DIFFERENTIAL TOPOLOGY LECTURES

WENYUAN LI

1. LECTURE 1: INTRODUCTION AND PRELIMINARIES

Our course is on differentiable manifolds or smooth manifolds, which are topological
spaces with sufficiently nice properties that allow one to do calculus.

There are many situations where we would like to do calculus not on R% but on more
general spaces. For instance, sometimes we need to do differentiation and integrations on
curves and surfaces in many circumstances, and sometimes we need to do differentiation
and integrations on spaces given by cutting and pasting.

We elaborate more on the second case. For instance, in real analysis, we may want to
do calculus on spaces like the circle ST = [0,1]/{0 ~ 1}, without putting it into Euclidean
spaces as {(z,y) | 22 +y? = 1} C R? all the time. In complex analysis, we may also want
to do calculus on spaces like the domain of the n-th root function f(z) = z'/™. Note that
this function is not well-defined on C. However, it is well defined as a continuous (in fact,
smooth) function on the topological space

Cp={(2,k) | 2 € C,k e N,1 <k <n}/{(0,4) ~ (0,5)}

by f(re?,n) = r'/7e®/" The latter case motivated B. Riemann to consider the notion
which is now known as Riemann surfaces in 1851, which later lead him to introduce the
first preliminary definition of manifolds.

In order to do calculus, we would like to assume that the spaces locally just look like
standard Fuclidean spaces. Recall that a topological space is Hausdorff if for any two
distinct points x and y, there exist neighbourhoods U, and U, that are also disjoint.

Definition 1.1. A locally Euclidean space M of dimension d is a Hausdorff topological
space M for which each point has a neighborhood homeomorphic to an open subset of the
Euclidean space RY.

Example 1.1. (1) Any open subset U C R? is locally Euclidean of dimension d. (2) The
circle S = [0,1]/{0 ~ 1}, which is homeomorphic to {(z,y) | x> +y*> = 1} C R?, is locally
Euclidean of dimension 1. (3) The cone C? = {(z,y,2) | 2% = 2 +y*, 2 > 0} C R3 is
locally Euclidean of dimension 2. (4) The sphere

St ={(21,22,...,xa1) | 23 + 25 + -+ 2fy, =1} CR!

is locally FEuclidean of dimension d. Let n = (0,...,0,1) and s = (0,...,0,—1) be the north
and south poles and p, and ps be the stereographic projections from n and s:

S\ {n} = RY p: ST\ {s} — R
This gives the local Euclidean structure at any point.

Example 1.2. (1) The double-sided cone C3 = {(x,y, 2) | 22 = 2% + y*} C R? is not locally
Euclidean. This can be proved by observing that C3\{(0,0,0)} is disconnected. (2) The one-
point union of two circles S* A S' = [0,2]/{0 ~ 1 ~ 2} is not locally Euclidean. This can

be proved by observing that S* A S™\{0} is has three connected components. (3) The half
1
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space R% = {(x1,x2) | 2 > 0} is not locally Euclidean. This can be proved by observing
that R2Z\{(0,0)} is simply connected.

The following example explains when the condition of being a Hausdorff space fails.
One reason we would like to exclude this type of examples is that, on these (non-Hausdorff)
spaces, we may not be able to find continuous functions that have different values at different
points. One of the most effective ways to distinguish points is to look at functions with
different values on such points. This is only possible when we consider Hausdorff spaces.

Example 1.3. Consider the disjoint union of two real lines RUR. We label a real number
x in the first R-component by x1st and a real number x in the second R-component by Xong.-
The fat real line Rey = RUR/{x15t ~ Xong | © # 0} is not locally Euclidean because it is
not Hausdorff. In fact, any neighbourhood of 015y and Oanq have non-empty intersections.

Local homeomorphisms with Fuclidean spaces allow us to consider coordinates on the
spaces using coordinates on the Euclidean spaces. Coordinates in Euclidean spaces are
simply functions R* — R. Therefore, on locally Euclidean spaces, we also define coordinates
as some special functions.

Definition 1.2. Let M be a locally Euclidean space. If x is a homeomorphism of a connected
open set U C M onto an open subset of R, then ¢ is called a coordinate map. Let ; :
RY — R be the standard coordinates. The functions x; = m; o x are called the coordinate
functions, and the pair (U, z) (also denoted by (U, x1,...,x4)) is called a coordinate system.

Note that the coordinate function is not always defined on the whole space M. Instead,
it is only defined on the open subset U.

Example 1.4. Consider the circle S = [0,1]/{0 ~ 1}. Then the open subset (0,1) C St is
homeomorphic to an open subset in R. The coordinate function is given by ¢ : (0,1) — R.
It is an exercise that this cannot be extended to a continuous function @ : S' — R.

2. LECTURE 2: DIFFERENTIABLE MANIFOLDS

On locally Euclidean spaces, we now introduce differentiable structures or smooth struc-
tures. These will allow us to do calculus on such spaces. The only situation where we know
how to characterize differentiability is on R?. Therefore, we will define smooth structure
by requiring certain maps between Euclidean spaces to be smooth. The natural source of
such maps come from coordinate systems. The following definition was first introduced by
H. Weyl.

Definition 2.1. A C*-differentiable structure (0 < k < oo or w, the latter means analytic
functions) on a locally Euclidean space M is a collection of coordinate systems {(Uq, o) |
a € A} satisfying the following properties:

(1) Unea Ua = M;

(2) (walv.nuy) o (xﬁ|UaﬁU5)_1 are C*-maps for all o, € A;

(3) The collection is mazimal with respect to (2); that is, if (U, x) is a coordinate system
such that (z|lynu,) © (zalunu,) ™ and (zalvnu,) © (zluaw, )™t are C*-maps for all
a € A, then (U,x) is also in the collection.

When k = oo or w, we also call this a smooth or analytic structure on M.

A d-dimensional C*-differentiable manifold is a pair (M,.F) consisting of a d-dimensional,
second countable, locally Euclidean space M together with a C*-differentiable structure .F .
When k = oo or w, we also call this a smooth or analytic manifold.
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Remark 2.1. We will not be able to prove this now, but it is true that any C*-manifold
admits a C*-structure for k > 1 or k = w (by considering a subcollection of coordinate
systems). However, it is not true that any C°-manifold admits a C*-structure.

We recall that a space is second countable if it has a countable topological basis (where
a topological basis is a collection of open subsets such that all open subsets are forms by
unions of them). Later (on Friday) we will explain why we require a manifold to be second
countable and Hausdorff.

In the definition of differentiable structures, the last property is to make the defini-
tion canonical: whenever two differentiable structures .# = {(U,,zo) | @ € A} and
¢ = {(Vs,yp) | B € B} are compatible in the sense that all transition maps z, o ygl
and yg oz, ' are differentiable, then .% = & by property (3).

If Zo={(Uq,za) | a € A} is any collection of coordinate systems satisfying properties
(1) and (2), then we can always find unique differentiable structure .% containing .%y by

F ={U,z)| ozt xzqox ! are C¥ for all o € A}.

Definition 2.2. Let M and N be smooth manifolds. We say that f : M — R is a smooth
function on M (denoted by C°°(M) or C*®°(M,R)) if (f|v.) o x,* is smooth for each co-
ordinate map xq : Uy — RL. A continuous map f : M — N is a smooth map (denoted by

C(M, N)) if (sl fwa)vy) © (Fluang—1ve)) © (@alvang-1(vs)) ™" is a smooth function for all
coordinate maps x, : Uy — R and yg : Vg — Re.
Lemma 2.1. Let M and N be smooth manifolds. A continuous map f : M — N is a

smooth map if and only if for any smooth function g on N, the composition g o f is a
smooth function on M.

Now we introduce some examples of smooth manifolds. The details are left as exercises.

Example 2.2. (1) Any open subset in R? is a manifold. (2) The general linear group
GL(n,R) = {A € M,x,(R) | det(A) # 0} is a manifold. (3) The product of any two
manifolds M and N is still a manifold. (4) The standard sphere
S ={(z1,22,...,Ta41) | 2] + 25 + -+ 2fy, =1} C RH!
is a manifold. Let n = (0,...,0,1) and s = (0,...,0,—1) be the north and south poles and
pn and ps be the stereographic projections from n and s:
oS\ {n} = RY p,: ST\ {s} = R

Then the mazimal collection that contains {(S%\ {n},pn),(S%\ {s},ps)} gives a smooth
structure on S. (4) The projective space

RP? = {[20, 21, ..., 24] € R | 224224+ 22 # 0}/ {[20, 21, - - -, 2d] ~ [A20, Az, ..., Azg]}
is a manifold. One can consider local coordinate systems (Uy,xq) for 0 < a < d by
Ua = {[20, 21, - - ., 2q) € R 2 # 0}, 20 ([20, 21, - - -, 2d]) = (20/2as - - - » 24/ %a)-
3. LECTURE 3: PARTITIONS OF UNITY

We mentioned that (one of) the most effective ways to distinguish points is to look at
functions with different values on such points. We prove that on manifolds such functions
can indeed be constructed. Second countability and Hausdorff will play a major role.

Recall that a collection {U, | a € A} of subsets of M is a cover if M = J,cq Ua. It is
an open cover if each U, is open. A subcollection which still covers M is called a subcover.
A refinement {Vz | § € B} of the cover {U, | @ € A} is a cover such that for each a € A
there is an 8 € B such that V3 C U,. A collection {U, | a € A} of subsets of M is locally
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finite if whenever 2 € |J, ¢ 4 Ua there exists a neighborhood W, of x such that U, N W, is
non-empty for only finitely many « € A. A topological space is paracompact if every open
cover has an open locally finite refinement.

Recall that a space is locally compact if each point has at least one compact neighborhood.
It is a simple exercise to show that any locally Fuclidean space is locally compact.

