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1 Introduction

2 Preliminaries

2.1 Manifolds

Roughly speaking, a manifold is a (topological) space that locally resembles Euclidean space,
and globally, it is obtained by attaching countably many such local pieces (known as charts).
Globally most manifolds are not homeomorphic to Euclidean space or an open subset of that.
For example, the sphere is not homeomorphic to the plane. In the following sections, we will
learn about some tools for distinguishing different manifolds.

Manifolds have applications to different fields and thus they are often equipped with additional
structures such as metric, holomorphic structure, symplectic structure, and more. In the fol-
lowing sections, we mainly focus on manifolds admitting just a differentiable or holomorphic
structure. While there are topological manifolds that do not admit any smooth structure, cat-
egory of smooth manifolds contains all well-known examples. A differentiable structure allows
calculus to be done on manifolds.

We start this section by recalling a few important definitions and theorems from general topology;
see [7].

Definition 2.1. Let M be a topological space; we say M is
(1) Hausdorff, if every two distinct points in M can be separated by disjoint open sets;

(2) regular, if (one-point-sets are closed! and) every point p and a closed subset C not contain-
ing p can be separated by disjoint open sets;

(3) normal, if (one-point-sets are closed and) every two disjoint closed subsets in M can be
separated by disjoint open sets;

4 pamcompact: if every open coverin i)a acl of M admits a locally—ﬁnite2 open coverin
g g
reﬁnement;

(5) metrizable: if the topology of M comes from a metric;

(6) second-countable, if M has a countable basis. A basis is a collection of open sets B = {Uy }aer
covering M such that every open set in M is a union of open sets in B.

The first theorem below shows that, essentially, being second-countable is stronger than metriz-
ability. It is easy to see that a metrizable space is normal, and thus Hausdorff and regular. The
second theorem below shows that it is also paracompact.

Theorem 2.2 (Urysohn Metrization Theorem ([7], Thm 34.1)). Every regular and second-
countable topological space is metrizable.

Theorem 2.3 (Smirnov Metrization Theorem ([7], Thm 42.1)). A topological space M is metriz-
able if and only if it s Hausdorff, paracompact, and locally-metrizable.

1Or one may assume M is Hausdorff
2A collection {U,} of subsets of M is called locally finite if for every 2 € M there exists a neigborhood U > z
such that U intersects only finitely many U,.



The following diagram roughly summarizes the hierarchy between these notions.

+ regular .
second countable ————— metrizable —— paracompact

|

normal ——— regular

Hausdorff

We are now ready to state the definition of a C%-manifold (topological manifold).

Definition 2.4. A topological or C’-manifold M is a Hausdorff and second-countable topologi-
cal space such that for each p € M there exists an open neighborhood U 3 p and a homeomorphism
p: U — V to an open subset V of R™.

A local homeomorphism ¢: U — V as in Definition 2.4 is called a chart for M around p. If
o= (z'...,2™): U — R™,
the functions {z} are the local coordinates around p corresponding to (.

It is natural to ask whether the integer m in Definition 2.4 can vary from chart to chart? For-
tunately, the following theorem of Brouwer implies that the integer m is a topological invariant
of M; we will call m the dimension of M, or equally, we say M is an m-manifold.

Theorem 2.5 (Brouwer’s Invariance Domain Theorem [1]). If V is an open subset of R" and
f: V—R" is an injective continuous map, then f(V') is open in R™ and f is a homeomorphism
between V and f(V).

HW 2.6. Use this theorem to prove that the integer m does not depend on the particular choice
of a chart on M.

The three conditions of Definition 2.4 are independent of the each other. In other words, there
are examples that satisfy exactly any two of these conditions. The following example, known as
the “double origin line” is a topological space that is second-countable and admits local charts,
but it is not Hausdorff. Let

M=Rx{1,2}/{(z,1) ~ (,2) Vae R—{O}}

with the quotient topology. In other words, M is the topological space obtained by identifying
two copies of R along R—{0}. It has two “zero points”, denoted by 0; and 03, which are the
images of (0,1) and (0,2) in the quotient space, respectively. Non-Hausdorff spaces like the
above example are not desirable. In particular, they are not metrizable. They also do not admit
continuous functions that have different values at un-separable points such as 0; and 0y. Thus,
they are not suitable for doing Calculus!

Next, we explain the motivations for the second-countability condition. First, with little effort,
it follows from the Urysohn Metrization Theorem that M is metrizable. Thus, it has all the nice
properties listed in Definition 2.1. More importantly, many constructions on manifolds involve
the following two steps. First, we construct a collection local functions/vector fields/etc. on
individual local charts where we have Calculus on an open subset of R™ at our disposal. Then,
we need to add up the resulting local data to construct a global structure on M. For the second
step to be feasible, we need to have at most a locally-finite or a convergent countable summation.



The existence of a countable cover, or equally, the para-compactness of M facilitates the second
step. In particular, every manifold admits [7, Thm 41.7] a partition of unity in the following
sense.

Definition 2.7. Suppose M is a topological space. A partition of unity for M is a collection
of continuous functions

{0a: Us — [0,1]}aez
such that
o support(fy) = {xeM: O,(x) # 0} C Uy;

e the collection of closed sets {support(f,)}aer is locally-finite?;

o> crba=1

The last summation is well-defined at any © € M by the second condition. The last condition
implies that {U, }qe7 is an open covering of M.

By the existence of local charts, every manifold is locally path-connected. Therefore, the notions

of connectedness and path-connectedness are the same for manifolds; see [7, Thm 25.5].

HW 2.8. Describe a Hausdorff topological space that admits local charts but it is not second-
countable.

Definition 2.9. A collection
A={pa: Uy — Vo CR™}oer
of charts on M such that {U,}.ez is a covering of M is called an atlas.

It is often difficult to find the the minimum number of charts needed to cover a manifold. Before
we progress further, we discuss a few examples to illustrate the idea of covering a topological
space with charts.

Example 2.10. The easiest example of a manifold is any open subset M C R™. In this case,
we can take inclusion map ¢: M — R™ as a single chart covering the entire M.

Example 2.11. Let
S™ = {(21,. .., Tmp1) ER™ izl 4+ 422 =1} C R™TY (2.1)

with the standard subspace topology (which is metrizable). Putting m=1, we a get a circle in
R? and putting m =2 we a get a sphere in R3. For m>2, (2.1) is the m-dimensional unit sphere
in R™*! centered at the origin. Let

Uy =8"—-{(0,...,0,£1)}
and consider the stereographic projections

(T1y. ey Tm)
I1Frm

of S™ (minus a point) to R™ from the north and south poles, (0,...,0,1) and (0,...,0,—1),
respectively.

©4: Ui — Vi = Rm, gpi(l‘l, . ,:Em+1) =

3For every x € M, there exists a neighborhood U 3z such that U N support(6,)#® for only finitely many c.



HW 2.12. Show that ¢ are surjective homeomorphisms. Therefore, the collection
{o+: Ux — R™}
is a 2-chart atlas of M.

HW 2.13. Show that S™ is not homeomorphic to R™. Therefore, we can not cover S™ with a
single chart!

HW 2.14. Let
M= {(z,y,2) e R*: 2’ +y° + 2° = 1} C R%; (2.2)

with the subspace topology. Describe a set of charts covering M proving that M is a 2-manifold.
Is M connected? Use a software to draw this surface.

HW 2.15. Let
M = {(x,y) € R*: zy = 0} C R? (2.3)

with the subspace topology. Prove that M is not a manifold.

The common feature of Example 2.11, HW 2.2, and HW 2.3 is that they are all the zero set of a
single function in Euclidean space. Later, we find a criteria for when the zero set of a function
is a (smooth) manifold.

HW 2.16. Show that the product of two manifolds is a manifold. For example, T™ := (S)" is
called the n-torus. For n = 2, we get the donut-shaped 2-torus.

HW 2.17. Show that every manifold M can be written as a countable union M = J,_, U}
such that each K, =U, is compact and K,, C Uy for all n>1. Such a union is known as an
exhaustion of M.

Next, we go over the definition of a differentiable manifold. We need an extra structure on a
topological manifold M that allows us to differentiate functions and thus extend the notion of
derivative from Calculus to manifolds. Suppose M is a topological m-manifold and f: M — R
is a continuous function. Fix a chart ¢: U —V CR™ on M. The composition

fop ™tV —5R

gives us a function on an open subset of R™ for which the notion of derivative/partial derivative
can be defined. In particular, we say f is smooth or C°° (with respect to @) if fop~!is a
smooth function; or if m=2k and we identify R?>™ with C*, we say f is holomorphic if fop~!is
a holomorphic function. This notion of smoothness, however, depends on the choice of a chart
in the following way. Suppose @: U —> V is another chart such that U N U # (). Restricted to

©(UNU)CR™, we have
foe™t=(fog ) o(poy™)
where the so called transition map
Gop tipUNU) — GUND)
is a homeomorphism between open subsets of V CR™ and V CR™. If the transition map Fo ™!
is smooth, the smoothness of f o $~! implies the smoothness of f o =1 and vice versa. In

other words, if the transition maps are smooth, the smoothness of f o ¢! is independent of the
particular choice of a chart. In this situation, we say f is smooth.



Definition 2.18. Suppose A is an atlas for a topological manifold M. We say A defines a C¥,
smooth, analytic, or holomorphic structure on M if the transition maps of the charts in A are
C*, smooth, analytic, or holomorphic, respectively.

HW 2.19. Show that the atlas in Example 2.11 defines a smooth structure on S™. If m =2,
show that it defines a holomorphic structure on S2.

Suppose A and B are two smooth atlases on M. If the transition maps between every chart of
A and every chart of B are smooth, the union AUB is a larger atlas defining the same smooth
structure on M. In this situation we write A ~ B. Otherwise, A and B define different smooth
structures on the same topological manifold M. Similarly, we can ask the same question for C¥,
analytic, and holomorphic structures on M. In any case, the relation ~ defines an equivalence
relation.

Definition 2.20. A smooth structure on a topological manifold M is the equivalence class [A]
of an atlas A that defines a smooth structure on M.

Equivalently, the equivalence class [A] can be thought of as the maximal atlas Ap,ax containing A;
it includes all charts on M whose transition maps with charts of A are smooth. The three
important questions are:

(a) Does every topological manifold admit a C! structure?

(b) Given a C" structure Apax on M and r < k < oo, is there a sub-atlas Bpax C Amax that
defines a C* structure on M?

(c) Can a given topological manifold admit more than two (or infinitely many) smooth struc-
tures (up to conjugation by homeomorphisms of M)?

Regrading question (a), the first example of a topological manifold that does not admit a C!
structure was discovered by ..... . ..... 's example is an 8-dimensional manifold. Subsequently,
various 4-dimensional examples were found ..... . In dimensions 1, 2, and 3, the answer to Ques-
tion (a) is Yes. In dimension one, the only connected manifolds are R and S*; see [?, Ch 2]. In
dimension two, .... Hatcher Icon. In dimension three, first, a 1976 result of Hamilton shows that
every C° manifold admits a “piece-wise linear structure”. Then, on shows that every piece-wise
linear 3-manifold admits a unique smooth structure; see [8, Section 3.10]. In dimensions five
and higher, there is a classification of smooth, piece-wise linear, and topological structures by
Kirby and Sieberman [?] in terms of various groups in algebraic topology. There are still many
open questions in dimension four. A full classification of smooth 4-manifolds is unknown.

Regrading question (b), by .... the answer to question (2) is positive; every maximal C” atlas
on M include a maximal smooth sub-atlas. Furthermore, by .... every C* structure contains
an (real) analytic structure. For this reason, in what follows, we will restrict our attention to
smooth and holomorphic manifolds.

For question (c), let us first elaborate on the meaning of the sentence in the parenthesis.
Most notably, R* has a non-standard smooth structure.

So far, we have defined a manifold to be a given topological space M with some additional prop-
erties. However, sometimes, the space M is not explicitly given. Instead, we build it by gluing



countably many open sets in R" using transition maps which are homeomorphisms or diffeo-
morphisms. In this scenario, by construction, the resulting (quotient) space admits local charts
and is second-countable. We then have to prove that it is Hausdorff to show that it is a manifold.

More precisely, let {V,}aez be a countable collection of open subsets in R™ (or C™). For each
pair of indices «, 8 € Z, suppose

Vo, C Va and Vi.a C V3
are open subsets admitting transition maps

Pa,B

Va,ﬁ Vﬁ,a )

—1
Soﬂaa:wa,,ﬁ

which depending on the context, are homeomorphisms, smooth diffeomorphisms (diffeomor-
phisms), or holomorphic homeomorphisms (biholomorphisms). Furthermore, suppose that

o Voa=V, forall a€Z, and ¢4 o = idy,;
e for all a, 8,v € Z, we have
Vagy = Vays = Va,g NVay = Vapg N ‘P;,lﬁ(vﬁﬁ)
o for all a, 3,7 € Z, restricted to V, g, the transition maps satisfy the cocycle condition
Payy = PBy © Pa,B-
Under these conditions, the equation
r~ys T eV yeVp, y=pqs),
defines an equivalence relation on the disjoint-union-topological space M = Hoez Va-

HW 2.21. Check that all the conditions of being an equivalence relation are satisfied.

Let .
M: =M/~ (2.4)

denote the quotient topological space; M is a (C°, smooth, or holomorphic, depending on the
condition on the transition maps) manifold if and only if it is Hausdorff. It is second countable
because each V, is second-countable and Z is countable. Let m: M — M denote the projec-

tion map. A natural atlas for M consists of the open sets U, = 7(V,) with the chart maps

Yo =idy, o rL.

The example of the double origin line after HW 2.6 is a bad example of this construction where
T = {1,2}7 Vi=Vo =R, VLQ [ V271 — R*7 1o = idgs,

but the resulting quotient space is not Hausdorff. On the other hand, S is obtained by gluing
the same collection of open sets

I={1,2}, Vi=Wh=R, VsV, =R"

via a different transition map ¢ 2(z) = 1/x.



Remark 2.22. Constructing a manifold as a quotient space of an easier (e.g. linear) space is
a common technique in the literature. Often, this is done by considering group quotients. We
will discuss such quotient spaces in Section 2.4.

Remark 2.23. The gluing construction above also allows for a categorial description of a
manifold which can be generalized to a setting suitable for constructing moduli spaces; see
[2, 3, 6, 5]. A category is described by a set of objects and morphism spaces between the
objects. Here, we consider the category whose set of objects are {V,,}qez, and the morphism
space between V,, and Vg is Hom(V,, V3) = V, 3.

Example 2.24. We finish this section with the description of real and complex projective spaces.
Define RP™ to be the set of all lines £ in R™*!. Similarly define CP™ to be the set of all complex
lines ¢ in R™*1. Sometimes, especially the choice of R or C is not important, we will simply
denote them by P™. We show that the real (resp. complex) projective space RP™ (resp. CP™)
has the structure of a real (resp. complex) manifold of dimension m. It is easy to describe P™ as
a quotient manifold in the sense of Remark 2.22, but we postpone that to Section 2.4. Note that
we have not described the topology on each of these spaces. We will describe an atlas which,
via (2.4), gives us both the topology and the manifold structure on each of these spaces. Let

Vo=RE 2R™ vaeZ={1,....m+1}, Vag={(21)yer_1a) € RF 1 25 # 0}

zy/xg i v #

#a((Tr)er—a}) = Wr)yer—(y 5t v7 = {1/:65 if y=a.

The claim is the manifold RP™ obtained as in (2.4) from the collection of charts and transition
maps above is (set-wise) equal to RP™. In fact, each line £ € RP™ is of the form R+ (24 ) ez CR?
such that (z-)yez € RT — 0 is a non-zero vector/point. Two points () ez and (2,)yez define
the same line if and only if one of them is a non-zero multiple of the other. Let U, C RP™ be
the (open) subset of lines where x,, # 0 (this is well-defined by the last sentence). The bijective
map

Yo Uqy — Va, (x"f)“/GI — (xw/xa)vel—{a}

identifies U, with V,, such that vsp,' = ¢, 5. Replacing R with C, the description of CP™ is
exactly the same.

HW 2.25. Show that CP' = S2; i.e. under the natural identification C = R?, show that the
charts and the transition maps in (2.24) and (2.11) are the same.

The half-space
H,, = {(z1,22,...,2m): 1 > 0}

is not a manifold in the sense of Definition 2.4 along its boundary points OH,,, = {0} x R™~1 C R™.
We can modify Definitions 2.4 and 2.20 by including charts that have in image H to define a
topological or smooth manifold M with boundary 0M in the following way.

Definition 2.26. A topological m-manifold M is a Hausdorff and second-countable topological
space such that for each p€ M there exists an open neighborhood U 3 p and a homeomorphism
p: U — V to an open subset V CH™.

For all pe M, the property ¢(p) € OH,, is independent of the choice of . We call the set of such
points the boundary of M and denote it by OM; OM is a topological (m — 1)-manifold. Smooth
manifolds with boundary can be defined similarly: we need an atlas where the transition maps
are smooth; OM will be a smooth (m — 1)-manifold.



2.2 Vector bundles

If M is a manifold and W is a real or complex finite dimensional vector space, associated to a
function f: M — W we get its graph

Gr(f) =A{(z, f(x):x e M} C X x W
which generalizes the visual concept of a graph in Calculus. The natural projection map
v MxW — M (2.5)

restricts to an identification (homeomorphism or more depending on the context) of Gr(f) with
the base manifold M. Also, Gr(f) intersects each fiber of (2.5) in exactly one point. The product
M x W is a trivial example of a vector bundle. The map

st M — M x W, s(z) = (z, f(x)),

is a section of this vector bundle in the sense that 737 0 s = idys. The function f and the section
s carry the same amount of information. More generally, an arbitrary vector bundle FE is a
family of vector spaces over a manifold M that is locally “isomorphic” to a product as in (2.5),
but globally, it may not be a product. The notion of section is defined for every vector bundle
and generalizes the notion of function.

Definition 2.27. Suppose M is a topological manifold and W is a finite dimensional real or
complex vector space. A topological W-vector bundle over M is a topological manifold E
together with a continuous (surjective) projection map m: E — M admitting a collection of
local trivializations in the following sense: There is an open covering {U, }ocz of M such that

(a) for each a € I, there exists a homeomorphism hq: 71 (Uy) — U, X W so that 7o hy !
coincides with the natural projection map 7y, : Uy X W — Ul;

(b) for each a, 8 € I, there is a continuous function
ha: Ua N Us — GL(W)
such that the composition hg o hy': (Uy NUg) x W — (U, NUg) x W has the form

hg o h;l(az, w) = (x, ho p(x)w).

A section of E is a map s: M — E such that mos = idy;. When W =2 R, we say F is a real
vector bundle of rank k. When W = CF, we say E is a complex vector bundle of rank k.

By Condition (a), using the trivialization h,, each fiber E, = 7~!(z) of E|y, inherits a linear
structure from W. By Condition (b), this linear structure is independent of the choice of a€Z
such that z € U,. Therefore, we can rephrase Definition 2.27 in the following way:

A topological W-vector bundle over M is a topological manifold E together with a continuous
(surjective) projection map 7: E — M and a vector bundle structure on each fiber E,, ad-
mitting a collection of local trivializations in the following sense. For each x € M, there is an
open neighborhood U >z and a local trivialization h: 7=1(U) — U x W such that (i) Toh™!
coincides with the natural projection map n: U x W — U; (ii) for each y € U, the restriction

hy = h|{y}><W3 {y}xW—>Ey



is a linear isomorphism.

In order to define a smooth (resp. holomorphic) vector bundle, we need to consider a smooth
(resp. holomorphic) structure on M and require the change of trivialization maps h, g above
from one chart to another to be smooth (resp. holomorphic) instead of just continuous in the
following way.

Definition 2.28. Let m: E— M be a real rank k topological W-vector bundle. Suppose that
the atlas A={pq: Uy — Va}aez on M defines a smooth structure. We say A lifts to a smooth
structure on F if there exists a collection of trivialization maps

{ho: 7 HUg) — Uy X Whaer (2.6)
as in Definition 2.27 such that
hos © Pa’: Vag — GL(W) = GL(RF) c RF**

is a smooth function on V,, g for all o, € Z. Similarly, suppose A defines a holomorphic structure
on M and W = C*. We say A lifts to a holomoprhic structure on E if there exists a collection
of trivialization maps

{ha: Wﬁl(Ua) — Uq X Whaer

such that each
hap o pat: Vag — GL(W) = GL(C*) c CP**

is holomorphic.

It is easy to see that if Definition 2.28 holds for an atlas A, it holds for any atlas A’ that is finer*
than A. Therefore, the smooth structure defined by (2.6) only depends on the equivalence class
[A] of A (i.e. the smooth structure defined by A).

In (2.4), we provided a rather different way of thinking about manifolds as a space obtained by
gluing local Euclidean pieces via transition maps. When M is described as in (2.4), it is better
to think of local trivializations of E as a product over V, instead of U,. If A is an atlas as in
Definition 2.28, that can be done easily by considering the compositions

o: 7 (Us) — Vax W, 0o = (pa X idw) © ha,

of
ho: ™ N Uy) — Uy x W and  pq Xidy: Uy x W — Vo x W Va €T

The new transition maps
Pgod@ i Vogx W — Vo xW  Va,B€I

have the form
(1)5 © (I);l(wi) = (900475(x)7 (I)a,ﬂ(x)w)a

where

q)a,g: Vaﬁ — GL(W), (I>a75(a;) = ha’g [} gp&l.

“We say A’ is finer than A if every chart in A’ is the restriction to a sub open set of a chart in A.

10



If A is a smooth (resp. holomoprhic) atlas on M which satisfies Definition 2.28, by assumption,
the change of trivialization maps ®, g are smooth (resp. holomorphic).

Conversely, suppose
{Vataer {#as: Vag — VBataser}

is a collection as in the argument leading to (2.4), and
{(I)aﬂ: Va,ﬁ — GL(W)}O(’B (27)
is a collection satisfying the cocycle condition

q)a,v(x)w = (I)BKY(SD&,B('%)) (pa,ﬂ(x) w (2'8)
on Vg gy. Then the equation
(@, w) ~ (y,u) & (z,w) € Va X W, (y,u) € Vg x W, y = pas(x),u=Pas(@)w

extends the equivalence relation in (2.4) to an equivalence relation on the disjoint union

E=]](Vaxw).

ael

The quotient space _
E:=F/~ (2.9)

is automatically Hausdorff and defines a vector bundle over M. The projection map w: £ — M
is the map induced by
T = Hﬂ'vat E — M.

acl
Recall that a section of a vector bundle 7: £ — M is a map s: M — FE such that mos = idy.
When F is obtained by gluing local trivial pieces V,, x W as in (2.9), a section s is equivalent
to a collection of local functions

Sa: Vo — W

such that
Sﬁ(¢a,ﬁ(x)) = ¢a,ﬂ($)5a(x)-

One of the most important examples of a vector bundle is the tangent bundle of a smooth
manifold, whose sections generalize the notion of vector fields in Euclidean space. Suppose M
is a smooth manifold as in (2.4) constructed from gluing local charts {V, }4ez via the transition
maps {pa,p: Va3 — Vs.atasez. Then the tangent bundle E = TM constructed as in (2.9)
corresponds to the change of trivialization maps

Q.5 =dpap € GLR™),

where dg, g is the matrix of partial derivatives. If (z1,...,zp,) are local coordinates on Vi,
(y1,...,ym) are local coordinates on Vg, a vector field (= section of tangent bundle) £ on M is
given be a collection of local vector fields

Ca = Z aiaa:i
=1

11



on the open sets V,, C R™ that are identified on the overlaps via the relation

G=Y b0y =dPas(Ca) = (Zajal)ayi. (2.10)
i=1 i

i=1  j=1

The cocycle condition (2.8) holds by Chain Rule.

Holomorphic tangent bundle of a complex manifold is defined similarly.

HW 2.29. Consider the real projective space RP™ and the atlas in Example 2.24 (Repeat the
following with CP™ instead of RP™). For a=m + 1, let &,,+1 denote the local vector field

m
Emi1(r1,. ., 2m) = Z r;0x;
=1

on Vi,41. Show that &,,41 extends to a unique smooth vector field £ on RP™ (¢ is smooth if
each of its local sections are smooth functions).

Example 2.30. Consider the real or complex projective space P and the atlas in Example 2.24.
The so called tautological line bundle v — PP™ (resp v — CP™ ) is the real (resp. complex)
line bundle whose fiber over the point £ € RP™ (resp. £ & CP™) is the real (resp. complex) line
¢ C R™L (vesp. ¢ C R™*1) itself. We will show that « is non-trivial (not isomorphic to the
trivial bundle); v plays an important role in the classification of complex line bundles.

HW 2.31. Write down the transition maps ®, in (2.7) of v with respect to the atlas in
Example 2.24.

Operations such as direct sum, quotient, tensor product, taking dual, etc. naturally extend to
vector bundles. Here are a few example.

(1) If E and F are vector spaces on M, then F @ F' is a vector space whose fiber over x € M is
the direct sum of fibers E,®F,.

(2) If E is areal (resp. complex) vector space, the dual vector space E* is a real (resp. complex)
vector space of the same rank whose fiber over x € M is Homg(E, R) (resp. Homc(E, C)). If
M is a smooth manifold, the dual of the tangent bundle T'M is the cotangent bundle T* M.
Sections of T*M are called differential 1-forms.

(3) If M is a real smooth manifold, the top exterior power A™**T'M is a real line bundle on
M called the orientation line bundle. We say M is orientable if A™®*TM is trivial; i.e.
AXTM =2 M x R. An orientation on M is a choice of this isomorphism. Similarly, if
E — M is any C%vector bundle over a topological manifold M, we say E is orientable if
AP E is trivial.

HW 2.32. Describe the transition maps ®, g of A™*T'M in terms of the partial derivatives
vt in (2.10).

Zj
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2.3 Maps between manifolds and vector bundles

Definition 2.33. Suppose M and M’ are smooth (resp. holomorphic) manifolds, and let
f:M — M’ be a continuous map. We say f is smooth (resp. holomorphic) if for every pair of
charts ¢: U —V on M and ¢': U' — V' on M’ (in the corresponding maximal atlases), the
composition function

pofor™lip(fTHU) — V!

is smooth (resp. holomorphic).

Definition 2.33 is well-defined, because changing the charts on the source and target manifolds
results in compositions by transition maps on the right or left, respectively, which are smooth
(resp. holomorphic).

Definition 2.33 generalizes the notion of smooth function f: M — R that we discussed after
HW 2.17. Just like for smooth functions in Calculus, we can differentiate smooth maps between
manifolds. First we need to define the notion of a vector bundle homomorphism.

Definition 2.34. Suppose f: M — M’ is a continuous map between two manifolds, E is a
vector bundle over M, and E’ is a vector bundle over M’. We say F': E — E’ a homomorphism
lifting/over f if F' is continuous, it maps the fiber over z € M to the fiber f(x) € M’, and its
restriction to each fiber is linear.

