MANIFOLD GEOMETRY AND ANALYSIS

NOTES BY YOUSUF SOLIMAN

ABSTRACT. These notes were compiled for me to get a better grasp of geometry and analysis on manifolds. I decided to
work on these notes to explore and expand on the material taught in Differential Geometry (21-759) by Dejan Slepcev at
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CHAPTER 1

Basic Riemannian Geometry

1. MANIFOLDS.
Intuitively, an n-dimensional manifold is a topological space that locally looks like R".

manifold nonmanifold

The formal definition is the following:
Definition 1.1. An n-dimensional manifold is a second countable Hausdorff topological space M endowed with

a maximal atlas .«/. o

In the next sections I will explain what this definition means, why this is a sensible definition, and provide some
examples.

1.1. Charts and atlases. Let M be a topological space.
Definition 1.2. A chart is a homeomorphism ¢ : U — U from an open subset U € M to an open subset U CR™. ¢
Remark 1.3. Note that the components X, ..., x, of ¢ define a local coordinate system on M. o
Definition 1.4. Two charts @, : U; — U; and @, : U, — U, are called compatible if the transition maps

po0 ‘PII 1 1(Up NUR) = (U NU,)  and

P10 ‘P; 12U NUy) = ¢1(U; N U,)

are smooth. o
Definition 1.5. An atlas .« on M is a collection

A ={p;: U —-U :iel}

M=|]Ju.

i€l

of pairwise compatible charts such that

Definition 1.6. An atlas .«¢ is called maximal if for every atlas % with .« C 2 it holds that .o/ = 2. o
3
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Rl’l Jn

FIGURE 1. The key idea that will show up time and time again is that we can leverage the notion
of differentiability in R” to talk about differentiability on manifolds.

The reason why we would like to only work with maximal atlases is that we would like to rule out the possibility
of creating a different manifold by (trivially) enlarging the atlas. Often a maximal atlas is referred to as a smooth
structure on M. A smooth structure dictates precisely how the locally Euclidean geometry of the smooth manifold
behaves!

Theorem 1.7. Every atlas ./ is contained in a unique maximal atlas .<f.

Proof. Consider the family
F :={B—anatlas : .o/ C B}.

Note that & is partially ordered by inclusion. We claim that & is a chain-complete poset. Consider any chain
{.#,}4en, and note that
U

aEA

is also an atlas. So we have that the hypothesis of Zorn’s lemma are satisfied and so there is some maximal atlas
&/ containing .of .

Now we prove uniqueness. Suppose that ./* is another maximal atlas that contains .«f. So we have that .&* C
&/* U .o/ which implies that .&/* = .&* U . by the maximality of .&/* and so we have that .&/ C .&/* and so we
have that .« = .&/* by the maximality of .«/. O

Given the result of this theorem we can specify a manifold simply as a pair (M, .« ) where M is a second countable
Hausdorff topological space and .«f is an atlas on M. In this representation of a manifold the atlas .« represents
the unique maximal atlas containing .</.

Example 1.8. We will show that we can endow R with two distinct smooth structures. Consider the two atlases:
o :={id:R— R} and
B = {x — x3}.

Now we will show that .« and 9 define two different manifolds on R. Namely, we will show that .«f and 2 are
not compatible. Let ¢(x) = x and 2(y) = y>, notice that ¢ € .of and 1) € % and we have that

poy(x)=vx.

So we have that the transition maps are not smooth at 0. Hence, we have shown that R has two distinct smooth
structures. Note that (R, ./) is diffeomorphic to (R, 8) — just not via the identity! S
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1.2. Topological assumptions on M. The topological assumptions we make in ?? are used to rule out certain
undesirable pathologies. To understand why exactly these are undesirable it is useful to take the standpoint that
a manifold should be determined by its smooth functions.

Example 1.9 (R with a double origin). Consider

M :=Rx{0}URXx {1}/ ~
with (x,0) ~ (x,1) whenever x # 0. This is a real line with two origins o = [(0,0)] and o* = [(0,1)] and there
is no smooth (or even continuous) function which can distinguish between o and o*. o

Example 1.10 (Long line). The long line L is obtained by sticking together uncountably many copies of [0, 1).

Formally, the construction is as follows: Let £ denote the smallest uncountable well-ordered set and set L :=
Q2 x[0,1). The lexicographical order < makes L into a totally ordered set; and hence, a topological space via the
order topology. The order topology is the topology generated by the basis of open intervals

(x,2):={yel:x<y=<z}
Now we can endow L with an atlas with charts ¢ : {w} x [0,1) U {w} x (0,1) — (=1, 1) defined via
o(w,t)=t—1 and ¢(o’,t)=1.
In the above w’ is the successor of w.

L has a number of undesirable properties. The most undesirable of them all is that it does not admit a Riemannian
metric. o

These topological assumptions not only rule out undesirable pathologies, but also provide us with some of the
technical machinery necessary to study the geometry of manifolds (such as allowing us to construct partitions of
unity). For example, the Hausdorff assumption ensures that limits of sequences are unique and that compact sets
are closed. Now we provide a few technical results that will be key in our analysis.

Theorem 1.11. A smooth manifold is paracompact.

Proof. Let M be a smooth manifold as defined in 4. First we show that M admits a compact exhaustion, that is
an increasing sequence of compact sets {K;};cy such that
M=| K
ieN
and
K; cintK;
foralli e N.

Since M is second countable we can find a countable base 8B = {V;};cy of the topology on M. Note that without
loss of generality we may assume that each V; has compact closure since M is locally homeomorphic to Euclidean
space, and therefore locally compact. So we may restrict to those V; that have compact closure. Now define

K1=Vl.

We will construct the sequence {K,,} inductively. Suppose that K,, has been defined. Let i,, be the smallest integer
such that
K,CV;U---UV,.
Now define
Ky :=ViU--- UV, .
It is easy to see that the sequence {K;};cy is @ compact exhaustion of M.

Now we show that M is paracompact. Consider a compact exhaustion {K;};cy of M. For all i € N define U; :=
intK;. Note that U; C K; is compact for every i € N and the U, form an open cover of M with the property that
U; € U,,,. Now consider any open cover {V,},c, of M. Note that U; \ U;_, is compact for all i € N. For all i > 3
we have that U; \ U,_; is covered by the open sets

Vii i=VaNUi 0 (T2)".
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Now we can find a finite subcover ¥ since the set is compact. Similarly, for i = 1,2 we can let
Voi =V, NUs.
So again we can find a finite subcover ¥;.

Now we claim that

U

ieN
is a locally finite refinement of {V,}. It is clearly a refinement since V,; C V, for all a € A and i € N. To see that
it is locally finite consider any point p € M. Note that there is a smallest i € N such that p € U; and p ¢ U;_;. So
we have that p € U; \ U,_; for some i € N. Now we can consider the open set O := U; \ U;_,. By construction

we have that the only sets that intersect O are elements of ¥, ¥, and ¥;_;, which are all finite. Lastly, we have
that the collection is a cover by construction.

Since {V,} was an arbitrary cover we have that any cover admits a locally finite, countable refinement, and so we
have that M is paracompact as desired. O

Now we come to one of the fundamental lemmas needed — a smooth version of Urysohn’s lemma.

Lemma 1.12 (Smooth Urysohn’s Lemma). If M is a smooth manifold and C,,C; C M are disjoint closed sets then
there exists a smooth function f : M — [0, 1] such that Cy = f'(0) and C; = f(1).

Proof. The proof is almost identical to the standard proof of Urysohn’s lemma, but since we have the language of
smooth manifolds it can easily be modified to show that the functions are smooth. The proof is left as a simple
exercise to the reader. U

Now we come to the construction of partitions of unity, which we will need.

Lemma 1.13. Let M be a smooth manifold. Any countable locally finite covering {U; : i € I}, where I is an (at most
countable) index set, of open sets has a partition of unity subordinate to this covering.

Proof. For every i € I we can use the smooth Urysohn lemma to find functions A; : M — [0, 1] such that A;"(0) =
M \ U;. As the cover is locally finite, we have that the sum >_._; A; is well defined. Furthermore, it is always
positive as {U; : i € I} cover M. Now we can define

i€l

Ai
$i = >
Ziel Ai
which is a partition of unity subordinate to the covering {U; : i € I}. |

An interesting consequence of these topological assumptions is the following theorem due to Milnor.

Theorem 1.14. If M is a non-empty connected 1-dimensional manifold, then it is diffeomorphic to either S' or R.

This result has a very similar flavor to the famous uniformization theorem for Riemann surfaces. We will prove
this result later on — an original (sketch of the) proof can be found in the appendix of []. Although this in some
sense coincides with our intuition, this isn’t a the best justification of the topological assumptions on M, in and
of itself, since there are many spaces that can be endowed with (non-diffeomorphic) exotic smooth structures.

In light of the fact that paracompact spaces are normal and Urysohn’s metrization theorem we have that all smooth
manifolds are metrizable.
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1.3. Orientability. We present a global notion of orientation on manifolds. This will be key in understanding
integration on manifolds in the next section. It will also allow us to better understand the examples that will arise
time and time again throughout these notes.

Definition 1.15. Let M be a smooth manifold. An orientation on M is a subatlas .o/ such that all of the transition
functions have det(dt) > 0. o

Definition 1.16. A M is orientable if it admits an orientation. If M does not admit an orientation, we say that
M is non-orientable. o

Definition 1.17. Two distinct orientations determine the same orientation if their union is an orientation. <

Proposition 1.18. Let M be a smooth orientable and connected manifold. Then there exist exactly two distinct
orientations on M.

We delay this proof until we introduce differential forms, since we obtain a less brute force approach to analyzing
orientability.

1.4. Examples. Now we present a few examples of manifolds.
Example 1.19 (). The empty set is a manifold; in fact, it is an n-dimensional manifold for every n€ NU {0} o
Example 1.20 (R"). R" is a manifold with atlas .e# = {id : R® — R"}. o
Example 1.21 (S™). Consider the n-sphere

S" = {x eR™ : x| = 1}.
Let

Ut:={xes"\(0,---,0,+1)} and
U :={xeSs"\(0,---,0,—1)}.

The maps ¢, : U* — R" defined by
(X155 %)
x) = ——
p+(x) 1Fx,,

are charts on S". To see that ./ = {¢,, p_} defines an atlas on S§", we need to compute the transition maps. Note
that

_ 1_xgﬂ

(1 F xp)?

— (1 _xn+1)(1 + xn+1)
(1 F xp41)?

_ 1 ixn+1

B 1:Fxn+l‘

()

So we see that

(pi(x) _ (xl;”-’xn) 1:Fxn+l _ (xl"";xn) _
2 ’ + - + - ‘pZF(X)

|S0i(x)| 1:FXn+1 1 Xpt1 1 Xnt1
for x € Ut N U~. Now we can compute the transition maps trivially:

_ (0 (X)) x
(prop )(X)= o = —,
s o (@GN IxP?
which is clearly smooth on the domain of the transition maps since ¢, o cp: :R"\ {0} - R"\ {0}. So we have
that .«/ is indeed an atlas on S".
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<

Example 1.22 (Normed vector space). Let (V,|| - ||) be a normed n-dimensional vector space. This norm induces
a topology (which is independent of the chosen norm) on V. Pick a basis {e;}"_; of V. Define ¢ : V. — R" via

> diei = (Aases ).
i=1

Note that @ is a vector space isomorphism, as well as homeomorphism. So we have that . ={¢ : V - R"} isa
smooth atlas / global chart on V. Note that since a linear coordinate change with matrix P € GL(V) is a smooth
diffeomorphism the standard smooth structure on V determined above is independent of choice of basis. o

Example 1.23. If M is a smooth manifold and Q2 € M is open, then Q is also a smooth manifold when endowed
with the subspace topology. More precisely, given a smooth atlas . = {y; : U; = U; : i € I} on M we have that
B ={pilq:U;NQ—U; : i €l}isasmooth atlas on Q. o

Example 1.24. Consider the real projective space RP" of 1-dimensional subspaces of R**!, or equivalently R***\
{0}/R*. Given (x,,...,x,) € R*"\ {0}, we write [x, : --- : x,,] to represent the corresponding element of RP".
These are called homogenous coordinates. To obtain an atlas, note that RP" is covered by

U i={[xg:-.,ixj_1 s Lixg oo x,0)
fori=0,...,n and ¢ : U; — R" defined by
Qillxg oo, xisg i Lixq tee, X0 ]) i = (0, e oo s Xiy e e vy X))

is a chart, where X; means that x; is omitted.

Note that
_ ~ 1 -
; ocpjl(xo,...,xj,...,xn)z x—(xo,...,xl-,...,xj_l,l,xjﬂ,...,xn),
i
and so therefore ./ = {, : U; — R"}"_ defines an atlas on RP". o

Example 1.25. In a completely analogous way one can define the complex projective space CP" of 1-dimensional
complex subspaces of C**!. CP" has complex homogenous coordinates and those induce a natural atlas on CP".
In fact, this atlas endows CP" the structure of a complex manifold. o

Example 1.26 (Grassmanian). Let Gr,(R") denote the Grassmannian, that is, the space of k-dimensional sub-
spaces of R". Here we show that Gr,(R") is a smooth compact manifold. Later we will show that a general (pos-
sibly infinite dimensional) version of the Grassmanian is a Banach manifold, from which the fact that Gr,(R") is
a smooth compact manifold follows.

Consider the map

{T € hom(R¥,R") : rank(T) = k}/GL(R*) — Gr(R")
[T]~ im(T).
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This map is a bijection, and the action of GL(RF) is free. We equip Gr(R") with the quotient topology, which is
Hausdorff and second countable. Now consider the set of indices
I:= {(il""’ik) 01 Sll < <lk Sn}.
ForI €1set
U; := {T € hom(R*,R") : det(T;))ics jefk)j 0/ GL(RY)
Now recall from basic linear algebra that a rank k matrix must have at least one non-vanishing k x k minor, so we
deduce that U; form an open cover of Gr,(R"). Now define charts ¢, : U; — hom(R¥,R"¥) as follows: without

loss of generality (by reindexing) we can assume that I = (1,2,...,k). Given [T] € U,;, we can use Gaussian
elimination to find a unique g € GL(R¥) such that

Ljex
o)

where 1, is the k x k identity matrix and B € hom(R"*,R¥). We now define ¢;([T]) := B. This is clearly
well defined, in the sense that it does not depend on the representative. Now we show that .« := {¢; : U; —
hom(R"*, R¥) = R(" )k} is an atlas.

i

Proposition 1.27. Let (M,./) and (N, ) be manifolds of dimension m and n respectively. There is a unique
maximal atlas on M x N such that the projection maps M x N — M and M x N — N are smooth.

Proof. Suppose there is a maximal atlas % with respect to which the pI‘OjeCtIOI‘l maps are smooth. If ¢ : U — U
and v : V — V are charts on M and N respectively, then ¢ x v : U x V — U x V is a chart in 6.

Conversely, the set of all such charts defines an atlas with respect to which the projection maps are smooth.
Indeed, we have that
U UuxVvs=MxnN,
PaCA PER
and if
(U x V)N (U, x V5) # 0
then we have that
(py xP5)o(a X Ps) ™ = (0,0 9,1) x (Y5 0p)
is clearly smooth since M and N are smooth manifolds. So we see that this defines a smooth structure on the
Cartesian product M x N. With respect to this atlas we clearly have that the projection maps are smooth. ]

1.5. Smooth maps between manifolds. We now present the natural notion of a smooth map between manifolds.
Since we don’t have a natural way to talk about differentiation on arbitrary topological spaces, we pull back into
local coordinates using the atlas and check that the smoothness holds between subsets of R".

Definition 1.28. Let (M,.«) and (N, 9) be two smooth manifolds. A continuous map f : M — N is called
smooth if for all charts ¢ : U - U in ./ and ¢ : V — V in 8B we have that

Yofop ioUNf (V) 1p(V)
is smooth. The space of all smooth maps f : M — N is denoted by ¢ °°(M,N). °

Theorem 1.29. If f : M — N and g : N — O both are smooth maps between manifolds, then sois go f : M — O.
Proof. O

We reserve the term smooth function for smooth maps into R. The space of all smooth functions on M is denoted
by 6 °°(M).

Now we present an alternative perspective for thinking about smooth functions between manifolds. Note that for
any function F : M — N we have a natural dual (or pullback) that takes functions defined on subsets of N to
functions defined on subsets of M. Namely, for any function f : AC N — R we define

F*(f)=foF:F'(A)CM —R.
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Now we present the following lemma which motivates this alternative notion of smoothness.

Lemma 1.30. A function F : M — N is continuous if and only if F*(f) is continuous for all continuous functions
f :AC N — R defined on open subsets of N.

Proof.

(=) First suppose that F : M — N is continuous. Now consider any arbitrary f : A C N — R where A is
an open set. Now it is immediate that F*(f) = f o F is continuous since it is the composition of two
continuous functions.

( <) Now suppose that F*(f) is continuous for all continuous functions f : A C N — R defined on open subsets
of N.

Fix an open set U C N. Now choose a continuous function A : N — [0, 00) such that A7 ((0, 00)) = U.
Now we have that

(F*(A))((0,00)) = (Ao F)'((0,00)) = F ' (A7((0,00))) = F (V).

Note that this is open since we have that F*(A) is open by assumption, and so we have that F is continuous
since U was arbitrary.

]

So we see that F : M — N is continuous if and only if F*(¢°(N)) ¢ ¢°(M). This suggests that a function
F : M — N is smooth if and only if F*(6°°(N)) Cc 6 °°(M). The following proposition shows several equivalent
notions of smoothness:

Proposition 1.31. Let f : M — N be continuous. Then the following conditions are equivalent:

(1) If B is an atlas on N (a differentiable structure), then F*(98) C €°°(M).
(2) F* (647 (N)) c 6> (M). B
(3) Forallcharts ¢ : U — U of M and ¢ : V — V of N we have that

YpoFoyp to(UNF (V)= (V)
is smooth.

Definition 1.32. A smooth map f : M — N is called a diffeomorphism if it is bijective and f~' : N —» M is
smooth. The space of diffeomorphisms f : M — M is denoted by Diff(M). o

Definition 1.33. Two manifolds M and N are called diffeomorphic if there exists a diffeomorphism M - N. ¢

Remark 1.34.

o In dimensions n < 3 there is only a single smooth structure that can be put on a topological n-manifold —
if two manifolds are homeomorphic then they have the same smooth structure. As a result in these cases
one generally does not specify the smooth structure.

e There is a unique smooth structure compatible with the Euclidean topology on R", except in the case of
n = 4 where there are infinitely many exotic smooth structures.

¢ The seven-dimensional sphere §7 admits 28 distinct smooth structures which form an abelian monad with
respect to the connected sum.

1.6. Tangent spaces. Throughout this section we will consider an n-dimensional manifold M unless otherwise
specified.

10
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R" R"

FIGURE 2. If two manifolds M and N are diffeomorphic then we say that they have the same
smooth structure since a smooth function on M is also a smooth function on N after being
pushed-forward by the diffeomorphism.

1.6.1. Motivation. Tangent vectors in Euclidean space are thought of as tangents or velocities to curves. When
considering smooth manifolds, we would like tangent vectors to retain this meaning. However, tangent vectors
have no such place to live unless we know the manifold is embedded in Euclidean space. When we think about
tangent vectors in R" we really are thinking about a separate copy of R" at each point of the surface — that is the
tangent space at a point p € R" is really a separate copy of R" translated such that the origin is at p.

Now we present an example of what the tangent bundle (the set of all tangent planes at each point of the surface)
of a sphere is that will motivate the definition of the tangent space that follows.

Example 1.35. We will consider the manifold S" embedded in R*!. Now we would like to consider the set of
vectors tangent to a sphere. By tangent to the sphere we mean that they are velocity vectors for curves in the
sphere. If ¢ : I — S" is a curve then we have that ||c||? = 1 and consequently we have that
¢c=0.
This tells us that the velocity is always perpendicular to the base vector. So the tangent bundle of S" is the
following:
TS" = {(p,v) eR"™ xR™! : |]p|| =1 and (p,v) =0}.
Notice that for any (p,v) € TS" we have that v is the velocity of
c(t)=pcost+vsint,
at the base point p € S" at time t = 0.

This is a very geometric way to describe the tangent space of S", and does not generalize well to arbitrary topo-
logical spaces endowed with a manifold structure. Since S" is a smooth manifold, we have that for every point
p € S™ that we can write

Pns1 = F(P1,.--,Pn)

for some smooth function F - this is just saying that locally we can describe the manifold as the graph of a smooth
function. Now if ¢ : I — S" is a curve, then we have that

Crr1 () = F(cy(2),..., ¢, (1)),

Hence
n

(=3 24 (0),

i=1 ¢

11
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So we see that for the tangent vectors v € T,,S" that we can write

n
OF
Vnt1 = Z a3 Vi
i=1 9x;

That is that we can write v,,,; as a smooth function of our chosen coordinates given that p,,, is a smooth function
of p,,. This last argument is sufficiently general to describe the tangent space of an n-dimensional submanifold of
R™. o

Now that we have worked through this example we go on to formally define the tangent space of a smooth
manifold. Here we present two equivalent notions of the tangent space that each illustrate various important
ways of thinking about tangent vectors.

1.6.2. Tangent vectors as curves. Since we want our tangent vectors to describe the velocities of curves on mani-
folds it is a natural idea to let the curves describe the tangent space of the manifold. Let M be a smooth manifold
and fix p € M. Now we will consider the space of curves that go through p at time zero:

6,(M) := {}f :(—¢y,6)>M:e,>0,y(0)=pandyis smooth}.

Now consider a chart ¢ : U — U containing p. Then we have that ¢ oy is a smooth curve in Euclidean space, and
so we may consider it’s differential in the classical sense.

FIGURE 3. By using the smooth structure of M we are able to pullback smooth curves on the
manifold to Euclidean realizations where we know how to talk about tangent vectors.

Definition 1.36. We say that two curves y; : (—&;,€;) = M and v, : (—&,, £,) = M are equivalent curves if for
all charts ¢ : U — U containing p we have that

d(p 071)(0) =d(p ©7,)(0).
So we have that the differentials agree at the image of p. We write y; ~ 7,. o

Proposition 1.37. Consider v, : (—&,,&,) = M and y, : (—&5,&,) = M. We have that vy, ~ v, if for any chart
¢ : U — U containing p we have that

d(p 071)(0) =d(p ©7,)(0).
That is if two curves are equivalent in one chart containing p, then they are equivalent in all charts containing p.

Proof. Suppose that for some chart ¢ € .« containing p we have that

d(¢ 2 71)(0) = d(¢ © 1,)(0).
Now consider another chart 1) € ./ containing p. We then have that
Yoy =@pop )o(por).

Note that the right hand side is defined on the intersection of the domains of 1 and ¢, which is still an open set,
and so we can talk about derivatives. So we have that

d(yp oy)(0)=d(yp o )od(poy)(0)=d(yp o )od(y oy5)(0) =d(y o y,)(0).

12
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The last step follows since d(v) o ¢ ) is invertible and therefore injective. O

Note that it is clear that ~ defines an equivalence relation on %,(M).
Definition 1.38. The tangent space of M at p is defined as
Wpf .— -
T,"'M :=6,(M)/ ~ .

i

We use the superscript right now to differentiate the two definition of the tangent space, but will eventually just
denote the tangent space as T,M once we show the equivalence between spaces.

Theorem 1.39. The map F,, : Tlgl)M — R" defined via

[y]—d(p cy)(0)
for any chart ¢ containing p is a bijection.

Proof Let ¢ : U — U be a chart containing p. Consider v € R", and consider the curve v, : I, — M defined as

() =" (p(p) +1tv),
where I, is an open interval such that for all t € I, we have that ¢(p) + tv € U. Now we have that
d(¢o7,)(0) =d(e(p)+tv)=v.

Since v € R" was arbitrary we have that F,, is surjective.

Now to see that ¢ is injective note that if F,[y,]) = F,([y,]) then we have that the image of the differentials
coincide at zero, and by definition we have that y; ~ y, and hence [y;] = [y,]. So we see that F,, is injective,
and therefore bijective. O

Remark 1.40. We would like to endow TISDM with a canonical vector space structure. That is we would like TV M
to be isomorphic to R". This vector space structure is not entirely clear, but one can use the map F,, to pullback the
vector space structure of R" into T}EDM . This induces the following vector space operations for [y,],[y,] € T,M

[r1l+[r2l:==[¢ o (pori+¢or,)]
and
clr1]:=[¢ o lcpor)]
Although this vector space structure depends on the choice of coordinates, one can show that this definition is
indeed coordinate invariant.

The main advantage of the next definition of T,M is that there is a clear canonical vector space structure. This
definition using equivalence classes of curves is very geometric in nature and shows us that our definition of
tangent vectors really represent what we would like them to. o

1.6.3. Sheaf-theoretic tangent vectors. Here we present a very different approach to the construction of the tangent
space of a manifold that uses very elementary sheaf-theoretic ideas.

Fix p € M. We will consider the subset 6,(M) C ¥ °°(M) of smooth functions whose domain contains p. Now
we have a natural vector space structure, where we add functions on the intersection of their domains — which
is clearly an open set. To simplify some of the results at the cost of an extra layer of abstraction we will modify
6,(M) to &,(M) by taking the quotient space with the relation being that two functions that coincide on some
neighborhood of p are considered equivalent. The elements of &,(M) are called the germs of functions at p.
This idea is very similar the definition of L? spaces where we consider the quotient space of functions that are
identical almost everywhere. The reason why will use this modification will be clear in light of Proposition 1.45.

Now consider a curve ¢ : I — M with ¢(0) = p. We would like to make sense of the velocity of ¢ at 0. Now for
any coordinate function x; then we have that x o c measures this coordinates component of ¢ in some chart of M.
Similarly, we have that %(x o ¢) measures the change in velocity with respect to f. However, since there is no
canonical way to choose a differentiable framework, or choice of coordinates, we will instead consider all of the
time derivatives of f oc for all f € 6,(M).

13
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Definition 1.41. The velocity of the curve c at O is the map ¢(0)
6,(M) >R

d
fe E(f °¢)(0).

This definition comes from the idea that we can completely determine the velocity of a curve ¢ by the specifying
the directional derivatives with respect to ¢(0) for all smooth functions defined on a neighborhood of p = ¢(0):

Diof = 5(f 0€)(O)

Definition 1.42. A derivation at p is a linear map D : 6,(M) — R that also satisfies the Leibniz product rule for
differentiation at p:

D(fg)=D(f)g(p)+ f(p)D(g)
for all f, g € 6,(M). S

We now prove two important properties of derivations:

Proposition 1.43. Consider some point p € M.

(1) Derivations vanish on constant functions. That is if D is a derivation and c is a constant function we have
that D(c) =0.
(2) If for two functions f, g € 6,(M) such that [f]=[g] in &,(M) then D(f) = D(g).

Proof. Both of these properties are straightforward.

(1) This is straightforward since
D(c)=cD(1)=cD(1-1)=c(D(1)+D(1)) = D(c)=0.

(2) Consider a function f that vanishes on a neighborhood of p. Then we can find A : M — R thatis 1 on a
neighborhood of p and A = 0 on the complement where f vanishes. So we have that Af =0 on M. It
follows that

0=D(Af)=D(A)f (p) + A(p)D(f) = D(f).
So we see that if two functions f, g agree on a neighborhood of p, then f —g vanishes on a neighborhood
of p and so we have that D(f) = D(g).

