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Based on lectures by J. A. Ross
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These notes are not endorsed by the lecturers, and I have modified them (often
significantly) after lectures. They are nowhere near accurate representations of what
was actually lectured, and in particular, all errors are almost surely mine.

This course is intended as an introduction to modern differential geometry. It can be
taken with a view to further studies in Geometry and Topology and should also be
suitable as a supplementary course if your main interests are, for instance in Analysis
or Mathematical Physics. A tentative syllabus is as follows.

e Local Analysis and Differential Manifolds. Definition and examples of manifolds,
smooth maps. Tangent vectors and vector fields, tangent bundle. Geometric
consequences of the implicit function theorem, submanifolds. Lie Groups.

e Vector Bundles. Structure group. The example of Hopf bundle. Bundle mor-
phisms and automorphisms. Exterior algebra of differential forms. Tensors.
Symplectic forms. Orientability of manifolds. Partitions of unity and integration
on manifolds, Stokes Theorem; de Rham cohomology. Lie derivative of tensors.
Connections on vector bundles and covariant derivatives: covariant exterior
derivative, curvature. Bianchi identity.

e Riemannian Geometry. Connections on the tangent bundle, torsion. Bianchi’s
identities for torsion free connections. Riemannian metrics, Levi-Civita con-
nection, Christoffel symbols, geodesics. Riemannian curvature tensor and its
symmetries, second Bianchi identity, sectional curvatures.

Pre-requisites

An essential pre-requisite is a working knowledge of linear algebra (including bilinear
forms) and multivariate calculus (e.g. differentiation and Taylor’s theorem in several
variables). Exposure to some of the ideas of classical differential geometry might also
be useful.
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0 Introduction

In differential geometry, the main object of study is a manifold. The motivation
is as follows — from TA, we know well how to do calculus on R"™. We can talk
about continuity, differentiable functions, derivatives etc. happily ever after.

However, sometimes, we want to do calculus on things other than R™. Say,
we live on a sphere, namely the Earth. Does it make sense to “do calculus” on a
sphere? Surely it does.

The key insight is that these notions of differentiability, derivatives etc. are
local properties. To know if a function is differentiable at a point p, we only need
to know how the function behaves near p, and similarly such local information
tells us how to compute derivatives. The reason we can do calculus on a sphere
is because the sphere looks locally like R™. Therefore, we can make sense of
calculus on a sphere.

Thus, what we want to do is to study calculus on things that look locally like
R™, and these are known as manifolds. Most of the time, our definitions from
usual calculus on R" transfer directly to manifolds. However, sometimes the
global properties of our manifold will give us some new exciting things.

In fact, we’ve already seen such things when we did IA Vector Calculus. If
we have a vector field R* — R? whose curl vanishes everywhere, then we know
it is the gradient of some function. However, if we consider such a vector field
on R3\ {0} instead, then this is no longer true! Here the global topology of the
space gives rise to interesting phenomena we do not see at a local level.

When doing differential geometry, it is important to keep in mind that
what we’ve learnt in vector calculus is actually a mess. R? has a lot of special
properties. Apart from being a topological space, it is also canonically a vector
space, and in fact an inner product space. When we did vector calculus, these
extra structure allowed us conflate many different concepts together. However,
when we pass on to manifolds, we no longer have these identifications, and we
have to be more careful.
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1 Manifolds
1.1 Manifolds

As mentioned in the introduction, manifolds are spaces that look locally like R™.
This local identification with R™ is done via a chart.

Many sources start off with a topological space and then add extra structure
to it, but we will be different and start with a bare set.

Definition (Chart). A chart (U, ) on aset M is a bijection ¢ : U — ¢(U) C R™,
where U C M and ¢(U) is open.
A chart (U, ) is centered at p for p € U if p(p) = 0.

Note that we do not require U to be open in M, or ¢ to be a homeomorphism,
because these concepts do not make sense! M is just a set, not a topological
space.

With a chart, we can talk about things like continuity, differentiability by
identifying U with ¢(U):

Definition (Smooth function). Let (U, ¢) be a chart on M and f: M — R.
We say f is smooth or C® at p € U if fop™1: p(U) — R is smooth at ¢(p) in

the usual sense.
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We can define all other notions such as continuity, differentiability, twice differ-
entiability etc. similarly.

This definition has a problem that some points might not be in the chart, and
we don’t know how to determine if a function is, say, smooth at the point. The
solution is easy — we just take many charts that together cover M. However,
we have the problem that a function might be smooth at a point relative to some
chart, but not relative to some other chart. The solution is to require the charts
to be compatible in some sense.

Definition (Atlas). An atlas on a set M is a collection of charts {(Uy, ¢q)} on
M such that

(1) M= Ua Us-
(ii) For all o, B, we have ¢, (UyNUg) is open in R™, and the transition function
Pa o9y 1 0p(Ua NUp) = @a(Ua NUs)

is smooth (in the usual sense).

T

¥s Pa

. D
Lemma. If (U,,¢s) and (Ug, ¢g) are charts in some atlas, and f : M — R,

then f o1 is smooth at ¢, (p) if and only if f o apgl is smooth at g (p) for all
pelU,N UB'

Proof. We have

fowgt=fop ' o(pacpst) O

So we know that if we have an atlas on a set, then the notion of smoothness
does not depend on the chart.

Example. Consider the sphere
S% = {(21,29,23) : me =1} CR%
We let
Uf_:SQH{.’E1>O}, Ul_:SQQ{l‘1<0},'”
We then let
of U — R?
(z1, 72, 23) = (T2, 73).

It is easy to show that this gives a bijection to the open disk in R?. We similarly
define the other gaii. These then give us an atlas of S2.
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Definition (Equivalent atlases). Two atlases .4; and Aj are equivalent if A1 UAs
is an atlas.

Then equivalent atlases determine the same smoothness, continuity etc.
information.

Definition (Differentiable structure). A differentiable structure on M is a choice
of equivalence class of atlases.

We want to define a manifold to be a set with a differentiable structure.
However, it turns out we can find some really horrendous sets that have differential
structures.

Example. Consider the line with two origins given by taking R x {0} UR x {1}
and then quotienting by

(,0) ~ (z,1) for x # 0.

L]
Then the inclusions of the two copies of R gives us an atlas of the space.

The problem with this space is that it is not Hausdorff, which is bad. However,
that is not actually true, because M is not a topological space, so it doesn’t
make sense to ask if it is Hausdorff. So we want to define a topology on M, and
then impose some topological conditions on our manifolds.

It turns out the smooth structure already gives us a topology:

Exercise. An atlas determines an topology on M be saying V' C M is open iff
©(UNV) is open in R™ for all charts (U, o) in the atlas. Equivalent atlases give
the same topology.

We now get to the definition of a manifold.

Definition (Manifold). A manifold is a set M with a choice of differentiable
structure whose topology is

(1) Hausdorft, i.e. for all z,y € M, there are open neighbourhoods U, U, C M
with z € U,y € Uy and U, NU, = 0.

(ii) Second countable, i.e. there exists a countable collection (Uy,)nen of open
sets in M such that for all V' C M open, and p € V, there is some n such
that pe U, C V.

The second countability condition is a rather technical condition that we
wouldn’t really use much. This, for example, excludes the long line.

Note that we will often refer to a manifold simply as M, where the differen-
tiable structure is understood from context. By a chart on M, we mean one in
some atlas in the equivalence class of atlases.

Definition (Local coordinates). Let M be a manifold, and ¢ : U — ¢(U) a
chart of M. We can write

o= (T1," ,an)

where each z; : U — R. We call these the local coordinates.
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So a point p € U can be represented by local coordinates

(x1(p), -+ ,xn(p)) € R™.

By abuse of notation, if f: M — R, we confuse f|y and fop™: p(U) = R.
S

So we write f(z1,---,2y) to mean f(p), where p(p) = (21, - ,zn) € ©(U).
U—s M-, R
le
flu
e(U)
Of course, we can similarly define C°, C', C2, - - - manifolds, or analytic manifolds.

We can also model manifolds on other spaces, e.g. C", where we get complex
manifolds, or on infinite-dimensional spaces.

Example.

(i) Generalizing the example of the sphere, the n-dimensional sphere S™ =
{(zo, -+ ,xn) € R"™ : 5" 22 = 1} is a manifold.

(ii) If M is open in R™, then the inclusion map ¢ : M — R™ given by ¢(p) =p
is a chart forming an atlas. So M is a manifold. In particular, R™ is
a manifold, with its “standard” differentiable structure. We will always
assume R”™ is given this structure, unless otherwise specified.

(iii) M(n,n), the set of all n x n matrices is also a manifold, by the usual
bijection with R®”. Then GL,, C M (n,n) is open, and thus also a manifold.

(iv) The set RP"™, the set of one-dimensional subspaces of R"*! is a manifold.
We can define charts as follows: we let U; to be the lines spanned by a
vector of the form (vg, vy, -+ ,vi_1,1, V11, ,v,) € R?TL
We define the map ¢; : U; — R™ = {x € R""! : 2; = 1} that sends
o(L) = (vo,--+,1,--+ ,v,), where L is spanned by (vg,---,1,-++ ,v,). It
is an easy exercise to show that this defines a chart.

Note that when we defined a chart, we talked about charts as maps U — R™.
We did not mention whether n is fixed, or whether it is allowed to vary. It turns
out it cannot vary, as long as the space is connected.

Lemma. Let M be a manifold, and ¢, : Uy — R™ and @5 : Uz — R™ be charts.
If Uy NUy # 0, then n = m.

Proof. We know
80190271 s 2 (U NUz) = 01(Ur NU2)

is a smooth map with inverse gogcpfl. So the derivative
D(p195 ") (02(p)) : R™ = R"
is a linear isomorphism, whenever p € Uy NUs. So n = m. O

Definition (Dimension). If p € M, we say M has dimension n at p if for one
(thus all) charts ¢ : U — R™ with p € U, we have m = n. We say M has
dimension n if it has dimension n at all points.
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1.2 Smooth functions and derivatives

From now on, M and N will be manifolds. As usual, we would like to talk about
maps between manifolds. What does it mean for such a map to be smooth? In
the case of a function M — R, we had to check it on each chart of M. Now that
we have functions M — N, we need to check it on charts of both N and M.

Definition (Smooth function). A function f : M — N is smooth at a point
p € M if there are charts (U, ) for M and (V&) for N with p € U and f(p) € V
such that £o fop™t: p(U) — &(V) is smooth at ¢(p).

A function is smooth if it is smooth at all points p € M.

A diffeomorphism is a smooth f with a smooth inverse.

We write C*° (M, N) for the space of smooth maps f : M — N. We write
C>*(M) for C*°(M,R), and this has the additional structure of an algebra, i.e.
a vector space with multiplication.

® §

Q /gofoso_l /} Q

1

Equivalently, f is smooth at p if £o fo¢@ ™! is smooth at ¢(p) for any such charts

(U, ¢) and (V; ).
Example. Let ¢ : U — R"™ be a chart. Then ¢ : U — ¢(U) is a diffeomorphism.

Definition (Curve). A curve is a smooth map I — M, where I is a non-empty
open interval.

To discuss derivatives, we first look at the case where U C R” is open.
Suppose f: U — R is smooth. If p € U and v € R”, recall that the directional
derivative is defined by

Dfly(v) = lim T2 T)

Ifv=e;=(0,---,0,1,0,---,0), then we write
of

Dfly(e)) = 21|

f|P(e) 8xip

Also, we know D f|, : R™ — R is a linear map (by definition of smooth).
Note that here p and v are both vectors, but they play different roles — p
is an element in the domain U, while v is an arbitrary vector in R". Even if v
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is enormous, by taking a small enough ¢, we find that p + tv will eventually be
inside U.

If we have a general manifold, we can still talk about the p. However, we
don’t have anything that plays the role of a vector. Our first goal is to define
the tangent space to a manifold that captures where the “directions” live.

An obvious way to do so would be to use a curve. Suppose v: I — M is a
curve, with y(0) =p € U C M, and f: U — R is smooth. We can then take the
derivative of f along v as before. We let

d

X(f) = 5
t=0

f(y(@).

It is an exercise to see that X : C*°(U) — R is a linear map, and it satisfies the
Leibniz rule

X(fg) = f(p)X(9) + g(p)X(f).

We denote X by 4(0). We might think of defining the tangent space as curves
up to some equivalence relation, but if we do this, there is no obvious vector
space on it. The trick is to instead define a vector by the derivative X induces.
This then has an obvious vector space structure.

Definition (Derivation). A derivation on an open subset U C M at pe U is a
linear map X : C*°(U) — R satisfying the Leibniz rule

X(fg9) = f(p)X(9) +g9(p)X(f)-

Definition (Tangent space). Let p € U C M, where U is open. The tangent
space of M at p is the vector space

T, M = {derivations on U at p } = Der,(C*(U)).
The subscript p tells us the point at which we are taking the tangent space.

Why is this the “right” definition? There are two things we would want to
be true:

(i) The definition doesn’t actually depend on U.
(ii) This definition agrees with the usual definition of tangent vectors in R™.

We will do the first part at the end by bump functions, and will do the second
part now. Note that it follows from the second part that every tangent vector
comes from the derivative of a path, because this is certainly true for the usual
definition of tangent vectors in R™ (take a straight line), and this is a completely
local problem.

Example. Let U C R™ be open, and let p € U. Then we have tangent vectors

0
6a:i

€ T,R", i=1,...,n.
P

These correspond to the canonical basis vectors in R"™.

Lemma. -2

oy is a basis of T,R™. So these are all the derivations.

p’”.’iaa:n )
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The idea of the proof is to show that a derivation can only depend on the

first order derivatives of a function, and all possibilities will be covered by the
1o}
(')a:i :

Proof. Independence is clear as

833j
8%—

= 5i;.

We need to show spanning. For notational convenience, we wlog take p = 0. Let
X € TyR™

We first show that if ¢ € C*°(U) is the constant function g = 1, then
X (g) = 0. Indeed, we have

X(9) = X(g%) = 9(0)X (g9) + X (9)9(0) = 2X (g).

Thus, if h is any constant function, say, ¢, then X (h) = X (cg) = ¢X(g). So the
derivative of any constant function vanishes.
In general, let f € C*°(U). By Taylor’s theorem, we have

fons oz = FO)+ Y0 oL

i=1

xi"’_g?
0

where ¢ is a sum of terms of the form x;x;h with h € C=(U).
We set A\; = X (x;) € R. We first claim that X (¢) = 0. Indeed, we have

So we have

- Of

So we have

O

Given this definition of a tangent vector, we have a rather silly and tautological
definition of the derivative of a smooth function.

Definition (Derivative). Suppose F' € C*(M, N), say F(p) = q. We define
DF|, : T,M — T,N by

DF[,(X)(g9) = X(go F)

for X €e T,M and g € C*°(V) withge V C N.
This is a linear map called the derivative of F' at p.

M-—LEsN

SN

With a silly definition of a derivative comes a silly definition of the chain
rule.

10
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Proposition (Chain rule). Let M, N, P be manifolds, and F € C*(M,N),
G € C*(N,P),and p € M,q= F(p). Then we have

D(G o F)|, =DG|y 0 DF|,.
Proof. Let h € C*°(P) and X € T,M. We have
DG|4(DF|,(X))(h) =DF|,(X)(hoG) = X(hoGoF) =D(Go F)|,(X)(h). O

Note that this does not provide a new, easy proof of the chain rule. Indeed,
to come this far into the course, we have used the actual chain rule something
like ten thousand times.

Corollary. If F is a diffeomorphism, then DF|, is a linear isomorphism, and
(DF|p)_1 = D(F_l)‘F(p)'

In the special case where the domain is R, there is a canonical choice of
tangent vector at each point, namely 1.

Definition (Derivative). Let v : R — M be a smooth function. Then we write

dy
—(t) = A(t) = Dv|4(1).
() = 4(1) = Dylu(1)
We now go back to understanding what T, M is if p € M. We let p € U
where (U, ¢) is a chart. Then if ¢ = ¢(p), the map Dy, : T,M — T,R" is a
linear isomorphism.

Definition (a%) Given a chart ¢ : U — R"™ with ¢ = (21, ,2,), we define
0 0
= (D@‘p)_l ( ) €T,M.
Ozil, 03 | ()
So 8%1 A 8%7,, ) is a basis for T, M.
Recall that if f: U — R is smooth, then we can write f(z1,---,2,). Then
we have
0 _of
Ozi],, 0%i |, )

So we have a consistent notation.
Now, how does this basis change when we change coordinates? Suppose we
also have coordinates y1,- - ,y, near p given by some other chart. We then have

6%” ) € T,M. So we have

0
yi

" 0
=Yy -

P =1 ilp

for some «;. To figure out what they are, we apply them to the function xj;. So
we have

9
yi

(@) = S0 = au.

P

11
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So we obtain

This is the usual change-of-coordinate formula!

Now let F' € C*°(M, N), (U, ¢) be a chart on M containing p with coordinates
X1, , &y, and (V,€) a chart on N containing ¢ = F(p) with coordinates
Y1, - ,Ym. By abuse of notation, we confuse F and £ o F o~ '. So we write
F = (Fl,'” ,Fm) with F} :Fi(xl,--- ,l‘n) :U — R.

