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0 A Few Words (You Don’t Have To Read These)

Hi, welcome to my crappy notes.

It is July 29th when I started this document, and we’re already way past the flow stuff. But, the
current problem set talks about Frobenius Theorem, so I better get this organized. Anything before
this though... Maybe I'll never get a chance to type those out. :pensive:

The point of this document, originally, was to throw all the definitions and important results in one
place without too much detail so I can easily access them - it’s not easy to be a math student with a
memory as shitty as mine. It seems, however, that I began making a lot of side comments for myself to
explain the concepts, which made it not as skeletal as it was supposed to be. But the organizing and
writing of these notes greatly helped me make sense of the math, so I am at peace with my infidelity
to my original intentions.

In the formatting of this document, I stayed away from using the “Definition” environment (simply
because there are way too many definitions), but rather just put the name of the object which is to
be defined (or the property which is to be explained) in the title of the paragraph, and hence it is
in boldface. This conveniently makes it pop more, so I can find it easier when frantically searching
through my notes for a definition. Other environments such as theorem or proposition are all kept
as usual. Additionally, I use a bit of colour-coding in this document (though it is not detrimental to
anyone’s understanding even if it weren’t coloured). Words in purple are me talking to myself and
other additional notes. Words in red are points of confusion that I should clear up soon.

Okay, enjoy!



1 Flows, Lie Derivatives, Frobenius

1.1 Flows
Let p € M and let X € X(M) be a smooth vector field.

Integral Curve + : (a,b) C R — M is an integral curve of X starting at p if 4/(t) = X, and
~v(0) = p. We call it a mazimal integral curve if its domain cannot be extended.

Proposition 1.1 (Existence of Local Flows). Let U be a coordinate open set and p € U, let X €
X (M), then there exists € > 0 and neighbourhood W C U of p and a C*° map F : (—e,e) x W — U,
called the local flow near p generated by the vector field X, such that

1o}
aF(t»(J) = XF(t,q) and F(qu) =q

This means that for each fized ¢ € W, the map t — Fi(q) := F(t,q), called the flow line of the local
flow, is an integral curve of X starting at q defined on (—¢,¢).

Global Flow If F is defined on R x M then we call it a global flow.

Complete Vector Field A vector field that admits a global flow is called a complete vector field.
Theorem 1.2 (Fundamental Theorem of Flows). Let X € X(M). Then:
1. For any p € M, there exists a unique mazximal integral curve starting at p.

2. There exists a unique mazimal flow generated by X .

1.2 Don’t Lie To Me
1.2.1 Lie Derivative of Vector Fields

Lie Derivative of Vector Fields Given two smooth vector fields X, Y € X(M) and a point p € M,
the Lie derivative of Y in the direction of X at p is

F*t*,Ft(m (YFt(P)) - Y
t

Cxtly = i

The first term on top Ft, o (Ye,py) : R — T,M is a vector in T, M for every t. This limit always
exists, and also LxY € X(M) is another smooth vector field.

Think of the picture of the “flow a tangent vector from Y on X and see if it matches up with the
X tangent vector of the flow.”

Let H(t) = Fy, ,,,,(Yr,(p)) where H : D®) — T,M. Here D) is the maximal interval in which
the maximal integral curve starting at p is defined. We see that H'(0) = LxY|, = 0 by the classic
definition of a limit. Note that this is an important proof technique when dealing with Lie derivatives,
it’s helpful to think of the complicated limit in terms of a derivative of a single-variable function.

Invariant Under Flow A vector field Y is invariant under the flow of X if I, (Y,) = Yp, () for
all pe M and t € D@,

Now suppose X,Y € X(M) are complete. X has flow F with time variable ¢, and Y has flow G with
time variable s.



Commuting Flows The flows of X and Y commute if F; o Gy = G4 o F; for all s,t € R.
Theorem 1.3 (Properties of Lie Being 0). Let X, Y € X(M) be complete. The following are equivalent:
1. LxY =0
2. 'Y is invariant under the flow of X
3. Fy, the flow of X, sends integral curves of Y to integral curves of Y
4. the flows of X andY commute
5. LyX =0

1.2.2 Lie Derivative of Functions

Let f € C®(M) and X € X(M).