O

Since functions that coincide on any neighborhood of p have the same derivation, we only consider derivations
defined on the germs of functions at p — we can compute the derivation by choosing any representative.

Definition 1.44. The tangent space of M at p is defined as the vector space of derivations (on &,(M)) at p, and
is denoted by TISZ)M ) o

Proposition 1.45. If p € U C M, where U is open, then T}SZ)U = Tlgz)M :

Proof. This follows directly from 4. Since the &,(M) is a purely local definition we have that &,(M) = &,(U).
The equivalence follows directly from the definition of T}SZ)M . O

Now we show that the velocity of a curve is indeed a derivation at p.

Proposition 1.46. For any smooth curve ¢ : I — M such that c¢(0) = p we have that the map f +— %(f oc)(0)isa
derivation at p.

14
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Proof. This map is clearly linear in f from the fact that differentiation is linear. Note that the Leibniz product rule
also follows from the product rule for differentiation. Indeed, let f, g € 6,(M) and then we have that

d d d
S (Gg)oa0) = (a(f o c)(O)) (g0c)(0) + (f 0c)(0) (E(g o c)(O))

~ (502X )2e) + £ ) 000,
O

Here we can see that restricting derivations to equivalence classes in &,(M) we are doing something analogous to
considering equivalence classes of curves in the definition of Tlgl)M . Notice that in the case of equivalence classes
of curves we are in some sense considering an analog to the space of derivations that arise from curves.

Lemma 1.47. The map R" — T}Sz)M defined via

n

.0 L
VD)= D g o e e (p))

i=1
is an isomorphism for any chart ¢ containing p.

Proof. Fix any chart ¢ € ./ containing p. This mapping is clearly linear. Note that since
D v (xi o ‘P) = Vi
we have that the kernel of the mapping is trivial. So it remains to show that the map is surjective.

Note that for any smooth function f € %6,(M) we have that f o " is a smooth map from R" to R. For simplicity
define g := f o ¢~'. Now we have that since g is a smooth function we have a Taylor expansion formula:

g(x) = g(p(p)) + D (x;— p(p))gi(x)
i=1
where the g; are smooth and g;(¢(p)) = %((p(p)). Namely, we define
1
0
8ix)= f Lo,
0 i
and so we see that
d = Jg
—g(tx) = —=(tx).
7 8(t%) ;x 7 ()
Now consider an arbitrary derivation D € TISZ)M and note that

D(f)=D(g o) =D(g(¢(p)) + Y . [D(x; 0 )& (¢ (p)) + x;(¢(p))D(g; © p)]

i=1

= D(g(w(P)) + Y ,D(x; 0 9)gi((p))
i=1
=" Dxi o 9) 2L (o(p)
i=1 Xi

& 0
= ZD(xi c@)5—(fo ¢ )e(p)).
i=1 !

So now consider the vector
v:=(D(x;0¢),...,D(x,0¢)),
and we see that
D(f)=D,(f).

So we conclude that the mapping is surjective, hence bijective, and thus an isomorphism of vector spaces. |

15



Manifold Geometry & Analysis Yousuf Soliman

It now immediately follows that these two definitions of the tangent space coincide.

Theorem 1.48. The mapping Tp(l)M - Tlgz)M defined via
[y]— D,(f):=d(f = 7)(0),

is an isomorphism of vector spaces.

Proof. Note that the mapping is clearly linear. Since we have bijections between both Tél)M and TPEZ)M with R”
we have that

dim Tlfl)M =dim TIEZ)M =n.

So we have that they mapping is surjective and hence an isomorphism. |
From now on we will denote the tangent space as T, M.

1.6.4. Local basis of the tangent space. Since T,M has a natural vector space structure it will be useful to describe
a natural choice of basis tangent vectors.

Definition 1.49. Let (M,.«/) be a smooth n-dimensional manifold. Consider p € M and let ¢ € .«/ be a chart
containing p. The associated basis of ¢ of T,M is

{i i}
dx,” 7 dx,

where =— ax : 6,(M) — R is the derivation defined by

3(f <p)

0
a—xi(f)— ————(e(p).

It is easy to check that the associated basis of any chart is indeed a basis of the tangent space. This follows from
the proof of 4 that

D)= px 0 H 2P

i=1

(¢(p))
That is
_i:1 dx

and the v' are uniquely determined. One can define a similar associated basis for the tangent space described by
equivalence classes of curves.

Definition 1.50. The cotangent space T,M"* to M at p € M is the vector space of linear functionals on T,M. <

Using local coordinates we obtain a natural dual basis dx; satisfying
G,
dx 5. i
(5)-

n 5 i
dx;(v) = dx; (Z vja—xj) =,

=1

This tells us that

which is that dx; calculates the i coordinate of a vector.

Now we give a change of basis formula for the tangent and cotangent spaces.

16
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Lemma 1.51. Let (M, .<f) be a smooth manifold, and fix p € M. Suppose that {x; : U — R}"_, and {yl:v— R}T,
form two coordinate systems around p € M in the charts ¢ and ) respectively. Then

2 N9

9 x; ‘= 0x; 0y;

and
n

dx;

j=1 J

where {%}form a basis of T,M and {dx;} form a the corresponding basis of T,M*.

Proof Forall 1 <i,j < n we have that

) - d
LRSI AL VA LTd )
X;

dy;
3x ax, (p(p)) = xi(so(p))-

The last equality follows from the fact that 1) o ¢ ' the transition map y o x and we are taking the i derivative
of the j™ component.

Now consider any smooth function f € 6,(M). We have that

1 9Y; Yid(foy)
( 7 ay})(f)—zax ~y, W)

1 i

and
2 a(f o) a(f w D 3y; 9(f op™)
AL Gl ))—]Zl ()= (p ”‘,Zlaxi 5, ().

The second equality follows from a simple change of variables. Now since these two derivations act the same on
6,(M) we conclude that they are the same vector in T, M.

d 0 I x;
dx; = =— |[x;]==—.
(ayj) (83/,-) 9y;

So we see that for any tangent vector v € T,M we can write

Now we compute

and so

Similarly, we have that

ax; . . .
So we conclude that dx; and Y| a—;{dyj are the same covector in T,M™ since they act on tangent vectors in the
J
same way. O

ay
Note that the matrices [ T ] and [ ] have entries that are functions on the intersection of the domains of ¢
and 1. Furthermore, we have that these two matrices are inverses of each other.

17
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1.6.5. Differential of a smooth mapping. Now suppose we want to make sense of the derivative of a smooth map
f +M — N. We can always pull back into coordinates in the following way: Fix p € M, ¢ € ./, the atlas of M,
and ¢ € 2B, the atlas of N where p is in the domain of ¢ and f(p) is the domain of 1. Now define

fi=yofoyp”

at ¢(p) and we would want dﬁp(p) : R™ — R" to represent the derivative of f at p. However, this definition
depends on the choice of charts. For example if we choose other charts ¢* and y* and set

fri=a*ofo(e*),
then N
df iy =AW 0 Ny © dfppy © Al © (07) Doy

However, now that we have a notion of tangent space we can talk about the differential of a mapping in a
coordinate invariant manner. The key observation is that the differential of a mapping in Euclidean space maps
tangent vectors to tangent vectors.
Definition 1.52. The differential of f : M — N at p € M is the mapping

dfp : TPM — Tf(P)N
define as follows for all v € T,M we define

df,(M)gl=vlgeof]
for all g € 6(,)(N). o

It is easy to see that df,(v) € Ty(,»)N and that the differential is linear in f.

Example 1.53 (Smooth functions). As a special case we would like to explore how the differential acts when we
have a smooth function f : M — R. Note that T,R = R and so we can consider the coordinate chart given by the
natural identity mapping id, : R — R. Using this global chart we can consider any vector w € T;R can be written
as

w= CE.
We now have an identification between T, R and R given by
CE — C.
Using this identification we have that the differential d f, becomes a linear mapping
df,: T,M —R.
That is that df, € T,M*. Now we claim that for any smooth f : M — R and any v € T, M that
df (v)=v[f].
Now that if d f (v) is identified with ¢ € R then for g : R — R we have
df(v)gl=cg'(@).

So it remains to show that df (v)[g] = v[f]g’(q). Consider any smooth curve y : (—¢, &) — M such that y(0) = p
and y'(0) = v. Thatis y is a curve that represents v € T,M. Then a direct application of the chain rule shows that

AFONg)=vLgof1= Seof o1)0) = SEGGON ST o1)0) = ¢ Gaif]

So we see that our abstract notion of the differential coincides with what we expect that is since v[f ] =D, f we
have that

df(v)=D,f.

Proposition 1.54 (Chain rule of the differential). Let f : M — N and g : N — P be smooth maps. Then
d(g of)p = dgf(p) ° dfp
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Proof. Fix any vector v € T,M and a smooth function h : P — R. Then
(d(gof)plv])(R) =v[ho(gof)]
=v[(hog)of]
=(df,[v])(hog)
=dgsp (df,[v]) ()
= ((dgf(p) ° dfp) (V)) (h).

Since v and f were arbitrary we deduce the desired result. O

1.7. Fiber bundles and vector fields. As we vary the point p € M the tangent space T,M vary in a smooth
fashion. To formalize this notion we define fiber bundles (and maybe more general fibrations). We will be able
to use fiber bundles and fibrations to encode topological and geometric information about the spaces over which
they are defined. Namely, we will be able to discuss and study many constructions, such as the tangent bundle of
a manifold.

Definition 1.55. Let 7 : E — B be a mapping of sets. Then the fiber of 7w over p € B is
n ' (p) CE.
<o

Definition 1.56. A bundle is a triple (E, B, t) where 7 : E — B is a continuous map. The space B is called the
base space. The space E is called the total space, and 7 is called the projection of the bundle. o

Note that if 7 is surjective then each fiber is nonempty, and the map 7 partitions E as

E= |_| ' (p).

PEB

Definition 1.57. Let F, E, and B be topological spaces, and 7 : E — B. The 4-tuple (E, B, 1, F) is a fiber bundle
if 7t is a surjection and for every x € E there exists a neighborhood € of 7(x) in B and a homeomorphism
¢ : () — Q x F such that the following diagram commutes:

() —— QxF

T .
Projg

Q

where projg, is the projection onto Q2. We call F the fiber, and ¢ a trivialization. o

Notation 1.58. We use E, to denote the fiber, 7 '(x), over x. Fiber bundles are often called locally trivial
fibrations, and we will often use the projection to represent the fibration, i.e. 7w : E — B will represent (E,B, 7, F)
where F is not specified.

Definition 1.59. A fiber bundle is smooth if E and B are smooth manifolds, 7 is smooth, and the local trivializa-
tions ¢ can be chosen to be a diffeomorphism. o
In the context of Riemannian geometry we will generally only consider smooth fiber bundles.

Definition 1.60. Let (E,M,w,F) be a fiber bundle where E and M are manifolds. A (smooth) section is a
(smooth) map s : M — E such that mwos = idy;. The space of sections is denoted by I'(M, E), or T'(E) if the
manifold M is clear from the context. o

Example 1.61. The projection map X x F — X is the trivial fibration over X with fiber F. o

Example 1.62. Let S* C C be the unit circle with basepoint 1 € S'. Consider the map f, : S' — S! given by
f,(z) =2". Then f, : ' — S! is a locally trivial fibration with fiber a set of n distinct points (the n'™ roots of unity
in S1). o
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Example 1.63. Consider the Mobius band M =[0,1]x[0,1]/ ~ where (t,0) ~ (1—t,1). Let C be the center circle
C ={(1/2,s) € M} and consider the projection

n:M—C
(t,s) = (1/2,s).
This map is a locally trivial fibration with fiber [0, 1]. o

A very import class of fiber bundles that will be important to our study of Riemannian geometry are vector bundles.

Definition 1.64. A vector bundle is a fiber bundle where the space F is a vector space, and with the additional
requirement of the local trivialization map ¢ induces a linear transformation on each fiber. That is for every x € Q
we have that

p:m ' (x) > {x}xF
is an isomorphism of vector spaces. The rank of the vector bundle is the dimension of F. o

Definition 1.65. Let (E;, M, 71, F;) and (E,, M, 75, F,) be two vector bundles, and let f : M; — M, be a smooth
map between manifolds. A vector bundle map over f is a smooth map g : E; — E, such that

e M,0g=fomy,and
e for every x € M, the induced map ;' (x) — m,'(f (x)) is linear.

If M, = M, and we do not specify f, they we take f = id,, .

Definition 1.66. A vector bundle isomorphism between (E;, M;, 71, V;) and (E,, M, 74, V5) is a vector bundle
map g : E; — E, which has an inverse vector bundle map g~! : E, — E;. o
Although I probably will not spend much time talking about gauge transformations, we have the necessary nota-

tion to define them — gauge transformations arise in semi-riemannain geometry and general relativity.

Definition 1.67. A vector bundle isomorphism between E and itself is called a gauge transformation. The gauge
group %(E) is the group of gauge transformations of E. o

Definition 1.68. A vector bundle from E — M is called trivial if it is isomorphic to a product bundle V x M — M
for some vector field V. o

Example 1.69. Note that the Grassmanian Gr,(R") comes with a tautological vector bundle

Y :={(I,v) € Gr ,(R") xR" : v €11}
It is easy to check that this is indeed a vector bundle. o
1.7.1. Transition Functions for Vector Bundles. One way that one can think about fiber bundles is that they are
locally product spaces. This is a very similar idea to that of manifolds.

Given a vector bundle (E, M, rt, F) we can find a cover of M by open neighborhoods U, and local trivializations
@q:m " — U, xF. On the overlaps U, := U, NUg we can form the transition functions 8 € 6°°(Uqp,GL(F))
defined by

g5(x)==pp 00, .
These transition functions satisfy the co-cycle condition that g; =idy and on U,p, :=U,NUg N U,
glelef =idy.

Now suppose that {U,},c, is an open cover of M and gg € €°°(Uyp, GL(F)) satisfy the co-cycle conditions. Now
define
E:=(|_|Uaxv)/~
a
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with (x,v) ~ (x’,v) if and only if x € U,, x" € Ug, x = x" € M and v’ = g4V We claim that E has the structure
of a vector bundle over M. Indeed, let

77:E:|_|Ua><V—>E and my:E—-M
a

be the canonical quotient and projection maps. Now consider some index a and O a subset of U, x V. Then we
see that

g (m5(0)) =|_|h§(0),
B

where
hg:UaﬁXV_)UaﬁXV
(x,v) = (x, gg(x)v).

So we see that if O is open then TC;(TEE(O)) is an open subset of | |, U, x V. So we have that 7 is a continuous
mapping. Since the restriction to the sets U, x V is injective we have that

-1
g = nEIUaXv (U, xV)—> U, xV
form a chart for E. The overlap maps are hg. So we see that E has a smooth structure. Furthermore, ,, is smooth
with respect to this smooth structure, since it induces projection maps on all of the charts. Now let
Ty My ony Uy xV —U,.
These diffeomorphisms on each U, induce a vector space structure on each fiber when restricted to a point. Since
the restriction of the overlap maps hg induce a vector space isomorphism we have that the vector space structures

induced by 7 and ng are the same. So we have that the fiber bundle diagram commutes and hence we have
shown that E is indeed a vector bundle over M.

A very similar idea can be done for arbitrary fiber bundles by taking transition functions from the overlaps to
End(X) for any object X.

Proposition 1.70. If (E,M,r,V) is a vector bundle and (g;;) is a co-cycle obtained from local trivializations of E
then the vector bundle obtained from (gg) is isomorphic to E.

Proof. Consider (g,‘;) the transition data arising from the local trivializations of E. Let E’ be the vector bundle
obtained from (gg). Define f : E — E’ by

fM=la,g,(v)] if n(v) €U,.
If n(v) € U, N Up then
[B,gp(M]=1[a,g5(gp (W] =[a,ga (V)] € E".
This shows us that the map f is well-defined since it does not depend on a. We clearly see that 7, o f = .

Since the map

(ng)_lofog;:UaxV—)UaxV

is the identity and this smooth, we have that f is a smooth map. Since the restrictions of g, and ng are vector
space isomorphisms restricted to each fiber, we have that so is f. So we see that f is indeed a vector space
isomorphism. O

1.7.2. Vector bundle constructions.

Definition 1.71. If f : M — N is a smooth map and (E,N, 7, F) is a vector bundle, then the pullback of E via f
is the vector bundle

fE:={(x,v)eEM XF : f(x)=n(v)}.
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Definition 1.72. If E - M and F — M are two vector bundles over M, then Hom(E, F) is the vector bundle over
M defined by
Hom(E,F) :={(x,A) : x € M,A € Hom(E,,F,)}.

The dual vector bundle of E is the bundle E* := Hom(E, R) (or Hom(E, C) if E is complex). o

Proposition 1.73. Hom(E,F), EQF, /\i E, E®* are indeed smooth vector bundles.

Proof. We will show how to construct the tensor product and exterior product in a separate manner later as well.
Here we do not provide an explanation of these spaces, but they will be introduced later. Anyone not familiar
with this material already can freely skip it.

o If 1z : E— M and 7ty : F — M are a smooth vector bundles over M we can form Hom(E, F) such that
Hom(E, F),, = Hom(E,,,F,,) forallme M.

The topology and smooth structure are determined by requiring that if s; € T'(E) and s, € I'(Hom(E, F))
then s, os; € T'(F).

o If 1y : E > M and ny : F — M are smooth vector bundles over M, we can form their tensor product,
E ® F, such that

(E®F),=E,®F, forallmeM.

The topology and smooth structure on E ® F are determined from those of E and F by requiring that if
sel(E)ands’ €I'(F)thens®s' € T(E®F).

e If m: E — M is a smooth vector bundle, we can form the k™ exterior power /\k E so that

(/\kE)m=/\kEm forallme M.

The topology and smooth structure on /\kE are determined by requiring that if sq,...,s; € T'(E) then
Sp A As; € F(/\kE).
o Follows immediately from the second bullet point.

a
1.7.3. Tangent bundle.
Definition 1.74. Let (M, .«) be a manifold with .« = {p, : U, — R"}, then we define the tangent bundle as
TM := |_| {p} x T,M.
pPEM
<&

Now we will show that TM is indeed a vector bundle over M.

Lemma 1.75. TM is a smooth 2n-dimensional manifold.

Proof. Consider a differentiable manifold M of dimension n with atlas ., = {(U;, ¢;)},c;, Where I is some index
set. For each i € I define the mapping ®; : U; x R® — TM as follows:

8(F ..., a") = (@(?«),aiaﬂ),
x.

1
where Hix» are the basis elements of the tangent plane using coordinate chart (U;, ¢;). Now we want to show that
Ay = {(U; xR, ®;)},; is indeed an atlas for TM.
(1) First we show that .¢/;,; covers the tangent bundle. Notice that

| J&:U xR ={(p,v): peM,v € T,M} =TM,
i€l

as desired.
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(2) Next we must show that the transition maps are differentiable. Consider a tangent vector at the point
p € M that are represented in two separate coordinate charts (U, ¢) and (V, ) as a‘aixi and b’aiyj,

respectively. Let ® and W be the corresponding coordinate charts into the tangent bundle. Now can
consider the transition map

n n
0 0
U lod(xy,...,x,,al,...,a") = y! o¢(x1,...,xn),Zali,...,Zani )
s d X; . 2} Xi
i=1 i=1
Note that in the second n coordinates we are just pulling the coefficient from the vector that we get from
the change of basis. Note that the first n coordinates are differentiable since M is a differentiable mani-
fold, and the second n coordinates are also differentiable since they are each sums of smooth functions.
So we have that ¥"! o ¢ is a differentiable mapping. Since the choice of coordinates was arbitrary, we

have that all of the transition maps are differentiable mappings.

Since both of these properties are satisfied, we have shown that TM does indeed have a differentiable manifold
structure. ]

Theorem 1.76. The tangent bundle

T™ :=(TM,M, 7, T,M),
where 1t : TM — M is defined via and (by abusing notation) we write T, M instead of R" to emphasize that the fiber
is indeed the tangent space, is a smooth vector bundle.

Definition 1.77. We define the cotangent bundle as

TM* := Hom(TM,R) = |_| {p} x T,M".
PEM
<o

Remark 1.78. We will often just use the notation TM or TM* to denote all of the data specified in the tangent
bundle TM or cotangent bundle TM* respectively. o

Definition 1.79. If f : M — N is a smooth map, then df : TM — TN defined by df :=df, on T,M is called the
derivative of f. o

Proposition 1.80. The derivative df is a vector bundle map over f.

Proof. Since f is differentiable, by definition we have that there are atlases {(U,, ¢,)} and {(Vs,v )} for M and
N, respectively, such that the following compositions are smooth:

_ oo _ f ¥
R™ 2 0o (f " (Vp) NU) ——— (V) N Uy —— Vp ——— (V) SR™.

So we obtain a commutative diagram

df (T(VEDNTU) =T (Vp)NT,) e T(po(f (V) NULD) = 9o(f (V) N U,) x R™

df [

B

T(Vp) > T(Yp(Vp)) =pp(Vp) x R”

where
(p,v):=pofop, (p),D(¥gofop )W),
and T, and Ty, are the charts of TM and TN, respectively. So we see that df is differentiable. Since df

restricted to each fiber is a linear transformation we see that df is indeed a morphism of tangent bundles over f,
as desired. O

Definition 1.81. A vector field on M is a smooth section of the tangent bundle X € I'(TM). We denote I'(TM)
as X(M).
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Intuitively, we can just think of this as a vector attached to each point of the manifold, which varies smoothly.

Lemma 1.82. The space X(M) is canonically isomorphic to the space of derivations on the 6 °°(M) algebra. That
is the space of all linear operators D : €°°(M) — € °°(M) such that

D(fg)=D(f)g + fD(g).

Proof. Consider some vector field X € X(M). We then clearly have that X defines a derivation X : €°°(M) —
€ °° (M) defined via

X)) :=X()f)=df (X(x)).
Now suppose we have an arbitrary derivation D : 6 °°(M) — 6 °°(M). Now for all p € M define D, : €°°(M) —
R defined by
D,(f)=D(f)(p).
So we have that D, € T,M. In this way we obtain a section X, defined by the mapping p — (p,D,), of TM. The

fact that X is smooth follows directly from the fact that the derivations are over the algebra ¢ °°(M). Indeed the
vector mapping is smooth. O

Remark 1.83. The above result is quite subtle. Rather than needing to show any results about vector fields
pointwise we can consider them globally as a derivation over ¢ °°(M). This will be a useful tool in elegantly
constructing new vector fields given existing ones. We will also use X to represent the derivation corresponding
to the vector field X € X(M). o

Notation 1.84. We will use the notation X (p) and X |, interchangably to represent a vector field at a point p. The
second notation is sometimes nicer when we want to treat our tangent vectors as derivations.

Definition 1.85. Let f : M — N be a smooth function between manifolds. Let X € X(M) and Y € X(M). We say
that Y is f-related to X if

Wlgpy=df oVl
<o

Lemma 1.86. Let X,Y € X(M). There is a a unique vector field [X,Y] € X(M) such that [X,Y](f)=X(Y(f))—
Y(X(f)) forall f € €°°(M).

Proof. Note that it is clear that [X,Y] is linear. It remains to check that it satisfies the Leibniz rule:

(X, Y](fe)=Xx(Y(fg)—-YX(fg)
=X(@Y(f)+fY(g)—Y(gX(f)+fX(g))
=X(@Y(f)+X(fY(g)+gX(Y () +fX(Y(g))
—Y(@X(f)-Y(f)Xx(g)—gYX(f))—fY(X(g))
=g[X, Y](f) + fIX,Y1(g).
So by the identification in the previous lemma we have that [X,Y] € X(M). O
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Definition 1.87. Given two vector fields X, Y € X(M) we define the Lie Bracket [ X, Y ] implicitly as the derivation:

(X, Y](f) :=X(Y(f)-YX())

<

Note that since in local coordinates X (Y (f)) involves derivatives of order higher than 1, we do not necessarily
have that X (Y (f)) is a derivation over € °°(M), i.e. there is no reason to believe that X(Y (f)) is a vector field at
all. So it was necessary to show that the Lie Bracket is indeed a vector field.

Theorem 1.88. Suppose that X,Y,Z € X(M), a,b €R, and f,g € €°°(M). Then:

(@) [X,Y]=—[V,X]

®) [aX +bY,Z]=a[X,Z]+b[Y,Z]

(© [[X,Y]z]+[[Y,Zz],x]1+[[Z,X],Y]=0
(@ [fX,g¥]=fglX,Y]+fX(g)Y —gY(f)X.

Proof.

(a) This is immediate from the definition.
(b) This is immediate from the definition.
(c¢) Note that

[[X,Y],Z]=[XY—YX,Z]=XoYoZ—YoXoZ—ZoXoY+ZoYoX.
On the other hand, we have that
[X,[V,Z]]1+[Y,[X,Z]]=XoYoZ—Xo0ZoY—YoZoX+ZoYoX
+YoZoX—-YoXoZ—-ZoXoY+XoZoY.
So we have that
[X,Y],z]=[X,[Y,Z]]+[Y,[Z,X]].
Now by using (a) we have the desired Jacobi identity
[[X,Y],Z]1+[[Y,Z],X]1+[[Z,X],Y]=0.
(d) We can compute
[fX,8Y]=(fX)o(gY)—(gY)o(fX)
=(fX)o(gY)—gY(fX)
=fgXY +fX(g)Y —fg¥YX —gY(f)X
=fglX, Y]+ fX(g)Y —gY(f)X.
O

Proposition 1.89. Let f : M — N be a smooth map between manifolds. If X,Y € ¥(M) and W, Z € X(N) are such
that W is f-related to X and Z is f-related to Y then for every p € M we have

[W’Z]f(p) = dfp[X,Y]|p

Proof. Consider any smooth function g : N — R and fix p € M. Let ¢ = f(p) € N. Then
w,z]l,(e)=wWl|,(Zg)—z|,(Wg)
=df,X|,)(Zg)—df,(Y],)(Wg)
=X|,((Zg)of)—Y|,(Wg)of)
=X|,(Y(gof)—Y|,(X(gof)) =[X.Y]l,(g°f)
=df,([X,Y],)f.
Here we simply used the f-relatedness of the vector fields to deduce that
(Z8)o fl,=(Zsp =dfp(YI,)g =Y, (g0 f),
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and similarly that (Wg)o f =X(go f). |

1.7.4. Flows and integral curves. Since tangent vectors are also velocities to curves, we would hope that our vector
fields had a similar interpretation. A curve c(t) such that

¢(t) =X (c(1))

is called an integral curve for X. Given an initial value p € M, there is in fact a unique integral curve c(t) such
that ¢(0) = p and it is defined on some maximal interval I that contains O as an interior point. Indeed, in local
coordinates we just have a system of ordinary differential equations. So by the theorem of Cauchy-Lipschitz-
Picard-Lindelof we have local existence and uniqueness (uniqueness follows from the fact that X is a smooth
vector field on M). To obtain a maximal interval we need to use the local uniqueness of solutions and patch them
together through a covering of coordinate charts.