As before, we have a basis

Lemma. We have

0

8%1
9
Oy

0
DFP<%

AR i for T,M,
D O P
N i for T,N.
q m q
" OF; )
=Y ) 5| -
p) = (9331 6yj q

In other words, DF'|, has matrix representation

Proof. We let

0
DF|, <8x

(52 “’))ij'

p

j=1 91,

for some A;. We apply this to the local function yi to obtain

Ao = Z&-%

m

(Yk)

Jlq

) (k)

(yro F)

(Fl)

p

Jj=1

0
= DF, <8wi

7]
axi

7]
axi
OF},

= 2 (p)- O

Example. Let f : C*°(U) where U C M is an open set containing p. Then
Dflp : TyM — TR = R is a linear map. So Df], is an element in the dual
space (T,M)*, called the differential of f at p, and is denoted df|,. Then we

have

dffp(X) = X(f)-

(this can, e.g. be checked in local coordinates)

12
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1.3 Bump functions and partitions of unity

Recall that there is one thing we swept under the carpet — to define the tangent
space, we needed to pick an open set U. Ways to deal with this can be found in
the example sheet, but there are two general approaches — one is to talk about
germs of functions, where we consider all open neighbourhoods, and identify two
functions if they agree on some open neighbourhood of the point. The other way
is to realize that we can “extend” any function on U C M to a function on the
whole of M, using bump functions.
In general, we want a function that looks like this:

A

Y

Lemma. Suppose W C M is a coordinate chart with p € W. Then there is an
open neighbourhood V' of p such that V'C W and an X € C*°(M,R) such that
X=1lonVand X =0o0on M\ W.

Proof. Suppose we have coordinates x1,--- ,x, on W. We wlog suppose these
are defined for all |z| < 3.
We define o, 8,7 : R — R by

Y

We now let
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Then we let
v(t) = B(t+2)B(2 —1).

Y

Finally, we let
X(z1, oy zn) = (1) (@)

on W. We let
V={x:|z;| <1}

Extending X to be identically 0 on M \ W to get the desired smooth function
(up to some constant). O

Lemma. Let p € W C U and W, U open. Let f1, fa € C*°(U) be such that
fi=foon W. If X € Der,(C*(U)), then we have X(f1) = X(f2)

Proof. Set h = f1 — fo. We can wlog assume that W is a coordinate chart. We
pick a bump function y € C*°(U) that vanishes outside W. Then xh = 0. Then
we have

0=X(xh) =x(P)X(h) +h(p)X(x) = X(h) + 0= X(f1) = X(f2). O

While we’re doing boring technical work, we might as well do the other one,
known as a partition of unity. The idea is as follows — suppose we want to
construct a global structure on our manifold, say a (smoothly varying) inner
product for each tangent space T,M. We know how to do this if M = R",
because there is a canonical choice of inner product at each point in R”. We
somehow want to patch all of these together.

In general, there are two ways we can do the patching. The easy case is that
not only is there a choice on R", but there is a unique choice. In this case, just
doing it on each chart suffices, because they must agree on the intersection by
uniqueness.

However, this is obviously not the case for us, because a vector space can
have many distinct inner products. So we need some way to add them up.

Definition (Partition of unity). Let {U,} be an open cover of a manifold M. A
partition of unity subordinate to {U,} is a collection ¢, € C*°(M,R) such that

(i) 0< o <1

(i) supp(¢a) € Ua
(iii) For all p € M, all but finitely many ¢, (p) are zero.
(iv) >, ¢a =1

14
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Note that by (iii), the final sum is actually a finite sum, so we don’t have to
worry about convergence issues.

Now if we have such a partition of unity, we can pick an inner product on
each U,, say q.(-, -), and then we can define an inner product on the whole
space by

q(vp, wp) E :‘Pa P)qa(vp, wp),

where vy, w, € T, M are tangent vectors. Note that this makes sense. While
each ¢, is not defined everywhere, we know ¢, (p) is non-zero only when ¢, is
defined at p, and we are also only taking a finite sum.

The important result is the following:

Theorem. Given any {U,} open cover, there exists a partition of unity subor-
dinate to {Uy}.

Proof. We will only do the case where M is compact. Given p € M, there exists
a coordinate chart p € V,, and «(p) such that V, C Uap)- We pick a bump
function x, € C*°(M,R) such that x, = 1 on a neighbourhood W, C V,, of p.
Then supp(xp) € Ua(p)-

Now by compactness, there are some p1,--- ,py such that M is covered by
Wp, U---UW,,. Now let

Pa = Z Xpi+
ira(p) =«

Then by construction, we have

supp(@a) € Us.

Also, by construction, we know ) @, > 0. Finally, we let

Do = Pa
Zg@ﬁ

The general proof will need the fact that the space is second-countable.
We will actually not need this until quite later on in the course, but we might
as well do all the boring technical bits all together.

1.4 Submanifolds

You have a manifold, and a subset of it is a manifold, so you call it a submanifold.

Definition (Embedded submanifold). Let M be a manifold with dim M = n,
and S be a submanifold of M. We say S is an embedded submanifold if for all
p € S, there are coordinates z1,- - ,z, on some chart U C M containing p such
that

SﬂU:{karl :{L‘}g+2:-~':1'n:0}

for some k. Such coordinates are known as slice coordinates for S.

This is a rather technical condition, rather than “a subset that is also a
manifold under the inherited smooth structure”. The two definitions are indeed
equivalent, but picking this formulation makes it easier to prove things about it.

15
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Lemma. If S is an embedded submanifold of M, then there exists a unique
differential structure on S such that the inclusion map ¢ : S < M is smooth,
and S inherits the subspace topology.

Proof. Basically if x1,--- ,x, is a slice chart for S in M, then x1,--- ,x) will be
coordinates on S.
More precisely, let 7 : R® — R* be the projection map

77(-7317"' axn) = (xla"' 7JUk).

Given a slice chart (U, o) for S in M, consider ¢ : SNU — R¥ by ¢ = mog. This
is smooth and bijective, and is so a chart on S. These cover S by assumption.
So we only have to check that the transition functions are smooth.

Given another slice chart (V,€) for S in M, we let £ =mo&, and check that

fopl=motoptoj,

where j : RF — R" is given by j(z1, - ,ox) = (z1, - , 2%, 0,---,0).

From this characterization, by looking at local charts, it is clear that S has
the subspace topology. It is then easy to see that the embedded submanifold is
Hausdorff and second-countable, since these properties are preserved by taking
subspaces.

We can also check easily that ¢ : S < M is smooth, and this is the only
differential structure with this property. O

It is also obvious from the slice charts that:

Proposition. Let S be an embedded submanifold. Then the derivative of the
inclusion map ¢ : S < M is injective.

Sometimes, we like to think of a subobject not as a subset, but as the inclusion
map ¢ : S — M instead. However, when we are doing topology, there is this
funny problem that a continuous bijection need not be a homeomorphism. So if
we define submanifolds via inclusions maps, we get a weaker notion known as an
immersed submanifold.

Definition (Immersed submanifold). Let S, M be manifolds, and ¢ : § < M
be a smooth injective map with D¢|, : T,,S — T, M injective for all p € S. Then
we call (¢, S) an immersed submanifold. By abuse of notation, we identify S and

t(S).

Example. If we map R into R? via the following figure of eight (where the arrow
heads denote the “end points” of R), then this gives an immersed submanifold
that is not an embedded submanifold.

Example. Consider the line R, and define the map f : R — T2? = R?/Z? by
f(z) = ax, where « is some irrational number. Then this map gives an immersed
submanifold of T2, but is not an embedded submanifold, since R certainly does
not have the subspace topology from 772.

16
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How do we construct submanifolds? The definition is rather difficult to work
with. It is not immediately clear whether

S ={xeR": |x| <1} CR"!

is an embedded submanifold, even though it feels like it should be.

More generally, if M, N are manifolds, F' € C*°(M,N) and ¢ € N, under
what circumstances will F~1(c) be an embedded submanifold of M? The answer
is that ¢ has to be a regular value.

Definition (Regular value). Let F € C®(M,N) and ¢ € N. Let S = F~!(c).
We say c is a regular value if for all p € S, the map DF|, : T,M — T.N is
surjective.

Proposition. Let F € C*°(M, N), and let ¢ € N. Suppose c is a regular value.
Then S = F~1(c) is an embedded submanifold of dimension dim M — dim N.

Proof. We let n = dim M and m = dim N. Notice that for the map DF to be
surjective, we must have n > m.

Let p € S, so F(p) = ¢. We want to find a slice coordinate for S near p.
Since the problem is local, by restricting to local coordinate charts, we may wlog
assume N =R™ M =R" and c=p = 0.

Thus, we have a smooth map F': R® — R™ with surjective derivative at 0.

Then lhe deri\/ali\/e iS
xl 0 = ,...,'I’L;j_ yeeey 1T

which by assumption has rank m. We reorder the z; so that the first m columns
are independent. Then the m x m matrix

R <8Fj )
0/ i,j=1,...m

axi
a(x1,~- 7xn) = (F17"' amemerh'" ,!En).

R
D04|0 = (0 ;) ,

and this is non-singular. By the inverse function theorem, « is a local diffeomor-
phism. So there is an open W C R™ containing 0 such that a|w : W — (W) is
smooth with smooth inverse. We claim that « is a slice chart of S in R™.
Since it is a smooth diffeomorphism, it is certainly a chart. Moreover, by
construction, the points in S are exactly those whose image under F' have the
first m coordinates vanish. So this is the desired slice chart. O

is non-singular. We consider the map

We then obtain

Example. We want to show that S™ is a manifold. Let F : R"*! — R be
defined by

F(xg, -+ ,zp) :fo
Then F~1(1) = S™. We find that
DF|, = 2(xg, -+ ,2n) #0

when p € §". So S" is a manifold.

17



1 Manifolds IIT Differential Geometry

Example. Consider the orthogonal group. We let M,, = R™ be the space of
all n X n matrices with the obvious smooth structure. We define

N={AecM,: A" = A}.
Since this is a linear subspace, it is also a manifold. We define

F:M,— N
A AAT.

Then we have
O(n) = FY(I) = {A: AAT =T}.

We compute the derivative by looking at
FA+H)=(A+ H)(A+ H)T = AAT + HAT + AHT + HH”.

So we have
DF|s(H) = HAT + AHT.

Now if A € O(n), then we have
DF|a(HA) = HAAT + AATHT = H + H

for any H. Since every symmetric matrix is of the form H + HT, we know
DF|4 : TaM, — Tpa)yN is surjective. So O(n) is a manifold.

18
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2 Vector fields

2.1 The tangent bundle

Recall that we had the notion of a tangent vector. If we have a curve v : I — M,
then we would like to think that the derivative 4 “varies smoothly” with time.
However, we cannot really do that yet, since for different ¢, the value of 4 lies in
different vector spaces, and there isn’t a way of comparing them.

More generally, given a “vector field” f : p — v, € T, M for each p € M, how
do we ask if this is a smooth function?

One way to solve this is to pick local coordinates x1, -+ ,z, on U C M. We

can then write
a;(
Z i 3%

Since a;(p) € R, we can say v, varies smoothly if the functions a;(p) are smooth.
We then proceed to check that this does not depend on coordinates etc.
However, there is a more direct approach. We simply turn

™ = | T,M

peEM

into a manifold. There is then a natural map 7 : TM — M sending v, € T,M
to p for each p € M, and this is smooth. We can then define the smoothness of
f using the usual notion of smoothness of maps between manifolds.

Assuming that we have successfully constructed a sensible 7'M, we can define:

Definition (Vector field). A wvector field on some U C M is a smooth map
X : U — TM such that for all p € U, we have

X(p) € T,M.

In other words, we have m o X = id.

Definition (Vect(U)). Let Vect(U) denote the set of all vector fields on U. Let
X,Y € Vect(U), and f € C*°(U). Then we can define

(X+Y)(p)=X(p)+Y(p), (fX)p)=f(p)X (D).

Then we have X + Y, fX € Vect(U). So Vect(U) is a C°°(U) module.
Moreover, if VC U C M and X € Vect(U), then X|y € Vect(V).
Conversely, if {V;} is a cover of U, and X; € Vect(V;) are such that they

agree on intersections, then they patch together to give an element of Vect(U).

So we say that Vect is a sheaf of C°(M) modules.

Now we properly define the manifold structure on the tangent bundle.

Definition (Tangent bundle). Let M be a manifold, and

™ = | J T,M.
peM

There is a natural projection map 7 : TM — M sending v, € T, M to p.

19



2 Vector fields IIT Differential Geometry

Let x1,--- ,z, be coordinates on a chart (U, ). Then for any p € U and
vp € T, M, there are some g, --- , o, € R such that

- 0
Up:ZCtiaixi

i=1

P
This gives a bijection
71 (U) = o(U) x R"
Up — (xl(p)7 T 3xﬂ(p)7 A, ,Oén),

These charts make T'M into a manifold of dimension 2 dim M, called the tangent
bundle of M.

Lemma. The charts actually make T'M into a manifold.

Proof. If (V,£) is another chart on M with coordinates y1,- - ,y,, then

7]
8a:i

" dy; 0
J(P)aiy
J1p

B Ox;
g=1""

P

So we have £o 31 : p(UNV) x R® = £(UNV) x R given by

n n

- 0y1 dy
5030 (.Tl,"',.Tn,al,"',Otn)— (yla"'7yn7i:1a’baxi7 B alaxi 5

i=1

and is smooth (and in fact fiberwise linear).
It is easy to check that T'M is Hausdorff and second countable as M is. [

There are a few remarks to make about this.
(i) The projection map 7 : TM — M is smooth.
(ii) If U C M is open, recall that
Vect(U) = {smooth X : U - TM | X(p) € T,M for all p e U}.

We write X, for X(p). Now suppose further that U is a coordinate chart,
then we can write any function X : U — T'M such that X, € T,M
(uniquely) as

0

6.%1‘ p

Xp = Z Q; (p)
i=1
Then X is smooth iff all a; are smooth.

(i) If F € C*(M, N), then DF : TM — TN given by DF(v,) = DF|,(v,) is
smooth. This is nice, since we can easily talk about higher derivatives, by
taking the derivative of the derivative map.

(iv) If F € C*°(M,N) and X is a vector field on M, then we cannot obtain a
vector field on N by DF(X), since F' might not be injective. If F(py) =
F(p2), we need not have DF (X (p1)) = DF (X (p2)).
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However, there is a weaker notion of being F-related.

Definition (F-related). Let M, N be manifolds, and X € Vect(M), Y €
Vect(N) and F € C(M, N). We say they are F-related if

Yy = DFp(X,)
for all p € M and F(p) = q. In other words, if the following diagram commutes:

™ PE, TN

U

M- 4N

So what does Vect(M) look like? Recall that a vector is defined to be a
derivation. So perhaps a vector field is also a derivation of some sort.

Definition (Der(C*°(M))). Let Der(C>°(M)) be the set of all R-linear maps
X : C®°(M) — C>*(M) that satisfy

X(fg) = fX(g9) +X(f)g.

This is an R-vector space, and in fact a C°°(M) module.

Given X € Vect(M), we get a derivation X € Der(C*(M)) by setting
X(f)(p) = Xp(f)-

It is an exercise to show that X' (f) is smooth and satisfies the Leibniz rule.
Similar to the case of vectors, we want to show that all derivations come from
vector fields.

Lemma. The map X — X is an R-linear isomorphism
I': Vect(M) — Der(C*°(M)).
Proof. Suppose that « is a derivation. If p € M, we define
Xp(f) = a(f)(p)

for all f € C°°(M). This is certainly a linear map, and we have

Xp(fg9) = a(fg)(p) = (folg) + ga(f))(p) = f(p)Xp(9) + 9(0) Xp(f)-
So X, € T,M. We just need to check that the map M — T'M sending p — X,
is smooth. Locally on M, we have coordinates z1,--- ,x,, and we can write

- 0
Xp = Zaz(p) Iz,
i=1 v

We want to show that «; : U — R are smooth.
We pick a bump function ¢ that is identically 1 near p, with suppp C U.
Consider the function ¢x; € C°>°(M). We can then consider

P

a(pz;)(p) = Xp(pzy).

As @x; is just x; near p, by properties of derivations, we know this is just equal
to aj. So we have

a(pzj) = aj.

So a; is smooth. O
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From now on, we confuse X and X, i.e. we think of any X € Vect(M) as a
derivation of C*°(M).

Note that the product of two vector fields (i.e. the composition of derivations)
is not a vector field. We can compute

Y(fg)=X(Y(f9))
= X(fY(g) +9Y(f))
= X()Y(9) + fXY(9) + X(9)Y (f) + g XY (f).

So this is not a derivation, because we have the cross terms X (f)Y (g). However,
what we do have is that XY — Y X is a derivation.

Definition (Lie bracket). If X,Y € Vect(M), then the Lie bracket [X,Y] is
(the vector field corresponding to) the derivation XY — Y X € Vect(M).

So Vect(M) becomes what is known as a Lie algebra.

Definition (Lie algebra). A Lie algebra is a vector space V with a bracket
[-,-]:V xV =V such that

(i) [+, -] is bilinear.
(ii) [-, -] is antisymmetric, i.e. [X,Y] = —[Y, X].
(iii) The Jacobi identity holds
(X, [V, 2] + [V, [Z, X]] + [Z, [X, Y]] = 0.
It is a (painful) exercise to show that the Lie bracket does satisfy the Jacobi
identity.