Lie Derivative of Functions For f € C*(M), we define the Lie derivative to be

_Fr(f)p) — f(p) di
L = lim & W x = = F
x[(p) = lim ; (Dl = | _ T Flp)
Some computations here is confusing. Let 7 (t) := Fi(p) be the flow of X starting at p, then we can

write not only that % foFip)=(f o 7)(0) where the dot notation represents the usual derivative,
t=0

but on the other hand we also have c(z]i foFi(p) = ferp © V0 = (f ©7)s0. Then, as velocity

t=0
vectors or tangent vectors in ToM, we get that

. . d d
(fonO)—| =(fov)o;
at|,_, at|,_,
We feed the identity function to both sides to get
number def of flow
UenO G 0 =rpeve(g ) @
J o - 1C = JxpOVx,0 | 7, 1
dt|,_, dt|,_, —~—
N—— coord vector wrt chart

vector eats id, gives 1
.f*,o (Xp)(ld) = X1,<id (e} f)
XI)(f) = X(f)|p

1.2.3 Lie Bracket
The big theorem here is this:

Theorem 1.4 (Lie Derivative is Lie Bracket).

LxY =[X,Y]

Lie Bracket Let X,Y € X(M), their Lie bracket is defined to be

[X,Y] = XY - YX € X(M)



Commuting Vector Fields Wesay X and Y € X(M) commute if [X,Y] = 0. This means that for
all f e C>®(M)
XY (f) =Y X(f)

Proposition 1.5 (Properties of Lie Bracket). The Lie bracket has the following properties:
1. R-bilinearity
2. [X,Y] = [Y, X]

3. Jacobi identity:

> X [yzp=o0

cyclical

or, more specifically,
(X, [V, Z]|+ Y, [Z,X]|+[Z,[X,Y]] =0

Now we define some algebra stuff that we didn’t learn in third year abstract algebra.

Lie Algebra A Lie algebra over R is a vector space V over R together with a product [-,-] : VXV —
V', called the bracket, which satisfies the three properties above.

Algebra An algebra over R is a vector space V over R with a product - : V x V — V making V a
ring satisfying the homogeneity condition, a(X -Y)=aX -Y = X -dY.

A Lie algebra is not necessarily a ring because the bracket doesn’t have to be associative. However,
any algebra admits a Lie bracket (defined above, but using whatever - was in the generic algebra)
which makes it a Lie algebra.

Derivation A derivation on a Lie algebra V is a map D : V — V that is R-linear with respect
to the vector space structure and satisfies the Leibniz rule with respect to the bracket: D[X,Y] =
[DX,Y] + [X,DY]. Indeed, for X € X(M), Lx : X(M) — X(M) is a derivation on the Lie algebra

Proposition 1.6 (Properties of Lie Derivative). The Lie derivative satisfies the following properties:
1. LxY =—Lyv X
2. Lx[Y,Z)=LxY,Z]+ Y, Lx Z since Lx is a derivation on X(M)
3. Lixy1Z4 =LxLyZ —LyLxZ
4. Let g € C°(M), then Lx(gY) = (Lxg9)Y + gLxY

Claim 1.7 (Coordinate Vector Fields Commute). Let (U, ¢ = (x!,...,2™)) be a chart, then by Clairaut’s
theorem, for all f € C*(U), we have
orf 0f
Oxi0xzd 0290z’

Hence, [%, %] =0, so coordinate vector fields commute.

k-Frame If the k smooth vector fields Xi,.., Xy € X(M) are such that Xy,,..., X
independent for all p € M, then we call them a k-frame.

p are linearly



1.3 Frobenius

Distribution For p € M, choose a k-dimensional subspace Ap C T,M. A rank-k distribution is
A = UAp C TM. Basically, at each p we have a k-dim subspace of the tangent space, and we just put
these all together and it’s like a choice of k vector fields, kind of.

Smooth Distribution A rank-k distribution A is smooth if for all p € M, there is a neighbourhood
UcC M of pand Xy, ..., X € X(U) such that Ag = span{ X, ..., Xpq}, for all g € U.

Local Frame In the above case, say X1,..., Xy € X(U) is a local frame of A near p. Treat it as a
basis of the chosen k-dim subspace at p.

Section A section of Ais amap X : M — A C TM such that 7o X = id. If A is smooth, then
denote the space of smooth sections of A by T'(A), and I'(A) C T'(M) = X(M).

Integral Submanifold Let A be a smooth rank k& distribution. For p € M, if there exists a
submanifold S containing p with the property that 7,5 = A, for all ¢ € S, then we call S an integral
submanifold of A. This means that each of the k vector fields (chosen in the distribution) in A is
tangent to S, some k-dim submanifold.

Integrable A smooth rank & distribution A is integrable if for all p € M, there exists an integral
submanifold of A containing p.

Involutive A smooth rank k distribution A is involutive if for every local frame X7, ..., Xi of A, we
have that [X;, X;] € T'(Q), ie.,

k
(Xi, X,] = Zcijg for clij e C>*(U)
=1

This is equivalent to saying that I'(A) is a Lie subalgebra of TI'(M).

Theorem 1.8 (Frobenius Theorem). A smooth rank-k distribution A is integrable iff it is involutive.