Now we will use the general notation that <I>’f (p) = ¢,(t) is the flow corresponding to the vector field X; that is

to say

d X X
¥ =Xod.

We will also write the flow as ®* (¢, p) indicate this same flow

Many of the results that hold for ODEs in Euclidean space hold for ODEs on manifolds since we can always
pullback the differential equation into charts, solve it there, and push it back onto the manifold. We now state
and prove some of the most important ones.

Theorem 1.90. Let X € ¥(M). The associated flow map ®* : Dom(X) — M is smooth where

Dom(X) := | J I, x {p},
pPEM

where I, is the maximal interval of existence for the flow originating from p. Furthermore, we have that
®(t +5,p) = @*(t,2%(5, p))

in the sense that whenever the right hand side of the equation exists, so does the left and equality holds.

Proof. Smoothness of the flow map is straightforward from ordinary differential equation theory.

Now suppose that the right hand side of the above equation exists. Consider the following ordinary differential
equation:
{% (@*(t +s5,p)) = X(@*(t +5,p)) for t >0,
¥ (t +5,p)li=0 = 2* (s, ).
Note that ®*(t,®*(s, p)) is the unique solution of the above ODE and so we have that the left hand side exists
and the equality holds. a

Definition 1.91. Consider a smooth vector field X € X(M). The flow map & is called complete or global if its
domain of definition Dom(X) is R x M. In this case we say that X is a complete vector field. o

Lemma 1.92. A vector field with compact support on M is complete.

Proof. Consider a smooth compactly supported vector field X € X(M) such that supp(X) is compact. Note that
the flow map starting from points in supp(X) is defined for some open interval around O since X is compactly
supported. So we can find some ¢ > 0 such that

[—&,€] x supp(X) € Dom(X)
Now consider some point p ¢ supp(X). Since X(p) = 0 we have that ®*(t,p) = p for all t € R and so we have
that R x {p} € Dom(X). Putting these two notions together we have that
[—e,e] x M C Dom(X).

By the previous lemma we have that
o (t +¢,p) = ¥ (¢, 2% (e, X))
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for all |t| < ¢, and so
[—2¢,2e] x M C Dom(X).
By repeating this process inductively we obtain that

R x M = Dom(X).

In particular, we have that every vector field on a compact manifold is complete.
We are now in a position to define the Lie derivative of a vector field.

Definition 1.93. Let X and Y be vector fields on M, and p € M. Let &, be the flow of the vector field X. The Lie
derivative of Y with respect to X is

- de Yo~ Yl d
Y|, = %1_{% " T o d®_,Yls,(p)-
<o
Proposition 1.94. %Y =[X,Y].
Proof. Recall that for a function f : M — R we have that
d
Xfp)= ;1 f(@Lp))-
tli=o
Now let ¥, be the flow of the vector field Y, and note that
d %
Y|, = — qu,[( )(f 0od_ )= —+— >
S P R E] Y
where
H(t,s) := f(2_(¥,(2.(p))))-
This is clear since
J0H
S :Y|<1>r (fod_p).
Os o) (2] t
Now define K(r,s,t) = f(®,(¥,(®,(p)))). Then H(t,s) = K(—t,s,t), and so
9*H _ 9% 9°K
9tds (o0 ords|poo 2t95 000
Now we compute
oK
= =xrwo,
" 1(0,5,0)
9%K
EPY =YXf(p),
05 1(0,0,0)
oK
a5 =Yf(2.(p)),
S 1(0,0,0)
9°K
=XYf(p).
9t3s |(9.0.0)
Now the result follows since
CH| i)
3tds| g 0 TP
O
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1.8. Immersions, submersions, and embeddings. There are many different notions of submanifolds.
Definition 1.95. A smooth map f : M — N is called an immersion if for every p € M we have thatdf, : T,M —
Tt is injective. In this case we call M an immersed submanifold of N. o
Since a linear map, L, is injective if and only if ker L = {0} the main takeaway is that an immersion does not
squash tangent vectors — that is to say non-zero tangent vectors get pushed forward to non-zero tangent vectors.
Example 1.96. Consider the map f : S — R? given in polar coordinates by

f(8)=(r(8),0), where r(6)=-cos26.

It is clear that £(S!) is an immersion, but not a submanifold of R2. This is intuitively clear since any neighborhood
of 0 in R? intersects f(S') is a set with corners, which is clearly not diffeomorphic to any open interval.

In this case we say that f is an immersion with self-intersections. o

Definition 1.97. A smoothmap f : M — N is called an embedding if it is an injective immersion and the topology
of M coincides with the induced topology of f(M) C N. In this case we call M an embedded submanifold of
N. 3

immersion

M
X M

M

FIGURE 4. An immersion is still a manifold of the same dimension, while an embedding has the
additional requirement of being a homeomorphism onto its image.

Definition 1.98. A subset M of a manifold N is called a submanifold of dimension m if for each p € M there
exists a chart ¢ : U — U of N around p such that ¢(M NU) is an open subset of an m-dimensional linear subspace
of R". o

Definition 1.99. A smooth map f : M — N is a submersion if for all p € M we have that df, : T,M — T,N is
surjective. o
1.9. Lie groups and Lie algebras. Lie groups are simply manifolds which also have a group structure. In partic-
ular, they are internal groups in the category of smooth manifolds.

Definition 1.100. A Lie group is a group (G,-) such that G is a smooth manifold, m : G x G — G given by
m(g,h) = g - h is a smooth map, and such that i : G — G given by i(g) = g is smooth. o

Exercise 1.101. Show that if m: G X G — G is smooth then i : G — G is also smooth.

Definition 1.102. Let G and H be Lie groups, a Lie group homomorphism from G to H is a smooth group
homomorphism ¢ : G — H. o

Example 1.103. S' =R/Z is a Lie group. S! C C\ {0} is also a Lie group (where C\ {0} is endowed with complex
multiplication). o
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Example 1.104. We provide some examples of matrix Lie groups.

The general linear group: GL(n,R) := {A€ R™" : detA # 0}.

Note that GL(n, R) is a group since the determinant is multiplicative, and so if A, B € GL(n, R) we see that
det(AB) = det(A) det(B) # 0; hence AB € GL(n,R). Similarly, we obtain that det(A™) = de%q # 0, and so
GL(n,R) is closed under inverses.

Note that we can view GL(n, R) embedded in R™". Note that since det : GL,(R) — R* is a polynomial
in the n? entries of the matrices, we have that det is continuous. In particular, we see that

GL(n,R) =det '(R\ {0}),

and so GL(n, R) is an open subset of R™*". Hence GL(n, R) is a smooth manifold. Furthermore, note that
since (A, B) — AB is a polynomial in all of the coordinates we deduce that the multiplication is smooth,
and hence GL(n,R) is a Lie group. It is not hard to see that dim GL(n, R) = n?.

The special linear group: SL(n,R) := {A< GL(n,R) : detA=1}.

Clearly SL(n, R) is a subgroup of GL(n, R). By identical reasoning we see that SL(n, R) is a Lie group. The
rest of the matrix subgroups of GL(n, R) are Lie groups for exactly the same reason. Note that SL(n, R)
is closed, as it is the preimage of {1} under det.

The orthogonal group: O(n) := {A€ GL(n,R) : ATA=1,,,}.

e The special orthogonal group: SO(n) :={A€ O(n) : detA=1}.
o The unitary group: U(n) :={A€ GL(n,C) : TT* =1,,,}

i

Definition 1.105. Let M be a manifold and G a Lie group. A Lie group action of G on M is a smooth action
p:GxM—>M. o

Note that if p is a Lie group action of G on M, then for any g € M the map p, := p(g,") : M — M is a
diffeomorphism. In this way we can think of p as a representation of a subgroup of Diff(M).

Example 1.106. If G is a Lie group, then G acts on itself by left multiplication, right multiplication, and conjugation:

L:GxG— G, (g,h)— g-h,
R:GxG— G, (g,h)—h-g7,
C:GxG—G, (g,h)—g-h-g™"

<
Definition 1.107. A Lie algebra is a F-vector space, g, endowed with an operation [-,-] : g x g — g which is
(i) bilinear: for alla,b,c€Fand x,y,z€g
lax +by,z]=a[x,z]+ b[y,z] and [x,by +cz]=b[x,y]+c[x,z].
(ii) alternates on g: forall x € g
[x,x]=0.
(iii) satisfies the Jacobi identity: for all x,y,z € g
[([x,y]z]+[[y,z],x]+[[z,x],y]=0.

<&

Note that bilinearity and the “alternating on g” properties imply that the Lie bracket is anticommutative.

Example 1.108. The following are Lie algebras over R.

The set of vector fields on M, X(M), endowed with the Lie bracket [X,Y]=XY —YX.
R® endowed with the Lie bracket [x,y] = x x y.
R™" endowed with the Lie bracket [A,B] =AB — BA.
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e s5l(n) :={A€R™" : tr(A) = 0}. The Lie bracket is that of R™*".
e so(n) :={A€R™" : AT = —A}. The Lie bracket is the commutator (i.e. the Lie bracket of R™™)

i

Every Lie group has an associated Lie algebra that in some sense describes the infinitesimal changes in the Lie
group.
Definition 1.109. Let G be a Lie group, and define the associated Lie algebra

g:=T,G,

where e € G is the identity element. o

We still need to endow g with a Lie bracket and prove that this makes g a Lie algebra.
Example 1.110. If G = GL(n,R) then g = gl(n) := End(R"). o
Definition 1.111. A vector field X € X(G) is left-invariant if
dLg(X[p) =Xlgn
for all g,h € G. The space of left-invariant vector spaces is denoted Lie(G). o

Proposition 1.112. Let G be a Lie group. g is canonically isomorphic to Lie(G); Lie(G) is closed under the Lie
bracket, and makes it a Lie algebra of dim G.

Proof. Fix v € g. Now define X € X(G) pointwise as
X|g =dLg(v).

Conversely, every left invariant vector field satisfies the above equality. So we see that g is canonically isomorphic
to Lie(G). Hence dimLie(G) = dim G. Now consider two left invariant vector fields X,Y € Lie(G), and note that
by definition X is d L,-related to X and Y is d L,-related to Y for all g € G. In light of Proposition 1.89 we deduce
that

dL,[X,Y]=[dL X,dL,Y],
and so the Lie bracket [X, Y] is left-invariant. Finally, we see that Lie(G) is a Lie algebra by Theorem 1.88. I

Note that since g is canonically isomorphic to Lie(G), we have that g is a Lie algbera. Explicitly we have the Lie
bracket on g given as follows: for v,w € g let X and Y be the associated left-invariant vector fields on G. Then
we define

[v,w] =X, Y]l..

Example 1.113. We compute the Lie Algebra of GL(n, R). Since GL(n, R) is an open submanifold of R™*", we know
that the tangent space of GL(n,R) at any matrix A is the same as its tangent space in R™*". Furthermore, since
R™" > R" we can identify R™" = T,R™". In particular, we can identify gl(n, R) = R™" as vector spaces.

Since R™" is an associative algebra, we know that it automatically has a bracket given by the commutator. We
claim that this bracket is the same as that in gl(n, R) under the natural isomorphism stated above. Fix A € R™"
and let X(I) = A € T;GL(n,R). Now let X be the associated left-invariant vector field by setting

X(g)=dLX(I) X dL,A gA.

Note that under this isomorphism the left-translation is within the larger manifold R™" instead of GL(n,R). Now
repeat this process for another matrix B € R™" to obtain another left-invariant vector field Y. Now we compute
the Lie bracket [X,Y]. Let x/ : GL(n,R) — R be the function sending a matrix to it’s (i, j) element. Now we
compute

Yx'(g) =Y x" = (gB)x" = x"(gB).
So we see that Yx/ = x/ o R;. Now we apply this function to the vector X(I) = A. We associate to A the curve
y(t) =1+ tA, and we find that

o y d y
X[;Yx" =7(0)(x"V oRp) = I (x"(B + tAB)) = (AB), ;.
t=0
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Similarly, we see that Y|;Xx"/ = (BA), ;. So we conclude that
[X,Y]l;x" = (AB—BA); ; == (AB — BA)(x").

Now we see that for any M € R™*" that we can write in coordinates (by considering this as a tangent space)

2
= LJ
Q=) ,Qx")5 .
i.j
Since we have that [A, B](x"/) = (AB — BA)x"/ we see that these two vectors have all the same components, and
hence are equal. Finally, we conclude that gl(n,R) = R™" = End(n,R) as Lie algebras. o

Definition 1.114. The adjoint representation Ad : G — GL(g) is defined via
Ad(g)v = (dC,)v,

for v € T, G, and where C, is the action of G on itself by conjugation. o

Before moving forward, we try and give some intuition about the adjoint representation. Let G = GL(n,R). Now
for any X € g = gl(n) = R™", a parametric curve in G through the identity with velocity vector X at t = O is
given by v(t) := exp(tX), where exp is the usual matrix exponential. So we see that the adjoint representation
for some g € G is given by

Ad(g)X = (dC,y)X = (dC,)y(0),
and so it is the velocity at t = 0 of the parametric curve (C, o y)(t) = g exp(tX )g~'. Note that

- th
(Cgoy)(t)=1+thgl+ZEng .

i>2
Now clearly (C, o y)'(0) = gXg ', and so
Ad(g)X = gXg ' =(C,)X.

This is clearly smooth in g. We can use a similar technique to show compute the differential d Ad. Again, let
X € gl(n) and let y(t) = exp(tX) be as above. Now we see that d Ad, : g — T,(GL(g)) applied to X is given by
the velocity of the parametric curve t — Ad(exp(tX)) € GL(g) at t = 0. In light of the above, we see that this is
simply the derivative of Cq,p.x) € GL(g). Now for Y € g we have that
Ad(exp(tX))Y = Cexp(tX)Y

=exp(tX)- Y - exp(—tX)

=1 +tX+o(t)Y(1—tX +o0(t))

=Y +tXY +0(t))(1—tX +o(t))

=Y +t(XY—-YX)+o(t).
Now we see the End(g) valued velocity at t = 0 is simply the usual commutator [X,Y]=XY —YX.

Lemma 1.115. Let G and H be Lie groups. A group homomorphism ¢ : G — H is continuous if and only if it is
continuous at the identity. Similarly, ¢ is smooth if and only if it is smooth in some open set containing the identity.

Proof. Note that the action G induces on itself of left-translation L, : G — G is a homeomorphism taking e to g.
Note that similarly, L, : H — H is also a homeomorphism. Since ¢ is a homomorphism we have

poly=Lygoep.
Now it is clear that continuous of ¢ at g is equivalent to continuity of ¢ at e. Similarly, since the left translations
are in fact diffeomorphisms and L, (U) is an open neighborhood of g for any open set U containing e we see that if

( is smooth in some U around e, then it is smooth on some neighborhood around every g € G. Since smoothness
is a local property, we are done. |

Lemma 1.116. Ad is a Lie group homomorphism.
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Proof. Note that for g,h, k € G we have that
(ChoCk) =h-g k-g” +h™ = Cyy(k),
that is Cj, o C; = Cj,.,. Furthemore, note that C,(e) = e. Now we see that by the chain rule that
Ad(h-g) =dCy, =dCj0dC, = Ad(h) o Ad(g).

So we see that Ad is a group homomorphism. Now it remains to show that Ad is smooth. Fixv € gand g € G. Now
consider a smooth curve y : (—¢, &) — G satisfying y(0) = e and y'(0) = v. Let X be the associated left-invariant
vector. Recall that

d d
Ad(g)v=dC,v = m I

where 0, is the zero vector in T,G. Here we consider (0,,v) € T(, (G x G) = T,G & T,G. Note that since
dC : T(G x G) — TG is a smooth vector bundle map, we have that Ad(g)v varies smoothly with respect to
g. We can obtain smooth coordinates for GL(g) by taking a basis (e;) for g and using dimG x dim G matrix
entries with respect to this basis. If @/ is the dual basis then the matrix entries of Ad(g) : g — g are given
by (Ad(g));; = a’/(Ad(g)e;). Now we see that this is clearly a smooth function of g, which establishes that

Ad : g — GL(g) is a Lie group homomorphism. O

t=0

C(y(0)) =
=0

t

Lemma 1.117. For v,w € g we have that

(Ad(y,(£))w),

t=0

)= <

where v, : (—¢,€) — G is the smooth curve satisfying y/,(0) = v.

Proof. Let y, be as stated above, and let X and Y be the left-invariant vector fields associated to v and w, respec-
tively. Note that since X is left invariant we have that ®,(h) = h-y,(t) = h - ®.(e), where ®, is the flow map
associated to X. Putting this all together gives

d
Ad(yx(t)w= — dCynyw
t=0

t=0

=) dRy) (dLyyw)
t=

= 5| R0 (Vho)

t=0

=—| do®_Yls
t=0

=[X,Y]

= [v,w].

Now we explicitly compute the differential of Ad.

Proposition 1.118. d Ad,(v) = [v,w]

Proof. Since Ad : G — GL(g) we have that d Ad : g — T;GL(g) = GL(g). Fix v € gand let y, : (—¢,€)toG be a
smooth map such that y/(0) = v and y,(0) = e. Now d Ad,(v) is the velocity of Ad(y,(t)) at t = 0, where the
velocity takes values in the open subset GL(g) of End(g). The above lemma tells us that d Ad,(v)w = [[v,w]. That
is to say d Ad,(v) = [v,]. O

Note that we could have taken this to be the definition of the Lie bracket on g.
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Definition 1.119. The adjoint representation of the Lie algebra g is ad : g — End(g) is defined by
ad(v)w = (d Ad)(v)w.
<&
Theorem 1.120. Let G be a Lie group and g its Lie algebra. There exists a map exp : g — G which is a local

diffeomorphism in a neighborhood of the origin in g such that for any v € g, the map t — exp(tv) is an integral
curve for the left-invariant vector field associated to v. Furthermore, exp((s + t)v) = exp(sv) - exp(tv).

Proof Fix v € g and let X be the associated left-invariant vector field. By Theorem 1.90 we have the existence of
aflowmap ®: G x I; — G. Fix g € G, and let

U(h,t)=gh'®(g,t)
forall h € G and t € I, the maximal interval of existence of the flow starting from g. Now we see that

av _ de

m dLg‘h_la =Xy
since X is left-invariant. Now it follows that I, C I;,, and so by symmetry it follows that I, = I, for all g,h € G.

Now let t € I,. By the above, we can define ®(®(e,t),s) for all s € I,. Now since for any such s the maps
t — &(P(e, t),s) and t — ®(e, t +s) satisfy the same differential equation with the same initial value that they
are the same map. Hence, we have that ®(e, t +s) is well defined for all t,s € I,. Hence I, + 1, C I,. So clearly I,
cannot be finite, and so I, =R.

Now define the exponential map as follows: for v € g let X be the associated left-invariant vector field. Then
exp(v) :=®(e, 1).

Note that we immediately have that exp(tv) = ®(e, t), and that exp(tv)-g = ®(g,t) forall g € G and t € R. This
in turn shows that exp((s + t)v) = exp(sv) exp(tv).

Now it remains to show that the exponential map is a local diffeomorphism. Observe that d exp, : Tog — T,G.
Now for w € Tyg = g we associate it to the curve 0 + tw, and we compute

d d
dexp(w)= —| exp(tw)= —| &"(e,1)=w-e=w.
PolW) = | explim)= | @)
Hence d exp,, = id, and is in particular invertible. Now it immediately follows from the inverse function theorem
that exp is a local diffeomorphism around 0 € g. |

To conclude this section we compute a couple of examples.

Example 1.121. Consider the Lie group SL(n) and the associated Lie algebra sl(n). Let I € SL(n) be the n x n
identity matrix, which is also the identity of the group. Consider any arbitrary X € sl(n) and note that the left
invariant vector field is given by
X|, = AX € sl(n).
This is clear since if we consider a left translation Lg : SL(n) — SL(n) defined as
LB (A) = BA’
then the differential d Ly is given by
dLg(X|s) =B (X|s) = BAX =X|g,.

Now if we consider the curve y : R — SL(n), we claim that y(t) = e*! is a solution to the initial value problem

Y(©)=Xy(t), y(0)=1I.
Notice that

d da " <, t7! o, t"
YO = g () = g X = 2K G - (ZX —)X = ()X =Xy(0),
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and
o"
_ X0 _ 0 _ _
y(0Q)=e""=e" =1+ Eln!—I.
n=

So we have that y solves this initial value problem and we have that y(1) = eX. So we have that the exponential
map exp : sl(n) — SL(n) is defined as
exp(X) = €~.

i

Theorem 1.122. Every connected Abelian Lie group G is of the form T* xR** where T =R/Z := {e!? : 6 € [0, 2m)}.

Proof. Note that
Go = {exp(X;) - -exp(X) : X; € g}
is the connected subgroup of G containing the identity.
Now we see that since G is Abelian that for X, Y € g that the map 1 (t) = exp(tX) - exp(tY) satisfies
dy(t) = X|ye) + Y lypee)s
where we associate g = Lie(G). In particular, we deduce that
exp(X)exp(Y)=exp(X +Y).

So the map E : g — G given by X — e is surjective since G, is the connected subgroup containing the identity.
Furthermore, we have that E is a group homomorphism (where g inherits the group structure from its vector
space structure) and diffeomorphism. So G = g/ ker(E) as groups.

Since ker(E) is a subgroup of g, and since exp is a local diffeomorphism around the origin in g we can find a
neighborhood U of 0 € g such that U Nnker(E) = {0}. Now by standard group theory we see that such a discrete
subgroup of g has a basis ey,...,e, such that kerE = {a;e; + -+ aye, : a; € Z} = Z™. So we see that
g/ ker(E) = T* x R, as desired. O

1.10. Sard’s theorem.

Definition 1.123. We say that a set 2 € M is null (or of measure zero) if it’s image in R" under every chart has
£™ measure zero. o

Definition 1.124. We say that x € M is a critical point of f : M — N if

Note that this is clearly equivalent to rankd f, < n where dimN = n. o

The following theorem is found in Milnor’s Topology from the differentiable viewpoint.

Theorem 1.125. Let M be an m-dimensional manifold, N be an n-dimensional manifold, and f : M — N be a
smooth map. The set of critical values of f in N has measure zero.

Proof. We can assume that f : U € R™ — R". The proof proceeds by induction on m. Note that the assertion
trivially holds for m = 0.

Now set
Cp:={x €U : rankdf, <n}
and
Cy :={x €U : all partial derivatives of f less than or equal to order k vanish}.

Note that each C, is the finite intersection of sets which are the preimage of zero under a continuous map into R.
So each Cy is closed, and we have a decreasing sequence of closed sets

C02C12C22

We claim that f(C; \ Cy,1) has measure zero for all k € N, and that f(C;) has measure zero for large enough k.
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Step 1. f(C, \ C;) has measure zero.

Note that if n = 1 then C, = C;, and hence this step trivially holds. So suppose that n > 2.

For every x € C, \ C; we will find an open neighborhood V of x such that f (V N C) has measure zero.
Since R" is second countable we have that C, \ C; is covered by countably many such sets, the claim will
follow from the countable additivity of the Lebesgue measure.

If x € C, \ C; then some partial derivative of f does not vanish at x. Without loss of generality we
can assume that J; f;(x) # 0. Now define h : U — R™ by

h(x) = (fl(X),Xz,...,Xm).

ah, = | 0
* 0 1

Since dh, is non-singular it is invertible, and we can use the inverse function theorem to find an open
neighborhood V of x such that h: V — V :=im(V) is a diffeomorphism. Now set g := f oh™ : V —» R".
Observe that the set C of critical points of g is precisely h(V N C):

C:={x eV : rankd(f oh™), <n}
={x €V : rank(dfy1()0dh;') < n}
={xeV: rankd fy-1(,y) < n}
={h(x)eV : x €V, rankdf, <n}
=h(VNCQC).

We immediately see that

So we see that

g(C)=(f o )C)=(foh)R(VNC)=f(VNC).
So now we show that the set of critical values of g restricted to V is null. Note that since h;(x) = f;(x),
we see that g;(x) = x; for all x € V. That is to say g fixes the first component of its argument, and so
for fixed t € R we write

g ({t} xRNV - {t} xR,

as the restriction of g to the slice of V with first component ¢. Thinking of g, asa map g, : V, CR™ —
R"! we can consider the differential

dg(t,x’) = [i dgt(zx’)]

for elements of V,. One should observe that dg, is lower triangular, which follows immediately since dh
is upper triangular. So we see that (¢, y) is a critical value of g if and only if y is a critical value of g,. By
induction over the dimension of the space we obtain for each t this set, which we will denote as V,, has
measure zero. Now the set of critical points of g is closed, and so the set of critical values of g, which is
V, is Borel. So we have that y is measurable and by Tonelli’s theorem we see that

LMV) = f 2v(x) dx = f J xv,(x',t) dx’ dt = f 0dx’=0.
R" —oo J R1 R-1

So V is a null set, as desired.
Step 2. f(Cy \ Ci41) has measure zero for k € {1,2,...}.

Let x € Ci \ Cy41- So we can find a multi-index a with |a| = k such that
w:=3%f
satisfies
w(x)=0 and Jw(x)#0.
Now define h : U — R™ by
h(x) :== (W(x), Xg, ..oy Xp)-

35



Manifold Geometry & Analysis Yousuf Soliman

For some neighborhood V of x, the map h: V — V := h(V) is a diffeomorphism. Now set g := f oh ™" :
V>R

We have that h(C,NV) c {0} xR™!, and, in fact, is contained in the set of critical points of g restricted
to this domain. So we have that f(C, NV) is contained in the set of critical values of glj((o}xgrn)> Which
is zero by induction.

Step 3. For all k > m/n—1, f(C;) has measure zero.

Let I C U be a closed cube of side length 6. By Taylor’s theorem and compactness of I there existsa c > 0
such that, forallx e ;NI and x + h €1,

f (x +h) = f ()| < cllh]**.

We need an inequality of order k + 1 since the derivatives of lower order will vanish at x. Now divide I
into £™ cubes of side length 6 /¢. If I is such a cube and I N C; # 0, then fix x € I N C; and for each point
of I can be written as x + h where

I < @

However, the first inequality above tells us that

k+1
1 e+ B)— £ ()] Sc(@) ,

and so f (1) is contained in a cube of side length 2c(4/m&/£)**!. Since this bound holds for all such
sub-cubes we have that f (I N C,) is contained in a union of at most £™ cubes, each with volume at most

(ZC(MS)"“ )”

fk+1

So we have that

k n
,?N(f(l N Ck)) <m (w) — (26(\/%5)k+1)n€m_n(k+l).

(k+1

Now we see that if k > m/n—1, then this goes to zero as { — co. Hence, we have obtained that f (INC;)
is a ¥™ measure zero set.

Now we finish the proof. We can write
f(C)=f(C\CLUC\CU---UC 1 \CUCy)
=f(G\CHUF(C\C) U Uf(Cer \ G U F(C).

