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Abstract

This thesis aims to introduce the concepts of Manifolds and Differential
Forms defined on Manifolds. These concepts serve as prerequisites for demon-
strating a general result. Namely, the Generalized Stokes’ Theorem, for which
we will provide a proof. We shall also show how two theorems from Vector
Calculus can be seen as special cases of this Generalized Theorem.
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Chapter 1

Manifolds and Tangent Spaces

A manifold can be seen as a generalization of curves and surfaces to higher
dimensions. Typical manifolds are things like graphs of a function, or a geo-
metric shape such as a circle. What is special about manifolds is that they
are locally Euclidean. If you where to zoom in on a small neighborhood of a
circle, it would resemble flat space.

An n-dimensional manifold is a topological space M for which every point
x € M there is a neighbourhood homeomorphic to Euclidean space R™.

For the purpose of this thesis, and the results we wish to show, we are not
concerned with abstract manifolds. Rather, subsets of Euclidean space. We
call those submanifolds of R™ (for some m). We shall proceed with defining
the manifolds of our interest. We begin by defining the notion of a surface
in R™.

Definition 1.0.1. Take a subset M C R". A function ¢(u) : U — VN M,
with open subsets U C R™ and V C R™ and

is called a Local Parametrization (or Local Coordinate Chart) of M if it
satisfies the following properties

1. ¢ is Smooth (C*°) when the codomain is regarded as R".
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2. ¢ : U — VN Misa Homeomorphism meaning that ¢ is bijective, and
both ¢ and its inverse ¢! are continuous.

3. rank(D¢) = n.

The coordinates (vy, ...,vy,) are called Local coordinates of ¢. If ¢ : U —
M is of class C* for any integer k, then we call it a O or Smooth local
parametrization. Throughout this thesis, we assume all parametrizations to
be smooth.

Definition 1.0.2. A subset M C R" is called a Smooth (or regular) surface
in R™ if at every point p € M there exists an open subset U C R™, an open
subset YV C R™ containing p, a smooth local parametrization ¢ : U — V N M,
and satisfying the three conditions above.

An example of a parametrization would be the graph of a function. We
can consider a smooth function f(x,y) : Y — R defined on an open subset
U C R2. The graph of f denoted I' would be defined as

L={(z.y f(z,9)): (z,y) €U CR*}.

We can also parametrize the graph by

(z,y) = (z,y, f(2,9)).

We have assumed f to be smooth so condition 1 holds. If ®(zy,y;) =
O (9, y2) that will imply that 1 = x9 and y; = y2 and so ® is injective.
We have that ® has I" as its image and so is surjective. Also the inverse map
d~1: T — U given by

Nz, y, f(w,y) = (2,y),

is obviously continuous. So Condition 2 holds. Another way to say that D®
has full rank, is by saying that for any (x,y) € U

0® 09

— X — #0.
or 0Oy 7
Taking the cross product amounts to
Dd=le, 0 1|=]-0f,[,

e. 0f: 9, 1



which is non-zero for all (z,y) € U. We have shown that condition 3 is sat-

isfied.

An example of a manifold is the unit circle. One representation of the unit
circle is

S={(z,y) eR*: 2* +¢y* =1}

We quickly run into the problem that if we wish to cover the entire circle, all
points of the circle will not be covered by a single parametrization chart. To
cover the entire circle we need four charts. These charts will be given by

( ) (x, \/1—x2) (1.1)
=(—v1-v%y) (1.2)
( ) (:17, \/1—:52) (1.3)
—y%Y). (1.4)

There are points where these charts (patches) overlap. To show that these
charts are compatible, i.e points described by different charts do indeed de-
scribe the same points, we must introduce transition maps.

1.1 Transition maps

Definition 1.1.1. Let M C R" be a smooth surface. An atlas on M 1is a
collection of charts (Uy, ¢a) such that ¢o(Us) cover M.

Definition 1.1.2. Let ¢, : Uy, — M and ¢ : Usg — M be two smooth local
parametrizations with overlapping images. Meaning

$a(Ua) N dsUs) # 0.
We let
baUy) =0y =V, N M
op(Up) == Oz =Vz N M.
The homeomorphisms
$5' 0 o Pa (OaNOp) —
Gn 005 ¢5 (04 NOF) —

we call Transition maps.

5 (04 NOg)

¢
$o' (B0 N Op)
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&(Uy)

?5(U2) @4(Ua)

$3(Us)

1
o1 (Uh) ¥2 63 1 (Us)

¢ 06y

Taking the circle in the picture as example we can compute the transition
map ¢, o ¢1. Let theset Uy = {p € Uy UU, UU3 U U, : ¢ < 0} and let the
inverse map ¢, be given by ¢, '(y) = y. Then the local parametrizations
given by [I.T] amount to the calculation given by

67" 0 61(2) = 67 (61 ()
S

over the set where z < 0. Thus we have indeed shown that the homeomor-
phism ¢, ' o ¢ is a transition map.

To generalize this statement to any smooth surface of R™ we wish to show
that transition maps are smooth (regular).