Lemma 3.1. Let M be a topological space which is locally compact, Hausdorff, and second
countable (manifolds, for example). Then X is paracompact. In fact, each open cover has
a countable, locally finite refinement consisting of open sets with compact closures.

Proof. We decompose M into a countable union of compact subsets and then use (local)
compactness to find a (locally) finite refinement. The Hausdorff property is used to show
that a compact set is closed.

Given a countable basis of M, since M is local compact, for each point there exists an
open subset in the basis that are contained in a compact set. Since M is Hausdorff, we
know that such open subsets have compact closures. Consider the countable subcollection
{Ui}ien of all the open subsets with compact closures. This collection {U;};en still forms a
basis. Let G; = Ulgjgz‘ Uj. Then G; has compact closures, G; C G;41 and M = Uien Gi-
This implies that G, \ G; are compact subsets.

Now, for any open cover {V,, | o € A}, we can consider the compact subsets {G;11\ G; |
i € N} of M. For each i € N, there exists a finite subcover. We choose the subcover
inductively and this gives a locally finite refinement. O

Lemma 3.2. Let M be a topological space which is paracompact and Hausdorff. Then M
is normal: for any disjoint closed subsets Z1 and Zs, there exist open neighbourhoods U; of
Z; such that Uy and Us are also disjoint.

Then, using the paracompact and Hausdorff property, we can construct smooth functions
that distinguish points. In fact, we can construct partitions of unity:

Definition 3.1. A partition of unity on M is a collection {pq | @ € A} of smooth non-
negative functions on M such that

(1) The collection of supports {supp pa | @ € A} is locally finite.
(2) Dpcaalz) =1 for allz € M.

A partition of unity {¢a | @ € A} is subordinate to the cover {Ug | f € B} if for any B € B,
there exists some o € A such that supp ¢, C Ug.

We remark that for a partition of unity to be subordinate to a cover, one open subset U,
may contain the support of many functions ¢g.

Theorem 3.3 (Existence of Partitions of Unity). Let M be a differentiable manifold and
{Uq | @ € A} an open cover of M. Then there exists a countable partition of unity with
compact supports {p; | i € N} subordinate to the cover {Uy | a € A}.

Lemma 3.4. There exists a non-negative smooth function f on R® which equals 1 on
[—1,1]¢ and 0 on the complement of (—2,2)%.

Proof. We define f(x1,...,2q4) = h(z1)h(x2)...h(xq), where

o1/t
ht) =92+ 1)g2—1), gt) = —~— -, ult) = {o | i ! 8

This satisfies the condition. O
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Proof of Theorem. Consider a collection {(Vy,¢z) | © € M} of coordinate systems that is
a refinement of {U, | a € A}. For each (V,, p;), by the lemma above, we can consider
a function p that is compactly supported in ¢,(V,) and equal to 1 on an open subset
B C ¢z(Vy). Then the function f, = f o ¢, is compactly supported in V,, and equal to 1
on an open subset W, C V,, (where W, = ¢, (B)). Now the collection {W, | z € M} forms
an open cover that refines {U, | o € A}. Since M is second countable and paracompact,
we can choose a countable locally finite cover {W; | i € N} that also refines {U, | a € A}.
We consider

Y
i = .

ZjeN fj
Then {p; | i € N} forms a partition of unity subordinate to {U, | o € A}. O

Remark 3.1. We remark that the above proof also shows that any second countable para-
compact Hausdorff space admits a continuous partition of unity.

Corollary 3.5. Let M be a differentiable manifold, Z be a closed subset and U be an open
neighbourhood of Z. Then there exists a smooth function ¢ on M such that

(1) 0< p(z) <15

(2) p(x) =1 forxe Z;

(3) ¢(x) =0 forx ¢ U.

Such functions are called bump functions or cut-off functions.

4. LECTURE 4: TANGENT VECTORS AND DIFFERENTIALS

Our goal this week is to define derivatives and differentials locally on a smooth manifold.
More precisely, we will define tangent spaces and cotangent spaces at a point. Tangent vec-
tors will give directional derivatives at a point, and cotangent vectors will give differentials
of functions at a point.

The difficulty of defining the tangent and cotangent spaces is that manifolds are only
topological spaces and there is no vector space structures. However, one natural vector
space that arises from a manifold is the vector space of functions C*°(M). We will start
from that.

We will first try to define cotangent spaces. This is because cotangent vectors are differ-
entials of functions at a point, and differentials, roughly speaking, are simply the first-order
approximations of functions.

Definition 4.1. Let M be a smooth manifold and p be a point on M. Consider the set
of smooth functions defined on some (open) neighbourhood of p, namely, the set of pairs
(U, ) such that U is an open neighbourhood of p and f is in C*°(U). Define an equivalence
relation such that (U, f) ~ (V,g) if there exists an open neighbourhood W C U NV of x
such that flw = glw. Define

CX =AU, f) | U open neighbourhood of p, f € C*(U)}/ ~

to be the vector space of germs of smooth functions at p € M.

Use partitions of unity, one can prove that germs of smooth functions have a simpler
description. (The reason to make the more complicated definitions is that germs make
sense even when we do not have partitions of unity. For instance, one can define germs of
analytic functions in the above way.)

Lemma 4.1. Let M be a smooth manifold and p be a point on M. Define an equivalence
relation on C°°(M) such that f ~ g if there exists an open neighbourhood W of p such that
flw =glw. Then C3° = C>®(M)/ ~ .



6 WENYUAN LI

Differentials of functions the space of functions that vanish at the point modulo second
and higher order terms. Recall the following simple fact: if two smooth functions f; and
f2 vanish at a point x, then f; fo vanish at x up to the second order (by the Leibniz rule).
This gives an alternative description of functions that vanish up to the second order.

Definition 4.2. Let M be a smooth manifold and C.° is the space of germs of smooth
Junctions at p. Define m;, C Cp° to be the subspace of germs of functions f € Cp° such
that f(p) = 0 and mg C C° to be subspace spanned by germs of functions of the form
fifa € C such that f1(p) = fa(p) = 0. Then the cotangent space at p € M is

* 2
T, M =my/m,.
Theorem 4.2. dimT;M =dim M.

Recall that Newton-Leibniz rule implies that for a C''-differentiable function on R% and
= (x1,...,14) € R? we have

d 1
/() =f<o>+i21xi/o (

Doing it once more implies that for a C2-differentiable function on R and = = (1, ..., 24) €
R?, we have Taylor’s formula with integral remainders

. of
f($)=f(0)+z;xia$l ©3 [a- 8$la$j(t1:)dt.

i,j=1

/ tx)dt.

Proof of the Theorem. Consider a local coordinate system (U, ) around p such that z(p) =
0 in R?. Then for any germ of function f € m,, that vanishes at p, we can consider the
function f o x_l and write

d

ZZ‘Z fox )(0)+Z

1,j=1

1 2 o 5571
w0 -0 s

Since the last term is a linear combination of functions that vanish at p, we have in m,,/ mg
that

zxz W2y,

This implies that {x1,...,2z4} spans mp/mp. Now, we can also show that they are linear
independent. This completes the proof. O

Definition 4.3. Let M be a smooth manifold and p be a point in M. We write the image
of a germ of smooth functions f in mp/m?) as the differential df,. In particular, for a
coordinate system (U,x) around p. We write the image of x1,...,xq in mp/mf, as the

differentials (dz1)p, - . ., (dzq)p.

Next, we try to define the tangent space. They are, roughly speaking, directional deriva-
tives at a point. Derivatives are operators that act on smooth functions, and we can define
them in the following axiomatic way.

Definition 4.4. A tangent vector v at the point p € M is a linear derivation on Cp°. That
is, for all f1, fa € C° and A, A2 € R, the map v: Cp° — R satisfies

(1) v(ALfi + Aafe) = Mo(f1) + Aav(f2);

(2) v(fif2) = v(f1)f2(p) + fi(p)v(f2)-
The tangent space T,M at p € M s the vector space of tangent vectors at p € M.
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Lemma 4.3. T,M is naturally isomorphic to the linear dual of T; M (that is, all linear
functions on Ty M ).

Proof. Using Leibniz rule, we know that for any f € mg and tangent vector v : C7° — R,
we have v(f) = 0. Therefore, a tangent vector induces a linear function mp/mf2 — R.

Conversely, for any linear function ¢ : m, /mZQ, — R, we can define a tangent vector by
ve(f) = 4(f — f(p)). It satisfies Leibniz rule because

ve(fifz) = U fife — fi(p) f2(p)) = U((f1 — f1(p) f2(p) + f1(f2 — fa(p)))
=((f1 = fi(p) f2(p)) + L(fr(p)(f2 — f2(p))) = ve(f1 (p)+f1( Jve(f2)-

)f
Here, the second last equality is because (f1 — f1(p))(f2 — fa(p)) € m Wthh implies that
((f1(p)(f2 = f2(p))) = €(f1(f2 = fa(p)))-

This shows that there is a natural bijection. O

Definition 4.5. Let M be a smooth manifold and p be a point in M. For a local coor-
dinate system (U, ) around p, we define the dual basis of (dx1)p,...,(dzq), € Ty M to be
(0/0z1)p, ..., (0/0xq)p € TyM. That means

dxl(a;nj) 67,333)1’ = 52_]

5. LECTURE 5: PuLL BACK AND PUSH FORWARD

We can explain why we call the linear derivatives tangent vectors in a geometric way.
Intuitively, tangent vectors should be the direction vectors of smooth curves, in other words,
they are first order approximations of smooth curves. We have seen that one can define
first order term using equivalence relations. Here, we do the same thing.