In terms of local charts, suppose

E=(TIVax W)/ Vay x W3 (2,0) ~ (Pa5(2), Pap(@)w) € Vo x W
a€cl

and

El = ( H Voll X WI)/VO//,,B’ X W/ > (.CL'I,’U)/) ~ ((palvﬂ/(iﬁ/),(b;/’ﬁ/(flfl)w/) S Vﬂ/’,a’ X W/
o'eT’!

as in (2.9). For each o € 7 and o € 7', let V,, o denote the pre-image of Vs in V,, under f and
faor: Vaor — Vi
denote the restriction of f to V,, o. Then, the restriction F, o of F' to V, o+ x W has the form
P (2,0) = (foo (), O (2)0)
for some matrix-valued function
Oa.a’: Va.or — Hom(W, W').
Conversely, a collection of such functions ©,, o glue along the overlaps to define a homomorphism
F:E—F
if and only if they satisfy the following compatibility conditions on the relevant overlaps

08,0/ (Pa,5()) P p(7) = On, 0 (2);

(I):)[”ﬁ/(fag’ (ZE)) @oc,a’ (1:) = ea,ﬁ’ (x) (211)
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In other words, the homomorphisms 6, must commute with the change of trivialization maps
on M and M’. Since ¢4 53 € GL(W) and @[, 5 € GL(W’), for each z € M, the rank and nullity
of the linear map

F,=F|g,: E, — E}(x)

is equal to the rank and nullity of @ ().

A homomorphism F' is continuous/smooth/holomorphic if and only if the matrix-valued func-
tions O, o are continuous/smooth/holomorphic in the corresponding atlas.

Lemma 2.35. Suppose f: M — M’ is a smooth map between manifolds. Associated to f there

exists a natural derivative map df which is a smooth vector bundle homomorphism df: TM —
TM' lifting f.

Proof. 1f f is locally given by
foor s Voo — Vi, (1, Tm) — (Y1, -+ Yn),

it follows from Chain Rule that the collection of n x m partial derivative matrices

O
604,0/ ({L‘) = dfa,o/ (.’E) — Yi (.T) e Hom(Rm,Rn)
0z " |1<j<m
1<i<n
satisfies (2.11), and thus defines a vector bundle homomorphism df: TM — T'N. O

Just like in linear algebra, by putting certain restrictions on the rank and nullity of d f we obtain
interesting spacial cases that are useful in the study of manifolds.

Definition 2.36. Let f: M — M’ be smooth. We say
(1) f is an immersion if Ker(df) = 0 at every point on M;
(2) f is a smooth embedding if it is a one-to-one immersion;
(3) f is a submersion if Image(df) = TM’ (in particular, f is surjective).
HW 2.37. Show that the map
f:8%={(x,y,2) eR3: 2?42 + 22 =1} — R?, (z,y,2) — (z,y)

is smooth. Find the set of points at which df is not full rank.
HW 2.38. Show that the map

f:8'— R 0 — (x,y,2) = (sin(0) + 25sin(26), cos(6) — 2 cos(26), —3sin(36))

is an embedding of S! into R3. Here  is the multi-valued (§ = § + 2k7) angle function in the
polar coordinates (r, ) of R? which restricts to a multivalued® coordinate function on S'. Use
a software to draw the image of f. The image is known as trefoil knot in knot theory.

Let’s elaborate on each item of Definition 2.36. To do that, we first need to recall the Rank
Theorem.

®On every open set of the form S' — point C S, we can fix a branch of the multi-valued angle function to get
a chart on S*.

14



Theorem 2.39 (Rank Theorem). Suppose f: M — M’ is a smooth® map. Assume that the
rank of dpf is a constant number r for allpe M. Then, for every pc M, there exist a local chart
©: U—V CR™ around p on M and a local chart ¢': U —V'cR"™ around f(p) on M’ such
that o(p)=0€R™, ¢/ (f(p))=0€R™, and ¢’ o fop: U — V is a linear map. In particular,
we can choose @ and ¢’ such that

o ofop(xy,...,xm)=(z1,...,2.,0,...,0),

where the number of zeros on the right-hand side is m' —r if m’ >r, and there are no zeros if
/
r=m'.

The statement is clearly local; i.e., if the restriction of f to a neighborhood U of p has constant
rank r, we can find a smaller neighborhood U C U that satisfies the result. Therefore, this
theorem is an immediate corollary of the Rank Theorem in analysis. We are now ready to dig
into different cases of Definition 2.36.

First, we define the notion of submanifold. There are two equivalent ways to define a submani-
fold. We say N C M is a submanifold of a manifold M if N is a manifold and the inclusion map
t: N — M is an embedding’. With this definition, if dim(N)=mn and dim(M)=m, for every
p€ N, by Rank Theorem, there exist a chart ¢: U —V around p in N and a chart ¢’': U' — V'
around p in M such that

go’ocp_l(xl,...,:cn) = (r1,...,2n,0,...,0).

In other words, for every p€ N there is a neighborhood U C M around p with local coordinates
(1,...,xm) such that
NNU = (zpmy1=0)N---N(x, =0). (2.12)

The latter gives us another way of defining submanifolds. Either way, it is easy to show the
image of a smooth/holomorphic embedding f: M — M’ in the sense of Definition 2.36.(2) is a
smooth /holomorphic sub-manifold of the target manifold M’; see HW 2.36 for an embedding
of ST into R3.

By Rank Theorem, every immersion f: M — M’ in the sense of Definition 2.36.(1) is locally an
embedding; i.e. for every p€ M, there is a neighborhood U 3p in M such that f|y: U — M’
is an embedding. Globally, however, the image of f may have self-intersections. For any point
p€ N = f(M) its pre-image f~'(p) € M can be more than a singleton, but it will be a discrete
set. Therefore, locally around such p, N is a union of intersecting manifolds (or branches).
Extra conditions on f will control how different branches intersect at p.

HW 2.40. Describe
N = {(z,y) € R*: 2y = 0} C R?,
as the image of an immersion; c¢.f. HW 2.15.
If f: M — M’ is a submersion in the sense of Definition 2.36.(3), by Rank Theorem, for every

g€ M’ and pe f~(q), there are charts ¢: U — V C R™ around p and ¢': U’ — V' ¢ R™
around ¢ such that

O ofoe N ar,. .., Tm) = (T1,...,Tp).

5C! is enough.
"Depending on the context, we require ¢ to be a continuous, smooth, or holomorphic embedding.
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Therefore, the local coordinates (2,41, - ..,y define a chart on U N f~1(q). In other words,
o UNf Y (q) — R,

where
/
m: R™ — R™™™ (21, Tm) — (Tt ooy Tin)

is the projection map to the last m — m’ coordinates, defines a chart on 7—1(q). It is easy to
show that such charts around different point of f~!(g) are compatible with each other and thus
f71(q) is a submanifold of M; f~!(q) is called a level set of f. Again, the argument is local,
in the sense that the conclusion we just made about f~!(q) only requires df to be full rank at
every point on preimage of q.

Definition 2.41. Suppose f: M — M’ is a smooth map, we say g€ M’ is a regular value of
f if dpf is surjective at every pe f~1(q).

Since rank d,f is a lower semi-continuous function in p, if ¢ is a regular value, then there is
an open neighborhood W of f~1(q) such that d, f is surjective at every p € W. Therefore, the
argument before Definition 2.41 proves the following Lemma.

Lemma 2.42. Suppose f: M — M’ is a smooth map and g€ M’ is a reqular value. Then the
level set f~1(q) C M is a submanifold of codimension dimg M.

If f=%(q) is not compact, then W does not necessarily include an open set of the form f~1(V)
where V is a neighborhood of q. However, if f~!(g) is compact, then W contains an open set of
the form f~!(V). Moreover, in this case, one can show that, for sufficiently small V, there is a
diffeomorphism (or so called product structure)

e: Vx fHg) — fHV)

such that fo(¢,p) = ¢ for all ¢ €V, pc f~1(q). In particular, f~1(q) is diffeomorphic to every
other level set f~1(¢’) over V. The proof of this statement needs a metric on M; we will come
back to it later.

We have thus far learned two methods for getting a submanifold; either by embedding a manifold
into another, or by looking at a regular level set of a function. In the first approach, we often try
to embed a (complicated) manifold into a larger and simpler manifold (such as the Euclidean
space), or we study the set of different embeddings of one manifold into another. In the second
approach, we often build new manifolds by looking a level sets of smooth functions on known
manifolds (again, such as the Euclidean space), or we use the level sets to foliate a manifold
and divide it into pieces. For example, it is natural to wonder if every manifold embeds into
Euclidean space. Here is a result (Whitney embedding theorem).

Theorem 2.43. Every smooth m-manifold M admits a smooth embedding into R*™.

A stronger version of Theorem 2.43 due to John Nash shows that every Riemannian manifold
(a smooth manifold equipped with a Riemannian metric) admits an isometric embedding into
some Euclidean space.

HW 2.44. Explain why no compact holomorphic manifold admits a holomorphic embedding
into some C™ (Those that admit such an embedding are necessarily open and are called Affine
varieties.)
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HW 2.45. Explain why
N = {(x,y,2) € R®: 22 43> + 22 = 0} C R,
is not a manifold. Can you describe it as the image of an immersion?

The concepts in Definition 2.36 extend to an arbitrary smooth vector bundle homomorphism
(not just the derivative) in the following way. Suppose

E-—Lf

et

M —= M

is a vector bundle homomorphism as in Definition 2.34. Just like linear maps between vector
spaces, we define
El

Ker(F)={ve E: F(v)=0€ E'}, Coker(F) ¢(z) = F(fl(?m)) VaeM.

In general, rank Ker(F'), (and thus rank Coker(F')s(,)) can be different at different z € M.
Therefore, Ker(F') and Coker(F') are not always vector bundles.

HW 2.46. With notation as above, suppose rank Ker(F'), =r for every x € M. Then Ker(F)
and Coker(F) are vector bundles over M and M’, respectively. (See [4, p. 266].)

Example 2.47. In Example 2.30, the natural inclusion /€ R™*! (resp. £ C™*1), for each line
¢, gives an embedding of 7 into the trivial line bundle RP™ x R™*! (resp. CP™ x C™*1). Here,
by an embedding we mean a homomorphism over the identity map of P which is injective on
each fiber.

HW 2.48. With notation as in Example 2.30, show that there is an exact sequence
0 — Opm — (v — TP™ — 0,

where Opm is the trivial (real or complex) line bundle over P™. Here “exact sequence” means
that ¢ is an embedding and the TP™ = Coker(¢). In the real case, use this exact sequence to
prove that the orientation line bundle of RP™ is isomorphic to v if m is even, and to Opm if m
is odd.

The concepts of regular value and regular level sets can be generalized in the following way.
Suppose fi: My —s M’ and fo: My — M’ are smooth maps from manifolds M; and M,
into M’, respectively. We say f1 and fo are transversal maps, and write f; Q) fo if for every
qc fl(Ml) N fQ(MQ), and all p; € fl_l(q), P2 € f{l(q), we have

dp, f1(Tp, My) + dp, f1(Tp, Ma) = T, M.

Definition 2.41 is a special case of with (fi, M1) = (f, M) and (fa, M2) = (¢,q), where ¢: ¢ —
M’ is the embedding map of singleton ¢ into M’. As another special case, we say the smooth
submanifolds M;, My C M’ are intersecting transversely if the embedding maps ¢1: My — M’
and t9: My — M’ are transverse; i.e.

Tqu + TqM2 = TqM Vg€ My N Ms. (213)

The the following lemma holds by Rank Theorem.
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Lemma 2.49. Suppose My, My C M’ are transversely intersecting submanifolds. Then MyN M,
s a submanifold of codimension

COdimM/(Ml N Mg) = codim; My + codim ;Mo

Suppose 7: E — M is a smooth vector bundle and s: M — E is a smooth section; s is an
embedding of M into E. We say s is a transverse section if s and the zero section so(x) = 0 are
transverse embeddings. For every x € s71(0) (note that 0 is not a single value here; it is the
zero section), there is a canonical decomposition

T.E=T,M®E,.

Remark 2.50. Away from the zero section, a canonical decomposition as above does not exist.
We will discuss this issue in Section 2.7.

For each x € s71(0) let dis: T.M — E, denote the E;-component of dgs: T,M — T, oE
in the decomposition above. By (2.13), s is a transverse section if and only if djs is surjective.
Then, s~1(0) C M is a submanifold of codimension rank E.

For example, suppose ( is a transverse vector field on M i.e. a transverse section of the tangent
bundle 7M. Then ¢~1(0) is a submanifold of dimension 0; i.e. it is a collection of points. If M
is compact, (71(0) is a finite collection. For each z € (~1(0),

dr¢: .M — T, M
is an isomorphism. We define e(z) € {1} to be the sign of det(d;).

Theorem 2.51. Suppose M is closed (compact with boundary) and ¢ is a transverse vector
field. The integer

xQ= 3 e (2.14)

z€¢~1(0)

is independent of the choice of (. Thus, it is an invariant of M; we denote it by X (M).
The invariant X' (M) above is called the Euler characteristic of M.

HW 2.52. Use the transverse section in HW 2.32 to compute X (RP") and X' (CP").
Lemma 2.49 and 2.42 are special cases of the following statement.

Lemma 2.53. Suppose fi: My — M’ and fo: My — M’ are smooth maps from manifolds
My and My into M', respectively. If fi M fa, then the fiber product space

My FX £ My = {(xl,xg) € My x Msy: fl(xl) = f2($2)} C My x M,
s a submanifold of dimension

dim M, 1 X £ My = dim M; + dim My — dim M.
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2.4 Quotient manifolds

In the previous section, we learned how to obtain construct new manifolds out of known mani-
folds and maps between them; e.g. as a level set or fiber product. Another common method for
constructing new manifolds out of known ones is by considering quotients. First, we start with
quotients by discrete groups and then extend it to quotients by Lie groups.

Suppose M is a smooth® manifold and G is a discrete group (probably finite). By a smooth
(right-) action of G on M we mean a function

p: M xG— M, (z,9)— 2z g:=p9) €M

such that ¢(—,¢g): M — M is smooth for all g € G and ¢(—, g192) = (¢(—,91),g2) for all
91,92 € G. In particular, by the second property, each p(—, g) is a diffeomorphism. Let

M/o=M/G:=M/(z~z-g:VzeM, geq)
denote the quotient space with the quotient topology.

Theorem 2.54. With notation as above, suppose G is a discrete group that acts freely and
properly on M in the following sense:

o (free) for every point x € M the stabilizer subgroup G, = {g € G: x - g ==z} is the trivial
subgroup;

e (proper) for every compact subset K C M, the subset Gx = {g € G : (K -g)NK # 0} is finite.
Then the smooth manifold structure on M induces a unique smooth manifold structure on M/G.

Example 2.55. The action of Z? on R? by translations,
R? x 72 — R?, (z,y) x (myn) — (x + m,y +n)

is smooth, free, and proper. The quotient manifold R?/Z? is the 2-dimensional torus T2. In the
holomorphic category, there are many holomorphically non-equivalent ways to define an action
of Z? on C = R2. For each 7 € H = {z € C: Im(z) > 0}, let

¢or: CxZ? —C, z % (m,n) — z+m+nrt.

Then, T2 = C/¢, is a 2-torus with a holomorphic structure (called an elliptic curve). Since R?
is the universal covering space of T?, every elliptic curve is of the form T2 for some 7 €#H. The
following HW characterizes different holomorphic structures on T?2.

HW 2.56. With notation as in Example 2.55, show that T2 is biholomorphic to ’]IE, if and only

if
' 4 at +b

T .T:CT—Fd

(2.15)

for some

A= {‘CZ Z} € SL(2,Z) = {A € Mays(Z) : det(A) = 1}.

8The same story holds for topological, holomorphic, or other types of manifolds.

19



Next, we define Lie groups and extend Theorem 2.54 to non-discrete actions. A Lie group G is
a manifold with a group structure such that the product map

GxG—G@

is smooth. Examples of Lie groups include S, GL(N,R), GL(XV, C), and many of its subgroups.

Theorem 2.57 ([4], Theorem 9.19). With notation as above, suppose G is a Lie group that acts
freely and properly on M in the following sense:

o (free) for every point x € M the stabilizer subgroup G, = {g € G: x - g ==} is the trivial
subgroup;

e (proper) for every compact subset K C M, the subset Gx = {g € G : (K -g)NK # (0} is
compact.

Then the smooth manifold structure on M induces a unique smooth manifold structure on M /G
such that the quotient map w: M — M /G is a smooth submersion.

If G is a compact Lie group (such as a finite group), every smooth action of G on a manifold M
is proper; see [4, Cor 7.2]. Therefore, one only needs to check that the action is free.

HW 2.58. Describe P (in both real and complex versions) as a quotient manifold.

HW 2.59. Let W be a real/complex vector space of rank n and 1 < k < n. The real/complex
Grassmannian Gry (W) space is the set of k-dimensional subspaces of W. For example,

P! = Gry (W),

Describe Gry (W) as a quotient manifold. Generalizing Example 2.47, every Gry (W) admits a
tautological rank r vector bundle vy yv — Gr (W) whose fiber over the k-dimensional subspace
K C W is K. Find the analogue of the exact sequence in HW 2.48 for Gry (W) and v .

HW 2.60. In HW 2.56, (2.15) defines a left-action of the discrete group SL(2,Z) on H. The ac-
tion descends to an action of PSL(2,Z) = SL(2,Z)/+I2x2. Explain why the quotient space is not
a manifold. This quotient space is the “moduli space” of elliptic curves; the space parametrizing
isomorphism classes of elliptic curves.

2.5 Differential forms and de Rham cohomology

By definition, for every smooth manifold M, its cotangent bundle T*M is the vector space of
linear maps on tangent vectors. A 1-form 7 is a section of T*M. If z = (x1,...,zy,) are local
coordinates on a chart V., 7, = 1|y, can be written in the form

Na = i ai(z)dz;,
i=1

where {dx;}/", is the basis dual to {0, }/"; under the natural bi-linear pairing map
TXRT'X — X xR, (¢,n) — n().

If y = (y1,...,ym) are local coordinates on another chart Vg and
m
Mo = Y _ bi(y)dy,
i=1
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by Chain Rule and the definition of the dual bundle, the coefficients a; and b; are related by the
change of trivialization map

m

m Ay
To = P M3 =13 © dpa,p = Z bilas(@))dyi(z) = Y (Z (s ))ay )dxj (2.16)
=1 j=1 i=1 T

on the overlap; i.e.

(91
Zb Pap(x Y Vji=1,...,m.

We say 1, is equal to the pullback of ng by @ s

Differential k-forms of are sections of the k-th exterior power A¥T*M of T*M. We denote the
space of (real-valued) smooth differential k-forms by QF(M,R). Locally, every k-form 7 can be
written as

g @iy, (@) dagy AL A day,,

11 <o <ip

with transition maps

Na = 902,6775 = Z bir,....i,(Pa,8(2)) dyiy (z) Ao Adys, () =

11 <o <ip
ayz ay
o(1) Lo (k)
Z < Z Z ’Ll, 1 Soaﬂ( )) a . a ) dx]l/\/\d:’c]k’
<<k i1<-<ig 0E€Sk Zi1 Zik

where (o) € {£1} is the sign of permutation.

Lemma 2.61. Prove that the local derivative maps
dly, : QF(V,, R) — QFFL(V,, R),
d\va( Z @iy, i () dag, A ./\dxik) = Z Z M dzi, A ... Adwx,
i1 <<, i< iy £=0 ””iz
are compatible along the overlaps and define a so-called exterior derivative map
d: Q"(M,R) — QM Y(M,R)  Vk>0.
Also, show that dod = 0.
By the last property above, the quotient spaces in the following definition are well-defined.
Definition 2.62. For k£ > 0, the k-th de Rham cohomology group of a smooth manifold M is

the qoutient space
ker(d: QF(M,R) — Q"(M,R))
Image(d: QF~1(M,R) — QF(M,R))

H(];R(M7 R) =

HW 2.63. Explain why HC’fR(M, R) =0 for k> dim(M). Show that if M is connected then
HY: (M,R) 2 R. Calculate Hi; of S'. Calculate Hl; and H2; of S%.
We will see later that for a compact manifold M the groups H, ZfR(M ,R) are finite dimensional

(vector spaces).
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2.6 Integration and Stokes’ theorem

In this section, first, we show how differential m-forms can be integrated on oriented m-
dimensional manifolds. Then, we state the stokes’ theorem and some of its consequences.

Suppose M is a smooth m-manifold (possibly with boundary) and 7 is an m-form on M. For
the moment, suppose 7 is compactly supported and supp(n) C V for some chart V' C R™. By
this assumption,

n(z) = f(x)dzy A ... Aday,

where f: V — R is a smooth function with compact support. We can define the integral of 7

on V and thus on M to be
/ n = / n= [ f(z)der ... don (2.17)
M v R™

where the right-hand side is the standard Euclidean integration from Calculus. The question
is whether (2.17) is independent of local chart/coordinates (z1,...,x,). The righthand side
of (2.17) does not depend on the order of m integrations, but the effect of the permutation
change of coordinate map

Yo R — R™, (1, m) —> (W1, Ym) = (To(1)s - Tom)) o€ Sp,

on 7 is multiplication by (—1)¥8(). Therefore, (2.17) depends on the order of the coordinates
Z1,...,Tm. An orientation on M in the sense of Item (3) in Page 12 fixes this sign problem in
the following way.

By definition, an orientation on M is a choice of trivialization A™T*M = M x R. Under such
a trivialization, the nowhere-vanishing constant section s(z) = (z,1) for M x R corresponds
to a nowhere-vanishing differential m-form w on M. Such a nowhere-vanishing w is called a
volume-form on M. We say local coordinates x = (x1,...,x,,) are positively oriented if in the
local presentation

w = g(x)dz1 A dxy,

of w with respect to z, we have g(x) > 0. On oriented manifolds, we can choose a positive atlas
consisting only of positively oriented charts. If v, g: Vo, 3 — Vj,o is a transition map in such
a positive atlas, then det(dyqs g(z)) > 0 for all z € V,, g. Therefore, the sign issue will not arise
on a positive atlas. If det(dy, g(z)) > 0, the equality

/ U :/ U]
Va,s Vs

@ et

follows from Change of Variable Theorem for integral of a function on R™.

Suppose 7 is a differential m-form with compact support on an oriented manifold M. Fix a
locally-finite positive atlas A = {V,}, admitting a partition of unity P = {6,: Vo, — [0,1]}.

It is straightforward to check that
’]7 = E / Han
/M A

is independent of the choice of A and P.
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Suppose M is a smooth m-manifold with boundary M (possibly empty). If M is orientable,
then OM is also orientable. Given an orientation on M, there are two conventions for orienting
OM . The inclusion OM C M gives an exact sequence

0 — TOM — TM|opy — NyOM — 0

where Np;OM is the normal line bundle of OM in M. It is easy to show that Ny OM is
isomorphic to the trivial bundle M x R. We choose an isomorphism such that constant section
1 corresponds to an outward-pointing normal vector field nq,t along M. The exact sequence
above and the choice of an outward-pointing normal vector field ng,t gives an isomorphism

T*M|gpr = NardM @ T*OM. (2.18)

We choose the orientation on T*9M such that (2.18) is an oriented isomorphism. We call it the
induced orientation on OM.

Theorem 2.64 (Stokes’ theorem). Suppose M is an oriented smooth m-manifold with boundary
OM and n is a compactly supported (m — 1)-form on M. Then

/ dn=/ 7,
M oM

where the righthand side is with respect to the induced orientation on OM

Suppose M is a connected oriented closed (compact without boundary) m-manifold. For every
(m — 1)-form n, by Stokes’ theorem, we have

/ dn = 0.
M

Q™(M,R)
Image(d: Q™—1(M,R) — Q™(M,R))

Therefore, [,, descends to a linear map

/ L HT (M, R) = — M. (2.19)
M

For a volume form w on M (which we know exists), we have [ s @ > 0 by definition. Therefore,
the linear map above is surjective.

Proposition 2.65. Suppose M is a connected oriented closed m-manifold. Then (2.19) is an
isomorphism; i.e. Hi} (M,R) = R is generated by the cohomology class of a volume form.

We will prove this later in the discussion of Poincare duality.

Suppose M is a smooth manifold and ( is a vector field on M. Contraction with ¢ defines a
degree lowering (by one) map on all positive degree differential forms

(eem)(v2, ... vg) = n(¢(x),v2, . .., vg) YaxzeM, vy,...,v5 € Tp M.

We have . ,
QF(M,R) =% Q¥ (M, R) =5 --- Q° (M, R)

with tcote = 0. The Lie derivative of a differential form with respect to  is the degree preserving
map
Lgn = dbgn + Lgdn
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with the following geometric meaning. Let
o: M xR — M, (x,t) — ()

denote the ODE flow of ¢ by the family of diffeomorphisms {¢; }1er. Then

* * *

* d -

In particular, putting s = 0, we get

. pin—mn
Len = lim 221
¢ tL>O t

Now, suppose M is oriented and compact, w is a volume form on M, and ( is a vector field on
M. Since dw = 0, we have
Lew=diew = fw

for some smooth function f: M — R. We call f the divergence of { with respect to w and
write f = Div,(f). This generalizes the notion of divergence from Calculus. By Stokes’ theorem

we have
/ Lcw_/ Divy,(f)w. (2.21)
oM M

The lefthand side is the average flow of ¢ across M with resect to w|gps. This identity generalizes
Divergence Theorem in Calculus.
2.7 Connection and curvature

Suppose m: E — M is a vector bundle. The projection map 7 induces a surjective homomor-
phism between vector bundles over F

dr: TE — m*TM.

The kernel of this map is the subspace of “vertical tangent vectors” in T'FE and is naturally
isomorphic to 7*F. In other words, we get an exact sequence of vector bundles

0— mE — TE 25 2T M — 0. (2.22)
A right-inverse for dm would give us a decomposition
TEXn"E®n*TM, (2.23)

of (2.22); thus, it would allow us to decompose any tangent vector v € TE into a sum of a
horizontal component v € T"E = 7*TM and a vertical component v+ € 7*E. For a trivial
vector bundle E= M x W, the product structure yields a canonical decomposition as in (2.23).
For an arbitrary vector bundle F, a connection V, as we describe below, will give us a suitable
decomposition (2.23) and vice versa; see Lemma 2.73.

From another perspective, let s: M — F be a section. Derivative of s, as a function between
manifolds, is a linear map ds: TM — TE. If E = M x W is a trivial bundle, we have
s(x) = (x, f(x)) for some function f: M — W and

dps=id@d, f: T.M — T, MW VY xe M.
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So d s has two components, where the vertical component corresponds to the classical notion of
the derivative of a function in calculus. For an arbitrary vector bundle, a connection V and thus
the corresponding decomposition (2.23) would enable us pick up the vertical part of ds which
we denote by Vs.

Definition 2.66. Suppose 7: E — M is a smooth real vector bundle. A connection V is an
R-linear map
V:I'(M,E) — T'(M, T*"M ®g E)

that satisfies the Leibniz rule
V(f¢Q) = fVC+df@( ¥ feC®(MR), ¢ €T(M,E). (2.24)

Remark 2.67. Note that V is a first-order operator. At any point p € M, (V()|, depends on
the values ¢ on an infinitesimal neighborhood of p. This is evident from the second term on the
righthand side of (2.31). Therefore, V is not a tensor; i.e. it is not a section of I'(M,T*M ®p
End(F)).

In any local trivialization Ely, =V, x W, V can be written as
Va=d+0, st. 0, €l(MT*M @g End(W)). (2.25)

For W = R"™ (resp. C"), we have End(W)= M,,«xn(R) (resp. Mypxn(C)) and 6, is an nxn matrix

of real-valued (resp. complex-valued) 1-forms:

O = loilligigr.