The definition of the Lie algebra might seem a bit weird. Later it will come
up in many different guises and hopefully it might become more clear.

2.2 Flows

What can we do with vector fields? In physics, we can imagine a manifold as all
of space, and perhaps a vector field specifies the velocity a particle should have
at that point. Now if you actually drop a particle into that space, the particle
will move according to the velocity specified. So the vector field generates a flow
of the particle. These trajectories are known as integral curves.

Definition (Integral curve). Let X € Vect(M). An integral curve of X is a
smooth v : I — M such that [ is an open interval in R and

() = Xy
Example. Take M = R?, and let

0 0

The field looks like this:
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A
_ | ™~
o ~
RSN I
’/KVXA‘Y k\

We would expect the integral curves to be circles. Indeed, suppose v : I — R? is
an integral curve. Write v = (71,72). Then the definition requires

0 0

0 0
1y 9 reny Y v o

So the equation is
M) = —72(t)
73(t) = ().
For example, if our starting point is p = (1,0), then we have
7 (t) = cost, ~a(t) =sint.

We see that to find an integral curve, all we are doing is just solving ordinary
differential equations. We know that all ODEs have smooth and unique solutions,
and they have all the nice properties we can hope for. So we are going to get nice
corresponding results for integral solutions. However, sometimes funny things
happen.

Example. Take M =R, and
d
X =2"—.
v dx
Then if v is an integral curve, it must satisfy:
(1) = ()%
This means that the solution is of the form
1

t) = ——
1) ==
for C' a constant. For example, if we want v(0) = %, then we have
1
t)=—"1.
() =5

The solution to this ODE is defined only for ¢ < 2, so we can only have
I = (—00,2) at best.

23



2 Vector fields IIT Differential Geometry

We are going to prove that integral curves always exist. To do so, we need
to borrow some powerful theorems from ODE theory:

Theorem (Fundamental theorem on ODEs). Let U C R™ be open and o : U —
R™ smooth. Pick ty € R.
Consider the ODE

Yi(t) = ai(v(t))
Yi(to) = ¢,

where ¢ = (¢1,- -+ ,¢,) € R™
Then there exists an open interval I containing ¢y and an open Uy C U such
that for every ¢ € Uy, there is a smooth solution 7. : I — U satisfying the ODE.
Moreover, any two solutions agree on a common domain, and the function

O : I x Uy — U defined by O(t,c) = () is smooth (in both variables).

Theorem (Existence of integral curves). Let X € Vect(M) and p € M. Then
there exists some open interval I C R with 0 € I and an integral curve v : I — M
for X with v(0) = p.

Moreover, if 4 : I — M is another integral curve for X, and 4(0) = p, then
F=~onINI.

Proof. Pick local coordinates for M centered at p in an open neighbourhood U.

So locally we write
- 0
X = ia
where «; € C*°(U). We want to find v = (71, -+ ,v,) : I — U such that
" 0
/
(T
;%( ) 3o

Since the B%i form a basis, this is equivalent to saying

i(t) = ai(v(t),  %(0) =0

s ’}/1(0) =0.
(1)

=Y ar(0) o

Y@ =1

for all ¢ and t € I.

By the general theory of ordinary differential equations, there is an interval
I and a solution «, and any two solutions agree on their common domain.

However, we need to do a bit more for uniqueness, since all we know is that
there is a unique integral curve lying in this particular chart. It might be that
there are integral curves that do wild things when they leave the chart.

So suppose v : I — M and 4 : I — M are both integral curves passing
through the same point, i.e. v(0) = 5(0) = p.

We let ~

J={teInl: () =45}

This is non-empty since 0 € J, and J is closed since v and 7 are continuous. To
show it is all of I NI, we only have to show it is open, since I NI is connected.

So let tg € J, and consider ¢ = y(tp). Then v and 4 are integral curves of X
passing through ¢g. So by the first part, they agree on some neighbourhood of ¢g.
So J is open. So done. O

24



2 Vector fields IIT Differential Geometry

Definition (Maximal integral curve). Let p € M, and X € Vect(M). Let I, be
the union of all I such that there is an integral curve v : I — M with v(0) = p.
Then there exists a unique integral curve v : I, = M, known as the mazimal
integral curve.

Note that I, does depend on the point.
Example. Consider the vector field

0]
X = 2
or
on R?\ {0}. Then for any point p = (z,y), if y # 0, we have I, = R, but if
y =0 and z < 0, then I, = (—oo, —z). Similarly, if y = 0 and & > 0, then
I, = (—z,00).

— — — — — —
— — — — — —
— — — O — — —
—_— —_— —_— —_— —_— —_—
— —_— —_— — — —

Definition (Complete vector field). A vector field is complete if I, = R for all
peM.

Given a complete vector field, we obtain a flow map as follows:

Theorem. Let M be a manifold and X a complete vector field on M. Define
O, :Rx M — M by

O:(p) = 1, (1),

where 7, is the maximal integral curve of X through p with «(0) = p. Then O
is a function smooth in p and ¢, and

O =id, ©;00, =04

Proof. This follows from uniqueness of integral curves and smooth dependence
on initial conditions of ODEs. O

In particular, since ©; 0 ©_; = Oy = id, we know
@;1 = @7,5.

So O, is a diffeomorphism.
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More algebraically, if we write Diff (M) for the diffeomorphisms M — M,
then

R — Diff(M)
t|—>@t

is a homomorphism of groups. We call this a one-parameter subgroup of diffeo-
morphisms.

What happens when we relax the completeness assumption? Everything is
essentially the same whenever things are defined, but we have to take care of
the domains of definition.

Theorem. Let M be a manifold, and X € Vect(M). Define
D={(t,p) eRxM:tel}
In other words, this is the set of all (¢,p) such that 7,(t) exists. We set

©:(p) = O(t,p) = (1)
for all (t,p) € D. Then
(i) D is open and © : D — M is smooth
(ii) ©(0,p) =p for all pe M.

(iii) If (¢,p) € D and (¢,0(s,p)) € D, then (s +¢,p) € D and O(t,0(s,p)) =
O(t + s,p).

(iv) For any ¢t € R, the set My : {p € M : (t,p) € D} is open in M, and
@t My — M_,
is a diffeomorphism with inverse ©_;.

This is really annoying. We now prove the following useful result that saves
us from worrying about these problems in nice cases:

Proposition. Let M be a compact manifold. Then any X € Vect(M) is
complete.

Proof. Recall that
D ={(t,p) : O4(p) is defined}

is open. So given p € M, there is some open neighbourhood U C M of p and an
e > 0 such that (—¢,e) x U C D. By compactness, we can find finitely many
such U that cover M, and find a small ¢ such that (—e,e) x M C D.

In other words, we know O;(p) exists and p € M and |t| < . Also, we
know ©; 0 ©O4 = 044 whenever [¢],|s| < €, and in particular ©;;, is defined. So
Ont = (04)V is defined for all N and [t| < ¢, so ©; is defined for all ¢. O
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2.3 Lie derivative

We now want to look at the concept of a Lie derivative. If we have a function
f defined on all of M, and we have a vector field X, then we might want to
ask what the derivative of f in the direction of X is at each point. If f is a
real-valued function, then this is by definition X (f). If f is more complicated,
then this wouldn’t work, but we can still differentiate things along X using the
flows.

Notation. Let F': M — M be a diffeomorphism, and g € C*°(M). We write
F*g=goF € C®(M).

We now define the Lie derivative of a function, i.e. the derivative of a function
f in the direction of a vector field X. Of course, we can obtain this by just
applying X (f), but we want to make a definition that we can generalize.

Definition (Lie derivative of a function). Let X be a complete vector field, and
O be its flow. We define the Lie derivative of g along X by

d

Lx(g) = ar

;9.
t=0

Here this is defined pointwise, i.e. for all p € M, we define

_4d
Tt

Lemma. Lx(g) = X(g). In particular, Lx(g) € C™(M,R).
Proof.

Lx(9)(p)

0:(9)(p)-

t=0

d
i,y

d

G| o)

~ dgly (X (p)

— X(9)) =

So this is quite boring. However, we can do something more exciting by
differentiating vector fields.

Notation. Let Y € Vect(M), and F : M — M be a diffeomorphism. Then
DFE gy : TryM — T,M. So we can write

07 (9)(»)

F*(Y)lp = DF Y ) (Yr()) € T,M.
Then F*(Y) € Vect(M). If g € C°>°(M), then
F*(Y)lp(9) = Yr@py(go F1).
Alternatively, we have
F*(Y)|p(go F) = Yry) (9)-

Removing the p’s, we have

Fr(Y)(go F) = (Y(g)) o F.
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Definition (Lie derivative of a vector field). Let X € Vect(M) be complete,
and Y € Vect(M) be a vector field. Then the Lie derivative is given pointwise
by

d

Lx(Y)= P

o;(Y).

t=0

Lemma. We have
LxY =[X,Y].

Proof. Let g € C*°(M,R). Then we have
O;(Y)(go©r) =Y(g) O

‘We now look at

6i(Y)(9) —¥(g) _ 6i(¥)(g) = Oi(Y)(goO:) , Y(g)0O: —Y(g)
t t t
at Bt

We have
lim 8, = Lx(Y(9)) = XY (g)

by the previous lemma, and we have

g—go6;

t—0 t

iy o, = Jig(©; (1) ) =¥(Lx@) = VXl O

Corollary. Let X,Y € Vect(M) and f € C°°(M,R). Then
(i) Lx(fY) =Lx(H)Y + fLxY = X(f)Y + fLxY
(il) LxY = —Ly X

(iii) Lx[Y,Z] = [LxY, Z] + [V, Lx Z).

Proof. Immediate from the properties of the Lie bracket. O
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3 Lie groups

We now have a short digression to Lie groups. Lie groups are manifolds with
a group structure. They have an extraordinary amount of symmetry, since
multiplication with any element of the group induces a diffeomorphism of the Lie
group, and this action of the Lie group on itself is free and transitive. Effectively,
this means that any two points on the Lie group, as a manifold, are “the same”.

As a consequence, a lot of the study of a Lie group reduces to studying
an infinitesimal neighbourhood of the identity, which in turn tells us about
infinitesimal neighbourhoods of all points on the manifold. This is known as the
Lie algebra.

We are not going to go deep into the theory of Lie groups, as our main focus
is on differential geometry. However, we will state a few key results about Lie
groups.

Definition (Lie group). A Lie group is a manifold G with a group structure
such that multiplication m : G x G — G and inverse ¢ : G — G are smooth
maps.

Example. GL,(R) and GL,(C) are Lie groups.
Example. M, (R) under addition is also a Lie group.
Example. O(n) is a Lie group.

Notation. Let G be a Lie group and g € G. We write L, : G — G for the
diffeomorphism
Lg(h) = gh.

This innocent-seeming translation map is what makes Lie groups nice. Given
any local information near an element g, we can transfer it to local information
near h by applying the diffeomorphism L ,-1. In particular, the diffeomorphism
L, : G — G induces a linear isomorphism DLgy|. : T.G — T,G, so we have a
canonical identification of all tangent spaces.

Definition (Left invariant vector field). Let X € Vect(G) be a vector field.
This is left invariant if
DL, (X)) = X

for all g,h € G.
We write Vect” (G) for the collection of all left invariant vector fields.

Using the fact that for a diffeomorphism F', we have
F*[X,Y]=[F*X,FY],

it follows that Vect” (@) is a Lie subalgebra of Vect(G).

If we have a left invariant vector field, then we obtain a tangent vector at
the identity. On the other hand, if we have a tangent vector at the identity, the
definition of a left invariant vector field tells us how we can extend this to a left
invariant vector field. One would expect this to give us an isomorphism between
T.G and Vect” (@), but we have to be slightly more careful and check that the
induced vector field is indeed a vector field.
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Lemma. Given £ € T, G, we let
Xelg = DLgle(§) € Ty(G).

Then the map T.G — Vect”(G) by X + X is an isomorphism of vector spaces.

Proof. The inverse is given by X — X|.. The only thing to check is that X,
actually is a left invariant vector field. The left invariant part follows from

DLh|g(X€|g> = DLh|g(DLg|e(§)) = DLh9|e(§) = X§|h9'

To check that X, is smooth, suppose f € C°°(U,R), where U is open and
contains e. We let v : (—¢,¢) — U be smooth with §(0) = . So

d

Xﬁflq = DLg(&)(f) =¢&(f oLg) = Q& Y (fo L, 07)

But as (t,9) — f o Ly o y(t) is smooth, it follows that X¢f is smooth. So
X¢ € Vect™(G). O
Thus, instead of talking about Vect” (@), we talk about T,G, because it

seems less scary. This isomorphism gives T, G the structure of a Lie algebra.

Definition (Lie algebra of a Lie group). Let G be a Lie group. The Lie algebra
g of G is the Lie algebra T.G whose Lie bracket is induced by that of the
isomorphism with Vect”(G). So

[5) 77] = [X€7X77]|6'
We also write Lie(G) for g.

In general, if a Lie group is written in some capital letter, say G, then the
Lie algebra is written in the same letter but in lower case fraktur.
Note that dim g = dim G is finite.

Lemma. Let G be an abelian Lie group. Then the bracket of g vanishes.

Example. For any vector space V and v € V, we have T,V 2 V. So V as a
Lie group has Lie algebra V itself. The commutator vanishes because the group
is commutative.

Example. Note that G = GL, (R) is an open subset of M, so it is a manifold.
It is then a Lie group under multiplication. Then we have

gl,,(R) = Lie(GL,(R)) = TyGL,(R) = Ty M,, = M,

If A, B € GL,(R), then
La(B) = AB.

So
DLa|p(H) = AH

as L4 is linear.
We claim that under the identification, if £, € gl,,(R) = M,,, then

[€,m] = &n — €.
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Indeed, on G, we have global coordinates Uij : GL,(R) — R where
U (A) = 4],

where A = (47) € GL,(R).
Under this chart, we have

Xela = La(€) = S (48) 2

:Z kfk

J i
ij oU; A ik U A
So we have
U
=2 Uig 8U’
i,k
So we have
1o}
k
[Xf7 Z ng] aUz’ Z Ug gaUP
1,5,k J prag
We now use the fact that 9
Z.Up = 0ipdijq-
BUj a

We then expand

(Xe, Xyl = Y (Uighnf — Uiglel)—

4,3,k,r

8UZ'
So we have
[(Xe, X)) = Xen—ne.

Definition (Lie group homomorphisms). Let G, H be Lie groups. A Lie group
homomorphism is a smooth map that is also a homomorphism.

Definition (Lie algebra homomorphism). Let g,§ be Lie algebras. Then a Lie
algebra homomorphism is a linear map [ : g — b such that

Bl nl = [6(¢), B(n)]
for all £,m € g.

Proposition. Let G be a Lie group and £ € g. Then the integral curve «y for X,
through e € G exists for all time, and v: R — G is a Lie group homomorphism.

The idea is that once we have a small integral curve, we can use the Lie
group structure to copy the curve to patch together a long integral curve.

Proof. Let v : I — G be a maximal integral curve of X¢, say (—¢,¢) € I. We fix
a to with |t| < e. Consider go = v(to)-
We let
Y(t) = Ly, (7(1))

for |t| < e.
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We claim that 4 is an integral curve of X, with 7(0) = go. Indeed, we have

Ale = &Lgo'Y(t) = DLQoV(t) = DLgoX£|“/(t) = X£|go~v(t) = Xf‘ﬁ(t)-

By patching these together, we know (tg —&,t9 + &) C I. Since we have a fixed
¢ that works for all ¢g, it follows that I = R.

The fact that this is a Lie group homomorphism follows from general proper-
ties of flow maps. O

Example. Let G = GL,,. If € € gl,,, we set
= e
B k>
k>0
We set F'(t) = e!*. We observe that this is in GL,, since € has an inverse e~
(alternatively, det(e’€) = e"(*$) =£ 0). Then
F@y~9§:lﬁﬁ—fﬁg—L €= Lppé
R

Also, F(0) = 1. So F\(t) is an integral curve.

Definition (Exponential map). The ezponential map of a Lie group G is exp :
g — G given by
exp(§) = 7¢(1),

where ¢ is the integral curve of X, through e € G.
So in the case of G = GL,,, the exponential map is the exponential map.
Proposition.
(i) exp is a smooth map.

(i) If F(t) = exp(tf), then F : R — G is a Lie group homomorphism and
DFo (§) =&
0 \az

(iii) The derivative
Dexp:Tog=g—>T.G=g

is the identity map.

(iv) exp is a local diffeomorphism around 0 € g, i.e. there exists an open U C g
containing 0 such that exp : U — exp(U) is a diffeomorphism.

(v) exp is natural, i.e. if f: G — H is a Lie group homomorphism, then the

diagram
g2, G
|pste if
h —25 H
commutes.
Proof.
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(i) This is the smoothness of ODEs with respect to parameters
(ii) Exercise.
(iii) If £ € g, welet o(t) =t€. So 5(0) =€ € Tog = g. So
d

. d
Dexplo(§) =Dexplo(6(0)) = 5| exp(o(t)) = | exp(t€) = Xele =¢.
t=0 t=0
(iv) Follows from above by inverse function theorem.
(v) Exercise. O

Definition (Lie subgroup). A Lie subgroup of G is a subgroup H with a smooth
structure on H making H an immersed submanifold.

