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1. FEB 24, 2022: INTRODUCTION, 0th AND 1st COHOMOLOGY OF
OPEN SUBSETS OF EUCLIDEAN SPACE (AD-HOC DEFINITIONS)

Consider the n dimensional Euclidean space
R" = {(z1,...,2,) : x; € R, i € [n]},

where [n] == {1,...,n}. Abusing notation x;’s will denote coordinate
values of points but also coordinate functions.
R™ has a metric given by

n 1/2
d(%,7) = (Zm —y»?)

=1

This induces a topology on R™. Let U C R™ be an open subset. Note
that this can be a complicated space.

Today and the next lecture, we will discuss differential 0 and 1 forms
on U and see how these can be used to analyze the topology of U.

FIGURE 1. An example of an open subset of Euclidean space

Before that, some general remarks:

e In this class, we will measure the complexity of the topology of
U (or more generally manifolds) using singular homology and
cohomology. We don’t know anything about these yet. Today
we will give some ad-hoc definitions but the general discussion
will start in the third week.

e There is a widely accepted definition of the singular cohomology
of a topological space, but there are many, drastically different
ways of computing it for smooth manifolds. Our class is about
using differential forms to do this: deRham theory.

e Up to many technical details, you can intuitively think about a
degree k cohomology class 8 on U as a way of associating a real
number (B(Z) to each compact, boundariless, not necessarily
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connected!, oriented submanifold® Z of dimension % such that
the following condition (%) holds.

If Z is the oriented boundary of a (k 4+ 1)—dimensional
submanifold with boundary, then 5(Z) = 0.

Let’s refer to such Z as “k—cycles” - in quotation marks
because we will use this word with a different meaning later
e The main operation that one does with a differential k—form is
to integrate them along k—dimensional oriented submanifolds
and we use this to associate real numbers to “k—cycles”.
e Property (%) will only hold if the differential form is closed.

1.1. Cohomology of U C R". Let my(U) be the set of all connected
components of U.

Definition 1. H°(U,R) is defined as the vector space of all maps from
mo(U) to R. O

Let b € U and m(U,b) be the fundamental group of U with base
point b. Recall that

7 (U, b) = {(S', %) — (U,b) continuous}

~ homotopy preserving the base points’

where S = % and * = [0] € S*.
Here are some properties

e m(U,b) is a group.
e Choosing a continuous path v : [0,1] — U from b to b’ gives rise
to a group isomorphism f, : m(U,b) = m (U, V).

Definition 2. Assuming that U is connected we define H(U,R); as the
vector space of group homomorphisms

7T1(U, b) — R.
U

Exercise 1. Prove that for any b,0' € U, as long as U is connected,
there is a canonical isomorphism H*(U,R), — H'(U,R)y. O

As a consequence of this exercise we can write H'(U, R) without any
ambiguity.

1T write the last two only to stress the point
2submanifold here means a subset that locally looks like a k dimensional Eu-
clidean space
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Ezxample 1. Let U be defined as below.

Then, dim(H*(U,R)) = 3.

O

2. FEB 24, 2022: DEGREE 0 AND 1 DIFFERENTIAL FORMS ON

OPEN SUBSETS OF EUCLIDEAN SPACE, A SPECIAL CASE OF DE
RuAM THEOREM

e A differential 0-form on U is a smooth?® function U — R.
o A differential 0-form f is called closed if g—;: =0,Yi € [n]

Proposition 1. There is a canonical linear isomorphism
HO,(U) = {closed differential 0-form on U} ~ H°(U;R)

» . {closed differential k-form on U}
femark 1. In general Hyp = {exact differential k-form on U} -

e A differential 1-form on U is an expression fidzy + ... + fudz,
where f; : U — R are smooth functions

o A differential 1-form o = ) fidz; is called exact, if for some
i=1
smooth V : U — R,

ov .
fi= axi,Vz € [n].

In this case we write a = dV.
e A differential 1-form is closed if for all i # j € [n],

Ofi _0fi _
a&?j 8@
Lemma 1. If a = ) fidz; is exact, then it is closed.
i=1

Proof. Since it is exact, 3V : U — R, such that f; = gv;, SO
ofi 0*V B 0*V _0f;
Oxj N 0%890, N 61’181‘] N 8%

3note that this is a condition much stronger than differentiable, it means that
all iterated partial derivatives exist. please read the wikipedia page if you are not
familiar.
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O
Ezercise 2. For n = 2 and n = 3 explain what it means for the dif-

ferential 1-form o = > fidx; to be closed in terms of the vector field
i=1

n
F=3 fia%i using terms from your calculus classes. Recall Green’s
i=1

and Stokes theorems. 0
Theorem 1. Assuming that U is connected, there exists a linear iso-
morphism,
losed differential 1-forms on U}
o, i ~ HY(U;R
(1) R Lezact differential 1-forms on U} (U3R)
Proof sketch. First we want to define a linear map

/ : {closed 1-forms} — {m;(U,b) - R group homomorphisms}

Recall: X C R™ arbitrary subset. A map g : X — R™ is called
smooth if it extends to a smooth map N(X) — R™ where N(X) is an
open neighbourhood of X.

Fact:

e Any class in m(U,b) can be represented by a smooth map
(St %) — (U,b).
e Any two smooth maps S* — U that are homotopic continuously

are homotopic smoothly.
n

Recall: Given o = )’ fidz; and a smooth path v : [0,1] — U, we
i=1

can define the line integral fv a = fol F-+'dt, where F =% fiﬁ.
i=1 ‘

e The map [ is independent of the parametrization of v, meaning,
if ¢ : [0,1] — [0, 1] is a smooth bijective map with ¢’ # 0, then
f7 o= fvo ,» @ So line integral only depends on the image of 7.

Back to the map [: we send a given a € {closed 1-forms} to the map
[ a:m(U,b) — R defined by

ou—>/oz,
v

where 4 is an arbitrary smooth representative of a. In the exercise
below you will show that this is well defined. Assuming that for now,
it is easy to see that f « is a group homomorphism?, so an element of
HY(U;R), and the resulting [ is a linear map.

4 forgot to say this in class, so please check it for yourself!
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Exercz'se 3. Show that the map [ is well defined by proving if o =
Z fidx; is closed and ~,7 : S' — U are smooth maps that are

smoothly homotopic, then f a = f «. (Hint: Start by analyzing

n = 2,3 and where the smooth homotopy Sl x [0,1] — U is injective,
then reduce the statement to Green’s theorem. Additionally, you may
want to check proof of Stokes theorem.)

U

FIGURE 2. An example of an injective smooth homo-
topy’s image for n = 2.

Goals:
(1) Prove that [ sends an exact differential 1-form to zero. We

obtain a linear map [ : Hjo(U,R) — H'(U,R).
(2) Prove that 7 is injective. (”Construct a potential”)
(3) Prove that 7 is surjective.
We start with 1). Let us integrate a = df along a smooth loop .

/a—/w Dt ™I f(b) - () = 0.

Denote the resulting map by
7 _ Closed differential 1-forms
Exact differential 1-forms

For 2), we need to show that if [ a =0 forall ~:(S'*) = (U,b),
then a = df for some f: U — R.

H'(U,R).

FExercise 4. Do this! This is the same task as constructing a potential
(recall work integrals, conservative fields etc.) for the corresponding
vector field. O

Let us make a simplifying assumption on U to not deal with orthog-
onal difficulties in 3). Assume there exists 71, Y2, .., 7n € m1 (U, b) that
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freely generates the abelianization of 7y (U, b). This implies that giving
a group homomorphism 71(U,b) — R is equivalent to assigning real
numbers to each of v;,7s, .., 7, (arbitrarily).

FIGURE 3

Now we need to create a differential 1-form that integrates to any
ai, as, ..,a, € R along v1,7,..,7,. This is still quite difficult. That
will follow from DeRham Theorem, which will be the highlight of our
course.

Remark 2. Once we give the general definition of singular cohomology,
I will assign a homework exercise which shows that it agrees with what
we defined today in degrees 0 and 1. The analogous statement will be
automatic for DeRham cohomology. U

Ezercise 5. Finish the proof of surjectivity in the case
U = R? — finitely many points.
(Hint:Start with R? — (0, 0) and use the closed differential 1-form a =

_ydzx zdy
332+y2 12+y2 ) |:|

3. MARCH 03, 2022: MANIFOLDS, CHARTS, SMOOTH ATLASES

Riemann was looking for a class of spaces which exist by themselves,
(for example, they don’t have to be embedded in an Euclidean space
R™) with the following properties®. Let X be such a space:

e X admits local coordinates. This means that the points z
sufficiently near any xy € X are determined uniquely by the
values of a set of real valued coordinates x1, o, -« , Tp:

x=(T1,...,Tp).

This is sometimes called a generalized coordinate system in
physics. There could be many such generalized coordinate sys-
tems near a given point. It is important that often generalized
coordinates do not extend to the entirety of X.

Sparticularly vague phrases are underlined
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FIGURE 4

e One can use techniques of calculus. This means, in particu-
lar, that there should be a large class of C*/C?/--./ smooth
functions X — R. If two generalized coordinate systems are re-
lated to each other by a non-differentiable transformation, then
a function X — R that is differentiable with respect to one may
not be differentiable with respect to the other.

Definition 3. A topological space X is called a topological manifold
if for every x € X, there exists a nonnegative integer n, > 0, an
open subset U C R™, an open neighbourhood V' C X of z and a
homeomorphism ¢ : V' — U (See Figure 4). O

Remark 3. Note that being a topological manifold is a property. Usu-
ally in this definition one also assumes that X is Hausdorff and, less
often but still quite often, second countable. We will focus on the core
part of the definition today. Later on we will start assuming these two
properties when they are needed. O

Definition 4. Let X be a topological space. Let uscallU C R", V C X
open and ¢ : V — U homeomorphism a coordinate chart in X. V is

called the domain of the chart and the functions x4, --- ,z, obtained
by z; : V — U Z% R the coordinates of the chart. 0

Fact (A consequence of Invariance of Domain)
If an open subset of R" is homeomorphic to an open subset of R™, then
m = n.

Exercise 6. Using the fact above, prove that n, in the definition is
uniquely determined. Also, prove that X — Zs,z — n, is constant
on connected components of X. O

Definition 5. It n, = nforall z € X, then we say that X is n—dimensional.
We write this briefly by X™. 0
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F1GURE 5. Non-Examples of Manifolds

From now on, when we say X is a topological manifold, we assume
that there is such an n > 0.

Example 2. Topological Manifolds
o R”
o 5" {af+-- 422, =1} CR"L

4

To see that S™ is a topological manifold, we can use the stereographic
projection. Let us consider a point yy € S™, and let Hy be the hyper-
plane that is tangent to the point opposite to yo € S™ (we call this point
—yo). For every, y € S™\ {yo} the straight line [, passing through y
and g, intersects Hy at precisely one point.

Syt S"\{yo} — Ho = R"
Yy — ly N HO
Note that Hy =Parallel hyperplane passing through the origin= R".
The second homeomorphism can be obtained by choosing a basis.

Proposition 2. S, is a homeomorphism.

Proof. (sketch)
n = 0 case is given in the figure. In this case the map is identity.

FEzxercise 7. Do the n = 1 case. O

We can deduce the n > 1 case by using rotational symmetry around
the line that contains the diameter (passing through yo that is perpen-
dicular to Hy). The stereographic projection in dimension n is given by
spinning around [, the stereographic projection in dimension n—1. [J
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FIGURE 6. Stereographic Projection

I
\J

~l +|

FIGURE 7. n = 0 case

Remark 4. Stereographic projection
e Preserves angles.
e It preserves circles (n = 2).
e But, it distorts distances.

U
Exercise 8. Prove that {z? — y®> = 1} C C? is a topological manifold.
(Hint: Use projections to x and y.) O

Definition 6. Let X be a topological space, and ¢, : Vi — U; and ¢, :
Vy — Uy be coordinate charts. Then, the map ¢y 0¢; " : ¢1(ViNV,) —
¢2(V1 N V5) is called the transition map form the chart ¢; to the chart
¢o. Note that transition maps are automatically homeomorphisms. []

Definition 7. A smooth atlas on a topological space X is a collection
of charts {¢; : V; — U, }ies such that

1) UiEI Vi=X
2) The transition map from any chart in the collection to any other in
the collection is smooth. U

Remark 5. Atlas means a book of maps, i.e. images of charts ¢ : V —
U C R? on the manifold that is the surface of the earth. It is likely
that some of these maps are drawn using stereographic projection. [J
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FIGURE 8. Transition map between charts

Ezxercise 9. Using latitude and longitude, define a chart on S? with
domain S?\ 0" —meridian and prove that it has smooth transition maps
to all stereographic projections. You can assume that stereographic
projection charts form a smooth atlas. O

4. MARCH 07, 2022: DEFINITION OF SINGULAR HOMOLOGY

Convention: Unless otherwise stated, all of our vector spaces and
chain complexes (to be defined) are over R.