Since each of these is a set of measure zero, we see that f(C,) is a set of measure zero and we are done. O

1.11. Whitney embedding theorem. One might ask whether every abstract n-dimensional topological manifolds
can be realized as a submanifold of some Euclidean space R™ for some m € N. The main result of this section,
Whitney’s embedding theorem, provides a positive answer to this question. Intuitively, we should not be able to
embed an n-dimensional manifold in R" as witnessed by the existence of nonplanar graphs or the fact that S" is
naturally embedded in R**! — the fact that S" does not embed into R™ can be shown using some basic algebraic
topology. Every topological (read not necessarily smooth) manifold can be embedded in R?**! and every smooth
manifold can be embedded in R?".

Theorem 1.126 (Whitney’s embedding theorem — R?>"*! version). Every compact smooth n-dimensional manifold
M can be realized as a submanifold of R***1,

Proof. Let M be a smooth compact n-dimensional manifold.
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Step 1.

Step 2.

Step 3.

Step 4.

M embeds into R™ for some m € N.

Let % = {U;}*_, be a finite open cover of M such that each U; is contained in the domain of some
chart ¢; : V; = R". Let {p; ?:1 be a smooth partition of unit subordinated to . For alli = 1,...,k let
©; = pip; : M — R" (where we define this product to be zero whenever p; is). Now define

t: M — (R" x R)¥
p = ((21(p), p1(P)), -- ., (@r(P), pk(P))).

Now we show that ¢ is injective. Let p,q € M be such that ¢(x) = t(y). Then we see that for some
i=1,...,k that p,q € U; and hence ¢;(p) = pi(q). Since ¢, is a homeomorphism onto it’s image we
see that this implies p = g, and so ¢ is injective.

Now we show that ¢ is an immersion, i.e. that du is injective everywhere. Fix p € M, v € T,M, and
we see that fori =1,...,k

(de,()); = (pi(P)d i), (v) + (dpi),(V)wi(p), (dpi), (V).
Note that the above computation follows immediately since tangent vectors are derivations that satisfy
the Leibniz product rule. Now we see that if dv,(v) = 0 for some v € T,M then (dy;),(v) = 0 for all
i=1,...,k; hence v = 0 since ¢; : V; — R" is an immersion for all i (here V; C M is viewed as a
submanifold of M).

Finally, we show that ¢ : M — ¢(M) is an embedding. This follows immediately since M is compact,
(M) endowed with the subspace topology of (R" x R)¥ is Hausdorff, and ¢ is a bijective, continuous map
— this is a classical topological that any bijective, continuous map from a compact space into a Hausdorff
space is a homeomorphism. We conclude this step by noting that (R" x R)* & Rk(*+D),

If m > 2n + 1 then the set of hyperplanes IT € (RP™!)* such that the composition p;; o ¢ is injective
from M — II is full measure, where pj; : R™ — II is the orthogonal projection.

Note that pj; o ¢ is injective if and only if every line orthogonal to IT intersects the manifold at exactly
one point. Intuitively, that is to say that most directions are not directions which can joint distinct pairs
of points in the manifold. Formally, let A = {(p,p) € M x M : p € M} be the diagonal set. Now define

§:MxM\A -1

via 6(p,q) is the line through the origin parallel to the line joining ¢(p) and t(q) in R™. Note that
dim(RP™!) = m —1 and dim(M x M \ A) = 2n. Since we assume that m > 2n + 1 we see that
dim(RP™!) > 2n + 1. Now by Sard’s theorem applied to the map § we conclude that the measure
of 6(M x M \ A) is zero. Hence, the complement of the image of A is full measure, and since py; o ¢ is
injective for all IT in the complement of the image of & we are done.
If m > 2n+ 1 then the set of hyperplanes IT € (RP™!)* where py ot is an immersion is full measure.
Note that dpy; is not injective whenever there exists some non-zero v € T,M € R™ such that py(v) = 0.
Consider the projectivization of the tangent bundle, P(TM). This is a fiber bundle over M with fiber
RP™!. So the dimension of the total space is 2n — 1. Now consider the map

y :P(TM) — RP™!

defined as y(v) — di,(v) € R™ for v € T,M. Then since the dimension of P(TM) is at least 2n + 1
by Sard’s theorem again we conclude that the image of y is measure zero. Hence, the collection of
hyperplanes IT where dpy; is injective iz full measure.

We conclude by noting that d(py o) = dpp o dt.
Every n-dimensional smooth manifold embeds into R?"*!,

Now by taking any IT such that the above two conditions hold, we obtain that pot: M — IT X R™1
is an embedding. By repeatedly applying the previous two steps to this new embedding we obtain an
embedding of M into R?**1,

O

Corollary 1.127. Every compact n-dimensional manifold immerses in R?".

Proof. Since the conditions on Step 3 of the above proof are more relaxed than those of Step 2, we can iterate
one more time to show that every n-dimensional compact manifold immerses into R?". O
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2. DIFFERENTIAL FORMS.

Before defining tensors, differential forms, and the exterior algebra in the context of manifolds, we give some
intuition by reviewing the geometric aspects of the exterior algebra of vector spaces. Note that the treatment in
this introduction is not meant to be fully rigorous.

Let V be an n-dimensional real vector space. Given a vector v € V we can inspect v by considering the length of
v along a given direction a.

The result is simply a real number, which we can call a(v). This notation is meant to emphasize that a is a function

V — R: in particulay, it is a linear function which takes in a vector and produces a scalar. Any such function is
called a covector (or 1-form).

Now if we have a collection of vectors, we can measure a similar quantity by projecting the parallelogram spanned
by these vectors onto the space spanned by two other vectors a and 3. First we need to introduce an operation

called the wedge product of two vectors u and v, which will give us the parallelogram spanned by u and v. This
is most easily described visually:

The object u A v is called a 2-vector. The wedge produce is antisymmetric in the sense that u Av = —v Au. Now
we introduce an operation a A # which returns the area of the projection of u A v onto span{a, }.

uxo

I/

This projection operation is given the name of a A f and takes in two vectors u,v and returns a real number
a A B(uAv). This wedge operation is also antisymmetric in the sense that a A 3 = —f8 A a. The object a A f3 is

called a 2-vector. More generally, a k-vector is the wedge product of k vectors (this isn’t exactly right, but it gives
some good intuition).

The exterior algebra roughly allows us to talk about signed volumes spanned by vectors and get complementary
vectors (i.e. the Hodge dual). Differential forms will be smoothly varying (k-)covectors and will be the technical
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foundation for calculus and analysis on manifolds. It is always a good idea to keep in mind that although the
construction of these objects is very algebraic they have a very concrete geometric interpretation.

The rest of this section closely follows the first chapter of Federer’s Geometric Measure Theory.

2.1. Tensor products. The language of tensors and multilinear algebra is extremely useful and prevalent in
differential geometry and manifold analysis. We give the basic constructions and prove some basic propositions
that will become useful to us later.

Definition 2.1. Let V and W be vector spaces over R. The tensor product is a vector space V ® W and a bilinear
map, called the multiplication, u : V x W — V ® W such that for any bilinar map f : V x W — Z for any other
vector space Z we obtain a unique linear map F : V ® W — Z such that the following diagram commutes:

Vew

AN
N F

u N
N

Vfo—>>‘Z

This is known as the universal mapping property of the tensor product. o

Proposition 2.2. Let V,W be vector spaces. The tensor product V ® W exists.

Proof. Let F(V x W) be the free vector space over V x W, i.e.

k
F(VxW):= {Zai(vi,wi) to; €R, v €V, wieW}.
i=1

Note that these are formal sums in this product space where every element of V x W is a basis element. Now
define i : V. x W — F(V x W) as follows:

(v, w)) = (v, w).
Now let G C F(V x W) be defined as follows:
G :={a(v,w)—(av,w),
a(v,w)—(v,aw),
(vl + Va, W) - (Vl; W) - (VZ; W)’
(v, wy +wy) —(v,wqy) — (v, w,)
TV, VL, EV, w,wy,wy € W
Now define the tensor product is as
VW :=F(V xW)/G.

Note that u : VxW — V®W is bilinear by the construction of G. Now consider any bilinear map f : VxW — Z for
some vector space Z. Note that since i is injective we have that there exists a unique linear map F : F(VxW) — Z
such that F o i = f. It is easy to check that

ker f CG,

and so we have that there exists a unique map F : V® W — Z such that

F=FoTpywysvews

and we have that F makes the diagram in the definition of the tensor product commute. So we see that V x W is
indeed a tensor product of V and W, as desired. O

Remark 2.3. It is almost never very useful to use the actual construction of the tensor product and we can just
use the universal mapping property of the tensor product to obtain very powerful results very easily! o

Proposition 2.4. The tensor product is unique (up to linear isomorphism).
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Proof. Let V and W be vector spaces and suppose that A and B are both tensor products of V and W (and let
Ua:V xW — Aand ug : Vx W — B denote their respective multiplications). Then we obtain unique linear maps
a:A— Band 8 : B— Asuch that the following diagram commutes:

Now we obtain that a o 8 : A — A is the unique morphism such that u, o (a o ) = u,. Note that since id, : A — A
satisfies this we obtain that a o § =id,. We do the similar for B and find that the mapsa:A—Band f: B — A
induce a linear isomorphism of tensor products. O

Remark 2.5. Basic tensors in V ® W will be denoted as v ® w, which is the equivalence class which contains (v, w)
(identified in F(V x W)). Furthermore, note that not all tensors are of the above form, i.e. there are tensors of
the form

k
Zai(viébwi), a; €ER, VeV, w; eW.
i=1

The tensor product has many very natural properties. One is given in the following proposition, and it also
demonstrates the power of the universal mapping property.

Proposition 2.6. Let V;,V,, W;, W, be vector spaces. Let f : V; = W, and g : V, — W, be linear maps. Then there
exists a unique linear map f ® g : V; ® V, = W; ® W, satisfying

(f ®g)(v1 ®vy) = f(v1) ® g(vy).

Proof. Consider the following diagram
V,®V,

~
/ ~ fos
~
~

>
VIXVZWWIXWZWMG@WZ

The map f ® g comes from the universal mapping property of V; ® V, and since (U, xw,) © (f x g) is a bilinear
map into a vector space W; ® W,. ]

Example 2.7. Let f : [0,1] — Rand g : [0, 1] — R be smooth functions. Consider the covectors F, G € (L([0,1]))*
given by

1
F(u) := f FO)u(x) dx,
0

1
G(v):= J g(y)v(y) dy.
0

Note that F and G are clearly linear maps. Now we can explicitly compute F ® G : (L}([0,1]) ® L([0,1])) —
R ® R Z R to be the bilinear form

(FeG)(uev)= f u(x)f (x)g(y)Iv(y) dx dy.

(0,1

Visually, we have the following:
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M A

Note that here f ® g is does not actually mean the tensor product of f and g as in the previous proposition, since
f and g are not linear functions from L'([0, 1]) — R. This notation is simply meant as a type of intuition used in
visualizing the tensor product. o

Proposition 2.8. If V = P @ Q is a vector space (with P,Q vector spaces) and W is any other vector space then

VewX(PoaW)e(QeWw).

Proof. Consider themap ¢: (P®Q)xW — (P W) ® (Q ® W) given by
t(p+gw)=p@w+qew.

This map is clearly bilinear, and so by the universal property of the tensor product we obtain a unique linear map
2 (PoQ)®W — (P®W) @ (Q® W) satisfying

P(p+q)ew)=pew+qew.

We will now use the universal property of the tensor product to explicitly construct the inverse to t®. Consider
themapsa:PxW = (P®Q)®W and f:Qx W — (P& Q) ® W given by

a(p,w)=pew=(p+0)®w,
Blg,w)=qe@w=(0+q)®w.

Note that a and 8 are both bilinear maps, and so they induce linear maps a® : P®@W — (P ® Q) ® W and
Be:Q®W — (P®Q)®W such that

a®(pew)=pew=(p+0)®w,
BElgew)=qew=(0+q)®w.
Now consider the morphismy: (P@W)® (Q® W) — (P Q) ® W given by
r(p®w;+q@®wy)=a®(p@w;)+L°(q®w,)=(p+0)®w; +(0+q)®w,.

We see that y is indeed a well defined linear morphism since a® and % are. It is easy to see that y and (® are
indeed inverses, and so we are done. O

Remark 2.9. Of course by induction we have that the above result holds for any finite number of direct sums.
More generally, it can be shown that the result holds for arbitrary direct sums. o

Proposition 2.10. dim(V ® W) = (dim V)(dim W).

Proof. Let {e;}]_; and {f; ;.":1 be bases for V and W, respectively. In light of Proposition 2.8 we see that the
elements {e; ® f;}; ; form a basis of V. ® W. Hence

dim(V ® W) = (dim V)(dim W).
O

Proposition 2.11. Suppose that either dimV < +00 or dimW < +00, and let %,(V x W) be the space of all bilinar
functions from V x W — R. Then
(Vew)y =L (VxW)SV oW
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Definition 2.12. Let R be a ring. We say that R is graded if there is a distinguished decomposition
R=DR,
n=0

where each R, is a subgroup of R with the property that R; - R; € R;,;. We call R, the homogeneous part of
degree n and all r € R,, a homogeneous element of degree n. o

Definition 2.13. A graded R-algebra A is a graded ring such that the homogeneous parts are R-submodules. In
the case where R is a field, that is to say that each homogeneous part is a vector space. o

Definition 2.14. The contravariant tensor algebra is the graded algebra

o

Q. v=Pver,

n=0
where V®° =R, V®! =V, V®2 =V @V, and so on. The multiplication on ), V is given such that the restriction
to V®™ x V®" is simply the following bilinar composition:
V®m x V®n , V®m ® V®n ; V®(m+n)

<

Proposition 2.15 (UMP of the tensor algebra). For any graded associative algebra A with a unit element, and a
linear map f : V — A,, there exists a unique extension to a unit preserving algebra homomorphism

F: Q). V—A

that preserves the grading.

Proof. LetA= @:ZOAH be a graded associative algebra with a unit. Let f : V — A; be a linear map. Now define
F: ),V — Aas the linear extension satisfying the following: for each n € N let

n
Fne--ev)=| [fo),
i=1
where v; € V, and the multiplication on the right is understood to be in A. Similarly, let
F(C) =C- ]'A’

for c € R = V®° and 1, is the unit element in A. Clearly F is a well-defined algebra homomorphism from &), V
into A, satisfying f = F o1, where ¢ : V — ), V is the inclusion.

Now it suffices to show that F is unique. Suppose that we have two such algebra homomorphism F : Q),V — A
and G : ®,V — Asatisfying F ot = f = G o. Note that since F and G are algebra homomorphisms we have that
F(1) =1, = G(1). Then we see that if 1, : V®" — &), V is the inclusion map we have

Foi,=Gou,,

oo
F=>Fou,
i=1

for all n > 1. So we see that

and
G= Z Gou,.
i=1
Now we can deduce that F = G since F o, = Goy, foralln > 0. |

Remark 2.16. Note that when we say algebra homomorphism we always mean a unital algebra homomorphism.

The universal property of the contravariant tensor algebra does not hold in general if we consider non-unital
algebra homomorphisms, in particular the uniqueness fails! An explicit counter example is given by V = R and
consider the map V — R @ R given by r — (r,0) = r + 0. Now we can extend this to an non-unital algebra
homomorphism V @ V®2 @ --- — A in the obvious way. Now we see that there are two distinct ways to extend to
the space V®® = R, either by putting it into the first coordinate or pushing it diagonally through. o
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Remark 2.17. Note that the contravariant tensor algebra is exactly the free algebra on a vector space. If we
perform the same construction on the dual V* we get an algebra of functions. If dimV = n then we obtain an
isomorphism

T(V)ZER{xy,..., X},

which is the algebra of noncommutative polynomials in n-variables. o

Proposition 2.18. Everylinear map f : V — W can be uniquely extended to a unit preserving algebra homomorphism

R.f R V-RQ.w,
®.1=D®,s

such that

where ®,, f : V& —» W™,
Proof. This follows immediately from the universal property of the tensor algebra. O

The universal property of the tensor algebra tells us that we have a bijection

hOlTlR(V, A) = homR—Algebra ( ®* V, A) .

Those of you with a bit of a background in category theory might note that this looks a bit like an adjunction.
Indeed, there is an adjunction here, and the proof follows immediately from the universal property of the tensor
algebra.

Proposition 2.19. The functor @), : R-Vect — R-Algebra is left adjoint to the forgetful functor U : R-Algebra —
R-Vect.

Definition 2.20. Consider the following tensor product
V=V e(V)*=Ve VeV e - eV,

r times s times

Elements of V* are called (r,s)-type tensors. In particular, elements of Vr0 are called contravariant tensors of
degree r, and elements of Vjj are called covariant tensors of degree s. o

Definition 2.21. The tensor algebra is given by

T(V):= @ ve.

rs=0
T(V) is endowed with two natural operations:
e contraction is a mapping V' — Vrsjll given by
VI®®1Qa® - ®a,— (V) (1 ® - QV,_1®a,® - ay).
o tensor product is a mapping V' x V> — Vrslfrsj given by
(r® - ®v, ®a;® - ®a,Ww;® - ®w, ®f;® - ®f5)
SV ® @V, W ® - ®W, ®a;® - ®a;, B8 ®f3 .

i

Example 2.22. A special case of a contraction is when t € V11 is a (1,1)-type tensor. Let {v;} , be a basis of V
and let {a;}]_; be the associated dual basis for V* such that a;(v;) = 6, ;. Write t in this basis as

n n
t = ZZ ti,jvi ® aj.

i=1 j=1

contract(t) = Z Z t;joi(v) = Z tiis
T i

Then we see that
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and so we see that the contraction is simply a generalization (or coordinate-free representation) of the trace
operator. o

Definition 2.23. Mult} (V, W) is the vector space of all multilinear functions

VX x VXV %o x V™,

r times s times

We now recall a basic result from linear algebra.

Definition 2.24. Let V and W be two vector spaces. A pairing is a bilinear map (-,-) : V x W — R. A pairing is
non-degenerate if

(vo,w)=0VweW = v, =0,
and

(v,wg) =0VveV = wy=0.

Lemma 2.25. If B:V x W — R is a non-degenerate pairing, then V= W* and W = V*.

Proof. Consider the mapping b, : V — W* given by
b(v) = (w— B(v,w)).
Note that b, is linear since B is bilinear, and
kerb; ={vy €V : by(vy) =0} ={vy€V : B(vy,w)=0VYweW}={0}.

So b, is injective and so dimV < dimW* = dimW. By an identical argument we find that dimW < dimV* =
dimV. Hence dimV = dim W, and so b, is an isomorphism. By the same argument applied to b, : W — V* given
by b,(w) = (v — B(v,w)) we obtain that b, is an isomorphism. Hence V = W* and W = V* as desired. O

Proposition 2.26. (V*)’ = (V?)* = Mult (V,R).

Proof. To show the first isomorphism we construct a non-degenerate pairing (V*)’ x V’ — R given on basic tensors
ViEa® - ®a. v, ® -0V, (V)

and
U=u;® - 0u,®f;®---®B, €V’

by
) =ay(ug) - a(u)By(vi) - Bs(ve),
and extended multilinearly. This pairing is clearly non-singular. Hence, by Proposition 2.25 we have an isomor-
phism
VoM.
On the other hand, by the universal property of the tensor product we have that
(VS)* = Mult (V,R).
Note that under this isomorphism if h € (V)" then the corresponding multilinear function H € Mult; (V, R) satisfies
HWvy,...,v,0Qq,...,a)=h(v;®---®Vv,®a; ® - ® a,).
Putting this all together we obtain the desired isomorphism (V*) = Mult} (V,R). O

Notation 2.27. We will adopt the Einstein summation convention: whenever a pair of variables is indexed by the
same letter i in both “lower” and “upper” indices, we interpret this as a sum over all possible values of i. For

example:
i E : i
aiV = aiV .
i
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Proposition 2.28 (Change of variables for (r,s)-tensors). Let V be a vector space and let {e;}!"_, and { f] | be two
bases of V. Let B = (bf ) be a transition matrix between the two bases, i.e.,
— 1)
fi = bje;
Then for any (r,s)-type tensor t € V, the change of coordinates between the corresponding two bases of V? is given

by

Jseens tll, ,l k ﬂk; it Js?

where (/3;) is the inverse of B.

Proof. By the multilinearity of tensors we have that

Kpseenk,
t= tl” ® - ®e @l ®.--e*
...... €k ky

k ..... k, i b s L £+,
i ( fu) o (pifi)e(bis) e (biF)
..... L j i
11, ,l . ji'“ajsfil®“.®fir®f*h®”.®f*]'
So we have the desired change of coordmates formula. O

Remark 2.29. From the change of coordinates formula we see why the vector components of V} are called con-
travariant and the dual components of V' are called covariant — the change of coordinates for the vector com-
ponents is given by the inverse of the transition matrix (contravariantly) while the change of coordinates for the
dual components is given by the original transition matrix (covariantly). S
2.2. Exterior algebras. We first review a bit of algebra.

Definition 2.30. Let R be a ring. An (two-sided) ideal a is an additive subgroup of R such that for all x € R we

have xa C a. o

Note that every element r € R can uniquely be written as

o

where r, €R,,.

Definition 2.31. A homogeneous ideal of a ring R is an ideal a such that
o= Pan,
n=0

where a, :=anNR,. o

Note that if a is a homogeneous ideal of the ring R then R/a is naturally a graded ring with homogeneous part
of degree n simply being R,,/a. If A is a graded R-algebra then this ideal a will also be a submodule, and so the
quotient will also be a graded R-module with the already specified grading.

Proposition 2.32. Let R be a graded ring. A two-sided ideal a is homogeneous if and only if it is generated by

homogeneous elements.

Proof. Note that if a is homogeneous then it is clearly generated by the homogeneous components of all its
elements. Conversely, suppose that a is generated by a set of homogeneous elements {qa;};c; for some index set I
and a; €R,, . Now let x € q, and write
n
xX = Z YiaiZ;,
i=1

where y;,z; € R. Then for any m € N we have x,, = >..(¥;4;2;),, and so it suffices to consider yaz for some
a € {a;};c; NR,, ¥,% €R. Note that

(yaz)a= ). yiaz);= > yiaz,

i+j=m i+j=m
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where 2, = 0 for k < 0. So we see that (yaz),, € a. Now we see that (y;a;2;),, € a,,, for all m € N and so a is a
two-sided homogeneous ideal. O

The reason we are concerned with homogeneous ideals is that we know that &), V is a graded R-algebra, and so
we can start modding out by homogeneous ideals to get new graded R-algebras — in particular, the exterior and
symmetric algebras.
Construction 2.33 (Exterior Algebra). Consider the two-sided homogeneous ideal

AV :=(v®v :veV).

This is indeed a homogeneous ideal by Proposition 2.32. The exterior algebra is defined to be the following

graded R-algebra:
Nv=Q, v/av.

The homogeneous part of degree k is denoted as /\k V, and elements of /\k V are called k-vectors of V. Note that

since 21V only contains elements of degree 2 or more we have that /\0 V =R and /\1 V = V. The multiplication
in /\* V is called exterior multiplication and is denoted by A.

One can think about the exterior algebra as the tensor algebra where we have forced antisymmetry in the sense
that we have something like v; ® -+ ® v, = sgn(c )v,(1) ® - - - ® v,,, where o : [n] — [n] is a permutation. To see
that this holds note that
(x+y)®(x+y)=x®x+yQ®y+xQy+y®x,
and so
X®y+y®x=(x+y)®(x+y)—x®x—yQycAV.
Hence the coset
(xey+yex)+av=0+ave \'V.
Now let
VIA AV, =11 Q--Qv, +AV.
So we see that
XAy+yAx=0, andso xAy=—yAX.

To see that both notions of the A coincide (both as an equivalence class/coset and as an exterior multiplication
of vectors in V) note that the canonical homomorphism @), V — /\* V maps v; ® -+ ® v, onto v; A--- Av,.

Note that since we have the anticommutativity of the wedge product of two elements x, y € V we have that for
any permutation o : [n] — [n] that

VIA AV, = sgn(o)v(,(l) A Ao

Proposition 2.34. For vy,...,v; € V we have that

1
Vl/\“‘/\VkZE Z SgH(O')VO.(l)/\"‘/\VO.(k),

toEeny

where ;. is the set of permutations on the set [k]:={1,...,k}.

Proof Let 0 € ¥ be any permutation. Then we see that
VA AV =8gn(0 Vo) A A Vo

Since |Z;| = k! the result follows immediately

1 1
il Zsgn(a)vg(l)/\”-/\vg(k):Evl/\---/\vk=v1/\-~-/\vk.

toexn;

Proposition 2.35. Let w € /\k Vandn e /\Z V. Then
wAN= (—1)"‘3(7) A w).
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Proof. By the bilinearity of A it suffices to prove this on simple k-vectors w = v; A -+ A v, and simple £-vectors
7N =w; A--- Aw,. The result immediately follows since it requires k{ transpositions to switch wAntonAw. 0O

Now we see that if k is odd and w € /\k V that w A w =0.
The exterior algebra inherits the following universal mapping property from the tensor algebra:

Theorem 2.36 (UMP of the exterior algebra). For every anticommutative associative graded algebra A with a unit,
every linear map f : V — A; can be uniquely extended to an algebra homomorphism of F : /\* V — A, which preserves

the grading (i.e. /\k V — AF).

Proof. Let f : V — A, be alinear map. By the universal property of the tensor algebra we obtain a unique extension
F:®,V — A, which is an algebra homomorphism that preserves the grading. Since A is anticommutative and R
has a characteristic that is different from 2, we have that a® = 0 whenever a € AV. Hence AV C kerF, and so F
is divisible by the canonincal homomorphism ), V — /\* V. |

We also have a universal mapping property for the n-fold exterior product.

Definition 2.37. A multilinear function f : V x --- x V. — W is called alternating if and only if
"
n times
f(v1: [EEE) vk) = Sgn(o-)h(vo'(l)’ [ERS) va(n))

for every permutation o : [n] — [n]. S

Definition 2.38. Let Alt"(V, W) be the vector space of all alternating multilinear functions f : V" —» W. o

Note that if f € Alt"(V,W) and F : V®" — W is the corresponding linear function induced by the universal
property of the tensor product then we see 2V N V®" C ker F and so we have a unique linear map F : /\" V-ow

satisfying
FviA--Av)=f(vi,..., V)
forvy,...,v, €V.

Now by associating f with F we obtain the following natural isomorphism:
Al'(v,w) = hom ( \"v,w).
This is exactly the universal property of the exterior algebra, which we state as a theorem below:

Theorem 2.39. Let V be a vector space over R. The exterior product is a vector space /\k V and an alternating
bilinear map, called the exterior multiplication, v : V* — /\k V such that for any vector space W and any alternating

multilinear map f : V¥ — W we obtain a unique linear map F : /\kV — W such that the following diagram
commutes:

A'v

AN
T‘v \F
N
N
vk— w

f

In light of this universal mapping property we se that an elements v; A - -+ A v is nonzero in /\k V if and only if
there exists some vector space W and an alternating multilinear map VX — W such that (v;, ..., v,) is not sent to
zero. In particular, this gives us an interesting view of what it means for /\k V to be the zero module: it means
that the only alternating maps out of V¥ to any vector space is the zero map.

Proposition 2.40. \“(V*) = Alt“(V,R) = (\* V)*
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Proof. To show the first isomorphism consider the pairing B : /\k(V*) X /\k(V) — R given by

Bl A-- Ay, i A= Av) = det(ai(vj))zjzl,
extended bilinearly. To see that B is non-degenerate it suffices to evaluate the pairing on the respective bases.
Hence by Lemma 2.25 we deduce that /\k(V*) ~ (/\k V)*.