For a different local trivialization Ely, = V3 x W with the change of trivialization map
Vag X W — Vg o x W, (z,w) — (Ya,p(x), Pog(z)w),
the 1-formed valued endomorphisms 6, and 63 are related by
O3 = =Py sP, s + P030.D, (2.26)

where the products on the righthand side are matrix products.
HW 2.68. Show that if V and V' are two connections on F, then

V-V =0cl(M, T*M ®g End(E));
i.e. the difference of every two connections is a globally defined End(E)-valued 1-form.

Lemma 2.69. FEvery vector bundle admits a connection. The space of connections on E is an
affine space with tangent space I'(M,T* M ®@r End(E)).

Proof. The second statement follows from HW 2.68. Let {V,,}4cz be a smooth atlas on M with
a partition and unity {n,: Vo — R}aez and local trivializations E|y, = V, x W. Fix local
connections V, on V, x W; e.g. you may put ©, = 0 in (2.25) and just take the standard
derivative map d. The summation

VC = Z Va(ﬁaC)

ael

is well-defined and defines a connection on FE. O
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HW 2.70. In the proof above, explain why none of the terms ( — V4 (7,() is a connection
by itself but the summation on right defines a connection.

Remark 2.71. Replacing R with C in Definition 2.66 and the rest of the statements above gives
us C-linear connections on complex vector bundles.

Remark 2.72. A connection on E induces a connection on tensor/exterior powers of E.

Lemma 2.73. Suppose M is a smooth manifold and w: E— M is a vector bundle. A connection
V on E induces a splitting (2.23) of the exact sequence (2.22) such that

(d¢(w)t=VCEE, VY(eD(ME), veT,M. (2.27)

Proof. For any x € M, fix a local chart V around x and a local trivialization E|y =V x W. In
this trivialization V has the form

Vi=d+6 s.t. © € I'(M,T*M ®g End(W)).
For any we W, define

O;h
Taw)
We need to show that (2.28) is invariant under the change of local trivialization. Suppose
E|ly 2V x W is another local trivialization with the corresponding endomorphism-valued 1-
form ©" and the change of trivialization map

VxW={(v,0ww)eT,VaeaW:Vuvel,M}. (2.28)

O VXW —VxW, (z,0) — (z,—P(z)w).
By (2.26), © and ©’ are related by
0 =-deo ' +200 L
We show that B
do: T(Vx W) —T(V x W)

maps Tgih (V xW) to T?luﬁ, (V x W), where w' = ®(z)w. For (v, —O(v)w) € Tifu

w) () ( )V x W, we
have

d(z,u) @ (v, —O(v)w) = (U, (d®(v))w — @(m)@(v)w)

= (v, (dz®(v) — (D(x)@(v))w)

_ (v, — (= d,@(v)®(z) " + @(m)@(v)@(x)_l)q)(x)w)

= (v,—O' () € TL 0 (V x W).
We can also describe the horizontal subspace T"E C TFE globally in the following way. For
every x € M and w € E,, let ¢ be a section of E on neighborhood of x such that ((z) = w.
Define

T,y E = {daC(v) = Villz € TowE Vv € T,M}.

It follows from Leibniz rule T{; w)E is independent of the choice of the extension (. Since
V(C|z € E; is in the kernel of dn: TE — TM and 7o s = idy;, we have

dﬂ(dxC(U> - vvqx) = .

Therefore, dr: T(};, w)E — T, M is an isomorphism. O
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Given a smooth vector bundle 7: E — M and a connection V on F, for every xg € M, {y € E,,
and a smooth path v: [0,e] — M starting at xo (7(0) = x¢), by parallel transport of (p along
7 we mean a smooth family vectors ((t) € E, ;) such that (i) ((0) = (o and (ii) V5¢ = 0.

Lemma 2.74. With notation as above, the parallel translate of (o exists over the entire v and
1S unique.

Proof. Tt is easy to see in terms of the local description of a connection that the equation V+( =0
is an ODE with initial condition (0) = (y. Therefore, the solution exists and is unique. O

For each smooth path ~(¢): [0,1] — M connecting 9 = (0) to x; = (1), the parallel
translation map
Py: Eyy — By

is a vector space isomorphism. For different paths v and +' from zg to x1, P, and P, are often
different. Thus, for a loop v that starts and ends at xg,

Py: Eyy — By

is often a non-trivial endomorphism of E,; P, € End(F,,) is called the holonomy of V around
~v. We say V is flat connection if its holonomy on contractible loops is trivial. The holonomy
map of a flat connection gives a map m (M, z9) — End(E,,). Suppose M is connected and
pr: M — M is the universal cover of M. If E admits a flat connection then

E = pr*E—)M

is isomorphic to the trivial bundle MxW. Via parallel transport, a flat connection determines an
isomorphism E =2 M x W such that the pull back connection is the standard derivative map d on
M x W . In conclusion, flat vector bundles correspond to representations p: w1 (M) — End(W).
For each p, we have .

E=(MxW)/G (2.29)

where GG acts by the group of deck transformation on M and G acts on W by p.

Holonomy is closely to related to the curvature FV of V, which we are going to define. In fact,
V is a flat connection if and only if FV = 0.

Proposition 2.75. . For any connection V, the expression
FY(G,0)6 =V Vol = Vo Vel = Vi mé YV, GeD(M,TM), (¢ €T(M,E), (2.30)
is C°(M,R)-linear in all three inputs. Hence it defines an element
FY € Q*(M,End(E)) := (M, A*T*M @ End(E))
called the curvature of V.

In (2.30), [(1, (2] is the Lie bracket of vectors fields ¢; and (2. It is a vector field satisfying

€1, G (f) = df([C1, G2]) = C1(Ca(f)) — C(Ci(f))-

In local coordinates, if
m

G =) aids and (=) bid,
i=1

=1

27



then
e, Oby . Oa
[C1,C2] = ZZ (aj—8 - bj—aa. ) Os,.

=1 j=1
Both the Lie bracket and FV are skew-symmetric in (1, (a.
HW 2.76. Replace ¢ with f¢ and apply Leibniz rule (mutiple times) to prove Proposition 2.75.

A connection V can also be seen as a way of extending the exterior derivative d to E-valued
differential forms. Let
QF (M, E) :=T(M,A*T*M o E)

denote space E-valued differential k-forms on M. A connection V can be seen as a derivative
map

dv: Q°(M,E) — Q'(M, E)

and dy extends to a derivate map

dy: QF(M, E) — Q*1(M, E)
for all £ > 0. As in the case of the exterior derivative d, dy satisfies the Leibniz identity

dy(wAn) =dwAn+ (—D)*wAdyn,  YweQF(M,R), neQ4(M, E).

Unlike the exterior derivative d, dy o dy # 0; thinking of FV as a map

FV:QF(M,E) — Q*2(M, E);
we have dy ody(n) = F VA n; so F V measures how much dy ody deviates from being a cochain

map.

In terms of the local connection matrices © in (2.25), the End(E)-valued 2-form FV has the
form

F=do+0OA0.

If rankg F = 1, then © is an honest 2-form and ©® A © = 0; thus, F defines a global closed
2-form on M whose cohomology class [F] € H?(M,R) is independent of the choice of V. This
cohomology class will happen to be zero (why?).

If r =rankgFE > 1, then O is a matrix of 1-forms and © A © can be a non-trivial matrix of
2-forms. Nevertheless, we have

(Bianchi Indentity) dF =d(dO+ 6 A 0)
=dONO-OANdO =[F,0]=FANO©—-OAF.

For an honest 1-form ©, we have dOAO —-OAdO = 0, but this is not true for a matrix of 1-forms.

For any fixed pair of integers 1 < 4,5 < r, the individual ij-th terms of F,, where F|, is the
curvature matrix with respect a local trivializations E|y, = V, x R", do not paste together
to define a 2-form on M; the change of trivialization maps ®, g mix these terms together by
conjugation, i.e.
—1
Fg = 0apF0®, 5.
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However, symmetric functions of F, are preserved by the change of trivialization maps. The
basic symmetric functions are

02, = trace(Fy), ... 09 q = det(Fy)

in degrees 2 up to 2r. For each 1 < k < r, the local 2k-forms {og1 o} paste together to define
well-defined global 2k-forms o9, on M. These differential forms depend (only) on V.

Even though, by Bianchi Identity, dF" # 0, the combinations o2, ...,02. are closed forms.
For example,
dog = d trace(F') = trace(dF) = trace(FAO© —O A F) = 0.

Also, if we change V to a another connection V', the resulting closed differential forms o4, ..., o},
differ from o9, ..., 09, by exact forms. Therefore, the cohomology class

[09] € H3g(M,C),...,[02] € HiR(M,C)

are invariants of the smooth vector bundle E. If FE is trivial, by choosing the trivial connection
V = d, we observe that [o9;] = 0 for all 1 < k < r. The converse however is not always true. If F
is a flat line bundle as in (2.29), then all these cohomology classes are 0 but E can be non-trivial.

Everything we have been talking about has a straightforward generalization to complex vector
bundles in the following sense.

Definition 2.77. Suppose 7: E— M is a smooth complex vector bundle. A Chern (complex
linear) connection V is a C-linear map

V:T(M,E) — T'(M,(T*M ®r C) ®@c E)
that satisfies the Leibniz rule
V() = fVCHAf@C ¥ feC®(M,C), ¢eT(M,E). (2:31)

Note that by replacing T*M with T*M ®gr C we are allowing differential forms with complex
coefficients; we will denote the space of C-valued differential k-forms by Qk(M ,C). In general,
if E — M is a real vector bundle, then F¢ := F Qg C gives us a complex vector bundle of the
same rank. The complex conjugation induces a conjugation on Eg.

Similarly, the curvature of a Chern connection is the Endc(F)-valued 2-form
FY € Q*(M,Endc(E)) = I'(M,A%(T*M ® C) ®c Endc(E)).
If rankc(F) = r, the Chern classes of E, as de Rham cohomology classes, are defined by
L4 te1(B) + 2s(E) + . .. + 70 (E) = det(I + %F).
They happen to be real-valued. In particular,

cl(E):[Qitrace(F)]eﬂgR(M,R) and cT(E):[(i)Tdet(Fa)]eﬂgg(M,R). (2.32)

T 2T

So far, we have been purposefully avoiding any mention of a metric in our discussion of manifolds
and vector bundles. Differential Topology is mainly about the smooth structure of manifolds
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and vector bundles. Introduction of a metric would enable us to put more conditions on a
connection and thus the curvature form. In the case of a real vector bundle £ — M, we equip
E with a Riemannian structure in the following sense. A Riemannian metric g on F is a smooth
fiberwise positive-definite symmetric bilinear map

g=(—,—): EXE—R.

Here, symmetric means
(u, vy = (u,v) VeeM, u,veE,

and positive-definite means
(uyuy >0 VezeM, 0 #ueE,.
In any local trivialization E|y, =V, x R", we have
(u,v), = ul Ay (x)v VaeM, u,veR",
where A, (x) is positive-definite symmetric matrix and the function
Vo — Myxr(R), x— Ay(x)

is smooth. If Ag is the matrix corresponding to a different trivialization Ely, = Vg x W, Ag
and A, are related by the formula

Aa(x) = Pa,5(2)T Ap(pa (@) Pas(x)- (2.33)
A Riemannian metric g on F also gives us an identification of F and its dual E*:
E>v& (v,—) € B (2.34)
Therefore, every real vector bundle F is isomorphic to its dual. Since
[ok(B)] = (=1)*[ox(E")] VYV k >0,
it follows that [o%] = 0 for all odd k.

Given a Riemannian metric g = (—, —) on E, we say a connection V is compatible with g if

d(¢,€) = (V(,€) + (¢, V) . (2.35)

HW 2.78. If V and g are compatible, in any local trivialization E|y, = V, x R", find the
relation between A, and ©,.

If E — M is a complex vector bundle, we can equip F with a Hermitian metric. A Hermitian
metric h

h=(——-):ExE—C.
is a smooth family of Hermitian inner products on the fibers of E in the following sense:
e h is complex linear on the second input and anti-complex linear in the first input;

o (u,v) = (U,u) VaeM, u,veEy,;
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e (w,u) >0 VezeM, 0#ueck;,.
In any local trivialization E|y, =V, x C", we have
(@, v), =" Ag(x)v VaeeM, u,veC’,
where A}, = A, = Ag, u*Agu > 0 for all w € C" — {0}, and the function
Vo — Myxr(C), = — An(x)

is smooth. If Ag is the matrix corresponding to a different trivialization Ely, = Vjz x C", Ag
and A, are related by the formula

Aa(z) = Do 5(2)* Ap(Pa,5(2)) Pa,p()-
A Riemannian metric h on F also gives us an identification of F and its dual E*:
E>v& (v,—) € E*.

Therefore, the dual of every complex vector bundle F is C-linearly isomorphic to the conjugate
of E.

Given a Hermitian metric h = (—, —) on E, we say a Chern connection V is compatible with h
if
d(¢. &) = (V¢.€) + (¢, VE).

HW 2.79. If V and h are compatible, in any local trivialization Ely, = V, x C", find the
relation between A, and O,.

HW 2.80. Use partition of unity to prove that every real/complex vector bundle admits a
Riemannian/Hermitian metric.

Remark 2.81. Every Hermitian metric h on E has the form h = g+ iw such g is a Riemannian
metric on the underlying real vector bundle of F and w is a non-degenerate skew-symmetric
bilinear form. Here, non-degenerate means that

w(u,—) =0« u=0, VereM, ue E,.
By the second bullet above, w and g are related by
w(u,v) = g(iu,v) VaoeM, uvekE,.
Therefore, any of h, g, or w, determines the rest.

We will dig more into metrics on manifolds in Section 2.8.

2.8 Riemannian manifolds

A Riemannian manifold is a smooth manifold M with a (Riemannian) metric g = (—, —) on its
tangent bundle. Locally, on a chart V' with local coordinates (z1,...,x;), a metric g has the
form

g = gij(x) do; ® dz;
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such that (gij (x)) is a smooth family of positive-definite symmetric matrices. The space of
connections V on T'M that are compatible with g in the sense of (2.35) is non-empty and it has
more than one element. There is a unique connection V in this set, known as the Levi-Civita
connection, which is Torsion-free in the following sense:

Tv(C,§) =V = Ve( = [(,8] =0 V(§el(M,TM).

In local coordinates (x1,...,zy,) on M, we can expand any connection in the following way
m
Vo, O, = T,
k=1

For the Levi-Civita connection V, Ffj are called the Christoffel symbols of g and are given by

m

1 990 Ogej  Ogij y _
Fszgzgl‘%(az + 8@ - 6:)’ () = (g55) - (2.36)
=1 T T Ty

The curvature tensor of V, usually denoted by R instead of FV can also be expanded as

R(0y,,04,) Ox, = Riij O, (2.37)
where each Rﬁﬂ-j can be explicitly written in terms of the first derivatives of the Christoffel
symbols. The full curvature tensor is often too complicated to work with. We often combine
some of the terms to get a simpler tensor or just a function that is easier to work with. For
example, the scalar curvature of ¢ is the full trace of R given by

k: M — R, k(z) = Z (R(es, e5)ej, i) = ngjRi;’ij
2 4,5,k

where eq,..., e, is an orthonormal basis of T, M. Scalar curvature of a surface > embedded in
R3 with respect to the metric induced by the standard metric on R? is known as the Gaussian
curvature.

Example 2.82. In this example, we calculate the scalar curvature of S? (2-dimensional sphere
of radius r) and explain the formula for general S)’. The orientation-preserving parametrization
of a 2-sphere of fixed radius r in spherical coordinates is given by

x(p,8) = r(sin ¢ cosd,sin psin @, cos @)

where (¢, 0) € (0,7) x (0,27). Therefore, we have

0

X, = £ = T(cosgocosé?,cosgosine,—sin«p)
0

Xg = a—z = r( —singpsin@,singpcosQ,O)

oo = <tiaxcp> = 7"27

9op = Jpo = <X97Xg0> = 05

goe = (Xp,%g) = 7% sin® ;
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i.e.

2 1 0
g= <g“w 99<p> = (r 2 .02 ) with inverse g~ = 73 1 .
90 960 0 resin“e 2sin? o

By (2.36), we have

m

1 g9 | Oges  Ogay 1 9900 OGon
o — 9@( _ ):799(27_7>:07
=5 2 (G % o )= (2 %,
{=0 or ¢
and .
1 9909 | 9900  Ogo 1 990900
%, =5 Z 9%( + == - S0) =-g = cotan(yp).
©
2 = or o Oy O 1)) 2 Oy
Similar calculations yield
Fie = Fz@ = cotan(yp), Ffw = 0;
I'y, = —sinpcosg, I‘;e = ngo =0, I'Z,=0.

We conclude that,
Vo,00 = Tp0p + I'%,89 = —sin o cos 0y

Va,0p = Va,0p =Ty 0, + szag = cotan(y)0dp;
Vo,0p =T5,0, + 10,00 =0.

In the formula (2.37), we need an orthonormal frame. The frame (0, dp) is orthogonal but not
normal. By dividing with their lengths, we get an orthonormal frame

(e1, e2) = (laso Lag).

r 7 rsing
Note that the only nontrivial terms in the formula (2.37) are
(R(e1,e2)ea,e1) = (R(ea,e1)er, e2) .
However, this normalization is not necessary. Since curvature is a tensor, we have

(R(e1,ez)ea,e1) = {R(9,09) 00, 0y) _ (R(9y; 0p)0p, Op)

area (0, 0p)? r4 sin 2
We have
R(0p,09)00 = V9,Vo,00 — V,Va,0 — V3,9,
= V@,( — sin g cos pd,) — Vg, (cotan(p)dy) — 0
= ( — cos ¢ 4 sin <p2)8¢ + cotan() sin ¢ cos pd,, = sin p?d,,
Therefore,

K — 9 <R(8§07 89)69’ 8<P> _ 3
r4 sin 2 r2’

For n-sphere S)* of radius r, the scalar curvature is given by

k=2 Z (R(ei,ej)e;, ;)
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Each pair (e;, ;) is tangent to some S? C S?. The corresponding term 2 (R(e;, e;)e;, €;) is equal

to 2r~2. Therefore,
ny 2 nn-1)
Kgn = - =——".
ST 2 7'2 7«2

O]

A Riemannian metric allows us to define a distance function on M (thus a metric in the topo-
logical sense). If v: [0,1] — M is a smooth path (satisfying 4 # 0), we define its length to be
the non-negative quantity

1
] = / Tl 1= VAL

It follows from Chain Rule that |y| is independent of the choice of the parametrization. A
Riemannian metric also allows us to define the angle between two tangent vectors by

angle between u, v = cos ™! <’<u‘,‘v>‘> € [0, 7] VaeM, uvel,M.
ul|v

If M is connected, given two points x,y € M, it is natural to seek for a path ~ connecting the
two points that has the minimum length. Such a path is called a geodesic between x and y. We
can also consider geodesics that start at a point z and leave x at a particular direction v € T, M.
Geodesics generalize the concept of straight line in Euclidean geometry. The questions are:

(Question 1) what is the equation of a geodesic?

(Question 2) why do they exist and are they unique?

The Lagrangian approach in math/physics to answer questions such as Question 1 above is to
consider the space of all paths between two points and find the critical points of the length
functional

1
L(v) = | = / 5]t

=0
whose minima are the desired paths. So the question reduces to: what is the derivative of L?
At the cost of a reparametrization, we may assume |y| = ¢ for some positive constant c¢. Other-
wise, it would be easier to work with the functional

1
B = [ Rl
t=0
HW 2.83. Show that a minima of L is also a minima of E.

An infinitesimal deformation of  corresponds to a vector field v = {v(t) € T4 M }ejo,1] along
~ that vanishes at the end points. A straightforward calculation shows that

1 (Y (Vi3 1 [t
d,L(v) == / Vard) g, 2 1 / (v, V) dt .
C Jt=0 o] C Jt=0

The second identity follows from Leibniz rule and the fact that v(0) = v(1) = 0. We conclude
that v is a critical point of L if and only if

(Geodesic Equation) V4% = 0.
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In any local coordinate y(t) = (z1(t),...,2m(t)), (Geodesic Equation) is a second degree ODE

m m
Bt > > TE @i =0.

i=1 j=1

Therefore, for every x € M and v € T, M, there is a unique geodesic v, , starting at © = v, ,(0)
with the initial velocity v = 4, (0). If M is closed, then 7, , is defined for over the entire R.
For different x,y € M, there is a geodesic v connecting the two points but it may not be unique.
For long paths, critical points of L are not all minima and they are not necessarily isolated.
In short distances, (Geodesic Equation) has a unique solution between every two points which
corresponds to the minimum distance, but there are long geodesics that wind around and return
to a nearby point (or the same point). In conclusion, for each = € M, there is a sufficiently
small ball
Be(z) ={veT,M: |v|<e} CT,M

restricted to which the so-called exponentiation map
exp,: Be(zr) — M, v — Yz 0(l) € M, (2.38)

is a diffeomorphism. One can think of exp;! as a chart map around x € M that maps all the
geodesics through z to straight line segments passing through the origin in 7T, M.

Exponential identification can be extend to a neighborhood of every closed submanifold in the
following way. Suppose W C M is a submanifold. The metric g allows us to identify the normal
bundle Ny, W with the orthogonal complement of TW in T'M |y :

TWh = {veTMlw: (v,u) =0 ¥ u € Ty, W}
Extending the case W = {z} above, there is a function
e W — R>O

and such that exponentiation map

expy: B(W) — M,  T,W*3v—,,(1) €M,
B.(W):={veTW: jv| <e(r(v)} c TW+

is a diffeomorphism. In other words, a neighborhood of every submanifold W in M can be iden-
tified with a neighborhood of the zero section in the normal bundle Ny, W. If W is compact,
we can take £ to be a constant. If furthermore Ay, W is isomorphic to the trivial line bundle
W x R", the composition of expy, and a trivialization shows that a neighborhood of W in M is
diffeomorphic to a product. This is, for example, the case whenever M is an oriented manifold
and W =0M if compact: a neighborhood of 9M C M is orientably diffeomorphic to (—1, 0]x0M.

A metric g on an oriented m-manifold M also allows us to define a volume form w, € Q" (M,R)

whose integration on every open set U C M is positive. If (z1,...,2,,) are local coordinates on
V C M compatible with the orientation, define

Wg, v = \/det(gzj) dzi A ... Adxy,.
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Note that det(g/) > 0 because (g%) is positive definite. For another such chart V' C M with
local coordinates (y1, ..., Ym) and transition map

T = ($17"'7xm) — (P(x) = (y17'-'7ym)7
it follows from the compatibility of the orientations that
det(dy) > 0.

Therefore, by (2.33), we have

\/det(gis) = \/det(g];) det(dp).

Finally, it follows from the equation above and Chain Rule that
* o —1 _
©rwg v = y/det(gi;) det(dy) ™" det(dp) dey A ... Ady, = wgy.

Therefore, the local m-forms {wyy} are compatible along the overlaps and define a global
nowhere-vanishing m-form w, on M. This volume-form can be used to define integration of
functions on M. We also define the volume of M with respect to g to be [, w, (this can be
infinite).

By (2.34), a Riemannian metric g on M gives an isomorphism of the tangent and cotangent
bundles, and thus a metric (still denoted by g) on T*M. In local notation of this section, we
have

<dl‘¢, dl'j> = gij.
The isomorphism T'M =, T*M also allows us to define the gradient vector field of a smooth
function f: M — R by

df - <Vf, _>

which generalizes the notion of the gradient in Calculus. In local coordinates, we have
m
of ..
Vf: Z 67 gU axj-

ij=1 "

At each z € M, if Vf(z) # 0, since df (v) = (Vf,v), Vf(x) is the direction at which f increases
the most. Critical points of f correspond to zeros of the vector field Vf. For every regular
value c of f, Vf is orthogonal to the level set M. = f~!(c); thus, Vf is a non-zero section of
TME = NyrM.. In conclusion, Ny M, is isomorphic to the trivial line bundle. If ¢ is a metric

on M,
Vf

]

define a normal vector to M,.. Through the isomorphism
TM|y, 2R-n®TM, (2.39)
the metric g induces a metric on M,. If M is also oriented, then M, is oriented as well and

Wy, = lnWg- (2.40)
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Example 2.84. In this example, we calculate the area of the unit sphere S? with respect to
the metric induced by the standard metric on R? in two ways.

For the unit sphere S2 C R3, the outward normal vector field n in (2.39) is half of the gradient
vector of the defining equation of S?; i.e.

1
n={_g, (= §V($2 +y7 + 22) = 10, + Y0y, + 20,.
Therefore, the area form of S? with respect to the induced metric is the restriction of the 2-form

tede ANdyAdz =z dyAndz —ydeAdz+ 2z dz Ady

to S2. We can calculate the integral
area(S?) = /52 wgz, wg2 = (x dy Adz —y do Adz + z dz A dy)|se. (2.41)
either directly or by using Stokes’ theorem.
(1) By Stokes’ theorem,
area(S?) = /32 (az dyAndz —ydzAdz+ 2z dx/\dy)
—/Bd (x dy Ndz —y dz Adz + 2z dz A dy) —3/ dz Ady A dz = 3vol(B),

B

where B is the unit ball in R3 bounded by M = S2; see (2.21). The last integral can be
easily calculated in spherical coordinates giving us the value vol(B) = %77. We conclude that
area(S?)=4r.

(2) To calculate (2.41) directly, we use the parametrization of S? coming from the spherical
coordinates. The map

W: (0,7) x (0,21) — S, (p,0) — (cos(0) sin(yp), sin(@) sin(y), cos(y))
gives an oriented identification of (0,7) x (0,27) and a dense open set in S?; i.e. W~! is an
oriented chart covering the entire S? except an arc. By Chain Rule

/ UHwge = / wg2 = area(S?).
(0,m)x(0,27) 52

sin(#) sin(¢)) A dcos(p)—

9) sin(p)) A d cos(p)+
sin()) A d(sin(9) sin(p))
3.dO A dy

We have

n
=
=
—~
>
~
n
=
=
—~
S
~
[oW
—~~ —~
Q
@}
n
—~~

— cos(y)?sin(y) sin(h)? d A dy
— cos(ip)? sin(y) cos(#)? do A dyp



Therefore,

area(S?) = / Uwge = / sin(p) dy df = 27r/ sin(p) de = 4.
(0,m)x(0,27) (0,m)x(0,27) (0,m)

Recall that at the zeros of section s of any vector bundle £ — M, we have a canonical
decomposition T, E — T, M & E,, which gives us a well-defined (independent of any connection)

vertical-derivative map
dis: T,M — E,.

Applying this to the section s = Vf of E =TM, we get a second-derivative map
He =diVf: T,M — T,M, Y axe M with Vf(z)=0,

which is called the Hessian of f at at x. Equivalently, we can work with the section s = df of
E=T*M to get
H: =didf: T,M — T M.

This way, we don’t need any metric to define H*. They are related by
(Hzp(v),—) = H,(v) Vuvel,M.
Nevertheless, we get a function
Qo TMT,M — R,  Qu(v,u) = (Ho(v),u) = (Hi(v))(n) VuoveT,M (242)

which is a (symmetric) quadratic form on T, M. This is what we know as the second derivative
matrix in Calculus. The eigenvalues of @, (or H;) tell us about the local behavior of f at a
critical point.

Definition 2.85. We say z is a non-degenerate critical point of f if all the eigenvalues of @,
are non-zero. We say f is a Morse function if all the critical points of f are non-degenerate.