Definition 8. A graded vector space V, is a collection of vector spaces
{Vi}icz indexed by Z. V, is non-negatively graded if V; = 0 for i < 0.5
O

Definition 9. A chain complex (Cj,0,) is a graded vector space C,
with a collection of linear maps 0, : C, — C,_1, n € 7Z, such that
Op 0 Opr1 = 0 for all n € Z. We call 9,’s boundary maps. O

o_ O o} 19}
...%0724—10714—000%101#02(—...

Definition 10. The homology of a chain complex (C,,d;) is a graded
vector space H,(C,,0,) defined by

_ Ker(d,: Gy, = Cp1)
Hn ((C*’ a*)) o Im(@nH : Cn+1 — Cn)

O

It immediately follows from 0; o 9;11 = 0 that Im(0;41) C Ker(9;).
There is a slight variant of the last two definitions.

6V =0 stands for the trivial vector space with 0 as the only element, V = {0}.
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Definition 11. C* graded vector space with d, : C* — C™"*! cobound-
ary maps such that d,od,_; = 0. (C*,d,) is called a co-chain complex.

Ker(d,)
H"((C*",dy)) = ———=
(C".d)) = g™
is called cohomology. U
oo oy oo o By,
Now we move on to define the singular chain complex C,(X;R) of a

topological manifold X.

Definition 12. The n-dimensional simplex A™ for n > 0 is defined as

n x; 2 0, VZ:O’7TL
A ::{(;po,...,l‘n> xo—{—"“xn:l }

T
FI1GURE 9. 0-dimensional simplex.

K

F1GURE 10. 1-dimensional simplex.

For each subset S C {0,1,...,n}, we can define a subset (a face) by

Fg = {(Ioa...,l‘n) =0, i iE{O,._,7n}\S}

(g, ..., xy) €A™

As an example, Fy;, @ = 0,...,n correspond to vertices.

FEzercise 10. e Prove that the dimension of Fj is |S|— 1. Explain
what you mean by dimension.
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i "

FIGURE 11. 2-dimensional simplex.

©,9,01)

@/0/‘/0)

(l/o,alo) (.0/‘)OJ0)
F1GURE 12. 3-dimensional simplex.

e Prove that FS'1 N F52 = FSlﬂSQ-

l

Definition 13. For each n > 1 and 0 < ¢ < n we define the face map
fim s A1 — A" with (2, ..., 2, 1) = (Yo, ..., Yn) Where

M 7 <1
yj:{()? ]:Z

Tj—1 , J>1

e This simply adds a zero to the (i + 1)th slot.
e The image of f;, is Fio .\ (i}

We need one last notion before we define the singular chain complex.

Definition 14. Given any set A, we define the vector space generated
by A as the vector space of all finite formal linear combinations of the
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elements of A.

{ Z Cq - a’ca € R and ¢, # 0 for finitely many elements}.

a€A

O

Exercise 11. Construct a natural linear map from the vector space
generated by A to the vector space of all maps A — R. Prove that this
map is an isomorphism if and only if A is finite. Bonus: analyze when
these two vector spaces are isomorphic - by an arbitrary map. 0

Consider the subspace topology on simplices.

4.1. Singular Homology of a Topological Space. Let X be a topo-
logical space. For n > 0, C,,(X;R) is defined to be the vector space
generated by the set of all continuous maps A™ — X. The elements of
Cn(X;R) are called singular chains of degree n. We set C,,(X;R) =0
for all n < 0. So C.(X;R) is a non-negatively graded vector space.
Now we will equip it with boundary maps and turn it into a chain
complex. Let n > 1. For any continuous g : A" — X we define

n

Ong = Z(_l)ig o fin € Cna(X;R)

1=0

where go fi, : A" Jing A 9y X We then extend to all singular
chains so that map is linear and we get

On : Ch(X5R) — Cpy (X5 R) forn >1
and 9, = 0 for n < 1.
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Example 3. As an example, consider the following figure

K £
P

FIcurE 13. Example

Now we look at the boundary maps dsf of f.

FIGURE 14. Boundary maps of the example above.
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Proposition 3. 0,,_1 00, =0

Proof. For n < 2 it is obvious. For n > 2 it suffices to show that for
g : A" — X we should have 9,,_1(9,(g)) = 0.

00100(9) = Oha (-1 i) = (-1 00-s(90 f)

i=0
n n—1
= (_1)Z< (_1)jg S fi,n o fj,nl) = Z(_l)iJrjg % fi,n o fj,nfl
i=0 j=0 ,J
Where fip 0 fjn1: A2 5 AL
U

Ezercise 12. Finish the proof of this proposition. If you were not able
to follow in class, first do it for n = 2 using the pictures above - no
need to write this, just to get yourself oriented. O

Definition 15. We define the singular homology of X as the homology
of its singular chain complex

Ho(X;R) == H,(C.(X;R),0,) .

O
5. MARCH 10, 2022: CONSTRUCTING SINGULAR CYCLES,
HoMOLOGY OF A POINT, STAR SHAPED OPEN SUBSETS OF
EUCLIDEAN SPACE
Definition 16. Let us call the elements of
Zn(X5R) = ker(0, : Ch(X;R) — Ch1(X;R))
the singular n-cycles and the elements of
Bn(X;R) = im(0py1 : Cry1 (X5 R) — CL(X;R))
the singular n-boundaries. U

In this class, often we will omit the adjective singular from these
phrases for brevity. Then, by definition
Zn(X;R)
Bn(X;R)

n-cycles

H,(X;R) =

n-boundaries
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5.1. Singular n-cycles From Geometric n-cycles - Slightly In-
formal Discussion. Let X be a topological manifold. Let us define
a geometric n-cycle to be the image of a continuous map f: Y" — X
where Y is a compact oriented (We will define precisely for smooth
manifolds later) topological manifold.

I want to briefly explain how a geometric n-cycle gives rise to an n-
cycle on X. Oriented compact submanifolds are examples of geometric
n-cycles.

Under some mild conditions (for example if it is Hausdorff and admits
a smooth structure), Y admits a triangulation. This, in particular,
means we can find

N
Y = U A;  with homeomorphisms  ¢; : A" — A;
j=1

such that the intersections A; N A; for ¢ # j are either empty or equal
to the images of equi-dimensional faces under both ¢; and ¢;.

The idea then is to add up all fo¢; : A" — X and get an n-cycle
seeing how the boundaries seem to cancel each other.

The issue is that we do not actually know, it depends on whether
the signs work out.

We could also add £ f o ¢; of course. Note that we can modify ¢;
also by homeomorphism, A” — A™ which permute the coordinates of
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cancel-
latian, 2

ND

YES

R

R™*1. If the result is qgj and the permutation 71

On(f o (%) = Z(—l)’f o g%; o face; ,,

1=0
m(l) =i = (—1)"Vf 0 §; o face.
=0
= (—1)"O(1) f 0 ¢ o facey,
=0

The interesting result is that whether one can modify ¢;’s using these
so that 8n(zi]il +¢;) = 0 is a condition that depends only on Y and
is called orientability”.

If this is true, then we obtain at least two m-cycles in Y, we can
multiply everything by —1. Actually orienting Y, we would pick out
one of them.

Ezercise 13. Consider S' C R2.  Construct a nonzero 1-cycle in R?
corresponding to this geometric 1-cycle. Prove that it is actually a
1-boundary directly. O

5.2. Some Computations. Let X be a point. What is H,(X;R) ?
For every n > 0, there exists exactly one continuous map A" =% X.
Therefore,

Co(X:R) =R c,.

"The first step is to choose a total order on the vertices of the triangulation.
Then orientability guarantees that the signs can be chosen to achieve the necessary
cancellations.
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How about the boundary map?

n

Oncn =Y (—1)icas

1=0

{Cn—l n is even

0 n is odd
The singular chain complex looks like
0 0«RERERERE
= Ho(X;R) =R and H,(X;R) =0, n#0.

Let us now consider U C R™ open and star-shaped, that is, there
exists an x¢ € U such that the line segment xy and y lies inside U for
all y e U.

We claim that H.(U;R) = H,(point; R). The idea is that for a given
f: A" = U, we can define a Py : A"t — U as: follows
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Fzercise 14. Write down an explicit formula for Py in terms of f.
Extending f ~— Py linearly, define a linear map P : C,(X;R) —
Cri1(X;R). For n > 0, 0 € C,,(X;R), prove that

3n+1P0 = —P(ana) + .
For n =0, 0 € Cy(X;R), what is 0, Po ? O

If o € Z,(U;R) and n > 0, then 9,41Po = o. This implies o €
B, (U;R) and hence H,(U;R) =0 for n # 0.

FEzercise 15. Let Y be a topological space. Prove that Hy(Y;R) is
isomorphic to the vector space generated by the set of connected com-
ponents of Y. O

6. MARCH 14, 2022: INDUCED MAPS ON HOMOLOGY,
HOMEOMORPHISM INVARIANCE, HOMOTOPY INVARIANCE OF
INDUCED MAPS

Definition 17. Let (C,,8,) and (C,, . ) be chain complexes. A chain

map is a collection of linear maps C, <% C,, Vn € Z such that each
square in the diagram

c—— Oy <

is commutative, i.e.

fne100, = 5nofn, Vn € Z.

O

Given a chain map f, : Co — C, we canonically obtain a linear map
of graded vector spaces

H(f): H,(C) — H,(C).

Remark 6. Let us make a notational clarification. For any chain com-
plex (C 0) we define
Zn(C) = ker(0,) - n-cycles

B,(C) :=1m(0,41) - n-boundaries
Hy(C) = ZnlC /B ©
When C, = C,(X;R) then we may add the adjective "singular”. O
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Definition 18. If two n-cycles in a chain complex differ by an n-boundary
(that is they define the same class in homology), we say that these two
cycles are homologous. U

Back to constructing H,,(C') — H,(C).
(1) If 0 € Z,(C), then f(0) € Z,(C) :
f(90) = 0f(0) = 9f(0) =0_
(2) If 0 € B,(C), then f(o) € B,(C) :
0=0y = [(o)=[(07)=9f(~)
—> We obtain the map shown in dashes below.

Bo(C) ——————— Zy(C) ——— Z,(C) —— Z”@/Bn(é>

Zn(C)/Bn ©) ’

We can compose chain maps as in the following exercise.

FErercise 16. Prove thz}t if f:C, — C'* and ¢ : C'* — C:’* are chain
maps, then & : C, — C, defined by h, = g, o f, is a chain map. For
such f, g, h prove that H(h) = H(g) o H(f). O

Definition 19. Let ¢ : X — Y be continuous. Then for every continu-
ous map p : A" — X, we obtain the continuous map pop: A" —» Y.
Linearly extending we obtain a map (¢.), : Co(X;R) — C,(Y;R).
These form a chain map

o Cl(X5R) — CL (V5 R).

Exercise 17. Prove that ¢, is indeed a chain map. O

We also obtain
Heo, : H(X;R) —» H.(Y;R).

Exercise 18. For continuous maps ¢ : X — Y and ¢ : Y — Z, prove
that p. 0 @, = (¢ o @).. O
Corollary 1. Hp, 0o Hp, = H(p 0 @).. O

Since (id), is the identity map, we immediately obtain that if ¢ :
X — Y is a homeomorphism then Hep, : H.(X;R) - H.(Y;R) is a
linear isomorphism.

Hence singular homology can distinguish non-homeomorphic topo-
logical spaces (it does not have to!) Actually singular homology is in
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general only sensitive to the homotopy equivalence class. Let’s explain
this.
Recall: of g: X Y are called homotopic if there exists a con-
tinuous
F: X x[0,1] =Y s.t.

Floy=f& Flgy =9
e A continuous f : X — Y is called a homotopy equivalence if
dg : Y — X such that fog and g o f are homotopic to identity maps
(of Y and X).

Ezercise 19. Let U C R”™ be star shaped with respect to zy. Prove the
map pt. — U with image x( is a homotopy equivalence. 0

Theorem 2. If f & g: X — Y are homotopic, then H f, = Hg..

I don’t want to spend time proving this homotopy invariance theo-
rem, but it is quite important and the proof is not too difficult. If you
want we can discuss during office hours. You are responsible from the
statement, not the proof. The key idea in the proof is essentially the
one that we used on proving H,(star shaped) = H,(pt.).

The corollary below can be proved using the same logic that showed
that homeomorphisms induce isomorphisms on homology but this time
using Theorem 2.

