orr=nmnifnis odd,

0, otherwise.

This method does not work for computing the de Rham cohomology of
the complex projective space CP". Instead, let’s try to use the Mayer-Vietoris
sequence directly to do this.

Let U = {[(2%---,2™)] € CP™ : 2" # 0}, and V = {[(0,---,0,1)]}°.
It follows that U UV = CP™. Moreover, it is easy to see that U is diffeo-
morphic to C", and U NV is diffeomorphic to C"\{0}. Now we are going to
show that V is homotopy equivalent to CP"~!. To see this, first notice that
CP"~ ! is canonically embedded into CP™ by identifying CP"~! with the space
{[(2%---,2")] € CP™ : 2" = 0} C V. Under such identification, if we let
i: CP" ! = V be the inclusion and r : V — CP"~! be the projection map
defined by

T([(Zov T 7Zn)]) = [(ZO, o ’Zn7170)]7

then r o i = idgpn-1. Furthermore, the C'°° map

F:Vx[01 — V,
([(207"'a2n)]7t) = [(207"')2n_1’t'zn)]’

defines a smooth homotopy from i o 7 to idy. Therefore, V and CP™~! are
homotopy equivalent, and hence they have isomorphic de Rham cohomology.

Now we have the Mayer-Vietoris sequence for U,V on CP". To compute
H*(CP™) inductively based on this sequence, we need to know H*(CP'). How-
ever, from the differential structure of CP!, it is not hard to see that CP! is
diffeomorphic to S? (one may use the stereographic projection to see this), and
hence H*(CP') = H*(S?).

Now we have enough data to compute H*(CP™). We state the result in the
following and leave the algebraic computation as an exercise.

Proposition 3.8. Forn > 1;

H(CP™) = {]R, r is even and 0 < r < 2n;

0, otherwise.

The power of Mayer-Vietoris sequence is much more than just computing
the de Rham cohomology of some special manifolds. In the rest of the notes,
we will use the Mayer-Vietoris sequence to prove three important results on
de Rham cohomology: the Poincaré duality, the Kiinneth formula, and the
Thom isomorphism. They are all very useful in understanding the de Rham
cohomology quantitatively.
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3.5 The Poicaré duality

Firstly, we prove an important result on the relation between the de Rham
cohomology and the one with compact supports for an orientable manifold: the
Poincaré duality. Here we will again see the power of integration.

First we introduce the concept of de Rham cohomology with compact sup-
ports (we have seen this for the top degree before).

Let M be a manifold, and let (2%(M),d) be the cochain complex of com-
pactly supported differential forms on M, and consider the associated cohomol-

ogy
 Ker(d: Q5(M) — Q1 (M)

Im(d: Q. Y(M) — Qu(M))’
This is called the de Rham cohomology of M with compact supports, and it
is denoted by H}(M).

To get some feeling about this cohomology, let’s compute H*(R™).

It is obvious that H?(R™) = 0. Furthermore, by Theorem 3.4 we know that
H?(R™) 2 R. The key of computing H*(R™) is induction based on the following
fact.

Hi (M)

=

Proposition 3.9. Let 7, : QL(R™ x RY) — QU1 (R") be the linear map which
sends w € QL(R™ x RY) of the form

(D : a(z,t)dz™ A--- Adz'"
to zero and sends w € QL(R™ x RY) of the form
(ID) : b(x, t)dz™ A--- Adx'= Adt

to (fgu bz, t)dt)dz A-- - Adxir—r € QL1 (R™), where a(x,t) and b(z,t) are C>°
functions on R™ x R with compact supports. Then m, commutes with d, and it
induces a linear isomorphism on cohomology.

Proof. The commutativity of 7, and d follows from straight forward calculation
if we express w € Q7 (R"™ x R!) in terms of the natural basis {dx!,--- ,dz", dt}.
Therefore, m, induces a linear homomorphism on cohomology.

To show that 7, : H5(R™ x R') — H’~1(R") is an isomorphism, we con-
struct the inverse of m, explicitly. Let e(t) € C2°(R') be such that [5, e(t)dt = 1.
Define the linear map e, : QL7 1(R") — Q7 (R" x R!) by

ex(w) = m*w Ae(t)dt,

where 7 : R™ x R! — R” is the natural projection. It is easy to see that e,
commutes with d and hence it induces a linear homomorphism on cohomology.
Moreover, it is trivial that m,oe, = idQZ—l(Rn). Therefore, e, is the right inverse
of 7, on cohomology.

In order to show that e, is also the left inverse of 7, on cohomology, we need
to construct a homotopy operator K" : Q7 (R™ x R') — Q7~1(R" x R') from
the cochain maps e, o7, to id. It is constructed explicitly in the following way.
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For w € Q5(R™ x RY) of type (I), we define K(w) = 0. For w € Q5(R" x R!) of
type (II), we define

K@) = i sesis - ([ vesas- ([ eas)

— 00 — 00 — 00

Az A Ndattr
If w is of type (I), then

(idorrnxr1) — €x 0 ™) (W) = w,
and

Kdw

= K(%dmk Adz™ A Ada'
+(—1)T%dzil A ANda't A dt)

a(x, t)dz™ A - Adx'

= Ww.

