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§1 Introduction

Let’s look at a simple example. Let f(x,y,2) = xcosz + ysinz, and ¢ a constant. Consider the
surface S. = f~*(c). Since f'(x,y,z) = (cos z,sin z, —wsin z+y cos z) # 0, S, is indeed a manifold.
The main motivation of differential manifolds is that we want to apply calculus on manifolds

like S, like we did in differential geometry for curves and surfaces.

Some more examples are RP?,CP", we can’t do calculus on them by taking coordinates on

them, hence we developed a new theory called differential manifold.


scholar.pku.edu.cn/liuyi
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Example 1.0.1

The complex projective space CP™ is defined as all the 1 dimensional complex linear subspace
of C™*1 the elements can be written in homogenous coordinates z := [2g, 21, . . . , Zn].
The atlas contains n + 1 charts:

Uj={2z€CP":2; #0}, ¢;:U; - C".

Where

Here @ means a is omitted.

82 Differential manifolds

§2.1 Basic definitions

Definition 2.1.1 (Differential manifolds). Let M be a Hausdorff space, {(Uy,¥a)}aca be an
atlas, satisfying:

e {Us}aca is an open covering of M.
® ¢ :U, =V, CR”is a homomorphism, V,, is an open set;

o dap: 0a(UaNUg) = ¢3(Us NUg) are C™ functions. They are called transition functions,
this condition is called the compactibilty of charts.

We say M is a C" differential manifold or just differential manifold if it’s given a such
atlas.

Definition 2.1.2 (Maps between manifolds). Let M, N be C" differential manifolds.

We say a map f : M — N is C" if for all p € M, suppose p € Uy, f(p) € Wg, we have
g0 fodylis O at da(p).

Note that 15 o f o ¢! is just a map in R™, so we can talk about differetiation of it.

We say M and N are C" homeomorphic if there’s a bijective map f: M — N, and f, f~!
are both C" maps.

Note that since f(U,) may not be a chart in N, actually we need to take a neighborhood of p
and discuss things in this neighborhood.

To avoid this annoying argument, we define a maximal atlas to be the atlas which contains
all the compatible charts. Any atlas can be extended to a maximal atlas, and the maximal atlas
is called a C" structure on M.

Example 2.1.3 (On maximal atlas)
Let X =R, U; =R,¢; :R—= R by ¢1(x) =x. Let Uy =R, ¢ : R — R by ¢o(z) = 23.

We can see that {(Uy, ¢1)} and {(Us, ¢2)} are not compactible, so they are different atlas.
Extending them to maximal atlas, we’ll get two different smooth structures on X. But they
are differential homeomorphic by  — 3. (¢2 0 f o ¢7(z) = )
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Remark 2.1.4 — You might hear somebody say that “there is only one smooth structure on
R”, this usually means “up to a differential homeomorphism”.

(By the way, Riemann first states the concept of manifolds)

Remark 2.1.5 — Sometimes we also require C; or quasi-compact on the base space. In
different cases, the transition function might be required as piecewise linear / smooth etc.
In this course we assume the dimension of a manifold is finite and fixed.

§2.2 Tangent vectors and tangent spaces

In multi-dimensional calculus, we studied the integral and differentiations, also we studied the
calculus of vector fields, including gradients, divergence and curl. We learned some relations like
curlgrad f = 0, div curl F = 0. At last, we learned Stokes’ formula, which we’ll generalize it to
manifolds in this course.

Definition 2.2.1 (Tangent vectors). You can think of this definition intuitively as “The equiva-
lence calss of tangency of parametrized curves”.
Let v : (—e,e) = M be a parametrized curve. We say v is smooth if for any chart (U, ¢),

povy:(—ge) >R e C™.
Define the equivalence relation ; ~ 72 on point p to be
7i(0) =p, (Ppom)(0) = (¢02)(0),

for all charts (U, ¢) where p € U.
We call the equivalence class of ~ a tangent vector at p. Denote all the tangent vectors at p
by T, M.

Proposition 2.2.2

The tangent space T, M is a vector space.

Proof. Let [11],[y2] € T, M, for a chart (U, ¢) where p € U, WLOG ¢(p) =0 € R™.
Let
5= ¢_1(¢071 +doys):(—e,e) > UCM.

We can check that [y1] 4+ [y2] := [7] is a well-defined addtion, i.e. independent of charts and
representatives.

Similarly we define c[vy;] := [¢p~1(c¢ o v1)] as scalar multiplication. Indeed this two operations
give the structure of vector spaces. O

You can also think of tangent vectors as directional derivatives: Let f € C*(U),v = [7] € T, M,
v = v(t). Define

of) = S (Fom)

Since tangent vectors form a vector space, this “directional derivative” has many properties in
common with those in R™, such as (v1 +v2)(f) = v1(f) + v2(f).

t=0
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Definition 2.2.3. Let f: M — N be a smooth map. There is an induced map
f* : TpM — Tf(p)N
[y] = [f o]

called tangent map, it’s a homomorphism of vector spaces. It’s also denoted as df.

Remark 2.2.4 — For all charts (U, (z1,--- ,%,)) at p, we can write a basis of T, M, say

(@ gm0 )|,

At p and f(p), we can write f. as a matrix with respect to the coordinate basis, this
matrix is precisely the Jacobi matrix of f when f is a map between Euclid spaces.

Strictly, B%i is the tangent vector of v; : t — (0,...,¢,...,0) at 0, where ¢ is on the i-th
entry. It’s an analogy of partial derivatives in R", so they only exist in a coordinate system.

§2.3 Vector fields

Definition 2.3.1 ((Tangent) Vector fields). Let M be a manifold, we say X : M — TM is a
(tangent) vector field if X|, € T,,M, and for any chart (U, z1,-- ,x,) we have

oX =vw 9 +-- 4w 9
¢ o 18$1 ”8xn
Where vy, ...,v, € C*(U).
Denote all the vector fields on M by 2 (M).

We can see that 2" (M) is a vector space on R with infinite dimensions.

A vector field can be imagined as the “speed” of each point, if the points are moving according
to this speed, we can get transformations on the manifold, with one parameter corresponding the
“time”. This operation is very similar to the integral when solving ODE.

To state these ideas mathematically,

Definition 2.3.2 (One-parameter transformation group). An one-parameter transformation
group on M is a collection of smooth homeomorphisms

¢ M — M, teR

where ¢; is smooth with respect to ¢t. (View this in charts or as a smooth map M x R — M)
The group operation is given by ¢4 - ¢y = Pgiy.
We can also think of ¢ as a group homomorphism R — Diffeo(M).

Such groups will induce a vector field on M,

(x|, = W2

t=0
It can be thought of “infinitesimal one-parameter transformation”.

Since the transformations might be wired when ¢ gets large (like vortex in the sea), we define
the local one-parameter transformation group to be

¢p:Wx(—ee)=oU WcCUCM

where W, U are open subsets, and only require ¢sy¢ = ¢ - ¢4 inside (—¢,¢).
Similar to the local solution of ODE, we have:
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Proposition 2.3.3

For each X € 2 (M) and p € M, there exists open neighborhoods W C U and a local ¢; s.t.
the vector field induced by ¢; on W is exactly X.

Proof. We skipped the proof since it’s similar to ODE. O

We know that vector fields and one-parameter transformation group is almost the same thing,
and they’re connected by operations similar to taking derivatives or integrals. Thus sometimes we
write X = gzb to show this relation.

In the meantime we know general transformations on M are not commutative, in algebra we
introduced the commutator to study the un-commutativity, in differential manifolds, the analogy
is Lie derivatives.

Definition 2.3.4 (Lie derivatives). Let X,Y € 2°(M), define the Lie derivative:

i (-0 (Vo) =Yy
Ex(Y)| = fim t '

Where ¢ is the local transformation group induced by X, i.e. X = qb locally at p.