Definition 1.1.3. A homeomorphism between two local coordinate charts
(Ua, Do), Us, ¢p) is called a Diffeomorphism if the transition map from (Uy, ¢o)
to (Ug, ¢p) is differentiable and has a differentiable inverse.



So we wish to show the general result that ¢ ' o ¢ is differentiable and its
inverse (¢,' 0 ¢) ! = @5 0 ¢q is also differentiable.

Proposition 1.1.3.1. Let M C R" be reqular and ¢o(uy, ..., u,) : Uy — M
and ¢p(vy,...,v,) : Us — M be smooth local parametrizations with overlap-
ping images. Meaning W 1= ¢o(Ua) NPs(Us) # 0. Then the transition maps
defined as

05 0 ba by (W) = 05" (W)

Ga' 005 D5 (W) = & (W),

are also smooth transition maps. We call those maps Smoothly compatible.

We shall show this result for the special case in R3. A proof of the general
case can be found in: Munk91" We use the following theorem that we state
without proof. |Tu11

Theorem 1.1.4. Let ¢ : U — R™ be a smooth map defined on an open subset
U C R". For any point p € U, ¢ is locally invertible at p iff the Jacobian

determinant
det [a@
8uj

(p) #0.

This is called the Inverse Function Theorem. We shall also use the lemma
without proof

Lemma 1.1.4.1. The composition of smooth maps is smooth.

Proof of Proposition. [I.1.3.1]1t suffices to show one of them and the other one
will automatically follow by symmetry. Differentiability is a local property,
so we fix a point p € W C M and show that (bgl o ¢, is smooth at ¢, (p).
Now by Condition 3 as in we wish to show that

99a Opa

— 0

Ju, a, P 7
Meaning it is non-zero at p. Take ¢, (u1, us) = (z(ug, uz), y(uy.ug), z(uy, uz)).
By computation of the cross product we obtain

(p) x

(y,z
€x BZT BZT det(aéu;?iu;?))
ey ?Zl ?"ZQ = det(a&tl:u)g)) (p) .
€ Bu;  Dus det(a(u1:z2))



For this to be a smooth map, at least one of the determinants is never zero.
Without loss of generality let us assume that the first component

Ay, 2)

det(a(m’ UQ)

is non-zero. Now we define a map 1 given by

V(z,y,2) = (y,2)-

The composition o ¢g(v1,v2) = (y(v1,v2), 2(v1, v2)) by previous assumption
has determinant

Iy, 2)

det(a(u17 )

)(p) #0

at p. By Theorem there exists a smooth inverse (1) o ¢5) ! at a neigh-
bourhood of p. We may rewrite the composition ¢Elo¢a = (ogdg) to(Yody,).
Since all of them are smooth, then by Lemma we have shown our re-
sult. O

1.2 The Tangent space of a Manifold

Definition 1.2.1. Let M C R" be a smooth manifold. Given an open subset
UCR" and VN M C R™. Given a map ¢ : U — VN M the derivative map
D¢ is linear, i.e

61 901
dh . B
D¢ € L(R"R™) = | - '
Dom  Oom
Ogm. ., O

Meaning an m X n matrix.

Definition 1.2.2. Given a point p € M, let (Uy, po) be a coordinate chart
such that p € ¢o(Uys). Then we define the Tangent space T,M at p as

oo 0¢a
Juy” 7 Ouy, |

T,M := Span {



From Definition we know that rank(D¢) = n and thus that dim(7, M) =
n (the space has trivial kernel). We shall make the following proposition.

Proposition 1.2.2.1. The definition of Tangent space is independent of our
chosen coordinate system.

Proof. Let us begin by recalling some facts from Linear Algebra. Given an
m X n matrix A

ai .. af

A=
1 n
Ay oeee Qg

we define the image of A denoted by Im(A) as

C1
rz:x=Ac:c=1] .. | e R"”
Cp,

We have that Im(A) is a vector space (the column space) of dimension n,
provided that A has full rank. Now A : R" — R™ is a linear map, and we
are able to construct a change-of-basis transformation B : R® — R" where B

is some invertible n x n matrix. Our goal is to show that Im(A) = Im(AB).
Let D = AB. Since B is invertible we have DB™! = A. Given an x in Im(A)
there exists a c such that

x = Ac
=xr=DB"'c
=z = AB(B '¢).
Now there exists some vector d € R" that is accomplished by multiplying ¢

with B~1, such that z = ABd. It follows that # € Im(AB). Thus we have
shown that

Im(A) C Im(AB).

We wish to show it in the other direction as well. Take y € Im(AB). By
definition we have that y = ABd. Set Bd = ¢ and we have that

y = Ac.



We have that y € Im(A) and thus that
Im(AB) C Im(A).
We conclude that
Im(A) = Im(AB).

Now back to the coordinate charts. Take ¢, to be a local parametrization
about p. And let ¢g be another coordinate chart about p, with domains
U, and Us respectively. We may restrict the domains so that U, = Us.
Now by the smoothness of transition maps, i.e ¢51 o ¢ and ¢! o ¢ are
diffeomorphisms, we may show our result. Again, it suffices to show one of
them as there will be an analogous picture with the other one. Now by the
chain rule we obtain that

d(¢p 0 5" 0 ¢a) = d(¢p) 0 d(¢5" © da) = dpa

Now obviously Im(d¢,) C Im(d¢s). One can switch the arguments and the
inclusion will hold in the other direction as well. Thus we have shown that

Im(d¢) = Im(deg).
In other words, the tangent space is independent of coordinate system. [J

We will for the purpose of showing later results require the notion of Parti-
tions of unity.