(dK + Kd)(w)

If w is of type (IT), then
(ing(Ranl) — €4 O ’/T*)(u))

=(b(z,t) — (/jo b(z,s)ds) - e(t))dz™ A--- Adzis= Adt.

On the other hand,

t o] t

K@) = 07 v = ([ b ([ els)ds)

— 00 — 00 — 00

dr A Ndatr

dw = ﬂdxk Adz™ A« Adzitt A de,
Oxk
and
dK(w) = (b(z,t) — (/ b(xz, s)ds) - e(t))dz™ A--- Adzis=t Adt

+(1)T“(/t®o %dsf(/jo g’kds)-/t e(s)ds)

- oo o0

dxP Adxt A A dait

(1)7‘(/; %ds - (/Z %ds) : /t e(s)ds)

- — —o0

dx® Adxt Ao Adaitr.

Kd(w)
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It follows that
(idor@®n xr1) — €« 0 i) (w) = (dK + Kd)(w).

Therefore, K is a homotopy operator from the cochain maps e, o 7, to id,
and the proof is complete. O

By induction we can easily obtain the following result.

Proposition 3.10. Forn > 1,

R, 7=n;
e - {3 o

0, otherwise.

From this we can see that the de Rham cohomology with compact supports
is not homotopy invariant. However, it is obvious that it is invariant under
diffeomorphism.

For the usual de Rham complex, we have the short exact sequence (3.19)
which induces the long exact sequence (the Mayer-Vietoris sequence) on the
de Rham cohomology. Similarly, we are going to show that, for the de Rham
complex with compact supports, we also have a short exact sequence which of
course induces a long exact sequence on cohomology. But here the direction is
reversed: instead of pulling back forms by the inclusions, we use push-forwards.

Let Uy,U; be open subsets of M and define the inclusions 41,2, j1,j2 as
before. A r-form w with compact support in U; can be regarded as a differential
form 414w with compact support in Uy U Us by trivial extension. Therefore, the
push-forward i1, : Q%(Uy) — Q5 (U1 UUs), and similarly io., j14, j2« are all well-
defined. Moreover, they all commutes with the exterior derivative and hence
they are cochain maps.

Now we have the following result.

Proposition 3.11. For eachr > 0, define J,. : QL(U1NUsz) — QL(U1) &QL(Uz)
by
J*<O[) = (jl*aa _jQ*Oé),

and define I, : QL(Uy) @ QL(Uz) — QL(UL UUs) by
Lo(w, T) = i1.w + i9.T.
Then
0—= QXU NUs) —L= QX (UL) @ Q2 (Us) —= Q2 (U, UUs) —— 0

(3.28)
18 a short exact sequence of cochain complexes.

Proof. Obviously this is a cochain complex. Let r > 0. It is trivial to see that
J. is injective. Moreover, let £ € Q7(U; U Us) and choose a partition of unity

86



{¢1,p2} subordinate to {Uy,Us} on Uy U Uy with the same index. Then ¢;&
has compact support in U; (i = 1,2), and

L((18)]v15 (#28)|v,) = €

Therefore, I, is surjective. Finally, let (w,7) € Kerl,. This implies that w has
to be compactly supported in Uy N Uz, and certainly we have

J*(UJ'UlﬂUz) = (w,T).
Therefore, Kerl, = ImJ,. O

By Theorem 3.9, the short exact sequence (3.11) induces a long exact se-
quence

O HT U N U — L HY(U) @ H(Us) — = HY (U, U US)

e HIWUL N U) L PN © H T (U2)
(3.29)
on cohomology, where 0, is the coboundary map defined via diagram chasing.
This is known as the Mayer-Vietoris sequence with compact supports.
In our context here, we can describe the coboundary map 0, explicitly. Take
a closed r-form £ on U; U U, with compact support, and define a pre-image

(W, m) = ((e18)]vy, (¥26)]vs)

of £ under I, by using a partition of unity as in the proof of Proposition 3.11.
It follows that dw is compactly supported in U; N Us and

Jo((dw)lv,nw,) = (dw, d).

The cohomology class determined by (dw)|u,nu, is the image of [¢] under 0.
The Poincaré duality is about the relation between H*(M) and H} (M) on
an orientable manifold M.
Assume that M is an oriented manifold of dimension n. Since we are able to
integrate n-forms with compact supports on M, integration defines a bilinear
functional

/ QN (M) x QP (M) — R
M

/M(w,r) = /Mw/\T.

By Stokes’ theorem, it induces a homomorphism

by

/ . H"(M) — H"" (M)*
M
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by
([ ) = [ war memon,

where H?~"(M)* is the dual space of H?~"(M).
The Poincaré duality says that f s 18 an isomorphism for all 0 <7 < n.
For simplicity, we only prove this result for the case when M has a finite good
cover. It holds for the general case by more careful analysis on the topology of
the manifold (see [3] for the details).