Corollary 2. If f : X — Y s a homotopy equivalence, then Hf :
H.(X;R) = H.(Y;R) is an isomorphism. O

Exercise 20. Prove this corollary assuming Theorem 2. U
7. MARCH 17, 2022: MAYER-VIETORIS PROPERTY, SPECIAL

PROPERTIES OF SINGULAR HOMOLOGY FOR MANIFOLDS,
SINGULAR COHOMOLOGY

Definition 20. An exact sequence is a sequence of vector spaces V,,,
n € Z and maps V,, LN Vno1 such that Vn € Z  ker(f,) = im(fni1)

V-1 < In Vi < fnt1 Va1 <fn—+2 Vita
ker = Im

O

Remark 7. This is the same data as chain complex with 0-Homology.
OJ
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Exercise 21. Let V,, be an exact sequence. Assume that > dim V], < oco.
Show that ) dimV, =), qqdim V. O

n even

Theorem 3 (Mayer-Vietoris Theorem). Let X be a topological space
and U,V C X open subsets.
There are canonical maps

H, . (UUV) 5 H(UNV)

called connecting maps that makes the following

777777777777777 > n+2<UU ‘{)

(ST S

T Hyn(UNV) —— Hy o (U) @ Hoy (V) —— Ho(UUV)

an exact sequence, where i, and j, are the natural maps given by

in: Hy(UNV) = Hy(U) & H, (V)

a —> ('i*UﬂVCUa, Z'i]ﬂVCVa)

and

Jn: Hy(U)® H, (V) — H,(UUYV)
(a,b) s JUCUWY g — YUy,
We will discuss the proof of Mayer-Vietoris theorem later when we
state it for DeRham Theory.

7.1. Applications.

Example 4. Let Y, Z be topological spaces. Consider their direct sum
8 X =Y UZ. Since YNZ = (0, by Mayer-Vietoris’ Theorem, we
have H,(X) ~ H,(Y) & H,(Z). This also follows from the fact that
Co(X)=C(Y)® Cu(Z). O

Ezample 5. Computing H,(S') Now for a more serious application.
Consider the two intervals U € S and V c S*.

8The disjoint union of Y and Z, equipped with the topology consisting of open
sets of the form U UV where U C Y and V C Z are open.
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Both are homeomorphic to an open interval (0,1) C R, which is
contractible. Hence H.(U) = H,(V) = H,((0,1)) = H.(pt). And
U NV is homeomorphic to a disjoint union of two open intervals. So
H.(UNV)~ H,(R)® H.(R) = H,(pt)® H.(pt). Since S is connected,
we have Hy(S') = R. Plugging all this data into the Mayer-Vietoris se-
quence we get

e - O@O’/H'Q@>
=080—— 080 Hi(SY)

/

C1

<ﬁ&ﬁ€;:£éR—m+%@U:R
/

Co

Simply by observing the diagram and counting dimensions we get
H;(S') =0 for i > 1 and H;(S') & R. The only non-canonical isomor-
phism we have here is H;(S') = R. To understand this isomorphism
better we have to inspect this sequence further.

Since kerc; = 0, we may identify H,(S') = imc; = kerig. Let’s
introduce some notation to communicate better, denote by Wi LI Wy =
UNV where W; are the two disjoint intervals. Let p; : A® — W, be any
specific map. It’s clear that each element of Hy(U NV') is represented
uniquely by a cycle of the form ap; +bps, where a,b € R. Also, we have
VU py = UNVelp, € Hy(U) and WV p =V, € Hy(V),
so keriy = {ap; — apy € Hy(U NV)}. There are two natural bases for
this space: p; — py and py — p;. These two choices give us two choices
of isomorphisms H;(S') = R and correspond to the two choices of
orientation we have on S!

U
Ezercise 22. Compute H,(S™ R). O

Example 6. Sketch for H,(S?)
Consider the following open sets U,V C S2.

Since U,V = R?, we have H,(U) = H,(V) = H,(R?) = H,(pt).
Notice that the circular belt U NV can be retracted onto the equator
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2
S .U V
of the sphere, which is homeomorphic to S*. Since this is a homotopy

equivalence, by Theorem 2 we have H,(UNV) = H,(S'). Plugging all
we know into the Mayer-Vietoris sequence

0—0d®0— H(S?
m))
m
— (5%)

ROR — Hy(S?

I

I

I

I

0
R
0
R

we get that H;(S?) =0 for i < 2, H;(5%) = 0 and Hy(S?) = Hy(S5?) =
R. U

7.2. Singular Homology Of Manifolds. From now on, we’ll assume
that our manifolds are Hausdorff. When we write manifold we will
mean a topological manifold below.

Remark 8. We needed this condition for the existence of a triangulation
as well. U

Later when we go back to smooth manifolds we’ll add another con-
dition, being second countable.

Ezercise 23. Find a non-Hausdorff manifold which can be equipped
with a smooth atlas. U

Theorem 4. Let M be an n-dimensional manifold, then H;(M;R) = 0
fori>n.

Hence the singular homology of M can only live in degrees i =
0,1,...,n.

If we assume that M is also connected, then Hy(M;R) = R This
isomorphism is canonical, where we identify any map from a point to
M with 1 € R. It turns out that we know quite a bit about the top
degree as well
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Theorem 5. Let M be an n-dimensional manifold. Then

R of M is compact and orientable

0 otherwise.

Ho(M;R) = {

Here the isomorphism with R depends on our choice of orientation.

Theorem 6 (Poincaré Duality). Let M be a compact, oriented® n-
dimensional manifold. Then we have the canonical isomorphisms

H,_(M;R) = (Hy(M;R))"
forallk € 7Z.

Ezercise 24. Recall that the linear dual V'V of a vector space V is the
vector space of linear maps V' — R. Prove the following: VY = V if
and only if dim V' < oco. The only if part is optional, similar to Exercise
11 O

Ezercise 25. Let f : V. — W be a linear map. Define f¥ : WY — VV
by fYa = ao f. Show that fV is a linear map. Describe kerfY and
imfV in terms of kerf and imf.

Let g : W — P be another linear map, show that (go f)¥ = f¥Yog¥. O

7.3. Singular Cohomology.

Definition 21. Let X be a topological space. The singular cochain
complex C*(X;R) is defined by

C™(X;R) = (Cu(X;R))"
and the coboundary maps 6, = d,/,, are given by
6 C"(X;R) — C"MH(X;R)
o0y .

The cohomology of this complex is called the singular cohomology of
X. We denote it by

H*(X;R) = H*(C*(X:R)).

O
Exercise 26. Prove that the above defined graded vector space is indeed
a cochain complex, viz 6,41 06, = 0. U
Ezercise 27. Prove that H"(X;R) = (H,(X; ]R))V. Hint: Start by
constructing a map. U

9That is, we have chosen a specific orientation and so we are equipped with an
isomorphism H,(M;R) = R.
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Ezercise 28. Deduce a Mayer-Vietoris sequence for singular cohomol-
ogy from the Mayer-Vietoris sequence for singular homology. Be care-
ful! O

8. MARCH 21, 2022: SMOOTH MANIFOLDS, SMOOTH MAPS,
GLUING

Recall that for a topological space X, we call U C R", an open subset
V' C X and a homeomorphism ¢ : V' — U a (coordinate) chart.

Definition 22. With the same notation, V' is called the domain of the

chart and the functions z, ..., z, defined by z; : V5 U X% R are
called the cooordinates of the chart. Here pr; is the projection from
U C R to the i*" Euclidean coordinate. U

Definition 23. Let ¢, : V) — Uy and pq : Vo — Us be two charts of the
topological space X. The map @ 0 ;' = 1 (Vi NVa) — o (V1 N V3)
is called the transition map from the chart ¢; to the chart (s.

The charts ¢; and s are called smoothly compatible if the transition
maps 3 0 o)+ and o1 0 @, are both smooth. U

FIGURE 15. Transition map between charts.

Also recall that a smooth atlas on a topological space X is a collection
of charts ¢; : V; — U,|iesr (of the same dimension) such that
o Ui Vi=X
e For any ¢,j € I, p; and ¢; are smoothly compatible.
Warning: There is no such thing as a smooth chart unless we have a
smooth atlas.

Definition 24. We call a smooth atlas A maximal if any chart that is
smoothly compatible with A is already in A. O
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Ezercise 29. Prove that every smooth atlas is contained in a unique
maximal smooth atlas. U

Definition 25. A smooth manifold is a second countable and Hausdorff
topological space equipped with a maximal smooth atlas. O

Warning: A maximal smooth atlas is still extra data. We will call
it the smooth structure. Let us also call the charts that are in the
maximal smooth atlas the smooth charts.

Ezercise. Prove that every open subset of R" is second countable.

8.1. Examples of Smooth Manifolds.

o R"

e S" C Rn—i—l

o {22+ y¥=1} CC?

e Gr(2,4) = {2 dimensional linear subspaces of R}

What we really mean here is that these have natural topologies which

are second countable and Hausdorff and they are equipped with a stan-
dard smooth structure.

Exercise 30. Describe each of these topologies and smooth structures.
As long as you are correct, you don’t need to prove anything. O

e Open subsets of smooth manifolds
e Products of smooth manifolds

Ezercise 31. Explain what these mean precisely and actually prove
what you wrote. U

8.2. Smooth Maps. Recall that for an open subset U C R", a map
U — R being smooth means the existence of all iterated partial deriva-
tives; and U — V C R™ being smooth means that each component is
smooth.

Definition 26. Let X be a smooth manifold. We call a function f :
X — R smooth if for every smooth chart ¢ : V — U, fop !:U =R
is smooth. U

Exercise 32. Prove that it suffices to check the smoothness of f on an
atlas contained in the maximal smooth atlas. 0

Definition 27. Let X,Y be smooth manifolds and f : X — Y be
continuous. We say that f is smooth if for every smooth chart ¢y :
Vx — Ux in X and Yy : V3 — Uy such that f(Vx) C Vy, g0yofogp)_(1 :
Ux — Uy is smooth. O
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8.3. Gluing. Let {X, }aer be a collection of topological spaces indexed
by a set I. If we are given open subsets X,3 C X, for every a # g € I,
and homeomorphisms ¢,5 : Xop — X, and the following conditions
are satisfied, then we call this a gluing data and in particular, ¢,z
gluing maps:
o For every a, B € I, pap 0 o = id.
e For every «a, (3,7, pairwise distinct,
Pas (Xap N Xay) C Xga N Xy
e (Cocycle condition)
P8y © Pap = Pay 0N Xag N Xay.
Under these assumptions, we can define an equivalence relation on
X = UperXq by a = bif a € X,,b € X3 such that a # S and
wap(a) = b. We equip X with its natural topology, that is, the quotient
of the disjoint union topology.

Proposition 4. Assume that each X, is a smooth manifold, each v,z
is smooth (as in Definition 27) and X is second countable and Haus-
dorff. Then, there exists a unique smooth structure on X such that the
induced smooth structure on the open subset X, C X is the given one.

Ezercise. Prove this proposition.
Remark 9. I countable = X is second countable. O

FExercise. Prove that every smooth manifold can be obtained by gluing
open subsets of R"™.

9. MARCH 24, 2022: DIFFEOMORPHISMS, TANGENT BUNDLE OF A
MANIFOLD, DIFFERENTIAL OF A SMOOTH MAP

Definition 28. Let X and Y be smooth manifolds, and f : X — Y be a
bijective smooth map. If the inverse map is also smooth, then we call
f a diffeomorphism. We also say that X and Y are diffeomorphic. [

Exercise. Let X be Hausdorff and second countable topological space.Let
S and S5 be two maximal smooth atlases. Prove that the identity map
X — X is a diffeomorphism if and only if S; = S5.

Exercise 33. Consider the real line R as a topological space. Equip it
with (7) its ”standard” smooth structure. (i) smooth structure that
admits a chart (U, ¢) with U = R and ¢(x) = x3. Prove that (i) and

(77) are not the same smooth structure, but they are diffeomorphic. O

We have talked about the differentiability of maps between smooth
manifolds but we didn’t take any actual derivatives yet. Note that
the partial derivatives of a function as we learned in calculus courses
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depend on the coordinates that we are given and we do not have such
preferred coordinates in a general smooth manifold. We have to develop
the notion of tangent bundle to get a head start. Then we will define
the differential of a smooth map.

First, we need to deal with the case of open subsets of Euclidean
spaces. If you remember your multivariable calculus class well, this is
at best a reformulation of what you already know.

Let U C R®” and V C R™ be open subsets, and f : U — V be
a smooth map. Then the Jacobian matrix of f at a point p is the
following matrix.

0 0
L) L)

Jacy(f) = : .
a(p) 5 (p)
We define the tangent bundle of an open set U C R" as
TU =U x R",

which is an open subset of R?". It is very important to be able to
visualize points of TU as a point p in U and a vector at p effectively,
see Figure 19.

We define the differential

df : TU =TV
of f:U — V (as above) by formula

df (p,v) = (f(p), Jacy(f)v)

Ezercise. Prove that if we have open subsets U C R" , V C R™ and
W C R* and smooth maps f : U — V, g : V — W, we have the
following reinterpretation of the chain rule.

d(go f) =dgodf
You can use the multivariable calculus chain rule without proof.