Definition 1.2.3. Given a smooth function F' defined on R™, then we define
the Support of ¢ as

supp(¢) := {z € R™ : ¢(z) # 0}.
That is the closure of the set
{z e R™: ¢(x) # 0}.

Definition 1.2.4. Let A be a union of open sets in R™. There exists a
collection of smooth functions F; : R™ — R such that

1. supp F; C A for all 1.



2. For any p € A there exists an open set ) C A containing p intersecting
at least one but only finitely many sets of supp Fj.

3. Y 2 Fi(x) =1 for each x € A.
4. The sets supp F; are compact.

If the collection {F;} satisfies the above conditions we call it a Partition of
Unity subordinate to A.

1.3 Manifolds with boundary

For the purpose of this thesis, we require a definition of a manifold with a
boundary, and the notion of differentiability on those.

Definition 1.3.1. We denote the upper half-space of R™ as H" consisting of
those points x € R"™ for which x, > 0. We denote H'} those points for which
T, > 0.

Definition 1.3.2. Let S be a subset of R™. Let f : S — R™. Then f is
Smooth (or of Class C") on S if f may be extended to a function g : U — R™
that is smooth on an open set U of R™ containing S.

Lemma 1.3.2.1. Let U be open in H™ but not in R™ and let o : U — R™
be smooth. Let 5 : U — R™ be a smooth extension of o defined on an open
subset U' C R™. The derivative D(x) will only depend on the o and is
independent of 5. We may denote it Da(x).

We shall be interested in maps defined on open sets in H" but not in R™.
Recall Definition The same definition of M holds as a subset of H",
however with one extension. We require a definition of the boundary of M.
We shall do just that.

Definition 1.3.3. Let M be a smooth submanifold of R™ and let p € M. If
there is a local coordinate chart ¢ : U — V' about p such that U is open in

R™ then we call p an Interior point of M. Otherwise it is a Boundary point
of M. We denote the boundary set of M with OM.

Lemma 1.3.3.1. Let M be a smooth submanifold of R™. Let ¢ : U — V be
a local coordinate chart about p € M. Then we have



1. IfU is open in R™, then p is an interior point of M.

2. IfU is open in H™ and if p = ¢(x¢) for zo € H, then p is an interior
point of M.

3. If U is open in H™ and if p = ¢(xo) for R™1 x 0 and then p is a
boundary point of M.

Proof. (1) follows from the definition, with (2) we have a local coordinate
chart Uy = U NHT that avoids the boundary. Given ¢ : Uy — V, with V
being the image of ¢. This is a homeomorphism and we are done. For (3)

one is able to find a proof in [Munk91| O



Chapter 2

Forms on R"

We shall introduce the notion of vector forms, and then the differential forms.
In so doing, we shall also introduce the operator A denoting the notion of
exterior multiplication.

2.1 Properties of the exterior product

The following properties hold for exterior products. |[Hubb99|

1. Distributivity. For k-forms ¢, w;,ws we have that

¢A(W1+WQ):¢AW1+¢AWQ.

2. Associativity. For k-forms wy,ws,ws we have

(w1 /\WQ) /\u)g = w1 VAN (CL)Q /\Wg).

3. Skew-commutativity. If ¢ is a k-form and w is an [-form. Then we have
that

dpAw=(—1)"wA ¢.

4. Homogeneity. For k-forms ¢ and w and a constant ¢ € R

(cp) N\w =c(p Aw) = A (cw).

12



2.2 Vector Forms

Definition 2.2.1. Let 1 < k < n. Given vectors vy, ...,v, € R™ we form an
n X k matrix

—
=3

n
/Uk e Uk‘

Now given indices iy, ..., € {1,...,n} let V;
choosing the the rows iy, ...,1; of V.

1i, e the matriz formed by

Then we define a multilinear and alternating map

dr;; N\ ...Ndx; :R"x ... xR" =R
(U1, ooy V) = (dxyy Ao Ady ) (01, .., Uk)

given by
(dl’il /\.../\dxik)(vl,...,vk) = det(%l .... lk)

The words "multilinear" and "alternating" require some explanation. We
shall explain them with the help of a few facts from algebra.

Lemma 2.2.1.1. |/Biggs02) Let S,, be the symmetric group with n elements.
Any permutation o € S,, can be expressed in terms of products of transposi-
tions. That is, cycles of length 2.

Definition 2.2.2. We call a permutation o Odd if it can be expressed in
terms of an odd number of transpositions. We call it Even if it can be ez-
pressed in terms of an even number of transpositions. The sign function
denoted sgn assigns the value sgn(c) = —1 if o is odd and sgn(c) =1 if o is
even.