Alt*(V,R) = hom (/\k v, R) = (/\k v)* .

Elements of Alt"(V,R) /\k(V*) are called k-covectors.

Definition 2.41. Let f : V — W be a linear map. The pullback map is the map f*: /\k(W*) — /\k(V*) given by
(f*(P)(vli s Vk) = (P(f(vl)) e ’f(vk));

where ¢ € /\k(W*) and v; € V. Hence, we use Proposition 2.40 to consider ¢ and f*¢ as alternating k-linear
maps. o

Proposition 2.42. f*: \*(W*) — A"(V*) is an algebra homomorphism.

Proof Note that W* = /\1(W*) and so f*: W* — /\1(V*) is a linear map. So by the universal property of the
tensor algebra we find that f* extends uniquely to an algebra homomorphism f* : /\*(W*) — /\*(V*). The
uniqueness ensures that f* = f*. O

Now we would like to determine the dimension of /\k V. Note that if {v;,...,v,} is a basis for V then {vi1 A A

,,,,,

course, most of these elements are zero. For example, we can immediately replace this set with
iy Ao Ay iy, T €], B £ forall £ # .}

This set is still redundant since indexed the elements by injections [k] — [n], but since the wedge product is
anticommutative we can index by combinations of k elements of n. In particular, we have that

{Vil /\"'/\Vik . il)""ik S [n], il < - < lk}
spans /\k V. So we have the following result:

Proposition 2.43. Let V be a vector space of dimension n. For k < n we have that
k n
dim( V) = ( )
ANV)=l
k
/\ v=o.

The fact that for k > n we have /\k V = 0 makes sense since there are no nonzero alternating multilinear maps
out of Vk,

For k > n we have that

Example 2.44. Let V =R®. Then \*V 2 R® and in particular e; Ae, = e;, e; Aes = —e,, and e, Aes — e; defines
an isomorphism. Under such identification the wedge is the cross product

VI AVy =V XV,

Furthermore,
V1 A vy Avg =det([v; vy v3]).

This isomorphism is exactly the Hodge star (x) operation, which we will define soon. o
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In light of the fact that /\k V =0 for all k > dimn we see
x Rk ~ Ak
NV=DNVv=BN\V
k=0 k=0
In particular, we see that /\>K V is an R-algebra with
. * — (n = (n n
dlm(/\ V) ;(k) ;(k) 2",

Unsurprisingly, the construction of /\ is functorial, in the sense that the /\ operation can not only take exterior
powers of vector spaces, but also exterior powers of linear maps. If f : V — W is a linear map, then we should

be able to construct some linear map /\k f: /\k V- /\k W which respects compositions and identities.
Theorem 2.45. For all k € N the operator /\k is a functor from the category of R-vector spaces to R-vector spaces.

Proof. Let f : V — W be alinear map between vector spaces. Then by the universal property of the tensor product
we getamap Q. f : @V — Qi W such that

X fn @ @v)=f(v)®- 8 f(v).

Now by considering the composition

/\O®kf0®:vk—>®kv—>/\kW,

where A : @, W — /\k W is the quotient map and where ® : V¥ — ), V is the multiplication map, we get an
alternating k-linear map V* — /\k W which satisfies

(vl>""vk)Hf(vl)/\"'/\f(vk)-

Hence, by the universal property of the exterior product we obtain a unique linear map
/\k f : /\k V — /\k w
ViA- AV = f) A A f ().
It is easy to see that /\k(g of)= /\k gO/\kf and that /\k(idv) = id/\k v+ Sowe see that /\k is indeed a functor. [

Proposition 2.46. Let V and W be R-vector spaces.

(1) Let f : V — W be a surjective linear map. Then, /\kf : /\k V- /\k W is surjective.
(2) Let f : V — W be an injective linear map. Then /\kf : /\k V- /\k W is injective.

Proof.

(1) Let Wy € W be a generating set for W. Since f is surjective, we know that there is some subset V; C V
such that f (V) = W,. Now it is trivial to see that

Swi=A{wy A-Awy twy ., wy € Wl
is a generating set for /\k V, and moreover that if
Sy :={viy A Avy 1 v,y €V}
then
IS

So /\k f hits a generating set of /\k W, and thus by linearity we deduce that /\k f is surjective.
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(2) Note that since im(f) is a vector subspace of W have have a split short exact sequence

O—>M%im(f)®ZL>Z—>O,
w

where Z is the complement of im(f) in W. Now the result immediately follows since functors take
retractions to retractions. More explicitly, since our sequence splits we get a retraction map s : W — V

such that s o f =idy. Then /\k(s) o /\k(f) = id/\kv, and therefore /\k(f) is injective.

O

Determinants. The exterior powers of maps relate to determinants in a very concrete way. This definition of a
determinant will be used when we define the Hodge dual.

Let V be a vector space with dimV =n, let 8 = {v,,...,v,} be a basis of V, and consider a linearmap f : V — V.
Recall that associated to f is a unique matrix [ f ]; € R™" defined by making that (i, j)™ entry of [ f ] 5 the unique
a; j € R making

n

f(Vj) = Zai,jvi-

i=1
Moreover, the association f — [f ], is actually an R-algebra isomorphism Endg (V) — R™". Moreover, we know
that if we define ¢ to be the unique isomorphism V — R" with

p(vi) =e¢
then f = ¢ ' o[f]4 o ¢ where [f]g4 acts on R” in the usual way (i.e. matrix-vector multiplication).

So we see that we can think about endomorphisms V' — V as matrices, as long as we keep track of bases. Moreover,
we can define the determinant of a matrix A= (q; ;) in R™" as follows:

n
det(A) = Z Sgn(G)l_[ai,a(i)-
o€xn, i=1

Moreover, we define the adjugate matrix adj(A) to be the matrix whose (i, j)™ coordinate is computed by taking
the determinant of A after removing the j™ row and i® column, and multiplying by (—1)*7. Now from basic
linear algebra we see that

adj(A)A = Aadj(A) = det(A)] -
So we see that A € GL,(R) if and only if det(A) # 0.

Now what does this have to do with the exterior algebra, well note that dim /\” V =1 and so we see that for every
linear map f : V — V that
NrF:Nv-N\ver,
and so there is a unique constant C; € R such that
/\ fOrA- AV ) =Cr(vi A Avy).
Theorem 2.47.
n
J\ FOLA-Av) = det([f 1) A-ee Avy).
Proof. Write [f]4 = (a; ;). We now have

N FOLA AV =FOD A AF (V)

n n
Z ail’lvil /\ b /\ Z aimnvl'n
=1 i,=1

Il
2
—
a
E]
—
=

>

>
=
—
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Now note that any (iy, ..., i,) with repeated numbers results in v; A---Av; =0, and so we may consider the last
sum only over indices which are in bijection with [n], i.e. only permuations of [n], and so we see that

n
/\ (f)(vl TASRARAN Vn) = Z Ai,0(1)""" an,o(n)(va(l) ARERNA vo(n));

€L,

but since v,y A*++ A Vg = sgn(o)vy A« -+ A v, we have that

/\n(f)(vl A Av) = Z sgn(0)ay o1y Apom(Vi A Avy)

oEL,

= ( Z Sgn(o)al’o(l) cee an’o(n)) (v1 A A vn)

=det([f15) (v A=~ AV,)
=det([f1g) (v A== AVy).
O

Note that if we have selected a different basis 98’ for V then we would know from the above theorem that /\n( 1)
is simply multiplication by det([ f ] /). In particular, we see that

det([F15)0n A= Av) = NI A= Av) = det([f 1) A+ Ay,

and since v; A -+ A v, # 0 we deduce that

det(Lf 15) = det([f ] 5)-

In other words, the determinant is a well-defined invariant of a linear transformation, i.e. the determinant does
not depend on the choice of basis.

The functoriality of /\n gives us a very quick proof of the multiplicativeness of the determinant.

Proposition 2.48. Let f,g : V — V be linear maps. Then det(g o f) = det(g) det(f).

Proof Letv € \"V. Then we know that
det(gof)v=/\"(go f)¥)
=(A\"@\'(H))w)

= \'(e)det(f)v)
= det(g)det(f)v.

To tie this back to geometry, we prove a basic fact from linear algebra and measure theory.

Theorem 2.49. Let L : R"™ — R" be linear. Then for every Lebesgue measurable set E € R", L(E) is Lebesgue
measurable and

£L"(L(E)) = | det(L)| " (E).
Proof. If det(L) = 0 then L(R") is a subspace of R" of dimension less than n, and in this case £"(¥(R")) = 0.
Since ¥" is a complete measure, we have for every measurable set E that
0= 2"(L(E)) = | det(L)|-£"(E),
as desired.

Now suppose that det(L) # 0. So we have that L is invertible with continuous inverse. In particular, L(E) is the
inverse image of the set E through the continuous function L™'; so if E is Borel, then so is L(E). So we can define
the measure u(E) := £"(L(E)) for E € 8(R"). By the linearity of L. we deduce that y is translation invariant.
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Since " is the unique translation invariant Borel measure we have that there exists some constant ¢ > 0 such
that

(D W(E) =c<L"(E), E e BR").

If E C R" is just Lebesgue measurable then we can find two Borel sets F and G such that F C E C G such that
£"(G\F)=0. By (1) we see that £"(L(G\ F)) =0, and so since E\ F € G\ F we have that L(E\ F) CL(G\ F),
which, again by completeness, implies that L(E \ F) is measurable. In turn, L(E) = L(F) UL(E \ F) is Lebesgue
measurable, since L(F) is Borel.

Note that if L is a rotation, then L(B(0,1)) = B(0,1), and so
2£"(B(0,1)) = £"(L(B(0,1))) = c£"(B(0,1)),
which implies that ¢ = 1. Since | detL| = 1, we have that the desired formula holds in this case.

Now recall that any invertible linear transformation can be written as a composition of linear invertible transfor-
mations of three basic types:

T,(x) := (X1, .05 Xgyenn, X)),
A(X’) = (xlaxl +x2:~ . ':xn);

Sij(x):: Sij(xl,...,xi,...,Xj,...,xn)=(X1,...,X ..,Xl-,...,xn).

Jj>e
Now since the determinant of the composition of two linear transformations is their product, it suffices to verify
the result for these three basic types.

o Note that | det(T,)| = |s|, while T,([0,1]") = [0,s] x [0,1]" ! if s > 0, and T,([0,1]") = [5,0] x [0,1]**

if s < 0. In both cases
LN(T,([0,1]) = Is| =,
and so the result holds.

e Note that |detA| =1, and A([0,1)")={y €R" : y; <y, <y;+1,y; €[0,1), for all i # 2}. Let
Fi:={x€A([0,1)") : x,<1}={yeR": y; <y, <y;+1, y;€[0,1) forall i #2, y, <1},
Fo:=A([0,1))\F;={y €R" : y; <y, <y;+1, y;€[0,1) foralli #2, y, > 1}.

Then
—ey+Fy={2€R" : 3 —1<2,<2, z,€[0,1) foralli #2, z, >0},
and so F; U(—e, + F,) =[0,1)", and F; N (—e, + F,) = 0. Hence,
c2"([0,1)") = £"(A([0,1)")) = L"(F, UF,) = £"(F,) + £"(F,)
= LN(F)) + L (—ey + Fy) = L7(Fy U (e, + F,)) = 2"([0,1)") = 1.
Again, the result holds in this case.

e Finally, |detS;;| =1, and S;;([0,1]") =[0,1]", and so again ¢ = 1, and the result holds in this case.

O

This theorem shows us that the absolute value of the determinant measures the volume spanned by the vectors
L(e;) where e; is the standard basis of R". More generally, the determinant provides us with a notion of signed
volume which depends on the orientation of the vectors. In particular, if we are working in the tangent space of a
manifold then the geometric interpretation of the determinant is the same. This is one way to intuit the definition
of volume form, i.e. a measure on the manifold.

2.3. Tensor fields and differential forms. To tie this back to geometry and manifold theory, we would like to
have tensor fields that vary smoothly across our manifolds. To introduce this we will consider tensor bundles,
which are in some sense generalizations of the tangent and cotangent bundles.

Definition 2.50. The (r,s)-tensor bundle T'M is the vector bundle over M for which a fiber over a point p € M
is (T,M);. = (T,M)®" ® (T,M*)*". o
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We have a natural coordinate chart associated to the (r,s)-tensor bundle. In particular, if (U,p : U — M) is a
coordinate chart for M then we have & : U x R"" — T*M given by

fi, O
(x,a)-—>(qb(x),aj1 """ T — Q- ® ®dxj1®---®dxjs),

""" b0 xy, dx

ir
where we used the Einstein summation convention, and where dimM = n.

Definition 2.51. A (smooth) tensor field (with abuse of terminology we also call these just tensors) is a (smooth)
section of a tensor bundle. We simply write T € T'M to denote that T is a smooth (r,s)-tensor field. o

Remark 2.52. Note that sections of TloM are simply vector fields on M. o

Let (U, ¢) and (V,%) be two coordinate charts such that there exists some p € p(U)N (V). Let T € T.M be a
i k

smooth tensor field. Then in a neighborhood of p we have smooth functions a;’::’}f and b;‘lll " such that
.2 2
T=a""—®& -®_-—®&dx; ® - ®dx,
J1sees)s axi1 3xir i Js
iy 9 g ® — ®dy, ®---®dy
Jseeess aykl 0 . b ;>

where x and y are the coordinates induced by ¢ and 1), respectively. Now we want to find the relationship
between the coefficients. A direct application of Proposition 2.28 tells us that

iy OYmy  OYm, Oxj,  0x;,

15005 ds J1seees Js axil 8xir ayql ayqs

Now we can construct the exterior bundle.

Definition 2.53. The exterior k-bundle /\k M* is the fiber bundle with fibers /\k(TpM *). The exterior bundle
/\ M is the fiber bundle with fibers /\(T,M*). o

In a local chart (U, ¢) of M we see that the natural basis of /\k M* at a point p € p(U) is given by

{dx" A Adx® :1<i) <+ <ip <nl.
It isn’t hard to check that /\k M* is a smooth manifold of dimension n + (Z) Similarly, the dimension of /\M is
n+2"

Definition 2.54. A section of the exterior k-bundle /\k M* is called smooth k-form on M. A differential form
on M is a section of the exterior bundle /\(M ). The space of k-forms is denoted by ©2X(M) and the space of all
differential forms is denoted by Q(M). o

Note that by definition Q(M) is simply € °°(M), the space of smooth functions on M. Also note that every
differential form «w can be uniquely written as

w=wy+w;+ -+ wy,

where each w, is a k-form in QX(M). There is a canonical exterior product structure on the R-vector space Q(M)
induced by the exterior product over each fiber pointwise. It turns out that (M) is an infinite rank graded algebra
over R.

Remark 2.55. From here on out, we will always consider the differential df of a smooth function f € €°°(M)
as a 1-form on M. Note that if f : R® — R is a smooth function, then in the standard coordinates we have

0 0
df=a—fdx1+---+a—fdx".

X1 Xn
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Consider a differential k-form w € Q*(M). Then w, € /\k(TpM *) for all p € M, and by the duality pairing 2.40
we can consider w), as an alternating multilinear function on T,M. So if X, ...,X; € X(M) are vector fields on
M, then w(X3,...,X;) is a smooth function on M and is given by

(X, X)) = @, (Xalps -, Xilp),
alternatively, we also have
wXq,..., X ) ={(w, X A AXy).
In particular, since X(M) is a smooth ¢ °°(M) module on M, we see that
W X(M) X xX(M) > €M)

k times

is an alternating multilinear map over X(M) into € °°(M). It is important to note that «w is multilinear over the
6 °° module X(M), i.e.

X, fX+gY,. LX) =folX,.. . X, .. . X))+ gwXy,...,Y, .., X)),
for f,g € €°°(M) and X;,...,X;,X,Y € X(M).

Proposition 2.56. Every alternating 6 °° (M) multilinear map over the module X(M) into € °° (M) defines a differ-
ential form.

Proof. Let w : X(M)K — 46 °°(M) be a k-linear map over the ¢ °° (M) module X(M). We claim that w(X,...,X;)(p)
only depends on the values of X;|,. If this holds, then w gives rise to an alternating multilinear function w, on

T,M, and hence gives rise to an element of /\k(TpM *) in the following way: let vy,...,v, € T,M, and consider
smooth vector fields V,...,V, € X(M) satisfying V;(p) =v; fori =1,...,k. Now let

wp(vh L) vk) = (U(Vl, LR Vk)(p)
By our claim, we see that w,(vy, ..., V) is well defined. So we see that w gives rise to a smooth section p — w

of M — /\k M*. Hence w is a smooth k-form.

p

Now we prove the claim. Fix p € M, and let {E;} be a frame field defined on a neighborhood U of p, that is a
vector field E; € X(M) such that for all p € M we have that {E;(p)}/_, defines a basis of T,M. Writing each vector

field X3, ..., X} in terms of the basis gives us X; = E;(X j)i for some smooth functions (X j)i. By the multilinearity
of w over X(M) we find that

WXy, .., X ) =) (X w(E, .., Ey).

i
Hence,
(X1, X )(p) = (X1)"(p) - X )*(P)w(Ey 5 - .., By )(p).
Now let Y;,...,Y; € X(M) be another set of vector fields on U satisfying Y;(p) = X;(p) for j = 1,...,k. In
particular, we have that (Y;)'(p) = (X;)'(p) for j=1,...,kand i = 1,...,n. Then we see that
o(Yy,..., %)) = (Y1) - (Y)*w(Ey, .., Ey)
= (X)X (s, By

So the claim holds, and the proof is complete. |

Summarizing the above results, we have the following theorem.

Theorem 2.57. QK(M) is canonically isomorphic as a € °° (M )-module to the 6 °°(M)-module of alternating € °°(M)-
multilinear maps

X(M) x - x X(M) = € (M).

k times

We have a similar result for tensor fields T € T'(T;M) by using the duality pairing 2.26.
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1-form vector field scalar field

FIGURE 5. A visualization of the duality between differential forms and vector fields

Theorem 2.58. The set of (r,s)-type tensor fields, T(T M), is canonically isomorphic as a ¢ °°(M)-module to the
%6 °°(M)-module of € °°(M)-multilinear maps

QM) x - x QU M) x X(M) x -+ x X(M) = €°°(M).

r times s times

Remark 2.59. There is another interpretation of (r,s)-tensor fields that I don’t like as much since it depends on
the specific representation of vectors and covectors on M.

Recall that a tangent vector v € T,M is a derivation, i.e. a linear map v : 6°°(M) — R. Similarly, covectors are
simply linear functionals a : T,M — R. So if we have v,,...,v, € T,M and a,,...,a; € (T,M)" we can use the
functoriality of the tensor product to constuct a linear map

V@ ®V,®a;® -®a,: (T, M), >R,
satisfying
(@802, @a)(fi® - ®f,®u; ® - ®u) =v,(f1) v, (f)ay(u) - as(wy),

and extended linearly using the universal property of the tensor product. Since linear maps from the tensor prod-
uct are in natural bijection with multilinear maps from the Cartesian product, we obtain the desired multilinear
map.

I will not use this interpretation, but since I have seen this being used several times I decided to comment on it. o

Definition 2.60. Given a smooth map f : M — N we can pullback covariant tensors and differential forms on N
back onto M. Let S be a (0, s)-type tensor on N. The pullback of S by f is the (0,s)-tensor f*S on M defined as
follows:

f*Slp(vb ce Vs) = Sf(p)(df(vl)s cees df(Vs)),
for vq,...,v; € T,M. Note that here we use the interpretation of a (0,s)-tensor as a s-multilinear map over the
€ °°(M) module X(M). o

Proposition 2.61. Let f : M — N and g : N — P be smooth maps between manifolds. Let S; € T(T,'N) and
Sy €T(T2N), w, w1, w, € QN). The follow properties hold:

D fr($188)=f"(51)® f*(S2),
(i) f*(wy Awy)=f (w)Af(wy)
(@) (gof) =frog™
Proof.
(i) Consider v =(vy,...,v;) and w = (wy,...,w,,). By definition we have
fH(S188,)(v,w) = (S, ®S,)(df (v),df (w))
= 5,(df (v))S,(df (W)
=(f"SW)(f*S2)(w)
=((f*S1) & (f*S2)) (v, w).
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Since v and w were arbitrary we conclude that

fr(81883) =f"(51)® f*(S2).
(ii) Follows immediately from (i).
(iii) Let S be a (0,s)-type tensor field on P, and v = (v4,...,v,) € (T,M)'.

(gof)S(v)=5(d(g e f)(v))=S(dgodf(v)) =g (S)df(v))=(f"og")S)(V).

O
Example 2.62. Consider the polar coordinates map f : (0, 00) x (0,27) — R? given by
f(r,0)=(x(r,0),y(r,0)) =(rcosf,rsinf).
f is a diffeomorphism onto the open set
U:=R2\{(x,0) : x >0}.
Now we see that
f*(dx)=d(rcosf)=cos6dr—rsin6do,
f*(dy)=d(rsinf)=sin0dr +rcos0d6b.
By using Proposition 2.61 we can easily compute
frldxndy)=f*(dx)Af(dy)
= (cosOdr —rsin8dO) A (sinfdr +rcos6df)
=r(cos? 0 +sin®0)dr AdO =rdr Ad6.
We can also compute
f*dx®dx+dy®dy)=dredr+r’d0®do.
<

2.4. Exterior differentiation. We want to turn the exterior algebra into a natural framework for calculus on
manifolds. The exterior derivative allows us to differentiate arbitrary k-forms — this is one of the central tools
when doing analysis on manifolds.

Theorem 2.63. There is a unique linear map d : Q(M) — Q(M) such that

@ d(Q (M) € (M),

(ii) For any smooth function f € Q°(M) = €°°(M), df is the differential of f,
(iii) d>=dod =0,
(v) d(aAB)=danp+(=1)*aAdp, where |al is the rank of a.

Proof.

Step 1. Uniqueness.
Let U be a local chart on M with local coordinates (x;,...,x,). On U, any k-form « € Q¥(M) can be
written as
w= Z ;. ikdxil/\---/\dxik.
1<i)<-<ix<n
By the product rule and since d o d = 0 we see that
dw= Z (dow;, ik)/\(dxil/\---/\dxi")

.....

1<i;<-<ig<n

aa)i i . . .
= Z ( > ’kdxl)/\(dxl1 A Adx™®).
dx

1<i; << <n t

So d w is uniquely determined on any coordinate chart of M, and the uniqueness of d immediately follows.
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Step 2. Existence.
Let w € QX(M) be a k-form. For each coordinate chart U in M we define d |, via the above formula:

i

S e

dw

2.

1<i; <--<ix<n

ow: .
X

")/\(dxi1 A= Adx®).

Now we need to show that dw is well defined in the sense that dw|y; = dwl, on U NV for coordinate

charts U,V in M such that Un'V # 0.
Let (xq,...,
see that in U we have

x,) be the local coordinates in U and (yq,..

., ¥n) be the local coordinates in V. Then we

w= Z ;. ,lkdxl1 A Adx,
1<i)<-<ix<n
and so
0D, i i i
dow= Z ———dx' |A(dx"t A--- Adx™).
1<i . ox;
<ip<-<ix<n
In V we have
w = Z (”ajl,...,jk dyh A A dy.’k,
1<j; <-<je<n
and so
0B i A
do= > a—dyl Ayl A+ Ady).
1<), <-<jp<n Yj
Since the exterior product is anticommutative we see that the component functions w;  _; and &;
are skew-symmetric, i.e. for all o € 3, we have
Qi ytory = Sgn(o-)wil, ol
and similarly for &; ;. Since w|y = @[y on UNV we have
w. . :ayjl..'ay_]k’\‘ .
SERDUS axil axik JiseeoJi”
So we deduce that
k 2
86‘)11, ik =Z ayjl . d Vi, '_.ayjk~ ) ayh ay]k awh, -Jk
dx; &\ 0x;,  Oxdx;, Ox, M Oxy ‘Ox,  Ox '
We deduce that
ow; ay; 2%y, ay; )
1oenlk 1 Je Jk ~
— I dxt Adx A Adxt = . cdxt A dxt A Adx
4 9x ZZ x;0x;, Ox; vk
k
k 2 ~
Y, 9y, 08 .
ZZ Do 2 Z T hede gul z iyt A A
- ox; dx;  0x;
i (=1 1 k

Observe that mixed partials commute: 8xf,x,~k
dx% = —dx A dx'.
identically zero. So on U NV we have that

dw;,

= axfk,xf’ but that exterior products anticommute: dx’ A
So we see that the first term in the right hand side of the above expression is

..... S dxl Adxt A~ Adxt = : S gl Adxt A e A dic
3xl A YT ex, ox, ax, 0 )
= dei A —ayjldxil AREENAN %dxik
axi axil aXik
=(da; ])/\dy“/\ “Ady’
aah, e ]
= —=22dy Ady? A Ady
8y]
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Step 3.

Step 4.

So we see that dw|y; = dw|, on UNV. Hence d is a well defined map. Note that d is clearly linear and
is a map QK(M) — QK*1(M) for all k € N. Furthermore, clearly df is the differential of f for all smooth
functions f € €*°(M).

Verifying the product rule.
Since d is linear and a local operator it suffices to prove the product rule locally on simple differential
forms. Let a = fdx" A--- Adx'* and B = gdx’t A--- Adx’t. Then we have

dlaAB)=d(fgdxt A---Adxk AdxT A--- Adxt)
=d(fgAdxT A--- AdxE AdxT A=+ Adxt
=(df -g+f-dg)Adx® A--- Adx® AdxTt A=+ Adxt
=df Adx" A---Adx® Adx A+ AdxT+
(=D (f Adxt A~ Adx YA (dg AdxT A+ AdxT)
=daAp+(=D*andp.

d*=0.
As before, it suffices to check this on simple k-forms. Let a € (M) be given by

a=fdx" A--- Adx.
Then
d?(a) =d?(fdx" A--- Adx™)
=d(df Adx" A--- Adx™)
= (d*f)Adx" A--- Adx's.
So it suffices to show that d?f = 0 for all smooth functions f € €°°(M). We have htat

02 . . 02 . . 02
—fdxl Adx! = —fdxl Adx! =— f

= dx! Adx'.
0x;0x; 0x;0x; X;0x; X X

d*f

After reindexing, the result follows immediately since d2f = —d2f, and so df = 0.

Proposition 2.64. Let f : M — N be a smooth map. Then df* = f*d.

Proof. Consider any k-form w on N. Write

w= E wpdx!,
T

where the sum ranges over all multindices 1 <i; <--- <i; <dimN. Then we see that

dy(f*o) =Y (dy(f*or) A F(dx") + frop Ady(FH(dxD).
1

Now the usual chain rule gives us that dy;(f*w;) = f*(dyw;). In local coordinates (x4, ...,x,) we see that f
looks like a collection of n functions f; € ¥ °°(N), and so we get

Frldx)=dft =dyf" Ao Adyf.