Flat Chart We say that a chart (U, ¢) is flat for A if for any ¢ € U, with ¢(q) = (¢, ..., ¢"), the set
S, = {zFtt = ¢"*l = ... = 2" = ¢" = 0} defined by the vanishing of the last n — k coordinates is an
integral submanifold of A containing p.

Completely Integrable A is completely integrable if there exists a flat chart near every point.

Theorem 1.9 (Strengthed Frobenius Theorem). Given a smooth rank k distribution A, the following
are equivalent:

o A is completely integrable.
e A is integrable.

o A is involutive.



2 Covector Fields, Differential 1-forms

Let M be a manifold and let p € M.

2.1 Dual Vectors

You thought tangent vectors were confusing? Well, we were just beginning! Now we will define a
whole new world of things called dual vectors on top of the already-confusing tangent vectors. Haha!
#getrekt.

Dual Vectors, Covectors T, M :={f:T,M — R| f is linear}.

Dual Basis Let {v1,...,,} be a basis of T, M. Define §° € Ty M by 6"(v;) = §%. Then, {#,...,6"}
is a basis for Ty M and it is called the dual basis of {v1,...,vp}.

Covector Field We define a covector field as a choice of a covector in Ty M at each point p. This
is a map p — 0 € T7 M which eats vector fields and gives functions.
Cotangent Bundle The cotangent bundle is:
T*M : = Upen T, M
={(p,0)|pe M, 0 € TyM}
We have the natural map 7 : 7*M — M defined by (p,0,) — p where 6, € T M.

Topology on T*M Lazy. Refer to lecture notes. It’s roughly the same idea as when we did it for
TM.

2.2 Differential 1-forms

1-form A section w of T*M as a map w : M — T*M satisfying 7 o w : id,,. This is, like, a covector
field. This is also known as a differential 1-form.

Smooth 1-form As you might have guessed already, a smooth 1-form w is a C* section of T* M.

Differential For f € C°°(M), we defined the 1-form df : M — T*M where df, € T; M is defined
for v € T,M by

dfp(v) = v(f) = fip(v)(id)
Proposition 2.1 (differential of f at p). The following diagram commutes:

M — R

¢
fep

TR

where ¢(c) = c%h:ﬂp. Under the identification Ty, R = R, we have f. ,“ ="df,. Both are called
the differential of f at p.

Coordinate Dual Basis Let (U, ¢ = (x!,...,2™)) be a coordinate chart near p. Then x* € C*°(U),
and so dz’ is a 1-form satisfying

[é)
)ty Dagn

p

So {dx}, ...,dx}} is the dual basis of {8(3:1
P

}, and we call it the coordinate dual basis.



Independence of Coordinate Chart For any f € C>(U), we have df, = aidx;, for a' € R.
Applying % to both sides, we get:

P
0 R ) ,
:dfp< - )za’d;ﬂ( - )Z(L]
» ox » P\ oz »

Hence, we know df = ai'i dz® on U. In a different coordinate chart, (U,% = (y*,...,y")), we get

df = Bayi' dy’. Note that

of

oxt

of
oy’

o o o
Oxd Oyt Oxk
_Of ik

of . .
= _dx*

oxt v

dy’ =

2.3 Smoothness Criteria for 1-forms

Now we present two more criteria for the smoothness of 1-forms.

Action of 1-forms on X(M) A 1-form w acts on X(M); it eats X € X and spits out w(X) € C(M),
a real-valued function on M. For X € X(M), define w(X) : M — R by p — wp(X,,). This function eats

a point p, uses X to choose a tangent vector X, and then applies w to it. This action is C°°-linear.
What’s even better is the following theorem:

Theorem 2.2. Let A : X(M) — C®(M) be a C*™-linear map. Then there exists a unique smooth
1-form w such that the action of w on X(M) coincides with A.

Lemma 2.3. A(X)(p) only depends on X,,, t.e., A(X)(p) =AY )(p) <= AX -Y)(p)=0

Proposition 2.4 (C* Criterion for 1-forms). Let w : M — T*M be a 1-form. The following are
equivalent:

1. w is smooth as a section over T*M .

2. On any chart (U, ¢), we have w = a;dx’ where a; € C*(U).
In particular, dz* are smooth 1-forms on U.

3. By its action on X(M), w(X) € C*°(M) whenever X € X(M).
This says: any smooth 1-form w defines a C*°-linear map w : X(M) — C*°(M)

Space of Smooth 1-forms We denote the space of all smooth 1-forms by Q'(M). Tt is simultane-
ously the space of all smooth sections of T*M and the space of all w : X(M) — C°°(M) such that w
is C'*-linear. It is a module over C*°(M), and a vector space over R. In fact:

Proposition 2.5 (Module Isomorphism of Q!(M)). Now that we have the three equivalent definitions,
we have that ® : {smooth sections w : M — T*M} — {w X = O°(M)|wis Cw—linear} defined by

Wi M = T*M s w: X(M) — C%(M)
X — (w(X) ip wp(Xp))

s an isomorphism of modules.



