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1 Smooth manifolds and vector bundles

1.1 Basic definitions

In the field of differential geometry one is concerned with geometric objects that look locally like
R"™ for some n € N. In the following we will clarify exactly what this should mean and explain
the reason for the term “differential” in differential geometry.

Remark 1.1. Recall the definition of a topological space. Let M, N be topological spaces.
A map f: M — N is called continuous if for all U C N open, f~1(U) C M is open. A
continuous map is called a homeomorphism if it has an inverse, that is if it is bijective as a
map between sets, and the inverse is continuous. A basis of the topology of a topological
space M is a collection of open sets B, so that for all U C M open there exist an index set [
and corresponding open sets B; each contained in B, such that U;c;B; = B. Note that I might
be uncountable.



The study of topological spaces in full generality is not the topic of this course. We need to
introduce two additional properties that topological spaces might fulfil in order to define the
kind of objects we will study, that is smooth manifolds.

Definition 1.2. Let M be a topological space. M is called Hausdorff! if for any two distinct
points p,q € M, p # ¢, we can find U,V C M open, such that p € U, g € V, and U N V. This
means that we can separate any distinct points in M with disjoint open sets. M is said to
fulfil the second countability axiom (or, simply, are second countable) if its topology has a
countable basis.
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Figure 1: Open sets U and V in a Hausdorff space separating two points p and gq.

If the reader is new to general topology and the above definitions seem confusing, consider
the following well known examples of Hausdorff topological spaces that are second countable.
These are also basically the only examples the reader has to keep in mind for this course.

Example 1.3. For any n € Ny, R" equipped with its standard topology induced by the Euclidean
norm is Hausdorff and second countable. A choice for a countable basis of the topology is given
by

B:={B:(p) | r€Qs0, p€Q"}.

[Exercise: Prove that B is, in fact, a basis of the norm topology on R".]
Exercise 1.4. Prove that B in Example 1.3 is, in fact, a basis of the norm topology on R

Now that we have introduced all topological perquisites, we will give a precise meaning to
the term “locally looks like” that we have used before.

Definition 1.5. Let M be a Hausdorff topological space that is second countable. An n-
dimensional smooth atlas on M,

A={(pi,Ui) | i € A},
is a collection of tuples (¢;, U;), each consisting of an open set U; C M and a homeomorphism
©; - U, — (pZ(UZ) C Rn, (1.1)

such that

'Felix Hausdorff (1868 — 1942)



(i) U U; = M, that is the U; form a covering of M,
€A
(ii)
piow; ! i(UinU;) = @i(UiNU;) (1.2)
is smooth for all ¢,j € A with U; N U; # 0.

Maps of the form (1.1) together with their domains are called charts on M and the maps in
(1.2) are corresponding transition functions. Any two charts (¢;, U;), (¢4, U;), not necessarily
from the same atlas, are called compatible if the corresponding transition function ; o (pj_l
and its inverse are smooth.

Figure 2: Two charts (y;, U;) and (p;, U;) with U; N U; # 0.

In the following we will simply speak of atlases and drop the prefix “n-dimensional smooth”,
unless it is of specific value for a statement. Now consider the following questions. Firstly assume
that you are given two different atlases A and B on M. What is a good notion for compatibility
of these two atlases? A reasonable idea is to require that their charts are compatible in the
sense of (1.2). Secondly there should always be the question whether or not there is a canonical
choice for some sort of structure, in this setting that of an atlas. This leads us to the following
definition:

Definition 1.6. Two atlases A = {(y;,U;) | i € A} and B {(¢;,U;) | i € B} on a second
countable Hausdorff topological space M are called equivalent if

AUB = {((pi,Ui) ‘ iGAUB}

is an atlas on M. This is equivalent to the requirement that the transition function ¢; o (pj_l
(1.2) for all 4, j € AU B are smooth. For A and B equivalent we write [A] = [B]. An atlas A on
M is called maximal if for all atlases A’ on M equivalent to A it holds that A’ C A.

Now we have all tools at hand to define the notion of a smooth manifold:



Definition 1.7. A second countable Hausdorff topological space M together with a maximal
n-dimensional smooth atlas A is called smooth manifold of dimension n.

In the following we will always assume that smooth manifolds are of dimension n > 1.

Remark 1.8. If one left out the requirement of second countability, the definition of a smooth
manifold would still be usable for effectively every local statement about smooth manifolds. This
approach is for example taken in [O]. However some global constructions might not work, in
particular those involving a countable partition of unity (cf. Exercise 2.12) which might not
exist. An example of an analogue of a smooth manifold that is not second countable is the
so-called “long line” [SS].

We will call the process of defining a maximal atlas on M, defining the structure of a smooth
manifold on M. A caveat of the above definition is that it is not in any way clear how to
completely specify or write down a maximal atlas, at least not if n > 0. The following Lemmas
1.9 and 1.11 provide a solution for this problem.

Lemma 1.9. Let A be an atlas on a second countable Hausdorff topological space M. Then A
is contained in a maximal atlas, i.e. there exists a maximal atlas A on M, such that A C A.

Proof. The set of atlases equivalent to A, Eq(A), is a partially ordered set with respect to the
inclusion. By Zorn’s? lemma Eq(A) contains a maximal element A which by construction is an
atlas and fulfils all requirements of a maximal atlas. O

Remark 1.10. The precise statement of Zorn’s lemma is that every partially ordered set (S, <)
has a maximal element. This means that there exists spmax € S, such that either s < spax, Or
neither s < spax NOT 8 > Spax. Note that spay is in general not unique.

Remark 1.10 raises the question whether a maximal atlas containing any given atlas is
uniquely determined. The answer is yes, and the proof feels a bit like we were cheating.

Lemma 1.11. Each atlas is contained in a unique maximal atlas.

Proof. Let A = {(¢i,U;) | i € A} be an n-dimensional smooth atlas on a second countable
Hausdorff topological space M. We define

A= {(p,U) | ¢:U — p(U) is a chart on M, ¢ and ¢; are compatible Vi € A}.

We now write A = {((pi, U;) ’ RS Z} and claim that it is both a maximal atlas and unique

in the stated sense. Firstly note that A C A and, hence, |J U; = M. Next we need to show
i€A

that for any i,j € A, p; o @;1 1 (Ui NUj) = ¢;(U; NUj) is smooth. Being smooth is a local

property, so we fix any point p € ¢;(U; NU;) and choose a chart (o, U) in A, such that p € ¢(U).

Then we choose V C o(U) Ng;(U; NU;), V C R™ open, such that p € p~1(V), observe that

piow; ! =(piop Ho(poy;l)

coincide on V. Since the right-hand-side of the above equation is a composition of by construction
of A smooth maps, it follows that ¢; o 90;1 is smooth as well. This shows that A is indeed an
n-dimensional smooth atlas on M and that A C A. Lastly suppose that A is not maximal. Then
there exists an atlas A’ on M that is equivalent to A and there exists a chart (¢, U) in A’ that
is not contained in A. By A C A this means that even though (¢, U) is compatible with every
chart in A it is not contained in A. This is a contradiction to the construction of A. This shows
that A is maximal and finishes the proof. O

*Max August Zorn (1906 — 1993)



Remark 1.12. We have seen in Lemma 1.9 that it is sufficient to specify an atlas A on a
second countable Hausdorff topological space M in order to define the structure of a smooth
manifold on M without the need of requiring maximality of A. Furthermore, we have proven in
Lemma 1.11 that there exists a unique maximal atlas on M that is equivalent to A, meaning
that there is no possibility to choose an other structure of a smooth manifold on M for which A
is an atlas. This justifies calling a second countable Hausdorff topological space equipped with
any atlas, be it maximal or not, a smooth manifold.

It is however not clear at this point whether for a given smooth manifold M with maximal
atlas A there might exist some other maximal atlas B on the underlying topological space M
that is not equivalent to A. This is in general a very difficult question. There are some examples
where this question has been answered, see the so-called exotic spheres [M] and for 4-dimensional
smooth manifolds cf. [Sc|.

Figure 3: Which of the three partially ordered sets (higher means >) is a good representation for the equivalence
classes of atlases?

Next we should ask ourselves how “good” we might expect a choice of an atlas for a given
smooth manifold to look like, meaning an atlas contained in the by definition provided maximal
atlas. Can we always choose a countable atlas, that is an atlas containing only a countable
number of charts, that is equivalent to our given maximal atlas? Can we always choose a finite
atlas if our manifold is connected? The answer is yes to both, but the latter is much more
difficult to prove than the former, for the non-compact case see [So].

Exercise 1.13.

(i) Show that every smooth manifold M with maximal atlas A has a countable atlas that is
equivalent to A. [Hint: Use that M is second countable.]

(ii) Show that every connected compact smooth manifold with maximal atlas A has a finite
atlas that is equivalent to A.

An important analytical tool that we will need in this course is shrinking the chart neigh-
bourhoods of a given atlas.

Definition 1.14. Let A = {(;,U;) | i € A} be an atlas on a smooth manifold M. Another
atlas on M, A = {({51-, (71) ’ 1€ A}, is called a refinement of A if for all i € A there exists

j € A, such that U; C U; and @; = @il
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Figure 4: Refining a chart neighbourhood U; into three proper subsets U;,, Us,, and Us,.

Exercise 1.15. Check that any atlas is equivalent to any possible refinement of itself.

We have now finished setting up the theoretical framework for the basic definitions of smooth
manifolds, so next we should study some examples.

Example 1.16. The probably easiest example of a smooth manifold is R™ equipped with the
atlas containing the sole chart (id,R™), where id is the identity map

id=(ul,...,u"), u':(p1,...,pn) — Di, (1.3)

with domain the whole R". It is also immediate that for any U C R™ open, U equipped with
(id, U) is a smooth manifold.

Definition 1.17. The maps u’, 1 <i < n, in (1.3) are called canonical coordinates on any
open subset U C R™.

A similar notation is used for general smooth manifolds.

Definition 1.18. Let M be an n-dimensional smooth manifold and (¢, U) be a chart on M.
With the notation

o= (ulop,...,u"oy), uop:U—=R, 1<i<n,
the maps z' := u’ 0 , 1 < i < n, are called local coordinates on M, and ¢ is called local
coordinate system.

Now that we have setup our basic theoretical framework, it is time to look at some non-trivial
examples of smooth manifolds to get a better feeling for what one needs to validate to confirm
that a given space with an atlas is in fact a smooth manifold.

Example 1.19.

(i) Let S™ = {x = (x!,...,2"*) € R*"! | ||z|| = 1} denote the unit n-sphere, equipped with
the subspace topology. Let py = (0,...,0,£1) denote the north (+) and south (—) pole.
An atlas on S™ is given by the two charts

x
o :S"\{p+} 2> R", x> T
x
o_:S"\{p_} = R", z~— e



The first thing to check is that the two chart cover S™, which follows from S™\p,US™\p_ =
S™. Next, we need to check that all transition functions are smooth maps. We find that

_ 2x lz||? —1
1
oL = , = .

Further calculating yields

oroo =0 oot i R"\ {0} = R"\ {0}, xwﬁ,

meaning that the transition functions coincide and are given by the inversion on the
unit (n — 1)-sphere which is self-inverse and smooth.

Figure 5: A sketch of the stereographic projection on S!.

(ii) The n-dimensional real projective space RP" is defined as the set of lines in R"*!.
Formally, RP™ is the set of equivalence classes

RP”:{[:I:I:... ::1:”+1] ‘:r:(xl,...,:U”H)ER”H\{O}},

where [z] = [y] if x = cy for some ¢ € R\ {0}. This precisely means that the non-zero
vectors z and y span the same line. One can check that RP™ equipped with the quotient
topology induced by the canonical projection 7 : R"*1\ {0} — RP", z + [], 3 is Hausdorff
(draw a sketch!) and second countable. An atlas on RP™ is given by (p;,U;), 1 <i < mn,

pi i (R {a' = 0}) > R™,

1 i—1 i+1 n+1
- S x x — x
[:L‘lz...:x’1:x’:x’+1:...:x"+1]l—><.:...: — o oxt o —— L .),

xt xt xt xt

“w o~ »

where means that the element is supposed to be left out so that we end up

with an n-vector. In order to check that the charts cover RP"™ it suffices to check that

3The term “quotient topology” means that the open sets, in this case of RP", are defined to be the images of
open sets in the domain of the projection, in this case R™ \ {0}. The notation of the elements in RP™ with the “:”
is traditional.



U RN\ {z? # 0} = R*"1\ {0}. Next we need to check that all transition functions are
1<i<n
smooth. Observe that the range of each ¢; is R” for all 1 <14 < n, and that for all i # j

o (e (f o (e = 0p) (R o =) = VT T

Furthermore we have for all 1 < j <n
cpj_l((xl,...,x")) =[xt gl
Hence we obtain for all ¢ < j

piow; 1R\ {z' =0} - R"\ {2/~ =0},

—

1 i j—1 J n
1 na1 T T T 1 =z T
(l',...,x )’—> Ty i T s Ty T o s
T T Tt T

and for ¢ > j we find a similar formula. We see that all transition functions are indeed
smooth and conclude that RP™ with the provided atlas is indeed a smooth manifold. The
local coordinate systems ¢; are called inhomogeneous coordinates on RP"™.

Figure 6: A subset U of RP! is a set of lines through the origin 0 € R?.

(iii) Let U C R™ be open and let f : U — R be a smooth map. Then the graph of f,
graph(f) := {(x, f(z)) | # € U} C R*"! is an n-dimensional smooth manifold with an
atlas consisting of a single chart ¢ : graph(f) — U, (z, f(x)) — =.

(iv) For a given smooth manifold M with atlas A = {(¢;,U;) | i € A}, any open subset U C M
equipped with the restriction of the atlas A to U, Aly := {(¢i, U;NU) | i € A}, is a smooth
manifold.



Figure 7: A sketch of the graph of a function f: U — R.

An other important class of smooth manifolds are so-called smooth submanifolds of a given
smooth manifold. We will define that concept in full generality later, see Definition 1.58, but
we already know from real analysis what a smooth submanifold of R™ is. Recall the following
theorem from real analysis.

Theorem 1.20 (Implicit Function Theorem (IFT)). Let f: R" x R™ — R™, (z,y) — f(z,y),
be a smooth map and assume that f(p) = 0 for a point p = (z¢, yo) € R™ x R™ and furthermore
that the Jacobi matrix of f with respect to y at p,

L) o )
dyf |p = . )
Twp) - o)
is invertible. Then there exists an open set U C R"™ containing g and an open set V C R™
containing o, such that there exists a unique smooth map g : U — V fulfilling

flx,y)=0,z€lU, yeV & y=g).
In particular we have g(z¢) = yo.

Definition 1.21. An m < n-dimensional smooth submanifold of R" is a subset M C R",
such that for all p € M there exists an open set U C R™ containing p and a smooth map
f:U — R"™ with Jacobi matrix of maximal rank n — m for all points in U fulfilling

MNU={zeU| f(x) =0}. (1.4)

With the help of the implicit function theorem 1.20 it follows that locally up to re-ordering
of coordinates on R", any smooth m < n-dimensional submanifold M of R™ can be written as
a graph of a smooth map g : V — R"™" V C R™ open. This in particular implies that, after
possibly reordering the coordinates on R, there exists locally near every point p in M a smooth
invertible map with smooth inverse

F:U—R", (1.5)
p € U and U C R™ open, such that
Fluan : (zb, .., 2™ = (21, ..., 2™,0,...,0). (1.6)

We call F a locally defining function of M, which is motivated by p € U N M if and only if
u™ L (F(p)) = ... = u™(F(p)) = 0 after possibly shrinking U.



Exercise 1.22. Prove the above statements.

Now that we have recalled the definition of smooth submanifolds of R", we need to ask
ourselves if it is compatible with our general definition of smooth manifolds, Definition 1.7.

Exercise 1.23. Show that smooth submanifolds of R” are smooth manifolds. [Hint: Use that

the inclusion map is smooth and construct new local coordinates on the ambient space R with
the help of (1.6).]

Note that there are subsets of R™ which are not smooth submanifolds but can still be
equipped with an atlas and, hence, are smooth manifolds.