Definition 3.13. An open cover {U,}qca of M is called a good cover if any
non-empty finite intersection U,, N---NU,, is diffeomorphic to R™. It is called
a finite good cover if A is a finite set.

It can be proved that each manifold has a good cover, and each compact
manifold has a finite good cover. The proof is to introduce a Riemannian metric
on the manifold and use geodesically convex neighborhoods as a good cover. We
are not going to present the details here.

If a manifold has a finite good cover, then its de Rham cohomology is rela-
tively simple.

Proposition 3.12. Let M be a manifold with a finite good cover. Then H™ (M)
and H. (M) are finite dimensional for all r.

Proof. We prove by induction. If M is diffeomorphic to R™, then the result is
trivial. Assume that the de Rham cohomology groups for any manifold with a
finite good cover containing at most k open subsets are all finite dimensional.
Let M be a manifold with a finite good cover {Ui, - ,Uks1}, and let N =
Uy U---UUy. It follows from induction hypothesis that H"(N), H"(Uy41) and

HT(N N Uk+1) = HT((Ul n Uk+1) U---u (Uk N Uk+1))

are all finite dimensional for all r. The finite dimensionality of H" (M) then
follows easily from the Mayer-Vietoris sequence for N and Uy .

Similarly, by using the Mayer-Vietoris sequence with compact supports, we
can show by induction that H' (M) is finite dimensional for all r. O

From now on, we always assume that M has a finite good cover. As we’ve
seen in the proof of Proposition 3.12, this is for the reason of applying induction
arguments on the cardinality of a finite good cover.

To initiate the induction for proving the Poincaré duality, let’s first look at
two open subsets Uy, Us of M such that Uy, U, Uy N Uy (if non-empty) are all
diffeomorphic to R™. The idea of proving the Poincaré duality for U; UU; (i.e.,

/ : HT(U1UU2)—>H37T(U1UU2)*
U1UU4

is an isomorphism for all r) is to apply the Five Lemma (see Problem 2 in
Problem Sheet 3) to two long exact sequences: the classical Mayer-Vietoris
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sequence and the dual of the Mayer-Vietoris sequence with compact supports,
which are connected by the homomorphisms defined via integration. But we
need to prove several preliminary results to make the Five Lemma work.

The first one is about the exactness of the dual of (3.29).

Lemma 3.3. Let
vIlew-—2.7
be an exact cochain complex of finite dimensional real vector spaces, then its
dual
7o L owr Ly

*

1s also an exact cochain complex, where -* means taking dual in the sense of real

vector spaces and linear maps.

Proof. 1t is obvious that Img* C Kerf*. Conversely, if w* € Kerf*, we have
(ffw*,v) = w*(f(v)) =0, Vv € V.
Since (3.3) is exact, we know that w* annihilates Kerg. It follows that
2 (9(w)) = w*(w), we W,

is a well-defined linear functional on Img C Z. Now take any linear extension
z* of 2z to the whole space Z, it follows that

(972" w) = 2" (9(w)) = 25 (9(w)) = w*(w), Vw € W.
Therefore, g*z* = w* € Img*. O

Remark 3.5. Lemma 3.3 holds for infinite dimensional real vector spaces. The
proof then relies on Zorn’s lemma which guarantees a linear extension of a linear
map defined on a subspace to the whole space.

The second one is about the commutativity of the diagram.

Lemma 3.4. The following three diagram commutes:

(1)

*

H™(U; UT>) H"(Uy) ® H"(Uz)
\L.fyluuz lfUl Iy,
HO= (Uy UUs)* — e HO= (U)* @ B (Us)
(2)

*

H"(Uy)® H"(Us)

iful @fuz i.fulmuz
J.
Hy7"(Uh)* @ HY7"(Ug) —— HZ 7" (U N U2)%;

H™(U; N Us)
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(3)

*

H™ (U, N Uy)

ifulmuz lfuluUQ
A .
H"(UyNUg)* ——"HM "1 (U, UU)*.

H™Y (U, UT)

Here - denotes the dual maps, and fUl D fU2 is defined by

</Ul69/[]2““]’“”’“6“]’[5”>:/Ul““/%”ﬁ’

where [w] € H™(Uh), [7] € H"(Us), [a] € HY~"(U1) and [B] € H} " (Uz).

Remark 3.6. In the third diagram, there is a sign (—1)"*! on d., but this won’t
affect the exactness of the whole sequence.

Proof. (1) Let [§] € H"(Uy U Us) and [w] € H» " (Uy), [r] € HY "(Us). It
follows that

</Ul@/UQ”*[ED’([“]’[TD>:/Uﬁ“”/[,f;““

On the other hand, we have
a oy = / PRGN

= [ enlwtin)
U1UU5

= /iff/\w—i—/ BENT,
U1 U2

since w is compactly supported in U; and 7 is compactly supported in Us.
Therefore, the first diagram commutes.

(2) The commutativity of the second diagram follows from a similar argu-
ment.