The difficulty is to measure equality up to the first order. This means we need to consider
smooth functions and take the first derivatives. This leads to the following definition:

Definition 5.1. Let M be a smooth manifold and p be a point in M. Consider the set of
smooth curves defines on some neighbourhood of p, namely, the set of pairs (U,~) where U
is an open neighbourhood of x and v : (—=1,1) — U is a smooth map such that ~v(0) = p.
Define the equivalence relation such that (U,~) ~ (V, ) if there exists an open neighbourhood
W cUNV of x such that for any smooth function f € C°(W),

d d
(G o), = (Greom),
Define TyM = {(U,v) | U an open neighbourhood of z, v € C*((—1,1),U),v(0) = p}.

It is not clear that this definition gives a vector space, but it turns out that it does give
the same tangent space as we have in the previous lecture.

Lemma 5.1. There is a natural bijection between Tz;M and T,M.

Now we explain how to compute derivatives and differentials of smooth functions on a
manifold.

Remark 5.1. (1) For a manifold M and a coordinate system (U,p) around p, a tan-
gent/cotangent vector is of the form

v = ((;)xz , Oé_z@zd%’z
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(2) When M = R? and x is the standard coordinate system, the differential of a smooth
function f € C®°(R%) at p € RY is simply

Z 8301 p)(dz;)p

More generally, for M with a coordinate system (U, x) around p, the differential of f €
C>®(M) at p € M is simply

d -
dfp = Z a(faxz)(x(p))(d%)p

i=1

(3) For two coordinate systems (U,x) and (V,y) around p, we have the coordinate change
formula that

8y]

Ox; O 0y
ZZ: dy; ox;’ Z , dwl

Here the matriz (Oy;/0x;)};_ is the Jacobian matriz of the smooth function y o z Ll

Given a smooth map, it induces maps between tangent spaces and cotangent spaces.
This is a generalization of change of coordinates in Euclidean spaces.

Definition 5.2. Let ¢ : M — N be a smooth map and p € M. Then the pull back map of
@ s a linear map ©* : T;(p)N — Ty M defined by
SD*(df)go(p) =d(fo (P)P‘

The push forward map or differential of ¢ is a linear map px : TyM — T, N (also denoted
by dy) defined by

pav(f) = v(f o).
In particular, for ¢ : M — R, we have @,v = dp(v).

Remark 5.2. (1) For coordinate systems (U, x) and (V,y) around p and ¢(p), we can write
wj = yj o @ for the j-th component of ¢ and get

P d
P (&m ) 8:1:, Z 8y]

Here the matriz (0pj/0x;);; is the Jacobian matriz of the smooth map .
(2) For a smooth curve v : (—1,1) = M, considering the tangent vector d/dt on R with
respect to the standard coordinate system, we write

’V*(%) dv(jt) =(t).

One can show that this is the tangent vector defined at the beginning of the lecture as
d d
(G () = 7 (o).

(8) For two maps ¢ : M — N and ) : N — P, we have chain rules that (10o@). = 1. 0px
or d(ipop) =diodp, and (o p)* = p* o™, The latter follows from the definition of pull
back maps and compositions of functions.
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6. LECTURE 6: SUBMANIFOLDS AND INVERSE FUNCTION THEOREM
We define submanifolds and give more examples of manifolds and submanifolds.

Definition 6.1. Let p: M — N be a smooth map.
(1) ¢ is an immersion if dy, is injective for all p € M.
(2) ¢ is a submersion if dp, is surjective for all p € M.
(3) ¢ is an injective immersion if it is an immersion and injective.
(4) ¢ is an embedding if it is an immersion and homeomorphism onto the image.
(5) @ is a diffeomorphism if it is an embedding and surjective.

Example 6.1. A curve v : R — M is an immersion if v'(t) = ~v«(d/dt) # 0. When
v(8) # v(t) whenever s # t, the curve is an injective immersion. The curve vy : R — T? is
defined by v(t) = (t,at) for some o ¢ Q is an injective immersion but not an embedding.

We recall the inverse function theorem in Euclidean spaces. Let U C R% be an open
subset containing 0 and ¢ : U — R? be a smooth map such that ©(0) = 0. Suppose at
0 € U, the Jacobian

dp;

J(p)o = ( D

is invertible. Then the inverse function theorem states that there exists a smaller open
subset V' C U an inverse function ¢ : (V) — V such that

potp=id, op=id.
The outline of the proof is as follows:
First, using the contraction mapping principle, We show that the linear map J(¢)o is
injective implies that ¢ is also injective in a neighbourhood of 0. Since J(¢)o is injective,

we may assume that |J()o(p) — J(©)o(q)| = Clp — gl. For e(p) = ¢(p) — J(2)o(p), there is
a small neighbourhood of 0 so that

)1§i,j5d

ep) ~ o) < 5 lp .

Then we have the inequality which shows that ¢ is injective

Ip—q| < g\w(p) —(q)].

Using the contraction mapping principle, we can show that ¢ is surjective on a neigh-
bourhood of ¢(0) because F : p — ¢ — €(p) is a contraction mapping and therefore has a
fixed point. Then, we prove that the inverse 1 of ¢ is continuously differentiable using the
definition.

This theorem can be generalized to smooth manifolds.

Theorem 6.1 (Inverse Function Theorem). Let ¢ : M — N be a smooth map and
o« + TyM — T, )N is an isomorphism for some p € M. Then there exists an open
neighbourhood U of p such that ¢ : U — ¢(U) is a diffeomorphism.

Proof. Consider local coordinate systems (U, z) and (V,y) around p and ¢(p). Under the
basis dx1,...,dxq and dyi, ..., dys, the pull back map ¢* : T;‘(p)N — Ty M is represented
by the matrix

(52)

Oxj/1<ij<d

Since @, is an isomorphism, we know that ¢* is also an isomorphism and the matrix is
invertible. This is now reduced to the case of Euclidean spaces. O
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7. LECTURE 7: INVERSE FUNCTION THEOREM AND COORDINATES

The inverse function theorem provides an effective way to construct local coordinate
Systems.

Definition 7.1. A setyi,...,yq of smooth functions defined on some neighborhood of p € M
is called an independent set at p if dyi,...,dyq are linear independent in Ty M.

Corollary 7.1. Let M be a d-dimensional manifold and y1, ..., yq be independent functions
at p. Then y1,...,yq forms a coordinate system in a neighbourhood U of p.

Proof. Consider the smooth map y : M — R?% Apply the inverse function theorem, we
know that y is a diffeomorphism in a neighbourhood U of p. Consider any coordinate
system z : V — R%. Then (y|ynv) o (z|yny) ™! and (z|ynv) o (y|uny) ™" are smooth maps.
This implies that (U, y) is also a coordinate system. O

Corollary 7.2. Let M be a d-dimensional manifold and x1, . .., x; be independent functions
at p. Then x1,...,x; form part of a coordinate system in a neighbourhood U of p.

Proof. Consider a local coordinate system (V,y) around p. Then dz1,...,dx;,dyi, ..., dys
span Ty M. Since dx1,...,dz; are linear independent, we can choose a basis of T;M given
by dx1,...,dx;,dy;,,...,dy;, ,. Then apply the previous corollary. U

Corollary 7.3. Let ¢ : M — N be a submersion at p and x1,...,xq be a coordinate system
around p(p). Then x10¢,...,x40 ¢ form part of a coordinate system in a neighbourhood

U of p.

Proof. Since the push forward ¢, is surjective, we know that the pull back ¢* is injective.
Since dx1,...,dxy form a basis in T;‘(p)N7 we conclude that d(zq1 0 ¢),...,d(zq 0 @) are

linear independent in 7M. Then apply the previous corollary. O

Corollary 7.4. Let ¢ : M — N be an immersion at p and x1,...,xq be a coordinate
system around @(p). Then a subcollection of 10 ¢,...,xq0 @ forms a coordinate system
in a neighbourhood U of p.

Finally, we show that all immersions have standard local forms. Namely, they are slices
in local coordinate systems:

{peUlzi(p) =c,l+1<i<d}.
Proposition 7.5. Let o : M — N be an immersion. Then for any p € M, there exists
a coordinate system (V,x) centered at ©(p) and a neighbourhood U of p such that o|y is
injective and p(U) is a slice in (V, ).
Proof. Consider a coordinate system (W, y) centered at ¢(p). By the corollary, a subcollec-
tion of y1 o ¢, ..., yq 0 ¢ forms a coordinate system in a neighbourhood U of p. We denote
that by 21,...,2. Then on the open neighbourhood V = W Ny 1 (R! x ¢(U))), we can

consider the projection 7 : R? — R! and define

Ti=y, 1<i<l; zi=yi—yiopoz tomoy, I+1<i<d.

(mV is given by dy; = dz; for 1 <i </
and dy; = 25':1 a;;dz; for [+1 < i < d. One can show that this defines a coordinate system
by computing the differentials:

Suppose the linear homomorphism dy : T,M — T,

l
dr; =dy;, 1 <1<, dwi:dyi—Zaijdyj7 [+1<4<d.
j=1

Moreover, for ¢ € ¢(N), we always have z;(q) = y:(q) —yiopoz ' omoy(q) = 0. This
completes the proof. O
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We remark that the above proposition is local in M but not local in N. Namely, we need
to fix an open set U in M and then find an open set V in N so that ¢(U) C V. It is not
true that we can directly find an open set V in N so that ¢(M) NV is a slice, unless ¢ is
an embedding.

8. LECTURE 8: IMPLICIT FUNCTION THEOREM

Many interesting subspaces in Euclidean spaces are cut out by certain (system of) equa-
tions. In this lecture, we provide a general criterion on when equations of smooth functions
cut out a submanifold. This will provide a large number of examples.

Definition 8.1. Let ¢ : M — N be a smooth map. Then q € N is a reqular value of ¢ if
for any p € o 1(q), dyy, is a submersion.