This operation can be viewed as Lx : 2 (M) — 2 (M). It’s called “derivative” since it has
properties similar to derivatives:

. EX(alYl =+ CLQYQ) = alﬁx(Yl) + agﬁx(}/g), ay,as € R.
o Lx(fY)=X(/)Y + fLx(Y), f € C>°(M). This is called Leibniz’s law.
o (Lx(Y)(f) =X (f) —Y(X([)), feC(M). (%)

The last equation reveals the similarlity between Lie derivatives and commutators (if we view
vector fields as operators on smooth functions), so we’ll often write [X,Y] := Lx(Y). It satisfies
linearity, alternativity and Jacobi equation:

X, [V, 2]) + [¥,12.X]) + [Z,[Y, X)] = 0.

Therefore [-,-] : Z' (M) x Z (M) — 2 (M) is a Lie braket on 2 (M) that makes it an infinite
dimensional Lie algebra on R.
Here we’ll give a proof of (k).

Proof. Consider F(t) = f(¢_;(p)) for a fixed p € M. By chain rule,

F(t)—F(O):/O dF(St)ds:t/O F' (1) ds.

ds
i.e.
fod_s=f+1tgs,

where : LA (6 i)

— 4 — SNIA\P—ulp) /)

9:(p) —/0 F'(u)]y=st ds —A T P . ds.
We have ) F(Gsp)
_ —ulP _
9o(p) = /0 T du lueo ds = =X (f)lp-
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Meanwhile

(D—0)Y)p(f) = (Vg 0))(f 0 O—t)
= (Yg,n)(f +tgt)
= (Y (f) +tY(9:)] 0 () -

Hence

(Lx (V)] f = tim (E=0)p() = (Vp)(f)

t—0 t
Y(f)|¢'t(l7 B

= lim
t—0

= X(Y(f)
= (XX ()

T
+
===
=
=~
= -
_ ~
>§\_/
=

Remark 2.3.5 — This proof seems like coming out of nowhere, but the main idea is to
expand fo¢_; = f+1t-7+o0(t). This idea leads to constructing integrals in the first step, and
finially computed the ? is just —X(f).

Example 2.3.6 (Lie derivatives in local coordinates)

Let (U,x1,...,2,) be a chart on M. The partial derivatives % " € Z'(U) are a basis of

2 (U). Note that
9 91
8xi’ ij o

hence we can compute any Lie brakets [X, Y] using Leibniz’s law.

Note that in general, n vector fields which are linear independent everywhere are not a
coordinate basis on M, since usually the Lie brakets don’t equal to 0.

This leads to a question: if we take m vector fields X1, ..., X, which are linear independent
everywhere, is there a local m dimensional submanifold at every point p € M tangent to these
vector fields?

We've checked in the homework that to define Lx(Y) at p, we need to know the value of X
and Y on a neiborhood of p instead of just at p. The reason behind it is that a single vector cannot
generate a transformation group, or a “flow”.

Back to our example, we say (%)?:1 is a natural frame on U when given the coordinate
Z1,...,2, o0 U. When m = 1, this is just the existence of integral curves. (need some regularity)

When m > 1, a necessary condition is that
X5, X, =Y kX,
k

for some functions cfj. This is intuitively saying that the integral curves of some X; must either
totally lies in the submanifold or disjoint with the submanifold.

In fact, this condition is also sufficient, this result is Frobenius Theorem in literature. This
condition is like the “integrable condition” in PDE.
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Let’s look at the case m = 2 for an example, let X, Y € 27 (U), assume that [X,Y] = aX +bY,
LxuX +0Y)=Xw)X+X@)Y +v(eX +0bY).

Our goal is to find a vector field Z s.t. Lx(Z) = 0, i.e. X and Z are commutative. Thus by
solving Lx (uX + vY) = 0, we'll get the desired Z. Meanwhile this equation can be easily solved
by solving X (v) + bv = 0 for v and X (u) + av = 0 for w.

Therefore the condition can be transformed as given [X,Y] = 0. Hence the induced transfor-
mations ¢4 and 1y commute with each other, so (s,t) will give the parameter coordinates on the
submanifold.

As for general m, we can proceed by induction to build local coordinate system by requiring
[X;, X;] = 0 for each pair ¢, j. The equations can also be solved one by one, just like the case of
m = 2.

The family of submanifolds given by Frobenius theorem gives a foliation on M. Note that
submanifolds in a foliation are pairwise disjoint.

When the equations have no solution, we say (X1, ..., X,,) is a contact structure on M. (i.e.
a m-dimension subspace at each point) A classical example of a contact structure on R?® can be
found on the internet (by searching “contact structure”).

§2.4 Cotangent vectors and exterior forms

In calculus or physics, we often encouter symbols like dx which represents “infinitesimal increment”
of z. Probably you were never been told the strict definition of these mysterious dz.

In calculus we write f; f'(z)dz = f(b) — f(a), where the dx seems to have nothing to do with
this formula. In fact, it is only useful when we’re changing the coordinates, like

= Of of Ox;
A =2 5y, 4o Zaxzayg

Therefore we can write something like:

dl‘l dyl

o 9Nl (2 9
8,@1"”763?” : 73?/17”.75%

We can see that dx; are just to ensure this transform relation. Since we know % are a basis of

vector field on manifold, so we can realize dx; as the dual space of tangent space.

Definition 2.4.1 (Dual space). Recall that in algebra, the dual space of a vector space V over
R is defined as V* = Homg(V,R). If we take an element in V' and V*, we'll get a real number
from them, this is how the word “dual” comes.

If there’s a basis eq, ea,..., e, in V, there’s a dual basis €1,...,&, € V* such that €;(e;) = J;5,
ie. g(ej) =11if i = j, and 0 otherwise.

Definition 2.4.2 (Cotangent vectors). Let p € M, define
T, M := Homg(T,M,R)
to be the cotangent space at p. Its elements are called cotangent vectors at p.

Let f: M — N be a smooth map, we know there’s a tangent map f. : T,M — Ty, N. By
algebra knowledge, there’s a dual map of f,, namely the cotangent map f* : f(p)N =Ty M.
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In a chart (U, z1,...,2,), let the dual basis of (a%i)lp be denoted as (dz;)|,.

Recall that we can’t define a vector field a% for a single function f, in contrast, the notation d f

does give a “cotangent vector field” on M. Since we can define df = "1, % dx; on each chart,

and verify it’s the same cotangent vector at a fixed point under different charts. This property is
called form invariance in calculus. In fact we can write df explicitly:

d(f o)

df(v) = dt t=0 -

for each tangent vector v.

On a chart (U,x1,%a,...,%,), we can write a cotangent field as w = wydxy + -+ + wy, dzy,
where w; € C*°(U). Strictly we should add a pullback, say w = ¢, (>, w; dx;), but since this
won’t cause any ambiguity, we usually omit the ¢7;.

Cotangent fields are also called exterior differential forms of degree 1, or just 1-forms,
and we denote the set of 1-forms on M by A'(M). You might already guess that there are general
p-forms as well.

Indeed, in linear algebra, let V' be a vector space on R, the notation APV* denotes the set of
alternating p-linear functions on V. Let {e;} C V be a basis, and {e;} C V* the dual basis. Then
APV* has a basis consisting of e;, A---ANe;, =:er, I = {i1,...,ip} C {1,2,...,n}. Using this
basis, for ¢ € APV* we can write

o= e, preR

[T|=p
Where ¢; is defined as
sen (Z']_ . Z.p> 7 I=1J
sj(ejl,...,ejp): Jro Jp
0, I1#J

If we do the same construction at every point of M, we get the space APT*M. Then the p-
forms are the elements of AP(M) :=T'(M,APT*M). Note that O-forms are just smooth functions,
ie. (M) = A°(M).