In particular, we see that d,;(df!) = 0. Putting all of the above results together we deduce that

dy(ffw) = fdyw) Adf' = f*(dyw) A f (dx") = f*(dy o).
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Example 2.65. Consider M = R3, and let (x, y,z) denote the standard bases of R3. Then for a smooth function
f :R® — R we have that

of of af
df = =—dx+ —dy +—=—d
f ox "3 y T
which is exactly the differential in local coordinates. Furthermore, the coefficients of d f are exactly the coefficients
of the gradient.

Consider a one form w = adx + bdy + cdz. We then can compute

dw = (a—adx + @dy+ @dz) Adx + (@dx + @dy + @dz) Ady + (ﬁdx+ ﬁdy+ 2dz) Adz
Oz x o0z dz

dx oy G, dy ox dy

dc Jb da Oc b OJda
=|———|dyAdz+| ——— |dzAdx+| =——=— |dx Ad

(ay 32) yndz (32 3x) FAAx (ax ay) X ALY,

which are exactly the coefficients of the curl of a vector field (a, b, ¢).
Finally, for a 2-form
w=ady Adz+bdz Adx +cdx Ady,
we have that
( da 0Jb Odc
dw=

—+ —+ — |dx Ady Adz.
dx Jy 8z)x yAaz

We see that the coefficient of d w is the gradient of the vector field (a, b, c).

Note that in this case the property of d?> = 0 allows us to immediately recover the following facts from vector
calculus:

curl(Vf)=0 and div(curlX)=0.

<
Definition 2.66. Let a € QP(M). If a = d3 for some f3 € QP~}(M) then we say that a is exact. We say that a is
closed if da = 0. o
Note that every exact form is closed, but not every closed form is exact. This is the basis of de Rham cohomology.

The exterior derivative d is a derivation on the space of differential forms. Another derivation is the interior
derivation.

Definition 2.67. Let X be a vector field on M. The interior product is a mapping from (0, s)-type tensor fields
to (0,s — 1)-type tensor fields. It is given by

(iXS)|p(V1" ":vs—l) = S|p(X(P): Vi "va—1)~

The interior product of differential forms is just that which is induced from the interior product of covariant tensor
fields.

Proposition 2.68. Let X,Y € X(M), f € €°°(M), a € QX(M), and B € Q'(M).

@) ix(df)=df X)=X[f]

(i) iy oiy =—iy oiy on Q(M), and so iy oix =0,
(ii)) ix(an )= (ixa) AP+ (=1 anA (ixp).
Proof.

(i) Note that df € Q'(M) and so ix(df) € Q°(M) = €¥°°(M). In particular, we have that

ix(df)(p) =df,(X(p)),
and so iy(df) =df (X).
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(i) Let w € QX(M). Then we have

iY(w)|p(v1" --:vk—l) = w|p(Y(p)’ Vis-. -’vk—l)’

and consequently
(ix oty (@), (vy, ..., Vo) = @l (Y (p), X (P), V1, - ., Vi—2)
=—ol,(X(p), Y(p),v1,- s Vk—2)
=—(iyo iX)(w)Ip(Vl) ooy Vi—a)-

(iii) By the bilinearity of the interior product and the wedge product, it suffices to prove the result for decom-
posable a and f. In particular, if w; € Q'(M) fori=1,...,k we see that

k
ix(0r A Aw) = D (DN M ixw)wy A AB A Ay,
i=1
where the @; indicates that i term is removed. Note that for vector fields X,, ..., X, € ¥(M), and letting
X, =X, we have that

k
(w1 A AN )X, X, -, X)) = Z(—l)i_l(ixwi)(col A NOi A A )Xo, - Xg)-
i=1
Note that the left hand side of the above is simply the determinant of the matrix W := (w;(X j))i.‘ =15 and
the right hand side is the Laplace expansion of the determinant of W with respect to the first column of

W. The result now immediately follows.

]

2.5. The Lie derivative. In Definition 1.93 we introduced the Lie derivative of vector fields. Intuitively, the Lie
derivative of Y with respect to X, %Y, measures how much Y changes with respect to an observer who is flowing
along X. We would like to generalize this idea to take Lie derivatives of arbitrary tensor fields with respect to
a vector field X. Recall that the pullback of a (0,s)-tensor field S € T;N via a map f : M — N is given by
f*S=So0(df)®. The pushforward of a (r, 0)-tensor field is a bit mor subtle.

Definition 2.69. Let f : M — N be a smooth map, and T be a (r, 0)-type tensor field on M. The pushforward of
T via f is the section
f.T :=(df)® oT €T (f*TN®").
<o

Note that if f is a diffeomorphism, then we can identify I'(f*TN®") with T(TN®"); moreover, in this case we can
even pushforward (0, s)-type tensor field by pulling back via the inverse. So if f is a diffeomorphism, we can
pushforward and pullback arbitrary (r,s)-type tensor fields.

Definition 2.70. Let T be a tensor field on M, and X a vector field. The Lie derivative of T with respect to X is
defined by

d d
_ ®_)T=—
de [zo( 2 de|,

where @ is the local flow of X. o

2T =

(<I>t )>k T’
=0

As an example, we consider the Lie derivative of a (0, 1)-type tensor field a, i.e. a 1-form. For any smooth vector
field Y, we have that

_ Plag ) —a
(Zxa)(Y)(p) = %13(1) %(Yp)
. aét(p)((dq)t)p(Yp)) - ap(Yp)
= lim
t—0 t
m g, () ((d2),(Y,)) — g (5)(Vs, (1)) +lim g, (p)(Yp) — a,(Y})
t—0 t t—0 t ’
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Since
lim a (d‘I’t)p(Yp) - de(p) — lima (d%,) (Yp) B (dé—r)‘bz(p)Y%(p)
v et 7102 t rarc g 210 t/p t
(@ (Yp) = (d®_)s,(p) Yo, ()
- tl_l')%( tacpr(P) t
=—a(ZY)(p),
and

de

() (Ya,(p)) = X, (a(Y)),
=0
we deduce that
(Zxa)(¥) = X(a(Y))— a(ZY).

Now we see that ¥y a is well-defined and smooth in p.
More generally, if T is a (r,s)-type tensor field on M, locally it is a linear combination of monomials of the form
X;®--®X,®a! ®---®a’. By the definition of the Lie derivative, it is straightforward to see that
r
(X, @ 8X, 0a'® - 8a)=) X8 04X 80X 0a e 8d
i=1
S
+> X8 8X 0d @ Lal @ o,
j=1
Again, by the previous discussion for the case of 1-forms, we deduce that the Lie derivatives of arbitrary tensor
fields is well defined and smooth in p. Summarizing the above results, we have the following theorem.

Theorem 2.71. Let S, T be two tensor fields on M. Then

o L(S®T)=%SQT+S®%T.
o If T is a (r,s)-type tensor field, then for any 1-forms al,...a" and smooth vector fields Y;,...,Y, we have

.
LT(al,..,a, Y, ) =X(T( Yy, ) = D T(al ., al, ., al, YL Y)
i=1
S
+ O T(Ah YL YY),
=1

Some of the most important applications of the Lie derivative are when it acts on differential forms. Since every
p-form w can be regarded as an antisymmetric (0, p)-type tensor field, we see that £y «w makes sense, and so by
Theorem 2.71 we deduce that

Ly(w1 Awq) = Lywi A wy + w0 A Lyw,.

Recall that by Proposition 2.61 we have that ®}(dw) = d®}w. Hence,
¢/(dw)—dow d(Pjw)—dw
= lim

t—0 t

The following theorem is now just a straightforward exercise. It follows since these rules are enough to fully
compute the Lie derivative locally for any differential form.

Theorem 2.72. The Lie derivative on differential forms is the unique operator that satisfies

° zxf:X[f],
o Z(anPB)=%xaAB+aN%P,
o Yyod=do%.

Using this characterization we immediately deduce the following theorem.

Theorem 2.73 (Cartan’s magic formula). ¥y =doiy +iyod.
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2.6. Integration of differential forms. Let M be a smooth n-dimensional manifold and let @ € Q"(M) be a
compactly supported differential form. In local coordinates, we can write

a=fdx'A---Adx",

and it seems natural to want to integrate a. By changing local coordinates via a diffeomorphism ¢ we see that
the representation of a becomes

a=(fop)(det(dp)) dx' A--- Adx".
This is almost the same as the change of variables formula for integration, but we would need to ensure that
det(d¢) > 0. This is the motivation for requiring integration to be performed only on orientable manifolds.

Definition 2.74. A volume form is a nowhere vanishing n-form. o

Theorem 2.75. M is orientable if and only if M admits a volume form.

Proof. First assume that M is orientable. Then we have coordinate charts such that det(Jy;/dx;) > 0 on the
intersections. Consider a smooth partition of unity {p,} subordinated to this orientation, and let

v=Zpa dyf ANdy; A---Adyy,

where { y}‘."} denotes the local coordinates on the domain of p,. Now if we consider a coordinate chart Ug with

coordinates x,...,X,, we have
0
1}|Uﬁ = Zpa det 2

Since p, > 0 and det(dy*/dx;) > 0 we see that v vanishes nowhere. Hence v is a volume form.

a
i )dxl/\---/\dxn.
Xj

Conversely, suppose that M admits a volume form v. In coordinates, we can write
Y=f(x1,...,%,) dx; A--- Adx,.

Without loss of generality, we can assume that f > 0, since we can just make a coordinate change x; — ¢ — Xx;.
Now let {y;} be an overlapping set of local coordinates. Then we have

v=g(y1,-- Yn) dy1 A Adyy

= g(yl(x):"'>yn(x))det(%)dx1 /\/\dxn

3xj

=f(x1,.., X)) dxy A Adxy,.
Since f > 0 and g > 0 we deduce that det(Jy;/dx;) > 0, and hence M is orientable. |

Definition 2.76. Let {p,} be a smooth partition of unity suboordinated to a locally finite open cover {V,} by
images of an orientation, i.e. V, = ¢,(U,). Let w € Q"(M) have compact support. Locally, write f, dx; A+ A

dx, = ¢,(pyw). Then we define
J w:ZJ fou(X1yeeesxy) dxq - dxy,.
M = Ju,

Note that fM : Q"(M) — R is a linear map. o

Intuitively, the above definition says we integrate top level forms simply by partitioning the manifold into charts
and integrating in these charts using the usual Lebesgue integral. We still need to show that the above definition
is well defined, in the sense that it does not depend on the choice of locally finite cover and on the choice of
partition of unity. This follows immediately from the change of variables for the Lebesgue integral and the fact
that the determinant of the transition functions is positive.

If M is not compact, we can still integrate n-forms which are not compactly supported in certain cases. Consider
the decomposition w = w* — w™, and then if at least one of f " w? or f @ is finite, we define

R
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If both of them are infinite, we say that w is not integrable. Note that w™ and w™ are not necessarily smooth, but
we can still integrate differential forms with less regularity.

Note that we can integrate lower level forms on lower dimensional submanifolds. For example, consider a smooth
curve in M. Let y : [a, b] — M be a smooth parametric curve and a € Q!(M). Then we define

b b
J a= J r*a =J a(y(t)) dt.
Y a a

b
f df = j £ PO dt = FG )~ (r(a)),
Y a

If a =df is an exact 1-form, then

So we see that the integral of an exact 1-form only depends on it’s endpoints. In particular, if y is a loop then
y(a) = y(b) and so fydf =0.

Definition 2.77. M is contractible if a smooth map H : M xR — M exists such that H(p,1) = p and H(p,0) = p,
for a fixed p, and all p € M. o

Clearly, R" is contractible with map H(p, t) = tp.

Lemma 2.78 (Poincaré’s Lemma.). If M is contractible and a is a smooth closed k-form, k > 1, then there exists a
smooth (k — 1)-form n such that a = dn.

Proof. Let N =M x R and consider the vector field Z = %, where t is the variable associated to R component of
N. The flow associated to Z is ®,(p,s) = (p,s +t) on N. Now define the map j, : M — N by j,(p) = (p, t). Let D
be the map from smooth k-forms on N to smooth (k — 1)-forms on M given by

1
0
Now let & be a smooth k-form on N, and define { =i,& and £; =& —dt AL. Then

® i,{ =0sincei,oi, =0.
o i,&, =0since iy(dt A{)=dt(Z)E =& =1i,&.
o ji&—j;& =dDE +DdE. This follows since ®; o j, = j,,, and so

1 1

J'Z‘(izi)dt+J Ji(izd&) dt

0

d®£+©d§=df

0

1
=f j:(d(izg)'i‘izdg) dt
0

1
ZJ Ji ;& dt
0

(®50j,)°E dt

s=0

' d
= | —ji&dt=j&—js¢.
'L dl’ t 1 0

Now let H : M x R — M be a contraction map and define £ = H*a. Note that d§ = dH*a = H*da = 0 and
ji& = (Ho j;)*a =id" a = a. Similarly, we have j;& = 0. Then a = j;& — j;& = dD&. Hence, the result holds
with n =9¢&. ]

The treatment of integration we have taken above is nice from a theoretical standpoint, but is unwieldy to use for
actual applications — no one wants to explicitly compute partitions of unity! Now we refine the theory a bit more
to make integration on manifolds essentially the same as integration over Euclidean space.
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The first point of business is to reconsider the space of partitions of unity that we admit in our definitions of
integration. The following theorem be very important when we consider integration on manifolds with boundary.
Note that in the definition of the integral, we require the partitions of unity to have support contained in coordinate
charts and to have compact support. We want to relax these two assumptions to consider any family {p,} such
that each p,

(i) is non-negative and smooth,
(i) has locally finite support,

(i) >, pe=1.
This is the most general class of partitions of unity that we should ever expect to use.

Theorem 2.79. Let {p,} be a collection of non-negative smooth functions on M whose supports form a locally finite
collection of closed sets in M satisfying »., p, = 1. For any n-form w € Q"(M), w is absolutely integrable if and
only if all of the p,w are absolutely integrable and Y., fM |pqwl| is finite — in this case, the sum is equal to fM |
Furthermore, if w is absolutely integrable then ., fM P, is absolutely convergent and equal to f @

Proof. Let {ng} be a smooth partition of unity with locally finite and compact supports contained in coordinate
charts. We first assume that w is absolutely integrable, and we want to show that all of the p,w are absolutely
integrable and the sum of their integrals is equal to fM |w]|. Since w is absolutely integrable, by definition we

have
f|w|=2f Ingeol.
M B JM

Since each 7 is compactly supported in a coordinate chart we see that ngp,w = 0 for all but finitely many «

depending on 3, and that
f Ing el =Zf IngPacl
M a M

since the integral is linear, and hence finitely additive. Putting this together we see that the following sum is

convergent and
| =22 1npact =33 [ mgpuol,
M g a M a B M

where the rearrangement of the series is justified since all of the terms are non-negative. In particular, for all a
we have that >’ B f w |MpPgw| is convergent, and by definition of the integral we deduce that

f|paw|=2f NPl
M g JM

So we conclude that each p,w is absolutely integrable and that ). fM [pgw| = fM |ew].

Conversely, suppose that each p,w is absolutely integrable with >, fM |pqw| finite. By definition, for any «a,

f pawl = f ngpacl,
M B JM

hence the sum ), Zﬁ fM [ngpqw| is also convergent. Again, since all of the terms are non-negative we can

rearrange the series to find that 3], > f w IMpPa®l =20 2., f w IMpPawl, and in particular the right hand side
is convergent. Since each ngw is compactly supported in a coordinate chart, we can write

npw =f dx; A-+- Ndx,

f |7)/3¢0|:J IfI dxydx;y - dx,.
M Up
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Since |f| is compactly supported we see that p,|f| = 0 for all but finitely many a, and so |f| = Y. |p.f] as a
finite sum. By the finite additivity of the Lebesgue integral we deduce that

J|nﬁw|= f fl dxydix, - -dx, = f puf| dxidx, - dx, = f Ingpacl.
M Uﬁ a Uﬁ a M

This yields the result since
[ 1o1=3 [ o= 5 [ tppeel =33 [ 1npect=3 | ipuol.
M B M p a M a p M a M

Finally, since each p,w is absolutely integrable we deduce, by the above, that the series >, fM P, w is absolutely
convergent. By definition, f yPa® = > B fM nppPqw for all a, and this sum is also absolutely convergent. Hence,

> jMpaw=;; | o

and this double sum is absolutely convergent since ., Zﬁ f v |MpPqwl is finite (by the assumption that w is
absolutely integrable). So we can rearrange this series to obtain »;, > f NP = D5 D0 fM npPew. Note

that fM w= Zp Npw, and so we just need to show that D fM NpPW = fM ngw for all B. But this again reduces
to the Euclidean case since 7 is compactly supported in a coordinate chart. O

The second point of order is to come up with a way for us to actually compute integrals. Can we compute an
integral over the sphere as the sum of integrals over complementary hemispheres?

Lemma 2.80. Let f : M — N be a diffeomorphism between two smooth oriented n-manifolds. Let w € Q"(M), and
write & = f*w. Then w is absolutely integrable over M if and only if ¢ is absolutely integrable over N, in which case
fM |w| = f v |61. Moreover, if f is orientation preserving then f w= fN .

Proof. Let {(U,, ¢,)} be a smooth atlas for M consisting of a locally finite collection of open subsets U,, and
write V,, = f(U,) and v, = @, o fy, . Let {pg} be a smooth partition of unity on M with compact supports
subordinated to {U,}. Since the definitions of integration on M and N are defined in terms of integrals on subsets
of Euclidean space, the result is reduced to the case of compactly supported smooth functions on open subsets of
R". The fact that f is orientation preserving implies that the determinant of the Jacobian is everywhere positive,
hence is equal to its absolute value. So the usual change of variables theorem gives the desired result. O

This lemma allows us to shift the integration problem from one manifold to another diffeomorphic one.

Theorem 2.81. Let M;,...,M, be finitely many smooth manifolds of the same dimension, n. Let f; : M; - M
be smooth injective immersions that are homeomorphisms onto their images. Assume that the f(M;) are pairwise
disjoint, and that closure of the complement of the union of the f (M;) has measure zero in M. For any w € Q"(M),
w is absolutely integrable if and only if each w; = f;*w is absolutely integrable on M;, in which case fM lw| =

> be |w;|. Furthermore, assume that M is oriented and endow each M; with the pullback orientation given by the
bundle isomorphism TM; = f*(TM), then fM w= fMi flw

Proof. By Lemma 2.1 we see that w| () is absolutely integrable over the open submanifold f;(M;) in M if and
only if f*w is absolutely integrable over M;, in which case fM_ Il = ff. o) |w|, and moreover in the case that

: : 0
M is oriented we have that fMi ffo= ffi ) @

In light of this, we can replace M; with f;(M;) and so the theorem reduces to showing the following: if M is a
smooth manifold and the M, are pairwise disjoint open submanifolds then w is absolutely integrable if and only
if it is absolutely integrable over each open subset M;, in which case fM lw| =D, f M, |w]. To see this let {p,} be
a smooth partition of unity with compact supports subordinated to an orientation on M, so that {p,|y,} satisfy
the same property on M; except that the supports on M; are no longer necessary compact. In light of Theorem
2.79 we can use these non-compactly supported partitions of unity to integrate over M;. Hence, we only need to
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consider the above problem for each p,w. In particular, we can assume that « has compact support contained
in an open coordinate chart of M, which we denote as U. Write U; := M; N U. This implies that the differential
geometric integral is simply the usual Lebesgue integral. In particular, write w = f dx; A--- Adx,, and we see
that since U \ [ JU; is closed with Lebesgue measure zero in U, we see that

f wzJ.fdxldxz---dxn=Zf fdxldxz---dxn:Zf w.
M U i JU; i JM;

O

Example 2.82. Now we can compute the integral over a sphere as a sum of integrals over a pair of complementary
hemispheres, or over the open locus on which spherical coordinates are defined. Similarly, for any manifold
endowed with a coordinate chart complementary to a closed set of measure zero, all integration problems on the
manifold can be shifted to the coordinate chart. We use this all the time when computing integrals in the plane
using polar coordinates, or integrals on the torus using angle parameterization.

Also, on Grassmannian manifolds any of the standard open subsets U; has complement that is closed with measure
zero, and so any integration on a Grassmanian manifold can be computed by working in a single Uj. o

Finally, we want to understand how the classical notation of vector calculus can be rigorously understood. Let
S be an embedded oriented smooth surface with boundary in R3, and y be an embedded oriented curve with
boundary in R". We often see expressions like

Jdedy+dedz+Rdzdy, BQ,R€ ¢ (U), SCUCR?
S

fzf] dxj’ fl:"'>fn€(goo(ij)> Cgﬁan
Cj

in classical vector calculus. The question we want to answer is what does this notation actually mean?

From the modern point of view, if we leti : S < U CR® and o : C < U € R" denote the embedding maps then
the integrals should be understood to mean

Ji*(P dxANdy+Qdx ANdz+RdzAdy) and J a*(ij dxj).
s c

2.7. Stokes’ Theorem. Before proving the celebrated Stokes’ theorem we need to define manifolds with bound-
aries. Define the half-space
R} :={(xy,...,x,) ER" : x; 20}

The half-space is the model manifold with boundary, just as R" is the model manifold. Manifolds with boundary
are defined in terms of local coordinates whose domains are now open subsets of the half-space instead of R". This
introduces two distinct types of points on M: the interior points, which ine in the image of the parameterization
whose domain is contained in R} minus the boundary, i.e. x; > 0; and boundary points, which are the image
under the coordinate maps of points on the boundary of R'}. This dichotomy between interior points and boundary
points of a manifold with boundary rely on the invariance of domain theorem.

Theorem 2.83 (Invariance of domain). If U € R" is open and f : U — R" is an injective and continuous map, then
V := f(U) is open and f is a homeomorphism between U and V.

We postpone the proof for now since we will need tools from algebraic topology.

A function f defined on a subset of R} is said to be differentiable at a point p on the boundary of R". if f can be
extended to a differentiable function past the boundary. Similarly, we can talk about smooth functions in regions
of R". With this all in mind, we can define a smooth manifold with boudnary in the same way we did for regular
manifolds, but where the open sets of M are homeomorphic to open sets in R}.

It is not hard to show that the boundary dM of M is itself a smooth manifold of dimension n — 1. If M is
orientable with positive orientation determined by some nowhere vanishing n-form w, then the boundary o M is
also orientable. We define the positive boundary orientation to be the one given by the (n — 1)-form o = 1 v,
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where X is any non-vanishing continuous vector field on M such that for every p € dM X(p) € T,M \ T,(d M)
pointing out of M. The notion of pointing out of M means that in any coordinate chart the image of X(p) in R"
points into the negative x; half-space. This means that if dx; A---Adx, defines a positive orientation on R’} then
—dx, A --+ Adx, defines the induced positive orientation on the boundary of R}. We finally are able to prove
Stokes’ Theorem.

Theorem 2.84 (Stokes’ Theorem). Let M be an n-dimensional smooth, oriented, manifold with boundary d M. Let
u be a smooth (n— 1)-form on M with compact support. By an abuse of notation we also write u for i*u where

i:dM — M is the inclusion map. Then
aM M

Proof. As usual, let {p,} be a smooth partition of unity of M subordinated to the locally finite open cover {V,}.
On each coordinate chart with coordinates (x4, ..., Xx,) we write

paM:ijdxl/\---d/x\j/\---/\dxn,

for smooth functions f; € 6.°°(R%}). The hat over dx; indicates that this factor is omitted from the wedge product.
by the linearity of the integral we may assume that y = p,u and ignore the summation over a.

There are two types of coordinate neighborhoods: those parameterized over open sets in R} that do not intersect
the boundary, and those parameterized by open sets that contain boundary points of R}}. The argument below
using the fundamental theorem of calculus shows that the integral p,u over V, of the first kind is zero. So we
only consider coordinate neighborhoods of the second kind.

Identifying for simplicity of notation d(p,u) with its pullback to R" under the coordinate map we may write

n a A
d(pau)=Z:%dxj/\dx1 /\dx A-+-Adx, —Z( 1y~ 1idx1 S Adx,.

=177 =1 Xj

Note that if j # 1 then

0
f afj dx;A---Adx,=0.

This follows since f; is compactly supported, so

J —de =0
oo 90X
for any fixed set of values of xy,...,Xxj_1,Xj41,---,X,. For j =1 on the other hand, we have

f %dxl -~ Adx, —f J (J %dxl)dxz -dx,
9x, o
=—J f f1(0,xg, ..., x,)dxy - -dx

Keeping in mind the orientation conventions for M and its boundary, we have that the last integral in the above
sequence of equalities is simply the integral fa v Palt |

2.8. Riemannian metrics and volume forms. For each point p € M we would like to assign a scalar product
& :TL,MxT,M—>R

in a smooth way. That is, the map p — g, should be smooth. For this the language of the tensor bundle and
tensor fields is extremely natural.
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Definition 2.85. A Riemannian metric on M is a section of the tensor bundle T02M =TM*® TM*

g:M—->TM"® TM*,
p— g, €(T,M)" ®(T,M)",
such that the bilinear map g, : T,M x T,M — R is symmetric and positive definite. o
Theorem 2.86. If M has a countable basis of open neighborhoods, then M admits a Riemannian metric.
Proof. By assumption about countable basis, there exists a partition of unity. That is, given an open covering

M =, U;, there is a subordinated locally finite covering M = | J, V; with k belonging to a countable set, so
that

e each V, is contained in one of U;’s,
e each point p € M has a neighborhood W 2 p such that W NV, # @ only for a finite number of k.

There exists a countable family of smooth functions (1) with 1, = 0 such that suppn; € V4, and

an(p)zl for all p e M.
k

We may assume that V,’s are the charts of M together with coordinate functions ¢, : V, — Qk c R". Given a point
p € Vi, we define amap g;: Vi, = TM*® TM* by

gk(u: V) = <d¢k(u)’ d¢k(v)> for (u: V) € TpM X TpM:
where (-, ) is the standard scalar product on R".
Now we put

g:Z’f)kgk-
k

Here 1, g is zero away from V,. Given a point p € M, there exists k such that V, > p, and n(p) > 0. For any
u € T,M \ {0} one has

gp(u,u) = an(p) g(u, u) = ni(p) g (u,u) > 0.
k

Hence g, is positive definite. O

Remark 2.87. An alternative, very short proof uses the Whitney embedding theorem. Since every manifold can
be embedded in Euclidean space for large enough n, we can just pullback the usual Euclidean metric under this
embedding, and check that it is symmetric and positive definite. o

For any tangent vectors u,v € T,M with local coordinates on a chart (U, ¢) given by

.0 .0
u= Zu‘ﬁ(p), v= ZVJ%(P)

1<i<n 1<j<n

one has 3 3
&)= 30 g (=) =),

:gij(P)
Here g;;: U — R is a smooth function. Since g is symmetric we have g;; = g;;. We write

g=Zgij dx'edx’.

eTM*®TM*

Sometimes the sign “®” is omitted and one writes “g = 3" g;; dx' dx/”.

In the above, we let dx,...dx? be the basis which is dual to %, e, 3’97, that is
N
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Example 2.88. One can check that the Euclidean metric on R? in polar coordinates is given by
g=dr’>+r*do?,
where dr? = dr®dr and d0? = d9®d6. The polar coordinates are related to the usual coordinates by x = r cos 8

and y =r sin#6. o

Definition 2.89. The Riemannian volume form is the unique volume form vol, € Q"(M) satisfying
vol,(ey,...,e,) =1,

whenever (e, ..., e,) is a positive orthonormal basis of T, M. o

By an abuse of notation, we write for f € €°°(M)

J f:=f f vol,.
M M

Proposition 2.90. There is a unique Riemannian volume form.