Certainly, if H C G is a Lie subgroup, then h C g is a Lie subalgebra.

Theorem. If h C g is a subalgebra, then there exists a unique connected Lie
subgroup H C G such that Lie(H) = b.

Theorem. Let g be a finite-dimensional Lie algebra. Then there exists a (unique)
simply-connected Lie group G with Lie algebra g.

Theorem. Let G, H be Lie groups with G simply connected. Then every Lie
algebra homomorphism g — b lifts to a Lie group homomorphism G — H.
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4 Vector bundles

Recall that we had the tangent bundle of a manifold. The tangent bundle gives
us a vector space at each point in space, namely the tangent space. In general,
a vector bundle is a vector space attached to each point in our manifold (in a
smoothly-varying way), which is what we are going to study in this chapter.

Before we start, we have a look at tensor products. These will provide us a
way of constructing new vector spaces from old ones.

4.1 Tensors

The tensor product is a very important concept in Linear Algebra. It is something
that is taught in no undergraduate courses and assumed knowledge in all graduate
courses. For the benefit of the students, we will give a brief introduction to
tensor products.

A motivation for tensors comes from the study of bilinear maps. A bilinear
map is a function that takes in two vectors and returns a number, and this is
linear in both variables. An example is the inner product, and another example
is the volume form, which tells us the volume of a parallelepiped spanned by the
two vectors.

Definition (Bilinear map). Let U, V, W be vector spaces. We define Bilin(V x
W, U) to be the functions V x W — U that are bilinear, i.e.

a(Av1 + Avg, w) = Aa(vy, w) + Aaa(ve, w)

a(v, Mqwy + Aaws) = Aa(v,wr) + Aaa(v, ws).

It is important that a bilinear map is not a linear map. This is bad. We
spent so much time studying linear maps, and we now have to go back to our
linear algebra book and rewrite everything to talk about bilinear maps as well.
But bilinear maps are not enough. We want to do them for multi-linear maps!
But linear maps were already complicated enough, so this must be much worse.
We want to die.

Tensors are a trick to turn the study of bilinear maps to linear maps (from a
different space).

Definition (Tensor product). A tensor product of two vector spaces V, W is
a vector space V ® W and a bilinear map 7 : V x W — V ® W such that a
bilinear map from V x W is “the same as” a linear map from V ® W. More
precisely, given any bilinear map «: V x W — U, we can find a unique linear
map & : V ® W — U such that the following diagram commutes:

|4 ]i WW\

V®WT>U

So we have
Bilin(V x W, U) =2 Hom(V @ W,U).

Given v € V and w € W, we obtain 7(v,w) € V ® W, called the tensor product
of v and w, written v ® w.
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We say V @ W represents bilinear maps from V' x W.

It is important to note that not all elements of V' ® W are of the form v ® w.

Now the key thing we want to prove is the ezistence and uniqueness of tensor
products.

Lemma. Tensor products exist (and are unique up to isomorphism) for all pairs
of finite-dimensional vector spaces.

Proof. We can construct V@ W = Bilin(V x W,R)*. The verification is left as
an exercise on the example sheet. O

We now write down some basic properties of tensor products.

Proposition. Given maps f : V — W and g : V' — W', we obtain a map
f®g: VeV — W ®W’ given by the bilinear map

(f®g)(v,w) = f(v) ® g(w).
Lemma. Given v,v; € V and w,w; € W and \; € R, we have

(M1 + A2v2) @ w = A (v1 @ w) + A2 (v2 ® w)
VR ()\1’11)1 + )\2’[02) = )\1(1} (24 ’U.)l) + )\Q(U X ’LUQ).

Proof. Immediate from the definition of bilinear map. O
Lemma. If vy,---,v, is a basis for V, and wy,--- ,w,, is a basis for W, then
{fviow;:i=1,---,n;j=1,---,m}

is a basis for V ® W. In particular, dimV @ W = dim V x dim W.
Proof. We have V @ W = Bilin(V x W,R)*. We let apq : V x W — R be given

by
Olpgq (Z a;v;, Z bjwj) = apbq.

Then ayp, € Bilin(V x W,R), and (v; ® w;) are dual to a,. So it suffices to
show that a4 are a basis. It is clear that they are independent, and any bilinear

map can be written as
a = E Cpqpq>

Cpg = a(Vp, Wg).

So done. O

where

Proposition. For any vector spaces V, W, U, we have (natural) isomorphisms
HVeW=weV
(i) (VeW)eU=2Ve(Wel)

i) (VeW)* =2V e W*
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Definition (Covariant tensor). A covariant tensor of rank k on V' is an element
of
acV @ ---V",
k times

i.e. a is a multilinear map V' x --- x V = R.

Example. A covariant 1-tensor is an o € V*, i.e. a linear map «: V — R.
A covariant 2-tensor is a § € V* ® V*, i.e. a bilinear map V x V — R, e.g.
an inner product.

Example. If a,8 € V* then a® § € V* ® V* is the covariant 2-tensor given
by
(a®@b)(v,w) = a(v)B(w).

More generally, if « is a rank k tensor and  is a rank £ tensor, then a ® ( is a
rank k + ¢ tensor.

Definition (Tensor). A tensor of type (k,¢) is an element in

TFV)=V'®@ - V'eVe V.

k times ¢ times

We are interested in alternating bilinear maps, i.e. a(v,w) = —a(w,v), or
equivalently, a(v,v) = 0 (if the characteristic is not 2).

Definition (Exterior product). Consider
(V) =Q)Ver
k>0

as an algebra (with multiplication given by the tensor product) (with V®0 = R).
We let I(V') be the ideal (as algebras!) generated by {v®@wv:v eV} C T(V).
We define

A(V) =T(V)/1(V),

with a projection map m : T(V) — A(V). This is known as the exterior algebra.
We let
AR (V) =m(VER),

the k-th exterior product of V.
We write a A b for m(a ® f).

The idea is that APV is the dual of the space of alternating multilinear maps
VxV =R

Lemma.
(i) If « € APV and 8 € A9V, then a A B = (—1)PIB A a.
(ii) If dimV = n and p > n, then we have

dim A’V =1, dimA"V =1, APV ={0}.

(iii) The multilinear map det : V x -+ x V — R spans A"V.
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(iv) If vy,--- ,v, is a basis for V, then
{fvi, Avo A, sy <o <}
is a basis for APV.
Proof.
(i) We clearly have v Av =0. So
vAW=—-wAv
Then
(Vi A Avp) A(wr A Awg) = (DPlun A~ Awg Avi A== Aoy
since we have pg swaps. Since
{Uil/\"'/\vip EITREE ,ipe{l,--- ,n}}gApV

spans APV (by the corresponding result for tensor products), the result
follows from linearity.

(ii) Exercise.
(iii) The det map is non-zero. So it follows from the above.
(iv) We know that
{viy Ao Ay i, iy € {1, ,n}} C APV

spans, but they are not independent since there is a lot of redundancy (e.g.
v1 A vg = —v2 Avy). By requiring i; < --- < iy, then we obtain a unique
copy for combination.

To check independence, we write I = (i1, -- ,i,) and let vy = vy, A---Av;,.
Then suppose
Z ajvy = 0
1
for ar € R. For each I, we let J be the multi-index J = {1,--- ,n}\ I. So
if I # I, then vpy Avy = 0. So wedging with v gives

E apvp ANvy =ayvr Avy = 0.
I/

So ar = 0. So done by (ii). O

If F:V — W is a linear map, then we get an induced linear map APF :
APV — APW in the obvious way, making the following diagram commute:

ver F yrep
™ x
APy A Aryy
More concretely, we have

APE(vy A+ Awp) =F(v1) A=+ - A F(vy).
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Lemma. Let F' : V — V be a linear map. Then A"F : A"V — A"V is
multiplication by det F'.

Proof. Let vq,--- ,v, be a basis. Then A"V is spanned by v; A--- A v,. So we
have
(A"F)(vr Ao Avg) = Avi A= Aoy,

for some . Write

F(v) =Y Ajiv,
j

for some Aj; € R, i.e. A is the matrix representation of F'. Then we have

(A"F)(vy A= Avy) = (Z Ajlvj> A A <Z Ajnvj>.

If we expand the thing on the right, a lot of things die. The only things that
live are those where we get each of v; once in the wedges in some order. Then
this becomes

Z £(0) (Ao Ay n)V1 A+ - Avp = det(F) vg A=+ Ay,
oceS,

where (o) is the sign of the permutation, which comes from rearranging the v;
to the right order. O
4.2 Vector bundles

Our aim is to consider spaces T,M ® T,M, ..., A"T,M etc as p varies, i.e. con-
struct a “tensor bundle” for these tensor products, similar to how we constructed

the tangent bundle. Thus, we need to come up with a general notion of vector
bundle.

Definition (Vector bundle). A wvector bundle of rank r on M is a smooth
manifold £ with a smooth 7 : E — M such that

(i) For each p € M, the fiber 7—!(p) = E, is an r-dimensional vector space,
(ii) For all p € M, there is an open U C M containing p and a diffeomorphism
t:Elg=7m""U)—=UxR"

such that
Ely —— U xR"

<

commutes, and the induced map E; — {q} x R" is a linear isomorphism
forall g € U.

We call t a trivialization of E over U; call E the total space; call M the
base space; and call w the projection. Also, for each ¢ € M, the vector
space B, = = ({q}) is called the fiber over q.
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Note that the vector space structure on £, is part of the data of a vector bundle.

Alternatively, ¢ can be given by collections of smooth maps s1,--- , s, : U = E
with the property that for each ¢ € U, the vectors s1(q), - -, s.(q) form a basis
for E,. Indeed, given such s1,--- ,s,, we can define ¢ by

t(”q) = (qvalv"' aa?”)v

where v, € F; and the o; are chosen such that

s
Vg = Z a;5;(q).
i=1

The sq,--- , s, are known as a frame for E over U.

Example (Tangent bundle). The bundle TM — M is a vector bundle. Given
any point p, find some coordinate charts around p with coordinates x1,- -, z,.

Then we get a frame %, giving trivializations of TM over U. So T'M is a vector
bundle.

Definition (Section). A (smooth) section of a vector bundle E — M over some
open U C M is a smooth s : U — E such that s(p) € E, for all p € U, that is
mos=1id. We write C*°(U, E) for the set of smooth sections of E over U.

Example. Vect(M) = C>(M,TM).

Definition (Transition function). Suppose that ¢, : Ely, — U, x R” and
tg : Ely, — Up x R are trivializations of E. Then

taoty': (UaNUp) X R" = (Us NU) x R”
is fiberwise linear, i.e.

ta oty (q,0) = (¢, pap(q)v),

where ¢,5(q) is in GL,(R).
In fact, @ap : Uy N Ug — GL,(R) is smooth. Then ¢,p is known as the
transition function from 8 to «.

Proposition. We have the following equalities whenever everything is defined:
(i) Paa =id
(i) Pas = Ppa
(ili) YapPsy = Pay, Where papps, is pointwise matrix multiplication.
These are known as the cocycle conditions.

We now consider general constructions that allow us to construct new vector
bundles from old ones.
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Proposition (Vector bundle construction). Suppose that for each p € M, we
have a vector space E,. We set

E=JE,
p

We let m: E — M be given by m(v,) = p for v, € E,. Suppose there is an open
cover {U,} of open sets of M such that for each o, we have maps

to: Bly, =7 (Us) = Uy x R"

over U, that induce fiberwise linear isomorphisms. Suppose the transition
functions ¢, are smooth. Then there exists a unique smooth structure on £
making 7 : E — M a vector bundle such that the ¢, are trivializations for F.

Proof. The same as the case for the tangent bundle. O
In particular, we can use this to perform the following constructions:

Definition (Direct sum of vector bundles). Let E,E be vector bundles on
M Suppose to E\U ~ U, x R" is a trivialization for F over U,, and
E|U =2 U, % RT is a trivialization for £ over U,.
We let pqop be transition functions for {¢,} and @, be transition functions

for {to}.
Define ~ ~
EeE=|JE,E,
p
and define

T.:(E®E)|y, = Elv, ® Ely, > Us x (R"®R") = Uy x R"7

be the fiberwise direct sum of the two trivializations. Then T, clearly gives a
linear isomorphism (E @ E), = R""" and the transition function for T, is

TaOTg_l = Pas @‘)Z)aﬁa

which is clearly smooth. So this makes E & F into a vector bundle.

In terms of frames, if {s1,--- ,s,} is a frame for £ and {3y,--- , 37} is a frame
for E over some U C M , then

{s;i®0,005;:i=1,---,r;5=1,---,7}
is a frame for E @ E.

Definition (Tensor product of vector bundles). Given two vector bundles E, E
over M, we can construct E ® F similarly with fibers (F ® E)|, = E|, ® E|p

Similarly, we can construct the alternating product of vector bundles A" E.
Finally, we have the dual vector bundle.
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Definition (Dual vector bundle). Given a vector bundle E — M, we define the
dual vector bundle by

peM
Suppose again that t, : E|ly, — Uy X R is a local trivialization. Taking the
dual of this map gives
ty :Ua x (R")" = E|f_.
since taking the dual reverses the direction of the map. We pick an isomorphism
(R™)* — R" once and for all, and then reverse the above isomorphism to get a
map
El;, — Uy xR
This gives a local trivialization.

If {s1,---,s,} is a frame for E over U, then {s7,--- s’} is a frame for E*
over U, where {s7(p), - ,s:(p)} is a dual basis to {s1(p), - ,s-(p)}.

Definition (Cotangent bundle). The cotangent bundle of a manifold M is

M = (TM)*.
In local coordinate charts, we have a frame %, ceey ai of TM over U. The
dual frame is written as dzq,--- ,dz,. In other words, we have

d$1|p S (TPM)*

0
d.%‘i|p (833 > :6ij-
Jip

Recall the previously, given a function f € C°(U,R), we defined df as the
differential of f given by

dflp = Dflp: TyM — TyR =R,

and

Thinking of x; as a function on a coordinate chart U, we have

0 0
Dx;|p (6% p) = 37]_(3%) = 0y;

for all 7,j. So the two definitions of dz; agree.
We can now take powers of this to get more interesting things.

Definition (p-form). A p-form on a manifold M over U is a smooth section of
APT*M, i.e. an element in C(U, APT*M).

Example. A 1-form is an element of T*M. It is locally of the form
ardzy + - - - 4+ apda,

for some smooth functions oy, - -, ay,.
Similarly, if w is a p-form, then locally, it is of the form

w= E wrdxy,
J;

where I = (iy,--- ,ip) with iy <--- <ip, and dzy = dzg, A--- Adwy,.

41



4 Vector bundles IIT Differential Geometry

It is important to note that these representations only work locally.

Definition (Tensors on manifolds). Let M be a manifold. We define

TIM=T"M®-- @T*"MRTM®---@TM .

k times ¢ times

A tensor of type (k,¥) is an element of
C>®(M, T} M).
The convention when k = ¢ =0 is to set T)M = M x R.

In local coordinates, we can write a (k, £) tensor w as

o P
_ VERTERV
w= alliide, © @ dy, © Er ® - ® D,

where the a0 are smooth functions.

Example. A tensor of type (0, 1) is a vector field.
A tensor of type (1,0) is a 1-form.
A tensor of type (0,0) is a real-valued function.

Definition (Riemannian metric). A Riemannian metric on M is a (2, 0)-tensor
g such that for all p, the bilinear map g, : T,M x T, M — R is symmetric and
positive definite, i.e. an inner product.

Given such a g and v, € T,M, we write ||v,|| for \/gp(vp, vp).
Using these, we can work with things like length:

Definition (Length of curve). Let v : I — M be a curve. The length of v is

Uy = / 14 .

Finally, we will talk about morphisms between vector bundles.

Definition (Vector bundle morphisms). Let E — M and E’ — M’ be vector
bundles. A bundle morphism from E to E’ is a pair of smooth maps (F : E —
E',f: M — M’) such that the following diagram commutes:

E L. F

L

M —L 5 M

i.e. such that F), : B, — E}(p) is linear for each p.

Example. Let E=TM and E' =TM’'. If f : M — M’ is smooth, then (Df, f)
is a bundle morphism.

Definition (Bundle morphism over M). Given two bundles E, E’ over the same
base M, a bundle morphism over M is a bundle morphism E — E’ of the form
(F,idps).
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Example. Given a Riemannian metric g, we get a bundle morphism T'M —
T*M over M by

v Fv) =g(v,-).

Since each g(v, —) is an isomorphism, we have a canonical bundle isomorphism
TM =T*M.

Note that the isomorphism between T'M and T™* M requires the existence of
a Riemannian metric.
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5 Differential forms and de Rham cohomology

5.1 Differential forms

We are now going to restrict our focus to a special kind of tensors, known as
differential forms. Recall that in R™ (as a vector space), an alternating n-linear
map tells us the signed volume of the parallelepiped spanned by n vectors.
In general, a differential p-form is an alternating p-linear map on the tangent
space at each point, so it tells us the volume of an “infinitesimal p-dimensional

parallelepiped”.

In fact, we will later see than on an (oriented) p-dimensional manifold, we
can integrate a p-form on the manifold to obtain the “volume” of the manifold.