For ¢ € AP(M) we can write

o= rdz, @ €C®(M),
[1|=p

§2.5 Wedge product and exterior differential operator

After constructing exterior forms, let’s focus on the operations of exterior forms.
Like the wedge product in linear algebra, exterior forms can also perform wedge product:

Definition 2.5.1. Define the wedge product on exterior forms to be
A AT(M) x AS(M) — A™T5(M),
For ¢ € A"(M) and ¢ € A*(M),

1

(e AY) X1y, Xpgs) = sl Z Sgn(o—)@(Xa(lﬁ s ?XG(T))w(XJ(T+1)7 s ’XG(T-&-S))

: O'ESr+s

The coefficient ﬁ is used to eliminate repeating terms in the summation, or we can change S, s

t0 Sy4s/Sy X Ss. (Actually we can write o and v using the basis and write ¢ A ¢ explicitly)
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There’s another operator related to calculus, the exterior differentiation d.
Definition 2.5.2. The operator d : AP(M) — APTL(M) satisfies:

e R-linearity: d(ap + b)) = ade +bdy), a,b € R, ¢, € A™(M).

o Leibniz’s law: d(p A¢) =de A+ (—1)"p Ady, ¢ € A™(M), p € A%(M).

o d(dy) =0, o € A™(M).

e For f € A°(M), df is the total differentiation of f.

We claim that these 4 properties uniquely determine the operator d.

Theorem 2.5.3

Such d exists and is unique.

Proof. Since we know df =", % dz;, it’s natural to write (in a chart)

dp =d (Zgﬁl dm1> = Zd(cpl dzy) = Z(dgpl ANdzr 4+ ¢ Ad(dxy)) = ngp; Adxy.
I

I I I

Here we’ve used all the properties required. (d(dz;) = d(dx;, A--- Adz;,) = 0)

This formula on local coordinates means d must be unique.

As for existence, essentially we need to check the local expression above is compatible in different
charts.

This approach is OK, but here we’ll use an intrinsic construction that is independent of coor-
dinates. For w € AP(M),

p+1
dw(Xla s 7Xp+1) = Z(_l)Jilxj(w(le R 7Xj7 L 7Xp+1))

—

j=1
DX X)X X X X

i<j
To check this is right, the easiest way is to write it in coordinates, i.e. take Xy = %. O
Remark 2.5.4 — Again, this construction seems jumps out of nowhere. If we look at 1-forms,

we AN (M),
(dw)(X,Y) = X (w(Y)) - Y(w(X)) - w([X,Y])

Now let w = gdf, dw = dg A df, and note that
X(gdf(Y)) = X(gY (f)) = X(9)Y (f) +9- XY (f)

Y(gdf(X)) =Y (gX(f)) =Y (9)X(f) +g-YX(f)

We see that (dg Adf)(X,Y) = X(9)Y(f) — Y(g9)X(f) and the remaining term is exactly the
Lie bracket. From this we can guess the general expression of dw.
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We can generalize the tangent and cotangent fields to tensors: I ™%(M) =T'(M,T™*(M)) the
(r,s)-tensor. Here T"*M :=TM ® ---@TMT"M®@---T*M.

Let V be a finite dimensional vector space on R, the elementsin V@ --- @ VeV* Q. --- V*

T S
are multi-linear maps

Vix oo xV*xVx.---xV =R

T S

Thus in a chart (U, x1,...,2,), let ¢ € T(U, T™*M), we can write ¢ as

0 0
— 7®...®7®d '®"'®d‘7
® Z Pr o7s, oz, Lj1 Ly
where the summation is taken over iy,...,4,j1,...,Js € {1,...,n}. Note that a ® b and b ® a are
independent elements.

Remark 2.5.5 — For general definition of tensor product, let R be a commutative ring, 1
the identity of R. Let M, N be R-modules, we can define the tensor product M ®r N. The
elements are of the form > m; ® n;, where we require the linearity of each components, and
Am@n = (Am) ®n =m® (An). The vector spaces are just modules over a field.

Remark 2.5.6 (On general vector bundles) — A “bundle” means that we attach a fibre (usually
a vector space) on each point, and the fibres varies in a way that we think as “continuously”.

An R-vector bundle E of rank n is defined as (p: E — X, {(Uy,, ®4)}), such that U, C X
is open, with @, : p~1(U,) — U, x R™ satisfying

e o,(q) = (p(q), Pal(q)),

e On Uy, NUg, 50 P, =idy,nu; XPas, Where oo € GL(n,R).

Under this definition, @ng@syp~a = id. This is called the cocycle condition.

Like we do with groups, vector bundles also have homomorphisms, subbundles and quotient
bundles.

Example 2.5.7

A Riemann metric on M is a (0,2) symmetric tensor, and positive definite everywhere, i.e.
can be locally written as

9= gijdz; ®dy;
i,J
with g;; = gj; and (gij)nxn are positive everywhere. When n = 2 we sometimes write
g = Edz? + Fdzdy + Gdy?, where dx; dz; := %(dxl ®@dz; +dz; ® dx;).

To construct a Riemann metric, we need the unit decomposition theorem.

Theorem 2.5.8 (Unit decomposition)

Let M be a smooth quasicompact manifold, then for all open covering {(Us, o) }aca there
exists a locally finite open refinement with a unit decomposition.

10
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Proof. For a compact set K and an open set U 2 K, we can construct a function f € C*(M),
st. suppf C U, and flg =1,0< f < 1.

By quasicompactness, take a locally finite precompact open covering of M which refines the
one we already have (precompact means the closure is compact), and still denote it as {(Ua, pa)},
then we can take W, C U, s.t. W, precompact, and construct f, w.r.t. W, as stated. Hence

Ao = fi”f satisfies the condition. O
BJB

§3 Integrals on manifolds

In this section we generalize integrals and Stokes formula to the smooth manifolds.

§3.1 Integrals of exterior forms

Let M be an oriented smooth manifold with dimension n, and w € A™(M). We want to define
Jare-

First we take a unit decomposition A, on the atlas {(U,,pq)}. Here we require the atlas
compatible with the orientation of M. Define

[ =3 [ ow

The integral of n-forms on R™ is defined as usual way.

Since the value stays invariant under the refinement of unit decomposition, for two different
decomposition, we can consider their common refinement to show they give the same value. Thus
the integral is well-defined.

For manifolds with boundary, we use the “outer normal vector fisrt” (ONF) rule to determine
the orientation on the boundary.

Specifically, if (e, ea,...,e,—1) is a frame of M, then (v,e1,...,e,_1) is a frame compatible
with the orientation of M.

4 N\
Theorem 3.1.1 (Stokes formula)
Let M be an n-dimensional orientable smooth manifold with boundary, and w € AZp_tl(M ).
Determine the orientation on M by ONF, then
/ dw = / w.
M oM
g J

Proof. The idea is using unit decomposition and hence assume M C R™. We only need to check it
on local charts. O

When the manifold is not orientable, we have other forms of integrals, such as integrals with
respect to a measure. However, unlike the exterior forms, there aren’t close connections between
measures of different dimensions, we can’t generalize Stokes’ formula in this way.

Back to the Stokes formula, there’s one thing we need to know about: when the boundary 0M
is piecewise smooth, does this formula still holds?

Intuitively this should be right, since we can use a series of smooth boundaries to approximate
the singular point, and this difference is small under integration. This technique will be formalized
in differential topology part, so here we just take it as granted.

11
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§3.2 Closed and exact forms
After we have Stokes formula, we would like to consider some special forms.

Definition 3.2.1. Let w be a differential form, if dw = 0, we say it’s a closed form, if w = dy
for some differential form ¢, we say w is an exact form.

Clearly exact forms are always closed, while closed forms may not be exact.

Example 3.2.2

Let M = R?\ {0}, and w = %7 then w is closed but not exact. (Homework problem)

Let’s dig deeper into the connections between closed and exact forms. Naturally we’ll ask:
when does a closed 1-form on M is exact?

Now if we want to construct ¢ s.t. dy = w, we would naturally want to do this by integration
on paths (since w is 1-form).

Therefore we fix a basepoint g € M, and for each x € M, we choose a path a : [0,1] — M
connecting xp and x, and define p(x) = fa w = fol a*w. Obviously there are many different paths,
but if two paths forms a boundary of some regions in M, by Stokes formula on this region we get
the integral is invariant of paths. (ie. 0= [Hdw= [ w— [  w)

Proposition 3.2.3
If M is simply connected, then any closed 1-forms on M are exact.