2.4 Pullback of 1-forms
Let F': N — M be a C* map. Recall that F j, : T,N — T,y M is the pushforward of F at p.

T,N 2% Ty M

\\, J{OET;(;,)M
(BoF. p)ETF N R

Pullback of a covector Given a dual vector 6 € T;;(p)M7 the pullback by F' is defined to be

O—0oF,,

Even though vector fields cannot always be pushed forward, the fun thing about 1-forms is that they
can always be pulled back.

Pullback of a 1-form Let w be a 1-form on M, then the pullback of w is a 1-form on N defined by
F*w:N—>T*N
yad (F*W)p = F*’p(wp(p)) = wF(p) o F*’p
By its action as a 1-form on X(N), F*w satisfies, for X € X(M),
Frw(X)(p) = (F w)p(Xp)
= wp(p) © Fip(Xp)

If F is a diffeomorphism, then F*w(X) = w(F.(X)). So we can write F*w = w o F.
Proposition 2.6 (Properties of Pullback). These are the properties of the pullback of a 1-form:

1. F*(gw) = F*(g)F*(w) = (g 0 F)F*(w).

2. if g € C®(M), then F*(dg) = d(F*g) =d(go F).

3. ifw € QY M), then w € QY(N) and F* : QY(M) — QY(N) and is R-linear with respect to the
vector space structure of QY(M) and Q' (N).

I give an example for the k-form case later, on page 13.



3 Tensors Make Me Tense, Differential Forms Make Me Tenser

Maybe if I keep learning about tensors and forms, by the 20th time around I'll finally be able to wrap
my head around them?

3.1 Alternating Tensors

Let V be a vector space. This is all so technical, I hate it.

k times

—
k-Tensor A k-tensorisamapT :V X --- x V — R that is multilinear, i.e. linear in each component.

Signed k-Dimensoinal Volume Meter We are interesed in tensors that give us a notion of a
signed k-dimensoinal volume meter, which means that it satisfies the following:

1. f:Vx-+xV — R is defined by (v,...,v5) — the signed k-dim volume of parallelepiped

2. f is multilinear

3. f is alternating, i.e. f(vi,...05,..., 0, ..., Uk) = —f(V1, ..., U, . Vs, o, UR).

Alternating k-Tensor An alternating k-tensor or a k-covector is a k-tensor on V' that is alternating.

Proposition 3.1 (Properties of Alternating k-Tensor). Let f be a k-tensor. The following are equiv-
alent:

1. f is alternating.

2. f(vi,...,vg) = 0 whenever v; = v; for some i # j.

3. f(vy,...,vx) = 0 whenever vy, ..., vy are linearly dependent.

4. for any o € Sk, o f(vi,...;v) = [(Vo(1), s Vori)) = 580(0) f (01, ..., V).

Example 3.1. Let 6',0? € V* be dual vectors. Then the wedge product of dual vectors, * A 62 :
(v1,v2) = 0 (v1)0?(vg) — 01 (v2)0%(vy), is an alternating 2-tensor.

Denote by Ty (V') the vector space of k-tensors.
Denote by Ay (V) the vector space of alternating k-tensors.
Denote by Sk (V') the vector space of symmetric k-tensors.

Sym Operator Define the projection operator Sym : T (V) — S (V) by

form S of

oeSk

Then Sym(f) = f iff f is symmetric.
Alt Operator Similarly, define Alt : T, (V) — Ag(V) by

fo Y sn(o)of

T oesk

Then Alt(f) = f iff f is alternating.

Tensor Product The tensor product @ : T, (V) x T)(V) = T (V) for f € Ti(V), g € T1(V) by

f ® g(vla ooy Uk, W1, "'7wl) = f(vh ey Uk)g(wh ...,IU[)

The tensor product is associative, i.e. f® (¢g® h) = (f ® g) ® h, so we can just write f ® g ® h.