(3) Let [a] € H"(U3 NUs) and [£] € H»~"~1(U; U Us). It follows that

( /U o &lal). ) = /U TN (3.30)

where by diagram chasing, 0*« is defined by

U O
—d(p1a0), on Us,
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in which {¢1, @2} is a partition of unity subordinate to {Uy,Us} with the same
index on Uy U Us. Therefore, (3.30) is equal to

/ *a A (p1€ + p28)
Ui UUo

= [ an(p)+ [ 0an(pd)
U, Uz

- / d(p20) A (916) — / d(p10) A (26, (3.31)
Ui

Uz

since ;€ is compactly supported in U; (i = 1,2). It follows from Stokes’ theorem
that

/ d(p20) A (1) = (~1)™ / (20) A (1),
Uy

Uy
and

d(p10) A (i026) = (~1)7*! / (010) A d(28).

Us Uz

Therefore, (3.31) is equal to

(—1)m( /U (p20) A d(16) — /U (p10) A d(26)).

On the other hand, by the description of 9, we know that d(p18) = —d(2€) is
compactly supported in Uy N Us. It follows that (3.31) is equal to

(—1)r+! /U and(e),

which is exactly the same as
(0 [ (afeh =0t [ ana
UiNU5 UiNU2

Consequently, the third diagram commutes. U
The third one is the about isomorphisms on the vertical direction.
Lemma 3.5. The Poincaré duality holds for Uy,Us and Uy N Us.

Proof. We first compute the de Rham cohomology of R™ with compact supports.
We know from the Poincaré lemma and Problem 1 in Problem Sheet 3 that

R, r=0;
HY(R") 2 HP " (R") = |

0, otherwise.
Since Uy, Us and Uy N Us are all diffeomorphic to R™, it suffices to show that
fUl’ ng and fUmUz are all non-trivial homomorphisms when acting on the 0-
th de Rham cohomology groups. But this is obvious since by using a bump
function we can always construct an n-form with compact support inside any
given open set whose integral is nonzero. O
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As we’ve pointed out in Remark 3.6, a sign change on the map 0., does not
affect the exactness of the dual of the Mayer-Vietoris sequence with compact
supports. Therefore, the previous three lemmas enable us to apply the Five
Lemma to conclude that:

Proposition 3.13. If Uy,Us and Uy NUsy are all diffeomorphic to R™, then the
Poincaré duality holds for Uy U Us.

Of course the previous argument is just a special case of a general induction
which is used to prove the Poincaré duality for an oriented manifold with a finite
good cover.

Theorem 3.12. If M is an oriented manifold of dimension n with a finite good
cover, then Poincaré duality holds for M.

Proof. We prove by induction on the number of open subsets in a finite good
cover of M.

If M is diffeomorphic to R™, then the result follows from Lemma 3.5.

Assume that the Poincaré duality holds for any oriented manifold of di-
mension n with a finite good cover containing at most k open subsets. Let
{U1,--+ ,Uks1} be a finite good cover of M containing k + 1 open subsets.
Then by induction hypothesis, the Poincaré duality holds for U = U; U--- U Uy,
V = Ug41, and

UﬂVZ(UlﬂUk+1)U---U(UkﬁUk+1).

By applying the Five Lemma as before for the two long exact sequences for
U,V , we conclude that the Poincaré duality holds for M.
Now the proof is complete. O

In particular, when M is compact, then the Poincaré duality takes the form

[y : H (M) ——=H""(M)*, Y0 <r<n.

Remark 3.7. The Poincaré duality implies Theorem 3.4 and Corollary 3.1. In
fact, if M is connected, then H°(M) = R. By the Poincaré duality, H*(M)* = R
and hence H[(M) is 1-dimensional. Moreover, [, (1) is a non-trivial element in
H'(M)* where ”1” is the constant function with value 1. But [}, (1) is exactly
the linear map given by (3.9). Therefore,

/M: H(M) - R

is a non-trivial linear map and by comparing dimensions it has to be an isomor-
phism.
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3.6 The Kunneth formula

Secondly, we are going to establish a way of computing the de Rham cohomology
of product manifolds. This is known as the Kiinneth formula.

Let M, F be two manifolds. Here we also assume that M has a finite good
cover. This is necessary in applying the induction argument based on the Mayer-
Vietoris sequence as before.

Consider the natural projections m: M x F — M and p: M x F — F. For
differential forms w € Q(M), 6 € Q(F), define

PYw® ) =71"(w) A p*(w) € QUM x F).
It is easy to see that ¥ induces a linear map
Y @ H' (M)® H" "(F) - H"(M x F)

for all n > 0.
The Kinneth formula is the following.

Theorem 3.13. For manifolds M and F, where M has a finite good cover, 1)
s a linear isomorphism for all n > 0.

Proof. Similar to the proof of the Poincaré duality, we try to use induction based
on the Mayer-Vietoris sequence.

If M is diffeomorphic to R™, it follows directly from Theorem 3.2 and Ex-
ample 3.1 that ¢ is an isomorphism.

Now assume that the theorem holds for all manifolds with a finite good cover
consisting of at most k open subsets, and let M be a manifold with a finite good
cover {Uy,- -+ , Uk, Ugs1}.