However, if two paths are not homotopic (i.e. there’s a “hole” between the paths), things may
go wrong, the integrals may change, like the above example.
When M =R2\ {P,...,P,}, indeed there exists n; € A'(M) s.t. dn; = 0 and

/ 1, 1=
ni = . .
8B(e,P;) 0, 1#7

The construction is just applying a translation and scaling of the above example. Therefore we
can decompose any form w € A*(M) as

w=dp+am + -+ anm-

This is actually a simple example of de Rham cohomology.

§3.3 de Rham cohomology
Let M be a smooth manifold,

ZP(M) :={we AP(M) :dw =0}, BP(M):={we AP(M) : Jp,w = dp}.
We can define the de Rham cohomology group

_ ZP(M)  ker(d: AP — APT1)

HinM) = Fo 0 = T AT S An)

It’s also a vector space over R. In general it might be of infinte dimension. But in the future we
can prove when M is compact, dim Hip (M) < co; When M is quasi-compact, the dimension is
countable.

12
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Example 3.3.1

When p > n+ 1, Hiz (M) = 0.
Another example is

R, p=0
HY(RE\{P1,...,Pn}) 2 (R™, p=
0, p>2

We can think of de Rham cohomology class as the “topological obstacles” that keep closed
forms from being exact forms, while homology class counts the holes in the space linearly.

Remark 3.3.2 — Simplicial homopogy groups H,: description and facts. See textbooks for
details.

Let X be a topology space fused together by finitely many simplicial complezes (general-
ization of triangles in higher dims). We can define the boundary operator 0 on each complex,
also we define the group of p-chains Cp(X) to be the abelian group freely generated by p-dim
complexes.

Hence 9 : C,,(X) — Cp—1(X) is a homomorphism and 8% = 0. Therefore

o Zp(X) _ kerg,
B =5 %) = mbyun

is called the simplicial homology group of X.

We have the following fact:

Theorem 3.3.3 (de Rham isomorphism)

Let M be a smooth manifold, we have the canonical isomorphism

H (M) = Hom(H, (M), R).

Some related facts:

o The homology group H,(X) is a homotopic invariance.

It can be dirived from the following:

— H,(X) is invariant under subdivision of simplicial complexes.

— For different partitions, we can take their common subdivision to induce the isomor-
phism. This is enough to deduce homeomorphic invariance.

— For general homotopy, we can use “combinatorical” maps to approxiamte them.

e For smooth manifold M, we can always find a smooth triangularization.

E.g. when M is compact, let g be a Riemann metric, we can cover M using finitely many small
convex balls, and construct the triangularization by the intersections of balls, i.e. centers as
0-complex, intersection of n balls corresponds to a n — 1-complex formed by these n vertices.

Now we can find AP(M) — Hom(Cp(M),R) as
w <c—ZciJir—>/w—ZCi/ w),

13
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where Cp,(M) is taken from the smooth triangularization of M. Therefore the integral gives a
homomorphism

[+t o, (1) ),
and the theorem states that this is in fact an isomorphism.

Remark 3.3.4 — The homology theory nowadays often talks about “singular homology”,
which use a simplified language (hence more abstract) that can be easily connected with
cohomology and algebra.

The homology group also has something to do with Euler characteristic:

X(M) =" (~1)" rank(H, (M)

p

(recall that rank G = r means G = Z" x T for an abelian group)
This is an example of transfering numerical invarance to algebraic invariance, which is called
“categorification” in differential topology.

84 Differential topology

§4.1 Whitney theorems

The basic question for this section: given a smooth manifold M, can we place M into R™?

Example 4.1.1

If M is compact, we can take unit decomposition (Uy,¢a), o = 1,...,k with > _ Ay = 1.
Consider a map
f:M - R x ... x R*T!

k

p = (N(@)@i(p), \i()))iz
We can check that f(z) = f(y) = ¢g(z) = ps(y) if x € Ug, thus x = y. In fact f is also

an immersion, i.e. T, M f—*> Tf(p)RN is an injective homomorphism.
By the fact that an injective immersion of a compact space is an embedding, we know f
is an embedding from M into RY.

This means we always can embed a compact manifold into an Euclid space with sufficiently
high dimensions. In fact, we can do it with less dimensions.

Definition 4.1.2. Let M be a smooth manifold, we say f : M — N is an immersion if f, :
TyM — Ty N is injective for all p € M. Sometimes we write f : M & N for immersions.
We say f is an embedding if it’s also a homeomorphism between M and f(M).

14
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Example 4.1.3

Let f : R — R2, then the image of f is a smooth curve. If the curve has self-intersection, then
it’s not an embedding.

The case for immersions are more interesting. The map f(z) = €'® and the topologist’s
sine curve are both immersions but not embeddings. (Since the topologist’s sine curve is not
locally path connected, it’s not homeomorphic to R.)

If the image of f has a singular point (i.e. the tangent line doesn’t exist), then f is not
an immersion.

We say a map f is proper if the pre-image of compact sets are also compact. Note that if
f maps R to an open segment in the above example, then it’s not proper. So we can think of a
proper map maps ends to ends.

Proposition 4.1.4

An injective proper map into a locally compact Hausdorff space is a homeomorphism to its
image.

Proof. Left as exercise. This proposition is a key property of proper maps. O

Proposition 4.1.5

Let M be a Cy smooth manifold (second countable), there exists a proper smooth map
f:M —R" Vn e N*.

Proof. 1t’s sufficient to construct f : M — R proper and smooth, then compose it with linear maps
R — R™.
Take a unit decomposition {(Ua, ¢n)}aca, with >~ A, = 1. Recall that we require the covering
is locally finite, and supp()\4) is a compact set in U,. Also W, = A;1(1) forms a covering.
Moreover, we can take a countable unit decomposition, let f(p) := Zj JAj(p) for j € N. We
can check this map is indeed proper. O

Remark 4.1.6 — The key trick is to take a countable unit decompostion, and this requires the
C5 condition on M, which is stronger than the quasi-compact condition of unit decomposition.
This difference comes from the fact that we want to do something to the charts one by one,
in this case it’s taking the sum }; A;.

[
Theorem 4.1.7 (Whitney immersion)

Let M be a C5 smooth manifold with dim M = m. Let f : M — R™ be a smooth map with
n > 2m. Then for all € > 0, there exists an immersion g : M — R satisfies:

lg(p) — f(P)|| <&, Vpe M.

15
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Theorem 4.1.8 (Whitney embedding)

In the above theorem, if n > 2m + 1, we can also require g is injective. In particular, if f is
proper, we can make g proper, hence an embedding.

Note that Cs is a necessary condition of embedding into R"™.

Proof outline of Whitney immersion. For the sake of convenience, we assume M is compact here.
(For the general case, the proof is the same with a minor adjust of induction)

We take the unit decomposition {W;} < {U,;} as usual.

Observe that if the condition is satisfied on some open set, we can modify f outside a neigh-
borhood of a compact set in it, and still keep the conditions satisfied in this compact set.

Therefore our plan is to do this on each Uj, s.t. the difference we made is no more than 5,
and do not affect the immersion property already attained in W7 U --- U W;_;.

On each U;, we can think of U = B(0,2), W = B(0,1) € R™. The function A : R™ — R
satisfies supp(\) C U, A|w = 1. For f: U — R™, we want to modify f inside a range of € s.t. the
modification supports on a compact set in U.

To do so, consider g(z) = f(x) + A(z) Az, where A € Mat, «m(R) has sufficiently small coef-
ficients, say > |a;;|? < 165- We hope Dg = Df + A has rank m everywhere in W' (hence it’s an
immersion). (Remember that A is 1 on W)

Consider

U x Mat,xm(R) = Mat,xm(R)
(z,A)— —Df|.+ A

We hope that for some A, Dg: W — Mat, «xm avoids all the matrices with rank less than m.

Lemma 4.1.9

For k < m, the matrices with rank lower than m forms a submanifold M, with dimension
nk + (m — k)k.