Definition 2.2.3. A definition of the determinant of an n x n matrix A is
giwen by the following. For a square matriz A = (a;;)

det(A) = > sgn(0)a1.0(1)02.0(2)--Un.o(m)-

O'GSTL



Now, by properties of determinants we note the following facts.

1. If j # [ such that i; = 4; then dz;, A ... Ndz;, = 0.

In other words, if any two elements in the exterior product are equal
then the whole thing is zero.

2. Take entries 7, j in the form. Swapping places of ¢ and j will render
W(V1, oeey Viy Vjy oy V) = —w (U1, o0y U, ;. 0.

Meaning that swapping any two entries picks up a minus sign. This is
what alternating means.

3. Suppose we take the i-th entry in the exterior product. Then
wW(vg, .y vi_1, 00 4+ bw, ..., U) = W (V1.eey Vim1, Ve, V) + b (V1.00, Vi1, Wy V).
This is what multilinear means. Linear in each coordinate.
Now we may proceed by defining a Form.

Definition 2.2.4. Letw : R"x...xR"™ — R be a map satisfying the properties
that w is multilinear and alternating. Then we call such a map a k-form.

Definition 2.2.5. The set of k-forms denoted
AL (R™)
constitutes a vector space by defining
(awy + bws)(v1, ..., V) = awq (V1, ..., Vg) + bwa(vy, ...y Vk)
for all a,b € R and wy,wy € A¥(R™).
We shall begin by showing some forms that input vectors, and some examples.

Definition 2.2.6. Let I = {iy,...,ix}. And that
drp:=dx; N ... \dz;,.
An elementary (or vector) k-form on R™ is an expression of the form
dz;, N\ ... Ndx;,

where 1 <4y < ... <1 < n.



We denote the set

We shall also state and prove the following useful theorem.

Theorem 2.2.7. A basis for AK(R") is given by
E={dryy N ... Ndxy, 11 <y < ... <i <n}

Proof. Recall that for any k-form, the act of swapping two of the vectors
picks up a minus sign, implying that if indices coincide, the entire thing is
zero. It therefore suffices to consider k-forms with strictly increasing indices.
In other words we have

1 lf ’il :jlw--;ik:jk

) (2.1)
0 otherwise.

dl‘il VANPIRVAN dxik(eju "'7€jk) = {

Now to show linear independence of our proposed basis elements we may
consider a k-form

W(€jy, s €j) = Z Qi dxy N AN dxg (e, €5,).

1<i1<...<ip<n

Then this implies that «;, ;= 0. Since if we consider

i1 i1
e’

e €y
w<6j17 ) ejk) = Z iy i

1<i1 <. <ip<n i}c i_k
J1 Jk

Then by 2.1] this says that

Qi 0= J1y ey = Ji
w(€jy, ..., €j,) = )
0 otherwise.

proving linear independence. Now we proceed by evaluating w on k standard
basis vectors, not necessarily listed in increasing order, but due to Definition
there is a permutation o of these elements that results in increasingly
ordered elements. In other words, once iy, ...,7; are chosen (and they are



distinct) there exists o such that isq) < ... < i,q is strictly increasing.
Setting 0~! = 7 we obtain

w(vg, ey V) = Z Z SEN(T) (Viy (1) - Vig 7 (k) )W (€ 5 --os €1 )-

1<i1<..<ixg <n TES)

Note however that due to Definition [2.2.3
> sgn(0) (Vi 0(1), - Vi o) = det(Vi, i)
= (dxiy N ..o Ndxg ) (vy, ..., Ug).

And since we established that w(vy, ..., vx) = @, ;.. We obtain that

w(v1, ..y vg) = ( Z Gy dx AN dag ) (v, vg)

1<i1<...<ip<n

proving the vectors on this form span the set. We have shown that ¢ is indeed
a basis for A%(R™). O

An interesting fact/lemma is that
Lemma 2.2.7.1. There are (Z) elementary k-forms.

Proof. Let the basis for A¥(R™) be the set (as per
{dxiy NooNdry, 21 <y < ... <idp < n}.

For any k-form in A¥(R™) we can make the following argument. We pick k
different 1-forms, from a set of n forms in total (so dz;, up to dz;_ ). These
are, linearily independent, and we wedge them together. In so doing we
produce a non-zero elementary k-form. We may choose k elements from n
total ones in (Z) ways, and we have shown the result. ]

Consequently we have that dim(A%(R")) =(7). Take the example of n = 4
and k = 2. There will be six elementary forms arranged in ascending order.
Namely

{Ul/\'UQ, Ul/\'Ug, Ul/\'l}4,
Ug/\Ug, Ug/\U4,
Vs N Uy }



Evaluating a vector k-form on a set of vectors v;...vx will produce a k x k
matrix determinant. So for instance when n = 2 and k = 2. We have that

w1 A wa(vy,v9) = wlgvl) w2 (V1)

w1 Uz) WQ(UQ) '

This will give the area of a paralellogram. For example let w; = 3dx+dy+4dz
and wy = dr — 2dy + dz. And we take vectors v; = (1,4,2) and vy =
(2,5,4). Our calculation amounts to the following. We get that wi(v;) =
31+4+42 == ].5, wl(vg) = 32+5+44 = 27, WQ(Ul) == 1—24+2 = -5
and wy(vg) =2 —2-5+4 = —4. Thus we obtain the calculation