10



3.2 Wedge Product
Wedge Product Define the wedge product A : Ag(V) x A;j(V) = Ar11(V) by

frg= (k]:!_l!l)!Alt(f@g): % > (euo)o(f®g)

O'ESk-Jrl

Note that when f € Ap(V) =R, we have f A g := fg
Multi-index |Read the definition and properties of the multi-indez notaton by clicking on this para-
graph and going to the hyperlinked Wikipedia page.
Proposition 3.2 (Properties). These are the properties of A : Ap(V) x A(V) = A (V)
1. Bilinearity

2. Let {e1,...,em} be a basis for V, and {a1, ..., an} be the dual basis of V* =T1(V) = A1 (V). For
any indexing set I = {iy,...,ix} C {1,...,n} such that 1 <i; < - < iy < n, we have the unique
alternating k-tensor o satisfying

al(es) =5

for any multi-index J in ascending order. Then, {a! : multi-index in ascending order} makes a
basis for A,(U), and so dim(Ax(U)) = (}).

o Aol = ol

Associativity: (f ANg)ANh=fA(gAh)

Anti-commutativity: fAg= (—1)*gA f

S S %

For any 6, ....,0F € V* and any vy, ..,v, €V,

LA AR (v, o) = det (6 (v;))

In fact, the wedge product is the unique bilinear, associative, and anti-commutative product Ai(V') x
A(V) = Api (V) satisfying o = ot A+ A alr.

Alternating Tensors With the new understanding from tensor products, denote the vector space
of alternating k-tensors Ay (V) by A¥(V*) = span{a®™ A--- A |1 <i; < --- < i < n}, and define

A(V*) = éA’f(v*)
k=0

Claim 3.3 (Algebraic Property of Lambda). The wedge product makes A(V*) an associative anticom-
mutative graded algebra of dimension 2n. See definitions below.

Graded Algebra An algebra A over R is graded if it can be written as a direct sum of vector spaces
AF over R,
o0
A=p A
k=0
such that the multiplication map sends A* x A — A*+L,

Anticommutativity A graded algebra is anticommutative if t satisfies ab = (—1)*ba for all a € A*,
be Al

11
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3.3 Intro to Differential Forms

Let M be a smooth manifold, p € M, and (U, ¢) a chart near p. Then:

o
.{8951

e {dx},...,dz}} is the coordinate dual basis

1%}
)0t O
p

} is the coordinate basis for T, M
p

o {dai} A Adaip |1 <iy <---ip <n}is a basis for AF(TrM).

Bundle of Alternating k-Tensors The bundle of alternating k-tensors is A¥(T* M) := Upenr A’“(T;M),

which comes with the map 7 : A*(T*M) — M defined by (p,w,) — p where w, € A*(T; M).

Section, k-Forms A section of A*(T*M) is a map w : M — A¥(T*M), where p + (p,w,) with
wp € AF (T, M), such that 7o w = idys. Sections of AF(T*M) are called differential k-forms.

FORMS PICK OUT TENSORS AT POINTS! You feed a point to a form, and it goes “hmm

this one” and gives you a tensor at that point.

Wedge Product Extended Let w be a k-form, v be an [-form on M, we can defined the wedge
product which is a k 4 [ form:
wAv: M — AT M)
p= (P (WAV)y :=wp Ay
So, since dal, = dxit A Adaik, for all p € U, then dz! = da™ A--- A da™

Action of k-Forms On X(M) We can define the action of k-forms on X(M). For X, .., X) € X(M),

w(Xy, .., Xg): M >R
p = wp(Xip, ooy Xip)

This action w : X(M) x --- x X(M) — C(M) (where C(M) is the space of real-valued functions on
M) is C*°-linear.
Smoothness Criteria for k-Forms Let w be a 1-form. The following are equivalent:

1. w is smooth as a section

2. on any chart, w = c¢ydz! on U where ¢; € C*(U)

3. the action on X sends vector fields to a smooth function, i.e. w(Xy, ..., X)) € C°°(M) whenever
X1y, X € X(M).

Thus, @ : {smooth sections w : M — Ak(T*M)} — {w D X(M) x - x X(M) — C*°(M) where w

is C'*°-multilinear and alternating} defined by (w: M — A¥(T*M)) — (w: X(M) x -+ x X(M) —

C>(M)) is an isomorphism of modules over C*°(M).

Vector Space of k-Forms We can define the vector space of C*° differential forms on n-dimensional
manifold M to be the direct sum

(1) = DO (M)
k=0

With the wedge product, Q*(M) is an associative anticommutative graded algebra.

12



3.3.1 Pullback of k-Forms

Today is August 18, the day before the final, and I have only learned how to do this today thanks
to thomas. Let’s see if I can put it into words.

Let F: N — M be a C* map.