Proof. WLOG the columns vy, ..., v are linearly independent. If B 4+ 6 X also has rank k, then
v1,...,V; can be arbitarily changed, thus has n degree of freedom; while the rest must lie in the
space spanned by v1, ..., v, hence has degree of freedom k. O

Thus dim U + dim Mj, = m + nk + mk — k? < nm for k < m — 1 when n > 2m.
So all matrices A s.t. Dg(W) intersects with M}, forms a null set (the dimension is less than
nm, and it’s a smooth manifold), hence we can always take A s.t. Dg has rank m everywhere. [

Remark 4.1.10 — In fact we only need f to be C? to apply this proof.
The statement “f : M — N is C! and dim M < dim NN, then the image is a null set in N”
cannot be reduced to C°, Peano curve is a counterexample for this.

Next we’ll prove the Whitney theorem for injective immersion.

Proof of Theorem 4.1.8. Suppose n > 2m + 1.
Similarly, if f: M — R"™ is already an embedding on U, then we’ll show the small modification
will not affect the compact set W C U.
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Note that by Whitney immersion theorem, we may assume f is an immersion, and immersions
are local embeddings, so we can always start from a small open set U.
Therefore we need to show that for disjoint open sets U,V C R™, if we have

f:UUV > R"

s.t. f|u is an embedding, we want to modify it to g s.t. gly = f|y, and g(V) N f(U) = 0.

Now since we have an extra dimension, it’s natural to translate the image f(V) by a fixed
length in that dimension.

Let g(z) = f(z) + A(z) - 3, where X is the unit decomposition on V. Consider

UxV =R, (x,9)— —f(x)+ g(y).

By dimensional reasons, the image has measure zero in R”. Thus we can take 5 s.t. it’s not in the
image. (Moreover we can take ||§| < ¢.)
The rest can be implemented by induction, see for details on the textbook. O

Remark 4.1.11 (Locally canonical representation of immersions) — Let f : M — N be an
immersion. Then for any p € M, there exists a local coordinate U = U(p) C M and
W =W(f(p)) C N, s.t. fis of the form

f(xla---;xM):(yla'-'ayn)

with y; = x; when ¢ < m and 0 otherwise.
This is essentially the implicit function theorem.

In history, what we stated above is called the “easy” Whitney immersion / embedding. The
“hard” version can reduce the dimension to 2m — 1 and 2m, respectively. However in this case
we cannot ensure the resulting map is close enough to original map. Therefore the range of easy
version are also called “stable range”.

For some specific manifold M, it might can be immersed / embedded into lower dimensional
space than the given bound. But the bound in hard Whitney theorems is indeed the best bound.
(e.g. RP™ when m = 2F cannot be smoothly immersed into R™ for n = 2m — 2. This need the
knowledge of characteristic classes)

§4.2 Diffeotopy

Intuitively, there are many different ways to embed a manifold to a given space, so we need a way
to say which ones are the same.

Definition 4.2.1 (Diffeotopy). Let fo, f1 : M — N be two smooth embeddings. We say they are
diffeotopic if there exists a smooth map

F:Mx[0,1]] = N
such that f;(z) := F(x,t) are smooth embeddings for all ¢, and fo(x) = F(z,0), fi(z) = F(z,1).

The embeddings which are not diffeotopic represents the different knotting ways of M in N.
Naturally we would ask: when are the embeddings plain, i.e. there is only one diffeotopic class?

If we apply Whitney embeddings to M x [0, 1], we know that fy, f1 : M — R?™*+3 are always
diffeotopic, meaning that M will not “knot” in Eucild space of (2m + 3) or higher space.
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Remark 4.2.2 — Warning: M x [0,1] is in fact a manifold with boundary, and we are
requiring the boundary maps to fy and f;. We will discuss this issue later in this course.

§4.3 Tubular neighborhood thoerem

Now we have Whitney embeddings, we can think every manifold as a submanifold in R™, which
greatly simplifies our proofs and discussions. (As R™ has many canonical structures like orthogo-
nality and coordinates)

The idea of tubular neighborhood can be expressed by an simple example. Think of an embed-
ding S' < R? whose image is a circle or knot, then we can find a neighborhood of S* which looks
like a “tube”.

This “tube” can be constructed as a union of a portion of normal plane at every point of S', so
the tube is a “product” of S' and a disk. In the sense of “products”, the canonical representation
of immersions can be regarded as locally tubular neighborhood, since it’s a product of M and the
latter n — m coordinates.

Another example is S' < M, where M is a Mobius band, note that the neighborhood is
different from the case when it’s embedded into an Eucild plane. So our description of tubular
neighborhood must take this difference into consideration, thus we will use normal bundle instead
of product spaces.

The smooth property of the manifold is to prevent something called wild knots, that is, a series
of knots converging to a point and come back to the starting point.

Definition 4.3.1 (Normal bundles). Let TM be the tangent bundle of M, if we embedded M
into R™,
(TM)* .= {(z,v) € M xR" : v € (T, M)*}
is called the concrete normal bundle. The projection map 7 : (TM)+ — M is just (z,v) — .
Note that each fibre is a vector space, and it can be locally trivialized (locally written as a
product space, equivalent to giving an atlas). So it’s indeed a vector bundle.

4 N
Theorem 4.3.2 (Tubular neighborhood theorem, alpha version)

Let M be a smooth manifold embedded into R™, (denote the embedding by ¢) there exists a
smooth function e : M — (0, +00) such that the map ¢ : (TM)L — R” by (z,v) — x + v is
a homoemorphism onto its image, restricted on the neighborhood of zero section Z:

A, = {(z,v) € (TM)* : ||v|| < e(z)}.
N J

Proof. Consider the tangent map v, : T(w,v)(TM)J- — T4 ,R™, note that T(m,)(TM)J- =T, M®
(T, M)+ = R". By definition v, is the identity map on zero section Z.

This induces that 1 is an immersion in a neighborhood of Z. We only need to show it’s also
an injection in some neighborhood.

For any p € M, we can take compact sets p € W C W’ and open set W' C U s.t. ¢ is an
embedding on W', and «(M \ W’) is disjoint with «(W). (Hence the distance has a lower bound ¢)

Again we first consider the case when M is compact, we can take the finite covering W, C
W/ C U, as stated, we can take d := min,, d,, S0 € = J the constant map satisfies the condition.

For the case when M is Cy, we proceed by induction. Suppose we already constructed e, on
Ui U---UU,, such that % is injective on A, (W7 U---UW,,).

In the (n 4 1)-th step, take d,,41 < min{%(x)}, and

€n+1(z) = fn(x) + >\n+15n+1-
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Therefore taking n to infinity we’ll get ¢ : M — [0, +00) which satisfies the condition. O

We have other “polished” versions of tubular neighborhood theorem which comes in handy.

4 N\
Theorem 4.3.3

Let M be a C5 smooth manifold, ¢ : M < R™ is a smooth embedding. There exists a smooth
retraction of neighborhood Q — «(M) and a smooth homeomorphism (TM)+ — Q s.t. the
following diagram commutes.

(TM) 1 diffeo. Q

lﬂ' lretraction (].)

M ——— (M)

Here 7 is the bundle projection.

. J

Proof. Let n: A(M) — (TM)* by

e ( <>||||>

Then 1 o n~! gives the map (TM)+ — Q. O

Theorem 4.3.4

Let M be a Cs smooth manifold with embedding ¢ : M < N. Here we require N to be a
Riemanian manifold. Then the statement of above theorem also holds.

Sketch of proof. Embed N into RP smoothly, we need to show a “double layer” tubular neighbor-
hood theorem, with respect to

TM @ (TM)7y ® (TN)* = TRP.
Using the same technique we can prove this result. O

An application of this tubular neighborhood theorem is the smoothing of maps and homo-
topies.

Theorem 4.3.5
If f: M — N is a continuous map, then there exists a smooth map f: M — N s.t.

F(M) cU, WU f(M).

Proof. Let N < RP, we can find a smooth map g : M — RP s.t. g(M) lies in a tubular neighorhood

Q of N. Let f: M — N be the composition of g and the retraction Q2 — N.
The second condition automatically satisfies when we replace N with U. O
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Definition 4.3.6 (Smooth homotopy). Let H : M x [0,1] — N be a C° map and a homotopy.
If there exists € > 0, such that H; = Hy and Hy_; = H; for t € (0,¢), we say H is a smooth
homotopy.