15 -5

o7 4| =

w1 A Cdg(?]l, ’UQ) =

When n = 3 and k& = 3 we get the area of a paralellopiped. For example, let
Y = 2dx N\ dy N dz. Explicitly meaning ¢, = 2dx, s = dy, 3 = dz. Take
the vectors v; = (4,2,1), v, = (0,1,1) and v3 = (—4,—-2,1). We wish to
calculate the determinant given by

Y1(vr) Pa(v1) hs(v1) 8 2
Yr(ve) Ya(va) Ys(va)| =0 1
VY1(vs) Ya(vs) h3(vs3) -8 =2

We can row-reduce this matrix. We simply add the first row to the third to
obtain an upper triangular matrix. The determinant of that matrix is just
the product of the diagonal entries. We obtain

=8-1-2=16.

S o o™
O o
N —

2.3 Differential Forms

Now introducing general differential k-forms.

Definition 2.3.1. A differential k-form on R™ is given as

1



where all the f; : (R")* — R are continuous and differentiable functions.

With differential forms, we have a function that constantly changes the vec-
tor for any point in the tangent space (i.e a vector field). For the sake of
demonstration, we consider R®. Take the example of a differential 2-form
w = wzdz N dy + yzdy A dz + (2 + y*)dz A dz. Now we specify a base point
p in the space where we want to evaluate the form. Take p = (1,2,3). Then
we simply input these values into their corresponding functions, and obtain

w23 = (1)(3)dx Ady + (2)(3)dy A dz + (17 + 2°)dz A da.

Meaning w, = 3dx A dy + 6dy N dz + 5dz A dx. Let us pick two vectors. We
consider v; = (1,2,3) and vy = (2,0, 1). The calculation amounts to

1 2
2 0

2 3
01

3 1

+6 1 2

+5 :

we1,2,3)(v1,v2) = 3

Obviously this just amounts to
w(1,2,3)(v1,v2) = 3(—4) + 6(2) + 5(5) = 25.

We can also consider vector fields at an arbitrary point p = (z,y, z) in three-
dimensional space. Let us consider a differential form w = y?dz Ady—3z*dy A
dz. Consider also vector fields v; = (z2,yz, 2% + 3*) and vy = (y, z2, 2%).
Essentially we do exactly as we did with fixed vectors in space. We get

xZ Yz
Yy xz

yz xrz
224y 22|

2 2

W(x,y,z) (Ula UQ) =Y

Of course we simply take the determinants and arrive at
Wiy (V1,09) = (2y2)* — y?z — 32°2%y — 32”2 + 32%y°2.

So essentially, w is a differential 2-form. It takes in two vector fields and has
returned a function in R3.

2.4 The exterior derivative

Definition 2.4.1. The exterior derivative denoted with a lower-case d, is a
linear operator taking a k-form to a (k+1)-form. Given any smooth k-form,



defined on R™, we have that

n
Z wjl,,,,jkdujl N A dU]’k,

Jiye-Jr=1

and define

0w, ...
Z Z éu, e dug A dug, A ... A dug, .

LJe=1 =1

For smooth scalar functions the exterior derivative acts like the chain rule.
For example, let f(z,y, z) be a smooth scalar function on R3. The exterior
derivative of f will be

O o4 Ly + 2 .

df = ox Jy 0z

We also introduce the following rules for the exterior derivative. For any
k-forms w and
1) d(aw + by) = adw + bdyp (Linearity)
2) dY Aw) =dip Aw+ (1) A dw
3) d(dw) = d*(w) = 0.
We can prove each and every one of them.

Proof of rules for the exterior derivative. 1) Suppose w and 1) are k-forms on
an open set U C M. Then by definition we have

W= Z Wiy, e dug, A oA dug,

]kl

¢: Z Wiy g, A A dug, .

Je=1



Taking the exterior derivative produces

d(aw + np) = Z d(aws, .. j, + b, )dus, Ao A duj,

Jiy-Jk=1
n

Ow,
=a E TR s A dug, A A dug,
jiaer O
1o Jk=
-
+b E Mdul Aduj, A ... N duj,
JiyenJe=1

= adw + bd).

2) Since d is linear it suffices to assume ¢ = f(du;, A ... A du;, ) and w =
g(duj, A ... Nduj,). Then we have that

Ay ANw) = Zé?(fg)dui1 AN dug, A dug, AN dug,
i=1

af

= du;

i=1

A dug, A A dug, Ndug, A A dug) Aw

0
+ Z J duZ Aduj, N ..o N dug,

= dw Aw+ (=1 A dw.

This is by applying the product rule for derivatives for every term in the
k-form, and then rearranging the exterior products.

3) We wish to show that applying the operation twice, i.e d(dw) gives us
zero. Take

dw = Zj; Z gijduz A dug.



Then taking the derivative of that produces

0
Zaug ZZ wj ui de

—0 i=0

= ZZZ ai'c(;;duj A du; A dur
j %

7=0 =0

820.)[ 820.)1
Z Gujaul aulau] b Y ur
1<)

=0.