Pullback of k-Covector We defined the pullback of k-covectors by F' as
0 — F*’p(G) : (’Ul, ...,Uk) — G(F*J,vl, ceey F*J,vk)

which has the property that for 6; € Ak(TI’;(p)M) and 6, € A! (T M),

F*2(6, A 6y) = F*P(6;) A F*P(65) € AMH (T, M)

Pullback of k-Form For w € QF(M), define the pullback by F by
F*w: N — A*(T*N)
p (p, P (Wrp))
who has the property that for w € QF(M) and n € Q' (M),
F'(wAn)=F‘'wAFn
and we can write this in coordinates as
F*(w) = F*(aldz")
= (aro F)d(z" o F) A --- Ad(z™*)
which means that F*w € QF(N) is now a k-form on N, so F* : Q¥(M) — QF(N).
Proposition 3.4 (Properties of Pullback). To summarize, we have:
1. F* is R-linear
2. F*(wAn)=F*wAF*
3. ifw € QF(M), then F*w € QF(N)

Example 3.2. Suppose F': R? — R? is given by F(x,y) = (zy,e®) = (u,v) and w = zdy € Q' (R?),
verify that F*dw = dF*w. We can compute the following things:

o dw=dxANdy

DF = ('U 6) which means dF' = ydx + xdy for the first component function F!, and

e’

dF? = e*dz.

Since uo F = xy and vo F = e”, we have

F*w = (F*u)(d(F*v))
= (uo F)d(voF)
= zye®dx

e dF*w = xe®dy N dx

o [*(dw) = dF' NdF? = (zdy) A (e*dx) = ze®dy A dx
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4 Cartan Calculus

4.1 Exterior Derivative
The exterior derivative is “defined” by the following properties, which would allow for Stokes’ Theorem.

Theorem 4.1 (Exterior Derivative Desired Properties). There exists a collection of R-linear maps,
called the exterior derivative, d : Q¥ (M) — QFYL(M), which satisfies:

1. For f € QY(M), df is the differential of f.
2. Forw € QF(M), n € QY(M), we have d(w An) = dw An+ (—)Fw A dn.
3. dod=d*>=0
Antiderivation On a graded algebra A = @, AF | an antiderivation is an R-linear map D : A — A

satisfying
D(wt) = D(w)T + (=1)*wDr

for w € A¥ and 7 € A'. The antiderivation is of degree m if deg(Dw) = deg(w) = m, for all w € AF.
Exterior Derivative Finally, we define it. Let w € QF(M). On a chart (U, ¢), where w = arda!

such that I = {iy,...,4, }, we define
dw = day A dz’

on U. Recall that _ _
dar Nda! = Z dag, .. i) Ndx"™ N Ndx'™

1<i1 <. <ix<n

If k = 0, then yay, d is the differential on Q°(M) as defined before, where on each chart we have
af ;
df = == A dz*
! ozt
To be honest, this formula means nothing to me, and that’s probably a bad thing. However, I do

know how to work with it, so the way it works is like this example:

Example 4.1. On R3, let 8 = ydx A dz, then

0 0 0
dp = & (ydx AN dz) A dx + O%/Wd(/[ ANdz) N\ dy + S—Z(yda: ANdz) \dz

=dx NdzANdy
= —dx ANdy Ndz

Corollary (Exterior Derivative Properties). There exists a collection of R-linear maps d : QF(M) —
QFHL(M) satisfying:

1. d: QM) — QY(M) is the differntial.

2. d is an antiderivation of degree 1.

3. d?*> =0.

4. (A special bonus one!) Let F : N — M be a smooth map. Then on QF(M),

F*od=doF~
Theorem 4.2 (Global Intrinsic Formula For The Exterior Derivative). Let w € Q¥(M). Then for
Xo, .0y Xi € X(M),
k ~

dw(X()a'"vXk) :Z(i]‘)iilXi(w(X()a"inw"an))* Z (71)i+jw([Xi7XjLXOa~-~3Xi7"'7Xja"'an)
i=0 0<i<j<k
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4.2 Interior Multiplication
4.2.1 On a Vector Space
Let 3 € A*(V*) for k> 2, let v e V.

Interior Multiplication / Contraction Define ¢,(3) € A¥=1(V*) by

Lo (B)(v1, ey vi—1) = B(V, V1, oy V1)
for vy, ...,vx_1 € V. This is called the interior multiplication or contraction of 8 with V. Note:
e If k=0, then ¢,(8) :=0
o If k=1, then ¢,(8) := B(v)
Proposition 4.3 (Properties of Interior Multiplication on a Vector Space). Fiz v € V.

1. If ay, ..., € V* = AY(V*), then
(g Ao ANaf) = Z(fl)iflai(y)al A AiA - A

2. 1yol, =0

3. given B € A¥(V*) and v € AY(V*),
Lv(ﬁ A 7) = Lv(ﬁ) ANy + (_1)k6 A Lv(’y)

S0, ty : A*(V*) = A*(V*) is an antiderivation of degree (—1) on the graded algebra A*(V*) whose
square s 0.