Exercise 1.24. Show that the boundary of the unit cube [0,1]” C R™ is not a smooth sub-
manifold of R™ but can be equipped with a smooth atlas. Find an explicit example of such an
atlas.

|
|
|
|
Y

Figure 8: A cube.

Yet another way to produce examples of smooth manifolds are products of smooth manifolds.

Lemma 1.25. Let M with atlas A = {(¢;,U;) | i € A} be an m-dimensional smooth manifold
and N with atlas B = {(¢5,Vi) | i € B} be an n-dimensional smooth manifold. Then the
Cartesian product of M and N, M x N, equipped with the product topology and the product
atlas A x B := {(p; x ¢;,U; x V) | i € A, j € B}, is an (m + n)-dimensional smooth manifold.

Proof. This follows immediately from the definition of the product maps

@i X VY Ui x Vi = i(Us) x ¢j(V;) CR™ x R™ Z R (p,q) — (0:i(p), ¥;(q)).

Exercise 1.26. Show that under the additional assumption that A and B are maximal in
Lemma 1.25, the product atlas A x B is not necessarily maximal.

We now know what a smooth manifold is and we have seen some examples and counter-
examples. Next we will define smooth maps between manifolds. In the language of category
theory, these are the the homomorphism in the category of smooth manifolds.

Definition 1.27. Let M and N be smooth manifolds of dimension m = dim(M) and n =
dim(N). A continuous map f : M — N is called smooth if for all charts (¢, U) of M, (¢, V) of
N, the map

Yo fop Tt ipUnfTHV)) = w(V), (1.7)
is a smooth map between open sets in R and R™. By the term “f in local coordinates” we
mean exactly the above formula (1.7) for a choice of charts (¢, U) and (i, V).

10
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Figure 9: A rough sketch of the cylinder S* x (—1,1).

Definition 1.28. By C°°(M) we denote the R-vector space of smooth R-valued functions
on a smooth manifold M, that is all smooth maps f : M — R in the sense of Definition 1.27. If
U C M is open, U is by restriction of the atlas of M a smooth manifold itself. By C*>°(U) we
denote all smooth functions f: U — R

Exercise 1.29. Show that for U C M open with U # M, the restriction map C*°(M) — C*(U),
f + flu, is in general not surjective (find a counterexample). Ask yourself what kind of difficulties
might arise if one wanted to prove that the restriction map for any such U, M, is never surjective.

Example 1.30. An example of smooth functions on open subsets of a smooth manifold M are
the local coordinates x' : U — R of a given chart (i, U), cf. Definition 1.18. This is the reason
why the 2* are also called local coordinate functions.

Definition 1.31.

(i) Let M, N be smooth manifolds. A smooth map f: M — N is called a diffeomorphism
if it is invertible and its inverse is smooth.

(ii) Two smooth manifolds M and N are called diffeomorphic if there exists a diffeomorphism
f:M— N.

Remark 1.32. There exist no two diffeomorphic smooth manifolds with different dimensions.
This follows from the fact that every diffeomorphism is automatically a homeomorphism of the
underlying topological spaces and, hence, locally a homeomorphism between open sets in R™
and R™. It follows from [Bro] that then m = n.

Exercise 1.33.

(i) Show that S' and RP! are diffeomorphic.

(ii) Let M be a second countable Hausdorff topological space and let A and B be inequivalent
maximal atlases on M. Prove that M equipped with A is not diffeomorphic to M equipped
with B.

1.2 Tangent spaces and differentials

So far we have introduced the “geometric” part of differential geometry in the sense that we
have learned what the objects are that we will be studying, namely smooth manifolds. We have
however not made sense of the “differential” part yet, which is what we will do next.

11



Remark 1.34. Recall the definition of tangent vectors in R™ that you know from real analysis.
A tangent vector at a point p € R" is defined to be an equivalence class of smooth curves through
P, v : (=€) = R", 7(0) = p, where

M =0 == (0)=75(0)

4

ﬂ“ Vo) = (0)
oS 7 (o) J
N 3(0) \
\ ~

L.—"D’

Figure 10: Two curves v, 7 with (0) = 7(0) that are in the same class.

So-defined tangent vectors act on locally near p defined smooth functions f € C*°(U), p € U,
U C R" open, via
(fo)

d
==

which is precisely the directional derivative of f at p in the direction 7/(0). Note that the value of
[v]f depends, aside from ~/(0), only on the values of f on an arbitrary small open neighbourhood
of p in R™.

Furthermore recall that a tangent vector [y] at p is called tangential to a smooth m < n-
dimensional submanifold M of R" if for any locally defining function ¥ : M NU — R", cf.
equations (1.5) and (1.6), we have

(1.8)

dF,-+'(0) € R™ x {0}.

In the above equation, dF), denotes the Jacobi matrix of F' at p and the the statement of the
equation just means that the last n — m entries of dF), - 4/(0) all vanish. Equivalently, [7] is
tangential to M if it fulfils

dfp-~'(0) =0
for a smooth map f : U — R"™ with Jacobi matrix of maximal rank with M NU = {z €
U | f(z) = 0} for some open neighbourhood U C R" of p.

The tangent space of R™ at p € R is the collection of all tangent vectors at p and isomorphic
to {p} x R™ 2 R". The tangent space of R" is the disjoint union of the tangent spaces at all
points and is thereby given by R?" = R” x R™. An element (p,v) in the tangent space has a
base point p and a direction v which is the tangent vector.

We want to define tangent vectors and the tangent space for general smooth manifolds. The
constructions should coincide (i.e. be isomorphic in some sense to be explained later, cf. Lemma
?77?) with the above definition when considered for R™ viewed as a smooth manifold.

Definition 1.35. Let M be a smooth manifold. A tangent vector v at p € M is a linear map
v:C®(M)—R

that fulfils the Leibniz rule*
v(fg) = g(p)o(f) + f(p)v(g)
for all f,g € C*°(M).

4Compare this to the Leibniz rule you know from real analysis!

12



The set of tangent vectors at any fixed point p € M forms a real vector space:

Definition 1.36. The tangent space at p € M,
T,M :={v:C>®(M) — R | v tangent vector at p},

is the real vector space of all tangent vectors v at p € M. This means that cv and v + w are
tangent vectors for all c € R, v,w € T, M, with

(cv)(f) = c-v(f),  (v+w)(f)=v(f)+w(f),
for all f e C™°(M).

A central property of tangent vectors at p € M is that for any f € C°°, v(f) depends only on
the values of f on an arbitrary small open neighbourhood of p. In order to prove this statement
in Proposition 1.42 we will need some technical tools.

Definition 1.37. A smooth partition of unity of a smooth manifold M is a set of smooth

functions on M
{fZM_> [051] |Z€I}a

where [ is an index set (e.g. N or R), such that for all x € M

Z fz(a:) =1.

i€l
A smooth partition of unity is called locally finite if
{iel] fi(z) #0}

is finite for all z € M. If {U; € M | i € I} is an open cover of M and supp(fi) =
{z € M| f;(x) # 0} fulfils

supp(fi) C Us

for all ¢ € I, then the smooth partition of unity is called subordinate to the open cover
{UiCc M |ie€l}.

Proposition 1.38. Let M be a smooth manifold and {U;, i € I} an open cover of M. Then
there exists a locally finite countable partition of unity on M subordinate to the open cover
{Ui, 1el }

Proof. Exercise. [Hint: You might use your knowledge from real analysis and assume that
the statement of this proposition is true for M = R™, n > 1. Also recall the existence of a
countable atlas on any given manifold that is equivalent to the defining maximal atlas, see
Exercise 1.13.] O

Definition 1.39. Let M be a smooth manifold and U C M open. Let V be a subset of M with
non-empty interior that is compactly embedded in U. Then a bump function with respect to
the given data is a compactly supported smooth function b € C°°(M), such that

blyy=1, supp(b) C U. (1.9)

Proposition 1.40. Let M, U, V be as in Definition 1.39 arbitrary but fixed. Then there exists
a bump function b fulfilling (1.9).

13
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Figure 11: A bump function b w.r.t. V and U.

Proof. We know from real analysis that this statement is true for M = R". By using Proposition
1.38 it follows for arbitrary smooth manifolds as well. O

Exercise 1.41.

(i) Fill in the details of the proof of Proposition 1.40.

(ii) Let U C M be any open subset of a smooth manifold M, V' C U a compactly embedded
set with non-empty interior, and b € C°°(M) a bump function with respect to this data.
Let FF: U — R"™ n > 1, be a smooth map. Show that

bF : M — R", (bF)(p) =b(p)F(p) VpeU, (bF)(p)=0Vpe M\U

is smooth (the above globally on M defined map is called the trivial extension of
bF :U — R™ to M).

Now that we can use the existence of bump functions on smooth manifolds, we can continue
our study of tangent vectors.

Proposition 1.42. Let v € T,M be any tangent vector.

(i) Let f,g € C*°(M) and assume that for som open neighbourhood U C M of p € M,
flo = glu. Then v(f) = v(g).

(ii) Let f € C°°(M) be a smooth function that is locally constant near p € M, meaning that
there exists an open neighbourhood U C M of p, such that f|y = ¢ for some ¢ € R. Then

u(f) =0.

Proof. By the linearity of tangent vectors we have v(f) = v(g) if and only if v(f — g) = 0. Thus,
in order to prove (i) it suffices to show that if v(f) = 0 for some f € C°°(M) then f must
already vanish near p, meaning that f|y = 0 for some open neighbourhood U C M of p. Let
V' C U be open and compactly embedded in U with p € V and fix a bump function b € C*°(M),
such that

bly =1, supp(b) C U.

Then bf = 0 on M. By using the Leibniz rule for tangent vectors and v(0) = 0 by the linearity
of v we obtain

0 =v(0) = v(bf) = f(p)v(b) + b(p)u(f) = 0+ v(f).

Hence, v(f) = 0 as claimed.
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We can now use (i) and find that for any locally constant function f|y = ¢ for some open
neighbourhood U C M of p, the value of v(f) is the same as v(c), where we view ¢ € R as the
constant function on M with value c¢. We calculate

v(f)=wv(c)=cv(l) =cv(l-1)=c(l-v(1)+1-v(1)) =2cv(1) = 20(f).
This shows that v(f) = 0. O

Remark 1.43. Proposition 1.42 shows that the action of tangent vectors at a point only depends
on the local form of the functions near that point. This is sometimes phrased as “tangent vectors
are local objects” and allows us to define the action of tangent vectors on functions that are
only defined locally. Let v € T,M, U C M an open neighbourhood of p, and let f € C>(U).
Since the the action of v on globally defined functions only depends on their behaviour near p, it
is reasonable to define
v f = o(bf),

for any bump function b with p contained in the interior of its support, so that supp(b) C U
and such that there exists V' C U compactly embedded with nonempty interior fulfilling p € V,
V' C supp(b), and bly; = 1. Note that v(bf) does not depend on the choice of such a bump
function b. On the other hand, any open subset U C M is a smooth manifold itself by restricting
any atlas on M. This means that for any p € U, the tangent space T,U is well-defined. For any
v € T,U, we can define its action on C°°(M) by

o(f) = o(flv)-

By Proposition 1.42 we know that v(f) does in fact only depend on the behaviour of f on any
open neighbourhood of p in U, which is then automatically an open neighbourhood of p in M.
This means that we can canonically identify 7,,M and T,U for all U C M open and all p € U.
From now on we will simply write v(f) for v € T,M and f € C*°(U) any locally defined smooth
function with p € U.

The above motivates a slightly different definition of tangent vectors in T),M as linear maps
on the germ of smooth functions at p € M

Fp={feC>®U)|pelU, UC M open}/~

where f ~ g if and only if there exists U € M open and contained in the domain of definition
of both f and g, such that f|y = g|y. The notion of a germ comes from sheaf theory. For an
introduction see [Bre]. One can show that JF, is an R-algebra and then define tangent vectors
v € T, M as linear maps

v:Fp, =R

fulfilling the Leibniz rule v([f][g]) = g(p)v([f]) + f(p)v([g]). This definition is equivalent to our
definition with the same reasoning as for why 7,,M and T,,U for U C M open can be identified.
This approach is used in [G].

While we have explained how a tangent vector should behave and have seen that it depends
only on the local behaviour of functions, we do not yet have a convenient way to write down
actual examples of tangent vectors. For that we introduce specific tangent vectors that generalize
partial derivatives we know from real analysis to smooth manifolds in any given local coordinate
system.

Definition 1.44. Let ¢ = (x!,...,2") be a local coordinate system on a smooth manifold M.
€ T,M is defined as
P

The tangent vector %

0
ot

()= )= 220 o))
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for all f € C™°(M).

Lemma 1.45. 2.
xr

is a well-defined tangent vector.
P

Proof. Linearity follows from the fact that partial derivatives in R™ are linear with respect to
scalar multiplication. For the Leibniz rule we recall that partial differentiation in R™ fulfils the
Leibniz rule and calculate for any two f,g € C>°(M)

of-9),\_0f g)o¢™) _W(foph) (gop™))
_ o O(foe™h dgow™t) _ o\ of dg
=9(0) = () + f) = 7 (0()) = 9(p) 5 5 (0) + f(p) 5 5 (P)-
O
Important examples of 6(21' acting on smooth function are derivatives of coordinate functions.
P
Example 1.46. Let ¢ = (z',...,2") be a local coordinate system on a smooth manifold M
covering p € M. Then .
Oxd .
ox’ () =0;
for all 1 <i <n, 1 <j < n. This follows from (27 0 o) (ul,... u") = .
Using Definition 1.44 we can write down any tangent vector v € T,M in a fixed local
coordinate system (¢,U) with p € U as a linear combinations of the a?ci ’s.
P

Proposition 1.47. For all p € M and any local chart (p = (2!,...,2"),U) with p € U, the set
, 1 <i < n} is basis of T),M.

of tangent vectors { %
P

Figure 12: The tangent space T, M at p € M is the linear span of the % p’s.

Proof. First we show that the set of the a?ci ’s is a linearly independent set of tangent vectors
P

at p. Suppose that there exists (c!,...,c") € R" # 0, such that

0
v

n .
vy = ch 3
i=1

p
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vanishes identically as a linear map vy : C*°(M) — R. By assumption there exists at least one
1 < j < n, such that A # 0. But then

vo(2?) = #0

which is a contradiction to vy = 0.
Next we need to show that every tangent vector 7T, M can be written as a linear combination

o)
of the 77 p’

©(p) = 0, that is the Euclidean unit ball at the origin with radius r. This can always be achieved
by shrinking U and translating ¢(U) if necessary. For any smooth function g on ¢(U) it follows
from the fundamental theorem of calculus® that with

s. Assume without loss of generality that ¢(U) = B,.(0) for some r > 0 with

1
gi(q) :== / gji (tq)dt
0

for all ¢ € p(U) we have
g=9(0)+) g
i=1

on p(U). In particular, we obtain for any f € C®(U) with g = fo ™!

f=gop=[fp)+) fix'
=1

where f; = g; o ¢. By acting with the tangent vector %

, 1 <17 < n, on both sides of the above
p
equation we obtain®

filp) = gf‘; (p)-

Hence, we get using z'(p) = 0 for 1 < i < n for v € T,M fixed

o(f) =0+ 3 (v(f)a' () + filpo(@))) = 3 S w)ola).
i=1 i=1
Since f was arbitrary this shows that the tangent vectors v and zn: v(z?) 6?:1' coincide. Hence, v
i=1 P

can be written as a linear combination of the proposed basis vectors. This finishes the proof. [

Corollary 1.48. The dimensions of a smooth manifold M and its tangent space 1, M coincide
for all p € M.

0
ox? »
coordinates consider the following example. Let f € C°°(M) be any smooth function and

Example 1.49. As an example how the coordinate tangent vectors change for different

(x!,...,2") be local coordinates covering p € M. Then (y',...,y") := (221, 22,...,2") are also
local coordinates covering p. The vectors % ) and azi ) coincide for 2 < i <n, but fori =1
we have

O _, 9|

oxt], oy,

See Figure 13 for a sketch of this example.