Let

U=U U, V=Us1.

Based on the Mayer-Vietoris sequence (3.22) for U,V, we have the following
cochain complex

e L@ JHN(UUV)® H"(F) (3.32)

T on J(HY(U)® H"(F) @ H'(V) © H*"(F))

T _gn H'(UNV)®H(F)

¥ e HNUUV) e H (R —— o

Here the coboundary maps I*,J* and 9* are defined canonically by tensoring
I*, J* and 0* in (3.22) with the identity map on H™ " (F) and then taking direct
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sum. But we should be careful that when defining 0%, @ "X H"(UUV )@ H" " (F)
should be viewed as

HUUV)® H"Y(F) & (a'_(H" ™ (UUV)® H" " (F))

and ®;_0" ® idgn-r(p) takes value in the second component. It is not hard to
see that (3.32) is a long exact sequence.

The linear map %, induces a chain of linear maps between the long exact
sequence (3.32) and the Mayer-Vietoris sequence for U x F,V x F on M x F.
Since we can write

UNV =UNUgs1) U+ U Uk NUgy1),
by the induction hypothesis, we know that
v QL H(UNV)HY"(F) = H'((UNV) x F)
and
v @r_(H (U)@H" "(F)@oH" (V)@H""(F)) - H'(UxF)® H"(V x F)

are isomorphisms. The induction step will be completed by the Five lemma
once we show the commutativity of the whole diagram.
The only non-trivial part is the commutativity of the diagram:

er_H (UNV)® H " (F) —L =@ (H'(UNV)® H""(F)  (3.33)

5 §

H(UNV)xF)——2 S~ gn(UUV) x F).

In fact, let {¢1, p2} be a partition of unity subordinate to {U,V} on UUV. For
[¢] € H(UNV) and [f] € H* "(F), by the description of 9*, we know that

0*([a] ®16]) is the cohomology class on (U UV') x F determined by 7*9*¢ A p*6,
where
¢ = d(pva), onU;
a _d(pUOé), on Va
which is well-defined on U U V. On the other hand, we have
O'Y(a®l) = I (r*aAp*l)
m*d(pya) Ap*0, onU x F;
—m*d(pya) A p*0, onV x F.
= 7TENA 0.
Note that here we’ve used the fact that {7*py, 7* ¢y} is a partition of unity

subordinate to {U x F,V x F} on (UUV) x F, and 6 is closed. Therefore, the
diagram (3.33) commutes, which concludes the proof of the theorem. O
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Remark 3.8. The Kiinneth formula may not hold for arbitrary manifolds, and
we do need some kind of finiteness assumption. In fact, it holds under the
assumption that the de Rham cohomology groups of M are finite dimensional.

By using similar Mayer-Vietoris arguments, it is possible to establish the
Kinneth formula for de Rham cohomology with compact supports. More pre-
cisely, if M, N are manifolds with finite good cover, then

Y @ _HI(M)® HI7"(N) — H}(M x N)
is a linear isomorphism for all n > 0. We left the proof as an exercise.
Remark 3.9. It should be pointed out that, unlike the case of the de Rham
cohomology, the Kiinneth formula for de Rham cohomology with compact sup-
ports is true for all manifolds. We need to strengthen the induction arguments

to prove this, as we should for proving the Poincaré duality without assuming
that the manifold has a finite good cover.

We can think of H*(M) ® H*(F) as a graded real vector space by setting
(H* (M) & H* (F))" = &0_, H"(M) & H" (F), n >0,
and introduce an algebra structure on H*(M) ® H*(F') by setting
(a®b) (c@d)=(-1)"(a-c)® (b-d)

for b€ H"(F) and ¢ € H*(M). In this way, H*(M) ® H*(F) becomes a graded
algebra and
v H*(M)® H*(F) — H*(M x F)

becomes an algebra isomorphism. The same conclusion applies to the de Rham
cohomology with compact supports.

Example 3.6. Let M be the n-torus 7" = S* x - - - x S1. The Kiinneth formula
shows that

dimHT(M)—<:>,VO<7“<n.

3.7 The Thom isomorphism

The last part of the present notes will be devoted to the study of the cohomology
of real vector bundles. As in the Poincaré duality and the Kiinneth formula, it
is also based on the Mayer-Vietoris argument.

We first introduce some basic notions about real vector bundles.

Definition 3.14. Let 7: E — M be a surjective C* map between manifolds
such that 7=!(p) is a real vector space for all p € M. We call (E,M,7) a
real vector bundle of rank n if there exists an open cover {Uy}aca of M
together with diffeomorphisms {¢, : 7 1(U,) — Us x R"}4ea such that each
¢ restricts to a linear isomorphism

¢a|7r*1(p) : 7-‘-71(]9) - {(p’ t) s te Rn}
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for each p € Uy. {(Uq, Pa) }aca is called a local trivialization of (E, M, ).
For a real vector bundle (E, M, 7), E is called the total space, M is called

the base space. For each p € M, the real vector space 7~ !(p) is called the fiber

at p. A section of (E,M,m)is a C* map s: M — E such that mos =idy;.