If f is Morse, for every critical point = of M so that @), has p positive and ¢ = m — p negative
eigenvalues, there are local coordinates (yi,...,¥yn) around x such that

Fn, - ym) =@+ > vl — > v (2.43)

i=1 i=p+1

Definition 2.86. For every critical point x of a more function f, the integer ¢ = m — p is called
the index of x.

The local description 2.43 helps us understand how the level sets M, change as we go from a
regular value ¢ < f(x) to another regular value ¢ > f(z). Different values of (p,q) correspond
to so-called different handle attachments. A critical point  with p = m is a local minimum and
a critical point z with p = 0 is a local maximum. If m = 2, the case (p,q) = (1,1) is known
as a saddle point. For m > 2, we have different kinds of “saddle points”. Therefore, starting
from minimum points of f, M is built from a collection of balls by attaching handles of different
types as we move toward the maxima of f.
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Example 2.87. Consider a 2-torus 7" and a hight function f:7 — R as in Figure 1. The
function has four critical points A, B, C, D, where A is a minimum (p=2,¢=0), D is a maximum
(p=0,g=2), and B and C are saddle points (p =1,¢ =1). Starting at A, the construction
of T starts with a disk T<; = f~1((—o00,t]) C R?, where min(f) <t <b. As we increase the
value of ¢, the size of T<; increases but its topology remains the same. The level set T} is not
a manifold (it is singular). The change of topology from T<;_. (a disk) to T<p1. (a cylinder),
for any sufficiently small € > 0, corresponds to a handle attachment as seen in Figure 1. As t
increases from b to the next critical value ¢, the topology of T<; remains the same. Once again,
the change of topology from T<._. to T<.4., for any sufficiently small ¢ > 0, corresponds to a
handle attachment (this time in the reverse direction). Finally, reaching the maximum point D
corresponds to closing the manifold T<;, ¢ <t < max(f), by attaching a disk (2-handle) to it
along its boundary circle.

Figure 1: A Morse function on 2-torus and its level-sets.

Example 2.88. We use Theorem 2.43 to show that every manifold admits a (plethora of) Morse
function. By Theorem 2.43, M can be embedded into a sufficiently large R™. We assume M
does not include the origin. For almost every p € R”, we show that the distance-square function
from p

Fo(z) = ||z — p||?

restricts to a Morse function on M. Using the standard metric on R", we have
dfp(v) =2(x —p,v).
Therefore, p € M is a critical point if and only if  — p is orthogonal to T}, M. Let
TM* = {(z,v) € M xR": (u,v) =0 YuecT,M}.

Consider the map
o: TM+ — R", (x,v) — p=2x+w.

Therefore x is a critical point of f, if and only if p € o(T,M*). Using calculations in local
coordinates on M, we can show that x is a degenerate critical point of f,, if and only if (z,v)
is a critical point of ¢ (second derivative of f,, at x equals derivative of p at (x,v)). By Sard’s
theorem, the set of regular values of ¢ is open and dense. Therefore, for generic p, f, is Morse.

HW 2.89. Suppose M C R” is a closed submanifold. Show that for generic line L = R,
orthogonal projection to L defines a Morse function on M.
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HW 2.90. Show that if f: M — R and g: N — R are Morse, then f+¢g: M x N — R is
Morse, and

Crit(f + g) = Crit(f) x Crit(g).

Theorem 2.91. Let M be a closed manifold. Then the set of Morse functions on M is a dense
open subset of C*°(M,R).

3 Different (co)homology theories and their interactions

3.1 Singular/simplicial/cellular homology

An m-simplex A is the convex hull of m + 1 generic points in R™ for any n > m. The simplex is
so-named because it represents the simplest possible polytope in any given space. For example,
a O-simplex is a point, a 1-simplex is a line segment, a 2-simplex is a triangle, and a 3-simplex
is a tetrahedron. The boundary 0A of any m-simplex A is a union of m + 1 (m — 1)-simplices.
We call them codimension 1 faces of A. Inductively, we define a codimension k face of A to
be a boundary component of a codimension k — 1 face. We may think of an m-simplex A as
a manifold with boundary and corner (where corners correspond to codimension 2 and higher
faces). Topologically, an m-simplex A is homeomorphic to a ball in R™, and it can be smoothly
identified with

Astd:{(xlw"axm):xizoa legl}
=1

Such an identification and the standard orientation on R™ fixes an orientation on A. Using
the orientation convention in (2.18), an orientation on A then induces an orientation on each
boundary (m — 1)-simplex A’ C JA. Every codimension 2 face A” is the intersection of two
boundary components A} and Al,. The boundary orientations induced by A} and Al, on A” are
the opposite. This is the key observation in the definition of the singular homology below.

Definition 3.1. A singular n-simplex in a topological space M is a continuous map o: A — M
from an oriented n-simplex A = Agq to M. The boundary of o, denoted by do is the formal
sum of the singular (n — 1)-simplices represented by the restriction of o to the faces of the
standard n-simplex (with the boundary orientation).

For n > 0, let C,,(M,Z) denote the free abelian group generated (over Z) by all singular n-
simplices. For n < 0, define C),(M,Z) to be the trivial group. In C,(M,Z), multiplication of
a singular n-simplex 0: A — M by (—1) can be exchanged with the change of orientation
on A. An element of C,(M,Z) is called a singular n-chain. The boundary operator 0 in
Definition 3.1 linearly extends to all singular n-chains in C,,(M,Z). The extension, called the
boundary operator, is also denoted by

0: Cp(M,Z) — Cp—1(M,Z).
By the last line before Definition 3.1, we have 92 = 0; therefore, the so-called singular homology
groups

Zn(M,Z) = ker(8: Cp(M,Z) — Cp_1(M,Z))

H"8(M,7) =
n e LZ) B,(M,Z) = Image(9: Cpy1(M,Z) — Cn(M,Z))’

VY n >0,

are well-defined. Replacing Z with R, Z/27Z, C, or any other ring/field, we get singular homology
with values in that ring/field. An element in Z,,(M,Z) is called singular n-cycle and an element
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in B, (M,Z) is called a singular n-boundary.

The abelian group C,, (M, Z) is monstrous. Therefore, even if M is a nice topological space such
as a smooth manifold, it is not clear why H;"8(M,Z) should be finite. If M is path-connected,
it is fairly easy to show that Hy"®(M,Z) = Z.

Every m-manifold admits a triangulation; i.e. it can be written as a union of m-simplices glued
along their codimension 1 faces. Figure 2 illustrates a (complicated) triangulation of the 2-torus;
one can triangulate a 2-torus with only 2 triangles. In the literature, there are different types of

Figure 2: A triangulation of 2-torus (image courtesy of wikipedia)

triangulations on a topological space. Smooth manifolds admit the best kind of triangulation.

Theorem 3.2 (Cairns[?]-Whitehead [?]). Every smooth manifold admits an (essentially unique)
compatible piecewise linear structure.

Therefore, we skip the details and focus on applications. We refer to [?] for a quick overview of
the results.

A simplicial complex K is a collection of simplices that satisfies the following conditions:
(1) every face of a simplex from K is also in K;

(2) the non-empty intersection of any two simplices A1, Ag € K is a (union of) face of both A,
and AQ.

A pure or homogeneous simplicial m-complex K is a simplicial complex where the largest dimen-
sion of any simplex in K equals m and every simplex of dimension n < m is a codimension m —n
face of some m-simplex A € K. By the discussion above (existence of a nice triangluation), every
smooth m-manifold M can be given the structure of pure simplicial m-complex Kp;. If M is
compact, we can choose Kjps to have only finitely many faces. If M is oriented, each m-simplex
A in s inherits an orientation from the orientation on M.

The definition of simiplicial homology of a simplicial complex K is very close to definition of
singular homology. It is, however, much more useful for concrete calculations. Let K be a
simplicial complex. A simplicial k-chain with coefficients in Z is a finite formal sum

Z CiAi

where each ¢; is an integer and ¥; is an oriented k-simplex in K. In this definition, just like
singular homology, we declare that each oriented simplex is equal to the negative of the simplex
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with the opposite orientation. The group of k-chains on K is denoted Cy(KC,Z). This is a free
abelian group which has a basis in one-to-one correspondence with the set of k-simplices in K.
To define a basis explicitly, one has to choose an orientation of each simplex. If M is an oriented
m~manifold, for m-simplices in ICj;, we usually choose the orientation induced by the orientation
on M. For each oriented k-simplex A in K, the boundary 0A € Cj_1(K,Z) is the formal sum
of the codimension 1 faces with the induced boundary orientation. The boundary operator 0
linearly extends to all simplicial k-chains in C (K, Z):

9: Cy(K,Z) — Cr_1(K, Z).

By the last line before Definition 3.1, we have 9> = 0; therefore, the so-called simplicial homology
groups
Zk(IC, Z) = ker(&: Ck(’C, Z) — Ck—l (IC, Z))

HI™P(KC,Z) = . VEk>0,
e (KZ) Bi(K,Z) = Image(9: C11(K,Z) — Cip(K,Z)) -

are well-defined. Replacing Z with R, Z/2Z, C, or any other ring/field, we get simplicial homol-
ogy with values in that ring/field.

Even though singular homology is defined for an arbitrary topological space and simplicial
homology is defined for simplicial complexes, for a manifold M with a triangulation ICjs, these
homology groups are the same:

H™ (K, Z) = HY"8(M,Z) Y k>0,

In particular, H;"#(M,Z) = 0 for all k > dimM. The isomorphism above means that instead
of considering all the singular k-simplices o: A — M, we can only restrict to those k-simplices
o that are the inclusion map of some A € Kjs into M.

Example 3.3. We can give M = S! the structure of a pure l-complex with one 1-simplex
I =10,1] and one zero-complex p = {1} = —{0}. Therefore, C1 =Z-1, Co =Z - p, and

0: C1 — Cy, I — {1} -{0}=p—p=0.

We conclude that Hfimp(Sl,Z) = 7 is generated by the homology class of l-cycle I, and
H™P(S1,Z) = 7 is generated by the homology class of 0-cycle p.

HW 3.4. Calculate the homology groups of the Klein bottle.

We complete the discussion of this section by reviewing the definition of CW-complexes and
cellular homology. The concept of CW complex was introduced Whitehead to meet the needs
of homotopy theory. This class of topological spaces is broader and has some better categorical
properties than simplicial complexes, but still retains a combinatorial nature that allows for
computation (often with a much smaller complex). For each k>0, a k-cell is a k-dimensional
open ball in R*¥. A 0-dimensional CW complex is a topological space with discrete topology. A
k-dimensional CW complex is constructed, inductively, by gluing the boundaries of a number of
k-cells to a (k — 1)-dimensional CW complex. The topology of the resulting k-dimensional CW
complex is the quotient topology defined by these gluing maps. Since any open ball in RF is
homeomorphic to R¥, R* is a k-dimensional CW complex with only one k-cell. The k-skeleton
C¥) of a CW complex C is the union of all of its k-cells. Since the interior of every k-simplex
is a k-cell, every simplicial complex K is naturally a CW complex (which we will denote by
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Cx). The converse is not true, the gluing maps of the inductive construction above can be quite
complicated. In conclusion, we have the following hierarchy:

smooth manifolds C simplicial complexes C CW complexes C “nice” topological spaces.
Suppose C is a CW complex. Every k-cell e € C*%) comes with a gluing map
f:oPe=8k1_cp ), (3.1)

where Cj is the topological space made of all /-cells with £ < k and 9'°Pe is the topological
boundary? of e. Let C_1/Cj_o denote the topological space obtained by collapsing Cx_» into a
point (we don’t go into the details of this) and 7: Cy_1 — Cr_1/Ci—2 denote the corresponding
projection map. If we collapse the boundary of an n-cell into a point we obtain S™. Therefore,
one should think of Ci_1/Ci_2 as a bucket of (k — 1)-spheres attached to each other at a point.
Each (k—1)-sphere [e] in this bucket correspond to a (k—1)-cell e in C*), If C) = {e, }aerz, , for
each a € Z,,, by further collapsing all the spheres [eg], with 8 € 7 — {a}, we obtain a projection
map 7o : Cp/Cpno1 — [eq] = S™.

For n > 0, let C,,(C,7Z) denote the free abelian group generated (over Z) by all n-cells in C™
(together with a choice of orientation on each n-cell); i.e.

Cn(C,Z) = 7%,

For each oriented k-cell e, the boundary (k —1)-chain de € Cy_1(C,Z) is defined in the following
way. With notation as in (3.1), for each o € Zj_;, twe have a continuous map between (k — 1)-
spheres

BtoPe=Sk1 Loe T O 0 ] = SFL

Let d, € Z denote the degree of this map (with respect to the pre-determined orientations on
the cells). We define
de = Z dolq-

O(EIk_l

The boundary operator § linearly extends to all k-chains in Cx(C, Z):
0: Ck(C,Z) — Ck_l(C,Z).
For the same reason as before we have 9% = 0; therefore, the so-called cellular homology groups

Z(C,Z) == ker(d: Cy(C,Z) — Cr-1(C,Z))

Hcell C,Z — ,
e (C2) By(C,Z) = Image(@: Cp+1(C,Z2) — C’k(C,Z))

Vk>0,

are well-defined. Replacing Z with R, Z/2Z, C, or any other ring/field, we get simplicial homol-
ogy with values in that ring/field.

Once again, every smooth manifold M has the structure of a CW complex Cjs (for example one
arising from a triangulation KCps) and

HEN(Car, Z) = HP™ (Kar, Z) = HY"(M,Z) Y k> 0.

For this reason, we simply denote these homology groups by H.(Cas,Z). In some cases such as
in the example bellow, cellular homology is more convenient for calculations.

9We are writing 9*°Pe instead of just de to distinguish it from the chain map defined below.
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Remark 3.5. There is a different way of realizing a smooth manifold M as a CW complex
using a Morse function. We will explain this in details in Section 3.4.

Example 3.6. For each m > 0, the real projective space RP" has the structure of a CW
complex Cgq made of exactly one cell in each dimension 0 < k < m. The gluing map of the k-th
cell e, to Cr_1 = RPF*~! is the (2 : 1)-covering map S¥~! — RP*~!. The cells can be oriented
in a way that the boundary maps of the chain complex

0 — C(Csta, Z2) 2 Z 25 - -2 Co(Cpa, Z) 2 Z — 0

are equal to
0= (14 (~=1)"): Cp(Ca, 2) = Z — Cp-1(Csta, Z) = Z.

In other words, we have

We conclude that

7 if i =0,

Hi(RP™, Z) = Z if i = m and m is odd,
Zo=17/27 if0<i<m, i=odd
0 otherwise.

For each m > 0, the complex projective space CP" has the structure of a CW complex Cgq
made of exactly one cell in each even dimension 0 < 2k < 2m. The gluing map of the 2k-th
cell egp, t0 Cop—1 = Cop—o = CPF~1 is the projection map S§2k=1 __, CPF—1. The latter is a fiber
bundle with S'-fibers. It follows that the boundary maps in

0— C2m(cstd7 Z) =7 i> C2m71(cstda Z) =0 i> CmeQ(Cstm Z) =Z---

are all trivial and
H,(CP™, Z) — {Z ifi:Q.k, 0<k<m,
0 otherwise.

Example 3.7. Suppose M is a manifold and f: M’ — M is a continuous map from a closed
oriented n-dimensional manifold M’ into M. Then f defines a homology class [f] € H,(M,Z)
in the following way. Fix a triangulation M’ = |J, .7 Aa of M’ which gives M’ the structure
of a pure n-dimensional simplicial complex Ky, with oriented n-simplices {Ay}aez. Note that
7 is finite because M’ is compact. Also, because OM = (), every (n — 1)-simplex in Kp either
connects two different A, or it appears as two boundary components of the same A, attached
to each other. The last sentence implies that

82 oq =0,
o€l

where 0o = f|a,: Aq — M. Therefore, ) 704 defines a homology class [f] € H,(M,Z). In
particular, every closed oriented n-dimensional submanifold M’ C M has a well-defined homology
class [M'|C H,,(M,Z).
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Suppose f: M — M’ is a continuous map between two topological spaces. For each singular n-
simplex o: A — M, the composition foo: A — M’ is a singular n-simplex for M’. Therefore,
for each n > 0, composition with f defines a push-forward map

For Co(M,Z) —s Cp(M',Z). (3.2)

It is easy to see that f, commutes with the boundary operators of singular homology on M and
M’ i.e. the following diagram

s (M, Z) — 2~ C (M, Z) — - -- (3.3)

lf I b s

~-—>Cn(M’,Z)—8> A (M Z) — -+

is commutative. In situations like this we say the f. is a “chain map” between the chain
complexes (Co(M,Z),0) and (Ce(M',Z),0). A simple diagram chasing shows that every chain
map induces a (similarly denote) map between the homology groups. In our case, f induces
group homomorphisms

fo: HSP8(M,Z) — HS™8(M',7) ¥V neZ.

In passing to homology, a lot of information about f is lost. Therefore, a natural question to
ask is: when two different chain maps induce the same group homomorphisms?

For abstract chain maps
f = (fn)n627 g= (gn)nGZ: (C*,G) — (Ciaal)a
a chain homotopy is a collection of degree increasing maps {h,} as in the following diagram

0 0

o Cn—i—la Cn Cn—l to
gn n dn n 9In— n—
l +1lf -1/ lf% 1lf 1 l
/ o / 9 /
- c - o

such that
0 ohp+hp10=fn—gn YV neZ.

Again, a diagram chasing argument shows that chain homotopic chains maps f and g induce
the same maps between homology groups.

Warning. The last diagram is not commutative!

Back to the chain maps (3.3) induced by continuous functions, we say f,g: M — M’ are
homotopic if there exists a continuous function

hi[0,1] x M — M

such that hloyxar = g and hlgynr = f. A topological homotopy h as above induces an
algebraic homotopy between

fer gu: (CO(M7Z)78) — (CO(M/aZ)aa)v
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in the following way. For each oriented singular n-simplex o: A — M, and any natural
decomposition of [0, 1] x A into a union of oriented (with product orientation) (n + 1)-simplices,
the map ho (id x ): [0,1] Xx A — M’ can be seen as singular (n + 1)-chain in Cj,+1(M’,Z).
This linearly extends to all singular chains,

he: Co(M,Z) — Cpi1(M', 7).

An oriented comparison of boundary components shows that h, is a chain homotopy between
f+ and g.. We conclude that if f,g: M — M’ are homotopic, their induced maps on homology
groups

fesge: H(M,Z) — Hp(M',7Z) VkE>0 (3.4)

are the same.

We say topological spaces M and M’ are homotopic if there are continuous maps
f:M—M and fM — M

such that g o f is homotopic to idy; and f o g is homotopic to idp.

HW 3.8. Show that homotopic topological spaces have identical singular homology groups.

Example 3.9. Show that R™ is homotopic to a point. Conclude that

Z ifi=0
Hy(R™,Z) =3
0  otherwise.
More generally, prove that if £ — M is a vector bundle, then
H;,(E,Z) > H;(M,7) VieN.

Suppose M = U; U U, is a decomposition of a topological space M into two open sets. We
discuss a relation between the singular homology of M and the subsets U; and Us, known as
Mayer-Vietoris sequence. This enables a break down of the homology of M into simpler pieces.
The Mayer-Vietoris sequence holds for a variety of (co)homology theories, including singular
homology and simplicial homology, and de Rham cohomology. In general, the sequence holds
for those theories satisfying the Eilenberg-Steenrod axioms. Let

tg: Uy — M and  j,: Upp:=U; NU; — U, a=1,2,

denote the inclusion maps. Every singular n-chain in U; or Uy can be seen as a singular chain
in M; thus, we get push-forward inclusion maps

tax: Cn(Ug,Z) — Cn(M,7Z) Vn>0,a=1,2.
Likewise, we get inclusion maps

Jax: Cn(U12,Z) — Cn(U,, Z) Yn>0 a=1,2.
The following sequence is exact

0 — Cp(Uno, Z) 27002 00 (U4, 2) @ Cp (U, 2) 200720 0 (ML Z) —5 0; (3.5)
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i.e. j. is injective, iy is surjective, and ker(t.) = image(j.). By letting n vary, we get the
following commutative diagram:

Cy(Ui2,Z) Cr—1(Uh2,Z)

| |

0O
= O (U1, Z) & Co(Us, Z) Z2% 1 (U1, Z) & Cry (U, Z) —— - - -

Cn(M7 Z) Cnfl(Ma Z)

which is a short exact sequence of chain complexes
0—s (c.(Ulz,Z),a) ELN (C.(U1,Z) & Co(Un, 2),0 ® a) Ly (c.(M, Z),a) 0.

In general, a short exact sequence of chain complexes gives rise to a long exact sequence of the
associated homology groups

. -HZT%(M, 7) LEN HSM8(Uyy, 7) EAN HSM8(Uy, Z) @ HSM8(Uy, Z) <5 HSM8(M,Z) — - -

where ¢, and j, are the similarly denoted maps induced by (3.10) and J, are the connecting
homomorphisms. This is known as the Mayer-Vietoris sequence for singular homology. In the
case of singular homology, d. has the following explicit definition. Each cohomology class in
H;"%(M,Z) can be represented by a singular (n + 1)-chain

w:Z(oi: A — M)

i€l

such that each o; has image in either Uy or Us. Arbitrarily divide Z into a disjoint union of 7y
and Zs such that

w1:Z(0i: Ay — Uy) and w2:Z(UZ~: Ay — Us)
i€y 1€To

are singular (n + 1)-chains in U; and Us, respectively. Since dw = 0, we conclude that dw; =
—0wg € Cp,—1(U1NU3,Z). Since od = 0, dw; defines a homology class [w1] in Hy,—1(U1NUs, Z).
We define 6§, ([w]) = [w1].

HW 3.10. Check that the homology class [w] is independent of the choices involved.

Example 3.11. Consider the standard covering S?=U;UU, with two open disks. The annulus
U NU; = S x [0,1] deformation retracts to S' so it has the same homology groups as S*.
Each U; deformation retracts to a point so it its homology is concentrated at degree 0. For this
decomposition, the Mayer-Vietoris sequence

0 —Hy(S',Z) — Ho(Uy,Z) ® Ho(Us, Z) — Hy(S%,Z) —
Hy(S',72) — H\(Uy,Z) ® Hy(Uz, Z) — Hy(S*,Z) —
—

Ho(SY,Z) 25 Ho(Uy,Z) @ Ho(Us, Z) — Ho(S%,Z) — 0.
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reads
0—0— 030 — Ho(S*Z) —

Z—030— H((S*Z) —0

Z—7&7— Ho(S*,Z) — 0.
Therefore, Ho(S?%,Z) = Z. Since Hy(S*,Z) LN Hy(U1,Z) is injective, we also conclude that
Hy(S%,7Z) = 0.
Remark 3.12. Similarly, if = K1 UK is a decomposition of a simplicial complex I into two
sub-simplicial complexes, we get a Mayer-Vietoris long exact sequence
CCHITP (K, Z) 2 HEP (I, N K, Z) 5 HI™P (K, Z) @ HE™ (Ko, Z) 5 HE™ (K, Z) — - -

Remark 3.13. By taking the dual space of the chain complexes above, we can define singular,
simplicial, and cellular cohomology (instead of homology). These all are the same when M is a
smooth manifold. For example, the cochain complex of the singular cohomology is the cochain
complex

o O M, z) L oMY (M, Z) —

where

C*M(M,Z) = Hom(Cy(M,Z),Z) ¥ k >0,
and 0* is the dual of 9. Changing Z with R or any other coefficient ring, we can defined
singular /simplicial /cellular cohomology with coefficients in that ring.
3.2 de Rham cohomology; take two

We defined de Rham cohomology of a smooth m-manifold M in Section 2.5 as the cohomology
of the cochain complex

0— QO(M,R) % ... L5 om0, R) - (M, R) — 0.
If M is not compact, we can additionally consider the cochain complex
0— QM R) -5 - L o1, R) -5 Q7(M,R) — 0,

where QF(M,R) is the space of compactly supported differential k-forms on M. We denote the
corresponding cohomology groups by

ker(d: QF(M,R) — Q¥1(M,R))
Image(d: QE7'(M,R) — QF(M,R))

Hf,dR(M ) R) =
The question is: for a non-compact manifold M, how does H(l:dR(M, R) compare to HC’fR(M, R)?

We answer this question under the assumption that M is oriented and does not have a boundary.
Then, for each 0 < k < m, consider the bilinear map

(—, =) : Q¥ (M, R) x Q" *(M,R) — R, (o, ) — (o, B) = /M aAB. (3.6)

The integral on right is finite because a A 3 is compactly supported. If o = dn, since OM = ()
and a A B = d(nAB), it follows from Stokes’ Theorem that («, 5) = 0. Similarly, if 5 = dn, then
(ar, B) = 0. We conclude that (3.6) descends to a bilinear map

(—, =)« HE o (M, R) x HJ% ¥ (M,R) — R. (3.7)

C
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Definition 3.14. An open cover {U,}aez of an m-manifold M is called a good cover if every
nonempty finite intersection Uy, M -+ N Uy, is diffeomorphic to R™. A manifold which has a
finite good cover is said to be of finite type.

Note that, by definition, every manifold admitting a good cover is without boundary. We can
make a similar definition for manifolds with boundary.

Every smooth manifold has a good cover where U, are sufficiently small geodetically convex
balls as in (2.38). Every closed manifold has finite type. Being of finite type, for instance,
implies that the (co)-homology groups of M are finite. We will encounter a similar condition in
Morse homology. The goal is to avoid bad examples like Figure 3.

Figure 3: An open surface of infinite genus

Theorem 3.15. Suppose M is an oriented smooth m-manifold of finite type. Then, the pairing
(8.7) is non-degenerate; i.e.

o (o], =) =0=[a] =0 € H} g (M,R);
o (—[8)) =0=[8] =0€ Hi "(M,R).
Theorem 3.15 is equivalent to

HE g (M, R) = Hi (M, R)*; (3.8)

C

ie. H f ar(M,R) is canonically isomorphic to the dual space
H M (M, R)* == Hom(Hj% "(M,R),R)

of HZH{’“(M ,R). Since every real vector space is (non-canonically) isomorphic to its dual, we
conclude that
HY g (M,R) = HI7F (M, R). (3.9)

The isomorphism (3.8) is known as Poincare duality. Proof of 3.15 uses a local statement,
Mayer-Vietoris long-exact sequence, and the five-lemma. First, we first explain the Mayer-
Vietoris sequences for de Rham and compactly-supported de Rham cohomologies. Then, we
prove the necessary local statements and prove Theorem 3.15.

Suppose M = U; U U, is a decomposition of a smooth manifold M into two open sets. The
inclusion maps

tg: Uy — M and jg: Uy :=Uy NUy — U, a=1,2,
give rise to pull-back maps

1 QY (M, R) — Q" (Ug,R) and ji: Q"(Ug, R) — Q"(Ui2, R).
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The following sequence is exact

0 — Q"(M,R) %% on(py R) @ Q" (U, R) 1872, (1, R) —5 0. (3.10)
By letting n vary, we get a short exact sequence of cochains

d

Q" (M, R) Q" (M, R)

| |

s Q"(Ul,R) @ Q"(UQ,R) @) Q"+1(U1,R) o) Q"'H(UQ,R) . ...

E E

O"(Uio,R) Q"t1(Ua, R)

which we briefly write as
0—s (Q‘(M,]R),d) N <Q'(U1,]R) @Q'(UQ,R),dEBd) AN <Q'(U12,R),d> —0.