Proof. First we show that this form is unuiquely determined. Let v be a Riemannian volume form. Let {e;,...,e,}
be a positive orthonormal frame of TM in a neighborhood of p. Let {e],...,e;} be the dual coframe. Locally, we
can write

v=FeA---Aek.

n
Since v is a Riemannian volume form, we deduce that F = 1, and so the form is uniquely determined.

Now we prove the existence. Let {ej,...,e,} be a positive orthonormal frame of TM in a neighborhood of p, and
define

e * e *
vp—el/\ /\en.

This is well defined since if we have another positive orthonormal frame {f;, ..., f,,} then
vy=el A Aep=det(t) fiA A S,

where 7 is the transition matrix between the bases. Since both bases are orthonormal we have that T € O(n) and
hence det(t) = +1. Since both bases are positive we determine that det(t) > 0, and so in particular det(t) = 1.

Therefore v, is well defined. This is smooth in p, and can be seen by considering a smooth orthonormal basis.

So in particular v € Q"(M), and by construction v is a Riemannian volume form. ]

Proposition 2.91. Let (x;,...,X,) be a positive local coordinate system, and suppose the metric is given by g;; :=
g(axi, axj ). Then the Riemannian volume form is given by

vol, := 4/det(g;;) dx; A-+- Adx,.
3

Proof. Let {xq,...,x,} be positively oriented local coordinates in a neighborhood of p € M. Let { TRRRE W}

and {dxg,..., dxn} be the associated basis of T,M and T,M*, respectively. Write g;;(x) = (— ai) (x), where
g is the Riemannian metric of M.

In these coordinates, we can write
vol, =F dxy A-+- Adxy,

for some smooth positive function F. Now let {e,,...,e,} be any positive orthonormal frame of TM in a neigh-
borhood of p, and let {e],..., e} be the dual coframe. In particular, we can write

for some smooth functions ¢; ; € 6 °°(M). Now we can compute
5} 5} 5} 0 0
F=vol,| —,... =e/A--A . =det| e¥| =— | | =det(C
Vog(éxl’ ’an) “ ¢ (3x1 ’3xn) ¢ (ej(axi)) et(C),
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where C = (c;;) We also have
gij(x) =8 (Ci,kek: Cj,eee) = ZZ Ci,kcj,eg(ek, e) = Z Ci kCj k
k¢ k

Note that (CTC)I-J = > CikCjx» and so we deduce
det(g;;) = det(C'C) = det(C")det(C) = (detC)*.

Hence, det(C) = +,/det(g;;), but since {es,...,e,} and {aixlw i} are both positively oriented we deduce

*2 dx,

that det(C) = /dei(g,)), and so F = ,/dei(g,). H

2.9. The musical isomorphisms. Since dim T,M = dim T, M* we should expect a natural isomorphism between
these two spaces. In fact, we get such a natural isomorphism via the Riemannian metric on (M, g).

Note that g, : T,M x T,M — R is a nondegenerate symmetric bilinear form, and so it induces an isomorphism
b:T,M — T,M"
b(v) = (v,),
with inverse # : T,M* — T,M. In local coordinates, if
i 9 b i 30
v=a'5—, thenb(v) =v' = g;;a’dx".
dxt

This is known as lowering the indices.

Similarly, given a cotangent vector a € T,M* we can raise the indices to obtain the corresponding tangent vector
via the ff map. In local coordinates, if

a =a;dx’, then f(a) = a* = gifaj%,
x

These isomorphisms are known as the musical isomorphisms.

Remark 2.92. 1haven’t been too careful about my placement of indices of coefficients, but I should have always
used lower indices when talking about covectors, and upper indices when talking about vectors. Similarly, I
should have always written dx' and % instead of dx; and % — the vector bases % have indices lower, and

the 1-form bases dx' have the indices up. Being careful about this notation allows us to take advantage of the
Einstein summation notation much more easily. o

The placement of indices provides a nice mnemonic for the musical isomorphisms. In musical notation { indicates
a half-step increase in pitch, corresponding to an upward movement on the staff. Therefore, to go from a 1-form
to a vector we raise the indices. Similarly, b indicates a decrease in pitch and a downward motion on the staff,
and so b lowers the indices of a vector to give use a 1-form.

Example 2.93. In a flat space we don’t have to worry about the metric since g;; = §;;, and so for a 1-form

j
a=oa;dx' +-- 4+ a,dx",
we have

=l a, =
T 1 oxt! Taxn

These isomorphisms allow us to transport the metric {-,-) : T,M x T,M — R to a metric (-,-) : T,M* x T,M* —R.
Let (x!,...,x™) be a smooth coordinate system on an open subset U € M, and in these coordinates write

()= gl-jdxi ®dx’.
Then on the cotangent space, we have that
(dx!,dx’) = gl.
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2.10. The Hodge star operator. Let V be an n-dimensional vector space with inner product (-,-). We introduce
a natural inner product on the exterior powers /\p V given by

(VIA AV, WA AW,) :det(<vi,wj)),

where the inner product is extended bilinearly. In particular, we see that if {e;,...,e,} is an orthonormal basis of
(V,(-,-)) that {e; A---A e, :1<1i; <iy<--<i, <n}forms an orthonormal basis of NV.

Remark 2.94. We extend the inner product to the entire exterior algebra /\* V be considering elements of different
degrees as orthogonal. o

. k . —k . .
Note that dim \"V = (}) = (,",) = dim /\"" V, and so we should expect an isomorphism between these two
exterior products. Throughout this section we consider a fixed orientation on V.

Definition 2.95. The Hodge star operator is the linear map » : A\’ V — \"" V given by
(e Ao Ne)=ej Ao A,

Jnp?

where ji,..., j,—p is chosen such thate, ,...,e; ,e ,€;

., 18 @ positive orthonormal basis of V. o

RS R

Note that the x1 =e; A---Ae, and x(e; A---Ae,) =1ifey,...,e, is a positive orthonormal basis. We still need
to show that  is well defined, in the sense that it does not depend on the choice of positive orthonormal basis.
Let A be a n x n-matrix, and consider vy, ...,v, € V. Then it follows from basic linear algebra that

*(Avy A+ ANAv,) = (detA) x (Vi A+ Avy).

From this we see that the Hodge star does not depend on the choice of positive orthonormal basis, since any two
such bases are related by a transition matrix in SO(n).

Proposition 2.96. The Hodge star operator satisfies the following properties:

(i) *x= (_1)k(n—k) . /\k vV — /\k v,
(ii) forv,w e /\k v,
(v, w) = *(w A*v) =+(v A*w),
(iii) for an arbitrary positive basis {v;,...,v,} we have

1
*l=———V; A AV,.

det ((v;,v;))
Proof.

(i) Clearly »* : /\k V- /\k V. Suppose
*(e; N-o-Ney)=ej N---Nej .
By definition of the Hodge star operator we see that
*x (e N-orAey ) =%e, A Aey,
where the ambiguity in the sign depends on whethere; ,...,e; ,e;,...,e; isa positive or negative basis
of V. Using the antisymmetry of the wedge product we have that

e N Aeg Nej Ao Aey = (=1 e, Ane Neg A A

k
So by considering the basis transformation matrix © from the positive basis e, , ..., € €., 10 the

unknown signed basis ¢; ,...,e; ,,€;,...,e;, we see that det(7) = (—1)K=h); the result now follows.

(i) It suffices to prove this for basis elements of /\k V. Let {eq,...,e,} be an orthonormal basis of V, and
consider the basis {e; A---Ae, 1 =<1i <+ <i <n}of /\kV. Note that for any two distinct
elements v, w in this basis we have w A xv = 0. So we are left to compute (v A xv). For any choice of
1<i; <---<i<n,

.,e

*(eg Ao Ney Ax(eg A Ney))=x(eg A---Aey) =1.

The result follows by the bilinearity of the inner product, the bilinearity of the wedge product, and the
linearity of the = operator.
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(iii) Since
1
VIA AV, = (det((vi,vj)))2 eqA-Aey,
and x1 =e; A--- A ey the result follows.

O

. k . . . .
Now we extend the Hodge star to a ¢ °°(M)-linear map over /\ M*. Let M be an oriented Riemannian manifold
of dimension n. Since M is oriented, we can find a consistent orientation of all of the tangent and cotangent
spaces, T,M and T,M* respectively. Since M is a Riemannian manifold, we have an inner product (-,-) on each
T,M* given by (¢") = (g;;)”", and so we obtain a Hodge star operator

X /\k(TpM*) - /\"_k(TpM*).

In particular, we can view this operator as a basepoint preserving operator  : Q€(M) — Q" %(M). By the previous
lemma, in local coordinates we see that

*x1= \/@dxl/\---/\dxn.
In particular, this is the Riemannian volume form!
Corollary 2.97. For a k-form a € QX(M), xa € Q" X(M) is the unique (n — k)-form such that
BAxa={(B,a), vol,,

for all B € QF(M).

Now we use the Hodge star to induce an L?-inner product on Q(M).

Definition 2.98. Let a, # € QF(M) have compact support. The L?-inner product of a,  is given by

(. BY :=J <a,/5>*1=f anp.

This inner product is clearly positive and positive definite. We define the L2-norm as

llall = (o, a)?.

Note that the space of differential forms is not complete with respect to this norm, and hence it is not a Hilbert
space. Later we will consider the completion of this space and consider LP and Sobolev spaces of sections of
vector bundles.

We now give a taste of integration by parts on a Riemannian manifold.
Definition 2.99. The codifferential 6 : QP(M) — QP~!(M) is defined by

Sw = (—1)"*D 4« w.

We claim that 6 is the formal adjoint of d.

Theorem 2.100. Let (M, g) be a compact manifold without boundary. Then

f (6a,B) volg =J (a,dB) volg,
M M

for a € QP(M) and B € QP7L(M).
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Proof. A direct computation shows

J (a,dp) Volng dp Axa
M M

B f (d(BA*a)+ (-1 Ad*a)
M

— J (_1)p+(n*P+1)(P*1)[5 Axxd*a
M

= J (B, (=1)"P*D* x d x a) vol,
M

= J. (B,6a) vol, .
M

For a Riemannian manifold we can define the curl and the divergence as follows:

Definition 2.101. Let M be an 3-dimensional manifold. Let X € I'(TM) be a smooth vector field. Then define
the divergence of X as

VX =d »hX = 5(XP).

This definition will suffice for now, and we will discuss the divergence of tensor fields more once we introduce
the notion of a linear connection.

Definition 2.102. Let M be an 3-dimensional manifold. Let X € T'(TM) be a smooth vector field. The curl of X
is the vector field

V x X = (+dx’).

It is a straightforward exercise to show that these definitions coincide with the usual definitions when M = R"
(for the divergence) or M = R? for the curl.

We now conclude this section on differential forms by providing an example of how differential forms can be used
to describe natural physical forces.

2.11. Maxwell’s equations. As an instructive example, we want to consider a reformulation of Maxwell’s equa-
tions in terms of the Hodge-star and the d-operator on differential forms in flat Minkowski space-time. We will
see that there are two equations in differential forms that encode the four classical equation, and conservation of
charge (9,0 + V- j = 0) is easily deduced from these much like in the classical setup with vector calculus.

The reformulation in the language of differential forms has several advantages: it clarifies the close link between
topology and the theory of electromagnetic potential fields, it gives a straightforward explanation of the rela-
tionship between Maxwell’s equations and special relativity, and by replacing the pseudo-Riemannian tangent
bundle with a more general structure (vector bundle with connection over the spacetime manifold) the Maxwell
equations in terms of differential forms become a special case of the Yang-Mills equations (a fact that is difficult to
perceive when the equations are expressed in coordinatized form instead of in terms of the common mathematical
language of vector bundles over manifolds). I won’t discuss the Yang-Mills theory any further here (for now).

Of course, to really understand the physical relevance of the equations and where they come from one must
approach these matters through action principles and other ideas from physics (Lagrangians and Hamiltonians,
etc.). The purpose here is not to derive physical laws from first principles, but rather to explain how to put
some known physical laws in a convenient mathematical form that enables us to better understand some of there
mathematical properties.
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2.11.1. Classical Setup and Orientations. We fix a 3-dimensional flat Riemannian manifold with corners S and
let X = S x R but endowed with the Lorentzian product metric that comes fromt he metric tensor on S and the
negative-definite flat metric on R induced by the quadratic form —t2. Thus, for all x = (s, t) € X the vector space
decomposition T,X = T,(S) ® T,R is orthogonal. The classical case is S = R® with its standard inner product
(and associated flat metric). One puzzling feature of the classical case is that there should be no preferred point
in space, and so in particular no meaningful “linear structure” on space. It is therefore a bit peculiar to say that
classically S is a vector space. In classical physics what happens is that at the beginning of every physical problem
one chooses an origin and somehow this choice never affects the answer. It would be better to have a framework
in which there is no need to be choosing random origins, but I won’t discuss the matter any further here; our
space S is a smooth manifold and so the issue of an origin and linear structure on S is eliminated (but we retain
this information of the tangent spaces at points, which is really what matters).

It will be convenient to assume S is connected and oriented (as in the classical case), but in the end we will get
equations that do not require an orientation on S or even that S is orientable. Note that since X = S x R with
R oriented in the canonical way, orientability of S is equivalent to that of X. An orientation on either of S or X
uniquely determines an orientation on the other so that X has a product orientation. I'll speak in the language of
orientations on S. The Lorentzian manifold with corners X is called spacetime. The flatness of the metric tensor
on S will be essential for everything we do. The role of flatness is to permit us to carry out local calculations
in flat coordinate systems, in terms of which the metric tensor acquires the same simple form as in the classical
case. The case of non-flat metrics is the framework of General Relativity (as opposed to special relativity, which
is essentially the context in which we are working).

Our goal is to write down Maxwell’s equations in the language of differential forms on X in the case when there is
no magnetic or polarized material present and the units are chosen to trivialize natural constants: ¢ = gy = o = 1.
We first make an important definition that encodes the fact that the force fields of classical physics exhibit a time
dependence in their evolution but they do not point in a “time direction.”

Definition 2.103. A smooth vector field V over an open set U in X = S x R is spacelike if for each u = (s,t) € U
the tangent vector ¥(u) € T,X = T,S @ T,R lies in the hyperplane T,S. o

In other words, if we choose local coordinates {x,y,z} on S and write a vector field locally as a smooth linear
combination of d,, d,, 3, and J, then the spacelike condition on V says that the J,-component of ¥ vanishes. More
globally, if p : X — S is the natural projection then p*(TS) is naturally a subbundle (even direct summand) of TX
and the sections of this subbundle are the spacelike vector fields.

Definition 2.104. For an open set U € X and a vector field ¥ € T'(TU C TX), let w; € Q)lg(U) be the 1-form
that is dual to ¥ under the Lorentz metric. That is, for all u € U, the linear functional wy;(u) on T, X given by

(- V(W)y- °
Note in particular that since we give X = S x R a product metric, if the vector field ¥ is spacelike then for any
Uy = (50, to) € U the functional wy(u) kills the line T, R in T, X and hence

wy(uy) € T8V €T, S'® T, R =T, X".

Explicitly, if we choose a local flat coordinate system {x,y,z} on U, C S then for a smooth vector field ¥ =
f10x + f20, + f30, + f40, over an open set U C Uy x R (with f; € €°°(U)) we compute pointwise

wy = fldx +f2dy +f3dz _f4dt S Q;{(U)
The correctness of this calculation rests crucially on the fact that {J,,d,,d,} is an orthonormal frame for TS|y,
and that (3,,9,) = 1.

The classical operators of divergence, gradient, and curl for vector fields over open subsets of R® can be generalized
to 4-dimensional Lorentzian spaces by working in 3-dimensional time slices:

Definition 2.105. Let S be an oriented 3-dimensional Riemannian manifold with boundary or corners. Let X =
S xR and let p : X — S be the standard projection. For an open set U € X and a smooth U-section ¥ of the
subbundle p*(TS) € TX of spacelike vector fields, the spacelike curl V¢ x v € ['(TU) is the spacelike vector field
given on each time slice U, = U N (S x {t}) by the ordinary curl applied to the smooth vector field V|, € I5(U,).
The spacelike divergence and spacelike gradient are defined analogously. o
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Explicitly, if {x, y,z} are local oriented flat coordinates on S then in the local coordinate system {x,y,z,t} the
above three spacelike operators are given by the habitual formulas in each time slice (using the differential op-
erators d,,d,,d,, and not 3,). Hence, we see that smoothness is preserved by these operations. Note that the
spacelike divergence and spacelike gradient are independent of the orientation (as this is true on each time slice),
and so they make sense without any orientability hypotheses on S (by globalizing from the local orientable case).
In contrast, the spacelike curl only makes sense in the orientable case and negating the orientation cause it to
change by a sign.

Beware that the spacelike divergence on spacelike vector fields V is rather different from the “usual” generalized
divergence x,d *; wy € ¥°°(U) that one would get through the global pseudo-Riemannian structure on X in
the sense that the generalized divergence involves a t-derivative of the (usually t-dependent) local coefficient
functions in local oriented flat coordinates {x, y,z, t}.

Remark 2.106. If f € €°°(U) is a smooth function, then a simple calculation using local flat coordinates on S
yields the identity
df = wy s +(,f)dt
as the unique decomposition of df € Q}((U). Indeed, if {x, y, 2} is a local flat coordinate system then this identity
is just the expansion
df =(0,f)dx + (9, f)dy +(2,)dz + (0.f )dt

that one has for an arbitrary local smooth coordinate system on X. This global decomposition identity for df
will come up later in our considerations of potential functions for the electric field and vector potentials for the
magnetic field. o

The classical Maxwell equations on open sets U in X are as follows: for spacelike vector fields E and B on U
expressing the electric and magnetic fields as functions of position and time (so B is sign-dependent on the choice
of orientation on S),

Vs-B=0,
V¢ xE+9,B=0,
Vg xB=j+GE,
Vs-E=p,

where p : U — R is called the electric charge density and j is a spacelike vector field that is called the current
density over U. These equations are respectively called non-existence of magnetic monopoles, Faraday’s law of
induction, Ampere’s Law, and Gauss’ law for electricity. In the classical case, these are the tradition equations of
Maxwell’s theory.

The supplementary law of conservation of charge d,p + Vg - j = 0 is an immediate consequence of taking the
t-partial derivative of Gauss’ law for electricity and the divergence of Ampere’s law: the two sides of the identity
for conservation of charge are simply two different ways to compute &,(Vg - E) = Vg - (6,E)).

Remark 2.107. There is much more to classical electrostatics than Maxwell’s equations, such as Coloumb’s law
and the action principles that construct potential fields a priori. o

Observe that just as the definition of B is sign-dependent on a choice of orientation for S, the spacelike curl also
has such sign dependence. This is good, because one sees by inspection that all four classical Maxwell equations
are thereby independent of the choice of orientation: the left side of the second equation is sign-dependent but
the property that it equal O is thereby unaffected, and the third equation has no orientation intervention on the
right side but has it intervening twice (in the formation of V¢ x B) and thereby cancelling out on the left side.

We conclude that the classical Maxwell equations only require the flat Riemannian structure and orientability of S;
they do not depend on the choice of orientation. Since equations in physics should not be coordinate-dependent,
the above coordinate-free equations clarify the underlying geometrical aspects of the classical Maxwell theory.
However, there are some defects. First of all, the equations involve the input B whose definition necessitates a
choice of global orientation. Since there does not seem to be a natural orientation in the real world, it is preferable
if we can formulate the equations without such a choice (even if the real world is orientable). Also, we would
like to understand how the theory of electromagnetic potential is controlled by geometry in spacetime, and the
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classical formulation is not well-suited for such questions. We shall recast the equations in terms of differential
forms on the abstract flat Lorentzian manifold X = S x R for any abstract flat Riemannian 3-dimensional manifold
with corners S, and in so doing we will be able to eliminate orientation conditions and the topological input will
become clearer.

2.11.2. Some useful identities. Let us temporarily assume S is orientable and connected. Choose an orientation
(there are two), whence we get a product orientation on X = S x R. It will be seen that the equations we get in the
end will not depend on this choice, so the equations will globalize to the case of possibly non-orientable S. The
choice of orientation gives rise to the Hodge-star bundle isomorphisms *, : Qf = Qj'(_’ that satisfy x;4 —rox, =
(=1)"*1. Letting vol denote the volume form on X arising from the Lorentz structure and the orientation, in local
oriented flat coordinates {x, y,z} over an open U, C S we have vol = dx Ady Adz Adt over U, x R. Of course, as
always we have vol = x(1). and so we will usually write “x(1)” rather than “vol”. In particular, if we change the
orientation of S then vol is negated since the only other orientation on S is the opposite one (as S is connected).
Recall that *, is characterized by the local identities w A *n = {(w, n)vol. Hence, if we negate the orientation
on S then each x, is also negated. So we know that the operator 6 = *s_.od o, : Q — Q}’{_l forl1<r<4
is independent of the orientation and so globalizes to the case when there are no orientability (or connectivity)
hypotheses on S.

The following lemma is the result of a simple direct computation.

Lemma 2.108. Fixing an orientation on S and using the induced product orientation on X =S xR, if {x,y,z} is a
local oriented flat coordinate system on an open Uy C S, then

*(dx)=dy ANdz Adt, *(dy)=—dx ANdz Adt, *x(dz) =dx Ady Adt, *(dt)=dx ANdy ANdz
in Q3 (U x R) and
*xo(dx Ady)=dz Ady, *y(dx Adz)=—dy Adt, *(dxAdt)=-—dy Adz,
*o(dy ANdz) =dx Adt, xy(dy Adt)=dx Adz, *(dzAdt)=—dxAdy

in Q2 (Uy x R). Moreover, x5 =—1, x; ox3 =1, and x30 %, = 1.

We next need some global identities that relate the spacelike divergence and curl (for spacelike vector fields) with
the d and Hodge-star operators. We first have to define the time-derivative of a spacelike vector field. This goes
as follows:

If v € Tx(TU) is an arbitrary smooth spacelike vector field, then there is a unique identity of the form
d&)ﬁ =—0Adt+ n

where the 1-form 6 is a section of p*(Qg) and the 2-form 7 is a section of p*(Qé). By the duality between 1-forms
and vector fields provided by the Lorentz metric, we can therefore uniquely write 6 = w; ;; for a unique smooth
spacelike vector field 8,V over U. Explicitly, for local coordinates {x, y,z} on S (unrelated to the orientation and
Riemannian structure) we can uniquely write Vv = f,0, + f,0, + f30, with f; € ¥°°(U) and it is easy to check
directly that

3, (V) = (0:.£1)0x + (8:£2)0y +(8:£3)0, € Ix (V).

Lemma 2.109. Assume S is orientable and fix an orientation. Let U C X = S x R be an open subset and V € Ix(U)
a spacelike smooth vector field. The following hold:

(1) 6(wy) =—Vs -7,
@) (dwy) Adt =* (g x5),

(3) 6(wyAndt)=—(Vs-V)dt —wyy,

(4) dwy =*y(wy 5 Adt) —wgy Adt.

Remark 2.110. Note the important consistency check that both sides of (1) and (3) are independent of the orien-
tation on S. Also the left sides of (2) and (4) are independent of the orientation on S, and so are the right sides
becuase they involve a single Hodge star but also a single spacelike curl operator. o
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Proof. It is possible to deduce these identities by pure thought using (i) the definitions of the spacelike divergence
and curl in terms of the 3-dimensional counterparts on time slices, and (ii) the relations between the classical
divergence and curl with d and Hodge star in the classical 3-dimensional case on R®. However, it is a notational
pain to give such an “intrinsic” proof. Hence, we instead leave it to the reader to carry out the pleasant exercise
of verifying the identities by coordinate calculation upon picking local oriented flat coordinates on S. This is
essentially a mechanical exercise once one has available the identities in the previous lemma (and one knows
how the 3-dimensional curl and divergence work out in such local coordinates). O

We have one final lemma.

Lemma 2.111. Fix an orientation on S. For any open set U € X = S x R and smooth differential forms F € Q)Z((U)
andJ € Q}((U) there exists a unique smooth function p € 6 °°(U) and unique spacelike smooth vector fields E,B, j €
Iy (U) such that

F =%y(wg Adt)—wg Adt, J=pdt—w;j.
The vector field E and j are orientation-independent, as is the function p, but B changes by a sign if we negate the
orientation on S.

Proof. As with the proof of the previous lemma, one can give a proof without mentioning any local coordinates but
we take the quick way out. Pick local oriented flat coordinates on S and write out the “general form” of the right
side in terms of p and coefficient functions of the vector fields. One sees by inspection that these are just an en-
coding of the coefficient functions of the differential forms F and J. This gives the asserted existence/uniqueness
results locally, and due to the local uniqueness it follows that the local solutions agree on overlaps and hence glob-
alize. As for the sign-dependence on the orientation of S, this is immediate from the fact that the only ingredient
in the “shape” of the formulas that depends on the orientation is the Hodge star *,. This changes by a sign if we
change the orientation of S, and so by uniqueness it follows that B must also exhibit the same sign dependence
in order for the effect to cancel out and give the initial choice of F. |

2.11.3. The modern formulation of Maxwell’s equations. We now drop all orientability and connectivity hypothesis
on S. Choose an open set U € X and pick smooth differential forms F € Qf((U) andJ € Q}((U ). We call these the
electromagnetic form and the current density form, respectively. The abstract Maxwell equations are then

2) dF =0,
3) OF =1,

where 6 = xdx over orientable open subsets (for any choice of orientation). The first equation encodes the non-
existence of magnetic monopoles and Faraday’s law of induction, and the second encodes Gauss’ law for electricity
and Ampere’s law, as we’ll show below.

It is the second equation (6 F = J) that encodes the serious physical information, in the sense that the first equation
(dF = 0) is a physical triviality: action principles that logically precede the electromagnetic theory provide an
electromagnetic potential and it will be seen below that in terms of differential forms this leads to the condition
F = dA as a-priori input in the theory from a physical point of view. This makes the first equation physically
uninteresting since it follows from the general identity d o d = 0. On the other hand, the second equation takes
the form 6dA =J and this turns out to be of enormous physical significance.

The local calculation
@ dx (J)=d(xj0x40d *; (F)) =dd(x,F) =0

resting on the second equation 3 will turn out to be a repackaging of the identity for conservation of charge.
The calculation above is a disguised version of the classical deduction of this conservation law from Maxwell’s
equation. Finally, the reason for the names of F and J is that they will turn out to encode precisely the information
of the electromagnetic fields and the charge/current densities.

How do we make the translation from the classical equations in the oriented case? By Lemma 2.111 if we assume
S is orientable and we pick an orientation of S then we get a unique p € 4 °°(U) and unique spaceklike vector
fields E, B, j € Ix(TU) such that they recover F and J via the formulas in Lemma 2.111. In particular, p,E, and j
are orientation-independent, but B changes by a sign on a connected component of U if we change the orientation
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on the component. Upon fixing an orientation to get a definite B and to be able to write & = xd* we now use
Lemma 2.109 to compute

dF =d *x (wg Adt)—d(wg Adt)
=x(xd *x(wg Adt))—d(wgAdt)
=x (—(Vs -B)dt — wa[B) TXWy xE
=(=Vs-B)(xdt)—* (wa[BJrvst) .