°If you do not see this, apply the fundamental theorem of calculus to ¢t — g(tq) for ¢ € o(U) fixed.
5Verifying this is a good exercise.
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Figure 13: The lines in M, respectively the images of the charts, are supposed to be level sets of f.

We now know the properties of tangent vectors and how they can be written locally, meaning
that we can now properly calculate with them in fixed local coordinates. This allows us to define
an analogue of the Jacobi matrix for smooth manifolds.

Definition 1.50. Let M be a smooth manifold of dimension m and N be a smooth manifold of
dimension n.

(i) The differential at a point p € M of a smooth function f € C*°(M) is defined as

the linear map
dfy : T,M =R, v~ uv(f).

In a given local coordinate system ¢ = (x!,...,2™) on M that covers p, df, is of the form
of
df,, :
fp 8:(:7“ a‘rz( )

(ii) The differential at a point p € M of a smooth map F : M — N in given local
coordinate systems ¢ = (x!,...,2™) on M and ¢ = (y',...,y™) on N covering p € M and
F(p) € N, respectively, is defined as the linear map

" OF7 0

0
szzjl GY% () 873/3

dxi

dF,, : TyM — Ty N,

P F(p)

where we have used the notation
Fl .=y oF.

18



The rank of F' at p is the rank of the linear map dF, : T,M — Tr,) N, which coincides
with the rank of the Jacobi matrix of F' at p in the local coordinate systems ¢, 1,

(%1; (p)>]. € Mat(n x m,R).

%

In the above equation, j is the row and ¢ is the column of the matrix.

T )N
TN FLe
f 0(5

Yy

Figure 14: Sketch of the differential at p € M of a smooth map F : M — N.

Example 1.51. Let ¢ = (z!,...,2") be a local coordinate system on a smooth manifold M
covering p € M. Then dpy : T, M — T,,)R" = R"™ is of the form

0
oxt »

p’ ’ P

dpp = (dat, ... da"™), = (dz},...,dz"), d:z{,( ) :5zj Vl<i,j<n.

We will usually omit the base point and simply write da’ := dmﬁ, if it is clear from either the
context or the tangent vector’s base point that da’ acts on.

Remark 1.52. Note that Definition 1.50 (i) is a special case of (ii) (using the canonical
coordinate u! on R).

Similar to real analysis, the differential of smooth maps between smooth manifolds fulfils the
following chain rule.

Lemma 1.53. Let M, N, P be smooth manifolds and F: M — N, G : N — P, smooth maps.
Then
d(G (¢] F)p - dGF(p) e} de

for all p € M.

Proof. For any v € T,M and f € C°°(P) we have

d(G o F)p(v)(f) = v(f o Go F) = dFp(v)(f o G) = dGp ) (dF,(v))(f)-

Definition 1.54.

(i) A smooth map between smooth manifolds F' : M — N is called an immersion if
dFy : TyM — Tp,) N is injective for all p € M.

(i) F': M — N is called a submersion if dF}, : T,M — Tp, N is surjective for all p € M.
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(iii) Animmersion F' : M — N is called an embedding if F' is injective and an homeomorphism
onto its image F(M) C N equipped with the subspace topology.

(iv) A smooth map F': M — N between smooth manifolds of the same dimension is called a
local diffeomorphism if for all p € M there exists an open neighbourhood of p, U C M,
such that F|y : U — N is a diffeomorphism onto its image.

— |

v
P

BN

13
1

Y
/r

> V4

Figure 15: An immersion, an embedding, and a submersion. Which is which?

Suppose that we are given a smooth map F' : M — N, dim(M) = dim(N), and want to
check if it is a local diffeomorphism. At first this sounds fairly complicated, but luckily we can
use the following result.

Theorem 1.55. Let F': M — N be a smooth map between two smooth manifolds of the same
dimension n and let p € M be arbitrary. Then dF, : T,M — Tp(,) N is a linear isomorphism if
and only if there exists an open neighbourhood U C M of p, such that F|y is a diffeomorphism
onto its image.

Proof. Let (p,U) and (¢, V') be local charts covering p € M and F(p) € N, respectively. Observe
that, by definition, dF}, is a linear isomorphism if any only if its Jacobi matrix in any given local
coordinates is invertible. On the other hand, there exists an open neighbourhood U C M of p,
such that F|y is a diffeomorphism onto its image if and only if there exist open sets U', V' C R"
with ¢(p) € U', ¢(F(p)) € V', such that

YpoFop 1:U =V

is a diffeomorphism. We can without loss of generality assume that ¢(U) = U’ and ¢(V) = V.
Hence, the “="-direction of the statement of this theorem follows from the inverse function
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theorem”. The “<«"-direction follows from the fact that invertible smooth maps with smooth
inverse in the real analysis setting have pointwise invertible Jacobi matrix. O

Corollary 1.56. I': M — N is a local diffeomorphism if and only if dF}, is a linear isomorphism
for all p € M.

Exercise 1.57.

(i) Find explicit examples of an immersion that is not injective, and an injective immersion
that is not an embedding.

(ii) Show that for all n € N, the map
78" RPY, (b 2"y = a2,
is a local diffeomorphism but not a diffeomorphism. In the above equation we view S™ as
a subset of R"H1,
1.3 Submanifolds

We already know what a smooth submanifold of R™ is. Using Definition 1.54 we can now define
what a smooth submanifold in our more general setting should be.

Definition 1.58. Let IV be an n-dimensional and M be an m-dimensional smooth manifold.
Let further F' : M — N be a smooth map.

(i) F(M) C N is called an embedded smooth submanifold if F is an embedding.

(ii) In the special case that F' is the inclusion map ¢ : M < N, we will say that M C N is a
smooth submanifold if the inclusion is an embedding.

(iii) If M C N is a smooth submanifold, the number dim(N) — dim (M) is called the codimen-
sion of M in N. Smooth submanifolds of codimension 1 are called hypersurfaces.

We will mainly be concerned with smooth submanifolds that are given as subsets of the
ambient manifold. The first thing one should ask is how to obtain a the structure of a smooth
manifold on a submanifold and if it coincides with the initial manifold structure.

Proposition 1.59. Let M C N, dim(M) =m < n = dim(N), be a smooth submanifold and
let p € M be arbitrary. Then there exists a chart® (¢ = (2!,...,2"),U) on N, such that U N M
is an open neighbourhood of p in M and

g™ ) =...=2"(¢) =0
for all ¢ € U N M. The first m entries of ¢ are a local coordinate system on M near p.

Proof. Fix p € M C N and choose local coordinates (x!,... ,2") on N and (y!,...,y™) on M
covering p. Since M is a submanifold of N, the differential of the inclusion map ¢ : M — N at p,
duip, is injective and its Jacobi matrix

oz’
<6yj (p))ij € Mat(n x m,R)

"Which, in turn, follows from the implicit function theorem. Note, however, that one usually proves the implicit
function theorem using the inverse function theorem, see e.g. [R]
8This means that this chart is compatible with the given maximal atlas on N.
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has rank m. After possibly reordering the z’-coordinate functions, we can assume without
loss of generality that its first m rows are linearly independent. By the implicit function
theorem this means that the first m coordinate functions on N form, by restriction, a coordinate
system on an open set V C M containing p. Furthermore, after possibly shrinking V', we
obtain again by the implicit function theorem that (¢',...,q¢") € «(V) C N if and only if
28(q) = f*(2(q),...,2™(q)) for uniquely defined smooth functions f*: (z',...,2™)(V) = R
for all m + 1 < k < n. Choose an open subset U C N, so that the local coordinates (z!,..., 2")
are defined on V, UN N =V, and define on U smooth functions

Fro=goF — Rt o a™), m4+1<k<n.

In the last step we will define new coordinates on IV fulfilling the statement of this proposition
as follows. Define
0:U—=R", o= (...,a™ F"L  F").

The Jacobi matrix of ¢ at p with respect to the coordinates (z?,...,2") is of the form

idRm 0
A ianfm

for some real-valued matrix A € Mat((n —m) x m,R). The above Jacobi matrix is in particular
invertible, showing that ¢ is a local diffeomorphism. Furthermore

oluvnm = ¢lv = (a:1|v7 oo™y, 0,...,0).

Hence, the first m entries of the restriction of ¢ to V form a local coordinate system on M near
p and thereby fulfil the claims of this proposition. O

Definition 1.60. Local coordinates as in Proposition 1.59 for a submanifold M C N near a
given point p € M are called adapted coordinates.

An important consequence of Proposition 1.59 is that the smooth structure of a manifold
that can be realized as a smooth submanifold coincides with the smooth structure obtained by
adapted coordinates.

Corollary 1.61. Any smooth manifold M that can be realized as a submanifold of some ambient
manifold N is diffeomorphic to M, viewed as a topological subspace of N, equipped with any
atlas consisting only of adapted coordinates.

Note that adapted coordinates relate the definition of smooth submanifolds of R™ to the more
general Definition 1.58, cf. equation (1.6). Furthermore observe that Corollary 1.61 also means
that if we can cover a topological subspace’ of M by adapted coordinates it will automatically
be a submanifold of M. For a more detailed explanation of the latter see [L2, Thm. 5.8]. One
way to construct explicit examples of submanifolds is via pre-images of regular values of smooth
maps between smooth manifolds.

Definition 1.62. Let M and N be smooth manifolds and let F': M — N be a smooth map. A
point p € M is called regular point of F' if dF}, : T)M — Tp(,) N is surjective. A point ¢ € N,
such that F~!(¢) C M consists only of regular points, is called regular value of F. Points in
M that are not regular points of F' are called critical points of F', and points in /N such that

the pre-image under F' in M contains at least one critical point of F' are called critical values
of F.

9Careful, it needs to be second countable and Hausdorff.
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Note that for a smooth map F' : M — N to have regular values it is a necessary condition
that dim(M) > dim(N).

Proposition 1.63. Let M and N be smooth manifolds with dim(M) = m > n = dim(N). Let
F : M — N be smooth and let ¢ € N be a regular value of F'. Then the level set

F (g cM

is an (m — n)-dimensional smooth submanifold of M. The structure of a smooth manifold on
F~1(q) is uniquely determined by requiring that the inclusion is smooth.

For the proof of the above proposition we need the following definition and two theorems, cf.
[L2, Thm. 4.12, Thm. 5.12)].

Definition 1.64. Let F' : M — N be a smooth map between smooth manifolds and let
(p,U) and (¥, V) be local charts of M and N, respectively, such that F(U) C V. Let further
dim(M) = m and dim(N) = n. The coordinate representation of F' in the local coordinate
systems ¢ and v is defined to be the smooth map

F. o(U) = o(V), ﬁ(ul,...,um) = (woFO@’l)(ul,...,um).

Theorem 1.65. Let M be an m-dimensional and N be an n-dimensional smooth manifold. Let
F: M — N be a smooth map of constant rank r. Then for each p € M there exist local charts
(p,U) of M with p € U and (¢,V) of N with F(p) € V, such that F(U) C V and that the
coordinate representation of F' is of the form

Proof. For a detailed proof see [L2, Thm. 4.12]. The case r = 0 is left as an exercise. Assume
that » > 1. The proof works as follows. For p € M fixed we choose local coordinates M covering
p and of N covering F(p). Since the statement of this theorem is local, by switching to local
coordinates we find that in order to prove it it suffices to consider the special case M C R™
open and N C R™ open. This shows that this theorem is equivalent to the rank theorem known
from real analysis, see (in a slightly different formulation) [R, Thm. 9.32]. O

Theorem 1.66. Let M and N be smooth manifolds and let F': M — N be a smooth map of
constant rank r. Each level set F~!(q) C M, g € N, is a smooth submanifold of codimension r
in M.

Proof. Let ¢ € N and p € F~1(q) be fixed. Using Theorem 1.65 we chose charts (¢
(xt,...,2™),U) of M with p € U and (¢, V) of N with ¢ € V fulfilling (p) = 0 and 9(q) =
such that the coordinate representation F of F' is of the form

0,

ﬁ:cp(U)—)go(V), }?’(ul,...,ur,u’“"l,...,um):(ul,...,ur,O,...,O).
Then (Yo F)(x!,... 2™) = (z},...,27,0,...,0) and, hence,
FlgnU={pecU|z'(p)=...=2"(p) = 0}.

We see that such a coordinate choice, up to reordering of the coordinate functions, on M yields
adapted coordinates on F~1(¢)NU. Since the rank of F is constant we can cover F~!(q) with so
constructed adapted coordinates and obtain that it is, in fact, a smooth submanifold of M. [

Lastly we will need the following fact.
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Proposition 1.67. Let M and N be smooth manifolds and let F': M — N be a smooth map.
Suppose that p € M is a regular point of F'. Then there exists an open neighbourhood U C M
of p, such that all points in U are regular points of F'. In particular this means that the set of
regular points of F' is open in M.

Proof. Exercise. [Hint: Use local coordinates to reduce the proof to the case M C R™ open and
N C R™ open.] O

Proof of Proposition 1.63. Let F : M — N be smooth and ¢ € N a regular value of F. By
Proposition 1.67 the set

reg(F) :={p € M | p regular point of F'}

is open in M and thereby a smooth submanifold of M. We further have F~!(q) C reg(F). The
restriction of F' to reg(F),
F’reg(F) : reg(F) — N,

is by Definitions 1.54 and 1.62 a submersion and thereby of constant rank equal to dim(XN).
Using Theorem 1.66 it follows that F~1(q) C reg(F) is a smooth submanifold. Since the
composition of the inclusions F~1(q) C reg(F) and reg(F) C M is still the inclusion and thereby
in particular still a smooth embedding it follows that F~1(q) C M is a smooth submanifold.
Since reg(F) C M is open it follows with Theorem 1.66 that dim(F~!(q)) = m — n. O
1.4 Vector bundles and sections

At this point, we understand what tangent vectors at a specific given point are. The next step is
to study vector fields, that is maps that assign to points in a smooth manifold tangent vectors
in the respective tangent spaces. In the general setting of smooth manifold these objects are
more involved than in the case we know from real analysis.

Remark 1.68. Recall that a smooth vector field on R™ is a smooth vector valued function
X:R"—=R", p— X,

We think of points (p, X;,) € R™ x R™ as tangent vectors X, with basepoint p. An example of a
smooth vector field on R” is the position vector field X : p + p for all p € R™. Observe that
vector fields on R", similar to tangent vectors, act on functions via

X(f):R" =R, pr=[lf,
where v : (—¢,e) — R™ is any smooth curve, such that

cf. equation (1.8). Note that for any smooth vector field X on R"™ and any f € C*(R"),
X(f) € C*°(R™). One might also write X (f) = df(X) : p — df(X,).

Definition 1.69. A vector bundle £ — M of rank k£ € N over a smooth manifold M is a
smooth manifold ' together with a smooth projection map « : £ — M, such that

(i) the fibre E, := 7~1(p) is an k-dimensional real vector space for all p € M,
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(ii) for all p € M there exists an open neighbourhood U C M of p and a diffeomorphism
Y7 Y U) = U x R¥, such that Y|, : Eq — q % R* =~ R* is a linear isomorphism for all
q € U and the diagram

—>U><]Rk

A

commutes. The map pr;; denotes the canonical projection onto the first factor.

F is called the total space, M is called the basis, and the map v is called a local trivialization
of the vector bundle £ — M.

Figure 16: Locally, E|y = U x RF.

Vector bundles provide the setting for an analogue to vector valued functions on smooth
manifolds.

Definition 1.70. Let E — M be a vector bundle. A local section in £ — M is a smooth
map
s:U—F

with U C M open, such that m o s = idy. This precisely means that s(p) € E, for all p € U.
If U =M, s is called a (global) section. The set of local sections in E — M on U C M is
denoted by I'( E|y7) and the set of global sections by I'(E), where E|y denotes the vector bundle
7 1(U) — U. The support of a section (or, analogously, local section) in a vector bundle
s € I'(E) is defined to be the set

supp(s) :={p € M | s(p) # 0}.
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pM—E
U

Figure 17: A sketch of a section.

Exercise 1.71.
(i) Show that I'(E) is a C°°(M)-module. Also show that I'(E|y) is a C°°(U)-module for all
U C M open.

(ii) Show that for & > 0 the restriction map I'(E) — I'(E|y) for U C M open and precompact,
such that the boundary of U, U, is nonempty and a smooth hypersurface in M, is not
surjective.