Definition (Differential form). We write
OP(M) = C*°(M,APT*M) = {p-forms on M}.

An element of QP (M) is known as a differential p-form.
In particular, we have

QM) = C*>(M,R).
In local coordinates x1,--- ,z, on U we can write w € QP(M) as

w = Z wil,__ﬂipdxil VANEERIWAN dl‘ip

i1 <. <ip

for some smooth functions w;, . ;,-
We are usually lazy and just write

w = E wIdxl.
I

Example. A 0-form is a smooth function.

Example. A 1-form is a section of T*M. If w € Q'(M) and X € Vect(M

then w(X) € C>*(M,R).
For example, if f is a smooth function on M, then df € Q'(M) with

for all X € Vect(M).
Locally, we can write

df = i a; dmi.
i=1
o

To work out what the a;’s are, we just hit this with the 7. So we have
0 af
i=df | — | = =—.
% =4 (333j> dz;

df=>" Be; dz;.
=1

This is essentially just the gradient of a function!

So we have
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Example. If dim M = n, and w € Q"(M), then locally we can write
w=gdz; A---Ndz,.

for some smooth function g. This is an alternating form that assigns a real
number to n tangent vectors. So it measures volume!

If y1,- -+ ,yn is any other coordinates, then
8(Ei
da; = — dy;,.
i ayj Yj
So we have

w = gdet % dyis A -+ - Adyy.
dy; i,j

Now a motivating question is this — given an w € Q(M), can we find some
f € Q%M) such that w = df?
More concretely, let U C R? be open, and let o,y be the coordinates. Let

w=adr+0bdy

If we have w = df for some f, then we have

_of ,_0f

= e b_ay'

So the symmetry of partial derivatives tells us that

fo 2 (%)
oy Oz’

So this equation (k) is a necessary condition to solve w = df. Is it sufficient?

To begin with, we want to find a better way to express (x) without resorting
to local coordinates, and it turns out this construction will be very useful later
on.

Theorem (Exterior derivative). There exists a unique linear map
d=dpp: (M) — QP (M)
such that
(i) On Q°(M) this is as previously defined, i.e.

df(X) = X(f) for all X € Vect(M).

(ii) We have
dod=0:QP(M)— QPF2(M).

(iii) It satisfies the Leibniz rule

dwAo)=dwAo+ (—1)’wAdo.

It follows from these assumptions that
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(iv) d acts locally, i.e. if w,w’ € QP(M) satisly w|y = w'|y for some U C M
open, then dw|y = dw'|y.

(v) We have
d(wly) = (dw)lv
forallU C M.
What do the three rules tell us? The first rule tells us this is a generalization
of what we previously had. The second rule will turn out to be a fancy way of

saying partial derivatives commute. The final Leibniz rule tells us this d is some
sort of derivative.

Example. If we have
w = adx+bdy,

then we have

dw =da Adz + a d(dz) + db A dy + b d(dy)
=daAdx+dbAdy

oz Y ar T
ob  Oa

So the condition (x) says dw = 0.

We now rephrase our motivating question — if w € Q' (M) satisfies dw = 0,
can we find some f such that w = df for some f € Q°(M)? Now this has the
obvious generalization — given any p-form w, if dw = 0, can we find some o
such that w = do?

Example. In R3, we have coordinates x,y, 2. We have seen that for f € Q°(R3),
we have
of of of

cl g 9 4.
df = 5y do+ 5 dy+ o

Now if
w=Pdr+Qdy+ Rdz € Q' (R?),

then we have

d(P dz) = dP Adz + P ddw

—<6Pd +8—Pd +8dz>/\d3:

ox dy 0]
OP oP
——a—ydx/\dy—gdx/\dz
So we have
_(0Q 0P OR 0P OR 0Q
dw—(ax 8y> dx/\dy+<aaj az) dx/\dz+(ay 82) dy A dz.

This is just the curl! So d? = 0 just says that curl o grad = 0.
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Proof. The above computations suggest that in local coordinates, the axioms
already tell use completely how d works. So we just work locally and see that
they match up globally.

Suppose M is covered by a single chart with coordinates x1,--- ,x,. We
define d : Q9(M) — QY (M) as required by (i). For p > 0, we define

d Z w,;h.__?,;p deil A "'/\dl‘ip = Zdwi’lv“wiz) /\dl’i1 /\~~/\dmip.

i1 <...<lp
Then (i) is clear. For (iii), we suppose

w=fdxy € QP(M)
o=gdxy; € QUM).

‘We then have

d(wA o) =d(fg der Adxy)
=d(fg) ANdxr Adzy
=gdf AnderAdey+ fdgAdaer Aday
=gdf AderAday+ f(—1)P dar A (dg Adzy)
= (dw) Ao + (—1)Pw A do.

So done. Finally, for (i), if f € Q9(M), then

of 0% f
d°f=d ( % o, dxl> > Sz, dzj ANdx; =0,

Z!

since partial derivatives commute. Then for general forms, we have

d%w = 42 (Zwl dJ:[) =d (Z dwy A dx1>

a (D" dwr Aday, A+ A da,)
0

using Leibniz rule. So this works.
Certainly this has the extra properties. To claim uniqueness, if 9 : QP (M) —
QOPFL(M) satisfies the above properties, then

Ow =29 (Z wldm)

- ZaW[ Adxr +wr Adder
= Zdwl ANdxy,

using the fact that @ = d on Q°(M) and induction.

Finally, if M is covered by charts, we can define d : QP(M) — QPT1(M) by
defining it to be the d above on any single chart. Then uniqueness implies this is
well-defined. This gives existence of d, but doesn’t immediately give uniqueness,
since we only proved local uniqueness.
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So suppose 9 : QP(M) — QPT1(M) again satisfies the three properties. We
claim that 0 is local. We let w,w’ € QP(M) be such that w|y = w'|y for some
U C M open. Let x € U, and pick a bump function y € C°°(M) such that
X = 1 on some neighbourhood W of z, and supp(x) C U. Then we have

X (w—w)=0.
We then apply 9 to get
0=0(x (w—w))=dx A (w—w") + x(Ow — o).
But x =1 on W. So dy vanishes on W. So we must have
Ow|w — 0w’ = 0.

So Ow = Ow’ on W.
Finally, to show that 0 = d, if w € QP(M), we take the same y as before,
and then on x, we have

Oow =20 (XZwl dmI)
= 8sz[ dz; +X28w1 ANdzy
=X Z dwy ANdxy
= dw.
So we get uniqueness. Since x was arbitrary, we have 0 = d. O
One useful example of a differential form is a symplectic form.

Definition (Non-degenerate form). A 2-form w € Q2?(M) is non-degenerate if
w(Xp, Xp) = 0 implies X, = 0.

As in the case of an inner product, such an w gives us an isomorphism
T,M — T;M by
a(Xp)(Yp) = w(Xp, Yp).

Definition (Symplectic form). A symplectic form is a non-degenerate 2-form w
such that dw = 0.

Why did we work with covectors rather than vectors when defining differential
forms? It happens that differential forms have nicer properties. If we have some
F e C>®(M,N) and g € Q°(N) = C*(N,R), then we can form the pullback

F*g=goF € Q%M).
More generally, for x € M, we have a map
DF|, : ToM — Tp)N.

This does not allow us to pushforward a vector field on M to a vector field of N,
as the map F' might not be injective. However, we can use its dual

(DF|o)* : TN = TiM

to pull forms back.
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Definition (Pullback of differential form). Let w € QP(N) and F' € C*(M, N).
We define the pullback of w along F' to be

Frwl, = A(DF[2)" (w|p())-
In other words, for vy,--- ,v, € T, M, we have
(Fwla)(vr, -+ 0p) = Wl @) (DFe(v1), -, DF2(vp))-
Lemma. Let F' € C*°(M,N). Let F* be the associated pullback map. Then
(i) F* is a linear map QP(N) — QP(M).
(ii) F*(wAo)=F*w A F*o.
(iii) If G € C*°(N, P), then (Go F)* = F* o G*.
(iv) We have dF* = F*d.

Proof. All but (iv) are clear. We first check that this holds for 0 forms. If
g € QO°(N), then we have

(F7dg)|z(v) = dglp(z) (DF[2(v))
= DF|w(v)(g)

So we are done.
Then the general result follows from (i) and (ii). Indeed, in local coordinates
Y1, Yn, Af
w= Zwil,...,i,, dyi, A+ Adyi,,

then we have
o= Z(F*wil7»--,ip)(F*dyi1 JANRREA dylp)
Then we have

dF*w=F*dw =Y (F*dwi,, ;) (F*dy;, A--- Ady,). O

5.2 De Rham cohomology

We now get to answer our original motivating question — given an w € QP (M)
with dw = 0, does it follow that there is some o € QP~1(M) such that w = do?

The answer is “not necessarily”. In fact, the extent to which this fails tells
us something interesting about the topology of the manifold. We are going to
define certain vector spaces HX (M) for each p, such that this vanishes if and
only if all p forms w with dw = 0 are of the form df. Afterwards, we will come
up with techniques to compute this H (M), and then we can show that certain
spaces have vanishing HYy (M).

We start with some definitions.
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Definition (Closed form). A p-form w € QP(M) is closed if dw = 0.

Definition (Exact form). A p-form w € QP(M) is exact if there is some o €
QP~1(M) such that w = do.

We know that every exact form is closed. However, in general, not every
closed form is exact. The extent to which this fails is given by the de Rham
cohomology.

Definition (de Rham cohomology). The pth de Rham cohomology is given by
the R-vector space

kerd : QP(M) — QPTL(M closed forms
() = Ker 20D o )

imd : QP—1(M) — QP(M)  exact forms

In particular, we have
H{y (M) =kerd : Q°(M) — Q' (M).

We could tautologically say that if dw = 0, then w is exact iff it vanishes
in HY, (M). But this is as useful as saying “Let S be the set of solutions to
this differential equation. Then the differential equation has a solution iff S
is non-empty”. So we want to study the properties of Hiy and find ways of
computing them.

Proposition.

(i) Let M have k connected components. Then
Hix (M) =R

(ii) If p > dim M, then HY (M) = 0.

(iii) If F € C°°(M,N), then this induces a map F* : Hip(N) — Hiy (M)
given by
F*lw] = [F*w].

(iv) (FoG)* =G*o F™*.

(v) If F: M — N is a diffeomorphism, then F* : Hi (N) — Hip (M) is an
isomorphism.

Proof.
(i) We have

Hig(M) = {f € C*(M,R) : df = 0}
= {locally constant functions f}

_ Rnumber of connected components

(ii) If p > dim M, then all p-forms are trivial.
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(iii) We first show that F*w indeed represents some member of HY (M). Let
[w] € HiR (N). Then dw = 0. So
d(F*w) = F*(dw) = 0.

So [F*w] € Hig(M). So this map makes sense.
To see it is well-defined, if [w] = [w'], then w — w’ = do for some 0. So
F*w — F*w' = d(F*0). So [F*w] = [F*w'].

(iv) Follows from the corresponding fact for pullback of differential forms.

(v) If F~1is an inverse to F, then (F~1)* is an inverse to F'* by above.
O

It turns out that de Rham cohomology satisfies a stronger property of being
homotopy invariant. To make sense of that, we need to define what it means to
be homotopy invariant.

Definition (Smooth homotopy). Let Fy, F; : M — N be smooth maps. A
smooth homotopy from Fy to Fy is a smooth map F : [0,1] x M — N such that

Fy(z) = F(0,z), Fi(z)=F(1,x).
If such a map exists, we say Fy and F; are homotopic.

Note that here F is defined on [0, 1] x M, which is not a manifold. So we
need to be slightly annoying and say that F' is smooth if it can be extended to a
smooth function I x M — N for I D [0,1] open.

We can now state what it means for the de Rham cohomology to be homotopy
invariant.

Theorem (Homotopy invariance). Let Fy, F; be homotopic maps. Then F§j =
FY' Hip(N) — Hig (M).

Proof. Let F :[0,1] x M — N be the homotopy, and

We denote the exterior derivative on M by djs (and similarly dy), and that on
[0,1] x M by d.
Let w € QP(N) be such that dyw = 0. We let ¢ be the coordinate on [0, 1].
We write
Frw=0+dt Ay,

where o = o(t) € OP(M) and v = () € QP~1(M). We claim that
o(t) = Fjw.
Indeed, we let ¢ : {t} x M — [0,1] x M be the inclusion. Then we have

Fiolpyxm = (Fou)'w=1"Fw
=" (o+dtAy)
=o+JSdEA Y

=1%o,
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using the fact that (*dt = 0. As dyw = 0, we have

0= F*de
=dF*w
=d(c+dt A7)
do
= dM(O') + (—1)1)5 Adt +dt Adyy
oo 1
:dMO'-‘r(—l)pa Adt+(—1)p dary A dt.
Looking at the d¢ components, we have
do
— =dumn.
ot MY
So we have
1 5y 1 1
Fiw—Fjw=0(1)—0(0) = —dt:/ dM'ydt:dM/ ~(t) dt.
o Ot 0 0

So we know that
[Fiw] = [Fyw].

So done. O

Example. Suppose U C R"” is an open “star-shaped” subset, i.e. there is some
xo € U such that for any € U and ¢ € [0, 1], we have

te+ (1 —t)xg € U.

We define F; : U — U by
Fi(x) =tz + (1 — t)xo.

Then F' is a smooth homotopy from the identity map to Fp, the constant map
to zo. We clearly have I} being the identity map, and F{ is the zero map on
HEL (U) for all p > 1. So we have

0 p>1
HE(U) = - .
ar(U) {IR{ p=0
Corollary (Poincaré lemma). Let U C R™ be open and star-shaped. Suppose

w € QP(U) is such that dw = 0. Then there is some o € QP~1(M) such that
w=do.

92



5 Differential forms and de Rham cohomology IIT Differential Geometry

Proof. Hip(U) =0 for p > 1. O
More generally, we have the following notion.

Definition (Smooth homotopy equivalence). We say two manifolds M, N are
smoothly homotopy equivalent if there are smooth maps F' : M — N and
G : N — M such that both F' o G and G o F' are homotopic to the identity.

o~

Corollary. If M and N are smoothly homotopy equivalent, then HYp (M) =
Hig(N).

Note that by approximation, it can be shown that if M and N are homotopy
equivalent as topological spaces (i.e. the same definition where we drop the word
“smooth”), then they are in fact smoothly homotopy equivalent. So the de Rham
cohomology depends only on the homotopy type of the underlying topological
space.

5.3 Homological algebra and Mayer-Vietoris theorem

The main theorem we will have for computing de Rham cohomology will be the
Mayer-Vietoris theorem. Proving this involves quite a lot of setting up and hard
work. In particular, we need to define some notions from homological algebra to
even state Mayer-Vietoris theorem.

The actual proof will be divided into two parts. The first part is a purely
algebraic result known as the snake lemma, and the second part is a differential-
geometric part that proves that we satisfy the hypothesis of the snake lemma.

We will not prove the snake lemma, whose proof can be found in standard
algebraic topology texts (perhaps with arrows the wrong way round).

We start with some definitions.

Definition (Cochain complex and exact sequence). A sequence of vector spaces
and linear maps

dp_1 d,,

coe —y Pl ez yr+l

is a cochain complex if dj od,—1 = 0 for all p € Z. Usually we have V? = 0 for

p < 0 and we do not write them out. Keeping these negative degree VP rather

than throwing them away completely helps us state our theorems more nicely,

so that we don’t have to view V' as a special case when we state our theorems.
It is exact at p if kerd, = imd,_1, and ezact if it is exact at every p.

There are, of course, chain complexes as well, but we will not need them for
this course.

Example. The de Rham complex
QM) —9 QY (M) —1 Q2(M) —— -

is a cochain complex as d* = 0. It is exact at p iff H{z (M) = {0}.

Example. If we have an exact sequence such that dim V? < oo for all p and
are zero for all but finitely many p, then

> (-1)Pdim VP =0.

P
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Definition (Cohomology). Let

dp_1 d,

Vi= ... yp—1 VP v+l ...

be a cochain complex. The cohomology of V' at p is given by

kerd,

im dp_l

HP(V') =

Example. The cohomology of the de Rham complex is the de Rham cohomology.
We can define maps between cochain complexes:

Definition (Cochain map). Let V' and W* be cochain complexes. A cochain
map V' — W' is a collection of maps fP : VP — WP such that the following
diagram commutes for all p:

V;DLWI)

Proposition. A cochain map induces a well-defined homomorphism on the
cohomology groups.

Definition (Short exact sequence). A short exact sequence is an exact sequence

of the form
B

0 vl 2 y?2 V3 0.
This implies that « is injective, 8 is surjective, and im(a) = ker(3). By the
rank-nullity theorem, we know

dim V? = rank(B) + null(8) = dim V? + dim V*.
We can now state the main technical lemma, which we shall not prove.

Theorem (Snake lemma). Suppose we have a short exact sequence of complexes

0 A —t, B 1,0 0,
i.e. the 7, q are cochain maps and we have a short exact sequence

P

Br L cr 0,

iP

0 AP

for each p.
Then there are maps

§: HP(C') — HPH(A')

such that there is a long exact sequence

S HP(AY) — s BB —L s HP(C)

H”+1(A') _r H”‘H(B') L H”‘H(C') — s ...
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Using this, we can prove the Mayer-Vietoris theorem.