Thus, the condition dF = 0 says exactly Vi -B =0 and J,B + V¢ x E= 0. These are exactly the non-existence of
magnetic monopoles and Faraday’s law, as promised.

Since *, 0 x, = —1, we similarly compute via Lemma 2.109 that
§F = (»d*)(F)
=—xd(wg Adt)—(xd*)(wg Adt)
= —*(xwy,xp) + (Vs E)dt + wg5)
= w_y,xp+ae T (Vs E)dt,
so the condition 6F =J := p dt —w; = p dt + w_; says Vg -E= p and Vg x B= g,E+ j. These two identities
are respectively Gauss’ law for electricity and Ampere’s law.
Finally, since (dt,dt) = —1 we have dt A *dt = — % (1), and hence
d(f - (xdt))=df A*(dt)=3,f - *1
for any f € €°°(U). Taking f = p, one compute (using *, o x, = —1) that
dxJ=d(p *(dt)) —*w;
=dp A*(dt) +*(xd x w_;)
=—(0p +Vs-j)* (1),
where the last step again follows from Lemma 2.109. Thus, the abstract calculation in (4) that d(xJ) = 0 says
precisely that J,p + Vg - j = 0, and this latter identity is simply conservation of charge. The vanishing of d o d
as used in (4) is just a repackaging of the vanishing of Vg - (Vg x (:)) on spacelike vector fields, and this latter

vanishing (applied on time slices) is the content of the classical deduction of the conservation of charge from
Maxwell’s equations.

Remark 2.112. Suppose S is oriented. On open subsets U € X on which the current density J vanishes, the
2-form xF € Qf((U) is closed and so defines a cohomology class in H gR(U) that is supposed to have some physical
significance. o

2.11.4. Topological consequences: potential fields. So far, the above has just been clever linguistic repackaging.
The question now is: does the rephrasing in terms of differential forms tell us anything interesting?

Theorem 2.113. Let U € X = S x R be an open subset that is smoothly contractible to a point. If F € Q}Z((U) isa

closed 2-form then it can be expressed as F = dA for a smooth 1-form A € Q}((U) that is unique up to an additive
term df for some f € €°°(U).

Proof. This is an immediate consequence of the Poincaré lemma, i.e. that F is exact. Upon writing F = dA, the
extent to which A € Q}((U) is non-unique is adding a closed 1-form to A. Again, since U is contractible, we deduce
that this one form must be of the form df for some f € €*°(U). O

What is the meaning of A in the classical theory? I claim that it encodes the theory of electromagnetic potential.
Since X = S x R we can uniquely write A = 1 + ¢ dt with ¢ € €°°(U) and n € Q}((U) a 1-form such that
n(u) € T,XV = SY @ RY has vanishing (dt)(u)-component for all u € U. We may write 1 = w, for a unique
smooth spacelike vector field A € Ty (U). Since df likewise has the spacetime decomposition

df = wyp +(2.f)dt,
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replacing A with A+ df corresponds to the change

(A, @) = (A+Vsf, ¢ +0.f).

The spacelike vector field A and the smooth function ¢ : U — R are orientation-independent and are together
unique up to a linked change in terms of f € €*°(U).

The physical meaning is seen as follows: taking S to be oriented now, we have
*(wg ANdt)—wgANdt =F =dA=d(wp + ¢ dt) =dw, +d¢p Adt.
Since d¢ = wy 4 +(0,¢) dt, clearly dp Adt = wy 4 Adt. Also, the last identity in Lemma 2.109 gives
B=VsxA, E=-Vip+3A

with A a spacelike vector field on U and ¢ € € °°(U) a function such that the pair (A, ¢) is uniquely determined
up to adding Vg f to A and &, f to ¢ for some f € €°°(U).

This is exactly the classical theory of electromagetric potential: the vector field A is called the vector potential for
the magnetic field and ¢ is called the electrostatic potential function. In the absence of magnetic fields (B = 0) we
may take the vector potential A to vanish and so the electrostatic potential function ¢ is uniquely determined up
to adding a function &, f such that the spacelike gradient Vg f vanishes (to retain the condition of vanishing vector
potential). But the condition of vanishing for the spacelike gradient says precisely that f is locally “independent
of the space variables”, and so in the special case that U = U, x I for an open set U, C S it follows that f is a
smooth function of time and hence the electrostatic potential ¢ is unique up to adding an arbitrary function of
time. In this case we may fix the value of ¢ to be a specific constant at one point u, € U, for all time t € I, and
this eliminates all of the ambiguity. This is precisely the classical device of uniquely determining the electrostatic
potential (in the absence of magnetic forces) by requiring it to be zero at some point of Uj,.

Of course, since there are other physical laws such as Coloumb’s law and action principles, it is always possible to
infer the existence of an electrostatic potential function even when the de Rham cohomology is nonzero. That is,
the physics tells us a lot more than what is mathematically deducible from Maxwell’s theory alone. In particular,
the electromagnetic potential is much more than just a device for extracting the electromagnetric field, and so
the mathematics is not the whole story.

Example 2.114. In the case of a time-dependent magnetic field complementary to a line in space, there is a vector
potential (since the relevant de Rham cohomology is an H? that vanishes) but its non-uniqueness is controlled by
an H! that is nonzero and so it is possible to change the choice of the vector potential by more than just vector
fields that are spacelike gradients. That is, in such cases there are spacelike vector fields v on the domain that
are not gradients and yet have vanishing curl, so we can add such a v to the vector potential without affecting
its property of having curl equal to the magnetic field. (By taking ¥ to be constant in time, so J,¥ = 0, this
modification of the vector potential does not force any changes in the choice of electrostatic potential function.)
But is this physically relevant? After all, presumably the potential is chosen according to principles that go beyond
just Maxwell’s theory, and so the additive modification by a curl-free non-gradient field ¥ as suggested above may
well be unreasonable on physical grounds. I don’t have the technical background to say anything else intelligent
about this. o

The main point is this: the existence of electromagnetic potential can be understood in many situations purely
based on topological properties of the domain under consideration, and when the region is topologically compli-
cated (i.e., has nonvanishing higher de Rham cohomology) then there can be rather intricate ways in which the
non-uniqueness of the solution to the equation F = dA manifests itself. (That is, non-uniqueness can occur by
more operations that naive ones that are available on contractible domains.) However, it appears that A is more
fundamental than F, and so “solving for A given F” may be physically unsound. One last point worth noting is
that if we take the 1-form J and the 1-form A as the primary objects of study (as seems to be the case in physics)
then the only interesting Maxwell equation is 6dA = J yet this turns out to be exactly the Euler-Lagrange equation
arising from the action principle. Hence, in a sense the Maxwell equations are consequences of more fundamental
physical principles applied to the current form and potential form, coupled with mathematical trivialities such as
dod =0. Lemma 2.111 provides the link between these abstractions and the classical formulation of the theory
(with oriented S).
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3. METRIC CONNECTIONS AND GEODESICS.

3.1. Linear connections on vector bundles. This section is done in full generality. The idea of connections is to
differentiate a vector field in the direction given by another vector field, in a way compatible with the Riemannian
metric.

Definition 3.1. Let E — M be a vector bundle. A connection (also called a covariant derivative) on the space
T'(E) of global sections is a bilinear map

D: T(TM) x T(E) — I['(E),
(X: S) — DXS;
such that for any smooth function f

® D¢ys = fDys,
® Dx(fs)=X(f)s+ f Dxs.

Proposition 3.2. For a point p € M the value (Dxs)(p) depends only on X(p), not on X.

Proof. D,s is € °°(M)-linear with respect to X. It is enough to show that if X(p) = 0, then (Dys)(p) = 0.

Let U > p be an open neighborhood of p giving a local chart. Let f be a function with support contained in U
such that f(p) = 1. Then

(Dsxs)(p) = f (p) (Dxs)(p) = (Dxs)(p).
So we may assume that X = 0 outside of U.

Pick V such that V. c U and f =1 on V and f = 0 outside from U.

;0
Xf=>fx Fpt
We can replace X with Xf.
(Ds)p) = 2 FPIXP) (D 5 ) () =0.
O
Example 3.3. On R" the tangent space is TR" = R" x R", and a vector field is just a function X : R* — R" (we

should write X(p) = (p,X,) € R" x R", but we forget about the base point). Now DyY = dY(X) satisfies the
definition of being a connection on R". o

Example 3.4. Let S € R™*" be a submanifold of dimension d. For X € I(TS) and p € S we say that X € T(TR?*")
is a local extension of X around p if there exists a neighborhood U > p in R*" such that X }Uns = X|yng- Any
X €T(TS) has a local extension at any point p € S.
For X,Y € I'(TS) and p € S we define
(DxY)(p) = (DY ) (p),

~—

=d7(X)
where X and Y are local extensions of X and Y around p, and T denotes the orthogonal projection R*" — T,S.

We get
D:T(TS)xT(TS) —T(TS).

We have to check that (D);?)T does not depend on local extensions X and Y, onlyonX and Y.

Choose R4™ > U 2, V c R™*" such that ¢(SNU) =RIx {0}NV. ¢ = (x',...,x4*™). We note that for a chart on

S we may assume ¢|yns = (x1,...,x%,0,...,0).

(Dg?)(p){pzlmgl.;ﬂ Z?f%)(ph > 2w (027w
J

1<i,j<d+n
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Now X(p) =X(p) = 3y oicy X'(P) 2.

5 A ~ 0~ 2
~ = t I — ! Ao
(DgY)(p) 1;d X (p)(Dﬁy Ox) +¥°Do, axj)‘
1<j<d+n

For some curve c, such that [c] = %

o~ (3 d o
— Y/ =dY’'| — | = — (Y’ - X
axi (axi) ar e

Now % is tangent to S (lies in T,,S). We choose c: T — S, ¢(0) = p, c(0)= %.

- Yi-c(t), j<d
J. — > >
Y7-c(t) { 0, j>d.
O i [ &Y. isd,
dxt 0, j>d.

(On SN U we have ?:Y.)

NP = > Xi(p)(iw'i.wfp . i).

52 dxt Oxi axd O xJ
1<j<d
So this indeed does not depend on X and Y, only on X and Y. o

Example 3.5. Let S ¢ R™*" be a submanifold of dimension d. Consider the normal bundle

N©S) =] [N,

pes
where N,(S) := (TPS)L c R%*™, In fact N(S) is a vector bundle of rank n.
We define
D: T(TS) x [(NS) — [(NS),
(X,s) — Dys,

where Dys 1= ( Dgs )+, where X,5 is a local extension of X, s, and L is the orthogonal projection to NS.
~—~—
=d5(%)

This definition is similar to the definition of connection on the tangent bundle. o

3.2. Levi-Civita connection. We are interested in a specific connection that is compatible with a given Riemann-
ian structure.

Theorem 3.6 (Fundamental Theorem of Riemannian Geometry). Let (M, g) be a Riemannian manifold. Then
there exists a unique connection

T(TM) x T(TM) — T(TM),
(X,Y) — DyY.

such that

(1) the connection is “torsion free” (or “symmetric”), meaning that
DyY —DyX =[X,Y] fordlX,Y eT(TM),
(2) it preserves the metric,
X-g(v,Z)=g(DyY,Z)+g(Y,DxZ) forall X,Y,Z € T(TM).
Here X - g(Y, Z) denotes the derivative of g(Y,Z) in the direction X.
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In particular, (1) applied to X = % and Y = % gives a formula
0,0
5 dxi a7 dxi

which is useful in computations.

Definition 3.7. This connection is called the Levi Civita connection (or the canonical connection) on (M, g). ¢

Proof. Assuming D exists, it must satisfy the relations (2):

)
6)
(7

Y-¢(Z,X)=g(DyZ,X)+g(Z,DyX),

Now we have (using the fact that g(:, ) is bilinear and symmetric) for (5) + (7) - (7):
| S — ~—_———

[v,z]

Using relation (1), we have

hence

DyY +DyX =2D,Y —[X,Y],
DyZ—D,Y =[Y,Z],
DyZ —D,X =[X,Z],

[x,Z]

This gives an expression

Since Z is arbitrary, the latter defines Dy Y uniquely. Conversely, Dy Y satisfying the last expression is a Levi Civita
connection, i.e. satisfies (1) and (2).

O

Example 3.8. For R" (with respect to the usual scalar product (-,-) as a Riemannian metric) the Levi Civita con-
nection is given by Dy Y =dY (X).

We check the property (1):

DyY —DyX =dY(X)—dX(Y)
=d(YY,...,YOH(X)—dXY,..., X™)(Y)
=(dY'(X),...,dY" (X)) — (dX*(Y),...,dX"(Y))

= Z (dYi(x)—dx(Y)) %

i N
=Z(X-Y —Y-X)axi =[X,Y].

L

And we check the property (2):

X(V,z)=X-> vz
=> -y Zi+ (X Z0) Y
N Y

! dyi(x) dzi(x)

=(dy(x),z) +{dz(X), y)
= (DyY,Z) + (Y,DyZ).
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i

Example 3.9. Let S € R¥*" be a submanifold of dimension d. Let g be the metric on S induced by the usual scalar
product on R™:

&, v) = (w,v).
Let DyY := (Dg?)T where T is the orthogonal projection to TS (see Example 3.4 above).

This is the canonical connection on (S, g). To verify this choose (U, f) with U > p an open neighborhood in R¢*"
and f = (x!,...,x¥"*"): UV CcRisa diffeomorphism such that f(UNS) =V NR? x {0}.

Then ai .. ad restricted to SN U are in TS, and ,# are transverse to TS (but not necessarily

X 1> ) a
orthogonal).

~ Si 9 5 i 2
Let X =30 cicqinX g and Y =3 4. Vg5,
DyY —DyZ = (D37 —DyX)" = [X,¥]".

axd+1 PR

We have [X,Y]=[X,Y]onSNU (cf. Example 3.4), so the first property of the Levi Civita connection is satisfied.

For the second property, let X,Y,Z € T(TS) and let X,Y,Z be local extensions. On S we have
X-g(v,2)=X-(Y,Z)=(DgV,Z)+(Y,Dg,Z) = ((D5¥) ", Z) + (X, (DgZ)") = (DxY,Z) + (X, Dx Z) .

3.3. Christoffel symbols. We can express the Levi Civita connection D in terms of local coordinates. Let p € M
and let (U, ¢) be a chart on M around p. Here ¢ = (x?,...,x%): U — V c R% Let g(-,-) denote the Riemannian
metric. We define functions l"l.’; :U — Rfor (1<1,j,k <d), called Christoffel symbols, by

o . @
Piga= 2 Mo

1<k<d

If in local coordinates X = > X' 2 sandY =Y/ a 5, then we calculate using the linearity

DyY =Dy yi 2. Zyi %
=22 D;;l( o)

—le (Da Yfi+YJD 9 )
axi ox i OxJ

i,j

. o} 0
_ i k ivjrk
= iEkX DaiiY _8xk +i]EkX Y FlJ Ik

=;(Z (XID; ve+ Xyt )) =

j
(CHECK THIS???) The symbols Fi’; determine the connection.

One can compute I‘l’; in terms of the d x d matrix (g;;); ; = (g(%, aixj))i’j, derivatives of g;; and the inverse matrix
(gi)"
Example 3.10. In polar coordinates (r,0) one has g = dr?+ f2(r)d6. We get
J 0 120 J 0
s(ri5r 5 )= e(55)-
NI

=1 constant
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Andso I}, = 0.

(D ii)_i (i i)_ 9 5.0 |19 (i i)_o
E\"5520)  3r8\5r30) 8| 377530 | T 2308\ a5 )

2 _
We have I;; =0.

2 _
Diﬁ—o.

ar

Hence we have I'2, = f'/f.

TODO: finish and check that D%;—e = ’%f—e and D: 2 =—f'f £, o

3.4. Covariant derivatives of arbitrary tensor fields. Let E — M and F — M be vector bundles over M, with

covariant derivative operators V, and V, respectively. The covariant derivative operators on E ® F and hom(E, F)
are

8 Vi(s ®5) = (Vys) ®5+5® (V45)
()] (VxL)(s) = Vx(L(s)) — L(Vs),

fors € T(E),seTI(F), and L € T'(hom(E, F)). Note that the covariant derivative operator in /\ (E) is given by
r
VX(sl/\---/\sr)zz.sl/\---/\VXsi/\---/\sr,
i=1

fors; € T'(E).
Now if we want to enforce the product rule of the covariant derivative for (r,s)-tensor we obtain the following:

Definition 3.11. Let T € I'(T;M), then the covariant derivative VT is an (r,s + 1) tensor given by

S
VT(X,Y,..., %) = Vi (T(Yy,..., Y)) = D T(Yy,..., ViYL Y.
i=1

We now consider the above definitions in components for (r,s)-tensors. If X € I'(TM) is a vector field, then VX
is a (1, 1)-type tensor field. By the definition of a connection, we have

VX =V X =V, (X)0)) = (8,X7)9; +X'T}, 8, = (V,. X' +X'T} )3,
In other words,
VX =V, X (dx"® 3,),
where
VX' '=0,X +X'T!,.
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However, for a 1-form w, the tensorial properties of the covariant derivative imply
Vo =(V,w)dx™®dx,
with
Vi = Opw; — a)ll“l.lm.
The Leibniz product rule then implies for a general (r,s)-type tensor field S,

i1yeei i1yeei Lig,eensiy 1o i yeensipg,l i i1yeenly 1l [ 1
v S-l) )'rza S»b :'r_,’_S',zs -’rl—‘l ++Sl: ,'r I’Fr_Sl? ,r.l" . _"‘_S-l’ ,'r 1" .
m Js L PRy A Jirends Tml Juoeeess ml Ljoseensfs M1 JioeeesJs—1,l " Mg

Notice the following computations:
so the metric is parallel. Note that in coordinates this says

— — P p

0="V08ij = Om8&ij — L& — Ly &ip>
which yield the formula
0c&ij = Tei&pj T Tt &ip-
This is sometimes written as
where
.. 1

[ij,k]= > (Bigjx+ 0,8 — akgij) .

These are often known as the Christoffel symbols of the first kind.

Definition 3.12. Let T € T'(T;M) be an (r,s)-type tensor field. The second covariant derivative of T is the
(r,s + 2)-type tensor field

V2T =VVT.

Now it is easiest to compute the second covariant derivative of a vector field, i.e. when T is a (1,0)-type tensor
field. We simply have

(VVT)(X,Y)=V(VT)(X,Y) = Vx(VT(Y))— VT(VyY) = VyVyT— Vg T
Proposition 3.13. Let T be an (r,s)-type tensor field, then the double covariant derivative satisfies
va(X, Y) = VXVY T — VVXY T.

Proof. Let T be an (r,s)-type tensor field, then the covariant derivative VT is the (r,s + 1)-type tensor field is
given by

VT(X,2)=(VxT)Z) =V (T(Z) = > . T(Zy,..., VxZi.... Z,),
i=1

where Z = (Z,, ... ,Z,) is a s-tuple of vector fields on M.

We try and do the same computation for arbitrary (r,s)-type tensor fields that we did for vector fields.

S
(VVT)X,Y,Z)=Vy(VT(Y,Z))—VT(VyY,Z)— Z VT(Y,Zy,...,V%Zi, ..., Z),
i=1
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where Z = (Z,,...,Z,) is an s-tuple of vectors. We also compute

ViV T)Z) = (Vo,y TIEZ) = Vx(Vy T(Z) = D (Vy T Zs, -, Vi Zis. ., Z,)
i=1

S
Vo (TEN+ Y .T(Zy,.... Voy Zis..., Z)
i=1

S
=V (VI(Y,2)= > VT(Y,Z,....V%Z,.... Z,)
i=1
—VT(VyY,Z).

So we have shown
(VVT)X,Y,Z) = Vx(VyT)Z)—(Vy,yT)Z).
O

Definition 3.14. The Hessian of T with respect to X,Y € I'(TM) is the (r,s)-type tensor field VV y y)T charac-
terized by
(VVanT)Z)=VVTX,Y,Z).
Sometimes we will write
VVy T =V*T(X,Y)=VVT(X,Y).

3.5. Gradients, divergence, and integration by parts.

Definition 3.15. Let (M, g) be a Riemannian manifold, and f € ¥°°(M). The gradient of f is the vector field
Vf defined by

§(Vf,)=df.
More concisely, we can write

Vf =4(df).

Note that Vf = df, where this V is the covariant derivative. So we need to be very careful about this notation.

Definition 3.16. The Hessian of a smooth function f € ¥°(M) is the (0, 2)-tensor defined by the double
covariant derivative of f, i.e.

VX, Y)=VVF(X,Y)=VxVyf —Vy yf =XYf—(VxY)f.

In components, we have
V2f(8,8)) = Vi V;f = 8,0;f —T}(3f).

Definition 3.17. The Laplacian of f is
Af =tr(X — (V3 (X,9)).

In coordinates, we have B
Af = g”Vl-ij.
Now we define the divergence of an arbitrary tensor field.
Definition 3.18. If T is an (r,s)-type tensor, then the divergence of T is the (r,s — 1)-type tensor field
(divT)(Yy,..., Y, ) =t X - §(VT)X,", Y1,...,Y, 1)),

that is, we trace the covariant derivative on the first two covariant indices. S
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Remark 3.19. Note that the divergence should really be called the divergence with respect to some index, and
that there is no canonical choice of which indices we should be tracing over. It might seem like it is natural to
trace over the first two indices, but this is really just an inconvenient result of the notation we use. o

In coordinates, we have
S O A ] S S
vy wr = ST
(d )]1;--<’Js—1 §°Vi JoJ1sends—1

n

Using a local orthonormal frame {e;}!_;, the divergence can also be written as

(divT)(Vs, ..., Vo) = D (Vo T e, Vi, oon Yiy).
i=1

If X is a vector field, we define
(divX) =tr(VX),
which in coordinate is

divX = 6{V,X7 = VX7,

Proposition 3.20. For a vector field X,
divX = div(hbX).

Proof.
divX = 6\V,X) = 6\v,¢/'X, = §¢/' vV X| = ¢"' VX = div(pX).

In a local orthonormal frame {e;} the divergence of the 1-form is given by

n n n

diver = ) (V,0)e) = Y ewle)) — o (Z veiei),
i=1 i=1 i=1
whereas the divergence of a vector field is given by
n
divX = Y (V,X,e).
i=1
Now we build up to prove the divergence theorem on Riemannian manifolds.
Proposition 3.21. Let X € ['(TM). Then
*(divX) = (divX) vol, = d(ix vol,) = %y vol, .

In coordinates, we have

o 1 0 (.
divX = —m EP (X i det(g)).

Proof. Fix a point p € M and let {e;} be an orthonormal basis of T,M. In a small neighborhood of p, consider
the geodesic frame e; induces by parallel transportation of this frame along radial geodesics. In such a frame we
clearly have

Veiej =0.
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Let {e'} be the associated dual frame field. We then have

Zyvol, = (diy +ixd)vol,
= d(ix vol,)

= Zw" AV, (ix(@0' A= A ™)

=Zwi/\vei ((—1)1'—12@1()()@1A---AafA---Aw“)

—Z( 1y e wJ(X))w AOYAADI A A"

—Zw V X)vol

= (dle) vol,
= *(divX).

Applying the Hodge star once more to this formula gives us the expression in local coordinates:
divX = xd(iy voly)

= «d (iy (1/det(g)dx' A+ A dx"))

n
*d (Z(—l)j_lXj det(g)dx ' A---AdxiA--+A dx”)

j=1

+(2,(x'/det(g)) dx* A++- Adx")
( (x1y/det(s)) \/_)VOIg)

! 0 ( { det(g)).

~ Ve ax -

O

Theorem 3.22 (Divergence theorem.). Let (M, g) be a compact, orientable, manifold with boundary. IfX € T(TM),
and f € €Y(M) then
f (divX)f VOlg:_f df (X) vol, + (X,n)f do,
M M oM
where n is the outer unit normal, and do is the induced volume form on d M.

If wQ(M), then
f (divw)f vol, =—f (w,df) Volg+f w(n)f do.
M M oM

Ifu,v € €°°(M), then

f vAu vol, =—J (Vu,Vv), vol, +f (Vu,n)v do,
M M am

f (vAu—uAv)vol, =J ((Vu,n)v —(Vv,n)u)do.
M oM

and

Proof. We compute
d(fiyvoly) =df A(ixyvolg)+ fd(iy voly).
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Now using Stokes theorem and Proposition 3.21, we find

f (divx)f volg+J df/\(ixvolg)=f f ixvol,.
M M oM

A similar computation shows
df A(ixvol,) =df(X)vol,.
Now on M we can decompose X =X ' +X*, where X | is tangential to M and X* is normal to dM. Then
iy vol, =vol, (XT +XL,---) =vol, ({(X,n)n,---) =(X,n) do,
since the volume form on d M is given by do = i,, vol,. This gives us the first equality.

The divergence theorem for 1-forms is dual, but identical to the previous argument. The first Green formula
follows by taking Au = div(Vu), and the second follows immediately from the first. O

Remark 3.23. Note that the above integration by parts formula gives us another way to derive the coordinate
expression of the divergence: Fix a local coordinate system on M, and assume that X and f have compact support
in these coordiantes. Then

f (divX)f Volgz—f df(X) vol,
M M
=—J Bifdxi(Xjaj) det(g) dx
M
=—J 2.fX'y/det(g) dx
Rn
=J fo (Xi det(g))dx

1 .
= ———0.(X"'y/d l, .
JMf ey (X i) ol

Since this holds for any f, we deduce that

divk = —1 3 (x7/dex()).

v det(g)

Corollary 3.24. In local coordinates, the Laplace-Beltrami operator of a function is given by

— 1 a(ea,
Af = =023 Y derly).

Proof. This follows since Af = div(Vf), and so we can take X' = g/4,f in the above coordinate expression of
the divergence of X. |
Now we prove integration by parts for (r,s)-type tensor fields.

Theorem 3.25. Let (M, g) be a compact manifold without boundary. Let T € T(T;M) be an (r,s)-type tensor field,
and S € T(T*'M). Then

f (VT,S) vol, :—f (T,divS) vol,.
M

M
Proof. We consider the inner product (T,S) as a 1-form w. In local coordinates, we have

— T =T]1 ~~~~~ js i'la'-n:ir' ]
@ (’S> 5} SJ;Jl,---,]sdx

----- i
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Note that the indices on T are reversed since we are taking an inner product. Taking the divergence, and noting
that g is parallel, we compute

. 7 J1sewesJs @Uiseenrly

div((T,8)) = v/ (/o hsiet )
— Jisesds ) @ltseensly Jirensds g j @ltoeenly
=V (T )spet T s
=(VT,S) +(T,divS).

The theorem now follows since div(X) = div(bX) for a vector field X and the usual integration by parts theorem
for vector fields. O

Remark 3.26. Often texts consider operator V* = —div. Then,

f (VT,S) vol, =f (T, V*S) volg,
M M

so we see that V* is the (formal) L2-adjoint of V. o
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