Where I = (iy,...i), and using the fact that dz A dy = —dy A dx and that
?f _ _9f

mixed partials of the form Bu,0u — Budu

are equal by Clairaut’s Theorem.

]

2.5 The Pullback

Definition 2.5.1. Let T : R® — R™ be a linear map. We define the Pullback
of T by

T : AFR™) — AFR™)
w T W) R"x ... xR" > R:
(01, ooy ) = T w (01, ..., V).

By definition we have that
T (w) (v, ooy vg) = w(T(v1), ... T (vg)).
We make the following statement without proof. [[Fongl§|

Theorem 2.5.2. Let f : U € R* — V € R™ be smooth. Given a k-form
w € AF(V) then we have that

d(f*w) = f*(dw).

In other words, the exterior derivative and the Pullback commute.
We can make the following proposition.



Proposition 2.5.2.1. Let (y1,...,y:;) be coordinates in R™ and (x4, ...,x;)
coordinates in R™. Now let F' : R™ — R™ be a smooth map. Then we have
that

F*(dzy A ... Ndxy) = J(y)dy A ... A\ dy,,

OF\"
J(y) = det ( ])
Wi ) i j=1

i.e, the determinant of the Jacobian matrix.

where

Proof. The elements 7;...7,, are a permutation of the numbers 1,...,n. There
is some permutation o that orders these elements in increasing order. We
write

8Fﬁl n
dygl /\/\dygn
UEZS No(1y aycr o &

By Lemma [2.2.1.1] this permutation is expressible in terms of transpositions,
by the number of transpositions is either even or odd. So we obtain

oF, oF,
dyy A\ ... N dy,.
Z sgn(a)ayo(l) Dot (7 Y

The term

3™ sen(o) oF,  OF,
= Wo(1)  Woln)

is by the definition of the determinant of the n X n matrix consisting
of these partial derivatives from Fj to F;,. Otherwise known as the Jacobian
determinant. We conclude that

OF; oF,
. dyy A .. A dy, = J(y)dyy...dy,.
> sen(o) T By 1 y (y)dys...dy

Which is what we wanted to show. O



2.6 Forms on manifolds

In this section we define Forms over submanifolds of Euclidean space.

Definition 2.6.1. Given a manifold M of dimension k and an open set
U C R™ such that M C U and w an l-form defined onU. Since for every p €
M CR™, T,M is a vector subspace of R™, we may consider the restriction
of w to T,M as

w(p)(v1, ..., Vg) v, ..., v € T,M.
Given a local coordinate chart (U,, ¢,) the mapping
U, — R

U s w(da(u)) (22, 90

ou; Gun)

is well defined and smooth on U4,.

2.7 Integration of forms

The goal of this section is to explain integration of k-forms. That is an
integral such as

/ w.

M

Definition 2.7.1. We define a parametrization

F(uy,ug, ..., ug) = (p1,q1) X (P2, q2) X ... X (Dr, @) = M.

Then given a k-form w(uy, ug, ..., ux)duy A dug A ... A duy, the integral of w
over M 1s given by

qk q1
/ WUy, g, ..., ug)dug A dug A ... A dug, ::/ / w(uy, ug, ..., ug)dug dug...duy.
M Pk p1

A 1-form must be integrated over a curve, a 2-form over a surface, and a
k-form over a region in higher-dimensional space. So we integrate forms over



a region in of the same dimension.

Suppose f(x,y) is smooth function. Let the manifold M be given by the
graph

M={(z,y, f(z,y)) €R*: (z,y) € R?},

that has global parametrization in the form of a field F : R? — M explicitly
given by

F(ZL’, y) - (I7y7 f(xv y))
For instance, now let a 2-form be given by
w=e T dx A dy.

This amounts to the double integral

// e~ dady.
R2

By a change to polar coordinates you can show that this has the value 7.
Note, how did we go from having wedges to no wedges? It seems tempting
in an expression like dx A dy to just erase the wedge to produce dzdy and
forget we have a differential form. It seems we could instead write the form

w = e‘x2+y2dy Adx.

The double integral of this does not coincide with the first one as it would
give the result —7w. We can remedy this by simply defining that the form
should be in the right order before we integrate.



Chapter 3

Orientation

We shall give a few definitions.

Definition 3.0.1. Let g : U — V be a diffeomorphism between open sets in
R™. We say that g is Orientation-preserving if det Dg > 0 on U. We call g
Orientation-reversing if det Dg < 0 on U.

Definition 3.0.2. Let M be a m-manifold in R". Given local coordinate
charts ¢; : ¢;(U;) — ¢;(Vi) on M fori = 0,1, we say they overlap positively
if the transition map ¢7* o ¢g is orientation-preserving. If M can be covered
by a collection of local coordinate charts, each pair of which overlap positively,
then M is said to be Orientable. Otherwise, M 1is said to be non-orientable.

Definition 3.0.3. Let M be an orientable m-manifold. Given a collection of
coordinate charts covering M that overlap positively, we adjoin this collection
all other coordinate charts on M that overlap these charts positively. This
expanded collection is called an Orientation on M. A manifold M together
with an orientation of M, we call an Oriented manifold.