4.2.2 On Manifolds
Fix X € X(M) and let w € QF(M).

Interior Multiplication of Forms Define txw as the k — 1-form given by
(wa)p = prwp

For Xq,..., X1 € X(M), LXw(X7...,Xk_1) = (,«.I(AX7 X1, ...,Xk_l) € COO(M)
If £ =0, then txw = 0.
If k=1, then txw = w(X).

Proposition 4.4 (Properties of Interior Multiplication). tx : Q¥(M) — QF~1(M) satifies
1. It is R-linear.
2. 1w A ) = 1x(@) A+ (— 15w A x (), for w € QF(M) and y € Q().
3 1xoltx =tx2=0

So, vx is an antiderivation on the graded algebra Q*(M) of degree (—1) such that /% = 0.

Also,
L X(M) x QF (M) — QF (M)

is C*°-bilinear. This means that (¢1xw), depends only on X, and p.

Proposition 4.5. For X,Y € X(M),

tx oty +tyotx =0
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4.3 Lie Derivative on Forms
Lie Derivative Given a k-form w € QF(M), the Lie derivative Lxw € QF(M) is a k-form defined

pointwise as follows:

. Ff(wr —w d
L‘sz|p:thlg t( F(tp)) pzﬁ

Ft* (WFt (p))
———

curve in AF ('1',; M)

t=0
We can feed it a tangent vector v at p. For v € T, M,

d
Lxw(v) = 7

WF(p) (Ft*U)
t=0

Theorem 4.6 (Properties of Lie Derivative). Let X € X(M).
1. Lx : (M) = Q*(M) is a derivation ( R-linear and satisfies Lx(wAn) = LxwAn+wALxn).
Lxd=dLx.
Lx (WX, X)) = Lxw(X1, oo Xi) + 30 w(Xyy o, Lx Xy oy Xie).
Cartan’s Magic Formula. Lx = 1xd+ dvx.
Lxty —wyLx = tx,y]-

LxLy — LyLx = Lixy)

S v e e

Proposition 4.7. Let w € QY(M), let X, Y € X(M). Then
dw(X,Y) = X(w(Y)) = Y(w(X)) - w([X,Y])
Proposition 4.8. Given a 1-form f € Q°(M), we have Lx f = X(f).

4.4 Summary!

We introduced 3 opertaors on Q*(M):

d:QF(M) — QFL(M) antiderivation of degree 1
vx (M) — QF (M) antiderivation of degree — 1
Lx :QF (M) — QM) derivation

And we have this big list of facts. Good luck have fun:
o d2=0=1%
o LxLy —LyLx = Lixy)
o ixly +iytx =0
e dLx — Lxd=0
o Lxty —tyLx =[x y]

o dix +ixd=Lx
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5 Just Got Here? Welcome to Orientation!

5.1 Orientation of Vector Spaces
Let V be an n-dimensional vector space. Recall that an orientation on R™ can be specified by fixing

an ordered basis.

Change of Basis Definition Let o = {vy,...,v,}, 8 = {w1,...,w,} be ordered bases of V. We
can define an equivalence relation: «, 3 specify the same orientation if A2 = [[v1]s -+ [va]g] has
positive determinant. A? satisfies:

1. v = wJAgi

2. AP [v]a = [v]s

3. A8 = (Ag)~"
Each class is called an orientation on V. If we fix v € A™(V*) and let «, 5 be two ordered bases for
V', then

Y(v1, .y vp) = det(AGy(wi, ..., wn)

5.2 Orientation of Manifolds
Pointwise Orientation A pointwise orientation on M is a choice of orientation on each T),M. We

have 2/M| choices of pointwise orientation.

Orientation 1 An orientation on M is a pointwise orientation on M such that for all p € M, there
is a local frame X7, ..., X,, € X(U) such that {X1,, ..., X;,4} is consistent with the orientation specified
on TyM, for all g € U.

Orientation 2 An orientation on M is a pointwise orientation on M such that for all p € M, there
exists a chart (U, ¢) near p such that {% JEpe 3% |q} is consistent with the orientation specified on
T,M, for all g € U.

Oriented Atlas An atlas is called an oriented atlas if between any two charts (U, ¢) and (V, ), the
transition map satisfied det(Do¢™1) >0on UNV.

Orientation 3 An orientation on M is a pointwise orientation on M that admits an oriented atlas.

Equivalence On Oriented Atlases On the space of all oriented atlases, we can define the following
equivalence relation: A ~ A’ specify the same orientation iff AU A’ us another oriented atlas. Each
equivalence class represents an orientaton on M.

Orientation 4 An orientation on M is a pointwise orientation on M such that for all p € M, there
is a chart (U, ¢) such that dxé A -+ A dzxy specifies the same orientation on T, M for all p € U.

5.3 Orientability

Orientable A manifold M is orientable if it admits an orientation. An oriented manifold is an
orientable manifold that comes with an orientation.