Definition 1.72. Let ¢ : 7~ (U) — UxR* and ¢ : 7=1(V) — V xR* be two local trivializations
of a vector bundle E — M. Assume that U NV # (). Then the smooth map

Yool (UNV)xRF - (UNV) xR

is called transition function'®. For p € M fixed, (1) 0 ¢~1)(p,-) is called transition function
at p.

Figure 18: How a transition function w.r.t. (¢, U) and (v, V) from the overlap of V x R¥ and U x R* to
itself can be imagined.

Lemma 1.73. Transition functions v o ¢! as in Definition 1.72 are of the form
bo¢ i (pv) = (p, Alp)v), A(p) € GL(K),
forallpe UNV, v € R"™ The map
A:UNV — GL(k), p~— A(p),

is smooth.

!0Note that a change of coordinates in a smooth manifold is also called a transition function. Always make sure
to clarify which kind of transition functions you are dealing with.
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Proof. The diagram

-1
UNVxRF — 2 2l (UNV) — Y UNV xR

PTynv
Prynv

unv

commutes and, hence, it follows that 1) 0 ¢! sends (p,v) to (p, A(p, v)) for some smooth function
A:UNV xRF - R*. Smoothness follows from the diffeomorphism property of ¢ and . We
need to show that for p fixed, A(p,-) : R¥ — R* is an invertible linear map. This follows from
the fact that fibrewise ¢ and 1 are linear isomorphisms. O

An important tool to construct vector bundles is from, heuristically speaking, a given set
transition functions.

Proposition 1.74 (“Vector bundle chart lemma”). Let M be a smooth manifold and assume
that for every p € M, F, is a real vector space of fixed dimension k. Define a set

E:= || E,
peEM

together with amap 7 : £ — M, n(v) = pforallv € E, and all p € M. Assume that {U;, i € I}
is an open cover of M and for each i € I,

gf)i : TF_I(UZ') — Ul X Rk

is a bijection with the property that the restriction ¢; : E, — {p} X R* = R* is a linear
isomorphism for all p € U;. Further assume that for all 4, j € I with U; N U; # () there exists a
smooth map 7;; : U; N U; — GL(k), such that ¢; o (bj_l L (U;NUj) x R — (U; N U;) x R is of
the form

i 0 ¢; " (p,v) = (p, i (P)).

Then there exists a unique topology and maximal atlas on E, such that = : E — M is a vector
bundle of rank k and the ¢;, i € I, are local trivializations.

Proof. The proof follows [L2, Lem. 10.6]. Without loss of generality assume that we can find an
atlas {(pi,U;) | i € I} on M. This can always be achieved by shrinking the Uj; if necessary and,
on possible new overlaps U; NUj, set 7;; = idgr. Now we can explicitly construct an atlas on the
total space E. Define for ¢ € T

Vi N (U) = i (Uy) x RF, v (@i x idg)(¢si(v)).

In order for {(v;, 7= 1(U;)) | i € I'} to be a smooth atlas on E, we need to show that the transition
functions (as in transition functions of a smooth atlas, cf. Definition 1.5) are smooth. We check
that

wi(ﬂ'_l(Ui) N W_I(Uj)) = ¢i(U; N Uj) x RF

for all ¢,j € I, and we find
Pio !t = (@i x idgr) o (¢i0d; ) o (05 X idge) : (U N U;) X RF — (U N U;) x R,

Since, by assumption, 7;;(p) is invertible and depends smoothly on p € U; N Uj, ¢; o qﬁj_l is a

diffeomorphism for all 4, j € I such that U; N U; # 0. Since the ¢; form a smooth atlas on M,
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each ¢; x idgx is a diffeomorphism. Hence, 1; o ¢;1 s (UiNU;) x RE = ,(U; N U;) x RF is
also a diffeomorphism for all 7, j € I such that U; N U; # (. By defining the open sets on E as
the preimages of open sets under v;, ¢ € I, we obtain that the so-defined topology is second
countable and Hausdorff by the assumption that M is a smooth manifold (and R¥ is, of course,
second countable and Hausdorff as well). It follows that B := {(¢;, 7 1(U;)) | i € I} is a smooth
atlas on the total space E. Then all the maps ¢;, ¢ € I, are automatically smooth and, since
¢i: B, — {p} x R is a linear isomorphism by assumption, form a covering of local trivializations
which turns £ — M into a vector bundle of rank k. The uniqueness of the smooth manifold
structure on E now follows from the assumption that all ¢; are diffeomorphisms onto their image
and, thus, every smooth atlas on F with that property must, by construction, be a refinement
of B and thus be contained in the same maximal smooth atlas as B. O

Now we have all the tools at hand that we need to define the tangent bundle of a smooth
manifold.

Definition 1.75. Let M be an n-dimensional smooth manifold. The tangent bundle!!

TM — M of M is a vector bundle of rank n with total space TM := || T,M and projection
peEM

m(v) =p for all v € T,M.

At this point, however, we still need to explain the structure of a smooth manifold on the
total space of the tangent bundle T'M and we need to show that it actually is a vector bundle.

Proposition 1.76. The tangent bundle TM of any given manifold is, in fact, a vector bundle
of rank n.

Proof. We need to explain the topology on T'M, find an atlas, and show that we can locally
trivialize it as a vector bundle. Fix a countable atlas (cf. Exercise 1.13)

A:{(goi:(x},...,x?),Ui)]iGA}

on M. Since 7 is assumed to be smooth and hence continuous, the pre-images {7=*(U;) | i € A}
form an open cover of TM. Taking pre-images under 7 of a basis of the topology on M is not
sufficient to explain the topology on TM. For i € A consider the maps

’lﬁi : W_I(Ui) — SDZ(Uz) X Rn,
i v ((pi(ﬂ—(v))’ U(xil)v s 7”('%?)) - (‘Pi(ﬂ'(v))ﬂ d(pi(?}», (1'10)

and observe that each 1; is a bijection. We can think of the above maps as candidates for a
local trivialization that, via a chart on the manifold M itself, has its target space changed as in
in the following diagram

7 (Us)

U; x R" (1.11)
iz
i(U;) x R™
We define a basis of the topology on T'M as

{7 N (V) i€ A, V Ci(U;) x R" open}

11 Also simply called tangent space, without the “at p” part.
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which is precisely the coarsest topology on T'M, such that all maps v;, i € A, are homeomorphisms.
Since A is a countable set and the topology in each U; has a countable basis, it follows that
the so-defined topology on T'M is countable. To see that it is also Hausdorff, consider for
p # q € TM the points ¢;(p) and 1;(q) for fitting ¢, j € A. If U; NU; = (), we can separate p and
g by 77 1(U;) and 7~ 1(U;). For U; N U; # 0, observe that each space ¢;(U;) x R™ is Hausdorff
and we can thus find open neighbourhoods of 1;(p) and 1;(q) in ¢;(U; N U;) x R™ that separate
these points. The pre-images under ¢; of these sets will then separate p and ¢. Next consider
the transition functions (thought of as change of coordinates) of the 1;’s. For U; N U; # () we
have (recall Example 1.51)

;o ij_l : QOj(UZ‘ N U]) x R" — QDZ(UZ N UJ) x R",
(u,w) = (i 0 95 ) (), d(pi 0 95 H)u(w)). (1.12)

Since the transition functions ¢; o go;l are smooth it follows that the countable set

{(i, 7" (7)) | i € A}

{(¢s, 7=1(U;)) | i € A} defines a countable atlas on TM. The vector bundle structure on T'M is
explained by the local trivializations (@; ' x idgn) 0 4, i € A, cf. (1.11). O

Remark 1.77. Compare the proofs of Proposition 1.74 and 1.76 for similarities and differences.
Note that by Proposition 1.74 the structure of a vector bundle in TM — M is uniquely
determined by requiring that the transition functions are given by (1.12). Also note that the
transition functions of the local trivializations (gp{l X idgn ) 0 1); are given by

(o7 xidze) oo (07 X idg) 04y) = (idar,d(is 0 571,

that is the matrix parts are differentials of the transition functions of the charts on M.

Remark 1.78. Let M be a smooth manifold and ¢ = (z!,...,2") a local coordinate system
covering p € M. Let v € T,M,
n
;0
v = Z v —
i 0y

Observe that with ¢ as in (1.10)

o)
oz »

meaning that the vector part of 1)(v) consists of the prefactors of v in the basis { , 1 <i< n}
Exercise 1.79. Consider S™ with atlas containing the stereographic projections as in Example
1.19 (i). Explicitly calculate the corresponding transition functions (1.12) in the tangent bundle
TSs™.

Given a smooth manifold, one might ask how “bad” the tangent bundle might look like. For
this question we first need to clarify when two vector bundles are considered isomorphic.

Definition 1.80. Let ng : E — M and 7wg : F' — M be vector bundles over a smooth manifold
M. Then a smooth vector bundle homomorphism'? is a smooth map between the total
spaces

f+E—F,

125 k.a. “smooth vector bundle map”
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such that the diagram

E ! F
E
T
M
commutes and f is fibrewise linear. The last condition means that for each p € M,
f‘Ep : Ep — Fp

is a linear map.

Definition 1.81. Two vector bundles 71 : B4 — M and 7wy : Fo — M are isomorphic if there
exists a diffeomorphism F : E; — FE5 that is a smooth vector bundle map, so that

F’Elp : Elp — Egp
is a linear isomorphism for all p € M.

Definition 1.82. A vector bundle of rank k&, E — M, is called trivializable if it is isomorphic
to M x R¥ — M equipped with the canonical projection onto M.

Lemma 1.83. Assume that F — M is trivializable. Then there exists a nowhere vanishing
section s € I'(E).

Proof. Exercise. O

The best case scenario we can expect for the tangent bundle of a smooth manifold is that it is
trivializable, which is in general not true. An example of a smooth manifold with non-trivializable
tangent bundle is S2. This follows from the “hairy ball theorem”!3 [M]. There are however
non-obvious examples of manifolds with trivializable tangent bundle.

Exercise 1.84. Show that T'S! is trivializable and, hence, as a smooth manifold isomorphic to
the cylinder S! x R. Draw a sketch of the isomorphism.

‘We now have all tools at hand to define vector fields on smooth manifolds.

Definition 1.85. Sections in the tangent bundle of a smooth manifold, I'(T'M), are called
vector fields. For X € I'(T'M) we will denote the value of X at p € M by X,. For U C M
open, we will call elements of T'(T'M|7) local vector fields, or simply vector fields if the setting
does not explicitly use the locality property. We will use the notations

X(M):=T(TM)
and

X(U):=T(TM|v)
for U C M open.

Remark 1.86. For a smooth manifold M and U C M open, the two vector spaces T,U and
T,M are canonically isomorphic via restriction of charts for all p € U. In the following we will
omit using 7,U and instead write T),M, e.g. if we want to denote the action of a tangent vector
on a function f € C*°(U), v(f), we will write v € T, M and not v € T,U.

13German: “Satz vom Igel”
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Figure 19: A vector field on the 2-torus.

Remark 1.87. Vector fields, similar to tangent vectors, act on C*°(M) by

X(N)p) = Xp(f) = df (Xp)-

Thus we may write X (f) = df(X) € C*°(M). On the other hand, a map of the form X : M —
TM, p— X, € T,M, is a vector field if and only if X(f) : p — df,(X,) is smooth for all
feC®(M).

Recall that in Proposition 1.47 we have shown that in local coordinates (z!,...,2") the
tangent vectors % , 1 <i <mn, form a basis of T,M. We want to have a similar result for the
P

local form of vector fields in ['(T'M ;) for U the chart neighbourhood of the local coordinates z°.

Definition 1.88. Let (¢ = (z!,...,2"),U) be a chart on a smooth manifold M. The corre-
sponding coordinate vector fields are defined as

0 0 0
py e X(U), P 5

p

Proposition 1.89. Let (¢ = (x!,...,2"),U) be a chart on a smooth manifold M and X € X(U).
With X := X (x;) € C*°(U) we have

On the other hand for any choice of smooth functions f* € C*(U), 1 <i < n,

oI aii € X(U).

i=1

Proof. The first claim follows from the fact that for any p € U fixed, X, = > X,(z") a?:i
i=1

p7
which follows from Proposition 1.47. The second claim follows from the fact that each a?:i isa

vector field on U and Exercise 1.71 (i). O

Exercise 1.90.

(i) Prove the statements in Remark 1.87.

(ii) Construct a vector field X € X(S?) with precisely one bald spot, meaning that there exists
precisely one p € 52, such that X, = 0.
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There is an alternative, but equivalent, way of introducing vector fields on smooth manifolds,
see [O]. Recall that in Definition 1.35 we have initially defined tangent vectors to be linear maps
from C°°(M) to R satisfying a Leibniz rule. Vector fields can be introduced similarly using the
concept of derivations from differential algebra.

Definition 1.91. Let A be an algebra over a field K. A derivation of a A is a K-linear map
D : A — A that fulfils the Leibniz rule

D(ab) = D(a)b+ aD(b)

for all a,b € A. The set of all derivations of A is denoted by Der(A). If A is commutative,
Der(A) is an A module.

Recall that the smooth functions on a manifold, C*°(M), form an R-algebra.

Proposition 1.92. Let M be a smooth manifold. Then vector fields on M are precisely
the derivations of C*°(M), meaning that X(M) and Der(C*°(M)) are isomorphic as C*°(M)
modules.

Proof. The map
t:X(M) — Der(C*(M)), X — (f—X(f)),
is a C°°(M) module map. Injectivity of ¢ follows from X = 0 if and only if X(f) = 0 for all

f e C®(M) (cf. proof of Proposition 1.47 if you have problems seeing that fact). For surjectivity
we define for a given derivation D a vector field X via

D= XP XP(f) = D()p),

for all p € M and all f € C*°(M). By Remark 1.87 we know that X? is in fact a smooth vector
field. The map D — XP is precisely the inverse of . O

We now know the algebraic properties of vector fields as derivations and we know how to
write down and calculate with vector fields locally. The following lemma describes explicitly
how vector fields behave under a change of coordinates.

Lemma 1.93. Let M be a smooth manifold and let (¢ = (x!,...,2"),U), (v = (y',...,y"),V)
be charts on M such that UNV # (. For X € X(M) fixed, we have on U NV the following

forms of X in local coordinates

n ; a
X = 7;EZIX(aﬁ >8mi
and "
X = E X(y") aA.
; oy*

If we understand d(¢ o o= 1) : (U NV) — GL(n) as a matrix-valued function which associates
each point u € (U NV) the Jacobi matrix of 1) o =1 at u we obtain

X (1) Xy
dop ™y | =
X@) pry W g
forallu e UNV.
Proof. Follows from the definition of the Jacobi matrix and the coordinate vector fields. 0
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If the above formula looks difficult to you, calculate some examples for M = R"”, ¢ = idgn,
and ¢ : R” — R™ any diffeomorphism. Having defined vector fields and coordinate vector fields,
we can now properly define differentials of smooth maps, compared to our pointwise Definition
1.50.

Definition 1.94. Let M, N be smooth manifolds and F' : M — N be a smooth map. The
differential of F' is defined as the smooth map

dF : TM — TN, dF| 1, =dF, ¥pe M.

The above equation means that pointwise, dF' is given by its differential as in Definition 1.50.

Thus, in local coordinates (z!,...,2™) of M and (y',...,y") of N with appropriate domain we
have . '
0 oF7 0 . .
= E = J o g -
dF (8.%1) _j:1 Ot (9yj’ F =Y OF’ Vi<i<m.

The (non-pointwise) Jacobi matrix in given local coordinates is defined similarly by allowing the
basepoint to vary. As a map from chart neighbourhoods in M to GL(n), the Jacobi matrix in
particular is a smooth map.

Exercise 1.95. Check using local coordinates on T'M and T'N that dF' and the Jacobi matrix
as in Definition 1.94 are actually smooth as claimed.

On the vector fields on a smooth manifold we have the structure of a Lie'* algebra. Before
describing this concept in detail, consider for two derivations X,Y € Der(A) of an algebra A
the commutator of X and Y

[X,Y]:=XY -YX.