Example 3.7. The simplest example of real vector bundles is the product
manifold M x R™. For each non-zero vector in R™,

sv(p) = (p,v), p €M,
defines a non-vanishing section of the bundle.

Example 3.8. A non-trivial example we’ve met before is the tangent bundle
TM. We can take an atlas as the open cover and define ¢, in a natural way
under the natural basis in a coordinate chart U,. A section of TM is just a
smooth vector field on M. As we’ve seen in the Hairy Ball Theorem, the tangent
bundle over the n-sphere has a non-vanishing section if and only if n is odd.

More generally, tensor bundles and exterior bundles are common examples
of real vector bundles.

A fundamental concept about real vector bundles is transition functions.

Definition 3.15. Let (E, M, ) be a real vector bundle of rank n equipped with
a local trivialization {(Uy, ¢a)}aca. Then for any «, 8 € A, the map

psodyt: (UyNUsg) x R™ — (U, NUg) x R™

restricts to a linear automorphism on {(p,t) : t € R"} = R" for each p € U,NUg
(if not empty). It gives rise to a C*° map

gap 1 UaNUg = GL(n;R)

if we identify the linear automorphism group on R” as the general linear group
GL(n;R) of order n. The family {gag}ta,pea of C* maps is called transition
functions of (E, M, ).

Example 3.9. For the tangent bundle T'M, when we fix a local trivialization
{(Us, ®o)} using an atlas, the transition functions are given by the Jacobians
of change of coordinates.

The transition functions {ga s}a,peca of a real vector bundle (E, M, ) of
rank n satisfy the following compatibility conditions:

(1) gaa(p) =1 for all p € Uy;

(2) 9o (D) - 98+ (D) = gar(p) for all p € Uy, NUg N U, (if not empty).

It is a fundamental result that if we are given an open cover {U,}aca of M
together with a family {gas}a.gea of C™ functions satisfying (1) and (2), then
we can always construct a real vector bundle (E, M, 7) with transition functions
{9ap}a,pca. We are not going to prove this result here.
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Lemma 3.6. Let {(U,, @.,)}aca be another local trivialization of (E, M, ) with
the same open cover, and {g;5}a,pca be the associated transition functions.
Then for each o € A, there exists some C*° map A\ : U, — GL(n;R), such
that

Jop = A8 Gap - AL on U, NUS.

Proof. For each a € A, let A\, : U, — GL(n;R) defined by ¢, o ¢ 1. It follows
that
Jopg = ¢po (¢h) "
= Xg-dpog, oA}
Ag - Gap - )\;1.

O

Definition 3.16. Two family of transition functions related in the way of
Lemma 3.6 are said to be equivalent.

Definition 3.17. Let (E, M, ) be a vector bundle of rank n with transition
functions {gas}. If we can find an equivalent family of transition functions {g,}
which take values in a subgroup H of GL(n;R), then we say that the structure
group of (E,M,n) may be reduced to H. A vector bundle is orientable if its
structure group can be reduced to GLT (n;R), the group of invertible matrices
with positive determinant.

By using the partition of unity, it is not hard to show that (left as exercise)
the structure group any vector bundle can always be reduced to the orthogonal
group. Therefore, a vector bundle is orientable if and only if its structure group
can be reduced to the special orthogonal group, the group of orthogonal matrices
with positive determinant.

The notion of orientability as a vector bundle is different from the notion of
orientability as a manifold. However, we have the following result.

Proposition 3.14. Let (E, M, ) be an orientable vector bundle of rank n over
an m-dimensional orientable manifold. Then the total space E is orientable as
a manifold.

Proof. Let {(Uy, o)} be a local trivialization with transition functions {gas}
valued in GL*(n;R) such that {U,} is an orientation compatible atlas on M
with associated chart maps {¢4}. It follows that the collection of

Dy i 9a(Ua) xR = 71 (Ua),
(z,t) — o5 (0o (2),1),

defines an atlas on E. Moreover, the change of coordinates for this atlas is given
by
(z,5) = (95 095" (2), gap(pa' (@) - 5),
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which has Jacobian

Bsaaaosagl "
0 gaplpa'(x) )

By our choice we know that the determinant of this matrix is positive. There-
fore, {(771(U,),®4)} is an orientation compatible atlas on E, and thus E is
orientable as a manifold. O

Example 3.10. From the computation in the proof of Proposition 3.14, it is
not hard to see that the tangent bundle T'M over any manifold M is always
orientable as a manifold. However, T M is orientable as a vector bundle if and
only if M is orientable.

If we have specified the transition functions of an orientable vector bundle
taking values in GLT(n;R), we say that the vector bundle is oriented.
We can talk about maps between real vector bundles.

Definition 3.18. A homomorphism between two vector bundles (E7, My, )
and (Ea, My, ms) is a pair (F, f) of C°° maps

F: E1—>E2,f2 M, — M,

such that the diagram

E YR,

-k

Ml — M27

and F restricts to a linear map between fibers ;' (p) and w5 *(f(p)) for all
p € M. A vector bundle homomorphism is an isomorphism if it has an inverse
also being a vector bundle homomorphism.