The reason we’re requiring more is that we hope the concatenation of smooth homotopies is
still smooth.

-
Theorem 4.3.7
Let f: M x [0,1] = N be a continuous homotopy. If fo, f1 are smooth, Then there exists a

smooth homotopy f : M x [0,1] — N sufficiently close to f.
-

Remark 4.3.8 — Smooth homotopies do not require all the f;’s are immersions, e.g. S — R2
by common way and a twisted way. We use the term “regular homotopy” for homotopies
that are immersions everywhere.

84.4 Transversality

Well, transversality mainly talks about how two manifolds are intersected. Taking 1-dim manifold
(i.e. curves) for an example, if the intersection point has “multiplicity” greater than 1, then the
curves are not transversal.

Another example of non-transversal is the saddle surface intersecting a plane at the saddle
point, where the intersection are two lines.

Definition 4.4.1. Let f : M — N be a C* map between manifolds. Let A C M, S C N be
regular C*° submanifolds. We say f and S transverse on A if for all p € AN f=1(9),

S TpM + Tpp)S = Ty () N-

We write this as f 4 S.

Example 4.4.2
When AN f~1(S) = 0, automatically f m4 S. When S = N, it’s trivial that f M4 S. When
A = M, we denote the transversality as f M S.

A real basic example is when S = {¢}, then f h ¢ means “f submerges ¢ 7, or ¢ is a
reqular value of f.

N
Theorem 4.4.3 (Regular value theorem)
Let f : M — N be a smooth map, ¢ € N. If f M ¢, we have f~!(q) is a regular smooth
submanifold of M.

Moreover dim f~1(q) = dim M — dim N when f~1(q) # 0.
g J

The proof is essentially the implicit function theorem, and it’s much like the proof when M = R™,
N =R.

Definition 4.4.4. We say f : M — N is a submersion at p € M if the tangent map f, : T, M —
TN is surjective.
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We also call p a regular point of f. If ¢ € N satisfies the points in f~!(g) are all regular, we
say ¢ is a regular value.

The opposite of regular points/values are named as critical points/values. Denote all the
critical points of f by Crit(f).

4 N
Theorem 4.4.5 (Disk lemma)

Let M be a compact manifold, dim M = dim N, f : M — N, and q is a regular value of f.
There exists an open neighborhood V = V(q) C N and an open sets f~1(V) =U; U--- U Uy,
where U;’s are pairwise disjoint, such that

flu, Ui >V

are smooth homeomorphisms.

. J

Proof. Since f~1(q) is a 0-dim regular submanifold, it is an isolated set in M. By the compactness
of M, it must be finite, say f~1(q) = {p1,...,pr}

By the canonical form of submersions, we can take W; = W;(p;) s.t. f|w, is a smooth homeo-
morphism onto f(W;) =: V,.

Let
k k
V—(ﬂ%)W(M\UWQ.
i=1 =1
We can directly check that it satisfies the conditions. O

You might notice that the statement is very similar to the covering space. However f need not
be a covering map since there’s an issue of connected components.
Let’s look at some examples which provide more insight of critical points.

Example 4.4.6

Consider a map f : 272 — T? by “pinching” a part of the surface which contains a hole to a
single point, then Crit(f) is not contractible, hence we’ll lose some information when we look
at the image of f.

Because of this kind of wiredness, we can’t determine the preimage of critical values like
we do in regular value theorem.

However, there are still something we can do with these points.

Definition 4.4.7 (Non-degenerate isolated critical points). Let f : M — R be a smooth map,
dim M = m. We say p € Crit(f) is non-degenerate, if there’s a local chart U o p s.t. f is of the
form

—(@l )+ (@ e )

where the coordinate of p is (0,0,...,0).

Here the number 7 is independent of the choice of charts, called the index of p. E.g. m = 2, the
parabolic surface opens upward has a non-degenerate critical point of index 0, the saddle surface
has a point of index 1.

Obviously p is isolated critical point, as there’s no other critical points in U.
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If all the critical points of f are non-degenerate, we call f a Morse function. For example,
the projection map from T2 to the z-axis.
In fact this is connected to topological properties of compact manifolds. If M is compact, then

m

X(M) = (=1)'#Crit;(f) = x(M) < #Crit(f).

i=1
Moreover Morse function can give a cell decomposition of M, hence will induce the so-called

Morse homology.

Remark 4.4.8 — Morse functions and non-degenerate critical points are not required in this
course.

Example 4.4.9

Consider f: C? — C by (z,w) — zw. The regular values of f are ¢ € C,c # 0.
The crtical value is ¢ = 0,

F7H0) = (Cx {0} u ({0} xC)

Because of the existence of the critical point, there are nontrivial automorphisms of f~!(c)
by rotate ¢ around the origin several loops.
This is known as Lefschetz fibration in literature.

4 )
Theorem 4.4.10 (Sard)

Let f: M — N be a C° map, then the critical values of f form a null set in N, hence the
regular values are dense in N. (Manifolds are Cs.)

. J

We will skip the proof now for some reasons. The proof will essentially use the condition C'*®
instead of C".
There is a more general theorem:

Theorem 4.4.11 (Transversal preimage theorem)

Let f : M — N be a C*® map, S C N is a regular closed submanifold. If f h S, then
f71(S) C M is a regular C°° manifold, and codim f~1(S) = codim S.

The key step of the proof is the “local canonical representation” of transverse, i.e. there exists
U="U(p) and V D f(U) s.t. f is of the form (u,v) — (n(u,v),v) € R* x R""% which is an
application of implicit function theorem.

Theorem 4.4.12 (Transverse approximation theorem)

Let f: M — N be a C* map, S C N is a closed regular smooth manifold. Then there exists
a smooth map g : M — N approaches f within arbitarily small difference such that g m S
and f ~ g. (Homotopy equivalent)

Moreover if f Mg S, where K C M compact, we have f|x = g|k.
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The key point is that when K C M is compact and f Mg S, we have f hy S for some U D K
open.
Comparing to Sard’s theorem, we can make small modifications to make f into g in this theorem.
Next we’ll go through the “boundary” versions of above thoerems.

4 )
Theorem 4.4.13 (Collar neighborhood theorem)

Let M be a smooth compact manifold with boundary, then M has an open neighborhood
homeomorphic to IM x [0,1).

. J
f )
Theorem 4.4.14
Let f: M — N, C*. If M is a manifold with boundary, N without boundary, S C N regular.
If f S, and Of := flaas th S, then f~1(S) C M regular and 9f~1(S) = f~1(S) N oM.
When it is nonempty, codim; f~1(S) = codim S.
. J
N
Theorem 4.4.15
Let f: M — N, C. If M is a manifold with boundary, N without boundary, S C N regular
and closed. Then there exists g arbitarily close to f, such that g M S and dg M S.
Moreover if f g S holds for a compact set K, we can require g|x = f|x-

J

These theorems have other versions in fibre bundle sections and other cases, but they can’t
be implied by each other, so we have to repeat this annoying proof again. That’s why the books
about differential topology are always longer.

8§4.5 Connected sums

Recall that last semester we talked about connected sums in classifications of closed surfaces. In
differential topology, we need to clarify the differential structures, so the question arise: under
what conditions are the connected sum M#N well-defined?

First let’s look at some examples.

Example 4.5.1

If M has two connected components, then M#N is not well-defined, since N can connected
to either component of M.

If M,N = CP?, then there’s an orientation issue of M#N, it can be CP?#CP? or
CP?#(—CP?), which aren’t smoothly homeomorphic. This can be proved by the “intersection
form”.

From these examples we see that the connectedness and orientations matters the connected
sum. Another issue comes from the differential structure at the place where the tube connects the
original manifolds. Also we need to check whether the connected sums are homeomorphic when
we choose different disks to cut out.