Exercise 1.96. Show that [X,Y] € Der(A).

By Proposition 1.92 there must be an analogue construction on the set of vector fields on a
smooth manifold.

Definition 1.97. Let V be a real vector space. A Lie bracket on V is a skew-symmetric
bilinear map

[‘7']:VXV_>‘/7 (X,Y)*—)[X,Y}
that fulfils the!® Jacobi identity
(X, [Y, Z]] = [[X,Y], Z] + [V, [X, Z]]
for all X,Y,Z € V. A vector space V together with a Lie bracket is called Lie algebra.

Exercise 1.98.

(i) Prove that [-,-] on Der(A) is a Lie bracket.

(ii) Show that the Jacobi identity in Definition 1.97 is equivalent to

Z [X7 [Y7 ZH =0,

cyclic

for all X,Y,Z € V, where > stands for the cyclic sum.

cyclic

'Sophus Lie (1842 — 1899)
15Careful: There is more than one Jacobi identity, e.g. graded Jacobi identities.
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Proposition 1.99. The bilinear map on vector fields on a smooth manifold M
[]: X(M) x X(M) = X(M), (X,Y) = [X,Y],
[(X,Y](F) = X(Y(f) =Y (X(f) VXY € X(M) Vf e CT(M),
is a Lie bracket on the real vector space X(M).
Proof. Follows from Exercise 1.98 (i). O

Note that [X,Y],(f) = X,(Y(f)) = Y,(X(f)) forall p € M, f e C®(M), X,Y € X(M).
From real analysis we know that partial derivatives commute. We can formulate a similar result
for smooth manifolds with the help of the Lie algebra structure on X(M).

Lemma 1.100. Let M be a smooth manifold and let (x!,...,2") be local coordinates on M.
Then

[‘9 ‘9} —0

ozt Oxd |

Proof. Exercise. O

forall1<i<n,1<j<n.

Exercise 1.101. Show that [X, fY] =df(X)Y + f[X,Y] for all X, Y € X(M), f € C(M).
Definition 1.102. Let ¢ : M — N be a smooth map and let X € X(M). The smooth map
M S p = (do(X))p = dép(Xp) € Ty N
is called a vector field along ¢.
Note that d¢(X) sends smooth functions on N to smooth functions on M via
(do(X))(f) = X(f o ¢) € CF(M)
for all f € C(N).

Definition 1.103. Let I C R be an interval (equipped with canonical coordinate t), M a smooth
manifold, and v : I — M a smooth curve. The velocity vector field (or simply velocity) of
~ is the vector field along ~y

0
r= — t "(t).
v ‘h(at)’ =y ()

Note that the explicit form of 4/(¢) depends on the local coordinates ¢ = (x!,... 2™) on M,

for all t € I, where 7¢ = zi(y) for all 1 < i < n.

Now that we have defined the velocity of smooth curves in smooth manifolds, we can relate
our initial definition of tangent vectors in R™ in Remark 1.34 to tangent vectors for general
smooth manifolds as follows.

Lemma 1.104. Let M be a smooth manifold, v € T,M, and f € C°°(M). Then

d(f o)
5 0

for every smooth curve v : I — M, 0 € I, with 4(0) = p and +/(0) = v.

u(f) =

34



Figure 20: The velocity vector field of a curve .

Proof. Follows from the chain rule for differentials of smooth maps. O

Recall the definition of an integral curve of a vector field on an open set of R™. There is, of
course, a similar concept for general smooth manifolds.

Definition 1.105. Let X € X(M) be a smooth vector field on a smooth manifold M. An
integral curve of X at p € M is a smooth curve v : I — M, where I C R is an interval, 0 € I,
such that v(0) = p and

Y(t) = Xy
for all £ € I. An integral curve v : I — M of X is called maximal if there is no interval I>1,
such that I\ I # () and there exists an integral curve 5 : [ — M of X with §|; =~. A vector
field X is called complete if every maximal integral curve v : I — M is defined on I = R.

If we omit the term “at p” for integral curves, we also drop the requirement 0 € I.

Example 1.106. Consider X € X(R?) given in canonical coordinates (u!,u?) = (x,%) by

X = a%—ac2

Yoz oy’

Its integral curves at any point (zg,yo) € R? are of the form
) cos(t) —sin(t)\ [z
Vit (sin(t) cos(t) Yo )

(i) Write down the vector field X and its integral curves in Example 1.106 in polar coordinates.
Is X complete?

Exercise 1.107.

(ii) Construct a vector field on R? \ {0} with precisely one periodic maximal integral curve
that is not a constant curve and no other periodic maximal integral curves.

Remark 1.108. While we have defined integral curves of vector fields, at this point we do not
know if they always exists and whether they are unique or not. With the help of the theory of
ordinary differential equations we obtain such results. Firstly note that locally, i.e. in any given
local coordinates, the equation

'Yl =Xy
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is an ordinary, in general non-linear, differential equation. Thus, for any given vector field
X € X(M) and any p € M there exists an integral curve v : I — M of X at p. If v: I — M and
v I — M are two integral curves of X at p, they coincide on I N I which, by definition, is never
empty. For each p € M, there exists a unique maximal integral curve of X at p. Furthermore,
the integral curves of X at p depend locally smoothly on p € M. The proofs of these results
need some care in case that an integral curve leaves a given coordinate neighbourhood, but
they are otherwise identical to the case M C R"™ open. For literature on the subject of ordinary
differential equations and dynamical systems see e.g. [A1l, A2]

In general it is a very difficult question whether a given vector field in X(M) is complete, at
least if M is not compact. For compact smooth manifolds M we have the following result.

Proposition 1.109. Vector fields on compact smooth manifolds are complete.

Proof. [A1] Chapter 2.6 together with the fact that since M is compact, one can for any given
atlas A on M assume without loss of generality that A is finite, and we have that the closure of
the chart neighbourhoods of A are compact in M. O

For M not compact we still have the following result on vector fields with compact support.

Proposition 1.110. Let X € X(M) be a vector field with compact support, meaning that

supp(X) ={pe M | X, #0}C M

is compact. Then X is complete.

Figure 21: A sketch of a vector field with compact support V- C U.

Proof. Exercise. [Hint: Try proving this for M = R" first.] O

Definition 1.111. A local one parameter group of diffeomorphisms on a smooth manifold
M is a smooth map
p: I xU—= M, (t,p)— pi(p),

such that I C R is an interval containing 0 € R, U C M is open, @9 =idy, ¢t : M — M is a
diffeomorphism for all ¢t € I, and

ps+t(p) = ps(pt(p))

for all p € U and all s,t € I with (s+t) € I and ¢:(p) € U. A one parameter group of
diffeomorphisms is a local one parameter group of diffeomorphisms with I =R and U = M.
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Local one parameter groups of diffeomorphisms on smooth manifolds are closely related to
vector fields and their integral curves. For any given vector field on a smooth manifold we can
attempt to consider all integral curves of X “at once”. This leads to the following concept.

Definition 1.112. A local flow of a vector field X € X(M) is a smooth map
p:IxU—=M, (t,p)— ¢(p),

for some interval I C R containing 0 € R and an open set U C M, such that ¢g = idy and for
every p € U fixed, the smooth curve

t = i(p)

is an integral curve of X. This just means that

0
a(%(p)) = Xoi(p)-

We say that a local flow ¢ : I x U — M of X is near a point p € M if p € U. A local flow of X
is called (global) flow of X if ] =R and U = M.

Lemma 1.113. Every vector field on M admits a local flow near any given point p € M.

Proof. Let X € X(M) and p € M arbitrary but fixed. Choose a bump function b : M — R such
that on some open neighbourhood U C M of p, b|y = 1. The maximal integral curves at p of
bX are defined on R by Proposition 1.110 and depend smoothly on p € M by Remark 1.108.
This already shows that vector fields with compact support admit a global flow ¢. Fix € > 0
and choose an open subset V' C U, such that V is an open neighbourhood of p and for all ¢ € V
and all t € (—¢,¢) pi(q) € U. Geometrically this mean that the set V' is not moved out of U by
the flow of bX for |t| < e. Since X and bX coincide on U, their integral curves at all ¢ € V for
I = (—¢,¢) also coincide in V. Hence, the flow ¢ of bX restricted to (—e,e) x V is a local flow
of X. O

Observe that Definitions 1.111 and 1.112 have a certain similarity. They are connected as
follows.

Proposition 1.114. Local flows of vector fields are local one parameter groups of diffeomor-
phisms.

Proof. 1t suffices to show that for a given vector field X with two integral curves v : (a,b) — M
at p=~(0) and 7 : (a,b) — M with v(s) = 7(0) for some s € (a,b) we have

Vs +1) =73(t)

for all ¢, such that (s +t) € (a,b) and ¢ € (d,b). This means that 5 extends v and follows from
the fact that ¢t — (s +t) is an integral curve of X (for s small enough) and uniqueness of local
solutions,

chain rule
(Vs +))' () =T A (5 1) = Xy(erty = Xy(st) (1)

Hence, for a local flow ¢ of X near p we obtain

ot(ds(p)) = r(1(s)) =7(t) = v(s +1) = pst4(p).-

The following is an immediate consequence of Proposition 1.114.
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Corollary 1.115. Assume that X € X(M) is complete. Then its flow is a one parameter group
of diffeomorphisms.

In fact, one can prove that for any vector field X € X(M) the set

U G x {p}) € (R x M)

peEM

is open, where I, is the uniquely determined interval for the maximal integral curve «y : I, — M
of X starting at v(0) = p € M. For X complete, I, = R for all p € M and, hence, the maximal
domain of definition of any local flow of X is R x M, meaning X has a global flow. For a proof
see |G, S. 1.10.9].

Example 1.116. Translations in R” are of the form A, : (p,v) — p + v where v = (v!,... v")
is the translation vector. Consider the constant vector field

n

Z v’ 361‘

i=1 u

with global flow
¢ :RxR"—=R" (t,p)— p—+to.

We see that ¢1(p) = Ay(p) for all p € R™.

Exercise 1.117. Let A € SO(2) be fixed. Find X € X(R?), such that its global flow ¢ fulfils
©1(p) = Ap for all p € R2. Can this always be achieved for any A € O(2)?

We have seen that local flows of vector fields are local one parameter groups of diffeomorphisms.
The converse statement is also true.

Definition 1.118. Let ¢ : I x U — M be a local one parameter group of diffeomorphisms. The
infinitesimal generator of ¢ is defined to be the map

0
Usp— o (pi(p) € TM.
dtli=o
[Note: We have secretly used the upcoming Exercise 1.143, make sure you understand how and
why.]

Lemma 1.119. Infinitesimal generators of local one parameter group of diffeomorphisms
@ : I xU — M are local vector fields in X(U). Infinitesimal generators of one parameter groups
of diffeomorphisms ¢ : R x M — M are complete.

Proof. Since any local one parameter group of diffeomorphisms is smooth, the map X : p —
X, = %’tzo (¢i(p)) is smooth, i.e. X € X(U). Hence, for any one parameter group of
diffeomorphisms ¢ : R x M — M, X is a vector field in X(M). Its integral curves at p € M are
given by

t = ou(p)

and are defined for all ¢ € R. This means that X is complete. O
Recall the definition of the Lie bracket on X(M), cf. Proposition 1.99. We know the algebraic
motivation for it by considering vector fields as derivations of C*°(M). But what does [X,Y] for

X,Y € X(M) stand for geometrically? To answer this question we must define the pushforward
and pullback of vector fields under diffeomorphisms.
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Definition 1.120. Let F' : M — N be a diffeomorphism and let X € X(M), Y € X(N). The
pushforward of X under F is the vector field F, X € X(NV) given by

(F.X)q = dFp-ig) (Xporig)) Vo € N.
The pullback of Y under F is the vector field F*Y € X(M) given by
(F*Y)y = d(F N pg) (Yrp) W€ M.

Note that d(F '), = (dF,) ! for all p € M.

Exercise 1.121. Verify that if F': M — N is a diffeomorphism and + is an integral curve of
X € X(M), then F o+ is an integral curve of F,X. Formulate a version of this statement for
local diffeomorphisms.

In order to explain the Lie bracket of vector fields geometrically, we need one more result
about the local form of vector fields. Assume that X € X(M) does not vanish everywhere. Then
near any point where X does not vanish we can find local coordinates on M in which X has a
particularly simple form.

Proposition 1.122. Let X € X(M) and p € M, such that X, # 0. Then there exist local
coordinates on an open neighbourhood U C M of p, such that X is of the form

0

Xg= 5=
oxt|,

forall g € U.

D

Figure 22: Locally rectifying a vector field.

Proof. Since X is as a section in T'M it is in particular a continuous map and, hence, we
can find an open neighbourhood U of p € M, such that X, # 0 for all ¢ € U. Assume
without loss of generality that U is contained in a chart neighbourhood. Choose any local
coordinate system ¢ = (y',...,y") on U and let (u',...,u") denote the canonical coordinates
on R™. We can assume without loss of generality, after possibly shrinking U and re-ordering the
y'’s, that ¢.(X) € X(¢(U)) is transversal along the inclusion map {u! = 0} N ¢(U) — R™ to
N := {u! = 0} N ¢(U), meaning that

(pX)g & T,N = T,{u' =0} C T,R"

for all ¢ € N. Let, after again possibly shrinking U, ® : I x ¢(U) — R™ denote a local flow of

¢« X. Since
0

(04 X)g = ot —o

P(q) # 0
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by the transversality condition, we obtain with Theorem 1.55 after possibly shrinking I that
F:=®|;un: I XN —®(xN)

is a diffeomorphism, where we understand I as the “time” part so that ®(¢,q) := ®:(q), and
®(I x N) C R" is open. Denoting the canonical coordinates in I by u! and in N by (u?,...,u")
(which is compatible with the canonical inclusion I x N C R"™), we in particular have

0
dF(ul,UQ,...u”) <8u1

for all (u!,...,u™) € I x N. Now we can define coordinates on ¢! (¢(U)N®(I x N)) C M by
setting

) = (¢*X)¢(u1,u2,...,u”)

(ulu?,...,um)

Y= (z',...,2") :=F lo¢: ¢ (o(U)N®I x N)) — FH¢(U)N (I x N)) CR"

and obtain for the local formula of X in the local coordinate system 1 and all ¢ € ¢! (¢(U) N
O(I x N))
0

X, = 2| .
a oxt|,
O

In local coordinates as the ones constructed in Proposition 1.122, local flows look particularly
simple.

Corollary 1.123. Any local flow of X near p as in Proposition 1.122 is, if X, # 0, in the local
coordinate system 1 = (x!,... 2") of the form

Y(p(q)) = ¥(q) + tea,

for all ¢ € U, where e; denotes the first unit vector in R™ in canonical coordinates, for |¢| small

enough. Furthermore
0 0
dpy ( i ) = i
Oztly) 0% ly=1(p(q)+ter)

for all ¢ € U and t small enough, where we understand the differential of ¢, for ¢ fixed.

Next we will describe how the Lie algebra structure on vector fields is connected to their
local flows. To do so we will need to introduce the following concept.

Definition 1.124. Let M and N be smooth manifolds ¢ : M — N be a smooth map. Two
vector fields X € X(M) and X € X(N) are called ¢-related if dp(X) = X 4. One then writes
X ~g X. Equivalently, X ~4 X if X(fo¢)=Y(f)o¢ forall f € C®(N).

We see that for ¢ : M — N an embedding and any X € X(M), dp(X), viewed as vector field
along ¢, can be locally extended to a smooth vector field X € X(N), such that do(X) = X .
This means that, locally, we can find a ¢-related vector field to X. For the next lemma, the
motivation is the case where ¢ is a transition function describing a change of coordinates on a
smooth manifold.

Lemma 1.125. Let ¢ : M — N be a smooth map, X,Y € X(M), and X,Y € X(IN), such that
X ~y X and Y ~4 Y. Then [X,Y] ~4 [X,Y].
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Proof. Let f € C°°(N) be arbitrary. Then

[X,Y](fo¢) = X(Y(foo))—Y(X(foo))
=X(Y(f) o) —Y(X(f)o¢)
= (X(Y(f) = Y(X(f) o ¢

O

Lemma 1.125 means for ¢ a change of coordinates that the Lie algebra structure on vector
fields is compatible with changing coordinates in the sense that their Lie brackets are also related
by the same change of coordinates. Globally we obtain the following result.