Non-Examples The Mobius strip, the Klein bottle, and RP"™ are all examples of non-orientable
manifolds.

Proposition 5.1. An orientable manifolds admits 2€ orientations, where C' is the number of connected
components in M.

Theorem 5.2. A manifold is orientable iff there exists a C™ nowhere vanishing n-form on M.
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6 Know Your Boundaries

Manifolds with boundary. This should be very similar to what we did at the beginning of the course,
but instead of R™ we now base it on a space with a convenient boundary.

The prototype of a manifold with boundary is the upper half space
H" = {(«',...,2") € R" | 2" > 0}
with the subspace topology.
1. Points with 2™ > 0 are called interior points of H"™, denoted by (H™)°

2. Points with ™ = 0 are called boundary points of H™, denoted by OH™.

Topological n-Manifold with Boundary A topological n-manifold with boundary is a second-
countable and Hausdorff topological space that is locally H™.

Smooth Manifold with Boundary A smooth manifold with boundary is a topological manifold
with boundary together with a maximal atlas.

1. A point p € M is an interior point if there exists a chart (U, ¢) near p such that ¢(p) € (H™)°
2. A point ¢ € M is a boundary point if there exists a chart (V1) near g such that ¥(q) € 9H"

Proposition 6.1. The notions of interior and boundary points is well-defined and independent of
coordinates. They partition M into M° = {interior points} and OM = {boundarypoints}.

Things That Carry Over The things that carry over to a manifold with boundary as expected
are: smooth maps, tangent vectors, T M, embedded / regular submanifolds.

Theorem 6.2. If M is an n-dimensional manifold with boundary, then OM is an (n —1)-dimensional
submanifold of M without boundary, with the abuse of notation i, ,(T,0M) = T,0M.

6.1 Orientation On The Boundary
Let p € OM.

Inward Pointing We say X, € T,M is inward pointing if X, ¢ T,0M and there exists some
¢:[0,e] = M such that ¢(0) = p and ¢/(0) = X,.

Outward Pointing We say X, € T, M is outward pointing if —X,, is inward pointing.

Proposition 6.3. On any manifold with boundary, there exists a C*° outward-pointing vector field
along OM .

Proposition 6.4 (Induced Boundary Orientation). Let M be an oriented n-manifold with boundary.
If w is an orientation form (a nowhere-vanishing n-form consistent with the fried orientation on M )
and X is a C* outward-pointing vector field along OM , then txw is a smooth nowhere vanishing n— 1
form on OM. Thus, OM is orientable, and txw is called the induced orientation.

Explanations on Oriented Charts Let (U, ¢) be a chart, then dz! A --- A dz™ is an orientation
form on U. Let X = —-2-, then

T oz

Lo (P Ao Ade™) = (=) "zt Ao Ada™ !
is the n—1 orientation form on boundary. So (UNOM,¢ = ((—1)"x1,...,x,)) is a chart in the oriented

atlas of OM with respect to the boundary orientation.

Thumb I don’t have good intuition for how this choosing of an outward vector works, but in 3-
dimensions I think of it as comparing the left and right hand rules. Depending on how my surface is
oriented, choosing which way my thumb points necessarily dictates whether I am using my left hand
or my right hand.
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7 Integration
7.1 One Chart, One Dimension

I think I will refer to my handwritten notes for detail here. Sorry to disappoint.

7.2 Generalization

Let w € Q"(M) be compactly supported, where M is an oriented manifold. Let {(U,, ¢o)} be an
oriented atlas, and let {p,} be a partition of unity subordinate to {Uy }4. Then each p,w is compactly
supported in each chart U,, so we can make sense of

/ Paw ::/ w(al,...,a> ‘ dzt- - dz™
M pa(xt,...,x™) Ox oz o H(zt,...,.x™)

And we can define
w = Paw
[o=2],

Proposition 7.1 (Properties of the Integral). The integral as defined above satisfies:
1. wa is independent of the partition of unity and the oriented atlas

. The sum is finite, since {Uy} is an open cover of supp(w)

2
8. [yw=—Jyw
4

. The integral is R-linear, i.e. for all a € R, w, n € Q"(M) compactly supported, we have that

/anrn:a/ er/n
M M M

5. Let F: N — M and let w € Q"(M) be compactly supported, then

/w:/F*w
M N

6. If M can be covered by one chart U up to a measure-0 set then

/ w = / w
M U

Theorem 7.2 (Stokes” Theorem). Let M be an oriented manifolds with boundary, and let OM be the
boundary with the induced boundary orientation. Let w € Q"~Y(M) be compactly supported, and let
i:0M — M be the inclusion map. Then

/dw:/ i*w:/ w
M oM oM
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