Like before, this short exact sequence of cochain complexes gives us a Mayer-Vietoris long exact
sequence of de Rham cohomology groups

o HE (U, R) 5 HE(MR) 5 HR (U, R) @ Hi (U, R) 25 HE (Urg,R) — -

For the compactly supported version, instead of the pull back maps ¢* and j*, we have the
inclusion maps

tax: ' (Ua, R) — Q(M,R)  and  jo,: Q" (U2, R) — Q"(Us,R), VYa=1,2, neN.

Consequently, we get a Mayer-Vietoris sequence where the order if terms is reversed (but the
sequence is still degree-increasing):

— Ox j *
- HIG ML R) =5 Hl, (Una, R) 25 Hl (U, R) @& Hlg, (U, R) =5 HZ g (M,R) — -+
This is compatible with (3.8) since Poincare duality reverses the degrees and arrows:

5* J*

H} N (Urg, R) Hg.(M,R) “— H} (U1, R) ® Hj,(Un, R) Hg, (Ui2,R)”

T Lk

*

HEg ™ (U, R)” = M (MR)” — = HIG" (U R)” @ H " (Ua, R)” = I (Uro, R)”

c,dr

Suppose E — M is a smooth vector bundle and U C F is an open neighborhood of M in E.
We say U is start-shaped if
VveU, re0,1] = rve U.

Proposition 3.16. Suppose m: E— M is a smooth rank r real vector bundle and U CE is a
star-shaped open neighborhood of M in E. Let wy denote the restriction of w to U. Then for all
p>0, the pull-back map

i QP (M,R) — QP(U,R)
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induces an isomorphism

Hig(U,R) = Hip (M, R). (3.11)

In particular, for any star-shaped domain in R™ we have

R ifi=0,

. (3.12)
0 otherwise

-

Proposition 3.17. Suppose M is a manifold of finite-type, w: E— M 1is an oriented smooth
rank v real vector bundle, and U C E is a star-shaped open neighborhood of M in E. Then for
all p>0 there is a natural isomorphism

HIR(UR) = H] jg(M,R)  VieZ (3.13)
In particular, for any star-shaped domain in R™ we have

R if i =m,

i (3.14)
0 otherwise

Hé,dR(Uv R) = {

The identities in (3.12) are known as Poincare Lemma: any closed p-form n defined on an star-
shaped domain U CR™ is exact, for any integer p with 1<p<m.

The isomorphism (3.13) is known as Thom isomorphism. There is a class of so-called Thom
forms on U such that

1) e is a closed r-form supported in U,

2) for every compact set K C U the restriction e|7r—1( k) has compact support,

3) for every x € M, we have fﬂ_l(x) e=1,

(1)
(2)
3)
(4) for every p € Z the map

e AN QP (M,R) — QP (U, R), n—eATn (3.15)
induces the isomorphism (3.13).

If M is closed, e defines a unique compactly supported cohomology class [e] € H] (U, R),
known as the Thom class, that under the isomorphism (3.13) corresponds to [1] € H{z (M, R).
If M is oriented, we can indirectly prove (3.13) in the following way:

o first, we prove (3.14) (or equally (3.13) when the bundle is trivial);
e then, we use (3.14), (3.12), and Mayer-Vietoris (induction), to prove Theorem 3.15;
e finally, assuming that M is also oriented, we deduce (3.13).

In any case, (3.13) can be proved using Mayer-Vietoris and induction. We will explain these in
more details after the proof of (3.15). Here is a short homological description of (3.13) by A.
Hatcher using cellular cohomology. The m-manifold M has the structure of an m-dimensional
CW complex. One can assume, without loss of generality, that M is a CW complex with a single
0O-cell (this can be achieved using an appropriate Morse function).The argument below holds for
any such reasonable CW complex M. The Thom space T'(F) is the quotient D(F)/S(FE) of
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the unit disk bundle of E by the unit sphere bundle. In other words, S(FE) is being collapsed
into a point. One can give T(F) a CW structure with S(E)/S(F) as the only 0-cell and with
an (r + k)-cell for each k-cell of M. These cells in T'(FE) arise from pulling back k-cells on
M to D(E). In particular, T(E) has a single r-cell (corresponding to the 0-cell of M) and an
(r + 1)-cell for each 1-cell of M. There are no cells in T(E) between dimension 0 and r. The
cellular boundary of an (r+ 1)-cell is 0 if E' is orientable over the corresponding 1-cell of B, and
it is twice the n-cell in the opposite case. Thus HS(T(E),Z) = 7Z if E is orientable and 0 if
F is non-orientable. In the orientable case a generator of HS (T (E),Z) restricts to a generator
of H,(S",Z) in the “fiber” S” of T'(E) over the O-cell of M, hence the same is true for all the
“fibers” S™ and obtains a homology Thom class. Under a version of Poincare duality between
homology and cohomology that we will prove later, this gives the Thom class [e] in Hg,dR(E ,R).

HW 3.18. Show that the compact cohomology of the Mobius strip is identically zero. Thus,
viewing the the M&bius strip as a real line bundle over S! gives an un-orientable example where
(3.13) fails.

First, we give a direct proof of Poincare Lemma to illustrate the main idea. We then generalize
the proof and prove (3.11) using the fact that 7 is a homotopy equivalence.

Proof of Poincare Lemma. Suppose 7 is a closed p-form. Consider the family of diffeomor-

phisms
t

p: UxRsg — U, (z,t) — pr(x) = e .
This the non-negative flow of the ODE corresponding to the vector field ¢ = —(>_:" | 2;0,,). Let
QUR) > = (in)lv  Vt=0.

Note that g = 1. For p > 1, check that n; converges to 0 exponentially fast. By the Fundamental
Theorem of Calculus, we have

o0
n=rmn = —/ ﬁt|t:s ds.
0

By (2.20), we have
s Len = 1tfe=s.

Since 7 is closed, we have L¢n = di¢n. Therefore, since d and pull-back commutes, we have

n= —/ pedien ds = —/ dpseen ds = d( — / Qiten ds).
0 0 0

We conclude that 7 is exact. O

Proof of (3.11). The following proof is a straightforward generalization of the argument above.
We aim to show that the co-chain map

-y (Q’(M, R),d) N (Q’(E,R),d)
induced by 7: E — M induces the identity map on cohomology. Let t: M — E denote the

inclusion map as the zero section. We already have 7 o+t = idys. To prove the statement above
on cohomology, it is enough to show that

ol (Q‘(E,R),d) — (Q‘(E,R),d)
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is chain homotopic to the identity map. Suppose 7 is a p-form on E. Consider the family of

diffeomorphisms

w: UxRsg — U, (v,1) — i(v) = e to.

In a local trivialization E|y =2V x R", we have
oi(z,y) = (z,e7y) YV (z,y) €V xR". (3.16)
This the non-negative flow of the ODE corresponding to the vector field
((v)=ven*(E)=T+*ECTE.

Let
QPUR) > = (pin)ly VYt>0.

Note that ng = 7. It easy follows from (3.16) that 1, converges to 7 o t*(n) exponentially fast.
By the Fundamental Theorem of Calculus, we have

o0
n— "o (n) = —/ ity ds.
0

By (2.20), we have
©sLen = tjtlt=s.
We have L¢n = dien + v¢dn. Define

K== [ eiends e (WR) Ve WUR),

Therefore, since d and pull-back commutes, we have

o0

T]—W*OL*(T])_—/ @k (deen + vedn) ds——/ dpien ds = d K(n) + Kdn.
0 0

Therefore,
id—7n*ot"=do K+ K od;

i.e. 7 o* and the identity map are chain homotopic. O
Similarly to (3.2), every smooth map f: M — M’ induces a cochain map

..HQ”(MCR)L>Qn+1(M/7R)*>...

lf |- B ’

HQ”(MaR)d;>Qn+1<M?Z)4> )

and, consequently, a collection of pull-back homomorphisms between the corresponding de Rham
cohomology groups
[f Hig(M',R) — HIz(M,R) VneN.

The following analogue of (3.4) is a corollary of (3.13).
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Corollary 3.19. Suppose f,g: M — M’ are smoothly homotopic; i.e. there exists
h:[0,1] x M — M’
such that h(0,z) = g(z) and h(1,z) = f(z) for all z€ M. Then the cochain maps
f1.97 (Q(M,R),d) — (Q*(M',R), d)
are chain homotopic. Therefore, their induced maps on cohomology are the same.
HW 3.20. Deduce the corollary above from (3.13).
With the same reasoning as in the homological case, we conclude that

e two smooth manifolds M and M’ with the same homotopy type have the same de Rham
cohomology;

e if the submanifold A C M is a deformation retract of M, then A and M have the same de
Rham cohomology.

Proof of (3.14). For r > 0, let
7 R R7 (t,z1,...,xp) —> (T1,...,Tp).
For any star-shaped domain U CR"*! and every p€Z, we prove

HY{p (U R) = HE p (n(U), R).

For p < 0, both sides are trivial. Thus, we may assume p > 0. Every n € Q{;’H(U, R) has the

form
n=dtANa+p (3.17)

where

a= Z Ja(t,x) dzgy A ... Adze, and = Z go(t, ) dapy A ... Adwy,

ar=a1<...<ap bi=bp<...<bp
only involve {dz;}7_;. The equation dn = 0 is equivalent to
dya =2 and d.B =0,

where d, means exterior derivative with respect to z-coordinates and

. ogp(t, x
B = Z gbét ) dflibo/\.../\dxbp
bi=bo<...<bp
In particular,
t
B(t,x) = / dza(s,z) ds. (3.18)
Define
Tt WP UR) — R(x(U),R), mm)=a:= > fal&)dra A.. Ada,,

a:=a1<...<ap
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where

falz) = /_OO fa(t,z)dt VzenU).

We aim to show 7, induces an isomorphism at the cohomology level. It is straightforward to
check that m, commutes with d. Therefore, it descends to a homomorphism

s HY{R (U, R) — H? 1 (n(U), R). (3.19)

Given a closed form @ with compact support K in w(U), choose a sufficiently small € = (@) > 0
such that (—e,¢) x K C U. Choose h = hg: R — R with compact support in (—¢, ) such that
Jg h(t)dt = 1. Let

n = h(t)dt A m*a.

Then, 7 is closed and belongs to Q27 (U, R), and @ = m,7. Therefore, (3.19) is surjective.
Next, we show that (3.19) is injective. Suppose @ = d7 for some 7€ Q2 (w(U), R). Then,
d(h(t)dt A 7*5) = h(t)dt A T
Therefore, n and 7 — h(t)dt A m*@ have the same cohomology class in HZ gfli(U ,R). Furthermore,
m«(n — h(t)dt A m*@) = 0.

Therefore, by replacing n with n — h(t)dt A 7*@, we may assume 0 # [n] € HY g}ll(U, R) and
a = m(n) =0.

For n=dt Aa+ BT (U,R) as in (3.17) with dy = 0 and @ = 0, define

v = Z Fo(t,xz) dzg, A ... Adxg, (3.20)

a:=a1<...<ap

where

Fo(t,z) = /_ ; Fals, 2)ds.

Since @ = 0, we conclude that + is compactly supported; i.e v € QL(U, R). It follows from (3.18)

that
t

d’y:dt/\a—l—/ dza =n.

—00

O]

Remark 3.21. If there is € > 0 such that (—¢,¢) x #(U) C U, then h can be chosen to be
independent of @. Then, the proof above can be seen as showing that the operator (h(t)dt A
) o 7, is chain homotopic to the identity map; i.e.

id — (h(t)dt A ™) o = dK + Kd.
Here K: Q2T (U, R) — Q2(U, R) is given by 7 —> ~ in (3.20). The proof above readily extends

(U
to a proof of (3.13), whenever E is a trivial vector bundle. If £ = M x R — M and M is
closed, [e(t)] = [h(t)dt] is the Thom-class mentioned after (3.15).
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Proof of Theorem 3.15. If M is diffeomorphic to R™, the result follows from (3.12), and
(3.14), and the observation below. Suppose 1 is a compactly-supported (m —1)-form on R™.
Choose R > 0 sufficiently large so that supp(n) C Br(0). Then, by Stokes’ Theorem, we have

0 :/ n :/ dn.
9Br(0) Br(0)

We conclude that the homomorphism
OMR™ R) — R, w —>/ w,

descends to a surjective homomorphism
car(R™,R) — R.
By (3.14), the latter is indeed an isomorphism. It follows that the isomorphism
car(R™,R) = Hgp (R™, R)* = R
in (3.8) comes from the pairing (3.7).
Next, support M = U; N Uy, and the statement of Theorem 3.15 is true for Uy, Us, and

U2 =U1 NUs, we conclude that the statement is also true for M. For every n € Z, consider the
commutative diagram

§* J*

HIY (U1, R) @ HY N (Ua, R) J HI Y (Ur2,R) HE(M,R) H (U1, R) & H (Us, R) H1(Upz,R)*

| o i |

H(’;jld:7l+1<U1’ R)* @ H(T]r:_7t+1(U2, R)* J* HTrL—Tl+1 (U12; ]R)* o H(Tft;n(]\/[ R)* [ H"L_’L<U1, R)* @ H(T‘r:—n(U% R)* J* Hm_”<U127 R)*

c,dr c,dr c,dr

where the first row is the Mayer-Vietoris sequence of the standard de Rham cohomology, the
second row is the dual of the Mayer-Vietoris sequence of the compactly supported de Rham
cohomology, and the vertical maps are the homomorphisms corresponding to (3.7). By assump-
tion, the first and last two vertical maps are isomorphisms. By the so-called five-lemma below,
the middle one has to be an isomorphism as well.

Lemma 3.22. (five-Lemma) Let

A—2.p-t. c_c.p_d.p

b

Ao p L

be a commutative diagram in any abelian category (such as the category of abelian groups or the
category of vector spaces over a given field). If the rows are exact, fo and fy are isomorphisms,
f1 is an epimorphism, and fs is a monomorphism, then fs is also an isomorphism.

Suppose M be a smooth oriented manifold of finite-type. Therefore, there is an open covering
M = ngl U, such that every nonempty finite intersection Uqy M-+ N Uy, is diffeomorphic to
R™. We prove Theorem 3.15, by induction on N. By the induction assumption, the statement
of Theorem 3.15 is true for Uy, V = UévZQ U, and

N
hnV=JUanh).

a=2
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Therefore, by the argument before five-lemma, it also holds for M. O

Proof of (3.13) (assuming M is orientable). Applying Theorem 3.15 to the manifold E, (3.11)
to £ — M, and Theorem 3.15 to M we get

HP (B R)* = HYp (B R) = HYP(M,R) 2 HP 4 (M,R)" .

Therefore,
HPL(E,R) = HP (M, R).
O

The map 7, in (3.19) that comes from integration on fibers of E extends to arbitrary oriented
vector bundle 7: F — M in the following way.

Fix an orientation-preserving local trivialization ®: V xR" — E|y. Let (z1,...,zy,) denote the
local coordinates on V and (¢1,...,t.) denote the fiber coordinates. For every n € QP*"(E,R),
®*n has the form

dty A---ANdt, A+ (3.21)

where

o= Z Ja(t,z) dag, A ... Adzg,

ar=a1<...<ap

and each term in 5 misses at least one of {d¢;}]_;.

Define
mo® P (ER) — QP(V,R), mod'(n)=a:= > fa(@)dze, A...Adz,,
a:=a1<...<ap
where
falz) = fa(t,x) dty - - dt, VaeeV.
RT‘

It is straightforward to check that m, commutes with d.
Lemma 3.23. The map my 0 ®* is independent of the choice of local trivialization .

Proof. Suppose ®1 and &9 are two different trivializations. Let
Bpp=0,'®: VXR — VxR, (x,t) — (z,8) = (z, p(x)t)

denote the change of trivialization map for some ¢: V. — GL(R"). Here, GL4(R") is the group
of orientation preserving linear isomorphisms of R" (i.e. matrices with positive determinant).
With notation as in (3.21), if

OIn=dty A---Adt, Aag + 1 and Pop=dsy A--- Ads, Aag + P,
with
a) = Z Jra(t,z) deg, A Adz,, and o = Z f2.a(s,2) dzg, AL Adag,,

a:=a1<...<ap a:=a1<...<ap
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it follows from Chain Rule that

f1a(t, ) = det(p(z)) fau(p(x)t,x) VeV

Since det(p(z)) > 0, by the change of variables formula, we conclude that
Tra@) = [ fraltia) dtvdty = [ det(p(e) faalpl@tin) dt -+ dt,
RT T

= [ fou(s,z)dsi - ds, = fou(z) VazeV.
RT‘

O]

Corollary 3.24. For every p€Z, the maps . o ®* are compatible on the overlaps and define a
canonical push-forward map

e QPTT(E,R) — QP(M,R). (3.22)
that commutes with the exterior derivative map.

HW 3.25. For a trivial vector bundle E over a finite-type manifold M, follow the same reasoning
as in the beginning of the proof of Theorem 3.15 to show that (3.22) induces the isomorphism
(3.13).

HW 3.26. For an arbitrary oriented vector bundle E over a finite-type manifold M, use local
trivializations of E, Mayer-Vietoris, and induction to prove (3.13) (to avoid the orientability
condition of M used in the proof above). Also, deduce that (3.22) induces the isomorphism
(3.13).

If M is a connected closed manifold, we have Hip (M,R) = H? iz (M,R) and HI: (M,R) 2 R.
Therefore, under the isomorphism (3.13), [1] € HIz(M,R) corresponds to a cohomology class
le] = [e(E)] € H jg(E,R) known as the Thom-class. A compactly supported r-form e, known
as a Thom form, representing [e] has the properties listed after Proposition 3.17:

e properties (1)-(2) obviously hold,
e properties (3) and (4) follow from the fact that (3.22) induces the isomorphism (3.13) and

(e NTia) =« Va € QP (M, R).

The Thom form e can be chosen to have support in a sufficiently small neighborhood of M. An
explicit construction of e using a metric and connection on E is feasible but complicated. It is
easy to check that if £y — M and Es — M are two oriented vector bundles then

e(E1 @ Ey) = ple(Ey) A pye(Es).

where
Po: E1® Ey — E, a=1,2,

are the natural projection maps.
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If M is closed, for the inclusion map ¢: M — E (as the zero-section), the cohomology class
Vle(B)) € HE5) (v, R)

is called the Euler class of E. If E is trivial, then (*[e(E)] = 0. Therefore, t*[e(E)] measures the
non-triviality of E. Since every real vector bundle is isomorphic to its dual, we have

Vle(E)] = le(E7)].

Proposition 3.27. Suppose M is an oriented closed manifold. Then,
| fetran) = xon),
M

where x(M) is the Euler characteristic of M defined in (2.14).
Proof. Let s be a transverse section of TM (i.e. a vector field). The family of section
[0,1] x M — TM, (t,x) — si(x) = ts(z)

defines a homotopy between the zero section t: M — TM and s: M — T M. Therefore,

/ S [e(TM)] = / Fle(TMY] V¥ s € D(M,TM).
M M

Fix a Thom form e = e¢(T'M). For every t > 0,
K, = 57 (Supp(e) € M

is a compact subset of M. Furthermore,

lim K; = ﬂ K;=s50) = {p1,...,p}-

t—o0
t>0

Therefore, for ¢ sufficiently large, K; = U§:1 K, where each K, is a sufficiently small compact
neighborhood around p,. Furthermore, the graph of s; over K, is C'-close to the Supp(e)NT,, M.
Therefore, we can smoothly deform the embedding s; to a an embedding s;: M — TM such
that

e 3, (Supp(e)) = UZ:1 K, is a disjoint union of sufficiently small compact neighborhoods of
the points s~1(0);

e for every a =1,...,k, there is a neighborhood V, of K, for which 5t(Vg) is an open subset of
Ty, M including Supp(e) N1y, M.

It is easy to see from the definition of the signs £(p,) in (2.14) that
gt’Va: Va — TpaM

is an orientation preserving embedding if and only if €(p,) = +1. Since fTT ye=1lforalze M,
we conclude that

[ teany = [ st = s |

a=1 5t(Va

€= ela) = x()

a=1
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HW 3.28. Suppose £ — M is an oriented vector bundle over a closed manifold. Show that
if E admits a nowhere-zero section then the Euler class of E is zero.

In the same way that manifolds are generalization of euclidean (vector) spaces, fiber bundles are
generalization of vector bundles.

Definition 3.29. Suppose N, M, and F' are smooth manifolds and 7w: F — M is a submersion.
We say m: F' — M is a fiber bundle with fiber IV if there is an open covering M = J,c7 Ua
and a family of local trivializations

{ha: 7r_1(Ua) — U, % N}aeI
such that m = 7, o hy for all a € Z, where my: Uy, X N — U, is the natural projection map.

If N is compact, by Tubular Neighborhood Theorem, a submersion 7: F' — M is a fiber bundle
with fibers N if 771(z) is diffeomorphic to N for all z € M. A trivial fiber bundle is a product
F = M x N. Similarly to vector bundles, a fiber bundle is described by a collection of local
trivializations {Uy x N }a 7 that are attached by transition maps of the form

Pop: (UaNUp) x N — (Ua NUp) x N, (2,y) — (2, ¢a,5(7)(y)),

such that
Yap: Uy NUg — DIff(NV)

are smooth maps into the group of diffeomorphisms of N satisfying the cocycle condition
©8.~(2) © Pa,p(T) = ay(2) VeeUaNUgnU,.
The product maps

Hig(F) © Hig(M) — Hip(F),  a®p — aA7'p,
Hig(M) ® Hip(F) — Hp(F), f@a—71 A

realize Hjp, (F) as right and left Hj, (M )-modules, respectively. Here, we are thinking of H (M)
as a ring (algebra) with A as its product structure.

Theorem 3.30 (Leray-Hirsch). Suppose w: F' — M is a fiber bundle with fiber N and M has
finite type. Suppose there are cohomology classes ci,...,c, on F which restricted to each fiber
7 Y(z) 2 N of F make a basis for the vector space Hjp (™ (2),R). Then, Hjx(F) is a free
module over Hjg (M) with basis ci,...,c; i.e.

Hag (F\R) = Hag(M,R) ® Hig(N,R).
If N also has finite type, the same holds for cohomology with compact support.

HW 3.31. Prove Theorem 3.30 using Mayer-Vietoris and induction on the size of a finite good
cover.

Corollary 3.32 (Kiinneth formula). If M and N have finite type, then

Hig(M x N) = Hjg(M) ® Hig(N).
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Here is an interesting case of Theorem 3.30. Suppose E — M is complex vector bundle of
rank r. By projectivizing each fiber of E, we obtain a fiber bundle

F=PE)— M

whose fibers are isomorphic to CP"~!. The definition of tautological line bundle 7 in Exam-
ple 2.30 generalizes to F' and yields a similarly denoted complex line bundle

w:yp — F.

Let H = c¢1(v}) € Hiz(F,R) denote the first chern class of v} The restriction of H to each
fiber m=1(x) =2 CP"~! is the first chern class h of v*. In Example 3.6, we showed that

Z ifi=2k 0<k<r,

0 otherwise.

H;(CP",Z) = {
Using Poincare duality between homology and cohomology, we will show that

Hiz(CP" R) =

R ifi=2k 0< k<,
0 otherwise;

moreover, Hiy (CP",R) = R is generated by h. Therefore, as ring, Hjz (CP",R) is generated by
h satisfying A" = 0. By Theorem 3.30 and the observation above, Hj, (F,R) is generated, as a
ring, by H and Hjp (M, R). Therefore, there are unique cohomology classes

€l Cry ¢i € H3: (M, R)

such that
H* 4+ H'ey + H leg+ -+ Hep 1+ ¢, =0 (3.23)

We will show that cq, ..., ¢, are indeed the de Rham Chern classes of E.
HW 3.33. What is the r = 1 case of the discussion above.

Remark 3.34. A refined version of Theorem 3.30 is also true for singular cohomology in place
of Hiz(F). If there are singular cohomology classes ci,...,c, on F which restricted to each
fiber 77!(z) & N of F make a Z-basis for the Z-module Hjg (7! (x),Z), then

H*(F,7) = H*(M,7) ® H*(N, 7).

Using this refined version, the formula (3.23) can be used to define chern classes as integral
singular cohomology classes in H*(M,Z).

We finish this section with a duality result between singular (=simplicial) homology (with coef-
ficients in R) and de Rham cohomology of a smooth manifold M. Let M be an oriented smooth
manifold. Fix a triangulation K of M. For each oriented k-simplex A in K and every k-form 7
the pairing

<777A>—>/A?7

is defined. Since Ck (K, R) contains finite linear combinations of simplices in /C, the pairing above
linearly extends to a pairing

(=, =) : QF(M,R) x CL(K,R) —> R.
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By Stoke’s theorem, this pairing descends to a pairing
(=, =) : H*(M,R) x Hy(M,R) — R. (3.24)
The proof of the following theorem follows the same steps as in the proof of Theorem 3.15.

Theorem 3.35. Suppose M is an oriented smooth m-manifold of finite type. Then, the pairing
(8.24) is non-degenerate; i.e.

o ([a], =) =0 = [a] =0 € Hiz(M,R);
® <_’ [BD =0= [ﬁ] =0¢ Hk(M’R)'

Therefore,
Hig(M,R) = H(M,R)". (3.25)

If M is closed, there is also a non-degenerate pairing
Hy, p(M,R) x H,(M,R) — R (3.26)
which results in a Poincare duality isomorphism
Hp p(M,R) & Hi(M,R)*.

The pairing (3.26) is given by counting intersection points of k and (m — k)-cycles. Combined
with (3.25), if M is oriented and closed, we get

HY (M,R) = H,,_(M,R). (3.27)

If S € M is a submanifold of codimension k, it defines a homology class [S] € H,,_,(M,R).
Under the isomorphism (3.27), the Thom form of S C M is the cohomology class corresponding
to [S] in HX; (M, R).

Example 3.36. Suppose F — M is a complex vector bundle of rank r over a closed manifold,
and s: M — F is a transverse section of E. Then s~!(0) is a closed submanifold of M that
represent a homology class in H,,_9,(M,Z). Under the isomorphism (3.27), the homology class
[s71(0)] (as an element in H,, o,(M,R)) corresponds to the de Rham top chern class ca,(E).

HW 3.37. Use Example 3.36 and generalize the proof of Proposition 3.27 to prove the following:
Theorem 3.38. If E— M is a complex vector bundle over a closed manifold, then, (*[e(F)]
coincides with the top-chern de Rham cohomology class of E defined in (2.32).

3.3 Cech cohomology

In the previous section, we repeatedly used the combination of induction (over the size of a good
cover) and Mayer-Vietoris sequence to prove various statements such as Poincare duality. A
natural question is:

- What is the generalization of Mayer-Vietoris for a decomposition M = J,_, U, of M into
n > 2 open sets?
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The result of this discussion, which is a different kind of structure compared to what Mayer-
Vietoris provides, would lead us into Cech cohomology.

Let
[n] :={1,...,n}, Py(n)={IC[n]: |I|=q} Vg¢g=>0.

Ur=()U.

ael

For every I C [n], let

For every I' C I, let
L U[ — U}

denote the inclusion map. These inclusion maps give rise to restriction maps
Rrp = tpp: Q" (Up,R) — Q"(UL,R).