Theorem 8.1 (Implicit Function Theorem). Let ¢ : M — N be a smooth map and q is a
regular value of . Then ¢~ '(q) has a (unique) manifold structure such that the inclusion
0 1(q) = M defines an embedded submanifold whose dimension is dim M — dim N

Proof. We prove that in the relative topology, there is a smooth structure on f~1(q) that
makes f~1(q¢) C M a submanifold of dimension dim M — dim N. For this it is sufficient
to prove that if p € f~1(q), then there exists a coordinate system on a neighborhood U of
p € M of which f~1(q)NU is a slice of that dimension and the transition maps are smooth.

Let x1,...,24 be a coordinate system centered at ¢ € N. Since dy, : T,M — T,N is
surjective, it follows from the corollary yesterday that y, = z10¢,...,yq = x40 @ form part
of a coordinate system of p € M. Complete the coordinate system to y1,...,Yd, Yd+1s- - - Yi-
Then ¢~ (q) N U is give by the slice

ylzou"'vydzov

and we can take yqy1, ..., to be a coordinate system on ¢~!(¢) N U. For smoothness of
the transition maps, we leave the details to the readers. O

Theorem 8.2 (Constant Rank Theorem). Let ¢ : M — N be a smooth map such that the
rank of dyy is constant for all p € M. Show that for each p € M and ¢(p) € N, there exists
local coordinate systems (U, x) around p and (V,y) around p(p) such that

yoapoafl(a:l,...,xk,karl,...,xd) = (xl,...,:vk,O,...,O).
Example 8.1. Consider the function v : R — Ror(zy,...,2401) = 22 + -+ + :Egﬂ.
Then we know
(A7) (@r,ary) = 201d21 + - 4 2204 1dT g1
Therefore, we know that dr # 0 whenever (z1,...,2441) # 0. Hence r=1(c) is a d-
dimensional submanifold. The tangent space at (x1,...,Tq+1) 18
d+1

<(U1, .. .,’Ud+1) € Rd+1 | Z’Ul'fl,‘i = 0>
=1

Example 8.2. Consider the smooth map F : Myyq(R) — Mgxq(R), F(A) = AAT —1;. We
show that F~1(0) is a smooth submanifold of dimension d(d —1)/2. This is usually called
the orthogonal group O(d).

Write down all the components of the map F'((aij)i<ij<d) = (ZZ:1 ikl — 0ij)1<i j<d-
First, note that the image of F lands in the space of all symmetric matrices Sqxq(R). Then
we can compute the differential

d d

(dF) (a;)1ci 00 = (}; aikdajy + ; ajkdaik>lgi’j§d-
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Consider the differential at A = I4. It is

d d
(AF) 6120520 = (Z Sindaje + ) 5jkdaik) reijeq = (dagi +daigh<ij<a
k=1 k=1 -

It follows that (dF) 1, is a surjection from T, Mgxa(R) = Mgxa(R) to ToSaxa(R) = Saxa(R),
and the tangent space at 1 is the set of all skew symmetric matrices

<(vz’j)1§z',j§d | (vji + vijhi<ij<a = O>'
Finally, for any other P € F~1(0), consider the smooth map
op : Maxq(R) = Mgxq(R), A~ PA.

It has a smooth inverse pp-1 and moreover pp(F~1(0)) = F~1(O). This implies that
(dF)p is also surjective at any P € F~Y(O). Therefore, O is a regular value of F' and this
finishes the proof.

9. LECTURE 9: TANGENT AND COTANGENT BUNDLES

Rather than describing the tangent and cotangent vectors at a single point on the mani-
fold, we would often like to describe how the tangent and cotangent vectors smoothly change
when the point moves around in the manifold. This requires us to put some topology on
the space of all (co)tangent vectors.

Definition 9.1. Let M be a smooth manifold. Then the tangent bundle TM and cotangent
bundle T*M of M are defined as

T™ = | T,M, T*M= | T;M.
peM peEM
The topology on T M is generated by the sets {(p,v) € TM | p € U,dz(v) € Q}, where (U, x)
is a coordinate system on M and § is an open subset in R%. The differentiable structure on

TM is generated by the coordinate systems (U x R x x dx), where (U, z) is a coordinate
system on M and  is an open subset in RY.

It may seem like the tangent bundle is just the space M x R%. However, this is rarely the
case. In fact, the local coordinate maps secretly encode the twistings of the tangent spaces.
For example, consider the coordinate systems on S? given by %\ {n} and S?\ {s}. Then
on the overlap, one can see that the tangent spaces are identified in a nontrivial way. In
fact, we can give the following alternative description:

Proposition 9.1. Let M be a smooth manifold. Consider the topological space | |,c 4 Ua %
R?. Define the equivalence relation such that

(p,va) ~ (p,vg) if p € Uy NUg, dzo(v) = va, dzg(v) = vg for some v € T, M.
Then | |,c 4 Ua x RY/{(p,va) ~ (p,v5),va = dzo o dIEl(’Uﬂ)} =TM.

Example 9.1. In the situation when M = R?, the proposition shows that we have
TR? = R x RY.
For a smooth map ¢ : M — N, the push forward or the differential

d(p :TM — TNv (p,’l)p) = (SO(p), d@p(vp))

is a smooth map. Moreover, if ¢ : M — N is an embedding, we can show that dy : TM —
TN is also an embedding. However, the pull back map does NOT define a map between
cotangent bundles. We will see how to resolve the issue on Friday.
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Example 9.2. Let S? = {(z1,72,23) | 23 + 23 + 23 = 1} C R3. We have seen how
to compute the tangent space of S%. Namely, setting r(z1,r2,23) = x? + 23 + I%, at
(71,9, 23) € S?, we have

T(th’xs):?2 ={ve R3 | dr(v) =0} = {(v1,v2,v3) | 1v1 + T2v2 + 2303 = 0}.
Then we know that TS? C TR3 = R3 x R3 is defined as the following subset:
T5? = {(x1, x2, x3;v1,v2,v3) | 25 + 23 + 23 = 1,210 + 2909 + x303 = 0}.
We have seen that the tangent bundle and cotangent bundle are smooth manifolds.

However, we also note that the transition maps dx, o dajgl are not only smooth maps,

they are linear maps along the R?-directions. In the next lecture, we will explain the extra
structure that can be put on a special type of manifolds.

10. LECTURE 10: VECTOR BUNDLES

In this lecture, we introduce the notion of vector bundles, which are not only manifolds
but have some linear vector space directions.

Definition 10.1. Let M be a topological space. Then a rank-k vector bundle over M is a
triple (7, E, M) where E is a topological space and 7 : E — M is a continuous map such
that

(1) for each p € M, the fiber E, = m—'(p) is a k-dimensional vector space;
(2) for each p € M, there is a neighbourhood U and a homeomorphism ® : #=1(U) —
U x R* such that 7y o ® = 7, and @, : 7~ (q) — R¥ is a linear isomorphism.

The pair (U, ®) is called a vector bundle coordinate system or chart.
Definition 10.2. Let M be a smooth manifold and (7, E, M) be a rank-k vector bundle.

Then a C*-differentiable vector bundle structure/atlas is a collection .F of vector bundle
charts (Uy, @) such that

(1) UaGA Ua = M"
(2) 40 @El is a C*-differentiable map for any o, € A;
(3) F is maximal so that, for any vector bundle chart (U, ®), if ® o @' and &, 0 &1
are CF-differentiable for any o € A, then (U, ®) € .Z.
In this case, (w, E, M) is called a smooth vector bundle of rank-k.

Example 10.1. (1) The natural projection © : M x RF — M defines a vector bundle on M.
This is usually called the trivial vector bundle. (2) The first nontrivial example of a vector
bundle is the Mobiiis bundle, which is a rank-1 vector bundle over the circle m : E — S*.

Let us discuss the vector bundle structure more carefully. The condition that 7y, o @y =
7 = my, © P implies that the map @, o @El can be written as the form

B0 083 (p,v) = (9, gas (P)),
where g;;(p) € GL(k,R) is a linear isomorphism. They are called the transition maps.

Lemma 10.1. Let (m,E, M) be a rank-k (smooth) vector bundle on M and (Uy,®P,),
(Ug, ®p) are local vector bundle coordinate charts. Then

®o 0 @5 (p,v) = (p, gap(p)v),
and gag : Ua NUg — GL(k,R) is a (smooth) map.

Using transition maps, we can reconstruct the vector bundle.
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Lemma 10.2. Let M be a manifold and {U, | « € A} be an open cover. Let {gap | o, 8 €
A} be a collection of smooth maps Uy N Ug — GL(k,R) such that

9a(P)98+(P) = Gary(p), for any p € Uo NUg N U,.

Then there exists a unique rank-k vector bundle (w, E, M) such that {gnp | o, 8 € A} are
the transition maps.

Proof. We can define the vector bundle by considering
E = I—IaeA U, x ]Rk/{(p,va) ~ (p,vg) if p € Uo NUB,va = gap(vs)}-

One can check that 7 : E — M, (p,v) — p is a well defined (smooth) map and the collection
id : U, x R¥ — U, x R* defines a vector bundle structure. Il

For vector bundles on a given topological space, there are many constructions that can
be performed. It is an exercise to prove that these are vector bundles.

Definition 10.3. Let (71, Eq, M) and (72, E2, M) be vector bundles over M. Then a vector
bundle map is a map ¢ : E1 — Fy such that m = w0 and ¢, : E1, — Ea, are linear maps
between vector spaces. It is called a monomorphism if ¢, are injective, an epimorphism if
@p are surjective, and an isomorphism if ¢, are isomorphic.

Let (w, E, M) be a vector bundle. Then a subbundle is a vector bundle (mo, Ey, M) where
Eo C E and mg = 7|g,. In other words suppose the transition maps of (w, E, M) is {gag |
a, B € A}, then the transition maps are

{g0ap | o, B € A,i0 goas = gap o i}
Then the quotient bundle (7, E/Ey, M) is defined by fibers (E/Ey), = E,/Eq, and transition
maps
{gaﬁ | O‘?B € A}
where G5 : RE/R! — R¥ /R is the quotient of gags : RF — RF.