Certainly, this makes no sense when speaking about a 0-manifold, which is
just a set of points. For some dimensions, this becomes more intuitive. In
R, we can think about "left" and "right", in R? one can imagine "clockwise"
and "anti-clockwise", and in R*® we can imagine "right-handed" and "left-
handed". If we consider an (n — 1)-manifold in R"™, we picture an orientation
on M as a unit normal vector field to M.

Definition 3.0.4. Let M be an (n — 1) manifold in R*'. Ifp € M, let
(p;n—1) be a unit vector in the vector space T,,(R™), that is orthogonal to the
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linear subspace of T, M of dimension (n—1). Then n is uniquely determined
up to a sign. Let a local coordinate chart be given as in[I.3. We specify the
sign by requiring that the frame (1, g%’, e %) be right-handed. Meaning

that the matriz [ D¢,] has positive determinant.

A consequence of Definition is that when integrating an (n — 1) form
over a manifold with boundary with induced orientation, we also take into
account the parity of n. This can be formulated as the following theorem

that we state without proof. [Fongl8]|

Theorem 3.0.5. Given a positively oriented local coordinate chart G(uy, ..., uy,) :
YV — M of boundary type. Then (uy,...,u,—_1) is positively oriented if n
is even and negatively oriented if n is odd. Therefore when integrating an
(n — 1)-form wduy A ... A\ du,_1 on OM we have that

/ wduy A ... N duy,_1 = (—1)”/ wdug A ... N diy,_q.
G(V)Nom V{u,=0}

Theorem 3.0.6. If M is an orientable m-manifold with non-empty bound-
ary, then OM is orientable.

A proof of this is found in [Munk91|



Chapter 4

Generalized Stokes’ Theorem

Our efforts have concluded in showing the following result.

Theorem 4.0.1. Let M be an oriented smooth manifold of dimension n.
Let w be a compactly supported smooth (n — 1)-form on M. We then have

that
/dw:/ w.
M M

This is known as the Generalized Stokes’ Theorem.

Proof of Generalized Stokes’ Theorem. The proof is by cases. We begin with
the case where the form is contained inside a single parametrization of inte-
rior type.

We have that w is a (n — 1)-form, with its support contained in a single
parametrization chart of interior type.
We can write the (n — 1)-form as

n
W = Zwidul VANPTRAN dui_l VAN duﬂ_l NN dun
i=1

We have removed the i-th term to obtain an (n — 1)-form.

We take the exterior derivative to obtain

n n awi
dw = ZZ 8ujduj Aduy Ao Adug_g A dugq A A dug,.

i=1 j=1
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Now for each ¢, the product duj; A ... A du;_1 N dujq A ... A du, is zero if
j # i. The only sum that will survive as it were, is the one where j = i. This
reintroduces the du; to the beginning of the sum. We wish to put it in the
order it should be. Thus we make i — 1 swaps of wedge products and pick
up a factor of (—1)*"'. Hence we obtain

dw = Z ng-dul Ao ANdugy A dugq Ao A duy,

i

Ow;
Z ujdui/\alul/\.../\dun
Ow;
_Z )it wdul/\ A dug A A duy,.
By Definition we get

- 1 Ow;
dw :/ — 1) 2wy . du,,.
/M MZZI< ) Ou; '

The fact that w has compact support means that there is a number R > 0
such that suppw is contained inside a rectangle [—R, R]... X ... X [=R, R|
in R". Also, outside the support the integral will just be zero. Then using
Fubini’s theorem we can change the order of integration and summation to

produce
R R n  Ows
dw:/ / (=)' du,...du,
/M -R R; du; '
-3y

R R 9 ,
_1/ / awldul...dun.
-R _r Ou;

Now take the innermost integral. By the Fundamental Theorem of Calculus
we obtain

R awl-
R 8/1,61

dui = W

-R

This pattern will follow for the other integrals. Since supp(w) is contained
in a closed box of interior type, the value of all the w;’s will be zero at —R



and R (at the boundary). Thus we have proven that

/ dw = 0.
M

Equivalently we have that on the boundary OM we have w = 0. Thus we
have shown our first result, namely

/ dw:/ w=0.
M M

We may now proceed with showing the next case. Namely when M is cov-
ered by a single parametrization of boundary type. The difference from the
previous step consists in knowing that w;’s may not vanish on the boundary
of M. We instead consider the set in the upper half plane with rectangle
A =[-R,R] X ... x [-R,R] x [0, R] with R > 0 as large so as to contain
the support of w. Since it has compact support we can as in the previous
step deduce that w;(uy, ..., u,) = 0 when u, = R. But not that w; = 0 when
U, = 0.