For all p > 0 and ¢ > —1, let
EM=  @ULR).
I€Pyi1(n)

Using the restriction maps Ry, we get the maps
R: EPIN — BP9 R(Brep,n) M) = Buepy(n)ly

where
nr € (U, R) VI e Pyn),
q

My =Y ()" Ry jus(ni—j) ¥V J={jo < <ig} € Pyyr(n).
a=0

For example, R: EP~! — EPY is simply the restriction map

OP(M,R) — @5 9°(U., R). (3.28)

a€ln]

Remark 3.39. Instead of labeling the components n; of n by subsets I C [n], we may label

them as 7;,, . ;, where I = {i1,...,i,} C [n] with the convention that

Miy.ig = (—1)5(0)17%(1),..1'(,(,1) Voes,.

Then we can write

q
(R(n))ioil---iq = Z(_l)a Nioi1yeda—1iat1.-3q Uiy iq (3.29)
a=0

without ordering the indices increasingly.
Using the exterior derivative d, instead, we get the maps
d: BP9 — EPTL d(@ep,m) 1) = Srep,ydnr V1 € Py(n).

We already know that d od = 0. It is easy to check that R o R = 0. Putting these two maps
together, we obtain a double cochain complex (E**®,d,R) which is the content of the dotted-
square in Figure 4. This double complex somehow replaces the de Rham cochain complex which
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R R R R
E07n—1 d El,n—l d EZ,n—l d . d Em,n—l 0
R R R R

R R R R
F0:2 d B2 d 22 d d 2 0
RE0,1 d 7;1,1 d 7;2 1 d d ng 0
0—> QO7(2M, R) —%> QlRM, R) —%> QQ?M, R)L ~... ¢ QmTM, R) —=0.

Figure 4: The double cochain complex (E**,d, R).

is fills the row below the double complex at hight —1. From the double complex (E**,d, R), we
build a cochain complex (C*®, D) in the following way. Let

"= P E VYnx0,
p+g=n
DICm—>Cm+1 S.t. D|Ep,q:d+(—1)p7?, Vp—kq:n,

Since RoR=0,dod=0,and Rod=do R, we get
DoDl|gre =dod+RoR+ (—1)PdoR+ (-1)PT'Rod=0 Vp+qg=n
The following lemma generalizes the exactness statement of (3.10).

Lemma 3.40. For each p > 0, the p-column

0 — Q/(M) 55 pr0 By o By prol g

1S exact.
Proof. Clearly, QP(M) is the kernel of the first R: if
n= @ Na € Ep70 = Qp(UaaR)v
a€ln] a€ln]

then, with notation as in (3.29),
R(n)ab = Ta — "b-

Therefore, R(n) = 0 implies that the differential p-forms 7, and 7, match on the overall U, =
U, N Uyp; hence {n,} can be glued to define a differential p-form on M. For the next ones, we
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use a partition of unity {0,: U, — [0, 1]},¢[n subordinate to the covering {Uq}qe[n) to prove
the exactness. Suppose

n= @ Nig...iqg € EP1 = @ P (Usy...i)

10<...<ig 10<...<ig

is R-closed. By definition,

q+1

(R(ﬁ))io...iq+1 = Z(_l)a Qigiyeia—19a+1--3g+1 Uig,...ig — 0 v {io, ... ’iQ+1} C [n]. (3.30)

a=0

Define
a= @ i, € BV = @ QP (Ui ..4,)
11<...<ig 11<...<liq
by
Qiroig = Y OigMigir...ig-
i0€[n]

Note that, by the convention in Remark 3.39,
e if ig = i, for some a = 1,...,q, then 7;y;,.;, is automatically defined to be zero;

e if 49 > i, for some a = 1,...,q, then we can change the order to increasing at cost of a
permutation sign;

e the righthand side is a p-form over U, . ;, because 1;,..i, is a p-form over U;, . ;, and 0; is
supported in Uj,.

We have,
q

R(a)io..-iq = Z(*l)a Qigiy,..iqa—1%a+1..-iq |Ui0...iq
a=0

q
= § E (_1) 91q+1 772q+11021~--lu71la+1~-lq|Ui0“.z'q

a=0ig41€[n]
q
— . q Apy, . . . ..
- E 91q+1(_1) § (_1) 7774077417--'Za711a+1-~~lq1q+1‘UiOA.Aiq'
iq+1€[n] a=0

By (3.30), the last line is equal to

> Oy (D=1 iy gy s = Tioir.ig Uiy -

ig+1€[n]

We conclude that R(a) = 7.

The main result is the following.

Lemma 3.41. The cohomology groups of (C®, D) and (2*(M,R),d) are the same.
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Proof. The maps (3.28) that send row —1 to row 0 in Figure 4 can be seen as cochain maps
R: (Q*(M,R),d) — (C*, D). (3.31)
More precisely, if n € QP(M,R), then
DRn = (d+ (-1)PR)Rn = dRn = Rdn.

We show that (3.31) induces an isomorphism of cohomology groups. Every a € CP can be
decompsoed as

P
o= @ap_r;r, st. ap_py € BV Vr=0,...,p.
r=0

Then Da = 0 if and only if
dOép;o = 0, Rozp,l;l = (—1)pd04p72;2, cee Rao;p =0.

By Lemma 3.40, we can find 3 € E%P~! such that R(83) = ag,. Therefore, @ and o — Df3 define
the same cohomology class and the (0, p)-term of o — Df3 is zero. Going down inductively, we
can show that every D-cohomology class can be represented by some « such that

Op—jy; = 0 V> 0;

ie. a = app, dayo = 0, and R(ayp0) = 0. As in the beginning of the proof of Lemma 3.40,
R(cyp0) = 0 implies that o comes from a p-form on M which is closed because da,g = 0.
Therefore, (3.31) is surjective at the cohomological level. The injectivity is proved similarly. [

Diagram of Figure 4 is missing a column on left that maps to the first column (E*9),—g» of the
double complex. For each ¢ > 0, the kernel of

&:E"=  ou)—EU= H o)
I1€Pg11(n) I€Pg41(n)

is the space of locally constant functions

EM= @ RO

I€P +1(n)

Here, for each I € Pyi1(n), R(Ur) is the space of locally constant functions on Uy. If Uy is
connected, then R(Uy) = R; otherwise, we will have one copy of R for each connected component.
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Adding this column to the left of Figure 4 we get the following diagram.

R(UM) L EOn—1 d Eln-1 d F2n—1 d o d Frn-1_____
R R R R .
-
R R R R
L E0:2 d El2 d F2:2 d d Em.2 0
R R R R .
®a,b€[n] B(Uab) - EO1 d E1 d E21 d d Eml 0
R R R R .
Ducppy RU) — BV d__, gLo d _pgeo__d d__ pmo 0
R R R R .
0 o QO(M,R) —4- QY M, R) —4- 02(M,R) L~ ... — L om(M,R) 0.

In this diagram the maps ¢ are the inclusion maps. The first column is itself a cochain complex

0— P RU) S @ RUs) — - R(Upy) — 0. (3.32)

a€(n] a,b€[n|

The cohomology groups of this sequence a priori depend on the open covering A = {Ua}ae[n]
and are denoted by

Ker(CHAR) 5 CH1(AR))

H*(A,R) = = (3.33)
Image(CH1(A4, R) =5 CH(A,R))
where
C*AR) = @ RU) Vk=o0
I€P41(n)
The assignment
U— R(U) (3.34)

is an example of the concept of sheaf (defined below) and the cohomology groups H*(A,R) are
the cech cohomology groups of this sheaf with respect to the covering A. A natural question is:

- How does H*(A,R) depend on A?
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First, note that H*(A,R) does depend on A. If we take the trivial covering {U; = M}, then

R#m(M) i | = 0;

0 otherwise.

H*(A,R) = {

On the other hand, we have the following result.

Proposition 3.42. Suppose A = {Ua}qeln) 5 a good covering of M in the sense of Defini-
tion 3.14. Then,
H¥(AR) = HY: (M,R)  VkeZ (3.35)

Proof. In the proof Lemma 3.41, we mainly used the fact that the columns of Figure 4 are exact.
If A={Ua}qe[n) is @ good covering, then each Uy is diffeomorphic to R™; therefore, by Poincare
Lemma, the rows of

R R R R .
R(Up)) L gon-1_d _pin-1_d_pop-1 d __ d pmn-1___
R R R R .

R R R .
v E0.2 d F12 d 22 d d .2 .
R R = »
Bopepn RUs) — B0 s p1L 1 21 _d d_ pm 0
R R =
d d d d

are exact. The same proof as in Lemma 3.41 shows that the cohomology groups of (C*, D) and
(C*(A,R),R) are also the same. O

For A as in Proposition 3.35, since the cech cohomology groups are invariants of the pair (M, R),
we simply denote them by H*(M,R). They are called cech cohomology groups of the sheaf R
on M.

HW 3.43. Cover S! with n open sets (n intervals) Uy, ..., U, such that U; N U, # () if and only
if j = i =1 modulo n. Compute the cech cohomology of the locally constant sheaf R on S with
respect to such open covering.

Example 3.44. We use a good covering of S? with 4 open disks to calculate the cohomology
of S%. Topologically, S? is homeomorphic to the boundary of a 3-simplex as in Figure 5. For
each vertex A;, define U; to be the interior of the union of the three triangles containing A;.
Therefore,
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A2

Al A4

Figure 5: A 3-simplex

o for different 7 and j, U;; is the interior of the union of the two triangles that contain the line
AZ‘A]';

o for different ¢, j, k, Uj;i is the interior of the triangle A; A;Ag;
o and Ujgzy = 0.

We conclude that A = {Uy,Us, Us, Uy} is a good cover of S2. The cochain complex (3.32) is
equal to

4
0 —R'=PRy, — R =PRy,, — R* =
1]

=1

RUijk — 0,
i?ij:

where the first map is
(a1,a2,a3,a4) — (@12, a13, @14, @23, G24,a34) = (a2 —a1,a3—01, A4 —a1,a3— A2, G4 — A2, G4 —A3)
and the second map is

(@12, a13, a14, azs, a4, a34) —>

(a2s4, @134, a124, a123) = ((as4—azs+an3), (ass—a1s+a13), (aza—a1a+aiz), (azz—a13+az)).

The kernel of the first map which is H? is isomorphic to R (generated by (1,1,1,1)). Check
with a computer program that the image of the second map is a 3-dimensional subspace of R*.
Therefore, H? which is the cokernel of this map is isomorphic to R. For dimensional reasons,
the sequence must then be exact in the middle; therefore H' = 0.

HW 3.45. Suppose A={U, }4¢n] is a good covering of M. By following the proof of Lemma 3.41,
starting with any cech cocycle n € C*(A,R), find a closed 1-form 1 € Q'(M,R) such that
[n] — ['] realizes the isomorphism

o

HY(A,R) — Hiz(M,R).

In what follows we define a pre-sheaf, sheaf, cech cohomology with respect to an open covering,
and cech cohomology groups of the sheaf as a limit of the covering-dependent cohomology groups.
We provide a few examples to highlight the important ideas and applications.
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Definition 3.46. Let M be a topological space. A pre-sheaf F on M is a way of assigning a
set/group/ring/etc. F(U) to each open set U C M with the following properties.

o for every V C U, there is a “restriction” map/homomorphism Ry y: F — F(V);
e for every U, we have Ry = id;

e for every W C V C U, we have Ryw o Ryv = Ruw.

Often, for V.CU and n € F(U), we will write 5|y instead of Ry v (n).

Remark 3.47. From the categorical point of view, the collection of open sets of M are objects

of a category Open(M) with the morphisms spaces
{t: U —V} if UCV
0 otherwise.

Hom(U,V) = {

For every category C, there is an opposite category C° that has the same objects as in C but its
morphisms spaces are the opposite of the morphism spaces in C; i.e.

Homeo(A, B) := Home(B, A) vV A, B € Obj(C) = Obj(C?).
A sheaf can be seen as a functor F from the category Open(M)° to another category (e.g.
category of R-vector spaces, Z-modules, etc.).

Example 3.48. For every manifold M and every p€N, the assignment
U— QP(U,R)

is a pre-sheaf where the restriction maps R are the obvious restriction of differential forms to
open subsets. The assignment (3.34) is also a pre-sheaf. Given any group G, we can generalize
(3.34) by assigning to each open set U the group G(U) of locally-constant functions with values
in G. Given every vector bundle, the assignment

U—T(U,E|y)
is also a pre-sheaf.
All the pre-sheaves F in Example 3.48 have a common feature: if U = |J,c7 Va, then

(1) (gluing property) if (7a)acz € D, F(Va) such that nalv,, = nslv,, for all a, 8 € Z, then
there is n € F(U) such that n, = n|y, for all @ € Z. In other words, if for all a, 5 € Z, 1,
and 7z math on the overlap V.3, then they can be glued to each other to define an element
of ne F(U).

(2) (uniqueness) the element n € F(U) in (1) above is unique.

Definition 3.49. Let M be a topological space. A sheaf F on M is a pre-sheaf that satisfies
the two conditions above.

Example 3.50. To construct a pre-sheaf that is not a sheaf, we can consider the pre-sheaf
that assigns to each U the group of constant functions on U with values in a fixed group G. If
U=ViUV,, and g1,92 € G with g1 # go, then g; and g2 define constant functions on V; and
V5, respectively. However, the union of them is not a constant function on U! Therefore, this
is not a sheaf. To fix the issue above, we consider locally-constant functions instead of constant
functions.
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We will see more sophisticated examples of a pre-sheaf that is not a sheaf below.

HW 3.51. Given a fiber bundle F' — M, the assignment U — Hjs (7~ '(U),R) is a pre-sheat.
Is this also a sheaf?

Next, suppose F is a pre-sheaf on a topological space M that takes values in the category of
abelian groups. We will denote the group structure on each F(U) by addition, but in practice
the group structure may indeed be a product. For instance, in Example 3.48, with G = C*,
we get the sheaf of locally constant functions with values in C* where the group structure is
the product. We define the cech cohomology of a pre-sheaf A with respect to an open cover
A = {U, }aez following the same recipe as in (3.33).

Define
CUAF) = P FU.
1€P11(T)

Like before, it will be convenient to write an element n € C(A, F) as

n= @ Migiy...ig

10,..,0qgEL
with the convention that
Mioi1.ig = (_1)6(0)nia(O)iJ(l)“-io(Q)

for every permutation o of (i, ...,%,). In particular, just like differential forms,
Migiy...ig = 0
whenever i, = i for some a # b; otherwise,
Nigir..iq € F (Uigiy..iq)-

The co-boundary map R: C971 (A, F) — C9(A, F) is defined by

q

(R(U))ioil,_,iq = Z(_l)a Mig...ia—1%at1.--iq ‘Uiou.iq .

a=0

It is easy to check that R o R = 0 (again, remember that 0 means the trivial homomorphism
of the category in the question. If the group structure is a product, this will be the trivial
homomorphism the maps everything to 1). Therefore (C' (A, F), R) is a cochain complex. The
cech cohomology groups of F with respect to A are the cohomology groups of this complex:

mmﬂ_quMﬂﬁwwmﬂ)

. 3.36
Image(Ck_l(A, F) R, CF(A, .7:)) (330

The natural questions are:

(1) How does this group depend on A?
(2) How can we obtain cohomology groups that are invariants of F only?

We discuss a few examples before answering these questions.
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Example 3.52. Suppose M is a smooth m-manifold; the assignment
U— O u(U) = C=(U,C)

defines a sheaf of abelian groups where the group structure is the point-wise multiplication of
C*-valued smooth functions. Suppose A = {U,} is an atlas on M where each U, is a ball in
R™. By definition, a 1-cocycle

p € CH(A 0% )

is a collection of C*-valued smooth function
Pap: Uag =U, ﬁUB —C*

such that
(R‘P)aﬁv = SO,BW(P;;SOa,B‘UaM =1

Note that this is the multiplicative version of the definition of the cochain map of the cech
cohomology. So R¢ =1 if and only if

cpav(x) = Qoﬁ’y(x)@aﬁ(l‘) Ve Uaﬁ"/-
This is exactly the cocycle condition of the transition maps
(Ua x Olv,; — Up) X Clue,  (2,¢) — (2, pap(x)c)

of a complex line £ — M bundle. Conversely, if E — M is a complex line bundle, for every
a € Z, since U, is a ball in R™, the restriction E|y, is isomorphic to the trivial bundle U, x C.
Therefore, the transition maps {pag: Usg — End(C) = C*} define a cech 1-coccyle . Two
cech 1-cocyles ¢ = {pqp} and ¢’ = {¢), 5} define the same cohomology group if and only if they
differ by a coboundary; i.e. if

ChsPas = (RO)ap = 050," (3.37)

for some
0 = (Ba)acz € CO(A, Ofy ar) = [[ C®(Ua, C).

a€l

Let E and E’ denote the complex line bundles corresponding to ¢ and ¢’, respectively. By
(3.37), the following diagram commutes

O
Ua X (C’Uag —_— Ua X (C’Uag

0
Uﬁ X (C|Ua@ 4[3>U5 X C’Uag .
Which means the local isomorphisms
Ely, 22Uy xC — E'|y, 2 U, x C, (x,¢) — (z,04(x)c)

are compatible on the overlaps and define a global isomorphism FE 5 E'. We conclude
that there is a one-to-one correspondence between the elements of the cech cohomology group
H' (A, O, ) and the isomorphism classes of smooth complex line bundles on M. Furthermore,

H'(A, OZn. ) does not depend on such an atlas A and therefore we denote it by H' (M, Ofu)-
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The set of isomorphism classes of complex line bundles on any smooth manifold M is a group
whose identity element is the trivial bundle M x C and whose product structure is the tensor
product

E,F —E®FE.

This group structure coincides with the group structure on H LM, O;‘m, M-

HW 3.53. e Use a covering of S? with two disks to show that H'(S? O ) =Z.

m,S2

e Consequently, show that the group of isomorphism classes of smooth complex line bundles on
S? = P! is generated by v or v*, where ~ is the tautological complex line bundle of P'.

/]P]1 a(’) =1

Conclude that the isomorphism H*(P', p1) = Z is also given by

e Show that

E — deg(E) = /IF’I ca(B).

e Use HW 2.48 to show that TP! = (y*)®2,

HW 3.54. Suppose M is a complex m-manifold; the assignment
U — O3;(U) = {nowhere-zero holomoprhic functions on U}

defines a sheaf of abelian groups where the group structure is the point-wise multiplication of
C*-valued holomorphic functions. Suppose A = {U,} is an atlas on M where each U, is a ball
in C™. Repeat Example 3.52 to show that there is a one-to-one correspondence between the
elements of the cech cohomology group H'! (A, O3,) and the isomorphism classes of holomorphic
line bundles on M. Repeat HW 3.53 by showing H* (P!, b)) 2 7.

HW 3.55. Unlike for P! = S2, where

HY (B, 05, p1) = H' (P, Op1) 2 Z,
for M = T? = C/Z?, show that
HY(T?, 0%, 12) = Z and H'(T? 0f) = Z x T?.

This means there is a T2-family of different holomorphic line bundles on T? that are all smoothly
isomorphic to the trivial complex line bundle T? x C.

Given two open coverings A = {U; }icz and B = {V;};c s of a topological space M, we say B is
a refinement of A if for every j € J, there is i € T such that V; € U;. Every two open coverings
of M admit a common refinement.

Example 3.56. Suppose M is a smooth m-manifold and fix p > 0. The assignment

U— QP(U)
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defines a sheaf which we denote it by QF. For every open covering A, by Lemma 3.40, we have

(M) if k=0;

0 otherwise.

H*(A,QF) = {
In general, any sheaf F that admits partition of unity has this property; i.e.

F(M) it k=0;

0 otherwise.

HYA,F) = {

Locally constant sheaves G, sheaves of holomorphic nature, and O:m,M do not admit partition
of unity. On the other hand, sheaves of smooth sections of a vector bundle admit partition of
unity and have trivial cech cohomology in positive degree.

Suppose B is a refinement of A, and fix a map
0: J —1 st VjCUQ(j) VjeJ. (3.38)
If F is a pre-sheaf on M, the induced maps

0:CIAF) = P FU)—CcuBF)= P FW),
IePy41(7) JEP+1(T)

(9(77>)j0_,,jq = No(jo)--0(ia) Vi s Va0,

define a cochain map

0: (C*(A,F),R) — (C*(B,F),R); (3.39)

i.e. o commutes with R on both sides. Let
o: H*(A, F) — H*(B,F) Vk>0
denote the induced maps between the cech cohomology groups.

Lemma 3.57. For different maps o0 and o' as in (3.38), the induced cochain maps o and ¢ in
(8.39) are chain homotopic. Therefore,

o=0: H*(A,F) — H*B,F) Vk>0;
i.e. there are well-defined group homomorphisms
H¥(A,F) — H*(B,F) YEk>0
that only depend on A and B (this partially answers Question (1) above).

Proof. For
K: C1MY (A, F) — CYB,F),

( JO Ja Z ) Ng(jo).-e(ia)e! (o) - jq)"/joqu

show that
0 — Ql =RK + KR: (C.(.A,JT"),R) — (C.(B,]:),R)
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The cech cohomology groups of M with values in F are defined to be the direct limits of
H¥(A, F) with respect to the refinement ordering A < B; i.e.

H*(M, F) = lim HYA,F)  Yk>0.
A

This answers Question (1) above. In practice, there is often a “good class” of open coverings A
on which the limit is achieved; i.e.

H¥M,F)=H"AF) VYk>0

whenever A belongs to this good class of open coverings. For example, in the case of the locally
constant sheaf R on a smooth manifold M, by Proposition 3.35, the limit is achieved on the
class of good coverings.

A map of pre-sheaves f: F — G on M is a collection of maps

{fu: F(U) — G(U)}uecobjopen(m))

that commute with the restriction maps; i.e. Ryy o fu = fyr o Ry forall V C U. If 7 and G
take in (abelian) groups, the kernel of f is the per-sheaf

Ker(f)(U) = Ker(fy: F(U) — G(U)) ¥V U € Obj(Open(M)).
HW 3.58. Show that if 7 and G are sheaves, then Ker(f) is also a sheaf.

Similarly, the cokernel pre-sheaf is defined by

CoKer(f)(U) = fU%;__[{[)J)) vV U € Obj(Open(M)).

Unlike kernel, even if F and G are sheaves, the cokernel need not be to be a sheaf. Here is an
example.

Example 3.59. Let M = C — {0}, G = O3,, F = O, where Oy is the sheaf of holomorphic
functions. Consider the sheaf map exp: Oy — O}, where

eXpPy - OM(U) — OL(U), Oé(Z) — B(Z) _ e27rioz(z)‘

is the exponential map for all U € Obj(Open(M)). Since log(z) is not defined over U = C — {0},
the function z € C*(C — {0}) gives a non-trivial element

0y(C—{0h)
expe_ (0} (O (C — {0}))
Suppose U = V; U V3 such that V; and Vs are simply connected open subsets. Then, log(z|y;)

and log(z|y;,) are defined; therefore, the restrictions of the C*-valued function z to V; and V3 are
trivial in

[1] # [2] €

0y(V) 0%
expy (Om (V1)) expy (Om(V2))’
respectively. This implies that, at least, the “uniqueness” condition in Definition 3.49 is not
satisfied. The problem here is that Coker(expc_yqy) is bigger than what it should be. Note that
Ker(exp) is the sheaf Z of locally constant functions with values in Z.
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As the previous example illustrates, in order to build a sheaf F from a pre-sheaf F , we need to
break large open sets U into smaller pieces in the following way.

Proposition 3.60. Suppose Fis a pre-sheaf on M that takes values in abelian groups. For
every pair of open sets V. C U, there is a canonical restriction map

Ruy: HU, Fly) — H(V, Flv) (3.40)
such that the assignment N
U— FU)=H"U,Flv) (3.41)
defines a sheaf on M.

The process F —» F is known as sheafification. Before, we go over the proof, let’s elaborate
on the meaning of (3.41) a little bit. The two defining conditions of a sheaf F are equivalent to
the exactness of the sequence

0— FU —>@]—“ —>@]—" 8)s
FU) 27— Pnlv., @W\Ua —>EB — 1) |Un

for every decomposition U = |J, 7 Us of an open set U into open subsets. On the other hand,
for A = {U,}aez, by definition we have

HO(A, Fly) Ker(@f —»@f Uas) )-

Therefore, if F is a sheaf then F(U) = H°(A, Fly); i.e. F(U) is uniquely determined by its
restrictions to U,. This explains the motivation behind (3.41): for a sufficiently refined decom-
position A, an element of F(U) is a collection of sections of F on U, that match along the
overlaps. Note that HO(U, F|y) involves taking limit on A, and often, this limit is achieved for
certain class of open coverings.

Proof of Proposition 3.60. First, we describe the restriction maps (3.40). For every de-
composition U = J,c7 Ua of an open set U into open subsets, and every open subset V' C U,
we get an induced open decomposition V' = (J, o7 Va such that V, = VN U, for o € 7. Let
A={Us}aer and ANV := {V,}aez. Since the diagram

Do F(Ua) Ba s F (Uas)
®(XEIRUOL1VOLJ/ l®(¥7f3€IRUQﬁ’Vaﬁ
D F(Va) Do s F (Vap)

commutes, we get a map from the kernel of the first row to the kernel of the second row:
HO(A, Fly) — HY(ANV, Fly).

Taking the limit of these maps with respect to the refinements of A, we obtain the canonical
restriction map in (3.40). Using a similar commutative diagram for W C V C U, it is straight-
forward to check that (3.40) satisfies the third condition of Definition 3.46.
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Suppose U = (J;cz Ui as well as U = Uje 7 Vj are arbitrary open decompositions of U. Let
Aj ={UiNVj}tiez Vj€JT, A:UA]-,
JjeTJ
Ajj’ :{Uim‘/jm‘/j’}iel' V]#]’EJ

Suppose . N
n; € HY(A, Flv,).

By definition n; = @,c7 1, such that

(nj:i = njsir) v, w=vintinv, =0 4,4 € T, (3.42)

gt
By the definition of (3.40) above we have
nilv,, = @ njalviov,av,-
€L
Therefore,
77_7“/”/ :77]/|V]]/ v]?jletj
if and only if
Njsilvinv;nv,, = njiluavinvy, VieZ, j,jed. (3.43)
Therefore, by (3.42) and (3.42), for i,i’ € Z and j,j’ € J,
Nisilwinvpnwiov,) = s lwiov)nwiov,)
ie.n= @jej,z’el 7 defines an element of HO(A, .7?]U) This implies that the sequence
H(A, Fly) — E H (A, Flvy)) — @ H(Ajjr, Flv,,)
JET 3J'ed
is exact. The first map is clearly an inclusion; therefore,
0 — H°(A, Flv) — @ H(A;, Flv,) — @ B(Aj. Flv,,)
jeJ 3J'eT
is exact. Taking limit, we conclude that
0 — H'(U, Flv) — @ BV}, Flv;) — €D H'(Viyr, Flv,,)
jeTJ Ji'ed

is exact; i.e. F is a sheaf.
O

Theorem 3.61. A pre- sheaf}" and its sheafification F have the same cech cohomology groups.
For every sheaf G and a map of pre-sheaves f: F — G, there is a map of sheaves

f+F—gG

such that N N
fu=fvow: F(U)— G(U).