Theorem (Mayer-Vietoris theorem). Let M be a manifold, and M =U UV,
where U,V are open. We denote the inclusion maps as follows:

unv <2, u
[
V2 M
Then there exists a natural linear map
55 Hip(UOV) - H3 ()
such that the following sequence is exact:

1 ©is iT—i;
D2, gro(U) @ HR, (V) =25 HE.(UNV)

)
J1®js
HEEH (M) 25 HYEH(U) @ HEEH(V)

e
]

Before we prove the theorem, we do a simple example.
Example. Consider M = S'. We can cut the circle up:
U

Here we have
St ={(z.y):a? +y* =1}
U=8"n{y>—¢}
V=5"n{y<el

As U,V are diffeomorphic to intervals, hence contractible, and UNV is diffeomor-
phic to the disjoint union of two intervals, we know their de Rham cohomology.

0 —— H{R(S') —— HY}R(U) @ HY{(V) —— HI{R(UNV)

Hip(S') —— Hip(U) & Hip(V) ——— -+

We can fill in the things we already know to get

0 R ReER — RBR

Hgp(S1) 0

95



5 Differential forms and de Rham cohomology IIT Differential Geometry

By adding the degrees alternatingly, we know that
dim Hjg(S") = 1.

So
Hig(SY) = R.

Now we prove Mayer-Vietoris.
Proof of Mayer-Vietoris. By the snake lemma, it suffices to prove that the
following sequence is exact for all p:

0 —— WuV) ¥ vy e orv) 5 orunv) —— 0

It is clear that the two maps compose to 0, and the first map is injective. By
counting dimensions, it suffices to show that ] — i3 is surjective.

Indeed, let {¢u,pyv} be partitions of unity subordinate to {U,V}. Let
wePUNV). Weset oy € QP(U) to be

pyw onUNV
oy = .
v 0 on U \ supp pv

Similarly, we define oy € QP(V) by

—pyw onUNV
oy = .
0 on V' \ supp ¢y

Then we have
. )
ijou —isov = (pyw + uw)|vny = w.

So i — 4% is surjective. O
1%
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6 Integration

As promised, we will be able to integrate differential forms on manifolds. However,
there is a slight catch. We said that differential forms give us the signed volume of
an infinitesimal parallelepiped, and we can integrate these infinitesimal volumes
up to get the whole volume of the manifold. However, there is no canonical
choice of the sign of the volume, so we do not, in general, get a well-defined
volume.

In order to fix this issue, our manifold needs to have an orientation.

6.1 Orientation

We start with the notion of an orientation of a vector space. After we have one,
we can define an orientation of a manifold to be a smooth choice of orientation
for each tangent space.

Informally, an orientation on a vector space V is a choice of a collection of
ordered bases that we declare to be “oriented”. If (e1,--- ,e,) is an oriented
basis, then changing the sign of one of the e; changes orientation, while scaling
by a positive multiple does not. Similarly, swapping two elements in the basis
will induce a change in orientation.

To encode this information, we come up with some alternating form w €
A" (V*). We can then say a basis e1, - - - , e, is oriented if w(ey, - - - ,e,) is positive.

Definition (Orientation of vector space). Let V' be a vector space with dim V' =
n. An orientation is an equivalence class of elements w € A™(V*), where we say
w~w iff w= ' for some A > 0. A basis (e1,--- ,e,) is oriented if

w(er, - ,en) > 0.
By convention, if V' = {0}, an orientation is just a choice of number in {£1}.

Suppose we have picked an oriented basis e, --- , e,. If we have any other

basis €1, , €,, We write
€; = E Bijéj~
J

Then we have
w(éy, - ,éy) =det Bw(er, - ,en).

So é1,--- , &, is oriented iff det B > 0.
We now generalize this to manifolds, where we try to orient the tangent
bundle smoothly.

Definition (Orientation of a manifold). An orientation of a manifold M is
defined to be an equivalence class of elements w € Q" (M) that are nowhere
vanishing, under the equivalence relation w ~ w’ if there is some smooth f :
M — R+ such that w = fu'.

Definition (Orientable manifold). A manifold is orientable if it has some
orientation.

If M is a connected, orientable manifold, then it has precisely two possible
orientations.
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Definition (Oriented manifold). An oriented manifold is a manifold with a
choice of orientation.

Definition (Oriented coordinates). Let M be an oriented manifold. We say

coordinates x1, -+ ,x, on a chart U are oriented coordinates if
0 0
e
T T
0x1 » oz, »

is an oriented basis for T, M for all p € U.

Note that we can always find enough oriented coordinates. Given any

connected chart, either the chart is oriented, or —z1,--- ,x, is oriented. So any
oriented M is covered by oriented charts.
Now by the previous discussion, we know that if 1, -+ ,z, and y1, -+ ,¥n

are oriented charts, then the transition maps for the tangent space all have
positive determinant.

Example. R” is always assumed to have the standard orientation given by
dzy A - ANdxy,.

Definition (Orientation-preserving diffeomorphism). Let M, N be oriented
manifolds, and F € C°°(M,N) be a diffeomorphism. We say F preserves
orientation if DF|, : T,M — Tp,) N takes an oriented basis to an oriented
basis.

Alternatively, this says the pullback of the orientation on IV is the orientation
on M (up to equivalence).

6.2 Integration

The idea is that to define integration, we fist understand how we can integrate
on R™, and then patch them up using partitions of unity.
We are going to allow ourselves to integrate on rather general domains.

Definition (Domain of integration). Let D C R™. We say D is a domain of
integration if D is bounded and D has measure zero.

Since D can be an arbitrary subset, we define an n-form on D to be some
w € Q"(U) for some open U containing D.

Definition (Integration on R™). Let D be a compact domain of integration,
and
w=fdx; A ANdzy,

be an n-form on D. Then we define

/w:/f(acl,n-,xn)dxl-udxn.
D D

In general, let U C R™ and let w € Q™(R™) have compact support. We define

-

for some D C U containing supp w.
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Note that we do not directly say we integrate it on supp w, since supp w need
not have a nice boundary.

Now if we want to integrate on a manifold, we need to patch things up, and
to do so, we need to know how these things behave when we change coordinates.

Definition (Smooth function). Let D € R™ and f : D — R™. We say f is
smooth if it is a restriction of some smooth function f : U — R™ where U D D.

Lemma. Let F': D — E be a smooth map between domains of integration in
R”, and assume that F'|5 : D — E is an orientation-preserving diffeomorphism.

Then
/w:/ F*w.
E D

This is exactly what we want.

Proof. Suppose we have coordinates x1, -+ ,x, on D and y1,- - ,y, on E. Write

w=fdy; A Ady,.

/wZ/fdyl---dyn
E E

—/(foF)\detDF|dx1-~-dxn
D

Then we have

z/(foF)detDFdxl---dxn
D

:/ Frw.
D

Here we used the fact that | det DF'| = det DF because F is orientation-preserving.
O

We can now define integration over manifolds.

Definition (Integration on manifolds). Let M be an oriented manifold. Let
w € Q"(M). Suppose that supp(w) is a compact subset of some oriented chart

(U, p). We set
/ w:/ (o™ w.
M ()

By the previous lemma, this does not depend on the oriented chart (U, ¢).

If w € Q"(M) is a general form with compact support, we do the following:
cover the support by finitely many oriented charts {Uq }a=1,....m- Let {xa} be a
partition of unity subordinate to {U,}. We then set

/Mw - ZQ:/UQ Yot

Lemma. This is well-defined, i.e. it is independent of cover and partition of
unity.

It is clear that we have
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We will not bother to go through the technicalities of proving this properly.

Note that it is possible to define this for non-smooth forms, or not-everywhere-
defined form, or with non-compact support etc, but we will not do it here.

Theoretically, our definition is perfectly fine and easy to work with. However,
it is absolutely useless for computations, and there is no hope you can evaluate
that directly.

Now how would we normally integrate things? In IA Vector Calculus, we
probably did something like this — if we want to integrate something over a
sphere, we cut the sphere up into the Northern and Southern hemisphere. We
have coordinates for each of the hemispheres, so we integrate each hemisphere
separately, and then add the result up.

This is all well, except we have actually missed out the equator in this
process. But that doesn’t really matter, because the equator has measure zero,
and doesn’t contribute to the integral.

We now try to formalize our above approach. The below definition is not
standard:

Definition (Parametrization). Let M be either an oriented manifold of dimen-
sion n, or a domain of integration in R™. By a parametrization of M we mean a
decomposition

M=5U---US,,

with smooth maps F; : D; — S;, where D, is a compact domain of integration,
such that

(i) Fi p, : Di = S; is an orientation-preserving diffeomorphism

(ii) 9S; has measure zero (if M is a manifold, this means ¢(9S; N U) for all
charts (U, ¢)).

(iii) For i # j, S; intersects S; only in their common boundary.

Theorem. Given a parametrization {.5;} of M and an w € Q"(M) with compact

support, we have
w= Ffow.
=2, n

Proof. By using partitions of unity, we may consider the case where w has
support in a single chart, and thus we may wlog assume we are working on R",
and then the result is obvious. O

There is a problem — in all our lives, we’ve been integrating functions, not
forms. If we have a function f : R — R, then we can take the integral

/fdo:.

Now of course, we are not actually integrating f. We are integrating the
differential form f dz. Why we seem like we are integrating functions is because
we have a background form dz. So if we have a manifold M with a “background”
n-form w € Q" (M), then we can integrate f € C*°(M,R) by

fw.

M
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In general, a manifold does not come with such a canonical background form.
However, in some cases, it does.

Lemma. Let M be an oriented manifold, and ¢ a Riemannian metric on M.
Then there is a unique w € Q™ (M) such that for all p, if e1,- - , e, is an oriented
orthonormal basis of T, M, then

wler, - ,en) =1
We call this the Riemannian volume form, written dVj.

Note that dV} is a notation. It is not the exterior derivative of some mysterious
object V.

Proof. Uniqueness is clear, since if w’ is another, then w, = )\w]’o for some A, and
evaluating on an orthonormal basis shows that A = 1.

To see existence, let o be any nowhere vanishing n-form giving the orientation
of M. On a small set U, pick a frame s1,- - , s, for TM|y and apply the Gram-
Schmidt process to obtain an orthonormal frame ey, - - - , e,, which we may wlog
assume is oriented. Then we set

f = U(ela e aen)y
which is non-vanishing because o is nowhere vanishing. Then set
w=—.
f
This proves existence locally, and can be patched together globally by uniqueness.
O

6.3 Stokes Theorem

Recall from, say, IA Vector Calculus that Stokes’ theorem relates an integral on
a manifold to a integral on its boundary. However, our manifolds do not have
boundaries! So we can’t talk about Stokes’ theorem! So we now want to define
what it means to be a manifold with boundary.

Definition (Manifold with boundary). Let
H" = {(z1,- -+ ,2n) € R" : 2, > 0}.

A chart-with-boundary on a set M is a bijection ¢ : U — ¢(U) for some U C M
such that ¢(U) C H" is open. Note that this image may or may not hit the
boundary of H". So a “normal” chart is also a chart with boundary.

An atlas-with-boundary on M is a cover by charts-with-boundary (Uy, ¢a)
such that the transition maps

s 09" 1 palUaNUg) = ¢5(Us NUg)

are smooth (in the usual sense) for all «, .
A manifold-with-boundary is a set M with an (equivalence class of) atlas
with boundary whose induced topology is Hausdorff and second-countable.
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Note that a manifold with boundary is not a manifold, but a manifold is a
manifold with boundary. We will often be lazy and drop the “with boundary”
descriptions.

Definition (Boundary point). If M is a manifold with boundary and p € M,
then we say p is a boundary point if p(p) € OH™ for some (hence any) chart-
with-boundary (U, ) containing p. We let OM be the set of boundary points
and Int(M) = M \ OM.

Note that these are not the topological notions of boundary and interior.

Proposition. Let M be a manifold with boundary. Then Int(M) and OM are
naturally manifolds, with

dim OM = dimInt M — 1.

Example. The solid ball B;(0) is a manifold with boundary, whose interior is
B;(0) and boundary is S™~ 1.

Note that the product of manifolds with boundary is not a manifold with
boundary. For example, the interval [0, 1] is a manifold with boundary, but [0, 1]?
has corners. This is bad. We can develop the theory of manifolds with corners,
but that is more subtle. We will not talk about them.

Everything we did for manifolds can be done for manifolds with boundary,
e.g. smooth functions, tangent spaces, tangent bundles etc. Note in particular
the definition of the tangent space as derivations still works word-for-word.

Lemma. Let p € OM, say p € U C M where (U, ¢) is a chart (with boundary).
Then 5

Oz,

0

p7 ’ axn

p

is a basis for T, M. In particular, dim T, M = n.

Proof. Since this is a local thing, it suffices to prove it for M = H". We write
C>(H,R) for the functions f : H* — R" that extend smoothly to an open
neighbourhood of H"™. We fix a € JH"™. Then by definition, we have

T,H" = Der,(C*(H",R)).

We let iy : T,H" — T,R™ be given by
i.(X)(9)

We claim that 4, is an isomorphism. For injectivity, suppose i,(X) = 0. If

f € C>(H"), then f extends to a smooth g on some neighbourhood U of H".
Then

X(g

)

X(f) = X(gluam) = i-(X)(g) = 0.

So X(f) =0 for all f. Then X = 0. So i, is injective.
To see surjectivity, let Y € T,R", and let X € T,H" be defined by
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where g € C*°(H", R) is any extension of f to U. To see this is well-defined, we
let

Then

which only depends on g|g~, i.e. f. So X is a well-defined element of T,H", and
i«(X) =Y by construction. So done. O

Now we want to see how orientations behave. We can define them in exactly
the same way as manifolds, and everything works. However, something interesting
happens. If a manifold with boundary has an orientation, this naturally induces
an orientation of the boundary.

Definition (Outward/Inward pointing). Let p € 9M. We then have an inclusion
T,0M CT,M. If X, € T,M, then in a chart, we can write

= 0
Xp - Zai(’)xi’

i=1

where a; € R and %, ceey % are a basis for T,0M. We say X,, is outward
1 Tn—1
pointing if a,, < 0, and inward pointing if a,, > 0.

Definition (Induced orientation). Let M be an oriented manifold with boundary.
We say a basis eq,--- ,e,_1 is an oriented basis for T,0M if (X,,e1, -+ ,en_1)
is an oriented basis for T, M, where X, is any outward pointing element in 7, M.
This orientation is known as the induced orientation.

It is an exercise to see that these notions are all well-defined and do not
depend on the basis.

Example. We have an isomorphism

OH" = R
(:Ela oy Tp—1, O) = (xh e ;'Tn—l)-
So
0
0T | gpgn
is an outward pointing vector. So we know x1,--- ,x,_1 is an oriented chart for
OH™ iff
o 0 0
axn7 8.131 ’ ’ ax’n—l

is oriented, which is true iff n is even.

Example. If n =1, say M = [a,b] C R with a < b, then {a, b}, then T,0M =
{0}. So an orientation of M is a choice of numbers +1 attached to each point.
The convention is that if M is in the standard orientation induced by M C R,
then the orientation is obtained by giving +1 to b and —1 to a.
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Finally, we get to Stokes’ theorem.

Theorem (Stokes’ theorem). Let M be an oriented manifold with boundary of
dimension n. Then if w € Q"~1(M) has compact support, then

/ dw:/ w.
M oM

In particular, if M has no boundary, then

/ dw=0
M

Note that this makes sense. dw is an n-form on M, so we can integrate it.
On the right hand side, what we really doing is integrating the restriction of w
to OM, i.e. the (n — 1)-form i*w, where ¢ : OM — M is the inclusion, so that
i*w e Q" LHOM).

Note that if M = [a,b], then this is just the usual fundamental theorem of
calculus.

The hard part of the proof is keeping track of the signs.

Proof. We first do the case where M = H". Then we have
wzzwidxlAmAEx\mmAdxn,
i=1

where w; is compactly supported, and the hat denotes omission. So we have

dw =Y dw; Adzy A Ada; Ao Aday,

:Z&uidxi/\dxl/\---/\@/v-#\dxn

= Z(fl)i*%dxl A Adap A - Adzy,
- €T

Let’s say
supp(w) = {z; € [-R,R]:j=1,--- ,n— 1,2, € [0, R]} = A.