Now we introduce the tangent bundle of an arbitrary smooth mani-

fold.

Remark 10. If X C R" is a submanifold (will be defined next lecture
but you can imagine S C R""!)  its tangent bundle is the union of
tangent spaces at all points of X. See Figure 17. This is where the name
"tangent bundle” comes from. The description uses the embedding,
which we do not want for a definition. U
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FIGURE 16. A point (p,v) of TU = U x R" can be
thought of the vector v at p.

FIGURE 17

Definition 29. Let M be a smooth manifold with maximal atlas {¢p, :
Voo = Ua tacr- Define Uyg = 0o (Va N V3).
We define T'M by gluing T'U,, along TU,s C TU, using

d(pso @t : TUys — TUg,
as gluing maps. 0
Exercise. Check that this is a valid gluing data.

We also define a smooth map 7 : TM — M by sending (p,v) € TU,
to o' (p)-

Exercise 34. Prove that m is well-defined. Prove that Vp € M, 7~(p)
is canonically a dimM dimensional vector space. U

Proposition 5. Let f : X — Y be a smooth map between smooth
manifolds. Then, there is a canonical smooth map

df . TX - TY
with the following proprieties:
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(1) For any ¢x : Vx — Ux and py : Vy — Uy coordinate charts
such that f(Vx) C Vi, the diagram

TUX _— TUY

| |

T - 1y |

commutes. Here
e The top map is d(py o f o py') which was already defined.
o The vertical maps are the canonical inclusions coming from
the gluing construction.
Clearly, if satisfied, this property determines df uniquely.
(2) The diagram

TX — TY
e
X —Y.

commutes. For allx € X, the induced map 7y (v) — 7y (f(x))

1s linear.
(3) If g : Y — Z is another smooth map, then dg o df = d(go f).

FEzercise 35. Prove part (1) of this theorem. O
Ezercise. Prove the remaining parts of this theorem.
Hint: To prove part (1), construct the map df by gluing the maps
TU, — TUg

with f(V,) C V3. You need to check that these are compatible with
each other. If you can do this one, the other two will be easy.

Remark 11. The map df contains the information of first order deriva-
tives of f. O
Definition 30. X™ smooth manifold

e TX 5 X is called the tangent bundle of X.
e For x € X, the n dimensional real vector space 7~ !(z) is called
the tangent space of x and is defined by 7, .X.

Let Y be a smooth manifold and f : X — Y smooth map

e The map df : TX — TY is called the differential of f : X — Y.
e We obtain linear maps called df, : T, X — Ty,)Y forall x € X.

O
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10. MARCH 29, 2022: SUBMANIFOLDS, REGULAR VALUE
THEOREM

Definition 31. A subset Z of a smooth manifold X™ is called a sub-
manifold of dimension k > 0 if for every z € Z, there exists a smooth
chart ¢ : V' — U of X such that

o(VNZ)=UnRFx{0}) cR" x R"* =R".

FIGURE 18

Ezercise. Prove that a submanifold Z C X with its subspace topol-
ogy can be equipped with a natural smooth structure such that the
inclusion map Z — X is smooth.
There are two main ways of obtaining submanifolds:
(1) As solutions of smooth equations, i.e. preimages of points in

2
the domain of maps such as X > R

AN

Y
(2) As subsets parametrized by other manifolds, e.g. S* — X.

Let’s start with (1). Consider a smooth map f: X — Y. We call
y € Y a reqular value if for every x € X such that f(z) = y, the linear
map df, : T, X — T,Y is surjective.

Theorem 7 ( Regular Value Theorem ). Let f : X — Y be a smooth
map. If y € Y is a reqular value, then f~'(y) — X is a submanifold.
Moreover, there are canonical isomorphisms

Tmfil(y) = ker(df.),
for every x € f~(y).
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FIGURE 19

Proof Sketch:

e Can easily reduce to X C R",Y C R* open subsets.

e Implicit Function Theorem: We can reorder the coordinates of
R" such that in an open neighbourhood =z € U, f~(y) N U is
the graph of a smooth map

90:<90177(70k)w_>]Rk

where W = pr,_,(U) C R"* is open and R" = R"* x RF.
e Remark ( = ) This already gives a smooth atlas on f~!(y)
e Use the map U — R"
(@1, Ty T 1 =1 (T - Trek)s s T —Ok(T1, - Tg))
e This gives a chart by the inverse function theorem.
e For the statement with tangent spaces, note the diagram of
smooth maps

J7y) —— =
[l
r— Yy

and use Exercise 36.
Exercise. Make this statement intuitive for yourself.

Definition 32. A smooth map f : X — Y is called an immersion if
dfy : T, X — Tp(x)Y is injective for all x € X. O

FEzxercise 36. Prove that inclusions of submanifolds into smooth mani-
folds are injective immersions. 0

Ezxample 7. Consider T? = S x S, which can be represented as the
[0,1] x [0, 1] with the ends identified as indicated in Figure 20, and draw
on it a line with irrational slope which gives an injective immersion
R — T2. The image is a dense subset and is not a submanifold. 0
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N A
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FIGURE 20

Proposition 6. Assume that f : Z — X is an injective immersion.
Then f(Z) is a submanifold if and only if Z — f(Z) is a homeomor-
phism, where f(Z) has the subspace topology.

FEzxercise 37. Prove this. O

Proposition 7. Assume that f : Z — X is an injective immersion.
Then f(Z) is a submanifold and a closed subset if and only if f is a
proper map.

Remark 12. The properness condition in the proposition is automatic
if Z is compact. 0

FEzercise. Find a submanifold of a smooth manifold which is not a
closed subset.

Theorem 8 (Whitney Embedding Theorem). Any smooth manifold
X" can be injectively immersed into RN by a smooth proper map for
some N > 0.

Remark 13. We can take N = 2n, but this is sharp, e.g. RP? and Klein
bottle. Whitney embedding theorem is not as useful as it might seem
because the embeddings are usually inexplicit and complicated. 0

11. MARcH 31, 2022: PARTITIONS OF UNITY

Recall that for a topological space X and a function f : X — R,

support of f is defined as supp(f) = {f(z) # 0} C X.
Let B,(0) C R™ be the open ball of radius r centered at the origin.

Lemma 2. There exists a smooth function f : R"™ — R with the fol-
lowing properties.

(1) supp(f) C B2(0)
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(2) f|B1(0):1
(3) 0< f(x) <1, for all x € R"

It is customary to call such functions bump functions.

Proof. The key is that we can construct a smooth function g : R — R
which vanishes on R« but is positive and increasing on Ry(. Here is

an example
(2) 0 for x <0
xr =
g e"s for >0

The smoothness is an easy consequence of the smoothness and the

decay of the exponential function e,

l

FEzercise 38. Using g(z), construct a bump function f. For n > 1 you
might find it convenient to construct one that only depends on the
distance from the origin. O

Remark 14. A special case of the Whitney extension theorem says that
for any closed subset C' C R", there exists a smooth function R” — R
which vanishes precisely on C. This becomes useful sometimes. Note
that C' can be wild, like the Cantor set. O

A collection of subsets of a topological space is called locally finite if
for every z € X, there is an open neighbourhood of x intersecting only
finitely many members of the collection.

Definition 33. Let X be a smooth manifold and assume that the collec-
tion of open subsets {U, }acr covers X. We call a collection of smooth
functions {f, : X — R},es a partition of unity subordinate to {U, }aer
if the following properties are satisfied,

(1) For every o € I, supp(fa) C U,

(2) {supp(fa)}acr is locally finite.

(3) For every a € I and z € X, f,(x) >0
(4)

Zaelfazl .

O

Note that the sum in (4) makes sense because of (2). The name
comes from (4), where one should think of the constant function 1
as the unit of the algebra of smooth functions on X. If you have a
partition of unity subordinate to {V, }acs, where each V, is the domain
of a chart, we can write any smooth function ¢ : X — R as a sum of
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functions supported inside the domains of those chart, which can then
can all thought of as functions defined on R",

g=1-q= (Zfa)q:ZfaQ~

acl ael

More often though, you use partitions of unity to patch together
locally defined things to a global one. We will see an example soon.

Proposition 8. Let X be a smooth manifold, and assume that the col-
lection of open subsets {Uy }acr covers X. Then, there exists a partition
of unity subordinate to {Uy }aer-

Proof. (Sketch) Second countability implies that one can find another
cover {Vs}ses with the following properties:

(1) J is countable.

(2) For every § € J, there exists an a € I such that Vs C U,.

(3) For every 8 € J, Vs is the domain of a coordinate chart ¢p :
Vg — ‘N//g, where Vﬁ = 33(0)

(4) For every § € J, define W3 = qﬁgl(Bl(O)). Then, the collection
of open sets {Wp3}ses covers X.

(5) {Vs}ses, which automatically covers X, is locally finite.

Now let p : R® — R be a bump function as above. Let pg be the
extension by zero of po ¢z : Vs — R. Define

g5 = =2
ZBEJ Pp

This is a partition of unity for {Vs}ses. To find it for {U, }aer, choose
amap a:.J — I such that V3 C U,(s) and set

fa = Z gs -
BEJ, a(B)=a
O

Definition 34. Let X be a smooth manifold. A Riemannian metric g
on X is a smoothly varying positive definite symmetric bilinear form
gz(+, ) on T, X for every = € X. O

Exercise 39. Define smoothly varying. O

Example 8. X =U C R" = T, U =R"forallz € U. Forv,w € T,U
define g,(v,w) =v-w =Y | v;w;, which is called the flat metric. [

Proposition 9. Every smooth manifold admits a Riemannian metric.
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Proof. Let X be our manifold and pick a cover {V,, }4er by domains of
coordinate charts ¢, : V, — U, with partition of unity {f, : X —
R}aer. Using the flat metric on each U, we can define a Riemannian
metric on V,, called g,. We define our Riemannian metric by

gac('a ) = Z fa(m)ga,w(" )

acl

for all z € X. O
Ezercise 40. Check that ¢g is a Riemannian metric. O

Remark 15. A submanifold of R™ can be equipped with a Riemannian
metric by restricting the flat metric to the tangent spaces. It turns out
that any Riemannian metric on a smooth manifold X can be obtained
by embedding it into an Euclidean space and using this restriction
procedure. This is a very difficult theorem called Nash embedding
theorem. O

12. APRIL 4, 2022: VECTOR BUNDLES
Definition 35. A smooth map (of smooth manifolds) = : £ — B is
called a vector bundle of rank n if

(1) Vb € B, 7 1(b) is equipped with a real vector space structure
(2) Vb € B, there is an open neighbourhood b € U C B and a
commutative diagram

Y(U) 2 » U x R"
U

such that @ is a diffeomorphism and ®;, : 771(b) — {0} x R™ is
a linear isomorphism for every b € U.

O

Remark 16. We call such a map ® a local trivialization and E is called
the total space. O

Ezercise. Let M® be a smooth manifold. Prove that TM — M is a
vector bundle of rank d.

Example 9. Mobius bundle: Rank 1 vector bundle over S* = [0,1]/0 ~
1 defined as

R x [0,1]/(s,0) ~ (—s,1) = S",
see Figure 21. 0
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N AN

0 0

N N
FIGURE 21

12.1. Constructions of Vector Bundles.

12.1.1. Gluing. Let {Us}aer be an open cover of a smooth manifold B.
Let V' be a finite dimensional vector space. Assume that we are given
smooth maps

tag: UsNUs — GL(V) C R™
for every a, 8 € I such that ......
Then we can construct a smooth manifold via the formula
E = U Uy X V/ ~

ael

where (z,v) ~ (y,w) if v =y in B and t,5(z).v = w.
The canonical map E — B is a vector bundle of rank dim(V).

Ezercise 41. Fill in the blanks and prove the statement. O

The maps ¢, are called transition functions. Let’s reserve the phrase
“transition map” to atlases.

Definition 36. A homomorphism/map of vector bundles £ — B and
E’" — B over the same B is a map F — E’ which preserves fibers and
is fiberwise linear. O

Definition 37. Given vector bundles £ = B and E’ ™, B and smooth
map f : B — B’, a smooth map E — FE’ is called a vector bundle
homomorphism/map covering f if the diagram
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E— F

B— B
commutes and 7= (b) — (7/)71(f(b)) is a linear map. O

Exercise. Prove that df : TX — TY covers f: X — Y.

FExercise. Define what it should mean for two vector bundles over the
same base to be isomorphic.

Definition 38. We call a vector bundle £ — B trivial if there is an
isomorphism.

E >» R" x B

N

B

l

Remark 17. There are many vector bundles that are not trivial, e.g.

e Mobius bundle
e 75?5 §?

]
Exercise 42. Prove that T'ST — S is trivial. O

Definition 39. A section of a vector bundle F = B is a smooth map
B 2 FE such that mo s = id. 0

A section is a choice of a smoothly varying vector at every fiber.