Here, vy: F(U) — F(U) is the natural restriction map.
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We leave the proof of this theorem to the reader. The key point of the first statement is that
cech cohomology involves taking limit with respect to refinements. The second statement follows
from the commutative diagram

00— HA, Flp) —= B FUa) — =B, 5 F(Uap)

| |

0 G(U)—L~ @, 6(Ua) R @ s G(Uap) -

We say that a sequence of sheaf maps

0—r-LigLe—o

is exact if F is Ker(g) and & is the sheafification of Coker(f). In this situation, we also say F
is a sub-sheaf of G and £ is a quotient of G. Note that the exactness above does not mean that

0 — FU) L% gU) 2% gU) — 0
is exact for all open subsets U C M; i.e. gy may not be surjective. We write
0 — FU) 2% gU) 2% )
to indicate that F(U) = Ker(fy) but Coker(gy) might be non-trivial. More generally, we say

..._>_7:k71ﬁ“_‘1>_7:k£>]:k+1_>...

is exact if Ker(f;) is equal to the sheafification of Coker(fr_1).

Example 3.62. Here are some important examples of exact sequences.
(1) If M is a holomorphic manifold, the sequence

0—2Z— Oy — Oy — 0,

where the first map is the inclusion map, is exact.
(2) Similarly, for every smooth manifold M, let Ogy s denote the sheaf of smooth C-valued
functions. Then the sequence

0—Z— Osmnm — Ofur — 0,
(3) For every smooth manifold M, by Poincare Lemma, the sequence of sheaves
0—R-50 Lot 402 o

where QP is the sheaf of p-forms in Example 3.48, is exact.

(4) If M is a holomorphic manifold, let Qﬁol denote the sheaf of holomorphic p-forms on M, and
QP17 denote the sheaf of smooth (p+¢)-forms on type (p,q) on M. By 0-Poincare Lemma, the
sequence

0 0
0— QY —= QPO S ort S 0p2

is exact.
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Theorem 3.63. Corresponding to every short exact sequence of sheaves

O—>]-"i>gi>8—>0

there is a long exact sequence of cech cohomology groups

0 — HO(M, F) L5 HO(M,G) 2 HO(M, €)
ey /N (M, F) L BV (M, G) £ HY(M, €)
The proof is by some standard diagram chasing argument.
Example 3.64. (1) Suppose M is a smooth manifold. The short exact sequence
0—Z— Osmm — Ofus — 0,
results in the long exact sequence
0 — HY(M,Z) — H°(M, Ognnr) — HY(M, Oy 1r)
2oy HY(M,Z) — H'(M, Ognrr) — HY (M, 0% 1)
25y H2(M,Z) — H*(M, Ogpr) — HY (M, 0% 1)

Since the sheaf Ogy, s admits partition of unity, all of its higher degree cech cohomology groups
are trivial. Therefore,

0 — HY(M,Z) — H°(M, Ogn 1) — HY(M, Oy 1r)
2oy HY(M,Z) — 0 — H'(M, 0% 1)
25y H2(M,Z) — 0 — H*(M, 0% 1)
U

We conclude that
ﬁl(Mv O:m,M) = I_VIQ(M>Z)

By Example 3.52, H' (M, O:m, ) is the group of isomorphism classes of the complex line bundles
on M. The map above send each complex line bundle to its first chern class in

H?*(M,Z) = H3,,(M,Z).

sing

Therefore, every smooth complex line bundle is uniquely determined by its (integral) chern class.
Note that, first chern class as a cohomology class in HgR(M ,R) does not see the torsion part of
the integral first chern class in singular cohomology.

(2) Suppose M is holomorphic. The short exact sequence

0—Z— Oy — Oy — 0,
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results in the long exact sequence
0— HO(M,Z) — H°(M,On) — H(M,O})
2y BY(M,Z) — H'(M,Op) — HY(M, O}))
25y H2(M,Z) — H*(M, On) — H'(M, 0}y)
The first row of this diagram is exact and can be ignored. This time, however,

H'(M,0y) = Hy' (M, C)

where the Dolbeault cohomology group Hg’l(M ,C) is the first cohomology of the cochain com-
plex

0 —s Q901 -2 0t (1) 25 02(Mr) — ...
For example, if M is a genus g Riemann surface, then H'(M, Oy;) = C9. Therefore, we get
0 — HY(M,Z) — H'(M,0p) — H' (M, 0%)
O BA(M,Z) — ...

The quotient 3
HY(M,Oy)
HY(M,Z)

is a torus known as Pic’(M) or Jacobian of M. It is the group of holomorphic line bundles on M
that are smoothly trivial; see HW 3.55. The group H LM, O3,) corresponds to the isomorphism
classes of holomorphic line bundles on M and is denoted by Pic(M) (Picard group of M). As
above, the map

Pic(M) — H?*(M,Z) = H2 (M, Z)

sing

sends each complex line bundle to its first chern class. Also, we have H2(M,Oy;) = Hg’Q(M ,C).
Therefore, we have an exact sequence.

0 — Pic’(M) —» Pic(M) — H3,,(M,Z) — Hy*(M,C)

sing

If Hg’Q(M ,C) =0, every element of H2 (M,Z) is the first chern class of some holomorphic

sing
line bundle. Otherwise, there are (smooth) complex line bundles on M that do not admit any

holomorphic structure. If M is a Riemann-surface, for dimensional reasons, Hg’2(M ,C)=0. In
complex dimension 2, a K3 surface is a simply connected (Kahler) holomorphic surface M with
cr(TM) = 0. If M is a K3 surface, we have Hg’2(M, C) =2 C. All K3 surfaces are smoothly
identical (diffeomorphic). The complex line

C = Hp*(M,C) C Hip(M,C)=C*
defines a point in the projective space P?! = P(H3, (M, C)). This gives us a map
{The space of all K3 surfaces} — P?!

that helps us understand the “moduli” space of K3 surfaces.
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We finish this section with the following result.

Theorem 3.65. Suppose M is a smooth m-manifold, then

H*(M,7) = HE (M, 7).

sing

Proof. Fix a triangulation IC of M. For each k-simplex 7 € K, let U, denote the interior of
the union of m-simplices containing 7 (in their boundary); c.f. Example 3.44. For a sufficiently
refined /C, each U is homeomorphic to R™. For every k > 0, let K*) denote the set of k-simplices
in K. Then,

A= {Up}pelc(o)

is a good covering of M such that

U, if po,...,ps are vetrices of 7 € K*)
Upg-pr, =

(0 otherwise.
Therefore, the correspondence 7 <+ U, gives a natural isomorphism
Hom(Cy(K,7Z),7) = C* (A, Z)

that matches the coboudary maps 9* and R. Since A is a good covering, H*(M,Z) = H*(A,Z).
Therefore, H*(M,Z) = HE_  (M,Z), for all k > 0. O

sing

If M is an oriented smooth manifold, combining all the previous duality results over R we have

HME (M R)* = HY (M, R) 2 H*(M,R) = HE (M, R) = Hy(M,R)*

sing

If M is closed, the first term above is just Hgf{_k(M ,R) and we can add one more term to right
to get

HIF(M,R)* = Hip (M, R) =2 H*(M,R) = HE (M, R) = H,(M,R)* = H,,_(M,R).

sing

If M is the interior of a compact manifold with boundary N, i.e. M = N — N, then, there are
relative singular homology groups Hy(N/ON,Z) such that

Hfdik(M, R)* = Hlj(M,R) = H*(M,R) = HS . (M,R) = H,(M,R)* = H,,_+(N/ON,R).

The direct duality between the first and the last term
HI (M R)* 22 Hyy_(N/ON,R)

comes from integration of compactly supported forms on simplices.

3.4 Morse (co-)homology

Let M be a smooth oriented closed m-manifold, and f: M — R be a smooth Morse function;
see Definition 2.85. Fix a Riemannian metric ¢ on M and let V f denote the gradient vector
field of f. Let

p:Rx M — M, (x,t) — (),
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denote the ODE of the vector field Vf (If we replace Vf with —V f, we will get a homology
theory instead of a cohomology theory). For each critical point x € Crit(f), the unstable manifold
U, is the set

Ups={ye M: tgrzloo or(y) = x}

and the stable manifold .S, is the set
Se={y e M: lim ¢(y) = =z}.
They are submanifolds by the following result.

Proposition 3.66. Suppose M 1is a closed manifold. The stable and unstable sets of a critical
point = are submanifolds. Moreover, they are diffeomorphic to open disks.

Let 0 < index(z) < m denote the index of z as in Definition 2.86. By definition, we have
decomposition
T.M=TMa&T, M (3.44)

where T M are the (£)-eigen spaces of the second-derivative map Q, in (2.42). By (2.43), the
subspaces T, M and T, M are the tangent spaces at = to the unstable and stable submanifolds
of V f. Therefore,

dimg U, = m — index(z) and dimg S, = index(z).

If z,y € Crit(f), we define

M(z,y)={z€ M: tgnoo o1(2) =y, tﬂ)riloo de(z) =} =Uzg NSy, (3.45)

The ODE flow of V f gives an action of R on M (x,y); the quotient space

M(z,y) = M(z,y)/R (3.46)
is the set of orbits connecting x to y.

Definition 3.67. The pair (f, g) of a function f: M — R and a metric g is called Morse-Smale
if f is Morse, and for every pair of critical points = and y, the intersection (3.45) is transverse.

Theorem 3.68. Given a Morse function f, there is a metric g such that the pair (f,g) is
Morse-Smale.

Example 3.69. The function f: T?> — R in Figure 1 is Morse but not Morse-Smale. If we
tilt the torus in Figure 1 a little bit so that it is not standing upright, the hight function f will
become Morse-Smale; see Figure 6. In this Picture, x has index 0, y¥ and z have index 1, and
w has index 2. Furthermore, each of M(x,y), M(x,z), M(y,w), and M(z,w) is a set of size 2,
while M (z,w) is an open 1-dimensional manifold isomorphic to the disjoint union of 4 copies of
(0,1).

HW 3.70. Thinking of a torus as a rectangle with its opposite sides attached (with x corre-
sponding to the corner points), draw a picture which illustrates the (pre-image of the) Morse
flow lines of Example 3.69 on the rectangle.
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Figure 6: Gradient trajectories of a Morse-Smale function on torus.

If f is Morse-Smale, then for every x,y € Crit(f), M(z,y) is a smooth (but usually open)
manifold of dimension
dimg M(z,y) = index(y) — index(x) — 1. (3.47)

In particular, (we will prove that)

(1) if index(y) = index(x) — 1, then M(x,y) is a finite set of orbits
Mz, y) = by ey b

(2) and if index(y) = index(x) — 2, then M(x,y) has a finite number of components that are
diffeomorphic to (0,1) or St.

For each z € Crit(f), fix an orientation on T,f M. Since M is oriented, by (3.44), we also get
an orientation on 7, M. These orientations extend to orientations on U, and S,. Then, in the
case (1), for each 7;7317 we obtain an intersection orientation on the 1-dimensional manifold

R%fyfc,y CU;NSy.

We say ’y;,y is oriented positively, and write a(’yfc,y) = +1, if and only if the intersection orien-
tation on v; , coincides with the orientation of the flow of V f. We write

k

Nzy = Zg(fy:ip,y) € Z.

=1

The Morse cochain complex is defined in the following way:

ciH= D zw
z€eCrit(f)
index(z)=gq
0" CUf) — CTNp),  Te= Y gy

yeCrit(f)
index(y)=q¢+1

(3.48)

Theorem 3.71. The coboundary operator 0* above is well-defined (i.e. the coefficients ny, are
finite) and satisfies O* o 0* = 0.
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Proof. Here is a sketch of the proof. For every z, z € Crit(f) with index(z) — index(x) = 2, the
coefficient of z in 0* o 0*(x) is the quantity

Z Ny~ Ny,z- (3.49)

yeCrit(f)
index(y)=index(z)+1

This quantity is the signed number of broken trajectories from x to y. By (3.47), the orbit
space M(zx, z) is 1-dimensional. Therefore, it is made of (a finite number of) components that
are diffeomorphic to either S! or (0,1). For each component that is diffeomorphic to (0, 1),
we have a l-parameter family of orbits {vi}¢c0,1)- As ¢ — 0,1, v converges to a broken
trajectory. Therefore, broken trajectories counted in (3.49) come in pairs. Furthermore, in each
pair, the signs are different; therefore, the contribution of each pair is zero. We conclude that
0% 0 0*(x) = 0. O

Example 3.72. In the example of Figure 6, for suitable choice of orientation on T;f M, T. y+ M,
T; M, and T,) M, the cochain complex is

0—C'f)=Z-z—CYf)=Z-y®Z-2— C*(f)=Z-w—0

where all the coboundary maps are trivial because for every R-orbit there is a mirror orbit with
the opposite sign. Therefore, the Morse cohomology groups of the cochain complex are the same
as the singular cohomology groups of the 2-torus.

Remark 3.73. The metric plays little role in the definition of Morse homology. It only allows
us to define a vector field from a function f and study its flow. More generally, we can consider
the flow of any gradient-like vector field. A vector field is called gradient-like for f if (1)
dx f({(x)) > 0 for all z € M, and equality holds if and only if = is a critical point of f; and
(2) in a Morse chart around a critical point z, ¢ agrees with V f (w.r.t. the canonical metric of
R™).

Remark 3.74. One may work with Zs instead of Z to avoid the orientation problem and extend
the construction of Morse cohomology to non-oriented manifolds.

Remark 3.75. The Morse homology is defined by following the flow of —V f, instead. Therefore,
the chain complex is defined in the following way:

Cq(f): @ Z'xv

z€Crit(f)
index(z)=q (3 50)
0: Cy(f) — Cqa(f),  Oy= > nayw,
zeCrit(f)
index(z)=¢—1

It is easy to see that cochain complex (3.48) is the dual of the chain complex (3.50).

Theorem 3.76. Fvery Morse-Smale function f: M — R gives M the structure of a CW
complex C such that the Morse homology of f coincides with the cellular homology of C.

Proof. By Theorem 3.66, take C to be the CW complex whose k-cells are the stable manifolds
of the index k critical points. O
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Theorem 3.76 shows that Morse (co-)homology is independent of the particular choice of f and
metric. This can also be shown directly in the following way.

HW 3.77. Suppose (f,g) and (f',¢') are two different pairs. Choose a function h: R — R
that is Morse with two critical points at 0 and 1 (the minimum and maximum respectively),
such that A is increasing sufficiently fast between 0 and 1 so that

OF(t,x)
ot
Equip [0,1] x M with a metric G and a Morse-Smale function F' such that
o F(t,x) = f(x)+ h(t) on [0,1/3] x M and F(t,z) = f'(z) + h(t) for [2/3,1] x M;

+h () >0 VY (tx)€0,1] x M.

e G is the product metric dt? + g on [0,1/3] x M and dt? + ¢’ on [2/3,1] x M.

Then, show that
CH(F) = C*(f) & CMH(f)
and
g CH(F) — CHY(F)

has the form

07 op

= [ 2.

O 8](’/

Show that the (cochain) map
©: C*(f) — C*(f")

descends to an isomorphism of Morse cohomology groups.

Theorem 3.76 has some interesting consequences/applications. First, it gives an upper bound
for the Betti numbers
by (M) = rank Hy(M,Z)

which is known as the “Weak Morse inequalities”: if M is an oriented closed manifold, then
br (M) is smaller than the number ny of index k critical points of any Morse function on M.
Therefore, f has at least as many critical points as the sum of the ranks of the homology groups
of M. If we compare the rank of the homology groups of (3.50) and that of finite dimensional
spaces C(f) more carefully, we obtain the following result.

Theorem 3.78. (Strong Morse inequalities) Let M be a closed oriented manifold, and f a
Morse function on M. Then for every £ > 0 we have

Since the chain complex (3.50) and its homology have the same euler characteristic, it follows

that
dim(M)

X(M) =Y (=1)" (M),

k=0
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4 Classifying spaces

4.1 Classification spaces of vector bundles

If 7: E — M is a (smooth or topological) vector bundle and f: N — M is a (smooth or
continuous) map, the pullback vector bundle f*E is a vector bundle over N whose fiber at x € N
is B f(z)- If £ is a complex vector bundle, using the de Rham cohomology description of chern
classes using the curvature (2.32), it is easy to confirm the functorial property that

G(f*E) = f*c;(F) VkeN.
For every k € Z>9, it is natural to ask whether:

there exists a topological space Py and a (real/complex) rank k vector bundle & such that
every other rank k vector bundle E — M is of the form E = f*&; for some f: M — Py.
Below, first, we answer this question for complex line bundles. We then extend it to higher ranks.

For every n > 0, consider the tautological line bundle
Y — CP"

defined in Example 2.30. For every m > n, the natural inclusion C* = C" x {0} C C™
results in a natural embedding CP™ C CP™ such that ~,,|cpr = 7n. Therefore, increasing n
from 0 to oo, we obtained a sequence of embeddings

70¢ 7€ Y2©

A

CPYC CP1c CP*C

We define 7o, —> CP* to be the limiting complex line bundle. More explicitly, C* is the
infinite dimensional complex vector space of non-trivial sequences x = (x¢, x1, T2, ...) such that
all but finitely many x; are 0, CP* is the qoutient of C* by the component-wise C*-action,
and 7o is the complex line bundle whose fiber over [z] is the line C - z. By Example 3.6 and
Poincare duality (of singular homology with singular cohomology), for each n > 0, we have
H(CP". ) {Z if i =2k, 0<Fk<n,

0 otherwise.

Furthermore, the ring H*(CP",Z) is generated by h = c1(7}}) = —c1(y,) satisfying h"t1 = 0;
ie.

Z[h]

Here Z]h] is the integral polynomial ring with variable h. It is easy to see that v} admits a
transversal section that vanishes along CP"~! c CP"~!. Therefore, h is the poincare dual of
the hyperplane CP"~!. As n — oo, the relation h"*! = 0 disappears; i.e. in a suitable infinite
dimensional sense we have

H*(CP",Z) = (4.1)

H*(CP>,7) = Z[h].

Theorem 4.1. For every complex line bundle E — M, there is a map f: M — CP* such
that f*vi, = E. If fi and fo are two such maps, then fi is homotopic to fa.
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The first statement in Theorem 4.1 allows us to define ¢;(E) to be
c(E) = f*h. (4.2)

By the second statement, (4.2) is well-defined.

Next, we will extend the construction above to the higher rank and prove the generalization of
Theorem 4.1. For arbitrary r € Z>0, the generalization of CP" is the complex Grassmannian
Gry(n,C) mentioned in HW 2.59. The complex manifold Gr,(n) = Gr,(C") is the space of k-
dimensional subspaces of C". Every r-dimensional subspace W C C" is generated by r linearly
independent vectors vy, ..., v, € C". These vectors form the the rows of an r x n matrix Y. The
matrix Y’ corresponding to a different basis is equal to Y for some A € GL(r,C). Therefore,
Gr,(n) is the quotient manifold

Gry(n) = GL(r,C)\{Y € M, xn(C): rank(Y) = r}.

From a slightly different perspective, the unitary group U(n) C GL(n,C) acts transitively on
the set of r-dimensional subspaces of C", and the stabilizer of C" C C" is U(r) x U(n — r).
Therefore, Gr,(n) is equal to the homogenous space (A Lie group quotient?)

U(n) B GL(n,C)
Ur)xU(n—r) GL(r,C) x GL(n —r,C)’

From the matrix point of view above, the space of (r x n) matrices
V={Y=[2]:Z€Mypunn(C)}=c>nm

defines a (holomorphic) chart around C" C C™. The transitive action of U(n) on V gives a chart
around every other point in Gr,(n). We conclude that Gr,(n) has complex dimension r x (n—r).
A Hermitian pairing

C"xC"—C

gives an isomorphism Gr(n) — Gr,_,(n) that sends an r-dimensional subspace W to its
orthogonal complement W+. Functorially, this is the isomorphism

Gr,(C™") — Grp— ((C™)*)

that sends W to the dual subspace W+ C (C")* of those linear maps on C" that vanish on W.
A Hermitian metric identifies C" with its dual space (C")* and realizes W+ as the orthogonal
complement.

Generalizing Example 2.47, every Gr(k,n) admits a rank r tautological vector bundle
Yrm — Grp(n)
whose fiber over the k-dimensional subspace W C C" is W it self. In other words,
Yrm = {(W, 2) € Gr,(n) x C": z€ W} C Grp(n) x C"™.
The inclusion v,, C Gr,(n) x C™" gives rise to a short exact sequence of vector bundles

0— vn — Grp(n) xC" — Qrp, — 0 (4.3)

0The quotient of a Lie group by closed subgroup is manifold by [?, p.120].
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such that @), has rank n — r. Dualizing this sequence we get
0 — Qr, — Gry(n) x (C")" — ﬂ‘yn — 0.
Therefore, under the isomorphism Gr,(C") 2 Gr,,—,((C*)"), we have
Qrn ="Tn—rn and Y, = Qnorn
If we write
c(yrn)=1l—ci+ca+--+(-1)"¢ and c(Qrpn)=1+c+cS++c,,

then
C(%",n)c(Qr,n) =1+ (CT - Cl) + (CS +c2— Cfcl) +---=1

and
c(ern)=1—ci+c+--+(-1)"¢ and c(Qn_rn)=1+c1+c2a+ --+cp.
Remark 4.2. By HW 2.48, putting r = 1, we get
e Gr(l,n) =CP" 1
o E(1,n) =p;
e Q(1,n) =TP" ! @ n,.
Since ¢(v,) = (1 — h), by (4.3), we have

1
C(Ql,n):m=1+h+.--+hn_2.

The following theorem generalizes (4.1).

Theorem 4.3. (1) The cohomology ring of Gr,(n) is given by

Zlcr, ... CrClyeesChy]

HH(Gn(m) = = o) =1)

(2) The chern classes ci, ..., ¢, generate H*(Gr,(n));

(3) For a fized r and every i > 0, there is sufficiently large ng = no(r,i) such that for every
n > ng there are no polynomial relations of degree i (or lower) among cy, ..., c.

We will comeback to this later in this section. As before, for every m > n, the natural in-
clusion C" = C" x {0}~ ™ C C™ results in a natural embedding Gr,(n) C Gr,(m) such that
YrmlGr, (n) = Yr(n). Therefore, increasing n from r to co, we obtained a sequence of embeddings

'Yr,r(—> %,r+1<—> ’Yr,r+2(—> te

| i |

Gry(r)—— Gr,(r + 1)~—— Gr,(r + 2)—— - -

We define 7, oo — Gr,(00) to be the limiting rank r complex vector bundle. The following is
a corollary of Theorem 4.3.(3).
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Corollary 4.4. H*(Gr,(00)) = Z[ci, - . -, ¢r).

Theorem 4.5. For every rank r complex vector bundle E — M, there is a map f: M —
Gr(r,o0) such that f*E*(r,00) = E. If f and [’ are two such maps, then f is homotopic to f.

Proof. For simplicity, we assume M is compact; otherwise, in the following argument, one must
consider a countable cover and directly work with C*. Therefore, there is a sufficiently large n
and n sections {si,...,s,} of E that span (every fiber of) E. These sections result in a surjective
complex linear bundle homomorphism

n
Q:MX(C”—)E, (pv(l.l’"'?x’fL))—)ZwiSi(p)EEP'
=1

Taking the dual of p we obtain an embedding of £* into the trivial bundle
0" B — (M x C")* = M x C".

Define

f: M — Grp(n),  f(p) = [o"(E)]. (4.4)
We have

(S Ya)lo = Vil ) = (€7 (B}))" = Ey.
Therefore, f*v, , = E.

The second statement says: if we have two maps f, f': M — Gr,.(00) such that E = f Yoo =
(f")*vk(c0) then f and f’' are homotopic. Again, for simplicity we assume M is compact and
f, f' have image in some Gr,.(n). A general proof of this based on obstruction theory may be
found in Steenord [?, Sec 19] and Husemoller [?, Sec 7.6]. This proof has two steps. First, we
show that every f is of the form (4.4), i.e. there are n-sections si, ..., s, such that such that f
is the map corresponding to these sections in (4.4).

The surjective bundle map
Gr,(n) x (C")* — 77,

gives us n sections €7, .. ., e}, of 77, that generate ~;,, at every point. For every f: M — Gr,(n)
let s; = f*e;, for © = 1,...,n, denote the corresponding pullback sections of £ = f*y7,. If
f's M — Gr,.(n) is the map corresponding to these sections as in (4.4); show that f = f’.
Now suppose f and f’ are two maps as in (4.4) given by sections si,...,s, and s},...,s,.
Consider the product M x [0,1]. For some N > n, we can find N sections Si,..., Sy such that
for some € > 0

e on M x [0,¢] only n of Si,...,S, are non-zero and they coincide with the trivial extensions
of s1,...,8n,

e on M x[1—eg,1] only nof Sy,...,S, are non-zero and they coincide with the trivial extensions
of s,...,s),

e Si,...,Sn generate each fiber of E over M x [0,1].
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Therefore, the map F': M x [0,1] — Gr,(N) gives a homotopy between

ML Gro(n) — G (N) and M L5 Gr,(n) — Gr, (V).

If a complex vector bundle E or rank r splits as a sum of complex line bundles

E= @ L; (4.5)
=1

and ¢ (L;) = z;, then we have

n

¢(F) :H(l—l—aji) =1+ (Zml) + (Z:m:rj) +ot (z1.2y).

i=1 i i<j

Every term on the righthand side is a symmetric polynomial in x1,...,x,. Moreover, the de-
composition (4.5) allows us to calculate the chern classes of other vector bundles constructed
functorially from E. For example,

e Since E* = @;_, L} and ¢;(L}) = —z;, we conclude that

(B =T —2) =1-c1(B) + ca(E) £ ...+ (—1)"c,(E);
i=1
e Since E®@ E=@;_, D), Li ® L; and 1(L; ® L;) = x; + x5, we conclude that

r

cEE) =[[[a+z+z)=1++D)(D z)+ - =1+2rci+;.
i=1j=1 i

In general, for every vector bundle F' functorially constructed from E, ¢(F') will be a symmetric
polynomial in z;; therefore, it can be written in terms of the chern classes of E. The problem
is, not every arbitrary complex vector bundle admits a decomposition as in (4.5). Nevertheless,
the following result, known as the splitting principle allows us to assume such a splitting exists
to find ¢(F).

Theorem 4.6. To prove a polynomial identity in the chern classes of a complex vector bundle,
it suffices to prove it under the assumption that the vector bundles are direct sum of line bundles.

For the proofs of Theorems 4.6 and 4.3, we need to define and study Flag manifolds (varieties).
Flag varieties can be defined in two ways.

Given n > 1, a flag in C” is a sequence of subspaces
O=WocWrCcWyC---CW,=C"

such that dim¢cW; = i. Let Fl(n) denote the set of all flags in C™. Similarly, one may use an
abstract vector space V instead of C" to define FI(V'). The group GL(n,C) acts transitively on
Fl(n). The stabilizer of the standard flag

0OcCcC?c...ccn
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is the subgroup of upper-triangular matrices H(n,C). Therefore,
Fl(n) = GL(n,C)/H(n,C) (4.6)
is naturally a complex manifold.

More generally, for every rank n complex vector bundle V' — M, the flag manifold FI(V') can
be defined inductively in the following way. First, for each x € M, we consider the of set of lines
W1 C V, which gives us the fiber bundle my: Fy = P(V) — Fy := M with fibers CP"~!. We
have an exact sequence

00—y —mV—01—0

where 71 is the tautological line bundle on F} and @ is the rank (n — 1) quotient bundle. Next,
we consider the fiber bundle my: Fy» = P(Q1) — F whose fibers are isomorphic CP"2. Again,
we have an exact sequence

0— 7 —mQ1 — Q2 —0

where ~9 is the tautological line bundle on F5 and Q9 is the rank (n — 2) quotient bundle.
Continuing inductively, we obtain a sequence of fiber bundles

n T —
2R s s R S =M

such that the fiber of Fj, —%5 Fj_; is isomorphic to CP"* for all k = 1,...,n. Define

T=T10Tn—-10Tn

FI(V)=F, M.