When M, N are connected and oriented, by collar neighborhood theorem, we can cut out a
smooth small disk and connects the collar neighborhood together to get the charts around the
cut.
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To be exact, let B C M, B’ C N be n-dimensional balls, and the boundary of M \ B, N\ B’ is
homeomorphic to S™~!. Take the collar neighborhood of them and fuse them together (compatible
with orientations) to form the tubular neighborhood of S™~1, then (M \ B) Ugn—1 (N \ B') is a
smooth manifold.

To prove the manifold does not depend on the choice of balls,

Theorem 4.5.2 (Homogeneity)

Let M be a smooth manifold, U C M is a connected open set. For any p,q € U, there exists
smooth homeomorphisms h; : M — M, t € [0,1], such that ho = idps, h1(p) = ¢, and h; is
identity map outside some compact subset of U.

Proof. When U is an open ball in a chart, we can explicitly construct the h;’s.(Omitted here)
The conclusion in the theorem forms an equivalence relation on U, and we can prove the
equivalence class is both open and closed, thus by connectedness we’re done. O

Remark 4.5.3 — In fact the topological connected sum are harder to define.
The set of smooth manifolds up to smooth homeomorphisms is a half group under the
connected sum. It becomes a group after quotient out the cobordism relation.

84.6 Intersection numbers

Some motivations:
e Whether fy, f1 : M — N is homotopic?

e Is f: M — N contractible?

Does f: M — M has a fixed point?

e How many fixed points are there?

Is there a singular point in a smooth vector field?
e Does a smooth function has critical points?
e Whether M and N are smoothly homeomorphic?

To answer these questions, people want to find some invariants to give a sufficient condition of
these statements. Typical ones are Euler characteristcs, fundamental groups and homology groups.
Here we introduce another one: intersection numbers.

Example 4.6.1 (Fundamental theorem of algebra)

Let f € C[z], then f has a zero in C.
We can smoothly extend f to C — C, then deg f is precisely the degree of f as a smooth
map. Later we’ll see that deg f £ 0 = fis surjective.

24



Geometry 11 4 DIFFERENTIAL TOPOLOGY

Example 4.6.2 (Lefschetz number)

Let f: M — M, M is a compact smooth manifold. Let Ay = {(z,2) € M x M}, then the
fixed points are just T'(f) N Apy.

The Lefschetz number L(f) is defined as the “signed sum” of transverse intersection points
of I'(f) and Aps. (e.g. when M = R, the points f(z) = x with f/(x) > 1 or f/(z) < 1 are
treated as negative or positive)

In fact L(idpr) = x(M), and L(f) # 0 = f has fixed points.

There are two types of intersection numbers, we’ll discuss them one by one.

§4.6.1 Modulo 2 intersection number

Our goal is: for smooth manifold M, N, M compact, S C N a regular closed submanifold, and a
continuous map f: M — N, if dim S + dim M = dim IV, we will find a number

L(f,S) € Z)2Z

which only depends on M, N, S and the homotopy class of f. Here we do not require the manifolds
to be orientable.
The way to construct it is as follows:

e First we do this for f € C> and f h S.

e Use the transversal approximation to generalize it to C°.

Intuitively, when f € C° and f M S, if f~1(S) is a finite set, we simply let
I(f,5) = #f'(S) mod 2.

The reason we're taking modulo 2 is to ensure invariance under homotopic equivalences of f.

Proposition 4.6.3
If fo, fi € C*, fo, f1 h S, fo = f1. then Ix(fo,S) = I2(f1, S).

Proof. Let F: M x [0,1] = N be a homotopy from fy to fi.

By transversal approxiamtion, we can assume F h S.

Now by transversality, F~1(S) is a union of finitely many loops and segments (compact 1d
regular submanifold), thus 9F ~1(S) consists of finite points, and #9F~1(S) is even. Therefore

Iy(fo,S) = Ix2(f1,9). O

Note that here we used the classification of compact 1-dimensional smooth manifolds.

In fact, take the universal convering space X /X, we can prove that X ~ R. Then Gal(X/X)
is an infinite cyclic group (or trivial group), taking a smooth Riemann metric on X , the rest is the
same with topological case (i.e. CY case).

Next for f: M — N € C, take a transversal approxiamtion g ~ f, g is C*> and g th S. Define
Iy(f,S) := Is(g,S). This is well-defined by above proposition.
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§4.6.2 Oriented intersection number

Sometimes we will find that, if we can assign a “direction” for curves, we can say the intersection is
“positive” or “negative”, which provides a more efficient way to count the number of intersections.
This can be generalized to any orientable manifolds. Let M, N be smooth oriented manifolds,
M is compact. Let f: M — N be a continuous map, S C N is regular closed oriented submanifold
with dim M + dim S = dim N, then we want to define I(f,S) € Z.
Still we’ll do this in two steps. When f € C* and f M S, for any p € f=1(S), by transversality

STy M @ Typp)S =Ty N.

Using the orientation of M, S, N, the orientation on two sides may be the same or the opposite,
which corresponds to I(f,S;p) = £1. Hence

I(£,8)= > I(f.Sp)

pef=1(S)

Proposition 4.6.4
If vafl S COO? f07f1 fh S7 fO = fl- then I(fO,S) = I(flas)

Proof. Using the notation of the previous proof, F~1(9) is an oriented submanifold now.

For each segment or loop in F~!(S), consider their boundary (which lies in 0F~1(S) ¢ M x
{0,1}).

Observe that the orientation of (M x [0,1]) derived from F and the orientation given by
M =M x {0} = M x {1} is the same on M x {1} and the opposite on M x {0}.

We need to case-study all the possible segments in F~1(59), here we only consider one as an
example. If the segment has two endpoints in M x {1}, then the outer normal vector on two
endpoints is the same on “ending point”, opposite on “starting point” of the segment.

By definition we can check the contribution to I(f1,S) is +1 for same orientation and —1 for
opposite orientation.

Summing up all these segments we’ll get I(fo,S) = I(f1,5). O

Next we give some examples of intersection numbers.

Example 4.6.5 (Self-intersection number)

Let S C N be a regular closed submanifold.
I(S,S) :=1(is,S) € Z

is defined to be the self-intersection number of S.

For example, let S ~ S! be a submanifold of 272 (which has trivial normal bundle).
Clearly ig has a homotopy equivalence that has no intersection with S, so I(S,S) = 0.

In contrast, let S be a loop on a Mobius band, ig has a homotopy equivalence that
intersects with S at only one point transversally, thus I5(S,S) = 1. Note that Mobius band
is not orientable, so we can’t talk about I(S,.5).
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Example 4.6.6 (Mapping degree)
Let M, N be compact smooth manifolds with the same dimensions. Let f : M — N be a
smooth map (or continuous map), we can define

degy(f) := I2(f,q) € Z2, g€ N.

Moreover if M, N are oriented,

deg(f) :=I(f,q) € Z

is defined as the degree of f.
This is independent of the choice of ¢, so in fact deg(f) = #f~*(q) for any regular value
q € N, where the counting is modulo 2 or signed.

Some examples of mapping degrees:

Example 4.6.7

Let p € C[z] as a map D : C — C. The degree of the map degp = deg(p) as a polynomial.
The conjugation map z — z has degree —1.

Example 4.6.8 (Pinch)

Let M be a surface, and A C M is has a boundary homeomorphic to S'. Then the map
f+ M — N with f(A) = {pt}, and f|yna embedding is called a “pinch”. Clearly it has
degree 1.

Example 4.6.9

We can construct a map f,, : S™ — S™ s.t. deg f,, = m, for all m € Z.
When n = 1, it’s just e’ — " and to lift it in higher dimensions, we can think of S™
as two cones fused together with common base S™~ 1.

84.7 Poicare-Hopf Theorem

Let M be a n-dimensional smooth manifold, and v is a continuous vector field on M.

Definition 4.7.1 (Isolated singular points). We say p € M is an isolated singular point, if there
exists u = u(p) C M s.t.
v(p) =0, wv(q) #0, Vg €u\{p}

There are a lot of situations which can happen around an isolated singular points, I'm not able
to draw them as pictures. But in general it’s pretty much like magnitic fields in physics, this might
help you imagine some of them.