Trivial vector bundles have many sections which are not zero any-
where. The non-trivial bundle examples we gave do not have any such
sections.

Sections of TM — M are called vector fields of M.

Theorem 9 (Hairy Ball Theorem). S? does not have a non-vanishing
vector fields.

To understand the name properly let us make something from the
previous class more explicit.

Definition 40. Let E — B vector bundle, Ej, :== 7=1(b). We call S C F
a subbundle, if
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(1) For every b € B, SN E}, C E, is a subspace
(2) S C E is a submanifold
(3) mls : S — B is a vector bundle.

U
Remark 18. I remember proving that (1) and (2) implies (3). O

Exercise 43. Let Z C X be submanifold, ¢ : Z < X be inclusion map.
Define »*T'X := n~1(Z), where 7 : TX — X. Prove

(1) *TX — Z is a vector bundle

(2) S =U,epim(di.) C2*TX is a subbundle.

(3) S = Z and TZ — Z are canonically isomorphic vector bundles.

4

This means that for example we can think 7'S? as the union of tan-
gent planes of S? C R?; a vector field on S? as a collection of smoothly
varying tangent vectors at every point of S2.

FIGURE 22. arrows = hair after being combed
hairy ball theorem = you can not comb the hair without
creating discontinuity

Remark 19. It is customary among non-geometers to work only with
the sections of a vector bundle and never talk about the vector bundle
itself. Here you think of sections as a collection of local vector valued
functions, which transform according to some rules (i.e. the transition
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functions, which in case of vector bundles related to the tangent bundle
can be expressed in terms of changes of coordinates - this expression
transforms as xxx, Einstein conventions etc.) I think it is a shame and
the only reason to do this could be that the mental effort to conceptual-
ize a non-trivial bundle is non-trivial. This is similar to the insistence
of some physicists to never talk about the flow of a vector field but
only individual solutions of the corresponding ODE. Neither of these
geometric notions (flows and global bundles) will help if all you want is
to compute something, but they definitely help in thinking about what
you are doing when you are doing the computation. Laziness turns
into a defense mechanism that causes people to think mathematicians
are just being fancy. O

There is also a converse to gluing, namely given a vector bundle
7 : E — B, you choose an open cover {U, }qe; of B with trivializations

O, N U,) — Uy x R®
We obtain #,5 == ®50 &1
(U, NUg) x R" = (U, NUg) x R”
or equivalently t,5 : Uy, N Uz — GL(R™). We can use this data to glue

a new vector bundle that is canonically isomorphic to £ — B.

13. APRIL 7, 2022: MORE ON VECTOR BUNDLES, COTANGENT
BUNDLE, ORIENTATIONS

I want to start by noting a useful result about subbundles.

Proposition 10. Assume that we have a vector bundle homomorphism

o:FE > B/

NS

B
If ¢ : Ey — Ej has the same rank for all b € B, then
(1) Upep ker o C E
(2) Upep im é» C E
are both subbundles.

Ezxample 10. The constant rank assumption is not always satisfied. For
example consider the map of vector bundles:
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(z,t) — (x,z.t)
R; x R, » R; X R,
R,
One can immediately check that the conclusion of the proposition does
not hold. U

Let’s now assume that we have the vector bundle £ — B constructed
by gluing {U, X V' — U,}aer where V' is a finite dimensional vector
space and {U, }aer is an open cover of B with the transition functions
tap 1 Us NUz — GL(V) for every a, f € 1.

Now let W be another finite dimensional vector space and

U GL(V) — GL(W)

be a group homomorphism.
Using ¥ we can construct a new vector bundle by gluing
{Uy X W — U, }aer with the transition maps

Wotas: Uy N Uz — GL(W)

Exercise. Prove that this is a valid gluing data.

13.1. The Dual Vector Bundle. Let us consider the case
W =V = Hom(V,R)
and
GL(V) — GL(VY) — GL(VY)
A A"
B+~ B!
where the first map takes the dual map of a linear map.

Remark 20. If we choose a basis for V, then we get V = R", V'V =< R"
and GL(R") = invertible nznmatrices . Then the first map takes the
transpose and the second inverts. U

These are both anti-homomorphisms and the composition is a ho-
momorphism.
=—> We get a new vector bundle 7V : EY — B.
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Proposition 11. There are canonical isomorphisms (EY), = (Ep)".
Exercise 44. Prove this. U

Definition 41. The dual vector bundle to T'M — M is called the cotan-
gent bundle and is denoted by T*M — M. We will denote (T*M), by
Ty M and identify it with T, M" using the canonical map.

Elements of T, M are called covectors at b and sections of T*M — M
are called covector fields or differential 1-forms. O

13.2. The Determinant Vector Bundle. Now consider the case
V=R" W=R and

GL(R") — GL(R)
A det(A) -.

For example, we can apply this to TM — M and obtain the line
bundle det(TM) — M.

Remark 21. In the next lecture, we will define the exterior powers of a
vector space, and in particular

det(V) = Adm(My,
It will be the case that
det(TM)b = det(TbM).

can.

l

13.3. Orientation. Any two bases e, f of a finite dimensional vector
space V are related by a unique change of basis matrix A(e, f) whose
entries are defined by e; = ¥;A,;f;. We say that e and f are positively
related if detA(e, f) > 0.

This divides the set of bases of V' into two groups so that members of
each group are pairwise positively related. Let o(V') be the set whose
elements are the two groups.

Definition 42. An orientation of V' is a choice of an element of o(V) as
the positively oriented bases and the other as the negatively oriented
bases. O

Note that if V' is one-dimensional,
o(v) = VA0,

v~ if v=cv for ¢ > 0.
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Let m: E — B be a line bundle and let Zg C E be the image of the
zero section. We can construct a 2 : 1 covering space o(m) : o(E) — B
by

o() =P\ ns
with v ~ v if v,0" € E}, for some b € B and v = cv’ with ¢ > 0.

Ezercise 45. Prove that the canonical map o(E) — Bisa 2 : 1 covering
space. O

By construction o(£) is canonically identified with | J,.z0(Ep). A
section of o(EF) — B is nothing but a continuously varying choice of
orientations for each FEj,.

Of course such a section does not always exist — equivalent to 2 : 1
cover being trivial.

Ezxample 11. The orientation bundle of the Mobius bundle is isomorphic
to the nontrivial cover S' — St 0 — 20 O

If there is a continuous section of its orientation bundle we call £ —
B orientable and the choice of a section an orientation of £ — B.

Definition 43. M is called orientable if det(T'M) — M is orientable.
An orientation of this bundle is called an orientation of M. O

Remark 22. Next Lecture: For any finite dimensional vector space V',

o(V) = o(det(V)).

can.

U

= An orientation of M is equivalent to a continuously varying
choice of orientations for each tangent space T, M, x € M.

Definition 44. If U C R™ open, the standard orientation of U is the
one where the basis ey, ..., e, of T,U is positive for all b € U. O

Proposition 12. Let M be a smooth manifold. M 1is orientable if
and only if there exists a subatlas {po : Vo — Ustacr of the smooth
structure such that the transition map ¢g o o' : Uys — Usy satisfies

det(Jucy(65 0 6;1)) > 0
for all p € Uyg, where Uy == ¢o (Vo N V3).

Definition 45. Let us call such a subatlas an oriented subatlas. 0
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14. ApriL 11, 2022: CONSTRUCTING VECTOR SPACES, THE
EXTERIOR ALGEBRA

Definition 46. Let V and W be vector spaces. The direct sum V & W
is the vector space with underlying set V' x W endowed with the vector
space structure given by
c(v,w) = (cv, cw)
(v,w) + (V' ,w") = (v+0,w+w)
O

Ifey,...,e, and f1,..., fm are bases of V and W, respectively, then
é; = (e;,0) and f; == (0, f;) together form a basis of V & .

Exercise 46. Let E — B and E' — B be vector bundles. Define the
Whitney sum vector bundle

E®FE — B

such that each fiber (E & E’ ), is canonically identified with E, & Ej.
0

14.1. Tensor Products. We’ll now define the tensor product V@ W
of two vector spaces V and W.
Let T'(V, W) be the vector space generated by the set V' x W. Let
Q(V,W) C T(V,W) be the smallest subspace that contains
c(v,w) — (cv,w)
c(v,w) — (v, cw)
(U + UI? w) - (U7 ’LU) - (Ula ’LU)
(v,w+w') — (v,w) — (v,w)
for all c € R and v,v" € V and w,w’ € W. Define

T(V, W)
VoW =——=~
QV, W)
The equivalence classes [(v,w)] are denoted by v ® w and are called
pure tensors. Every element of V ® W is a finite sum of pure tensors.

Ezercise 47. Let eq,...,e, and fi,..., f,, be bases of V and W, re-
spectively. Show that ¢; ® f; : 1 < i < n,1 < j < m is a basis of
V ® W. In particular R” @ R™ = R"™". O

Tensor products can be tricky to work with but it will be worth our
time.
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Lemma 3. Given linear maps f : V — W and ' : V' — W', there
exists a unique map

fof VeV -WwWeWw

which satisfies
fef vevm fv)e f(v).

Proof. Define a linear map

¢:T(V,V') = T(W,W

(v,0') = (f(v), f'(v"))

by linearly extending. All we have left to check is that ¢(Q(V, V")) C
Q(W, W"), which is easy. d

Ezercise 48. Let A : R* — R" and B : R™ — R™ be linear maps.
Describe the matrix of A ® B in terms of the matrices of A and B. [J

Exercise. Suppose that in the above exercise n = n’ and m = m/, that
is, A and B are endomorphisms. Then A® B is also an endomorphism.
Describe

e The trace trA ® B in terms of trA and trB.
e The determinant det A ® B in terms of det A and det B.
e The eigenvalues/vectors of A® B in terms of those of A and B.

Exercise. Let E — B and E' — B be vector bundles. Define the
vector bundle F ® E' — B so that (E ® FE )b is canonically isomorphic
to Eb (%9 E{)

Lemma 4. There is a unique isomorphism
UeV)eW U (VeWw)
(uRv) QW u® (vRw).

Proof. Routine but tedious to write down. Define the only possible
map and see that it works. 0

Definition 47. With this in mind we can define inductively
Vel — v @ ek,
Vo @UI® QU =1 @ (V1 ® @ V).
by taking V¥ = R. Also, we take
UVeW=Ux (VeW)
URUVAW =u® (v w)
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14.2. The Exterior Algrebra. We have finally arrived at the exterior
product operation.

Definition 48. Let k > 1, we define
L V®k
AV =" S,
where S}, is the smallest subspace of V®* that contains the set
{vy®@---®@u, € V¥ .0y, ... v, are linearly dependent}.

We denote the class of v ® --- ® vy by v1 A --- Av,. The space APV
is called the kth exterior product of V. We also take A’V = V0 = R,
Also notice that A*V =0 for & > dim V. O

Remark 23. The space Si could also be described to be the smallest
subspace of V®* that contains all elements of the form - - - ®UVRU®- - - €
V& One could also see that @), S is a two-sided ideal in the graded
algebra(to be defined later)

T(V) = é &k

that is generated by v®@ v :v e V. 0

Proposition 13. Let eq,...,e, be a basis of V. Let I, be the set of
order preserving functions

i:A{l,...,k} —{1,...,n}.
Then
{eiqy A=+ A ey ier,
is a basis of AFV .
We'll omit the proof for now. The statement is much more important.

Definition 49. A graded algebra is a graded vector space {V}, },ez and
a collection of bilinear maps

Onm 2 Vo X Vi = Vi,

A graded algebra gives an algebra structure on

V::@Vn

nez

(ZU") ’ (Zwm) = Z Grm (Vny Win)-

nez meZ n,me”Z

by defining
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Note that the right hand side has V}, component given by
> G (Vs W)
n+m==k
This is non-zero only for finitely many &k € Z.
Most of the terminology of algebras carry over, e.g associative and

unital algebras BUT commutative means that for z € V,,, y € V,,, we
have that

vy =(=1)"y-
0

Proposition 14. The graded vector space {A*V }i>o} forms a commu-
tative graded algebra together with the product

AV x AV — ARy
(Vv A e Ay A Awy) = op A Avog Awy A== A

This is called the exterior algebra or the Grassmann algebra of V. We
denote

AV = é %
k=0

The product we defined here is called the exterior product, which we’ll
denote by A.

Exercise 49. Write a concrete description of A*R" for n = 0,1, 2, 3, 4.
O

15. APRIL 14, 2022: MORE ON THE EXTERIOR ALGEBRA,
WEDGE PRODUCT, ALTERNATING MULTILINEAR MAPS

Recall: For a vector space V/,

e AFV is the k' exterior power,

o A*V =0 for k > dimV

o N'VR AV XV,

e Assume V is finite dimensional and let ey, ..., e, be a basis. Let
I, ={{1,...,k} — {1,...,n} injective, order-preserving maps.} .