Then suppose i # n. Then we have

Ow;
Yidwy Ao Ada A Ada,
Hn OT;
:/ 8widf£1-~~dl’n
A Oz

R /R R /R )
:/ / / / awldxl...dxn
—-RJ-R —rJo Oz

By Fubini’s theorem, we can integrate this in any order. We integrate with
respect to dx; first. So this is

R R (R R ) .
:i/ / / Owi dz; | dzy - --dz; - - - dzy,
-R -RJo _Rr O
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By the fundamental theorem of calculus, the inner integral is
w(xlv e, Tg—1, Ra Tit1," 7xn)—0.)($1, ety Ti—1, _R7 Li41y° " 7xn) - 0_0 = 0

So the integral vanishes. So we are only left with the i = n term. So we have

ow
dw = (=1t " dzy - day,
/n w=(-1) /AaﬂUn 1 T

R R R
Ow
P _ n71 DRI n DR
=(-1) /42 /4% (/0 oz, dxn> dzy---dz,_4

Now that integral is just

wn(‘rla e 7xn—1aR) 7wn(xla e 7In—130) = 7wn(xla e 7xn—170)'

So this becomes

R R
:(_1)”/ .../ wn($17... ,xn_170) dxl"'dxn—1~
—-R -R

Next we see that
t'w=wpdr1 A Adxp_1,

as *(dz,,) = 0. So we have

/ i*w:i/ w(T1, -, Tp-1,0)dzy - da,.
oM ANOH"

Here the sign is a plus iff x1,--- ,z,_1 are an oriented coordinate for OH", i.e.
n is even. So this is

R R
/ w = (—1)”/ / wp(z1,+ y2p—1,0)dzy - -dap_q :/ dw.
OHn —R —R H»

Now for a general manifold M, suppose first that w € Q" 1(M) is compactly
supported in a single oriented chart (U, ¢). Then the result is true by working
in local coordinates. More explicitly, we have

Jaw= [ @ yaw= [ atye = [ @es [ w

Finally, for a general w, we just cover M by oriented charts (U, ¢, ), and use a
partition of unity x, subordinate to {U,}. So we have

w = Zxaw.

Then

dw =Y (dxa)w+ Y _ Xadw=d (Z xa> WY Xadw =) xadw,

using the fact that 3 x. is constant, hence its derivative vanishes. So we have

dw = adw = aW = :
/Mw %:/MX ¢ za:/awa /E)Mw .
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Then all the things likes Green’s theorem and divergence theorem follow from
this.

Example. Let M be a manifold without boundary with a symplectic form
w € Q?(M) that is closed and positive definite. Then by basic Linear algebra we

know
/ w™ # 0.
M

Since w is closed, it is an element [w] € H3y (M). Does this vanish? If w = dr,
then we have
dTAwA - Aw) =w".

/w”:/ d(TAwWA---Aw)=0
M M

by Stokes’ theorem. This is a contradiction. So [w] is non-zero in H3p (M).

So we have
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7 De Rham’s theorem*

In the whole section, M will be a compact manifold.

Theorem (de Rham’s theorem). There exists a natural isomorphism
HEL (M) = HP(M,R),

where HP(M,R) is the singular cohomology of M, and this is in fact an iso-
morphism of rings, where HY (M) has the product given by the wedge, and
HP?(M,R) has the cup product.

Recall that singular cohomology is defined as follow:

Definition (Singular p-complex). Let M be a manifold. Then a singular p-
simplex is a continuous map

o: A, = M,

where

P

Ap = {Ztiei : Zt] = 1} g Rn+1.

i=0

We define
Cp(M) = {formal sums Z a;0; @ a; € R, 0; a singular p simplex}.

We define

Cp°(m) = {formal sums Z a;o; : a; € R, o; a smooth singular p simplex}.
Definition (Boundary map). The boundary map
0: CP(M) — Cpfl(M)

is the linear map such that if o : A, = M is a p simplex, then

0o = (~1)'co Fp,

where F; , maps A,_; affine linearly to the face of A, opposite the ith vertex.
We similarly have
0:Cl (M) — Cp2y(M).

We can then define singular homology
Definition (Singular homology). The singular homology of M is

ker 9 : Cp(M) — Cp_1(M)
ima: Cpp1(M) = Cp(M)~

H,(M,R) =

The smooth singular homology is the same thing with C,(M) replaced with
C°(M).
P
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Hp® has the same properties as Hy, e.g. functoriality, (smooth) homotopy
invariance, Mayer-Vietoris etc with no change in proof.
Any smooth p-simplex o is also continuous, giving a natural inclusion

i: C° (M) — Cp(M),
which obviously commutes with 0, giving
i H)° (M) — Hy(M).
Theorem. The map 4, : H°(M) — H,(M) is an isomorphism.

There are three ways we can prove this. We will give the ideas for these
proofs:

(i) We can show that any continuous map F : M — N between manifolds is
homotopic to a smooth one. But this is painful to prove.

(ii) What we really care about is maps o : A, — M, and we can barycentrically
subdivide the simplex so that it only lies in a single chart, and then it is
easy to do smooth approximation.

(iii) As H, and HJ° have enough properties in common, in particular they
both have Mayer-Vietoris and agree on convex sets, this implies they are
the same. We will not spell out this proof, because we are going to do this
to prove that de Rham cohomology is the same as singular cohomology

Since we are working with R, we can cheat and define singular cohomology
in a simple way:

Definition (Singular cohomology). The singular cohomology of M is defined as
HP(M,R) = Hom(H,(M,R),R).

Similarly, the smooth singular cohomology is
HE (M,R) = Hom(H,°(M,R),R).

This is a bad definition in general! It just happens to work for singular
cohomology with coefficients in R, and we are not too bothered to write dowm
the proper definition.

Our goal is now to describe an isomorphism

HE (M) = HE, (M. R).
The map itself is given as follows:

Suppose [w] € Hip (M), so w € QP (M) with dw = 0. Suppose that o : Ap —
M is smooth with do = 0. We can then define

(W) = /A o*w € R.

Note that we have not defined what [,, means, because AP is not even a
manifold with boundary — it has corners. We can develop an analogous theory
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of integration on manifolds with corners, but we can also be lazy, and just
integrate over
Ay = Ay \ {codimension 2 faces}.

Now w|a= does not have compact support, but has the property that it is the
restriction of a (unique) p-form on A, so in particular it is bounded. So the
integral is finite.

Now in general, if 7 =Y a;0;, € C,(M), we define

T):Zai/ApUiWER

/ wz/dw.
do o

Lemma. [ is a well-defined map HYy (M) — HE (M,R).

Now Stokes theorem tell us

So we have

Proof. If [w] = [w'], then w — w’ = da. Then let o € HZ (M,R). Then

/(w—w’):/da:/ a =0,
o o do
since 0o = 0.

On the other hand, if [o] = [¢'], then ¢ — 0 = 9 for some 5. Then we have

[ oo faemo

So this is well-defined. O

Lemma. [ is functorial and commutes with the boundary map of Mayer-Vietoris.
In other words, if F': M — N is smooth, then the diagram

o
HYp (M) —— HJR(N)

s s

HE, (M) —— HE,(N)
And if M =U UV and U,V are open, then the diagram

HY (UNV) —— HYY (U UV)

I 4

H? (UNV,R) —— HP(UUV,R)

also commutes. Note that the other parts of the Mayer-Vietoris sequence
commute because they are induced by maps of manifolds.

Proof. Trace through the definitions. O
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Proposition. Let U C R” is convex, then
U:Hiz(U)— HE (U,R)
is an isomorphism for all p.

Proof. If p > 0, then both sides vanish. Otherwise, we check manually that
I:HY}(U)— HY (U,R) is an isomorphism. O

These two are enough to prove that the two cohomologies agree — we can
cover any manifold by convex subsets of R, and then use Mayer-Vietoris to
patch them up.

We make the following definition:

Definition (de Rham).
(i) We say a manifold M is de Rham if I is an isomorphism.

(i) We say an open cover {U,} of M is de Rham if Uy, N---NU,, is de Rham
for all ay,- -, o

(iii) A de Rham basis is a de Rham cover that is a basis for the topology on M.

Our plan is to inductively show that everything is indeed de Rham.

We have already seen that if U C R"™ is convex, then it is de Rham, and a
countable disjoint union of de Rham manifolds is de Rham.

The key proposition is the following:

Proposition. Suppose {U,V} is a de Rham cover of U U V. Then U UV is de
Rham.

Proof. We use the five lemmal! We write the Mayer-Vietoris sequence that is
impossible to fit within the margins:

HIR(U)® HiR (V) — HR(UUV) — Hgl-{l(UmV) — Hig(U) @Hgl—{l(v) —

s b s

H? (U)® HE (V) — HE(UUV) — HEFY(UNV) — HE(U) ® HEFL(V) —

This huge thing commutes, and all but the middle map are isomorphisms. So by
the five lemma, the middle map is also an isomorphism. So done. O

Corollary. If Uy,--- ,Uy is a finite de Rham cover of Uy U---U U, = N, then
M is de Rham.

Proof. By induction on k. O
Proposition. The disjoint union of de Rham spaces is de Rham.

Proof. Let A; be de Rham. Then we have

i (TT45) = [T #8aAn) =TT 240 = B2 (T A)
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Lemma. Let M be a manifold. If it has a de Rham basis, then it is de Rham.

Proof sketch. Let f: M — R be an “exhaustion function”, i.e. f~!([~o0,¢]) for
all ¢ € R. This is guaranteed to exist for any manifold. We let

Am ={g€ M: f(q) € [m,m +1]}.

We let ) 3
A;n:{qu:f(q)E {m—Q,m—&-Q}}.

Given any q € A, there is some Uy (g) € A7, in the de Rham basis containing ¢.
As A,, is compact, we can cover it by a finite number of such U,,, with each
Ua, C Al,. Let

By =Uy U---UU,,.

Since By, has a finite de Rham cover, so it is de Rham. Observe that if
B, N B # 0, then M € {m,m —1,m+1}. We let

m even m odd

Then this is a countable union of de Rham spaces, and is thus de Rham. Similarly,
U NV isde Rham. So M = U UV is de Rham. O

Theorem. Any manifold has a de Rham basis.

Proof. If U C R™ is open, then it is de Rham, since there is a basis of convex
sets {U,} (e.g. take open balls). So they form a de Rham basis.

Finally, M has a basis of subsets diffeomorphic to open subsets of R™. So it
is de Rham. O
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8 Connections

8.1 Basic properties of connections

Imagine we are moving in a manifold M along a path v : I — M. We already
know what “velocity” means. We simply have to take the derivative of the path
v (and pick the canonical tangent vector 1 € T,,I) to obtain a path v : I — TM.
Can we make sense of our acceleration? We can certainly iterate the procedure,
treating T'M as just any other manifold, and obtain a path v: I — TTM. But
this is not too satisfactory, because TTM is a rather complicated thing. We
would want to use the extra structure we know about T'M, namely each fiber is
a vector space, to obtain something nicer, perhaps an acceleration that again
lives in T'M.
We could try the naive definition

but this doesn’t make sense, because v(¢ + h) and ~(¢) live in different vector
spaces.

The problem is solved by the notion of a connection. There are (at least) two
ways we can think of a connection — on the one hand, it is a specification of
how we can take derivatives of sections, so by definition this solves our problem.
On the other hand, we can view it as telling us how to compare infinitesimally
close vectors. Here we will define it the first way.

Notation. Let E be a vector bundle on M. Then we write
QP (E) = Q%E @ AP(T*M)).
So an element in QP (F) takes in p tangent vectors and outputs a vector in E.

Definition (Connection). Let E be a vector bundle on M. A connection on E
is a linear map
dg : QUE) — QYE)
such that
for all f € C°(M) and s € Q°(E).
A connection on T'M is called a linear or Koszul connection.

Given a connection dg on a vector bundle, we can use it to take derivatives
of sections. Let s € Q(E) be a section of E, and X € Vect(M). We want to
use the connection to define the derivative of s in the direction of X. This is
easy. We define Vx : Q°(E) — Q(E) by

Vx(s) = (dr(s), X) € Q°(E),

where the brackets denote applying dg(s) : TM — E to X. Often we just call
V x the connection.

Proposition. For any X, Vi is linear in s over R, and linear in X over C*°(M).
Moreover,

Vx(fs)=fVx(s)+X(f)s
for f € C°(M) and s € Q°(E).
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This doesn’t really solve our problem, though. The above lets us differentiate
sections of the whole bundle F along an everywhere-defined vector field. However,
what we want is to differentiate a path in E along a vector field defined on that
path only.

Definition (Vector field along curve). Let v : I — M be a curve. A vector field
along v is a smooth V' : I — T'M such that

V(t) e TypyM
for all t € I. We write
J(7y) = {vector fields along ~}.
The next thing we want to prove is that we can indeed differentiate these
things.

Lemma. Given a linear connection V and a path v : I — M, there exists a
unique map Dy : J(y) — J(v) such that

(i) D(fV) = fV + fD,V for all f € C>(I)

(ii) If U is an open neighbourhood of im(vy) and V is a vector field on U such
that V|, = V; for all t € I, then

Di(V)|e = Vi) V-

We call D; the covariant derivative along ~y.

In general, when we have some notion on R" that involves derivatives and
we want to transfer to general manifolds with connection, all we do is to replace
the usual derivative with the covariant derivative, and we will usually get the
right generalization, because this is the only way we can differentiate things on
a manifold.

Before we prove the lemma, we need to prove something about the locality
of connections:

Lemma. Given a connection V and vector fields X,Y € Vect(M), the quantity
VxY|, depends only on the values of ¥ near p and the value of X at p.

Proof. 1t is clear from definition that this only depends on the value of X at p.

To show that it only depends on the values of Y near p, by linearity, we just
have to show that if ¥ = 0 in a neighbourhood U of p, then VxY|, = 0. To do
so, we pick a bump function y that is identically 1 near p, then supp(X) C U.
Then xY = 0. So we have

0=Vx(xY¥)=xVx(Y)+X()Y.

Evaluating at p, we find that X (x)Y vanishes since x is constant near p. So
Vx(Y) =0. O

We now prove the existence and uniqueness of the covariant derivative.
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Proof of previous lemma. We first prove uniqueness.
By a similar bump function argument, we know that D;V|;, depends only
on values of V(t) near ty. Suppose that locally on a chart, we have

V() =3 V0 Cf

J

~(t)
for some Vj : I — R. Then we must have

. 0

DV, = > V;(t) e
: J
J

by the Leibniz rule and the second property. But every term above is uniquely
determined. So it follows that D;V must be given by this formula.

To show existence, note that the above formula works locally, and then they
patch because of uniqueness. O

Proposition. Any vector bundle admits a connection.

Proof. Cover M by U, such that E|y_ is trivial. This is easy to do locally, and
then we can patch them up with partitions of unity. O

Note that a connection is not a tensor, since it is not linear over C*°(M).
However, if dg and dg are connections, then

(g —dg)(fs) =df @ s+ fdgs — (df @ s+ fdgS) = f(dg — dg)(s).

So the difference is linear. Recall from sheet 2 that if E, E’ are vector bundles

and
a:QYE) = QUE)

is a map such that

a(fs) = fals)
for all s € Q°(E) and f € C°°(M), then there exists a unique bundle morphism
§: E — E' such that

a(s)lp = &(s(p))-

Applying this to o = dp — dg : QUE) — QYE) = Q°(E ® T*M), we know
there is a unique bundle map

EE—-ET'M

such that R
de(s)lp = de(s)|p + £(s(p)).

So we can think of dg — dg as a bundle morphism
E—-EQT"M.
In other words, we have
dg —dg € Q(E® E* @ T*M) = Q'(End(E)).
The conclusion is that the set of all connections on FE is an affine space modelled

on QY(End(E)).
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Induced connections

In many cases, having a connection on a vector bundle allows us to differentiate
many more things. Here we will note a few.

Proposition. The map dg extends uniquely to dg : QP(E) — QPTY(E) such
that dg is linear and

dp(w®s) =dw® s+ (—1)Pw Adgs,

for s € Q°(E) and w € QP(M). Here w A dgs means we take the wedge on the
form part of dgs. More generally, we have a wedge product
OP(M) x QI(E) — QPTI(E)
(0,8®5) = (@A B) @ s.

More generally, the extension satisfies
d(wAé) =dw A€+ (—1)w Adg€,
where £ € QP(FE) and w € QI(M).

Proof. The formula given already uniquely specifies the extension, since every
form is locally a sum of things of the form w ® s. To see this is well-defined, we
need to check that

dp((fw) @ s) =dr(w® (fs)),

and this follows from just writing the terms out using the Leibniz rule. The
second part follows similarly by writing things out for £ = ® s. O

Definition (Induced connection on tensor product). Let E, F' be vector bundles
with connections dg, dp respectively. The induced connection is the connection
dpgr on E ® F' given by

depgr(s®t) =dps®@t+s®@dpt
for s € QY(E) and t € Q°(F), and then extending linearly.

Definition (Induced connection on dual bundle). Let E be a vector bundle
with connection dg. Then there is an induced connection dg« on E* given by
requiring

d<8?€> = <dE87£> + <87dE*€>7
for s € Q°(E) and & € Q°(E*). Here (-, -) denotes the natural pairing Q°(E) x
Q°(E*) — C=(M,R).

So once we have a connection on F, we have an induced connection on all
tensor products of it.

Christoffel symbols

We also have a local description of the connection, known as the Christoffel
symbols.

(0]
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Say we have a frame ej,---,e, for E over U C M. Then any section
s € QY(E|y) is uniquely of the form

s = s'e;,

where s; € C*°(U,R) and we have implicit summation over repeated indices (as
we will in the whole section).
Given a connection dg, we write

dge; = @Z X e ,
where ©7 € Q'(U). Then we have

dgs = dgs'e; = ds' @ e; + s'dge; = (dsj + @Zsz) ® e,

We can write s = (s!,---,s"). Then we have

dgs = ds + Os,

where the final multiplication is matrix multiplication.
It is common to write

dg =d+ 0,

where © is a matrix of 1-forms. It is a good idea to just view this just as a
formal equation, rather than something that actually makes mathematical sense.