If we take a small ball B.(p), the vectors at dB(p) gives a map dB(p) — S"! by their
directions, and since B(p) can be identified as S"~1, there’s an induced map S"~* — S"~! and
its degree is roughly the index of p.
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Definition 4.7.2. Let p be an isolated singular point, take a chart containing p s.t. p is the origin.
Let D.(0) be a sufficiently small open ball in R™, Then we have the map

()

0D.(0) — S" 7, — @)

Define the index of p to be
ind,(v) := deg(dD.(0) — S™~1).
Since we use the oriented mapping degree, we require the manifold M is oriented.

This definition involves the choices of € and the chart.

4 _ N
Theorem 4.7.3 (Poincare-Hopf)

Let M be a smooth oriented compact manifold, let v be a continuous vector field whose
singular points are all isolated.

S indy(v) = x(M),

p:v(p)=0

where x(M) is the Euler characteristic.
- J

Remark 4.7.4 — Since we haven’t define x (M) in the courses, we’ll regard x (M) as I(Ey, Ey)
where Fj is the image of zero section in T'M, and the intersection number is taken in 7M.

Later we can check it’s identical with (M) defined in other ways, such as simplicial
subdivision.

Example 4.7.5

Let ¢, : M — M be a one-parameter transformation group, and v = %hzo. If v(p) = 0 and
do|p : TpM — T,M doesn’t have eigenvalue 1, (i.e. it’s nondegenerate) then

ind,(v) = sgn(det(I — (d¢),)) =

For a vector field v, denote v(x) := (z,v(z)) € TM. Intuitively, since every section is homotopic
to zero section,

I(Ey, Eo) = I(T, Ey) “=" Zznd

Definition 4.7.6 (Local intersection number). Let M,N be oriented smooth manifold, S C N
oriented, regular, smooth submanifold, and dim M + dim S = dim N.

Let f M — N be a continuous map, 2 C M is open, Q is compact in M.

Let f g S, f f and the homotopy H satisfies

H’[O,l]xaﬂ ns=9.

(This is to say the “endpoints” of f can’t cross S during the homotopy, so that the intersection
number stays the same.) The local intersection number is defined as

I(£,8,Q):= > sen(f,9),

pef~1(S)NQ

Since }Ll(S ) N € is finite by the compactness of §, this intersection number is well-defined.
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Remark 4.7.7 — We can define I(f,S,9Q) for f : Q@ — N, with the requirements that
feCQ), and f g S and f(0N2) NS = 0.

e Homotopic invariance:
Clearly if H gives a homotopy fo ~ f1, if H=1(S) N ([0,1] x 9Q) = 0, we have I(fo,S,Q) =
I(f1,5,9).

e Region additivity:
Let Q4,...,Q, C M pairwise disjoint. Then

k k
I <f,S, U Q) =Y I(£,5,%).
i=1 =1

e “Cut out”: Let K C Q be a compact subset, f(K)N S = (), then
I(f,5,Q) =1(f,S,Q\ K).

Proof of Theorem 4.7.53. Like we pointed out, if pq,...,ps are the singular points of v, take pre-
compact open neighborhoods Q; = ©;(p;), such that they are pairwise disjoint.

X(M) = I(Eo, Eo) = 18, Eo) = Y 1(0, Eo, Q)

All we need to show is I(7, Ey, ;) = ind,, (v).

We may assume that each §2; is an open ball lo)E(O) C R™ in some chart.

First, WLOG that v is smooth in a neighborhood of dD.. Choose a vector & € v(9D,), the
index is the intersection number I(v,£). Hence we can define a vector field w(xz) = & on R™.
Intuitively I(v,&) = I(v,w, D(.9¢,1.1¢))-

Let v*(z) = ”Leuv(ac) Then indy,(v) = I(v*,w, D.9¢,1.1¢))- (Need to check v* and w transverse)

We have

indp(v) = I(Ua w, D(0495,1.1e)) = I(U, EOa D0.9e,1.1e) = I(’U, E07 Dl.le) = I(Ua EOa De)

Therefore we’re done. O

Remark 4.7.8 — The index is in fact a special case of winding number.
Let f: M — R™ continuous, M is a n — 1 dimensional compact oriented smooth manifold.

For g ¢ f(M), "
p) —q

— n—1 A A B
W(s,6) 1= deg (1 577, pr (B )

This is a homotopic invariance of f.

Poincare-Hopf theorem means that different definitions of Euler characteristic are the same, at
least for orientable compact manifolds.
For a finite simplicial complex X, the Euler characteristic is defined as

oo

x(X) = Z(—l)’#{z dim simplicial}.

=0
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Theorem 4.7.9

Let M be a smooth compact manifold.
e M always have a smooth simplicial partition.

o I(Eo, Ep) = x(M).

Here the smooth simplicial partition means a smooth homeomorphism ¢ : X — M s.t. in each
m~dim simplex, the map A"™ — X — M can be extended to a C°° map on a neighborhood of A™.

Proof outline. (1) can be proved by taking a Riemann metric and a cover consisting of convex
balls.

Next, for any simplicial partition of M, we can construct a vector field such that > ind,(v) =
x(M). This can be done by setting the centroid of each simplex as a singular point, and vectors
always pointing from high-dim centroid to low-dim centroids. This construction asserts that each
i-dim centroid has index (—1)*, as desired. O

There are other equivalent definitions of Euler characteristics, such as

o0

X(X) = (~1)" dimg H;(X,F)
=0

where dimp H;(X,F) is the i-th Betti number over the field F.

Since the homology group H;(X,T) is homotopically invariant, the Euler characteristic is also
a homotopic invariance.

Recall that we learned de Rham isomorphism, thus when M is a smooth compact manifold,

o0

X(M) = (~1)" dimg Hig (M)
i=0

§4.8 Gauss-Bonnet Theorem on hypersurfaces in R"!

Let n be an even integer, M C R"*! is a regular compact connected submanifold.
In this case, M is orientable, which determines a bounded reigion in R**!. Let the outward
normal vector determine the orientation of M, and K (z) is the Gauss curvature at the point .

4 )
Theorem 4.8.1 (Gauss-Bonnet)

Using the above notations, we have

/M K(z)dArea(z) = M%(Sn)x(M).

Here dArea(x) is the volume form on M, Area(S™) is the surface area of n-dim sphere.
Specifically, let g = . ;955 dz; ® dz; be the Riemann metric on M induced by Euclidean

metric,
dArea(z) := /det(gi;) dzy A -+ Aday,.

\- J
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Remark 4.8.2 — Recall that Gauss curvature is the Jacobian determinant of Gauss-Winegarten
map, i.e. K(z) = Jg(x), where

G:M—S" 1z,

Where 77, is the outward normal vector at x.

Proof. There’s a fact about mapping degree: Let f: M — N, w € A™(N),

| ro=des(n [ w

This result matches our intuition. To prove it you just need to use disk lemma and definitions of
integrals.
This tells us that

/ K dArea = deg(G)/ dAreagn.
M n

Since “obviously” G* dAreagn = K dArea.

Remark 4.8.3 — This needs to be checked carefully for signs, which will use the connectivity
of M to reduce the checking to only one point.

Thus we only need to show that deg(G) = X(éw). This will be done by constructing a vector
field with the sum of indexes of singular points equal to 2 deg(G).

The construction is as follows: Fix a vector @ € S”, let v(z) be the orthogonal projection of @
onto T, M.

v(z) =0 <= 7, = %d.

Therefore if we take @ such that +d are both regular values of G, the vector field v only contains
isolated singular points. Now by Sard’s theorem, the critical values form a null set, clearly such @
exists.

Next we take a look at the index of these singular points. Auctually, they are all non-degenerate
singular points. (Otherwise we’ll get G, is degenerate on the principal normal section, contradicts
with the regular value condition)

Hence we have

ind;(v) = sgn, (£G), G(x)= td.

Since n is even, sgn, (G) = sgn, (—G), summing it up we’ll get
x(M) = Zindi(v) =2 ngnz(G) = 2deg(G).

O

At last we look at the statement that “R™1\ M consist of two connected component, one is
bounded and the other is unbounded”. (Will use intersection number and tubular neighborhood)
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