Corollary 1.126. For any given diffeomorphism F : M — N,
F.[X,Y]=[F.X,FE.Y]

for all X,Y € X(M) and
F*X,Y] = [F'X,F'Y]

for all X,Y € X(N).
Proof. Follows from Definition 1.120 and Lemma 1.125. O

Remark 1.127. In the case that ¢ is an embedding and dim(M) < dim(N), Lemma 1.125 also
implies that (locally and globally) [X,Y] o ¢ does not depend on the (local) extensions of X o ¢
and Y o ¢ to vector fields on in N open neighbourhoods of points in ¢(M).

Now we have cleared up all technical difficulties we can proof the following statement.

Proposition 1.128. Let X,Y € X(M) and for p € M arbitrary but fixed let ¢ : I x U — M
be a local flow of X near p. Then

(X, Y}p =

(‘P:Y)p-
t=0

ot

Figure 23: A sketch of Y along an integral curve  through p of X.

Proof. First observe that the right hand side of the above formula is actually a well-defined
expression. This follows from (¢;Y), € T,M for all t € I and the fact that 7,,M is a real vector
space. In the following, dy; is to be understood as the differential of ; for ¢t € I fixed. First
assume that X, # 0. Without loss of generality we can, with the help of Proposition 1.122,
assume that we have chosen local coordinates (z!,...,2") on U C M with p € M, such that
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Xy =

% . for all ¢ € U. Recall that, since ¢ is a local one parameter group of diffeomorphisms,

¢_¢ = @; * whenever defined. Hence, for |t| small enough we have

@Y )p = A eutn) (Youn) = [@0-oir) (Yo -

Observe that

(do_y) 0 = 0 0 0
—t Sy i = 54 = 5
2B 0ty 0 e 02 Lyt —ter) 02y
In the local coordinates (z!,...,2"), Y is of the form

for all ¢ € U. Thus

* N 0
(PiY)p =D V() 5
i=1 P
and, hence,
0 " (0 0
— Y), =) dY' | — -
B,y Y ) ; (81‘1 p> ot |,

which coincides with [X,Y], = {%, Y] by Lemma 1.100 and Exercise 1.101.
P
Next assume that X, = 0. If X, = 0 for all ¢ in an open neighbourhood U of p, the local
flow of X restricted to U will be the identity for all t € I. Hence,

0

ot (@?Y)p = 0.

t=0

For any f € C°°(M) observe that X (f) vanishes on U and thus

(X, Y]p(f) = Xp(Y(f)) = Yp(X(f)) = 0.

Lastly assume that X, = 0 and X does not vanish identically on some open neighbourhood
of p. Let U C M be a compactly embedded open neighbourhood of p and choose a sequence
{Dn }nen, nh_)ngopn = p, such that X, # 0 and p,, # p for all n € N. Then

9 .
[X? Y]pn = (Spt Y)pn

~ Otli—o
for all n € N. Using the continuity in the base point of both sides of the above expression we

take their respective limit as n — oo and obtain that [X,Y], = %‘ (¢7Y), as claimed [

t=0

Proposition 1.128 gives an answer to the question what the lie bracket of two vector fields
should mean geometrically: [X,Y] measures the infinitesimal change of Y along integral curves
of X or, by skew-symmetry, the negative infinitesimal change of X along integral curves of Y,
both via the pullback. This motivates the following definition.

Definition 1.129. The Lie derivative of a vector field Y € X(M) with respect to'® X € X(M)
is defined as
Lx(Y):=[X,Y] € X(M).

60r: “in direction of”.
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We will see in Section 2.2 that there is a different and very important alternative concept
how to measure infinitesimal changes of vector fields or, more general, sections of vector bundles.
Next we will study how to obtain, in a natural way, new vector bundles from given bundles. This
will allow us to define what tensor fields should be, which are central objects in every flavour of
differential geometry and in applications in physics.

Definition 1.130. Let 7 : E — M be a vector bundle of rank k. The dual vector bundle
mp« : B* — M is pointwise given by

Tt (p)E, := Homg(Ep, R)

for all p € M. The topology, smooth manifold structure, and bundle structure on E* are
obtained as follows. Let {(v;,V;) | i € A} be a collection of local trivializations of the vector

bundle E of rank k, such that there exists an atlas A = {(¢;, 7(V;)) | i € A} of M.} Then
B = {((¢; x idgr) 094, Vi) | i € A} is an atlas on E. Recall that for any finite dimensional real
vector space W, (W*)* and W are isomorphic via

Wave (w—wb)), we W

The topology on E* is given by pre-images of open images of the dual local trivializations
which are defined by

Vi gt (re(Vi) = me(Vi) x RF,  w, ~ (p, w),

where w € R* is the unique vector, such that wy(v,) = (w, pres (75 (v,))) for all v, € 75" (p) and
(-,-) denotes the Euclidean scalar product on R induced by its canonical coordinates. The dual
atlas B* on E* is then defined by

B* = {((ips x idgs) 0 U5, Vi) | i € A}.
It follows that E* — M is a vector bundle of rank k.
Exercise 1.131. Show that the transition functions of £* — M fulfil
oty (w) e (p, (451 w)
for all p € mg(V;), where A : mg(V;) — GL(n) is given by the transition functions of £ — M,
pio; i (p,v) = (p, Apv).

Exercise 1.132. Show that (E*)* — M is isomorphic to £ — M as a vector bundle for any
vector bundle £ — M.

The most important example of a dual bundle is the dual to the tangent bundle of a smooth
manifold (at least in this course).

Definition 1.133. The vector bundle 7*M := (T'M)* — M is called the cotangent bundle
of M. Pointwise we denote Ty M := (T'M); for all p € M. As for the tangent bundle we identify
for any U C M open and p € U the vector spaces T;U = T7M via the inclusion map.

Similar to the tangent bundle, cf. Proposition 1.76, an atlas on M induces an atlas on the
total space T* M that is compatible with the bundle structure of 7% M as the dual bundle of T'M.
We will specify how a given local coordinate system ¢ = (x!,...,2") on an open set U C M
induces a local coordinate system on the total space T*M. Let wp«pr : T*M — M denote the

"Exercise: Show that such a choice is always possible.
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projection. In the tangent bundle case we used equation (1.10) to define the induced local charts.
This definition uses the action of tangent vectors v € T,M, p € U, on the coordinate functions
(x',...,2"). In our present case of the cotangent bundle, elements in Ty M are linear maps

weTyM, w:T,M =R, w:vewk) eR YveT,M.

Thus we cannot let them act in any sensible way on coordinate functions. However, recall
that the coordinate functions induce a basis of T),M for all p € U, cf. Proposition 1.47. This
motivates defining a local coordinate system on T*M by
: >>
sy w | =— . (1.13)
p) (830” p

This local coordinate system is dual to the local coordinate system  on 7r511\/1 as in equation
(1.10) in the sense that for all w, € Ty M and all v, € T, M

wp(vp) = (Prn (Y (wp)), Prn (1 (vp))), (1.14)

where pry. denotes the canonical projection to the vector part and (-,-) denotes the Euclidean
scalar product induced by the canonical coordinates on R™. The independence of the chosen
local coordinate system of the right hand side of (1.14) follows from Exercise 1.131.

We have defined vector fields as sections in the tangent bundle of a smooth manifold. Sections
in the cotangent bundle are of the same importance as vector fields when studying smooth
manifolds.

Definition 1.134. Sections in T*M — M are called 1-forms and are denoted by Q'(M) :=
['(T*M). For U C M open, sections in I'(T*M]|y) are denoted by Q!(U) and are called local
1-forms.

0

Bmtyl0) > o0) <R Fors (eteraon (1

A straightforward way of obtaining explicit examples of 1-forms works as follows.

Example 1.135. Let f € C°°(M). Then the differential'® of f, df € Q'(M), is given by
df : p— dfy.

In local coordinates (z',...,z") we have df (8?&) = aaji for all 1 < ¢ < n. This implies that df

can locally be written as

df:;axidx.

In particular it follows for f = 2/, 1 < j < n, that the coordinate 1-forms dz’ fulfil

dax? ( 8?31-) = (527 on the domain of definition of the local coordinates. This in in accordance with

the pointwise version of this statement in Example 1.51.

Lemma 1.136. Let M be a smooth manifold and let ¢ = (x!,...,2") be a local coordinate
system defined on an open set U C M. Then

{dx;\lgign}

is a basis of Ty M for all p € M. It is precisely the dual basis to the basis { 8‘; 1<i< n}
P
of T,M. Any local 1-form w € Q!(U) can be written as
n .
w:Zfidx’ (1.15)
i=1

with uniquely determined smooth functions f; € C*(U) for 1 <1i <mn.

18Cf. Definition 1.94.
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Proof. The first two claims follow from Proposition 1.47 and Exercise 1.51. Next we observe
that for all f; € C*°(U), 1 <i < n, the right hand side of equation (1.15) is a local section in
T*M — M"Y by the construction of the smooth manifold structure on the total space T*M via
charts of the form (1.13), which in particular implies that each dx’, 1 < i < n, is a local 1-form.
On the other hand for a given local 1-form w € QY(U) define

()
Wi = w B

for all 1 < i <n. It now suffices to show that w; € C*°(U) and, after that, to define f; := w;.
w; being a local smooth function follows from observing that by equation (1.14), w; o ™! is
precisely the i-th entry in the vector part of {5 ow o ¢~ and thereby by definition a smooth
map. Uniqueness of the f; can be shown as follows. Suppose that locally

w= ;f’dxl = ; fida (1.16)

such that for at least one 1 < j <n, f; # f] Choose p € U, such that f;(p) # f](p) Then

(32) (3l =000 = (£707) (5

which is a contradiction. O

In order to check whether a fibrewise map w : M — T*M is a 1-form it suffices to check how
it behaves when applied to vector fields. The converse statement also holds true.

Lemma 1.137. Let w: M — T*M, w: p = T;M, be a fibrewise map. Then w € QY(M) if and
only if for all X € X(M) the function w(X) : M — R, p — w(X)(p) for all p € M, is smooth.

Proof. Exercise. [Hint: Use Lemma 1.136 and bump functions.] O

Example 1.135 and Lemma 1.136 motivate viewing the coordinate 1-forms as dual objects to
coordinate vector fields. Indeed we obtain the following more abstract statement reinforcing this
point of view.

Proposition 1.138. Q!(M) is isomorphic as a C°°(M)-module to the C*°(M)-module dual to
X(M), ie.
QL(M) & Hom e (ay) (X(M), O (M)).

Proof. Let a € QY(M). we have seen in the proof of Lemma 1.136 that for any choice of local

Ox?
choose a locally finite countable partition of unity {b; : U; — [0,1] | ¢ € I} subordinate to a
countable atlas {(¢; = (z},...,2%),U;) | i € I} of M. Write X(p) = 3 b;(p) X (p) and observe
i€l

coordinates (x!,...,2") on M, « ( a-) is a local smooth function. Recall Proposition 1.89 and

y g

that this sum is finite for all fixed p € M and that ;X € X(U;) for all i € I. We can write b; X

in local coordinates as
znj bi X () 9 zn: bx7 2
j=1 " 0] j=1 " O]

19Recall that our definition of sections required them to be smooths maps.
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Since all b;, ¢ € I, are in particular bump functions, bin € C*°(U;) can be trivially extended to
a smooth function on M for all i € I and all 1 < j < n. Hence, b;X € X(U;) can be trivially
extended to be a vector field on the whole manifold M for all 7 € I. We define

A X) = a(X) =D albX) =3 b X]. (1.17)

iel icl j=1

The sum on the right hand side of (1.17) is a locally finite sum of bump functions (defined on
the respective U; which we trivially extent to M). This means that for all p € M fixed there
exists an open neighbourhood U C M of p, such that the set

{(i,7) e I x{1,...,n} | bianZ»j(q) # 0 for at least one ¢ € U}

is finite. Hence, the right hand side of (1.17) is indeed a smooth function defined on M since
it is, locally, the sum of finitely many smooth functions. This shows « defines a well-defined
C*°(M)-linear map

Ay : X(M) - C*(M), X — a(X), AX)(p) = ap(X,) Vp e M.

On the other hand let A : X(M) — C°°(M) be a C*°(M)-linear map. For a given A €
Homgeo 3y (X(M), C°°(M)) define a fibre-preserving map

ag: M —T*M,  aal,(v):=AX)(p)

for X € X(M) with X}, = v. We need to show that this definition does not depend on the choice
of X and that a4 is in fact a smooth map. Since A(X +Y)(p) = A(X)(p) + A(Y)(p) for all
X,Y € X(M) and all fixed p € M it suffices to show that A(X)(p) =0 for all X € X(M) with
X, =0. Let (z1,...,2") be local coordinates on U C M with p € U so that X with X, =0 is

locally of the form

X:;X Oxt’

Xt e C®(U) for all 1 <i < n. Then X, = 0 precisely means that Xi(p)=0forall 1 <i<n.
Since A(fX)(p) = f(p)A(X)(p) for all f € C°°(M), we can choose a bump function b € C*>°(M),
so that supp(b) C U is compactly embedded and such that there exists a compactly embedded
set V C U with non-empty interior containing p and b|yy = 1. Then for all 1 < i < n, bX" is also
a bump function on U C M and can thus be smoothly extended to M (note that the X* might
have “bad” behaviour when approaching 9U, e.g. do not converge). Furthermore, b% can be
extended to a globally defined vector field on M for all 1 <14 < n by setting

0
ozt

b =0

q

for all ¢ € M\ U. We will for simplicity write bX* € C°°(M) and baii € X(M) forall 1 <i<mn.
We now calculate

A () = B AX) () = ABX) (p) = A (i(bxa (v ai)) »)

0

B (g b4 (baxi)> (p) = ;Xi(p)A (b

It remains to show that a4 is smooth. This follows with the help of Lemma 1.137, the above
result, and a similar construction using a locally finite partition of unity as for the other
direction of the proof. One can further check that A,, = A and a4, = «, that is that the two
constructions are inverse to each other. ]

1
aii> (p) = 0.
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Exercise 1.139. Work out the missing details of the “2” direction in the proof of Proposition
1.138.

As for vector fields, cf. Definition 1.120, we can define the pullback and pushforward of
1-forms under diffeomorphisms. Be wary of the differences!

Definition 1.140. Let F': M — N be a diffeomorphism and let o € Q' (M), 8 € QY(N). The
pushforward of a under F is the 1-form F,a € Q'(V) given by

(Fea)q = ap-1(g) o d(F~%), Yqe& N.
The pullback of 8 under F is the 1-form F*3 € Q!(M) given by
(F*ﬁ)p = /BF(p) o de Vp € M.
The above compositions denote compositions of linear maps.

Remark 1.141. The pullback of a 1-form 3 € Q'(N) is well-defined for any smooth map
F:M— N.

Next we will study some constructions on how to obtain new vector bundles from given
vector bundles.

Definition 1.142. Let ng : E — M be a vector bundle of rank k and np : F — M a vector
bundle of rank ¢ over an n-dimensional smooth manifold M. The Whitney?’ sum of E and
F is the the direct sum of the two vector bundles mpgr : £ @ F — M with fibres

(E@F)p = ﬂ'Eé;F(p) =Ep® Fp

for all p € M. The structure of a vector bundle on E & F = || (E, & F),) is then explained by
peEM

Proposition 1.74 and the requirement that the following maps are local trivializations of £ @ F'.
Let {(vF,V.F) | i€ I} and {(¢F,V,F) | i € I'} be coverings of local trivializations of E and F,
respectively, such that U; := 7g(V,®) = 7 (V) for all i € I and such that there exists an atlas

A ={(¢i,U;) | i € I} of M. We require now require that with
o7t = WE @) o (Ay x RMY) U x RFH 2 U x (REF xR — | | (B, @ F),
peU;

(v, w) = (VF) M (p,0) @ (0) " (p,w) Vp Ui, v eR, weRS, (1.18)
where Ay : p— (p,p) € M x M denotes the diagonal embedding and

R¥ x RY 3 (v, w) <Z> € RFH

the linear isomorphism, all ¢;, i € I, are inverses of local trivializations covering £ @ F'. In order
to use Proposition 1.74 we need to check that the transition functions have the required form.
We obtain that for all ¢, j € I, such that U; N U; # 0,

¢i 0 67 (p,v,w) = (p, 77 (p)v, 7} (P)w),

where Tg and 75 are the transition functions of the local trivializations of F and F', respectively.