Now in particular, if we have a linear connection V on T'M and coordinates
X1, , &, on U C M, then we have a frame for TM|y given by 01, ,0p. So
we again have

dpd; = OF ® 0.

where ©F € Q1 (U). But we don’t just have a frame for the tangent bundle, but
also the cotangent bundle. So in these coordinates, we can write

oF =T% da’,

where T'%, € C>°(U). These I'5; are known as the Christoffel symbols.
In this notation, we have

Vo,0; = (dg0;, 9;)
= (Tf; da’ @ O, ;)
=TI%,0%.

8.2 Geodesics and parallel transport

One thing we can do with a connection is to define a geodesic as a path with
“no acceleration”.

Definition (Geodesic). Let M be a manifold with a linear connection V. We
say that v: I — M is a geodesic if

D5(t) = 0.
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A natural question to ask is if geodesics exist. This is a local problem, so we
work in local coordinates. We try to come up with some ordinary differential
equations that uniquely specify a geodesic, and then existence and uniqueness
will be immediate. If we have a vector field V' € J(v), we can write it locally as

V=Vig;,
then we have o _
D,V = Vjﬁj + VJVWO)aj.
We now want to write this in terms of Christoffel symbols. We put v =
(71, ,¥n). Then using the chain rule, we have

D,V = V¥, 4+ VI4'Vy,0;
= (V¥ + VI5TE)0y.
Recall that ~ is a geodesic if D;4 = 0 on I. This holds iff we locally have
A+ 45T = 0.
As this is just a second-order ODE in ~, we get unique solutions locally given
initial conditions.
Theorem. Let V be a linear connection on M, and let W € T, M. Then there
exists a geodesic 7 : (—e,e) — M for some £ > 0 such that
4(0) = W.
Any two such geodesics agree on their common domain.
More generally, we can talk about parallel vector fields.

Definition (Parallel vector field). Let V be a linear connection on M, and
v : I — M be a path. We say a vector field V' € J(v) along ~ is parallel if
D, V(t)=0forallt el

What does this say? If we think of D; as just the usual derivative, this tells
us that the vector field V' is “constant” along 7 (of course it is not literally
constant, since each V' (¢) lives in a different vector space).

Example. A path v is a geodesic iff ¥ is parallel.
The important result is the following:

Lemma (Parallel transport). Let to € I and § € T, ,)M. Then there exists a
unique parallel vector field V' € J () such that V(tg) = &. We call V the parallel
transport of £ along 7.

Proof. Suppose first that v(I) C U for some coordinate chart U with coordinates
X1, ,&y. Then V € J(v) is parallel iff D,V = 0. We put

, 0
— 342
V=> V() o
Then we need
VFE+ VIS =0.
This is a first-order linear ODE in V' with initial condition given by V (¢g) = &,
which has a unique solution.
The general result then follows by patching, since by compactness, the image
of v can be covered by finitely many charts. O
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Given this, we can define a map given by parallel transport:

Definition (Parallel transport). Let v : I — M be a curve. For tg, t1, we define
the parallel transport map

Pioty + Ty M = Ty M
given by & — Ve(t1).

It is easy to see that this is indeed a linear map, since the equations for
parallel transport are linear, and this has an inverse P4, given by the inverse
path. So the connection V “connects” T ;)M and T, M.

Note that this connection depends on the curve 7 chosen! This problem is in
general unfixable. Later, we will see that there is a special kind of connections
known as flat connections such that the parallel transport map only depends on
the homotopy class of the curve, which is an improvement.

8.3 Riemannian connections

Now suppose our manifold M has a Riemannian metric g. It is then natural to
ask if there is a “natural” connection compatible with g.

The requirement of “compatibility” in some sense says the product rule is
satisfied by the connection. Note that saying this does require the existence of a
metric, since we need one to talk about the product of two vectors.

Definition (Metric connection). A linear connection V is compatible with g (or
is a metric connection) if for all XY, Z € Vect(M),

Vxg(Y;2) = g(VxY, Z) + g(Y,Vx 2Z).
Note that the first term is just X (g(Y, Z)).

We should view this formula as specifying that the product rule holds.
We can alternatively formulate this in terms of the covariant derivative.

Lemma. Let V be a connection. Then V is compatible with ¢ if and only if for
ally: I — M and V,W € J(v), we have

d
at?

Proof. Write it out explicitly in local coordinates. O

(V(#), W()) = g(D:V (1), W(t)) + g(V (t), D:W (1)) (%)

We have some immediate corollaries, where the connection is always assumed
to be compatible.

Corollary. If VW are parallel along v, then g(V(t), W (t)) is constant with
respect to t.

Corollary. If v is a geodesic, then || is constant.
Corollary. Parallel transport is an isometry.

In general, on a Riemannian manifold, there can be many metric conditions.
To ensure that it is actually unique, we need to introduce a new constraint,
known as the torsion. The definition itself is pretty confusing, but we will chat
about it afterwards to explain why this is a useful definition.
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Definition (Torsion of linear connection). Let V be a linear connection on M.
The torsion of V is defined by

T(X,Y)=VxY - VyX — [X,Y]
for X,Y € Vect(M).

Definition (Symmetric/torsion free connection). A linear connection is sym-
metric or torsion-free if 7(X,Y) =0 for all X,Y.

Proposition. 7 is a tensor of type (2,1).
Proof. We have
T(fX,Y) = VyxY = Vy(fX) = [fX,Y]
=fVxY -Y(/)X - fVy X — fXY+Y(fX)
= f(VxY - VyX - [X,Y])
= fr(X,Y).
So it is linear.

We also have 7(X,Y) = —7(Y, X) by inspection. O

What does being symmetric tell us? Consider the Christoffel symbols in
some coordinate system xz1,--- ,z,. We then have

0 0
[axxaxﬂ =0

a 0

So we have

=T},00 — %0,

So we know a connection is symmetric iff the Christoffel symbol is symmetric,
ie.
k k
i =Ty

Now the theorem is this:

Theorem. Let M be a manifold with Riemannian metric g. Then there exists
a unique torsion-free linear connection V compatible with g.

The actual proof is unenlightening.

Proof. In local coordinates, we write

g= Zgij dxz X de.

Then the connection is explicitly given by

1
Ff’j = 59“(51'9,7'@ + 0;9i¢ — 0vgij),

where ¢g*¢ is the inverse of Gij-
We then check that it works. O
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Definition (Riemannian/Levi-Civita connection). The unique torsion-free met-
ric connection on a Riemannian manifold is called the Riemannian connection
or Levi-Civita connection.

Example. Consider the really boring manifold R™ with the usual metric. We
also know that TR™ = R™ — R" is trivial, so we can give a trivial connection

9 9
e (fax»> =4O o

In the V notation, we have

Vx (fa‘Z) = X() o

It is easy to see that this is a connection, and also that it is compatible with the
metric. So this is the Riemannian connection on R".

This is not too exciting.

Example. Suppose ¢ : M C R" is an embedded submanifold. This gives us a
Riemannian metric on M by pulling back

g = ¢ grn

on M.
We also get a connection on M as follows: suppose X,Y € Vect(M). Locally,
we know XY extend to vector fields X,Y on R™. We set

VxY =n(VzY),

where 7 is the orthogonal projection T,(R™) — T,,M.
It is an exercise to check that this is a torsion-free metric connection on M.

It is a (difficult) theorem by Nash that every manifold can be embedded in
R™ such that the metric is the induced metric. So all metrics arise this way.

8.4 Curvature

The final topic to discuss is the curvature of a connection. We all know that R"
is flat, while S™ is curved. How do we make this precise?

We can consider doing some parallel transports on S™ along the loop coun-
terclockwise:

We see that after the parallel transport around the loop, we get a different vector.
It is in this sense that the connection on S? is not flat.
Thus, what we want is the following notion:
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Definition (Parallel vector field). We say a vector field V' € Vect(M) is parallel
if V is parallel along any curve in M.

Example. In R?, we can pick £ € ToR? = R?. Then setting V(p) = £ € T,R? &
R? gives a parallel vector field with V(0) = €.

However, we cannot find a non-trivial parallel vector field on S2.

This motivates the question — given a manifold M and a £ € T, M non-zero,
does there exist a parallel vector field V' on some neighbourhood of p with
Vi(p) =¢?

Naively, we would try to construct it as follows. Say dim M = 2 with
coordinates z,y. Put p = (0,0). Then we can transport £ along the line {y = 0}
to define V' (x,0). Then for each «, we parallel transport V(«, 0) along {z = a}.
So this determines V (z, y).

Now if we want this to work, then V' has to be parallel along any curve, and
in particular for lines {y = 8} for 8 # 0. If we stare at it long enough, we figure
out a necessary condition is

So the failure of these to commute tells us the curvature. This definition in fact
works for any vector bundle.

The actual definition we will state will be slightly funny, but we will soon
show afterwards that this is what we think it is.

Definition (Curvature). The curvature of a connection dg : Q°(E) — QY(E) is
the map
Fp=dpodp:QY(E)— Q*E).

Lemma. Ff is a tensor. In particular, Fr € Q?(End(E)).

Proof. We have to show that Ff is linear over C*°(M). We let f € C*°(M) and
s € QY(E). Then we have

Fr(fs)=drde(fs)

=dp(df @ s+ fdgs)
=d®f®@s—df ANdgs+df Adgs+ fdEs
= fFg(s) O

How do we think about this? Given X,Y € Vect(M), consider

Fp(X,Y):Q%E) = QYE)
FE(X’ Y)(S) = (FE(S))(X7 Y)

Lemma. We have
FE(AX7 Y)(S) = VvaS — VyVXS - V[X)y]s.
In other words, we have

Fp(X,Y) = [Vx,Vy] - Vixy)-
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This is what we were talking about, except that we have an extra term Vx yj,

which vanishes in our previous motivating case, since % and % commute in
K J

general.

Proof. We claim that if y € Q'(E), then we have
() (X, Y) = Ve (u(Y)) = Vy (5(X)) — (X, V).
To see this, we let = w ® s, where w € (M) and s € Q°(E). Then we have
dpp=dw®s—wAdgs.
So we know
dpp)(X,Y) =dw(X,Y)® s — (wAdgs)(X,Y)
By a result in the example sheet, this is equal to

= (Xw@) -YwX) —w(X,Y])®s
—w(X)Vy(s) +w(¥)Vx(s)

=Xw¥)®s+w(Y)Vxs
—Yw(X)®s+w(X)Vys) —w([X,Y])®s

Then the claim follows, since

p((X,Y]) = (X, Y]) @5
Vx(u(Y)) = Vx(w(Y)s)
=Xwl)®s+w(lY)Vxs.

Now to prove the lemma, we have

= Vx((des)(Y)) = Vy ((des)(X)) — (des)([X,Y])
= VvaS—VyVXS—V[X)y]S. O

Definition (Flat connection). A connection dg is flat if Fgp = 0.
Specializing to the Riemannian case, we have

Definition (Curvature of metric). Let (M, g) be a Riemannian manifold with
metric g. The curvature of g is the curvature of the Levi-Civita connection,
denoted by

F, € Q*(End(TM)) = Q°(A*T*M @ TM @ T*M).
Definition (Flat metric). A Riemannian manifold (M, g) is flat if F, = 0.

Since flatness is a local property, it is clear that if a manifold is locally
isometric to R™, then it is flat. What we want to prove is the converse — if you
are flat, then you are locally isometric to R™. For completeness, let’s define what
an isometry is.
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Definition (Isometry). Let (M, g) and (N, ¢’) be Riemannian manifolds. We
say G € C*°(M, N) is an isometry if G is a diffeomorphism and G*¢' = g, i.e.

DG|p : TpM — Tg(p)N
is an isometry for all p € M.

Definition (Locally isometric). A manifold M is locally isometric to N if for
all p € M, there is a neighbourhood U of p and a V' C N and an isometry
G:U—-V.

Example. The flat torus obtained by the quotient of R? by Z? is locally isometric
to R?, but is not diffeomorphic (since it is not even homeomorphic).

Our goal is to prove the following result.

Theorem. Let M be a manifold with Riemannian metric g .Then M is flat iff
it is locally isometric to R”.

One direction is obvious. Since flatness is a local property, we know that if
M is locally isometric to R™, then it is flat.
To prove the remaining of the theorem, we need some preparation.

Proposition. Let dimM =n and U C M open. Let Vy,--- ,V,, € Vect(U) be
such that

(i) For all p € U, we know Vi(p),--- ,V,(p) is a basis for T,,M, i.e. the V; are
a frame.

(ii) [V4,V;] =0, ie. the V; form a frame that pairwise commutes.

Then for all p € U, there exists coordinates x1,--- ,x, on a chart p € U, such
that 9
Vi=—.
! 8331

Suppose that ¢ is a Riemannian metric on M and the V; are orthonormal in
Tp,M. Then the map defined above is an isometry.

Proof. We fix p € U. Let O; be the flow of V;. From example sheet 2, we know
that since the Lie brackets vanish, the ©; commute.

Recall that (0;):(q) = 7(¢), where v is the maximal integral curve of V;
through q. Consider

a(tla to 7tn) = (Gn)tn o (®n)tn—1 00 (61)t1 (p)

Now since each of ©; is defined on some small neighbourhood of p, so if we just
move a bit in each direction, we know that « will be defined for (to,-- ,t,) €
B = {|t;| < e} for some small .

Our next claim is that 5
Da|— | =V,
@ <8t,»> Vi
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whenever this is defined. Indeed, for t € B and f € C°>°(M,R). Then we have

0 0]
v (57| ) ()= 57| rati )
0 _—
— | F(©)10(On)z, 0++0 (B0)r, 0+ 0 (O1) ()
ilg
= Vz‘a(t)(f)
So done. In particular, we have
0
Dalo (8tz 0) = Vi(p),

and this is a basis for T,M. So Dalg : ToR™ — T, M is an isomorphism. By the
inverse function theorem, this is a local diffeomorphism, and in this chart, the
claim tells us that

0
Vi = .
! 6351
The second part with a Riemannian metric is clear. O

We now actually prove the theorem

Proof of theorem. Let (M, g) be a flat manifold. We fixp € M. Welet zq,--- ,z,
be coordinates centered at pp, say defined for |z;| < 1. We need to construct
orthonormal vector fields. To do this, we pick an orthonormal basis at a point,
and parallel transport it around.

We let ey, -+, e, be an orthonormal basis for T,,M. We construct vector
fields Ey,--- , E, € Vect(U) by parallel transport. We first parallel transport
along (x1,0,---,0) which defines F;(x1,0,---,0), then parallel transport along
the xo direction to cover all F;(x1, 22,0, -+ ,0) etc, until we define on all of U.
By construction, we have

on {zg41 =+ =x, =0}
We will show that the {E;} are orthonormal and [E;, E;] = 0 for all 4, j. We
claim that each F; is parallel, i.e. for any curve ~y, we have

D,E; =0.
It is sufficient to prove that
V;E; =0
for all 4, 5.
By induction on k, we show
V;E; =0
for j <k on {zy41 =--- =, = 0}. The statement for k = 1 is already given

by (*). We assume the statement for k, so

V,E; =0 (A)

84



8 Connections IIT Differential Geometry

for j <k and {xx41 =+ =z, =0}. For j = k+ 1, we know that Vi1 F; =0
on {xyi2 =+ =z, =0} by (*). So the only problem we have is for j = k and
{Zky2 ==z, =0}.

By flatness of the Levi-Civita connection, we have

[Vk;+1, vk] = v[3k+1,3k] = 0.

So we know

Vi1Vl = ViV E; =0 (B)
on {Tgyo = - = x, = 0}. Now at 251 = 0, we know VE; vanishes. So it
follows from parallel transport that Vi F; vanishes on {zj2 =--- =z, = 0}.

As the Levi-Civita connection is compatible with g, we know that parallel
transport is an isometry. So the inner product product g(E;, E;) = g(e;, e5) = di5.
So this gives an orthonormal frame at all points.

Finally, since the torsion vanishes, we know

[Ei, Ej] = Vg, E; — Vg, E; =0,
as the F; are parallel. So we are done by the proposition. O

What does the curvature mean when it is non-zero? There are many answers
to this, and we will only give one.

Definition (Holonomy). Consider a piecewise smooth curve ~ : [0, 1] — M with
~v(0) = (1) = p. Say we have a linear connection V. Then we have a notion of
parallel transport along ~.

The holonomy of V around ~: is the map

H:T,M — T,M

given by
H(&) = V(1)

where V is the parallel transport of ¢ along .
Example. If V is compatible with a Riemannian metric g, then H is an isometry.

Example. Consider R™ with the usual connection. Then if £ € TyR", then
H (&) = £ for any such path v. So the holonomy is trivial.

Example. Say (M,g) is flat, and p € M. We have seen that there exists a
neighbourhood of p such that (U, g|v) is isometric to R™. So if v([0,1]) € U,
then H = id.

The curvature measures the extent to which this does not happen. Suppose

we have coordinates 1, -+ , 2, on some (M, g). Consider v as follows:
(O,t,"‘,O) ~< (S,t,”~,0)
Y A
0 > (5,0,---,0)
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Then we can Taylor expand to find

H:id+Fg<ai
1

,=—| | st+O(s%t, st?).
P 81'2 p>
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