Then, {€;1) A ... A e tier forms a basis of A¥V. In particular
A4mVY =~ R but this isomorphism is not canonical since we
have chosen a basis.

Definition 50. Let V' be a finite dimensional vector space. We define
det V := A¥m™VV/ . Choosing a connected component of A¥™VV/{0} is
the same thing as choosing an element of o(V). O
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Proposition 15. Given a linear map f : V — W, there is a unique
homomorphism

A*V — A*W such that
VA AV o) A A f(og).
Proof. We already have a canonical map V& — W®* such that v; ®
QU = f(n) @ ... @ f(vk). We need to show that if vq,..., v

is linearly dependent, then so is f(v1),..., f(vx), and this is true by
linearity:. U

FEzercise 50. If f : V — V is a linear map, we can define det(f) € R.
Prove that the induced map A“™VV — A4mVYV ig given by multipli-
cation with det(f). O

15.1. Wedge product. We define the wedge product, also denoted
by A as

A ARV x AF'V — AR such that
(VA AV WA A W) U A AU AW A A W

A is graded commutative: for o € A*V, 3 € A*V, we have

anf =" (@)
The algebra
AV = P APV
is called the exterior algebra. Recall Definition 49.

Remark 24. We have another graded algebra T(V) = @,-, V®*, de-
fined by

® : VEF x VO yekik
where
(NMN®. .. QU @ ... QW) VR ... UV QW R ... R Wk

For v # w nonzero elements of V', v®@w # +w ®wv so this algebra is not
commutative. It is also infinite dimensional unless V' = {0}. Quotient
map T(V) — A*V is an algebra homomorphism. O

Proposition 16. Given a linear map f : V — W, there is a unique
homomorphism for every k >0,

AV — A*W such that
VA AV o) A A f(og).
This map respects the wedge product.
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Proof. We alredy have a map V& — W®* satisfying v; ® ... ® v, —
f(v1) ® ... ® f(vg). We need to show that if vy,..., v is linearly
dependent, then so is f(vy),..., f(vg). This is true by linearity. O

15.2. Alternating Multilinear Maps. Let W be a finite dimen-
sional vector space and V = WV =Hom(W,R). We will give a more
concrete description of A*V.

Definition 51. A multilinear map o : W x ... x W — R is called
alternating if (..., w;, wipq...) = —a(. .., Wit w; .. .). O

Proposition 17. Let V =WV be as above. Then, A*V is canonically
isomorphic to the vector space Alt*(W) of alternating multilinear maps

W x...xW — R. The isomorphism sends vi \ ... Avy to the element
of Alt*(W) defined by

(w1, ..., wg) = Z sign(o)v1(We(1)) - - Vk(Wor))
[ ISINA
where %, is the set of all permutations {1,... k} — {1,... k}.

Note that the multilinearity and alternating properties are obvious
from the definition. It is also not too difficult to check that the map is
well-defined.

Exercise 51. Prove that this map is an isomorphism.
Hint: One option is to show surjectivity (or injectivity) and do a di-
mensioun count. U

The isomorphism induces a map
A ATV X AW — AlFFR
(o, B) = a A B,

where direct (but confusing) computation shows

a A 5(101, cee 7wk+k’)
= Y sign(o)a(weq), - - Wo)) B(Wolki1), - - s Wolkin))
oeSh(k,k')

where Sh(k, k") C Xjx that satisfy o(1) < ... < o(k) and o(k+ 1) <
... < o(k+ k). This product is sometimes called the shuffle product.

Remark 25. Sh(k,l) is the set of all ways of taking k + [ cards, and
shuffling the first k£ cards and the last [ cards. O

Instead of a proof, we give an example. Assume that V is a four
dimensional vector space with basis eq,...,es. Let’s check that the
diagram commutes when we input e} A ey and ey A ey in the diagram



LECTURE NOTES - MATH 58] (SPRING 2022) 53

A%V x A2V — » AV
2 |
Al (W) x Alt*(W) Shuffle > Al (W)

We just need to follow the definitions here. Note that in order to
specify an alternating multilinear map with k inputs, we only need
to say what it does on all the inputs of the form e;n),...,e;x) with
i : [k] — [4] increasing and injective. Below we only write the inputs
where the result is non-zero.

ey Ney — ((er,e9) — 1)
ey Nej — ((e3,eq) — 1)
ey Ney Ney Aey — ((e1,ea,e3,e4) > 1).

Shuffle (((e1,e2) — 1), ((e3,e4) — 1)) = ((e1,€2,e3,e4) — 1).
I leave it to you to fill in the words.

Remark 26. We will freely use the isomorphisms A*(WV) 2 Altk(W),
when W is finite dimensional. U

16. APRIL 18, 2022: DIFFERENTIAL FORMS, PULL-BACK

15 Minutes for Questions. Let W be a finite dimensional vector
space and V = WV

W > WY » AR(V)
~
AltH(W)

Here by the equal sign we mean that there is a an isomorphism
between the two that we agreed to use.
Reminding you again that A°V = R,

A AV x ARV = ARV 7

Think of Alt°(W) as a multi-linear map with O-inputs, which is sim-
ply a real number.
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Ezercise 52. Let ey, ea, ..., €, be basis of W and let e}, ey, ..., € be dual
basis of V = WV. Compute

er A ... Aep(wr, ..., wy)

for arbitrary elements wy, ws, ..,w,, € W by writing them as a linear
combination of basis elements. Assuming that W = R" and ey, .., e, is
standard basis interpret your result as a geometric quantity related to
wy, W, .., W, as vectors in the Euclidian space.

(After some computation it can be seen that e; A ... A en(wl, ...,wn)
is equal to the determinant of the matrix consisting of the coefficients
of w;’s in standard basis. Therefore the resulting quantity will be the
volume of n-parallelepiped generated by w;’s.) 0

If you have a linear map f : W — U, you can define
[ AN(UY) = A(WY)
by the formula
fra(wy, .., w,) = a(f(w), .., f(w,)).
This is the same operation as the one induced from f*: UY — WV on
AFUY — APV,
Given a vector bundle £ — B we can construct a vector bundle

A*E — B whose fibers are canonically identified with A*Ep.
How do we check that

GL(V) — GL(A*V)

is a group homomorphism?

16.1. Differential k-forms.

Definition 52. Let M be a smooth manifold. A differential k-form is a
smooth section of A¥T*M — M O

Note that we can think of a differential k-form as a collection of
smoothly varying alternating multi-linear maps T, M x ... x T, M — R

-~

k

for Vo € M.

We denote the vector space of all differential k-forms by QF(M). We
have a graded commutative algebra Q*(M) = @, Q2 (M). What is
QO(M)?
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16.2. Pull-back of Differential Forms.

Definition 53. Given a smooth map f : X — Y and a differential
k-form o on Y we can define a differential k-form f*« on X by

(fra)p(v1, .., v6) = gy (dfpvr, ..., dfpn).
This is called the pullback of o by f.
X2V v 5 Q5Y) = Q%(X)

O
Proposition 18. Ifg: Y — Z is also smooth
(go f)=foyg
Ezercise 53. Prove the proposition above. O

Proposition 19. f* preserves the wedge product of differential forms.
Exercise 54. Prove the proposition above. O

Exercise 55. Describe the pull-back operation when k& = 0. 0

17. ApPriIL 21, 2022: DIFFERENTIAL FORMS ON OPEN SUBSETS
OF THE EUCLIDEAN SPACE, COMPUTING PULLBACK IN
COORDINATES, DIRECTIONAL DERIVATIVE

17.1. Differential Forms on Open Subsets of R". Let U C R"

be open. Let’s start with vector fields, TU ~ U x R", zy,--- ,x, are
coordinates on U. Then, % is defined to be the constant vector field

equal to e; = (0,---,1,---,0) at every p € U. Then aixl’ ...,% gives

a basis of T,U at every p € U.

U

4

®
3

FI1GURE 23. Constant Vector Field

n
Every vector field on U can be written uniquely as fl-% where
i=1 '

fi : U — R are smooth.
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Now, we move on to covector fields (alternatively called differential
1-forms/sections of T*U — U /elements of Q'(U)): We have T*U =~
U x (R™)Y. Let dz; be the constant covector field equal to e} at every
p € U and dxy, ..., dx, gives a basis of T;U at every p € U.

Every covector field on U can be written uniquely as > f;dx; where
i=1
fi : U — R are smooth.

Note. e/ Ae/ = —ef Nef € A*(R")Y. This implies dx; A dz; =
—dﬁj A d!)ﬁ'l € QQ(U)

Finally getting to general differential forms, note
AFT*U =2 U x AF((R™)Y)

We define the differential k-form dx; = dx;qy) A ... A dxygy for T :
{1,...,k} = {1,...,n}. Every differential k-form on U can be written

uniquely as > frdzy, fr : U — R smooth, and I, = {I : {1,....,k} —
Iel},
{1,...,n} : I strictly increasing}.

Ezxample 12. U C R?; coordinates are z,y,z. Every differential two
form on U can be written as fdx Ady + gdy A dz+ hdx A dz (uniquely).
O

Erercise. Write (30, fidz;) A (320, gidw;) in this form.

17.2. Computing Pullback in Coordinates. LetU C R",V C

T, T Y1,-Ym
R™ be open, and ¢ : V' — U be a smooth map. Let « = > f;dx; be a
1€}

differential k-form on U. Let us write down ¢*«a in coordinates vy, ...Y,.
The case for O-forms is as follows: a = f: U - R = ¢*f = fop.
How about ¢*dz;? It should be of the form Z;n:l Ody;, where U is to

be calculated as below:

oy, d _ Do
p 0y, P Oxy, 0y,

() (p) = dwi(dwpa%j) = du( ).

y;

Thus, p*dx; = Z;”zl gi? dy;. For a general k—form, we can use the fact

that pullback preserves wedge products to obtain:

"0 "0
pra=> frop: (Z g;f” dyz) A A (Z g;’“) dw)

i—1 =1
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Exercise 56. Assume m = n = k, and that ¢ is a diffeomorphism.
Show that

©*(dxy A -+ Ndxy,) = det(Jac(p))dyy A - - - dys,.

Remark. Assume U,V are bounded.

/ fdxy - -dz, = /(f o p)|det(Jac(p))|dys - - - dyy.
U v

If ¢ is orientation-preserving, that is, det(Jac(¢)) > 0, then we obtain
the desired coordinate independence of fU «

FEzercise 57. Let {p; : V; — U, }ier be asmooth atlas for M. Concretely,
write what a differential n-form on M is using coordinates. U

17.3. Directional Derivative. let M be a smooth manifold. Given
f+ M — R, and a tangent vector v € T,M, we can take directional
derivative of f at p in the direction of v:

v f=dfp(v) € TypR >~ R.

If we take a coordinate chart near p with coordinates x4, - - - x,,, then

30 = (5w 2L ) =3 T o

Notice that the formula we obtained above coincides with the usual
calculus directional derivative.

Remark. Note that on R"”, we have ((% . f) (p) = g—gﬁ:(p).

Definition 54. For a smooth f : M — R we define the covector field
df € QY(M) by

df(v) =v- f,¥pe M,v e T,M.
]

Exercise 58. Let U C R™ be open. We already defined dx; € Q'(U).
Thinking of x; : U — R as a smooth function, justify this notation.
Write down df for f: U — R in coordinates as before. O

Next time:
e define d : QF(M) — QFFL(M)

o [ o @ for a differential n-form, M™ oriented compact
e Stokes Theorem: [, df = [, 0.
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18. APRIL 29, 2022: DIFFERENTIAL k-FORMS ON SMOOTH
MANIFOLDS, EXTERIOR DIFFERENTIATION, DE RHAM
COHOMOLOGY

Let M be a smooth manifold and {p; : V; — U, }ier a subatlas of
the defining maximal smooth atlas. The transition maps are ;o0 p; " :
oi(VinV;) = ¢;(V;N'V;), and we introduce the notation U;; = ¢;(V; N
Vi) C U..

A differential k-form on M is equivalent to the following data,

o o; € OF(U;) Vi € I such that,

(Spj © So’i_l)*ajh]ji = O4|Uy;

. w0
@\ (\?\\‘\

U4
@ ﬁ R

Exercise 59. Find a subatlas with two elements for S? and write in

coordinates what it means to give a differential 0,1 and 2-form on S2.
O

We will now define an operation called exterior differentiation.
d: QM) — QY (M), k> 0.
We have already defined this for k£ = 0,

(0)
f—df.

We also want the following properties,
(1) d is additive,
d(a+ p) = da+ dp.

(2) d> =0 (d : * — QFF! is a coboundary.)
(3) (Leibniz rule) For a € Q¥(M), B € QY(M)

dlaAB) =daApB+(—1)FandB.