Lastly, we simply need to define

. ( 5 (p) ‘ 0 )
TEOF (p) = € GL(k + )
0 | L

so that we can write ¢; o gb;l (p, () = (p, Tlg@F(p) (o )) Now all requirements in Proposition
1.74 are fulfilled and we conclude that £ @& F' — M is, indeed, a vector bundle of rank k + /.
20Hassler Whitney (1907 — 1989)
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Exercise 1.143. Show that the vector bundles T'(M x N) — M x N and
TM&TN — M XN, (vp,wg)— (p,q) Vv, € T,M Vw, € TyN,

are isomorphic as vector bundles for any two smooth manifolds M and N.

A construction similar to the Whitney sum is the tensor product of vector bundles. Recall
that the tensor product of two real vector spaces V7 of dimension n and V5 of dimension m is
a real vector space Vi ® Vo together with a bilinear map ® : Vi x Vo — V1 ® Vs, such that for
every real vector space W and every bilinear map F': V] x Vo — W there exist a unique linear
map F: Vi@ Vo — W making the diagram

Vi xVa

commute. The dimension of Vi ® Vo is n-m. If {v},...,v}} and {vi,... v} are bases of V}

and V3, respectively, we can construct a choice of basis for V3 ® V5 explicitly. A basis of V1 ® V2

is given by {v} @ v}, 1 <i<n, 1 <j<m}, and F for a bilinear map F as above is given by
F vl @ul — Fl,v))

on the basis vectors. By considering “®” itself as a bilinear map from V; x V5 to W = V1 ® Vs,

we define?! v ® w for v = vivi, w = 3 wivi, as
i=1 j=1

n m .
v w ::Zszw] 0] ® V).
i=1j=1

An element v € V] ® V4 is called a pure tensor if it can be written as v = v; ® vy for some
v1 € V1 and vg € V5. In order to describe any linear map L : V73 ® Vo — W is suffices to know
how it acts on pure tensors [Exercise: Prove the last statement.]

A very important example that you should keep in mind is the tensor product of a real
vector space V with its dual, that is V ® V*.

Exercise 1.144.

(i) Show that the real vector space of endomorphisms End(V) and V ® V* are isomorphic as
real vector spaces via

VoV av®w— (u— w(u)v) € End(V).
(ii) Show that VR =V and VW =W @ V for all real vector spaces V and W.
For the evaluation map
ev: VxV*=S R, (vw)r—ww) YweV, weVr

the induced map ev : V ® V* — R is called contraction. By saying that we contract v ® w
we simply mean sending it to w(v). Further recall that V} ® (Vo ® V3) and (V3 ® V2) ® V3 are

21Make sure to understand why this is consistent with the definition of the tensor product.
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isomorphic. In the following we will deal with objects that, pointwise, are elements of vector
spaces of the form
VR..eVVe...eV*.
r times s times
A contraction of an element 11 ® ... UV, QW R ...Quws EV ® ...V RV*®...® V* will
stand for a map of the form

v1®...®vr®w1®...®wsHwﬁ(va)-m@...@@...w@wl@... @ ®...ws (1.19)

for 1 <a<rand1l<pg <sfixed, where “"” means that the element is supposed to be left
out. This is precisely the induced map for the evaluation map in the (o, 8)-th entry. If o and
are not further specified, any statement that contains such a contraction is supposed to hold for
all possibilities of o and .

We will now generalize the definition of a tensor product of vector spaces to vector bundles.
Fibrewise, the two definitions coincide.

Definition 1.145. Let g : E — M be a vector bundle of rank k£ and 7g : ' — M be a vector
bundle of rank ¢ and, as in Definition 1.142, let ¥F and ¢!, i € I, be local trivializations of F
and F, respectively, and A a fitting atlas of M with charts (¢;,U;), i € I. The tensor product
of vector bundles of F and F, nggr : E® F — M, is the vector bundle given fibrewise by

(E® F)p = npep(p) = E,® F),

sothat £ ® F':= || E,® Fj,. As in the construction of the Whitney sum of vector bundles, it
peEM

suffices by Proposition 1.74 to construct local trivializations ¢; : TI'_I(UZ‘) — U;xRFQR! = U; xR¥

covering F ® F with smooth vector parts of their transition functions in order to show that

E ® F is in fact a vector bundle. Analogous to equation (1.18) we set

o7t = (WF @yl o (Ay xidgwe) 1 Uy x R 2 U; x (R¥@RY) — | | (B, ® F),
peU;

(p,v@w) = (F) Hp,v) @ () Hp,w) Vpel;, veR", weR, (1.20)

where Ay :p— (p,p) € M x M again denotes the diagonal embedding and ¢; ! on non-pure
tensors is defined by linear extension for any p € U; fixed. For the transition functions of the
vector part in the change of local trivializations of £ ® F' — M we obtain for all 4,5 € I, such
that U; N U; # 0,

¢i 0 ¢; (p,v@w) = (p, 7} (p)v ® 75 (P)w),

where 7'5 and TZ-I; are the transition functions of the local trivializations of E' and F', respectively.
We check [Exercise!] that the linear extension of

R* @ R 91)®w»—>7-i?(p)v®7'£(p)w c RF @R’

actually is an invertible linear map and conclude with Proposition 1.74 that £ ® FF — M is
indeed a vector bundle of rank & - £.

Exercise 1.146. The endomorphism bundle of a vector bundle E — M is defined as
End(E) :=E® E* — M.

Describe the transition functions of End(E) — M induced by given transition functions on
E— M.
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Definition 1.147. Let M be a smooth manifold and let (r,s) € Ny x Ny so that »+s > 0. The
vector bundle
T°M:=TM® .. TMT"M® ... T*M — M

r times s times

is called the bundle of (7, s)-tensors of M. In this notation, 7'M = TM and T%'M = T*M.
The (local) sections in the bundle of (r,s)-tensors are called (local) (r,s)-tensor fields, or
simply tensor fields if (r, s) is clear from the context, and are denoted by

TrS(M) == T(T™* M).

In local coordinates (x!,...,2") on U C M, tensor fields A € T7%(M) are of the form

o ) ) . .

A= At L — R, — Rda' ® ... @ dale, 1.21
1<i1;i <n e Gz Oz’ ( )
1)1, mdr <

A, € O®U) V1<, yip, j1,. -0y Js < 1.

The above local form of tensor fields is commonly called index notation of tensor fields.
This is justified by the fact that locally A is uniquely determined by the local smooth functions
Atrir s o on chart neighbourhoods of an atlas of M. Note that the summation in (1.21) “pairs
up” coinciding upper and lower indices. In physics literature, the summation signs are usually
omitted. This type of notation is called the Einstein summation convention. We will not
be using that convention a.k.a. notation but instead leave out the ranges of the summations
from here on whenever they are clear from the context. For example, a vector field X € X(M)
on an n-dimensional smooth manifold M will then locally be written as

-0

X = X' —.

Z 81.2

If Ae T%°(M) with r > 0 and s > 0 we can contract A in the ¢,j-th index, 1 < i < r,

1 < j < s, which is pointwise in local coordinates defined as in (1.19), and obtain a tensor field
in ‘.Tr_l’s_l(M).22

Remark 1.148. Recall Proposition 1.138 and the construction of the tensor product via its
universal property. One can show that (M) is as C°°(M ) module isomorphic to the C*°(M)-
multilinear maps Homgoo (ap) (1 (M) x X(M)**,C°°(M)). The proof needs some knowledge
about tensor products of modules, but essentially works as the proof of Proposition 1.138.

Exercise 1.149.

(i) Work out the transformation laws for (r, s)-tensor fields when changing coordinates. As an
example consider linear (global) change of coordinates in R", i.e.

ul wt
u' w"
for (u',...,u™) the canonical coordinates and B € GL(n). [Even though it is a bit tedious,

do not skip this exercise!]

(ii) Show that contraction of tensor fields is well-defined, i.e. show that for a tensor field in
local coordinates first contracting and then changing coordinates yields the same expression
as first changing coordinates and then contracting. This in particular means that the
contraction of an endomorphism field in T%!(M) is a well-defined smooth function on
M.

2g00(p1) ;= C°°(M), see Remark 1.150.
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(iii) Check that the contraction of an endomorphism field A is pointwise in local coordinates
precisely the trace of the endomorphism A, : T,M — T,,M.

We know what it means to transport vector fields and 1-forms via diffeomorphisms from one
smooth manifold to another. For 1-forms we have seen that we can pull them back with respect
to any smooth map, not just diffeomorphisms. These constructions work for general tensor fields
as well by applying them entry-wise. Observe the following;:

Remark 1.150. For any a € T75(M), b € TRO(M), c € TO5 (M),

b@aeTHES(M), a®ce T (M),

where the tensor product is understood over C*°(M).23 For the above reason we identify
C>®(M) with T%9(M) so that a (0, 0)-tensor field is simply a smooth function. For f € C°°(M),
we set f ® a := fa for all a € T*(M).

Definition 1.151. Let M, N be smooth manifolds and let F': M — N be a diffeomorphism.

The pushforward and pullback of tensor fields under F' are the unique R-linear maps

F, : T5(M) — T"5(N),
F* o T5(NY) — T (M),

such that

(i) F.:TY(M) — THO(N) is the pushforward of vector fields, F* : TVO(N) — THO(M) is the
pullback of vector fields,

(i) F. : 7% (M) — T%(N) is the pushforward of 1-forms, F* : T%Y(N) — T%L(M) is the
pullback of 1-forms,

(iii) Fu(b®a) = (Fib) ® (Fya) and F*(b®a) = (F*b) ® (F*a) for all a € T775(M), b € TEO(M),
(iv) Fula®c) = (Fua) ® (Fic) and F*(a ® ¢) = (F*a) @ (F*c) for all a € T7%(M), ¢ € T (M).
For f € C®(M), g € C®(N), we set

Fu(f):=foF™', F'g:=goF

so that Fi(fa) = Fy(f)Fx(a) and F*(gb) = F*(g)F*(b) for all f € C*(M), g € C*(N),
a € TS(M), be T(N).

The above definition might look worse than it actually is. If we are given some specific tensor
field, say, an endomorphism field A € T41(M) which is in local coordinates on U C M of the
form 5

and a diffeomorphism F' : M — N, all we need to do to calculate the local form of F,A is to
choose fitting local coordinates on (or on a subset of) F(U) C N, and after possibly shrinking U
calculate F (%), F.(dz?), for all 1 <i,j <n. Then we can use the R-linearity of the tensor

product to get a local form of F,(A).

Remark 1.152. The pullback of (0, s)-tensors on N is well-defined even if F': M — N is not a
diffeomorphism.

23This means that (fb) ® a = b® (fa) for all f € C*°(M), the construction of the tensor product of modules is
analogous to the construction of tensor products of vector spaces. For a reference see e.g. [].
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Lemma 1.153. Contraction of tensor fields commute with the pushforward and with the
pullback defined above.

Proof. By the R-linearity and Definition 1.151, (i) and (ii), it suffices to show that

and
FH(B(Y)) = F*(B)(F*(Y))

for all diffeomorphisms F : M — N and all o € Q1(M), g € QY(N), X € X(M), Y € X(N).
This follows directly from Definitions 1.120 and 1.140. O

Exercise 1.154.

(i) Show that the pushforward w.r.t. a diffeomorphism F': M — N is inverse to the pullback

w.r.t. the inverse of the diffeomorphism F'~!: N — M, independently of the type of tensor
fields.

(ii) Determine all vector fields on S! that are invariant under the pushforward of all rotations
in the ambient space R? restricted to S'. X € X(S!) being invariant under F : St — §1
means that X, = (F,.X), for all p € S*.

Recall the definition of the Lie derivative of vector fields. Geometrically, the Lie derivative is
one way of measuring the infinitesimal change of a vector field along the local flow of another
vector field. We can, analogously, define the Lie derivative of general tensor fields with respect
to a given vector field.

Definition 1.155. Let M be a smooth manifold, X € X(M) a vector field, and A € T™*(M) a
tensor field. Then the Lie derivative of A in direction of X, LxA € T7%(M), is defined as
0

(LxA)y:= 9t (i A)p Vpe M,
t=0

where ¢ : I x U — M is any local flow of X near p € M.

Note that (¢} A), is, for p fixed, for all ¢ € I contained in the same vector space T,M ®...®
TyM@@TyM®...@ T M, thus £Lx A is well-defined.

Remark 1.156. The above definition is consistent with the identification T%°(M) = C>°(M).

Proposition 1.157. The Lie derivative of tensor fields is a tensor derivation, i.e. it is
compatible with all possible contractions and fulfils the Leibniz rule

Lx(A®B)=LxA®B+A®LxB
for all vector fields X and all tensor fields A, B, such that A ® B is defined.

Proof. To show compatibility with arbitrary contractions it suffices to show that this property
holds true for endomorphism fields A € T%!(M) for which there is precisely one possible
contraction. All other possible cases will follow by induction and the Leibniz rule. We will
prove first that the Leibniz rule is fulfilled. Let p € M be fixed and A, B, two tensor fields,
such that A ® B is defined. First assume that (A ® B), = A, ® B, # 0. Let X € X(M) be
arbitrary but fixed and denote by ¢ : I x U — M its local flow near p with U C M contained in
a chart neighbourhood for some local coordinates. We can find an interval (—e,¢) C I for € >0
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small enough, such that in the local coordinates on U and the induced coordinates on the fitting
(r, s)-tensor bundles ¢ and ¢, the pullbacks of A and B w.r.t. the local flow of X are of the form

v((prA)p) = (pra(t)v),  o((¢;B)p) = (p, b(t)w) Vi€ (—¢,¢).

In the above equation, 0 # v € RN and 0 # w € R™ are fixed nonzero vectors and Ny, No,
depend on the type of tensor field that A and B are. The expressions a(t) and b(t) stand for
smooth and uniquely defined maps

a:(—ee) = GL(Ny), b:(—¢,e) — GL(Ny),

with a(0) = idgn, and b(0) = idgw,. Thus, in order to prove the Leibniz property, it suffices to
show that for any finite dimensional real vector spaces V', dim(V') = Ny, and W, dim(W) = Ny,
and any smooth maps a and b as above,

=1 ((a(t)v) @ (b(t)w)) = (a'(0)v) @ w+ v @ (H'(0)) (1.22)

for all v € V., w € W. This follows from the defining universal property of the tensor product
of vector spaces as follows. Let L : V x W — R be any bilinear map and L:V®W = R the
corresponding linear map, so that L(a(t)v, b(t)w) = L((a(t)v) @ (b(t)w)) for allv € V, w € W,
t € (—¢,¢€). By taking the t-derivative at ¢ = 0 on both sides we obtain

% o L((a(t)v) @ (b(t)w)) = L((d'(0)v) @ w + v & (B (0)w)).

Since L and thus L were arbitrary, the above statement hold in particular for all component
functions. This shows (1.22) and, hence, proves the Leibniz property. To obtain the compatibility
with contractions it is enough to consider W = V* and L = ev the evaluation map. Then Lis
precisely the contraction.

Next assume that (A ® B), = 0 and that there exists a convergent sequence {p, }nen with
Pn — p as n — oo, such that (A® B),, # 0 for all n € N. Then the statement of this proposition
follows with a continuity argument similar to the one used in Proposition 1.128.