Let (71, E1,M) and (7o, Ea, M) be vector bundles over M. Then the direct sum (or
Whitney sum) is the vector bundle (11 @ ma, E1 ® Ea, M) with fibers (E1 @ Ea), = E1, @ Eo)
and transition maps

{glaﬁ %) 9205 ‘ Oé,,B € A}
The internal hom is the vector bundle (Tom, Hom(Ey, Eq), M) with fibers Hom(E1, Ez), =
Hom(Ey, Eap) and transition maps

{QQaﬁ(_)glaﬁ | aaﬂ S A}
In particular, the dual of (7, E, M) is the vector bundle (7*, E*, M) with fibers Ey = (E})*
and transition maps {gg,, | o, B € A}.

Using partitions of unity, many properties on vector spaces can be translated to vector
bundles using the local-to-global argument.

Theorem 10.3. Let M be a manifold and (7w, E, M) is a vector bundle and (o, Eg, M) is
a subbundle. Then there is an isomorphism of vector bundles E = Ey & E/Ey.

Proof. Consider a vector space chart (U,,®,) of (m, E, M) and a vector bundle chart
(Ua, ¥y of (mg, Eg, M). Then we have homeomorphisms ®,, : 771 (U,) — U, x R¥ and

v, : ng(Ua) — U, x R Their composition have the form

Do U LU, xR = U, xR, (p,v0) = (1, ga(v0))
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where g,(p) is an injective linear map R! — R*. Using implicit function theorem, we can
define a projection map hq(p) : R¥ — R! such that he(p)ga(p) = id, which gives a projection
map fo(p) : £ — Epp. Then we use a partition of unity on M and define

[iE = Eo f(0,0) = (.Y ¢a®)fal®)®)):

This together with the natural quotient map defines the isomorphism E = Eg® E/Ey. O

acA

Remark 10.2. The continuous version of the result also holds for all paracompact Hausdorff
spaces.

Given two topological spaces M and N and a map ¢ : M — N, from a vector bundle on
N we can naturally define a vector bundle on M:

Definition 10.4. Let M and N be topological spaces or manifolds and ¢ : M — N a
continuous or smooth map. Given a vector bundle (w,E,N) on N, the pull-back vector
bundle on M is defined as (m,, p*E, M) where

"B ={(p,¢;v) | ¢(p) =7(q,v) = q}, mp(p,qv) =p.
Using partition of unity, we can prove the following strong result, that a homotopy of

vector bundle gives an isomorphism of vector bundle.

Theorem 10.4. Let M be a manifold, I be an interval and (wy, Er, M x I) be a vector
bundle on M x I. Consider the vector bundle (m;, Ey, M) where By = 7= (M x {t}) and
¢ = 7|g,. Then (mr, Er, M x I) is isomorphic to the pull-back bundle of (mg, Fo, M). In
particular, (mo, E1, M) is isomorphic to (71, E1, M).

Remark 10.3. The continuous version of the result also holds for all paracompact Hausdorff

spaces.

Corollary 10.5. Let M be a manifold, f,g : M — N be smoothly homotopic maps, and
(m, E,N) a vector bundle over N. Then (f*m, f*E, M) is isomorphic to (¢*m, g*E, N).

Finally, we can resolve the issue that the pull back map of cotangent vectors do not define
a map of cotangent bundles. Instead, the pull back map defines a vector bundle map

f* : f*T*N — T*Ma (pa (P(p)a ago(p)) = (p> 90*0517)'
11. LECTURE 11: SECTIONS ON VECTOR BUNDLES

The motivation we have at the beginning is to characterize what it means to have a
smooth family of tangent vectors, and more generally, what it means to have a smooth
family of vectors in a vector bundle.

Definition 11.1. Let (w, E, M) be a (smooth) fiber bundle over M. A section is a (smooth)
map S : M — E such that mos = idps. The zero section is the section s : M — E such that
s(p) =0 € E, for any p € M. The space of sections is denoted by C*> (M, E).

Lemma 11.1. Let (w,E, M) be a (smooth) fiber bundle over M. Then s : M — E is a
(smooth) section if and only if for any local coordinate system (Uy, Tq, Po),
Do 0 5(p) = (P, 5a(p))
such that sq : Uy — R¥ is a (smooth) map.
Proposition 11.2. Let ¢ : M — N be a smooth map and (7, E,N) be a smooth vector

bundle over N. Then there is a map between the space of smooth sections C*°(N,E) —
C>®(M,p*E).



16 WENYUAN LI

Using partition of unity, we can construct sections on any vector bundles from a given
vector at a point, just like we construct smooth functions.

Proposition 11.3. Let (7, E, M) be a smooth fiber bundle over M. Then for any v, € E,,
there exists a section s € C*°(M, E) such that s(p) = (p,vp).

12. LECTURE 12: VECTOR FIELDS

In the last week, we started with the question of how to characterize a smooth family of
(co)tangent vectors on a manifold, and ended by introducing vector bundles and sections,
which assign each point on a manifold with a vector.

Now, we can define a vector field as a section in the tangent bundle.

Definition 12.1. Let M be a smooth manifold. Then a smooth (resp. continuous) vector
field X on a subset U C M is a smooth (resp. continuous) section in the tangent bundle

X € C®(U,TM|y) (resp. X € CO(U, TM|y)).

Proposition 12.1. Let M be a smooth manifold and X be a vector field. Then X is smooth
if and only if either of the conditions hold:

(1) for any local coordinate system (U, zx),

d
X i
v (p ; a; 8331
and a;(p) € C>*(U);
(2) for any open set U C M and smooth function f € C°(U), Xf =df(X) e C>®(U).
For two vector fields, we can define the Lie bracket between them:

Definition 12.2. Let M be a smooth mam'fold and X andY be smooth vector fields. Then
the Lie bracket [X,Y] is a section in (T*M)* defined by

(X, Y]p(f) = Xp(Yf) = Yp(X[).
Proposition 12.2. Let M be a smooth manifold and X, Y and Z be smooth vector fields.

(1) [X,Y] is a smooth vector field;

(2) (anti-symmetry) [X,Y] = —[Y, X|;

(3) (Jacobi identity) [[X,Y], Z] + [[Y, Z], X]| + [[Z, X],Y] = 0;

(4) for f,g € C(M), [fX,gY] = fglX, Y]+ f(Xg)Y —g(Y [)X

Remark 12.1. On a local coordinate system (U, x), suppose the vector fields are

d
0
Xlu(p Zaz f,, Yiu(p) =) _bilp)5 -

then their Lie bracket is given by the vector field

d ) a
XY otp) = Y (aln) 52 0) = bp) 522 0)) 5

2,7=1

Finally, we remark that push forwards of vector fields under smooth maps are not nec-
essarily well defined, since a smooth map M — N may send different points on M to the
same point on .
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13. LECTURE 13: INTERGRAL CURVES AND FLOWS

Given a vector field on a manifold, a point can move along the direction of the vector
field and trace will form a curve. This is called the integral curve of the vector field.

Definition 13.1. Let X be a smooth vector field on a manifold M. Then a smooth curve
v : (a,b) = M is called an integral curve of X if for any t € (a,b),

d
"(t)=d (—) = X(v(t)).
7)) =dv( ), =X((@)
Consider a local coordinate system (U, x), we can write down the differential equation
for the integral curve of the vector field X = Zle a;(p)0/0x;:
dvi
) = a4 (y(2).
1) = ai(r(1)
Since the coefficients a;(p) are smooth, the ordinary differential equation has a unique

solution. In fact, let U C R™ be open subsets, a : U — R" be Lipschitz continuous. Then
for any p € U, there exists € > 0 such that

D) = a0, A(0) =p,

has a unique solution. This can be proved by considering the fixed point of the following
mapping on Banach spaces T : C%((—¢, €),R") — C°((—¢,€),R"):

(T7)(t) = p+ /0 X (4(5))ds.

This is a contraction mapping for sufficiently small € > 0 because

t
I7y~Tol = sup_ /0 X (7(5)) — X(a(s))lds < Celly - o.
te(—e,e

Then the contraction mapping principle ensures that the existence of a solution. The
uniqueness of the solution follows from the computation that

' (8) = o' ()] = [X(v(1)) = X(0(t)] < Cly(t) = o), |y(t) — o (t)] < e“[(0) — o (0)].

Therefore, we have the following global result on integral curves:

Theorem 13.1. Let M be a smooth manifold and X be a smooth vector field on M. Then
for any p € M, there exists —oo < a(p) < b(p) < +oo and a smooth mazximal integral curve

W+ (a(p), b(p)) = M
of the vector field X such that for any integral curve o : (¢,d) — M with o(0) = p and
’Ygly(t) = X(U(t)); (Cv d) - (a(p)v b(p)) and o = 7|(c,d)'

Moreover, since the coefficients a;(p) are smooth, the unique solution to the ordinary
differential equation depends smoothly on the initial condition p € M (the proof is much
harder and we will omit that). Therefore, we have the following global result on integral
flows:

Theorem 13.2. Let M be a smooth manifold and X be a smooth vector field on M. For
t € R, we can define a smooth map ¢ called the integral flow on the domain

Dy =A{p € M | alp) <t,b(p) >t}
such that ;X (p) = 7,(t) and

(1) for any p € M, there is a neighbourhood U and € > 0 such that U C D_. N De;
(2) gotX 9D — D4 and go)ft : D — Dy are inverse diffeomorphisms;
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(3) X oo = X, on the domain of pX o ¢iX.

Corollary 13.3. Let M be a compact smooth manifold (without boundary) and X be a
smooth vector field on M. Fort € R, we can define a smooth diffeomorphism

P M= M, @ (p) = (1)
such that X o X = <p§<+t.

Remark 13.1. In general, a vector field X on M is complete if 9y = M for anyt € M. The
corollary shows that all vector fields on compact manifolds (without boundary) are complete.