Following the same calculation as in step 1 we obtain

R (R R n L Ow;
dw:/ / / -1 “duy...du,
//\/t 0 J-R —R;( ) Ou; '
n ' R (R R 9,
~ 3 (1 / / / duy..du,
;( ) 0 J-R _r Ou; '

R R R 5,
+(—1)”_1/ / / “duy...du,.
o J-R _r Ouy '

The first term is as we obtained in the first step, namely

n R [R R o
g (—1)i_1/ / / a%dul...dun =0,
i—1 0 J-R _g Oy

so we need to consider the term

R R R 9,
-1 "_1/ / / “duy ...du,,.
=1 -RJ-R o Oup '




Integration is linear, so computing the innermost integral produces

R R
(—1)n/ / wn(ul,...,un_l,())dul.,_dun_l.
-R -R

|
oM

for the purpose of showing that the two integrals are indeed equal. On the
boundary M are points where u,, = 0. Hence du,, = 0 across M. We then
have that

We now wish to relate this to

n
W = Zwi(ul, ...,un,l,O)dul VANV dul’,1 A\ dui+1 A oA du”
i=1

= W (U, ooy Up—1,0)dug A oo Adt, 1.

So consequently we obtain that

/ w:/ W (U, oy Up—1,0)dug A oo A dity,q
oM ANOM

= / WUy, ooy Up—1,0)duy...du,
An{u,=0}

R R
:/ / W (U1 ooy Up—1, 0)duty...dtiy, .
-R J-R

We have gotten that the two sides are exactly equal apart from the factor of
(—1)™. This factor only takes into account the orientation as per Theorem
We have thus proven the result of step 2 that is

/ w:/ dw.
oM M

Our final case is where we use partitions of unity to prove a more general
case of Stokes’ theorem.

We take

A={F,:U, - M}



to be an atlas of M, by assumption with all positively oriented coordinates.
So A contains both interior and boundary types of local parametrizations.
Suppose now that

{pa: M —[0,1]}

is a partition of unity subordinate to A. We then obtain

w:Zpaw

since by Definition > pa = 1. Following the same procedure as before

we obtain
PaW = / d(paw>
Za:/awz ; M

= Z/ d(pa N\ w ~+ padw) (By [2.4)
—Im

) ()
:/MO/\w—i—ldw

:/dw.
M

X =

/ w:/ dw.
OM M

Which is what we wanted to show, and the proof is complete. O

Since we have that

we finally obtain that

4.1 Applications of the Generalized Stokes’ The-
orem in Vector Calculus

In this section we wish to derive two examples of special cases of the Gen-
eralized Stokes’ Theorem. Namely Green’s Theorem and the Divergence
Theorem.



Theorem 4.1.1. Let R be a closed, bounded and smooth submanifold of R2.
Let C'= OR be the boundary of R, such that C' is a simple closed curve in the
plane, and R is a region contained by C'. Let

Fa = (G0)

be a smooth vector field defined in R. Then

Pl y)de + Qo dy = [ (22 = 22 guay.
/c //R Jor Oy

This is known as Green’s Theorem from Vector Calculus. We may proceed
by proving this with the use of differential forms and the Generalized Stokes’
Theorem.

Proof. Consider the 1-form w = P(x,y) Adx+Q(z,y) Ady. By the definition
of exterior derivatives we obtain

_(oP 0P Q 0Q
dw = (axdx—i- 8ydy> Adx + <6xdx—|- aydy) A dy.
= 6)—de Adx + a—de A dy.
Ay dy

We have used that dz A dx = 0. Now using that dy A dv = —dx A\ dy we may
rearrange this to obtain

dw:(@—ﬁ—]g

ar ~ ay ) dx A dy.

Now using Stokes” Theorem which says that

/ w:/de—i-Qdy,
OR C
00 0P

and



We then obtain the final result of

/de—i—Qdy:/ (8_@_8_]3) dz N\ dy
C r\ 0T dy
B oQ 0P
= //R (% - 8_y) dady. (By [2.7.1)

Which is what we wanted to show. ]

The three-dimensional version of this is the Divergence Theorem due to
Gauss.

Theorem 4.1.2. Let D be a closed, bounded and smooth submanifold of R?
and 0D its boundary. Let

P(z,y,z)

F(x7y7 Z) = Q(x7y7 Z)
R(x,y,z)

be a smooth vector field defined in D. Then

//ap Fvds = ///D div(F)dvdydz

where div(F) =V - F :%—5+%+%7
of 0D.

and v is an outward-pointing normal

So in a similar way as with Green’s we want to prove this.

Proof. Consider the 2-form w = PAdy ANdz+ Q ANdz ANdx + R A dx A
dy. The choice of this form itself comes from the ways to attaching two
differentials wedged together to each one of the vector inputs. Taking the
exterior derivative gives

dw = 8_de+0_de+@dZ ANdy N dz
Ox dy 0z

+ 8—de+a—Qdy—l—a—de ANdz N\ dx
Ox Ay 0z

+ @dx%— a—Rdy+ a—Ralz Adx A dy.
ox oy 0z



We take the first term with respect to P. Obviously after simplification this
will produce

P
(8_) ANdx N\dy Ndz.
Ox

A similar pattern will obviously follow for @@ and R. We will get

orP 0Q OR
dw = <%+a—y+%)/\dx/\dy/\dz.

Now using Stokes’ Theorem we have that

// F.vdS = w
oD D

oP 0Q OR
/(8x+8 —1—82)/\dx/\dy/\d2—/de

By the definition of integrals of differential forms we obtain

[[ ros= [[] (222428 s

Which is what we wanted to show. O

and that
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