Note that for a vector bundle homomorphism (F, f), by the surjectivity of
the covering map, f is uniquely determined by F.

More frequently we shall consider vector bundle homomorphisms over a fixed
base space.

Definition 3.19. A homomorphism between two vector bundles (Ey, M, )
and (Fa, M, m3) over the base space M is a vector bundle homomorphism
(F,idps). Tt is an isomorphism if it has an inverse also being a vector bun-
dle homomorphism over the base space M.

Definition 3.20. A vector bundle (F, M, ) is said to be trivial if it is isomor-
phic to the trivial bundle (M x R™, M, ") over the base space M.

It is easy to see that a vector bundle is trivial if and only if it has transition
functions taking values only at the identity matrix.

In general it is hard to see whether a vector bundle is trivial or not.

The following characterization of triviality is very useful. The proof of this
result is beyond the scope of the notes.
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Proposition 3.15. If M is contractible, then any vector bundle over M is
trivial.

On the other hand, to show that a vector bundle is non-trivial, it suffices to
show that it does not have a non-vanishing section, since a trivial vector bundle
always does.

For example, the tangent bundle of the n-sphere is non-trivial when n is
even.

Another example is called the canonical line bundle over RP™. For each
[z] € RP™, let Li; be the one dimensional vector space in R+ determined by
the straight line [z]. Then the set of all Ly, forms a vector bundle over RP"
of rank 1 in a natural way (one may use the projection map ¢ : S™ — RP",
which is a local diffeomorphism, to construct a local trivialization). We use 7.
to denote this vector bundle.

Assume that s : RP™ — ~! is a section of 7} and consider

soq: S" =)

By definition, for each 2 € S™, there exists a unique real number ¢(z) such that
s([z]) = t(x) - 2. It is easy to see that ¢ defines a continuous function on S™ such
that

t(—x) = —t(x), Yo € S™.

By the connectedness of S™, t vanishes at some point. In other words, 7} does
not have a non-vanishing section. Therefore, ~y. is non-trivial.

Now we come to the study of cohomology of a vector bundle. Let (E, M, )
be a vector bundle of rank n.

From homotopy invariance it is trivial to see that the de Rham cohomology
of the total space E is isomorphic to the de Rham cohomology of the base space
M.

For the de Rham cohomology with compact supports, we have the following
simple result.

Proposition 3.16. If E and M are orientable manifolds with finite good cover,
then
Hi(E) = H;™"(M)

for all r.

Proof. Tt follows from Proposition 3.12 and the Poincaré duality that

HJ(E) = (H™™"(E)"
o~ (Hm+n—7"<M))*
= HIT'(M),
for all r, where m = dimM. O

Remark 3.10. Proposition 3.16 may fail in general. One can think about the
example of the open Mobius band, which is a non-orientable vector bundle over
St of rank 1.
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Now we are going to introduce a third type of cohomology which is more
natural than the previous two in the study of vector bundles.

Let (2%,(E), d) be the cochain complex of differential forms w on E such that
for any compact set K on M, 7~(K)Nsuppw is compact in E. The cohomology
of (Q%,(F),d) is called the de Rham cohomology with compact supports in the
vertical direction, and it is denoted by H} (E). Obviously H} (E) is invariant
under vector bundle isomorphism.

From now on, assume further that (E, M, ) is orientable.

Similar to the case of de Rham cohomology with compact supports, we define
a linear operator 7, called integration along fiber in the following way.

Take a local trivialization {(Ua, ¢o)} with transition functions {gag} valued
in GL*(n;R), such that {U,} is an atlas on M. Let w be a differential form
with compact support in the vertical direction. On U, x R™ it can be written
as

w= Z ar.j(z,s)dz’ Ads? + ZaI,J=(1,,.. (@, s)dz’ Adst A Ads™,
I1,|J|<n 1

where the summation is over all multi-indices I = (i1 < --- < ip) and J = (j1 <
.-+ < jq), |J| is the cardinality of the multi-index J, and

del = de™ Ao Adatr, ds? = dsT A AN dsTa.

We then define

o (w) = Z(/ ar g1, m(z,s)ds" -+ ds")dz’, (3.34)

n

which is a differential form on U, C M with degree decreased by n. On another
chart Ug x R", write

w= Y brs,t)dy" Adt" +Y br ey (y, )y’ AdE A A e,
L|J|<n I

then by definition

T (w) = Z( br (1, ) (Y, t)dt" - - dt")dy’.

If we let y = y(z) and ¢ = gap(x) - s (change of coordinates from 7= (U,)
to 771 (Up)), since gag(z) € GL*(n;R), the change of variables formula for
Lebesgue integrals implies that

ml(w) =) ( b= (y(@), gap(x) - 5) - detgap(z) - ds' -~ ds™)dy' (x).
I

On the other hand, it is not hard to see that

ZGI,J:(L»-- ) (m, S)dxl = ZbI,J:(L--- n) (y($)79a6($) -5) - detgag(x) : dyl(x)-
I I
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Therefore,

(W) = 7l (w)

on U,NUg. In other words, (3.34) defines a global linear operator m, : Q7 (E) —
Q=" (M) for each r.