As a corollary, one can show that a non-zero vector field always generate a local coordinate
function.

Proposition 13.4. Let M be a smooth manifold and X be a vector field such that X (p) # 0.
Then there exists a local coordinate system (U, x) around p such that x(p) =0 and

0
Xlpg=——.
v =g
Proof. First, by corollaries of the inverse function theorem, we can find a local coordinate
system (V,y) around p such that X, = (0/0y1),. Now consider the smooth map

o(t,ag,...,aq) =y op; oy_l(O,agj...,ad).

Then dog # 0 and by inverse function theorem, there is a small neighbourhood U of p such
that o is a diffeomorphism. Then z = o~! satisfies the condition. O

14. LECTURE 14: DISTRIBUTIONS AND FROBENIUS THEOREM

We have seen that a vector field generates integral curves. A natural generalization one
can consider is to use vector subspaces to generate submanifolds.

Definition 14.1. Let M be a d-dimensional smooth manifold. Then an l-dimensional
distribution & is a choice of l-dimensional tangent subspaces 9, C T,M for allp € M. &
is smooth if for each p € M there is a neighborhood U and | smooth vector fields X1, ..., X
that span 9, for each q € U.

Definition 14.2. We say that a vector field X belongs to (or lies in) the distribution 2
(denoted by X € 2) if X, € D, for allp € M. A distribution 9 on M is incolutive if for
any X, Y € 2, [X,Y] € 2.

We say that a (injectively immersed) submanifold ¢ : N < M is an integral manifold of
a distribution 9 if dp(TyN) = Dyq) for all g € N.

Example 14.1. Consider T? = R?/Z? and consider the vector field X = 8/0x1 + ad/dz2
for a ¢ Q, which defines a 1-dimensional distribution. Then the curves {(z1,x2) | 1 =
axy + ¢} are integral manifolds of the distribution. They are only injectively immersed.

The following proposition explains a necessary condition for a distribution to have an
integral manifold and justifies the definition of involutive distributions.

Proposition 14.1. Let & be a smooth distribution on M such that for each point of M
there is an integral manifold 9 passing through. Then & is involutive.

Proof. Consider an integral manifold ¢ : N < M of 2 with ¢(q) = p. Consider two vector
fields X,Y € Z, Since we have an isomorphism dy : T, N = Dy (q)> there exists X "Y' on
N defined by

dpoX'=Xoyp, dpoY' =Yop:N—TM.
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One can check that X', Y’ are smooth vector fields and dp o [ X', Y] = [X,Y] 0 ¢, as
(dp o [X,Y')(f) = [X",Y'|(fop) = XY'(fop) = Y'X(forp)
= X'(dp(Y")(f)) = Y'(dp(X")(f)) = X' (Y (f) o) = Y'(X(f) 0 )
= dp(X)(Y(f)) — dp(Y')(X(f)) = XY (f) - YX(f) = [X,Y](f),
which completes the proof. O

Theorem 14.2 (Frobenius Theorem). Let & be an [-dimensional smooth involutive distri-
bution on M. Then for any p € M, there exists a coordinate system (U, x) around p such
that the slices

T; = Ci, l+1§i§d

are integral manifolds of 2, and if ¢ : N — U is a connected integral manifold, then ¢(N)
lies in one of the slices.

Proof. We prove by induction on the dimension. Suppose Xi,..., X; span Z on a neigh-
bourhood W in M. Consider a coordinate system (V,y) around p such that

X1 = 8/8y1.
Then we try to consider the distribution 2’ spanned by
Xé = X2 — X2(y1)X17 ey Xl/ = Xl - Xl(yl)Xl'

We claim that this is still involutive. Note that X/(y1) = Xi(y1) — X;(y1)X1(y1) = 0. This
means that X3, ..., X/ lie in the slices y; = ¢. Since 2 is involutive, we can write

l
X[, X5 =) cii X
k=1

However, since X3, ..., X] lie in the slices y1 = ¢, so is [X], X]]. Therefore, we can write

! !
(X, X} = Zciijk = Zcz‘ij;Q-
k=2 k=2

This shows that 2’ is still involutive. By the induction hypothesis, we can find a coordinate
system (U, z) such that 1 = y1, and the slices

ri=¢, [+1<i<d

are integral manifolds of 2’. Finally, we notice that the equality X/(z;) = 0for[+1 < j <d
will also imply that X;(x;) =0 for I +1 < j < d. This will complete the proof. O

Moreover, similar to the situation of integral curves, we can find a maximal integral
submanifold for an involutive distribution.

Definition 14.3. A mazimal integral manifold ¢ : N — M of a distribution & on a

manifold M is a connected integral manifold of & such that for any connected integral
manifold ¢' : N' — M of 2, if o(N) C ¢'(N'), then p(N) = ¢'(N').

Theorem 14.3. Let & be a smooth involutive distribution on M. Then for any p € M
there exists a unique maximal connected integral manifold of & passing through, and every
connected integral manifold of & through p is contained in the mazximal one.
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15. LECTURE 15: TENSOR ALGEBRA
We recall some basic notions in multilinear algebra. First, we recall the tensor product.

Definition 15.1. Let V and W be vector spaces over a field. Consider the free vector space
generated by elements (v,w) € V x W

k
FOV,W) = {Z)\i(vi,wi) | (vi,w;) €V x W}.
1=1

Let R(V,W) C F(V,W) be the subspace generated by the collections

(v1 + vz, w) = (v1, w) = (v2, w),

(Ua w1 + wQ) - (Uv wl) - (Uv wQ)a

(cw,w) - CL(’U,’UJ), (U7aw) - a(va)‘
Then we define the tensor product to be V@ W = F(V,W)/R(V,W), and denote the
equivalence class of (v,w) by v ® w.

Here are some basic properties of the tensor product. We will omit the proofs.

Proposition 15.1 (Universal property). Let V' and W be vector spaces over a field. Let
¢ denote the bilinear map V- x W =V @ W, (v,w) — v @ w. Then whenever U is a vector
space and l : V xW — U is a bilinear map, there exists a unique linear map VW U
such that the following diagram commutes:

VoW

Vx W —! U.

Proposition 15.2. Let V and W be vector spaces over a field.
(1) V@ W is naturally isomorphic to W @ V;
(2) (Ve W)®U is naturally isomorphic to V& (W @ U);
(3) dmV @ W = (dim V)(dim W), and a basis {vi,...,vm} and {wy,...,w,} for V
and W determines a basis {vi @ wi, ..., vy, @ wy}t of Vo W.

Then we define the tensor algebra, consisting of tensors of arbitrary lengths.

Definition 15.2. Let V' be a vector space over a field. Then the tensor space of type (r,s)
is defined by V,. s = VO @ (V*)®5. The two-sided tensor algebra of V is the noncommutative
algebra

T:(V) = @B Vis,
r,5>0

where the product is given by the tensor product (v,w) — v @ w. We define the (one-sided)
tensor algebra to be the noncommutative algebra

(V) =P Vio.
r>0
We write TF(V) = Vi g = VOF.
Consider the natural pairing between a vector space V and its dual space V* together

with the universal property, we also get a natural pairing between T*(V) and T*(V*) as
follows:
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Lemma 15.3. Let V' be a vector space over a field. Then there exists a natural non-
degenerate pairing between V;. s and (V*)s, given by

(M@ QURV A RUa, UL R RUs QU R -+ Ry ), ul(v1) ... ur(vp) V] (u1)...v5(us).
In particular, when dim'V < oo, (V;.5)* =~ (V*)s,.

We can define the tensor bundles of a manifold and tensor products of vector bundles
over a manifold as follows:

Definition 15.3. Let (71, By, M) and (mwa, Eo, M) be vector bundles over a space M. Then
the tensor product is the vector bundle (w1 @y, E1®Eq, M) with fibers (Ey ®E2)p = E1p®FEs),
and transition maps

{glaﬁ X 9205 ‘ OJ,B S A}

Definition 15.4. Let M be a smooth manifold. Then the tensor bundle T, M of M are
defined as
T, M = | J (T,M),...
peEM

The topology on T, M is generated by the sets {(p,v1 @ v, ® v} ® ...,vi) € TM | p €
U, zi(v;) € Q, (:U_l)*(v;f) € Qr}, where (U, x) is a coordinate system on M and Q; and ]
are open subsets in R, The differentiable structure on TM is generated by the coordinate
systems (U x RLx X 2, @ - @2, @ (271)* ® --- @ (x71)*), where (U,z) is a coordinate
system on M and Q is an open subset in RY. A tensor field on M of type (r,s) is a section
of the tensor bundle T ;M.

Remark 15.1. Under a coordinate system (U,z) on M, a tensor field of type (r,s) is of
the form

0 0
ap) = D @i (@) ®-® ®drj, @ @ dxj,.

. — . axil al'il
1550y J15--5]s

16. LECTURE 16: EXTERIOR ALGEBRA

In the tensor algebra of a vector space, we are particularly interested in symmetric
algebras and exterior algebras. We introduce their definitions now.

Definition 16.1. Consider the tensor algebra of a vector space T'(V'). Define the subspace
J(V) CT(V) be the vector space generated by
V1® - ® (Vi ®Vit1 — Vg1 ® V) @+ @ vy
Then the symmetric algebra is S(V) = Sym(V) =T(V)/J(V), where the equivalence class
of V1 ®---Ru, is denoted by vy - - - v, and the product is induced by the tensor product. We
write SE(V) = Sym® (V) = TF(V)/J*(V) where J*(V) = J(V)NT*(V).
Define the subspace I(V) C T(V') be the vector space generated by
VR ® VRV R vy

Then the exterior algebra is A(V) =T (V) /1(V'), where the equivalence class of v1 @ - @ vy
is denoted by vi A --- A vy, and the product is induced by the tensor product. We write
ARV =TFV)/IF(V) where TF(V) = I(V)NTk(V).