Lemma 4.7. Each fiber of FI(V) is the flag variety FI(V); i.e. if M = point and V is a vector
bundle of rank n then FI(V') is the flag variety defined in (4.6).

Proof. For every k =1, a point in Fj corresponds to a line Wy in V. A point in F5 over Wi in
F} is a line in Qq; that is equivalent to the quotient Wy /W7 of a 2-dimensional subspace Ws of
V including Wi. Then, inductively, a line in () is equivalent to the quotient of a k-dimensional
subspace of V and the k£ — 1-dimensional subspace of that constructed in the previous steep. [

Let
T,k =Tk410...0T¢

Fy F}, Vi>k.

It also follows from the inductive construction that
TV =T 1M @ TpoV2 @ M 1Vn—1 D s

Le. the pullback of V' to Fj, splits! The line bundles 7, 71,7, 572, ... 7 can alternatively be
described in the following way. For every flag

m:(OCI/VlCWgC---CWn:V)eFl(V),

the fiber of 7r;;71'n over x is the line W7, the fiber of W;’Q’YQ over x is the line Wy /W7, and in
general, the fiber of w;,kﬁyk over z is the line Wy, /Wj_1.

Remark 4.8. Note that @, = 0. Also, F,, = F,—1 and v, = Qn—1. To keep the notation
symmetric, we have included F;, as the last step (even though, the last step is trivial).
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For every 1 < k < n, by Leray-Hirsh (see (3.23)), we know that H*(F},Z) is a free module over
H*(Fj,—1,7) generated by ci(7}) subject to one relation

n—k+1 )n—k

c1(7k) +cp—11 (v +. FChipnkt1 =0

where ¢—1 1, ..., Ch—1n—k+1 are the chern classes of Q;_1. Inductively, we conclude that H*(F;,, Z)
is a free module over H*(M,7Z) generated by

hi =el(ma7r),  he =a(mem2) .- he=c(m)

subject to the only relation (known as Whitney Product Formula)

which corresponds to the isomorphism
TV @m0 ® D Yn.

From Leray-Hirsch, we conclude that

_ HY (M, Z)[hy, ha, .., h)
MmO =h) =¢(V) -~

For M = point, since ¢(V) = 1, we get the following corollary. Moreover, in each step of the
induction

H*(FI(V),Z) (4.7)

Corollary 4.9. For every n > 1, we have
Zlh1, ..., hy)
[, (1—h) =1

Proof of Theorem 4.6. Suppose F and F' are complex vector bundles on M and we want to
prove a polynomial relation

H*(Fl(n),Z) =

P(c(E),c(F)) =0.

By the discussion above, after passing to the fiber product of 7: FI(E) x FI(F) — M, E
and F' decompose to complex line bundles. So if we know that

P(e(m"E), c(n" F)) = 7" P(c(E), ¢(F)) = 0,

by the infectivity of
7 H"(M,Z)— H*(FI(E) Xy FUF),Z),

we conclude that P(c(E),c(F))=0. O
Proof of Theorem 4.3. Part (1). Consider the exact sequence
0 — Y — Grp(n) x (C") — Qp, — 0.

First, we apply the flag manifold construction to v, , to get m1: Fy = Fl(y,,) — Grr(n). Let
Q' = 7 Qrn. Next, we apply the flag manifold construction to Q' to get ma: Fy» = FI(Q') — Fi.
Let m = 1 omy: Fy — Grp(n). It is easy to see that Fy = Fl(n). By (4.7), we have

H*(Grp(n))[x1, oy Ty Y1y - -+ Yn—k)
[1i (1= 22) = () TTSE (1= 90) = ¢(Qrn)
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On the other hand
Zlh1, ..., hy)

H?:1(1 —hi) =1

where (21,...,Zk, Y1, Yn—k) = (h1,...,hy). Therefore, in H*(Gr,(n)), the cohomology
classes c(yr,n) and ¢(Qr,,) satisfy no relation other than c¢(v,,)c(Qrn) = 1, because any other
relation among them will give additional relations among z; and y; and thus among h;. We
conclude that there is an injection of rings

Zle(Yrn), e(Qrn)]
C(%‘,n)c(Qr,n) =1

We will show later that every cohomology class in Gr,(n) can be written in terms of the classes
in ¢(yrn) and ¢(@Qrn), concluding that the injection above is an isomorphism. For every manifold
M, its poincare polynomial is defined by

H*(Fl(n),Z) =

< H*(Gr,(n)).

dim(M)
P(t)= Y dim H'(M,R) t"
=0

One can also use the Poincare polynomial to make the same conclusion; see [?, p. 294].

Parts (2) and (3) of Theorem 4.3 follows from expanding the equation c¢(y,n)c(Qrrn) =1. O

4.2 Equivariant cohomology and localization

The infinite projective space CP* and the identity
H*(CP",Z) = Z[h]
have another meaning and application that we will discuss in this section.

Suppose a group G acts on a manifold M. This action induces an action of G on the vector
space H*(M,R). By Theorem 2.57 (or 2.54), if G acts freely and properly on M, then M/G is a
manifold. The projection 7: M — M /G gives a pull back map 7*: H*(M/G,R) — H*(M,R)
whose image is the subset of H*(M,R) preserved by the action of G; i.e. the trivial component
of the representation G — Aut(H*(M,R)). We

HW 4.10. Explain the map 7*: H*(M/G,R) — H*(M,R) for the example of M = S?"+1
G =S, and M/G = CP".

The question is, if the action is not free and proper, what can we say about the G-equivariant
cohomology classes on M, i.e. the subset of H*(M,R) that is preserved by G.

Example 4.11. Consider the action of T" = (S)" on CP" given by
(€ e [z, 21, wn] — [0, €%y, e,

This torus action has n + 1 fixed points

po =1[1,0,...,0], po=1[0,1,...,0], pr, =10,0,...,n].
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There is an idea to turn every action into a free action without changing the homotopy type
of M as follows. For every G, the idea is to find a contractible space EG on which the group
G acts freely and properly. Then EG x M will have the same homotopy type as M and the
diagonal action of G on EG x M will always be free and proper. The homotopy quotient Mg
of M by G, also called the Borel construction, is defined to be the quotient of FG x M by the
diagonal action of G. We can also see M¢ as the fiber product of M and the principal G-bundle

EG — BG = EG/G.

The quotient space BG is called the classifying space of G. The equivariant cohomology
HE(M,—) of M is defined to be the cohomology H*(Mg,—) of the homotopy quotient Mg.
Here H* denotes singular cohomology with any coefficient ring. We will also develop a de Rham
version of this cohomology (with coefficients in R).

Remark 4.12. A principal G-bundle is a fiber bundle P — M such that (i) fibers of P are
isomorphic to G, (ii) G acts on P and preserves each fiber, (iii) the action on each fiber is
by multiplication in G. The theory of principal bundles is closely related to theory of vector
bundles. Associated to every representation o: G — Aut(V') of G, we obtain a vector bundle

E=(PxV)/G
where g € G acts on the product by (p,v) — (p-g,9 'v). Conversely, if F is a vector bundle
of real rank r, the space of frames on F is a principal GL(r)-bundle. If we fix a metric and
consider orthonormal frames, we obtain a principal O(r)-bundle. As another example, complex

line bundles (with a Hermitian metric) are equivalent to principal U(1) = S*-bundles.

The following is the analogue/generalization of Theorem 4.13.

Theorem 4.13. For every principal G-bundle P — M, there is a map f: M — BG such
that f*EG = P. If f and [’ are two such maps, then f is homotopic to f'.

Example 4.14. These classifying spaces are often infinite dimensional. Here are some examples.

e For G = S', by the relation between S'-bundles and complex line bundles, we have
BG = CP*™ and EG = 8> = lim,,__,o, S?"*!. Show that S> is contractible!

e For G = Z, we have BG = S' and EG = R.
e For G = Zs, we have BG = RP* and EG = 5.

e For G = U(n), by the relation between U(r)-bundles and complex vector bundles of rank
r, we have BG = Gr,(00) and EG is the frame bundle of 7, .

If we apply the construction above to M = pt with the trivial action of G, we get
HE (pt) = H*(BG),

For every other manifold M with an action of GG, the obvious G-equivariant map M — pt gives
H{ (M) the structure of a module over H*(BG). Therefore, this process will result in working
with the often larger coefficient ring H*(BG@) instead of the original coefficient ring (R or Z).
Also, the projection M x EG — EG descends to a fiberation Mg — BG whose fibers are
isomorphic to M. Therefore, Mg is a fiber bundle over BG with fibers Mg. Restriction to a
fiber defines a map

that does not need not be surjective.
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Example 4.15. Here are the H*(BG)s corresponding to the first two examples in 4.14.
e For G=5"', we get H*(BG,R) = H*(CP*,R) is the polynomial ring R[A].
e For G =Z, we get H*(BG,R) = R[z]/2? = 0.

Remark 4.16. If the action of G on M is free and proper so that M/G is a manifold, the
projection M x EG — M descends to a projection

m: Mg — M/G
whose fibers are EG. Since EG is contractible, we obtain
HE(M) = H*(M/G)
with the trivial module structure.

If G acts on M and N is a G-invariant submanifold of M then we get an inclusion ty: Ng —
Mg; therefore, at the level of cohomology, we get a restriction map ¢y : HEH(M) — HE(N).
For example, if N = p is a fixed point of G, then Hf.(p) = H*(BG) and the map above is an
evaluation

ty: He (M) — H*(BG) (4.9)
corresponding to the fixed point p. These evaluations will appear in localization formula.
In what follows, I will follow the paper of Atiyah and Bott in a reverse order. First, we discuss a

de Rham (Cartan) model of Hf(M,R) when G = S, then, we study localization and do some
interesting computations.

Associated to any action of S' on a manifold M we obtained a vector field ¢ on M given by

(@)= S oy VreM

The S'-action is the flow of C.

Fix a formal variable u of degree 2. Let

OF (M, R[u]) = Q*(M, R[u]) @ Ru] = { S nau”e g € (M, R)}

denote the space of differential forms with coefficients in R[u]. Therefore, for each d > 0, the
degree piece Q4(M,R[u]) consists of finite sums of the form

M= 14+ Na—2uw~+ -+ na—oxu® + - -
such that 7; € QY(M,R). The map

QM Ru]) 22T Qd+L (A, R]u])
is Rlu]-linear and
DoD = (d—I-ULC)O(d-f—ULC) :dod+uL§+u2L<OL< :uLc.

Let Q% (M, R) denote the space of differential forms n where L¢n = 0. By (2.20), Q% (M, R)
is the space of Sl-invariant differential forms on M. By the identity above, restricted to
Q% (M, R[u]) we have Do D.
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Theorem 4.17. There is an isomorphism between the cohomology of (24 (M, R[u]), D) the
equivariant cohomology HY, (M, R) that maps u to h.

Remark 4.18. The restriction map (4.8) sends the cohomology class of a D-closed form

T =1+ Niau+ - +naopu’ 4

to [ng] (Check that if 77 is D-closed then ny is d-closed); i.e. (4.8) is given by putting u = 0.
This map need not to be surjective. Starting from a closed and S'-invariant d-form 74, in order
to build a D-closed 7j that starts with 7y, we need a sequence of S'-invariant differential forms

Nd—2, Nd—4, - - - such that
LeNd—2k + dng—oky1y =0 VE>0. (4.10)

In particular, nq is itself D-closed if and only if ¢cnq = 0 (which is stronger that L¢ng = dieng =
0). Given a closed S'-invariant 74, an extension 7, if it exists, is called an equivariant extension

of Na-

For
n= Z%Pa(u) € Q" (M, Rlu]),

/Mﬁ: ZPQ(U) /Mna'

«

if M is oriented, we define

Of course, [}, 7q can only be non-trivial if deg(n,) = dimM. One peculiarity of equivariant
integration is the possibility of obtaining a nonzero answer while integrating a form over a
manifold whose dimension is not equal to the degree of the form.

Example 4.19. With notation as above Qg(M,]R[u]) = Qg(M, R) is the space of Sl-invariant

smooth functions f: M — R. Therefore, Hgl(M ) calculates the number of connected compo-
nents of M/S' which is equal to H°(M) because S! is connected. In degree 1, Qé(M,R[u]) =
Qé (M, R) is the space of Sl-invariant 1-forms 7. Furthermore,

Dn=dn+uwn
is zero if and only if 7 is closed and ¢ = 0.

Example 4.20. Consider M = C and let S! act by z — ™%, This is called a linear action

of weight m. We denote C with this action by C,,. Since Cg, is a complex line bundle over
BS! = CP>, we conclude that

H?% (Co, R) = H*(CP®, R) = R[u].

Example 4.21. Consider M = S? and the standard action of S* by rotation (one may also
consider a weighted action). Write S? = Uy U Uy, where Uy = C and U, = C are neighborhoods
of the north and south poles, respectively. The action on Uy N Uy is free. Therefore, by the
previous example

H;l(UQ,R) = H:Skq (UOO,R) = R[U]

and
Hi(UpNUs,R) = H(S'/S',R) =R
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is concentrated in degree zero. From Mayer-Vietoris, we can conclude that

H%: (5% R) = {(fo, foo) € R[u] ® Ru]: fo(0) = fs(0)}.

This is a a free R[u]-module where a basis is given by (1,1) and (u, —u). For the fixed points
po and ps, the evaluation maps in (4.9) map (fo, foo) to fo and fo respectively. So every
equivariant differential form on S? is uniquely specified by the information of its restriction to
the fixed points! With respect to the polar coordinates (r,0) on Up, the Fubini-Study volume
form of S? is the closed S'-invarinat 2-form

~ 2rdr AdO
(422

The equivariant extension w of w exists and is given by a sum of the form @ = w + uH where H

is a function satisfying

2rdr
Loow A+ 27

see (4.10). Solving this equation we get

H(r)—H—i—/TdSZ e
B G TP R N Q)

The restrictions of @ = w + uH to py and ps, are fo(u) = Hou and foo(u) = Hoou= (1 + Hy)u,

respectively. Note that
1 :/ " :/ 5o _<f0(u) n fl(u)).
52 S2 u —Uu

This is a special case of the localization formula below. In this example, if we replace the
standard S'-action with z — €™z, over Z, we get

gl(SQ,Z) = {(fo, foo) € Rlu] ® Rlu]: fo — foo = muh(u)}.

However, over R, there is no torsion and we get the same answer as above. Consequently, H,
fo, and fo will be replaced with mH, mHyu, and mHs,u and we get

Remark 4.22. For G = TF = (S')* we have BG = ((C]P"’O)k. Therefore, H*(BT*,Z) =
Z[hi,...,hg]. In this case, the torus action is given by k vector fields (i,...,(; such that
[¢iy¢j] = 0 for all 1 <4, j < k. Similarly to the case of S* above, a de Rham model is obtained
by considering T*-invariant differential forms with values in R[ug,...,u4] and the deformed
derivative map

D=d+uite, +-+ugt
OF (M, R[ug, . .., ug]) S T

(M, Rluq, ..., ug]).

What kind of information can be mined from the fixed points of an action? This is the question
we want to answer next.
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If a Lie group G acts on a manifold by diffeomorphisms,
p:GxM— M, (g,2) — ¢g(z),

at a fixed point p € M, the differential dp,: T, M — T}, M is a linear automorphism of the tan-
gent space, giving rise to a representation of the group G' on the tangent space T),M. Invariants
of the representation are then invariants of the action at the fixed point. If dim¢cM = 2n, for a
circle action, at an isolated fixed point p, the tangent space T, M decomposes into a direct sum
Cn, & - & Cyy,, where C,,, is the representation of weight m in Example 4.20. The integers
mi,...,my are defined only up to sign, but if M is oriented, the sign of the product my - --my,
is well defined by the orientation of M. The localization formula then states that for every

equivariant form w we have
» Lyw
D D
M €

peFix(s1) 7

where e, is the equivariant Thom-form/Euler-form of p. In our notation, e, is equal to
ep =my--mp(—u)" € Hg (p,R) = Rlu.

In general, the fixed locus of a T*-action may have higher dimensional components, but each
connected component £ C M will be a smooth manifold. Similarly to above, we obtain an
action of T* on the normal bundle Ny/F. The formula above will continue to hold with ep
instead of ey, where

er € Hy (F,R)

is the equivariant Thom-form/Euler-form of Ny, F'.

Below, we only outline the proof of localization formula. For each T*-invariant embedding
t: N — M, we have the pullback map ¢*: Hy, (M) — HZ,(N). There is also a push-forward
map

that is multiplication by Thom-form of N; i.e.
Ll N =nANen

where ey is the degree dim(M) — dim(N) Thom-form of N C M. Let R = R|uy,...,ux]. Both
HZ (N) and HE,(N) are R-modules and the maps above are maps of R-modules. For any
R-module H, the set

Am(H)={feR: fa=0 VacH}

is an ideal. For R = Rluy,...,ux], the support of H is the affine variety (possibly singular
complex manifold)

Supp(H) = {(z1,...,2) € C*: f(x1,...,2,) =0 VYV f € Ann(H)}.

Let I denote the field of fractions of R[uy, ..., ux]. For every Rluy, ..., u;]-module H, by killing
the torsion elements, i.e. elements that are annihilated by some nontrivial element in Ann(H),
we obtain an F-vector space called the localization Hr of H. Suppose Fix(T*) = |, F. and
define

LFosl,
Q= Za: — (M) — Hiy (M)g.
The localization formula follows from showing that this is an isomorphism of F-vector spaces.
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Figure 7: Left. Harmonic oscillator. Right. Graph of location vs. time.

5 An introduction to symplectic topology

Symplectic topology has origin in the study of Hamiltonian dynamical systems. Let us start
with a classical and simple example in physics. The differential equation governing the motion
of a harmonic oscillator (Figure 7) with no damping is the second order ODE

mi = —Kz, (5.1)
where m is the mass of the object attached to the spring and k is a constant that depends on
the spring. Let p = ma denote the momentum. We can rewrite (5.1) as

P 2
&= D KT (5.2)

to turn in into a pair of first order ODEs in the “phase space” R? with coordinates (z,p) =(location,
momentum). The phase space of an object moving in R” is R® x R" = R?" with coordinates
(z,p) = (x1,...,Tn,P1,-..,Pn) such that (x4, p,) is the (location, momentum) in the a-th direc-
tion. More generally, the phase of an object moving in a manifold M is the cotangent bundle
T*M. Every solution of (5.2) has the form

(x(t),p(t)) = A( cos(wt + 6y), —mw sin(wt + 90))

where w = \/x/m. The curve (z(t),p(t)) traces an ellipse in the phase space R? with that initial
(location, momentum)
(zo,p0) = A( cos(fp), —mw Sin(eo));

see Figure 8. For each time ¢, the map
Pt - R2 — R27 (x07p0) — (.’L‘(t),p(t))

is a diffeomorphism of R? such that g = id and ¢; 0 95 = @;4s. In other words, the flow of a
(time independent) ODE defines an action of R on the underlying manifold. One of the major
goals of studying such systems is to understand the dynamics of ¢;. Define

2 1 p2 2
H:R* — R, H(x,p):f<—+mc >
2\m

The first term %% = %mfb2 is the kinetic energy of the moving object and the second term %/@:L‘

is the potential energy; thus, H is the total energy of the system. Observe that the equation
(5.2) has the form

2

. _OH . 0H

T

o P e
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4

(x(®), p(1))

Figure 8: Orbit of a harmonic oscillator in phase space

Definition 5.1. A Hamiltonian ODE in R?" with coordinates (z,p) = (21,...,Zn, D1, -->Pn)
is an equation of the form

o . oH
B Opa Pa = 0z,

Tq

Ya=1,...,n, (5.3)

for some “energy” function H: R*" — R.

It is easy to show that the value of H does not change along any orbit (z(t),p(t)); i.e. H is a
conserved quantity and the orbits of (5.3) live on the level sets of the function H. The ODE
(5.3) can be re-written in the compact form

where
"\ OH OH
2, e

is a vector field associated to H on R?". The vector field (g and the 1-form dH are related by
Ly Wo = dH (5.4)
where wqg is the 2-form

wo = idxa A dpg.

a=1

The 2-form wy is called the standard symplectic form on R?". Let w be a 2-form on a manifold
M; the following properties are equivalent:

e dim(M) = 2n and w" is a volume form on M;

e for every x € M, the map
ToM — Ty M, ¢ — tew

is an isomorphism.
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If these properties hold, we say w is a non-degenerate 2-form on M.

Definition 5.2. A symplectic manifold is a smooth manifold M equipped with a closed non-
degenerate 2-form w.

Example 5.3. The standard 2-form wy defines a symplectic structure on the phase space R?".
Example 5.4. An area form on every oriented surface ¥ defines a symplectic structure on X.

The following is a fundamental theorem in symplectic topology which shows symplectic manifolds
are all locally trivial.

Theorem 5.5. Suppose (M,w) is a symplectic manifold. For every q € M there is a chart
: U —V CR* around z (known as Darbouz chart) such that 1*wy = w.

Definition 5.6. Let (M,w) be a symplectic manifold. A Hamiltonian ODE on M is an ODE
of the form
T = CH(f) YeeM

where H: M — R is a smooth function and (7 is uniquely determined by the equation
dH = - w. (5.5)

Remark 5.7. Note that the identity (5.5) differs by a minus sign from (5.4). This is the common
convention in symplectic topology to make certain actions counter clock-wise.

Lemma 5.8. Let {py: M — M}iecr denote the flow of the Hamiltonian ODE corresponding
to the function H on the symplectic manifold M. Then

Yjw =w VteR.
Proof. By (2.20),

d * * * *
urtv = i Leyw = 1 (g dw + digyw) = ¢ (0 — ddH) = 0.

The claim follows. O

Definition 5.9. Let (M,w) be a symplectic manifold, we say a diffeomorphism ©: M — M
is a symplectomorphism if ¥*w = w. We say ¢: M — M is a Hamiltonian diffeomorphism if
there exists H such that ¢ = ¢, for some ¢ € R (we can always change H so that ¢t = 1).

By Lemma 5.8, every Hamiltonian diffeomorphism is a symplectomorphism but the converse is
not true for arbitrary manifold M.

Let M be a smooth manifold and (z1,...,2z,) be local coordinates on an open set U C M. For
x € U, every cotangent vector n € T) M can be written as

n
n= Z Nadzg.
a=1

The assignment n — (z1,...,Zn,P1,...,pn) defines a local trivialization of T*M|y. Let

wy = dea Adp, € Q3(T*M|y, R).

a=1

The following lemma follows from Chain Rule.
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Lemma 5.10. The two forms wy are independent of the choice of local coordinates on U and
patch together to define a canonical symplectic structure on T* M

Next, we study Hamiltonian torus actions on symplectic manifolds and describe a way of con-
structing more complicated symplectic manifolds as quotient spaces.

Let (M,w) be a symplectic manifold and
T x M — M, ((eiel,...,eig’“),m)—>e191-~-eie’“-x

be a torus action given by the vector fields

d i
Gi(x) = @(elez - x)|0,=0 Vae M.

We say this action is Hamiltonian if there are functions H;: M — R such that (; = (q,; i.e.
te,w = —dH;. Then we say
H=(Hy,...,Hy): M — R*

is the moment map of the action. The example of harmonic oscillator is a Hamiltonian S'-
action on R?. We will implicitly assume that the ¢; are linearly independent, i.e. the action is
generically free.

Theorem 5.11. (1) If a = (a1,...,ax) is a reqular value of H, then
M, = H (a)/T*

is a 2(n — k)-dimensional manifold and admits a canonical symplectic structure w, such that
W = Wlg-1(q)- Here m: H~Ya) — M, is the quotient map. (2) If M is closed, then the
image of H is a rational polyhedral polytope A in R¥. (3) If k = n, then M can be uniquely
reconstructed from A.

The symplectic manifold (M,,w,) is known as a symplectic reduction of M.

Example 5.12. Consider (C" = R?",wj) and the function

1 1
Hp) = 3 6+ = 1P (5.6
a
where
z= (21 =21 +1ip1,..., 2n = Tn +ipn).
Then

CH = Z —paana + xaapa = Z 69(1

a
where 0, is the angle coordinate in the (x4, ps)-plane. The flow of (g is the diagonal S!-action

i0 i0

(ew,z) — ez = (e 21,. ..,

The level set H~!(R?) is the sphere 512%"+1 of radius R. For each R, the quotient space
Mpo = H Y(R?)/S?

is the complex projective space CP"~!. The symplectic form wp2 = R%w; is a multiple of the
well-known Fubini-Study Kihler form on CP" 1.
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Symplectic reduction can also be used to define symplectic blowup. For a holomorphic manifold
M of complex dimension n, the blowup M of M at a point ¢ € M is another holomorphic
manifold that has a copy of E = CP"! in place of ¢. It admits a projection map m: M — M
that collapses E to ¢ and is an isomorphism outside E. Intuitively, M is obtained by replacing
g with all the (complex) tangent directions at g. Explicitly, it is constructed in the following
way. Fix local holomorphic coordinates (z1,...,2z,) € C" on an open neighborhood U > ¢ such
that ¢ corresponds to the origin. Then the pre-image of U in M is the open set

{(zl, ceyZn)s [T, ,xn]) e U x CP 1. 25 = zjxl-}
with
E=0xCP" !
Note that if z; # 0 for some ¢ = 1,...,n, then [z1,...,x,] is uniquely determined by
>
T = Z—Jxl = [z1,... 20 = [21/2i, 22/ iy - s 20/ 2]
1

Topologically, blowup corresponds to the connect sum of M and CP" (CP" with the reversed
orientation) at a point. In the symplectic world, blowup is constructed in the following way.
First, by Theorem 5.5, there are local coordinates (x,p) around g with respect to which w
coincides with wg. Let

H:U-—R, H()= %\42

denote the restriction of the function H in (5.6) to U. For sufficiently small € > 0, the level set
H~Y(¢) divides M into two components M, U M_ such that

M_=H'[0,])) and M, =M — H '([0,¢)).

Then M, is a manifold with boundary OM, = H~!(e) = S'. Roughly speaking, the blowup
manifold M is obtained by collapsing the boundary of My using the S Laction into manifold
E = CP"! of real dimension 2(n — 2). More precisely, M is a union of two charts

M=WU(M-H([0,€)

where W is constructed in the following way. Extend H to function HonU xC by

Bz t) = H(z) — %|t|2.
Then, )
H )= {(2,t) €U x C: H(2) > ¢, 5\# = H(z) —¢}.

Let (W = H=1(0)/5*,wy) denote the symplectic reduction of U x C with respect to H at the
level set €. Then,

e The subset B
E= (H*l(g) NU x {0}) /8t = Hl(e)/8t = cp!

is a symplectic submanifold of W
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e The complement of F is naturally identified with the open set U — H~1(e) C (M — H~([0, €])
by

1
W —FE={(z,t) €U xC: H(2) >, 5|zs\2 =H(2) —e} 2U - H (o).
e The symplectic forms wy and w agree on this overlap region.
Therefore, wyy and w patch together to define a symplectic form on M = W U (M — H=([0, €]).

Remark 5.13. Unlike in holomorphic blowup, in the case of symplectic blowup, there is no
canonical projection map 7: M — M.

Mohammad Farajzadeh Tehrani,
mohammad-tehrani@Quiowa. edu
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