Remark 3.11. 7, depends on how the vector bundle is oriented (i.e., the choice of
local trivialization whose transition functions take values in GLT(n;R)). Here
we always fix an orientation.

The linear operator 7, satisfies the following important property called the
projection formula.

Proposition 3.17. Let 7 be a differential form on M and w be a differential
form on E with compact supports in the vertical direction. Then

T (T T Aw) =T A Tew. (3.35)

Proof. It suffices to prove the result locally. Take {(Uy, ¢o)} as before. Without
loss of generality, we can assume

7 =a(z)dr!, w=b(x,t)dz’ Adt",

where I, J, K are multi-indices and b is compactly supported in the vertical
direction.
If |K| < n, then

(T T Aw) =7 Amew = 0.

If K=(1,---,n), then
T (T T Aw) = (/ a(x)b(z, t)dt* - - - dt™)dax' A dz’

= a(z)dz' A (/ b(x, t)dt! - - dt™)dx’

n

= TATW.
Therefore, (3.35) holds. O

Moreover, by definition and straight forward calculation it is easy to see that
. commutes with d. Therefore, 7, induces a linear map on cohomology. The
Thom isomorphism asserts the following.

Theorem 3.14. Let (E, M, ) be an oriented vector bundle of rank n and M
has a finite good cover. Then the induced map 7. : HL (E) — H" " (M) on
cohomology is a linear isomorphism for all r.

Proof. As before, we prove by induction on the cardinality of the finite good
cover.

First assume that M is diffeomorphic to R™. By Proposition 3.15, the vector
bundle is trivial, and hence we may assume that £ = R" x R". In this case,
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it follows from the same proof as Proposition 3.9 that m, can be written as the
composition of isomorphisms

H! (R™ xR™) — HIOHR™ xR — -0 — HIPPHR™ xRY) — HT(R™).

cv

Therefore m, is an isomorphism.

Now assume that the theorem holds for all manifolds with a finite good cover
containing at most k open sets, and let M be a manifold with a finite good cover
{Ul, <o Up, Uk+1}. Let

U=U,0U---UUg, V=Ugy;:.

Then we have the Mayer-Vietoris sequence for U,V on M. On the other hand,
since the restriction of a differential form on E with compact support in the
vertical direction on any open subset 7~ !(U) also has compact support in the
vertical direction, it follows from the same argument as in the case of the de
Rham complex that we have the short exact sequence

0 ——=Q,(r H (U UV)) —= 2, (1 (U)) @ Qz, (a1 (V))

L (e UNY) 0

of cochain complexes, which induces a long exact sequence on the de Rham
cohomology with compact supports in the vertical direction.

The linear map 7, induces a chain of linear maps between this long exact
sequence and the Mayer-Vietoris sequence for U,V on M. To conclude the in-
duction by using the Five Lemma, it suffices to show the commutativity of the
whole diagram.

The only non-trivial part is the commutativity of

H (= (U NV)) L= H Y (e~ H (U U V) (3.36)

H=(UNV)—L = gr+i-nuuv).

Let {¢1,p2} be a partition of unity subordinate to {U,V} on UUV. It follows
that {7*¢1,7*p2} is a partition of unity subordinate to {7~ 1(U),7=1(V)} on
7 YU UV). Let [a] € HL (=1 (UNV)), then on U we have

0% = md(n ey a)
e (T (dp2) A ).

By the projection formula (3.35), on U we have

0% = (dp2) A T
= d(pg - m)
= IJ'm.a.
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Similar result holds on V. Therefore, the diagram 3.36 commutes, which com-
pletes the proof of the theorem. O

Remark 3.12. The Thom isomorphism holds without the assumption that the
base manifold has a finite good cover.

Let T : H*(M) — H"(F) be the inverse of m,. Since constant functions
are closed forms, ® = T([1]) is a cohomology class of degree n in H (E).
This is called the Thom class. Once we’ve known the Thom class, the Thom
isomorphism 7 is given explicitly by

T(w]) =[r"w] - @. (3.37)

In fact, if we take a representative ¢ € ®, then by the projection formula (3.35),
we have
T(TT WA @) = w A Tip = w,

and (3.37) follows.

The computation of the Thom class is a fundamental problem in the theory
of vector bundles, and we refer the readers to [1] for more stories and related
topics.

References

[1] R. Bott, L.W. Tu, Differential Forms in Algebraic Topology.
[2] S.S. Chern, W.H. Chen, K.S. Lam, Lectures on Differential Geometry.
[3] I.H. Madsen, J. Tornehave, From Calculus to Cohomology.

[4] .M. Singer, J.A. Thorpe, Lecture Notes on Elementary Topology and Ge-
ometry.

[6] F.W. Warner, Foundations of Differentiable Manifolds and Lie Groups.

103