Definition 16.2. A multilinear map h : V® --- ® V. — R is called symmetric if for any
o €Sy,

h(Vo(1)s - - - s Vo(n)) = B(V1, .. 0n).
It is called alternating if for any o € Sy,

h(Vg(1)s -« -5 Vo(n)) = sgn(o)h(ve, ..., vn).



22 WENYUAN LI

The symmetric algebra and the exterior algebra also satisfies the universal properties:

Proposition 16.1 (Universal Property). Let V' be a vector space over a field.
(1) Let p, denote the bilinear map V x --- x V. — S¥(V), (v1,v2,...,0) > v10s . .. Vg.
Then whenever U is a vector space andl : V x---xXV — U is a symmetric multilinear
map, there exists a unique linear map [ : Sk(V) — U such that the following diagram

commautes:
SH(V)
T \
Ps
Vixoox V-t U.
(2) Let ¢, denote the bilinear map V x---xV — AF(V), (v1,v2,...,0) — v1 Avg A=A
vi. Then whenever U is a vector space andl:V x ---xV — U is an alternating

multilinear map, there exists a unique linear map [ : AF(V) = U such that the
following diagram commutes:

AMV)

T \
Pa
Vx...xV d U.

Proposition 16.2. Let V' be a vector space over a field.
(1) If u € Ap(V) and v € Ay(V), then u Av = (—1)*o A u;
(2) if dimV = n, then dimA*(V) = (}), and a basis {v1,...,v,} of V determines a
basis {vil ANvjyg N+ Ny, ‘ 1 <ig < < ik} OfAk(V),
(3) if dimV = n, then dim S*(V) = Zf:o @) (H;k), and a basis {vi,...,v,} of V

determines a basis {viviy ... vy, | i1 <idg < - <} of SF(V) = Symk(V);

Using the natural pairing between a vector space V' and its dual space V* together with
the universal property, we also get a natural pairing between A*(V') and A*(V*) as follows:

Lemma 16.3. Let V be a vector space over a field. Then there exists a natural non-
degenerate pairing between A*(V') and A*¥(V*) given by

(VI A A, ul A Aug), Z sgn(o)ul (vg,) . .. up(ve,,) = det(uj (vj)).
oESk
In particular, when dim'V < oo, AF(V)* ~ AF(V*).

Definition 16.3. Let V be a vector space over a field. Then for any v € V, the interior
multiplication by v is defined by

i(v) : A°(V*) = A*(VY), ((v)u*,w) = (u,v Aw).
Lemma 16.4. Let V' be a vector space over a field. Then i(v) : A*(V*) — A*(V*) is an
antiderivation, that is,
i(v)(uf Aub) = i(v)uf Aub + (=1DFul Ad(v)ub, ul € AP(V*),uy € AL V™).
We can define the symmetric and exterior tensor bundles of a manifold and symmetric

and exterior products of vector bundles over a manifold as follows:

Definition 16.4. Let (w, E, M) be a vector bundle over a space M. Then the symmetric
tensor product is the vector bundle (S*(r), S¥(E), M) with fibers (S*(E)), = S*(E,) and
transition maps

{gfvﬁ | a?ﬁ € A}
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1%

the exterior tensor product is the vector bundle (A¥(m), AK(E), M) with fibers (A*(E)),
A¥(E,) and transition maps

{905 | o, B € A}.

Definition 16.5. Let M be a smooth manifold. Then the symmetric and exterior tensor
bundle S*(T*M) and Ak(T*M) of M are defined as

SHT M) = | STy M), AFTM) = | ANTM
pEM peEM

The topology is generated by local coordinate systems on M.

Example 16.1. (1) Consider the symmetric tensor bundle S*>(T*M). Then under a local
coordinate system, a section is of the form g(p) = ch'l,jzl gij(x(p))dz;dx;. Suppose g(p) :
T,M @ T,M — R is positive definite. Then g is called a Riemannian metric on M.

(2) Consider the exterior tensor bundle A*(T*M). Then under a local coordinate system,
a section is of the form w(p) = Zi1<~-~<ik Wiy (@(p))dziy A -+ Ndxg,,. This is called a
differential form. When k = d, under a local coordinate system, a section is of the form
w(p) = w(z(p))dzy A -+ ANdzy. Suppose w(p) # 0. Then w is called a volume form.

17. LECTURE 17: DIFFERENTIAL FORMS

In the last lecture, we defined the exterior tensor product of vector bundles. In this
lecture, we will focus on the exterior tensor product of the cotangent bundles. Sections of
these vector bundles are called differential forms.

Definition 17.1. Let M be a smooth manifold. Then the space of differential k-forms
QF (M) is the space of sections on the k-th exterior tensor product of the cotangent bundle:

QF (M) = T(M, AR (T*M)).

Remark 17.1. Consider a coordinate system (U, x) in M, then a differential form w can
be written as
Z Wiy (@(p))dziy Ao+ Adwy, .
11 <o <tp

Given two differential forms w and w', we can take their sum w + W', their exterior product
w AW, and given a function f, we can take the multiplication of a form by a function fw.

Given a differential k-form w and k vector fields X7, ..., X, using the pairing of exterior
tensor bundles
AR(T*M) x AF(TM) - M x R,

we can define the pairing which gives a smooth function

w(Xl, ey Xk)(p) = wp(Xl(p), ey Xk(p))

Conversely, we can show that any alternating C°°(M)-linear map on the space of vector
fields X(M) can be defined this way:

Lemma 17.1. For any alternating C°°(M)-linear map l : X(M) x --- x X(M) — C*(M),
there is a canonical k-form w; € QF(M) so that wi(Xy, ..., Xp) = (X1, ..., Xz).

Proof. First, we claim that the value {(X7,..., X)(p) only depends on Xi(p),..., Xi(p).
For simplicity, we only consider C*°(M)-linear maps [ : X(M) — C°°(M) and show that
[(X)(p) only depends on X (p). Using linearity, it suffices to show that [(X)(p) = 0 as long
as X(p) = 0. Consider a local coordinate system (U, z) and write X|y = Zle a;(0/0x;)
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where a;(p) = 0. Consider a compact neighbourhood V' C U of p and a bump function ¢
on V C U. Then setting the globally defined vector fields X; = ¢a;(9/dz;), we can write

d
X=> Xi+(1-¢)X.
=1

Then, by the C°°(M )-linearity, we have

d

UX)(p) =D UX:)(p) + (1= 9(p)I(X)(p) = 0.

i=1

Now, since [(X7,...,X)(p) only depends on Xi(p),...,Xi(p), we can define the value of
k-form w; at p € M by setting (w;)p(vi,...,vx) = (X1, ..., Xk) where Xq,..., X} are any
smooth vector fields that satisfy X;(p) = v1, ..., Xk(p) = vg. This completes the proof. [

For smooth functions, we have defined the notion of the differential, which is a linear map
d: QM) — QY(M). Now, we will extend the differential to a linear map on all differential
forms: d: Q*(M) — Q*FL(M):

Theorem 17.2. There exists a unique antiderivation d : Q*(M) — Q*TY(M) such that
(1) d*=0;
(2) d: QM) — QY (M) is the differential map;
(3) d(a1w1 + CLQWQ)‘p = aldwﬂp + agdwg‘p if w1, w9y € Qk(M),
(4) d(w1 A (.UQ)’p = dw1 ’p A wglp + (—l)kwl\p A d(,UQ|p ifwy € Qk(M),(,UQ € QZ<M)

Moreover, dw, = dw,, if wly = W'|u on some neighbourhood U.

Proof. First, we show the uniqueness. Let d be any exterior differential satisfying properties
(1)—(4). We prove that dw, = 0 if w|y = 0 on some neighbourhood U. In fact, let ¢ be a
bump function on some neighbourhood U’ C U of p. Then w = (1 — ¢)w. We can compute
using (4) that

dwp = d((1 = @)w)p = d(1 — p)p Awp + (1 — ¢(p))dwp = 0.
Then, we can define the exterior differential d on local coordinate systems (U, z). Given
w = Zi1<,_<ik aj,.. i dxi, A -+ Ndzg,, by property (1)—(4), dw must be of the form
dw = Z dailn_ik ANdxi, A A dl‘ik.
i1 <<

Using properties (1)—(4), we show that for any exterior differential d’ defined using a different
cooridinate system, we have

dw = d/(ail...ikdxh VANERRIA da:zk)

k
= d’ailmik A dCL‘Z'l VANCERVAN d:l?zk + Zj:l ailmikdl‘il VAN d,dCEl’j VANCEIWAN dCClk

k
= dail,,_ik VAN dl‘il VANEEIWAN dl‘zk + Zj:l ail,,,ikdxil VANCEIWAN dd2337;j VANKIERIVAY dﬂ?zk
= dail_._ik ANdxi, N A dxl-k = dw.

Then, we show the existence. Consider a coordinate system (U, x), and define the exterior
differential of w by

dw = Z dai, .., Ndxi, N Ndxg,.

11 < <ip
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Then we show that the dw we defined satisfies conditions (1)—(4). By the formula we write
down, (2)—(3) are obvious. (4) follows from the Leibniz rule:

d((ai,.ipdxiy N Ndzg ) A (byy g dag, A - ANdxj,))
= d(a;,. iybj,..jdxi, N Ndxg, Ndxj, A - Adxy,)
= (aj;..iydbj,. 5, + bji . jdai, 4,.) Ndxi, A - ANdxg, Ndzg, A N day,,
d(ag, . ipdziy A ANdxg ) A (b, jdxg, A+ ANdxy,)
+ (=¥ (as, iy dwgy A -+ Adxg) A d(bj,..j,dxj, N--- Ndxj,)
=bj,. jdag, i Ndxig A Ndxg, Ndxg, A - N dxg,
+ a;y i, dbj, ) ANdxi, Ao Ndag, ANdxg, A Adxg,.
Finally, (1) follows from the property that d2f = 0:
d d d
2 f = d(df) = d( ﬁd@) =2 ﬁdxj Adz; = 0.
1i=1

o0x;
i=1 v

The fact that the definition is independent of coordinate changes follows from the unique-
ness. 0

Just as vectors can pair with covectors, vector fields can pair with differential forms.