LECTURE NOTES - MATH 58] (SPRING 2022) 59

Proposition 20. For U C R"™ open, there exists a unique d : Q*(U) —
QFY(U) | k >0 such that (0), (1), (2) and (3) are satisfied.

Proof. Recall our notation, dx; = dejay A--- Adxggy, I:{1,... .k} —
{1,...,n} and Ij is the set of I which is strictly increasing.
We have to define

d(dz;) =0

k
d(dxj(l) VANRRRWAN d'r](k)) = Z(_l)]*l e A d(dmf(])) AR 0

J=1

For f: U — R smooth, we then need
d(fdxy) =df Ndx;

We know that every o € Q*(U) can uniquely be written as Y, frdz;.
Using (1), we are forced to define for o =3, frdzy,

do = " dfy Nday

Il

What is left is to check that this definition of d indeed satisfies the
properties (0), (1), (2) and (3). Property (0) is trivially satisfied, o =
f = da = df. For (1), first observe that d(f + g) = df + dg. Then
fora=3%",; fiderand =3, ; grdar,

dla+5)=d (Z(ff +g1)dx1> = Zd(fl +g1) Ndxy

Iely Iel
= dfy Ndxp+ Y dgr Aday
Iely, Tely
=da+df .

Now let us check the generalized Leibniz rule (3) first. By additivity,
it suffices to prove for a = fdxy and § = gdx,

d(fdxy A gdxy) =7
Start with £ = 0. Then for every v € T,U,

d(fg)(v) =v-(fg) = f(v-g)+gv-f)=(fdg+ gdf)(v)
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where the second equality follows from the usual Leibniz rule. If con-
fused, note that v =" | a;72.
dla N B) =d(fdx; N gdry) = d(fgdrr A\ dzxy)
=d(fg) Ndx; Ndxy
= (fdg + gdf) Ndxr Ndxy
= gdf Ndxy Ndxy+ fdg ANdxp Adxy
= (df Ndx;) A gdoy+ (1) fdxp A (dg A day)
=daAB+(=1fanp

Lastly, we check d?a = 0. Start with d2f = 0.

d ( ) Z d < )/\dxz Z Z (a;éfxa dxj) Ndz; =0

i=1 j=1

Then for a = Zlelk frdxy,

Po=d(dea) =d (Z dfr A dx1>

Il
=Y d(df; A day)
Iely,
=Y d*f; Adxy = dfy Ad(ldz)
Iely, Iely
=

O

Proposition 21. Let ¢ : V. — U be a diffeomorphism between open
subsets of R™. Then d commutes with ©*, that is for every a € Q*(U),

d(¢*a) = p*(da) .

FEzercise. Check this for k =0, f: U — R, o*df = d(f o) using chain
rule.

Proof. Note that ¢* o (90’1) = id, therefore, ¢* is invertible and its
two-sided inverse is (p~1)*. We check that

QFU) — Q" U), k>0
a— (p71)d(¢"a)
satisfies (0), (1), (2), and (3).

(0) (e~ H)*d(p*f) = d(( “H**) f = df by Exercise.
(1) (¢71)*, d, and ©* is additive.
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(2) (p=1) d (@™ (™) d(g"a)) = 0
(3) Follows immediately from Leibniz rule for d and that ¢* pre-
serves A.

By uniqueness,
(p™)d(¢"a) = da = d(¢"a) = ¢*(da)

Finally, we can define
d: Q¥ (M) — Q¥ (M)
Let {¢; : V; = U,}ier be the defining maximal smooth atlas. Given
a € Q(U;) satistying
(5 097 ) luy, = ailo,

we can define a differential k£ 4+ 1-form by patching together do; €
QFL(U;), since

(Soj o (p;l)*(daj’Uji) =d ((Spj © 90;1>*O‘j‘Uj¢) = d(ai‘Uji) = dai|U]‘¢

Erercise. Check (0)-(3) for d : Q¥(M) — QFFL(M), k > 0 that we have
just defined.

18.1. De Rham Cohomology. The cohomology of

0 QM) S Q' (M) S ... L im0 4o

is defined to be Hj(M).

Ezercise 60. Check that this agrees with our definition of Hy,(U) and
Hj(U) from lectures 1 and 2. O

After defining [ 1 @ and proving Stokes’ theorem, we will follow the
outline,

e Step 1: Define a chain map
/:Q’“(M) — C* (M;R)
e Step 2: Prove that H*([) is an isomorphism.

Ezercise 61. Define the map [ : Q¥(M) — C%, (M;R). What is the
big theorem needed to prove that this is a chain map? U

FExercise 62. Read “Smooth Singular Homology”, pages 473-480 frin
Lee. Summarize its contents and its role in the proof of de Rham
theorem (you must have some idea what this theorem will say at this
point). O
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19. MAY 9, 2022: MANIFOLDS WITH BOUNDARY, INTEGRATION
OF DIFFERENTIAL FORMS

We start by introducing manifolds with boundary. The local models
for manifolds with boundary are open subsets of H” and R", where

H" = {(z1,...2p)|x, > 0} CR",

is called the half space. Note that we have int(H") = {z, > 0} and
OH" = {z,, = 0}.
Recall that we call a function from a subset of an Euclidean space

smooth if it can be extended to a smooth map in an open neighbour-
hood.

Lemma 5. Let U and V' be open subsets of H", if ¢ : U — V is a
smooth bijection with a smooth inverse, then it sends U N (R"~! x {0})
diffeomorphically to VN (R"1 x {0}).

Proof. Tt suffices to show ¢(U N ({0} x R™1)) c V N ({0} x R*71).

Assume that ¢(u) = v and u € int(U). Choose u,, — u with
o(uy) = vy, € int(U).

We have d¢,! o d¢,, = id. Letting n — oo and using C'-ness of ¢
and ¢!, d¢, is an isomorphism.

Applying the IFT at u to ¢|int(u) : int(U) — R", we find that v has
an open neighbourhood N (V') inside R™ that lies in the image of ¢ and
hence inside V', so v € int(V').

This implies that if u ¢ int(U), then ¢(U) ¢ int(V') by applying the
result we just proved to ¢~ 1.

U

Exercise 63. Define a smooth manifold with boundary using atlases.
Define the boundary of a smooth manifold with boundary and prove
that it is canonically a smooth manifold. U

We can define the following exactly as we did for manifolds:

e Tangent Bundle

e Cotangent Bundle

e Differential Forms

e Exterior Differentiation

e Partitions of Unity Subordinate to an Open Cover Specifically
we will need: M smooth manifold with boundary, Vi,...,Vy C
M open sets = dp; : M — R smooth such that:

(1) supp(p;) C Vi

(2) Tl pile) =1
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e Orientation: A choice of continuously varying orientations of
T,.M for all x € M.
Standart orientation on H" = standard orientation on R".

19.1. Integration of Differential Forms. We call a differential k-
form o on a manifold with boundary M compactly supported if supp(«) =
{p € M|a, # 0} is compact (or equivalently bounded).

Remark 27. Already for M = R™ if « is not compactly supported [ yRe!
may not exist! O

Assume that M is n-dimensional oriented, and o € Q"(M) is com-
pactly supported (imagine M is compact first).
We will now define [,, o € R.

19.2. Step 1: Assume that « is supported inside the domain of a con-
nected coordinate chart (could be of either type), for example ¢ : V' —
U. Then o = fdxi N ... A dx, in coordinates, where f : U — R is
compactly supported.

Define fMa = :I:fU fdxy...dx,, + if the orientation induced on
U is the same as the standard one, and — otherwise. We are using
ordinary Riemann integral for the right hand side, in particular the
symbol dx; ...dx, is really a place-holder.

Assume that ¢’ : V! — U’ is another such chart. Let ¢ : o(VNV') —
¢ (V- NV') be the transition map.

We know that « is supported inside VNV’ and if a = f'da) A ... dz],
on U', then f = (f" o1)det(Jac(yp)).

— — ‘o)det (] =+ =+ "
/Uf /np(VﬂV’)f /@(VHV’)(f SO) et( ac(@/))) /¢/(VDV’)f U’f

Then [,, o is well defined (signs work out exactly as needed).

20. MAy 12, 2022: INTEGRATION OF DIFFERENTIAL FORMS
COMPLETED, STOKES THEOREM (STATEMENT)

Let M™ be oriented manifold with boundary (its boundary might be
empty) and let a € Q" (M) be compactly supported. We are trying to
define [, o € R.

e Step 1: If « is supported inside the domain of a connected coor-
dinate chart, we did this. If a = fdx; A--- Adz, in coordinate
charts, then [, o:==+ [o, f.

Partitions of Unity: Let Vi,..., Vy C M be open subsets, then
there exist p; : M — R such that
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(1) supp(p;) C Vi
(2) Zi\il pilz) =1,z € Ui]\ilvi

Remark 28. We can also make some p; > 0 if we need it. OJ

Remark 29. Unless M is one dimensional with nonempty bound-
ary, we can find positively oriented subatlas. U

Now, back to the general task.

FIGURE 24

e Step 2: (General Case, definition)
Cover supp(«) with connected domains of coordinate charts

Vi,...,Vy with
¢i: Vi = Ui
Choose a partitions of unity py, ..., py on UN,V; as above.
Define

N
/JVIOKZ:;/]WpiOZ

e Step 3: (General, well definedness)
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Let V4, ..., V, be another cover and P1,-- -, Pn another parti-
tions of unity.

iﬁpiazﬁ;ﬂpi(iﬁj)a (Why?)
= i/ﬂj;mﬁja
= ii/}wpiﬁja

i=1 j=1

= ii/}wﬁjpi@

j=1 i=1
n

:E /Pjoé
j=17M

Note that in the step from second to third line we changed the order
of summation and integration. This is possible because this can be
interpreted as doing the same operation for Riemann integrals inside
UZ"

This finishes the definition of || 1 @ Note that if we change the
orientation of M the integral gets negated.

This is a great definition but it is not good for computations.

Proposition 22 (Integration Over Parametrizations). Let M be a ori-
ented smooth n-manifold with or without boundary, and let w be a com-
pactly supported n-form on M. Suppose Dy,..., Dy are open domains
of integration in R™, and for i = 1,...,k, we are given smooth maps
F,: D; — M satisfying

(1) F; restricts to an orientation-preserving diffeomorphism from
D, onto an open subset W; C M :
(3) supp(w) CW U -+ UW,.

/ v
M

This is a statement directly taken from Lee. Domain of integration
means bounded and topological boundary is measure 0.

k

> [ Fw

i=1
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Ezercise 64. Define a nowhere vanishing differential two form o on S2.
Use it to orient S?. Compute [, o.
Directly show that there is no 3 such that df = « O

20.1. Boundary orientation. M" an oriented manifold with bound-
ary, then 0M is canonically a smooth manifold (without boundary).

Claim 1. OM is canonically oriented.
Proof. Let x € OM and Vi, ...,V,_1 be a basis of T,0M.
We declare Vi,...,V,,_1 to be positive if N, Vi,...,V,_1 is positive

for T,M, where N € T,,M is a strictly outward pointing vector in some

chart ¢ : V — U C H".

9~
‘fﬂp@

FIGURE 25

O
FEzxercise 65. Prove that this indeed defines an orientation. O

Theorem 10 (Stokes Theorem). Let M™ be an oriented manifold with
boundary, OM be oriented as above and o € Q" Y(M) compactly sup-

ported.
/M do = /a y P50

Exercise 66. Carefully write down the four famous special cases from
Calculus of this theorem. Start with notations used in Calculus and
translate them into integrals of differential forms. U

Corollary 3. Let M be a manifold with boundary, X* C M be a
compact and oriented submanifold (without boundary). Let o € QF(M)
closed (dov = 0) and assume

/i}a # 0.
s
Then

(1) X does not bound a (k+1) dimensional submanifold with bound-
ary.
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(2) a is not exact (dB, for some 8 € QF1(M))

0

Corollary 4. If M" is a connected, closed (compact without boundary)
oriented manifold and o € Q™(M) is nowhere vanishing, then « is not
ezact. U

Proof. Let’s prove that [ 1 @ # 0 which finishes the proof by Stokes

theorem.

Let us cover M by domains of positively oriented connected coordi-
nate charts ¢ : U; — V; and choose partitions of unity pq, ..., py with
pi = 0.

Write a = fidey A -+ ANdxy, i =1,...,N.
Each f; is either everywhere positive or everyhwhere negative on U.

We claim that all f;’s have the same sign. If V;NV; # 0, then f; and
f; have the same sign as both charts are positively oriented. We finish
by connectedness. Then

/MOé:i/RKPifi%O

We will continue with the following proposition next time.
Proposition 23. Fvery oriented manifold M"™ with boundary admits
a nowhere vanishing differential n-form.

21. MAy 16, 2022: VOLUME FORMS, POINCARE DUALITY IN
DERHAM THEORY, PROOF OF STOKES THEOREM

Let us start with the proof of the proposition from the end of last
lecture.

Proof. M admits a Riemannian metric g. For every z € M, there is a
canonical element

voly, € A¥T*M
such that if {e;,--- ,e,} is an oriented orthonormal basis of T,,M then

voly z(e1,- -+ ,e,) = 1.
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Exercise. Prove that this defines a nowhere vanishing differential n-
form. Explain how it is related to ds, dA, dV (line, surface/area, and
volume) elements from Calculus.

U
Corollary 5. If M™ is closed oriented manifold, then Hjn(M) # 0. O

Theorem 11. If M" closed oriented connected manifold. Then, we
have the isomorphism

HdR<M

iy

This is equivalent to showing that if [,, a« = [,, 3, then o and 3 are
cohomologous. Which in turn is equivalent to

/a—0<:>aisexact.
M

As far as I know this does not have a simple proof.

Remark 30. There is a proof in Guillemin-Haine for going from a
slightly generalized version of this statement (using compactly sup-
ported forms) in the special case R™ to the general case and I do not
understand it. It is in the section ”"Degree theory on manifolds.” [

This theorem is a special case of Poincaré duality. We will cover this
next year but here is an overview.

Let M™ be an oriented smooth manifold without boundary. We can
define Hjp, (M) by considering compactly supported differential forms:

* /()0 d 1
H (Qcp(M) - Qcp<M) - )
Here is the main statement

Theorem 12. There is a perfect pairing
HgR(M) X HZ;RIZ(M ) > R,

n—>/a/\6

Corollary 6. H,(M) = (H} 5 (M))Y.
If M s closed, remove c. O

The canonical proof of this is very similar to the proof of deRham
theorem that we will give.
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For M closed, there is also an approach called "Hodge theory” (in the
historical account of Samelson from the website attributed to Volterra).

In this approach, one fixes a Riemannian metric g and finds canonical
(harmonic, notion depends on g) representatives of deRham cohomol-
ogy classes. These are differential forms which satisfy da = 0 and
d*w = 0. Equivalently: for A : dd* + d*d “Laplacian”, Aa = 0.

Harmonic differential forms are closed under multiplication by an
operator called Hodge star

0 QF(M) — Q"R (M).

Concretely, Aa =0 = Axa =0
Moreover, [ v @A *a # 0 (a #0) implies the Poincaré Duality.
Finally, note that if X* C M closed submanifold, then we obtain a
well defined element in (H%,(M))Y

af r—>/ (e
be

Under Poincaré duality, this must be given by some class in HSIQE(M ).
One can construct a representation of this class as a Dirac delta form
located at X - Thom forms. This leads us to an approach to Intersec-
tion Theory of submanifolds using differential forms.

Back to proof of Stokes’ theorem:

Theorem 13. Let M™ be an oriented manifold with boundary and o €
Q"Y(M) compactly supported.

/ da = / (BIVTe!
oM
Proof. We start with the case M™ = H". We can write

a:Zfid:cl/\...AdEci/\...Adxn

— da = Z( 1) 125 dry A\ ... Ndx,

i=1

o - i— afz
:>/Mdoz—izl(—1) 1/Hn axi(dxl...dxn).

For the other side of Stokes theorem, we have

(2) / i = (—1)"/ foldzy .. dx, 1)
oM Rr—1x{0}
FEzercise 67. Write a full proof of (2). O
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Exercise 68. Finish the proof of M = H" case. Hint: You only need

Fubini’s theorem on integrals and Fundamental theorem of Calculus.
O

The proof of M = R" is even easier and also left as an exercise.
Let us move on to the general case. Choose a partition of unity
p1, - - -, pn which can be used in the definition of [, da. Then p;

can be used to define faM i*a.

N
/Mda ;/Mplda
N
/azwza ;/@Mpl|aMZO‘
N
=3 [ o)
i=1 v M

Exercise. Justify this step using the M = H" and M = R" cases.

om PN gn

Using Leibniz rule

AMa:f;(Ap,.dw/Mdmm)

1

[ [ ($50) o

Finally, note that the second summand is 0 since d(1) = 0. O

Exercise. Justify the commutativity of integral and summation that we
just did.

22. MAy 22, 2022: PROOF OF DE RHAM THEOREM, PART 1

Let M be a smooth manifold without boundary. Let us identify A* C
RF*! with its image in R* under the projection to last k coordinates.
Orient A¥ C R¥ in the standard way. We can define a linear map

/ L QM (M) — CE (M;R)

a (U:Ak—>M)r—>/0*a
N
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i Y K l__//___{_/
&'L

FIGURE 26. Projection to last k coordinates

)

Claim: This is a chain map.

Proof. We need to show

k+1
dor | (v: AFY — M) — Z(—l)i/(y o face;) "«
=0 i
In other words
k+1
/ yida = Z(—l)i /(fy o face;)*
At i=0 N

Using Stokes theorem for the LHS, and working out the signs for the
RHS we can show that both are equal to

("}/’aAk-H)* .
ONAk+1

t

Theorem 14. (de Rham): [ : QF(M) — C%,(M;R) induces an
isomorphism on homology.

If for M this is true, let us call it a good manifold. We want to
prove that all manifolds are good. Note that empty set is good. It is
easy to see that goodness is preserved under diffeomorphisms.

Let us define a good cover M = |J U; by open subsets as a cover

i€l
where each finite intersection () U; is good. Additionally, if {U;}e; is
jeJ
a basis of the topology we call {U; }c; a good basis.
Here are the main steps:
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(1) All open boxes
(CL1,b1) X ... X (an,bn) CR"
are good.
(2) If M has a finite good cover, then it is good.

There are two more steps:
(3) If M; is good for i € N, then | | M; is good.
(4) If M has a good basis, then it is good.
We end with:
(5) If U € R™ is open, U is good.
(6) All smooth manifolds are good.
FEzercise 69. Deduce (5) and then (6) from (1)-(4). O

We will focus on (1) and (2). (3) is about following definitions cor-
rectly and figuring out correctly what is a direct sum and what is a
direct product. (4) relies on the fact that M admits on exhaustion by
compact domains,

KiCcKyC..CMst
|JKi= M and K; C int(K; 1)

and uses (2) and (3).

The proof is short and cool. Please think about it and check with
Lee. (2) relies on the Mayer-Vietoris property for both deRham and
singular cohomology (next time). Today we focus on (1).

Lemma 6 (Poincaré Lemma). H5,(R") = 0 for k > 0. Please check
that this implies (1).

Proof. We prove this by induction on dimension n. It is true for n = 0.
Let us definea b : Q%(R™) — QFH(R") as follows: fora =", frdx;

hCY / f[ dl’[ VAN dl’[(k)

[Efk

o [
dho = Z f[dl’](l)/\. . ./\dI[(k)+ Z 67(/ f[)dl‘j/\dl’[(g) .. ./\d:[‘](k)
0

Iel, I(1)=1 IeT,,I1(1)=1,j>0

of " of
hda = Z / axi o~ Y ( amj)d:cj/\dxl Az

1€, I(1 Ien, [(1)>1,5>1 Y0
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— dha — hda = a — Z fr(0, 2, ..,z )dxy

Iel,,I(1)>1

Writing this more concisely,
dha — hdo = o — 71" a,

where ¢ : R"™! — R” is the inclusion by setting the first coordinate to
0 and 7 : R® — R"! is the projection to the last n — 1 coordinates.
If o is closed,

d(ha) = a — 7*(closed k-form in R"™1)
We finish using the induction hypothesis. 0

The larger context for this statement is homotopy invariance maps
induced on deRham cohomology (similar to what we discussed for sin-
gular homology). The main point in establishing this is Cartan’s magic
formula £,w = t,dw + di,w (next year).

23. MAy 23, 2022: PROOF OF DE RHAM THEOREM, PART 2

We start with some homological algebra.

Definition 55. A short exact sequence of a vector space is a diagram of
two linear maps defined as

v Ly sy
such that

(1) f is injective,
(2) ker(g) = im(f),

(3) g is surjective.

O

Definition 56. A short exact sequnce of cochain complexes is two chain
maps

such that for all n € Z

is a short exact sequence. O
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A short exact sequence of cochain complexes look like this:

6n71 6n71 6n71

0 y An ", pn G, o > 0
6n 671 6"

0 s An+1 Frtl Bn+1 Gl Cn+1 s 0
6n+1 67L+1 6n+1

All squares are commutative.

Lemma 7. A short exact sequence of cochain compleres A — B — C
give rise to a long exact sequence:

- H@fl‘(ﬂ)‘ — Hntt (B) ;;»\ gt (-

o HYA) ——» HY(B) — H"(C) -~

where
" H”(C’)—>H”+1(A)

are canonical maps called connecting maps.

Proof. Take v € C™ cocyle (da = 0). Find g € B" such that G,,0 =
a. We have G"™1§3 = 6G"S = da = 0 = 3Ily € A" such that
Ftly = 3. We set ¢([a]) = [v]. O

FEzercise. Check that v = 0, [v] is independent of choices and the
resulting sequence is a long exact sequence.

We now construct the Mayer-Vietoris sequence for the deRham co-
homology.

Theorem 15. M smooth manifold. U,V € M open subsets. Then
QUUV) = QM) QX (V) = QFUNV)
a— (o, )

(Bu, Bv) = "By — " By

15 a short exact sequence of cochain complexes. Therefore we obtain
the long exact sequence
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T Hp (U LY~ Hip(U) ® Hi(V) ——= Hip(U-AV)

S THHEAY)

Proof. Injectivity and the middle statement is easy to prove. It suffices
to show surjectivity. Let f§ € Q*(U NV). We need to find Gy €
QU), By € Q"(V) such that 8 = *y — *fy. Choose py, py

(1) pu+pyr=1onUUV
(2) supp(pu) C U, supp(py) C V
/BU = pV(x)/87 relnV ﬁv — _pU(m)Ba relinVv
. 0, x ¢ supp(pv) * 770, & supp(pu)
These are easily seen to be smooth and we have = "Gy — *pBy. U

Let us also briefly discuss the Mayer-Vietoris for singular cohomol-
ogy. Is the following

CHUUV) = C(U) & C*(V) = CHUNV)

a short exact sequence? Here surjectivity and middle slot is fine, but
injectivity is actually wrong! See Figure 27.

Let’s focus on the Mayer-Vietoris for singular homology. We have
an obvious exact sequence.

C.(UUV) = C(U)® C. (V) = C.(U) + C.(V)



76 UMUT VAROLGUNES

FIGURE 28. Baryocentric Subdivision Operator

Then, using bary-centric subdivision, we prove that C,(U) + C.(V) C
C,(UUV) induces isomorphism on homology. This takes serious effort
(see Hatcher for example for proof.)

Upshot for us: There exists canonical Mayer-Vietoris exact sequence.

TR EREUOY) HU) e HYY)  HE(UNY)

TEHMUY) —— HY(U) @ HY(V) =% HP (U V) -

where the connecting maps H"(U N V) — H"™ (U U V) do the
following;:

Take f € H*(UNV). We need to define ¢, f(c) € R for a singular
cycle o € C,11(U U V) such that if o is a boundary, we get zero.

If 0 = oy + oy + boundary, we know that doy + doy = O. This
means that [Joy| comes from a class in H,(UNV) [doy = —0oy —
all summands of doy needs to have images contained in V' and hence

UNV]. Define ¢, f(0) = f ([0ov]).
Exercise. Check independence under choices.

Proposition 24. The diagram

+—— H(U)® Hip(V) —— H(UNV) —— HF(UUV) —— -+

lH(f) lH(f) |

s HYU)® H(V) —— HYUNV) —— H* (U UV) — -

commutes.
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Proof. We focus only on the rightmost square of the diagram. The rest
is easy.

cnla] = [patch together day and dovy to a closed form on U U V] = [f]
a='ay — Fay
= day agrees with day on U NV.

We also write 0 = oy + oy + boundary.
Below the expression [ ¢*/ means [ (3 applied to o.

@  [oo=[as+ [oip= [osian+ [osiar
(4) - / dotoy — / Botay = / doba

Now we finish the proof of finite good cover = good.
Let us consider M = U UV first.

c—— Hip(U)@® Hip(V) —— H3(UNV) —— HEFY U UV) — -

! ; }

i — HY(U)® HY(V) —— H"(UNV) —— H"" N (UUV) — ---

Exercise 70. Prove by ’diagram chasing’ that the remaining arrows
have to be isomorphism as well. 0

Remark 31. This is called the 5 Lemma. O

The general case M = Uf\il U, is handled by induction on N.
Note (Uf\gl Ui) NUy =UY(U; N Uy) is a good cover as well!

N-1
= (U UZ) N Uy is good.

i=1
Exercise 71. Apply the same argument with the Mayer-Vietoris se-
quences for U = Uf\;l U; and V = Uy and finish the proof. ]