Definition 17.2. Let X be a smooth vector field on M, and let w € QF(M). The interior
multiplication of w by X is the form i(X)w whose value at p € M is the interior multiple
i(Xp)wp.

Finally, we show that differential forms are functorial with respect to smooth maps.

Definition 17.3. Let ¢ : M — N be a smooth map. Then define ¢* : A*T;(p)N — AT, M

to be the natural map induced by ©* : T;(p)N = TyM. Letw € QF(M). The pull-back of w
by ¢ is a form ¢*w whose value at p € M 1is the pull-back p*wp.

Proposition 17.3. Let o : M — N be a smooth map. Then
(1) ¢* : Q*(N) = Q*(M) is a ring/algebra homomorphism;
(2) ¢*dw = d(p*w) for any w € Q*(N);
(3) (P*w)p(Xips ooy Xip) = W@(p)(SO*lea oo PxXp).

18. LECTURE 18: LIE DERIVATIVES

Since the (co)tangent spaces at different points are not canonically identified, it is harder
to define derivatives of vector fields or differentials forms. Any such definition will require
a choice of the identification of (co)tangent spaces of nearby points. We now define the
derivatives of tensor fields and differential forms along a vector field called the Lie derivative,
where we identity nearby (co)tangent spaces using the integration flow. (Note that this is
different from the so-called covariant derivatives in Riemannian geometry.)

Definition 18.1. Let X and Y be vector fields on a manifold M and @Y% : U — M be
integration flow of X in a neighbourhood U of p. Then the Lie derivative of the vector field
Y along X is

d _
(ExY)p = 5 ((‘th)*ywp)) li=o-
Let w be a differential form on the manifold M. Then the Lie derivative of the differential

form w along X is
d t \*
(Lxw)p = i ((‘PX) wgotx(p)) |t=0-
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Roughly, the idea in the definition is to use the integration flow ¢ to identity the
(co)tangent spaces at p and ¢k (p), and then compare the (co)tangent vectors at these
points.

The following proposition shows that this is a reasonable definition, since it agrees with
the usual derivative on smooth functions:

Proposition 18.1. Let X be a vector field on M.

(1) Let f be a function on M. Then Lxf = X(f);

(2) LetY be a vector field on M. Then LxY = [X,Y];

(3) Let w be a differential form on M. Then Lxw = di(X)w + i(X)dw;

(4) Let w be a differential form and X, ..., Xy be vector fields on M. Then

k

Lx(w(X1,..., X)) = (Lxw)(X1,..., Xp) + > _w(X1,..., LxXi, ..., Xp).
=1

Remark 18.1. (3) is also called Cartan’s magic formula.

Proof. First, we show that Lx (Y (f)) = (LxY)(f) + Y (Lxf). This is because
(P5)" (Y () —Y(f)
t

Lx(Y(f)) = lim

t—0

= lim
t—0

(X )Y ((95)°f) = (o3 )Y (f)
t

= lim
t—0 t—0 t

=Y(Lxf)+(LxY)(f)

We can conclude that (4) holds in a similar way. Then, using (4), we can conclude that (2)
holds:

(LxY)(f) = Lx(Y(f)) = Y(Lx f) = X(Y(f)) = Y(X(f)) = [X, Y](S).
Finally, we can show that (3) holds by the following local computation:
d

Ly (300 aide) (V) = 320 (Lxa)du(Y) + ai(Lxdes)(Y)
=3 (Xa) (V) + X (Y (1) — i X, Y] ()
=3 (Xa)(Va) — (Va)(Xa) + Y (X (7))
= Z dai(X)da;(Y) — dai(X)da; (V) + d(aidz; (X)) (Y).
Then we can conclude the proof by induction on the degree. (|

Finally, using the above proposition, we can give the following coordinate free formula
for computing the exterior differential:

Proposition 18.2. Let w be a differential form and X1, Xs, ..., Xk11 be vector fields on
M. Then

k+1 . ~
dw(X1, X, ..., Xpy1) = Zi:l (D™ Xw(X1, . Xy Xg1)

—I—ZK],(—l)”jw([Xi,X] X1, Xiy ooy Xy ooy Xi1)-
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Proof. We prove by induction on the degree using Cartan’s formula. For a 1-form w, we
can compute

dw(X,Y) = (i(X)dw)(Y) = (Lxw)(Y) — (di(X)w)(Y)
=Lx(w(Y)) —w(LxY)—dwX))(Y)=Xw) - YwX) —w([X,Y]).
Then we complete the proof by induction. O

Remark 18.2. (1) Under some local coordinate systems (U,x), let X = Zle a;0/0x; and
Y = Z?:l b;0/0x;, the Lie derivative on vector fields can be computed by

d

(2) Under some local coordinate systems (U, x), let X = Zgzl a;0/0x; and w = Z‘ij:l bidz;,
the Lie derivative on 1-forms can be computed by
d

Lxw= Z ( Obi +bj%)d:vi.

a;—
)

T o0x;

ij=1 J g

19. LECTURE 19: DIFFERENTIAL IDEALS

In the previous lecture, we have seen the relationship between the exterior differential
and the Lie bracket. In this lecture, we will review the Frobenius theorem for distributions,
which was stated in terms of Lie brackets of vector fields, and reformulate it in terms of
differntials of forms.

This was one of the original motivations that E. Cartan introduced the calculus of differ-
ential forms, and we will see why the antisymmetry of differntial forms play a crucial role
in the problem.

Definition 19.1. Let & be an l-dimensional smooth distribution on M. A k-form w is said
to annihilate 2 if for each p € M and any vy, ...,vp € Z(p),

wp(v1, ..., v5) = 0.
Define Z(2) = {wo + -+ +wq | wi € QY(M) annihilates P}.

Definition 19.2. A collection wy, ...,w; of 1-forms on M is called independent if they form
an independent set in Ty M for each p € M.

We can show that the annihilator .#(2) is an ideal of the ring Q*(M) and every distri-
bution corresponds to such an ideal and vice versa.

Proposition 19.1. Let Z be an l-dimensional smooth distribution on M.
(1) A(2) is an ideal of Q*(M): for any w € I (Z) andn € U (M), wAn € I(D);
(2) F(2D) is locally generated by d — | independent 1-forms: w € (D) iff for any
p € M, there is a neighbourhood U and 1-forms wi,...,wq—; on U such that w|y is
generated by these 1-forms.

Conversely, let & be an ideal of Q*(M) locally generated by d—1 independent 1-forms, there
exists an l-dimensional smooth distribution 2 on M such that % = 7 ().

Proof. We only prove statement (2). Suppose Z is locally generated by vector fields
X1,...,X; on an open subset U. Then by inverse function theorem, there exist vector
fields Xj11,...,Xg such that Xi,..., X;, Xj41,..., Xy form a basis of tangent spaces at all
points in U. We take the dual 1-forms w1, ...,wy such that

wi(Xj)|o =65, 1<4,5<d.
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For w € Q*(M), we write wly = >, _. i @i.ixwiy A+ Awj. Then if w € F(2), it
must be the case that a;, ;, = 0 whenever there exists i; € {1,...,1}. Conversely, if w|y is
generated by wi,...,w4_, then clearly w € #(2). This proves statement (2). O

In the previous weeks, we have seen that a distribution is integrable if and only if it is
involutive, namely, it is closed under Lie bracket. Using the exterior differential, we are
able to reformulate this condition in a more algebraic way:

Definition 19.3. A subspace .9 C Q*(M) is an ideal if for any w € & and n € Q*(M),
wAne .. Anideal I C QU (M) is a differential ideal if

() c 7.
Theorem 19.2. A smooth distribution 2 on M is involutive if and only if F(2) is a
differential ideal.

Proof. Let 2 be an involutive distribution. Suppose Z is locally generated by vector fields
X1,...,X; on an open set U. Complete the collection of vector fields to X1,...,X;,..., Xy
that form a basis of tangent spaces at all points in U. We take the dual 1-forms wq, ..., wy
such that
w,-(Xj)|U:5ij, 1 SZ,j Sd
Then #(2) is locally generated by the 1-forms wjy1,...,wq. Since for [ +1 < j < d and
1<i,il <1,
dw; (X, Xir) = Xiw;(Xir) — Xpw;(Xi) — w([Xi, Xi]) =0,

we know that dw; annihilates X1,...,X;.

Conversely, take the 1-forms wyi1,...,wq that generate .#(2). For I +1 < j < d, if dw;
annihilates &, then

UJ([Xi, Xz’]) = dwj(Xi, Xi/) — Xiwj(Xi’) + Xi’wj(Xi) =0.
This implies that [X;, X;/] must be a linear combination of X,..., X. Il

Finally, we explain the historical context in which Frobenius’ theorem was developed.
The classical Frobenius’ theorem was a theorem about when a differential

biidxi + - + bigdxy, ... ,berdry + -+ - + begdzy

can be written as a total differential of smooth functions o : U € R¢ — V C R€. Frobenius
proved that there exist smooth functions « that satisfies the equation

60@
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if and only if b;; satisfy the following relation that

Obig  Obiy obig Obiry
— b —" _ b, —0.
Oz, Oz + Z ( I y; ip dyj ) 0

Darboux realized that the following formal expression is in fact invariant under coordinate
changes

Obig  Obyy

(81‘7 B Oxp

Cartan finally developed the language of differential forms and exterior differentials under
which the above differential can now be written as simply

d(bindzy + - + brgdza), ..., d(badry + -+ - + beadra).

)(dxgdaz,y — dxdxg).
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