Lastly assume that (A ® B), = 0 and A ® B vanishes identically on an open neighbourhood
U C M of p. Then A or B must already vanish identically on U. Without loss of generality
we can assume that U is a chart neighbourhood and choose a fitting bump function b with
supp(b) C U compactly embedded, so that the locally defined prefactors in the local forms of
A and B, multiplied with said bump function, are globally defined smooth functions. Now we
use that bA and bB vanish identically and in some smaller open neighbourhood V' C U coincide
with A and B, respectively. Thus on V if bA = 0 we obtain Lx(A) = Lx(bA) = Lx(0) =0 and
a similar identity for B and A ® B. This finishes the proof. O

Corollary 1.158. (Lxa)(Y) = X(a(Y)) — a([X,Y]) for all X,Y € X(M) and all a € Q'(M).
Exercise 1.159. Show that Lx(df) = d(Lx f) for all f € C®(M), X € X(M).

2 Pseudo-Riemannian metrics, connections, and geodesics

2.1 Pseudo-Riemannian metrics and isometries

We start this section with quickly recalling some facts from linear algebra on finite-dimensional
vector spaces equipped with a scalar product, that is a symmetric bilinear map with values in R.
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Remark 2.1. Let V be a finite-dimensional real vector space. A pseudo-Euclidean scalar
product on V is a nondegenerate symmetric bilinear map

(,):VxV =R

Nondegenerate means that there exists no proper linear subspace W C V, such that (-, )| xy = 0.
The index of (-,-) is defined as the number of its negative eigenvalues when written as a
symmetric dim (V') x dim(V')-matrix. The index does not depend on the choice of basis of V', this
is Sylvester’s law of inertia. If the index of the pseudo-Euclidean scalar product is zero, it is
simply called Euclidean scalar product. A vector space equipped with a (pseudo)-Euclidean
scalar product is called (pseudo)-Euclidean vector space. Prominent examples are R”
together with the Euclidean scalar product that is given by the dot-product, i.e.

and R"*! together with the Minkowski scalar product

n
<U, ’UJ> — _Un+1wn+1 + szwz
i=1

Note that in certain fields of theoretical physics one uses an overall sign in front of the Minkowski
scalar product. The length of a vector v € V with respect to a pseudo-Euclidean scalar product

(+,-) is defined as
[l = y/[{v, )]

If (-,-) is a pseudo-Euclidean scalar product with positive index smaller than the dimension of
the vector space, one says that a vector v is spacelike if (v,v) > 0, timelike if (v,v) < 0, and
null (or lightlike) if (v,v) = 0. If (-,-) is Euclidean each nonzero vector has positive length.
Let A € GL(V)) describe a change of basis in a pseudo-Euclidean vector space (V, (-, -)) in the
sense that A maps the new basis to the given one and assume that the representation matrix of
(-,-) is given by the symmetric matrix B. Then in the new basis, the representation matrix of
(-,-) is given by AT BA.?* Two pseudo-Euclidean vector spaces (V, (-, )y) and (W, (-, -)w) are
called isometric if there exist a linear isomorphism A : V' — W, such that (-,-)y = (A-, A-)w.
A is then called (linear) isometry. Two finite-dimensional pseudo-Euclidean vector spaces are
isometric if and only if their dimension and index of the scalar product coincide. Note that any
pseudo-Euclidean scalar product might be interpreted as an element in Sme(V*) which denotes
the set of symmetric two-tensors in V* ® V*.

Exercise 2.2. Show that for any pseudo-Euclidean vector space (V, (")), (-,-) is completely
determined by its value on the diagonal in V' x V| that is on vectors of the form (v,v) € V x V.

One can use Sylvester’s law of inertia to prove the following fact from linear algebra.

Proposition 2.3. Let (V,(-,-)) be a pseudo-Euclidean vector space of dimension n and let v
denote the index of (-,-). Then (V, (-,-)) is isometric to (R, (-,+),), where

(v, v), ::i(vi)2— RGN
=1 i=n—v—+1

Recall the definition of orthogonality from linear algebra:

24Compare this formula to the pullback of 1-forms.

o4



Definition 2.4. Let (V,(-,-)) be a pseudo-Euclidean vector space and W C V a pseudo-
Euclidean linear subspace, meaning that (-, )| xw is a pseudo-Euclidean scalar product on W.
Then the orthogonal complement W+ C V of W in V with respect to (-, ) is given by

Wht={weV|{ww =0 YweW}.
W is a linear subspace of V of dimension dim(W=) = dim(V') — dim(W) and
WeWws=V.

If W C V is any linear subspace of V, we will also use the notation W+ for its orthogonal
complement. Two arbitrary vectors v, w € V are called orthogonal if (v, w) = 0, and two linear
subspaces Vi, V2 of V are called orthogonal to each other if (v, v2) = 0 for all v; € Vi, vy € Va.
A basis {vi,...,v,} of V is called orthogonal basis with respect to (-,-) if (v;,v;) = 0 for all
1 <i,j <n,i+# j. An orthogonal basis is called orthonormal basis if additionally ||v;|| = 1
forall 1 <i<n.

The following exercise recaptures some additional facts from linear algebra.

Exercise 2.5.

(i) Prove that every pseudo-Euclidean vector space admits an orthonormal basis.

(ii) Show that the index v of a pseudo-Euclidean scalar product coincides with the number of
elements in {i | (v;,v;) = —1} for any given orthonormal basis {v1,...,v,} of (V,(-,-)).

(iii) For any given pseudo-Euclidean vector space (V, (-,-)) and W C V any linear subspace,
prove:

(a) WH*+ =W,
(b) W is a pseudo-Euclidean linear subspace <& W NW+ = {0} & V=W ¢ W

(iv) Linear isometries map orthonormal (orthogonal) bases to orthonormal (orthogonal) bases.

We want to translate the concept of pseudo-Euclidean vector spaces to smooth manifolds.
More precisely we want to understand what it means to specify for each point p in a given
manifold M a pseudo-Euclidean scalar product on T,M, such that this assignment varies
smoothly on M.

Definition 2.6. Let M be a smooth manifold. A pseudo-Riemannian metric with index
0 <v <dim(M) on M is a symmetric (0,2)-tensor field g € T*2(M), g : p > g, € Sym2(T;M),
such that for all p € M g, is a pseudo-Euclidean scalar product of index v on T, M. This in
particular means that

9(X,Y) =g(Y, X) € C™(M)

for all vector fields X, Y € X(M). If v = 0, g is called Riemannian metric. In local coordinates
(x',...,2") on U C M, g is of the form

g= > gijda' ®dal, (2.1)
ij=1
where 5 9

for all 1 < 4,5 < n. The symmetry condition for g is equivalent to requiring that in all local
coordinates g;; = gj;. This means that (g;;), viewed as a n x n-matrix valued smooth map on
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the coordinate domain, is at each point a symmetric matrix. If we write in local coordinates
n . n .

X=>Y X2 v =>YY"-2 weobtain the local formula for g(X,Y)
i=1 i=1

ozt oxt?

n

g(X,Y) = > gi; XV,
ij=1

which heuristically corresponds to plugging in X in the left half and Y in the right half of the
tensor terms in g.

Definition 2.7. A smooth manifold M equipped with a (pseudo)-Riemannian metric g is called
(pseudo)-Riemannian manifold.

Remark 2.8. Of particular importance in mathematics and physics are pseudo-Riemannian
manifolds of index 0 and 1, that is Riemannian manifolds and Lorentz manifolds, respec-
tively. The latter are the manifolds that are studied in general relativity, for an introduction see
[O, Ch.12]. Why would one want to study Riemannian manifolds in their full generality, aside
from an explanation how the standard Riemannian metric on R™ induced by the Euclidean scalar
product at each point transforms? The answer is manifold (this time, the latter is an adjective).
First and foremost because it allows our studied geometrical objects to have curvature. We will
study this topic extensively in Sections 3 and 4. Furthermore, Riemannian metrics give us a way
to study volumes of submanifolds. This is not completely trivial, as it involves the construction
a of so-called volume form from a given Riemannian metric, respectively its restriction to
submanifolds, cf. Section ??7. For starters, it allows us to define the arc-length of a curve.

Definition 2.9. Let (M, g) be a Riemannian manifold and v : I — M a smooth curve. Then
the arc-length, or simply length, of v is defined as

L(y) = / Va('s)dt.
I

Note that L(y) = oo is allowed.
Next we will study some explicit examples of pseudo-Riemannian manifolds.

Example 2.10.

(i) Any pseudo-Riemannian vector space (V,(-,-)) is, viewed as a smooth manifold with
gp = (-,+) for all p € V? a pseudo-Riemannian manifold. If V = R" equipped with its
canonical coordinates and Euclidean scalar product at each tangent space, the induced

Riemannian metric in canonical coordinates (u',...,u™) is given by

n
g= Z du® @ du'.
i=1
(ii) Any smooth submanifold M C R™ equipped with
g €T (M), gp =, )MNr,mxT,M

for all p € M, that is the restriction of the Euclidean scalar product on T,R" = R" to the
tangent space T, M of M at p, is a Riemannian manifold.

(iii) More generally, any smooth submanifold of a Riemannian manifold is by restriction of the
metric to the tangent bundle of the smooth submanifold a Riemannian manifold.

#Recall that T,V =V for all p € V.
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(iv) If (M, gp) and (N, gn) are pseudo-Riemannian manifolds with index vas, vy, respectively,
the product M x N is a pseudo-Riemannian manifold of index vas + vn. The corresponding
product metric on M x N is given by

IgMxN ‘= dM + gn, gMXN((Ua U}), (’U, w)) = gM(/Uv /U) + gN(w7 w)a
for all (v,w) e TM @ TN =T(M x N).
Example 2.10 (iii) motivates the following definition.

Definition 2.11. Let (N,7) be a pseudo-Riemannian manifold and M C N a smooth submani-
fold. M is called pseudo-Riemannian submanifold of N if

9 = glTmxTMm

is a pseudo-Riemannian metric on M. In the above equation, the restriction to TM x T'M
means that we restrict the basepoint of g to M C N and the vectors we are allowed to plug in
to vectors in TM C T'N.

Exercise 2.12.

(i) Show that any smooth manifold can be equipped with a Riemannian metric. [Hint: Use a
countable smooth partition of unity subordinate to a countable atlas on M|

(ii) Show that not every manifold can be equipped with a pseudo-Riemannian, not Riemannian,
metric. This is to be understood to also exclude the index v = dim(M). [“Hint”: This
exercise is very difficult.]

(iii) Show that every n > 2-dimensional pseudo-Riemannian manifold N with metric g of index
1 < v <n —1 has smooth submanifolds that are not pseudo-Riemannian submanifolds.

The pseudo-Riemannian manifold-analogue to isometries of pseudo-Euclidean vector spaces
is as follows.

Definition 2.13. Let (M, g) and (N, h) be pseudo-Riemannian manifolds and F': M — N a
diffeomorphism. Then F' is called an isometry if F*h = g or, equivalently, F.g = h. One checks
that the first condition is equivalent to

9p(Xp, Yp) = hF(p)(de(Xp)v dFy(Yy))

for all X,Y € X(M) and all p € M, meaning that fibrewise dF), is a linear isometry. The two
pseudo-Riemannian manifolds (M, g) and (INV,h) are then called isometric. The isometries
F : M — M with respect to g form a group, the isometry group of (M, g), which is denoted
by Isom (M, g).

Example 2.14.

(i) Every orthogonal transformation A € O(n + 1) is, by definition, an isometry of R"*!
equipped with the standard Riemannian metric given pointwise by the Euclidean scalar
product (-, -).

(ii) Since each A € O(n + 1) restricts to a diffeomorphism of the unit sphere S c R it
is an isometry of (S™, (-, )|7snxrsn). The Riemannian metric (-, -)|rsnx7gn is sometimes
called the round metric.
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(iii) Consider the upper half plane H := {(x,y) € R? | y > 0} equipped with the Riemannian
Poincaré metric

1
g= ?(d:nQ + dy2).

(H,g) is called the Poincaré half-plane model. When viewed as a subset of C via
H > (z,y) — z + iy € C, one obtains an isometric action?® of

PSL(2,R) =SL(2,R)/., A~B:& A=4B,
on H C C defined by

a b az—+b
w:PSL(2,R) x H— H, <c d)-z.m.

Exercise 2.15. Prove the statement in Example 2.14 (iii) and show that the group action
w: PSL(2,R) x H — H is transitive.

A change of coordinates on M induces a fibrewise change of bases in T™°M for all r 4+ s > 0.
We obtain the following result for local forms of pseudo-Riemannian metrics under a change of
coordinates.

Lemma 2.16. Let (M, g) be a pseudo-Riemannian manifold and let ¢ = (z!,...,2") and

¥ = (y',...,y"), be local coordinate systems on U C M and V C M, respectively, such that
UNV #0. Denote on UNV

g= Zgij de' @ da? = Zgij dy' @ dy’ . (2.3)
i,J i,J
The local coordinate systems ¢ and v are related by (z!,...,2") = F(y',...,4™) on UNV,

where F' : p(UNV) = (U NV). Then the matrix valued maps (g;;) and (g;;) in (2.3) are
related by

Gii)lp = dF ) - (9if)lo=1 (P - AFup)-

Proof. Follows by considering coordinate representations of (g;;) and (g;;), writing down the
pullback of (g;;) with respect to F', and comparing the prefactors. O

At first glance the above lemma might look more complicated than it actually is. Pointwise,
the statement is precisely the transformation law for pseudo-Euclidean scalar products under a
change of basis.

Recall the following construction from linear algebra.

Definition 2.17. Let V be a real finite-dimensional vector space and A € End(V) =V @ V*,
so that for a basis {vi,...,v,} of V

n
A= Z aijvi ®U;<.
ij=1
The trace of A is defined as .
tr(A) :== Zaii.
i=1

26This means: A group action p : PSL(2,R) x H — H, where for every group element A € PSL(2,R) fixed, the
induced map u(A,-) : H — H is an isometry.
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Exercise 2.18. Check that the definition of the trace in Definition 2.17 is well-defined, meaning
that it gives the same value for all choices of a basis of V.

Example 2.19.
(i) tr(idy) = dim(V),
(i) tr(
(iii) tr(AB) = tr(BA) for all A, B € End(V),
r(

(iv) t

One can furthermore show the following:

A+ B) =tr(A) + tr(B) for all A, B € End(V),
rv®@w) =w) forallveV,we V*

Lemma 2.20. Let (V,(-,-)) be a finite-dimensional pseudo-Euclidean vector space and A €
End(V). Let {e1,...,e,} be an orthonormal basis of V' with respect to (-,). Then

tI‘(A) = Z 8i<6i, A6i>,
i=1
where ¢; 1= (e;,e;) € {—1,1} forall 1 <i <n.
Proof. Exercise. O

One can for pseudo-Euclidean vector spaces further define natural (possibly indefinite) scalar
products on V& @ (V*)®5 for all r + s > 0.

Definition 2.21. Let (V,{(:,-)) be a pseudo-Euclidean vector space and {ej,...,e,} a basis of
V. Let further A € V®" @ (V*)®* and write

n
Y=Y gije; @€,

ij=1
A: Z Al le.--jseil®"'®ei7‘®ej1®“'®€js'
1<i,..,ir<n
1<j1,,jr<n
Then
. 1.0 I...1 . . j1J1 jsJ.
<Aa A> = Z A " jieds A "Jds tGindy e Gindy g] Tt g]s ° (24)
1<i1,ir<n
1<j1,....5r<n
1<Ii,...I;<n

1<J1,....Jr<n

defines a, possibly indefinite, symmetric bilinear form on V®" @ (V*)®5. In the above formula
the g-terms fulfil, when viewed as symmetric matrix-valued smooth maps,

(7)== (i) "

Remark 2.22. Formula (2.4) should make you ask one thing and realize another. Firstly you
should ask why one would write down something like that. The formula (2.4) is, when generalized
to smooth manifolds and tensor powers of the tangent bundle, used to define certain geometric
invariants, e.g. the so-called Kretschmann scalar, see Remark 3.28. Secondly, the summation
ranges in (2.4) should convince you that sometimes it might be a good idea to be a little bit
imprecise to increase readability when the ranges are clear from the setting. In the following we
will do just that.
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As hinted in the above remark, Definitions 2.17 and 2.21 readily generalize to smooth
manifolds and tensor bundles.

Definition 2.23. Let (M, g) be a pseudo-Riemannian manifold, A € T%!(M) an endomorphism
field, h € 7%2(M) a symmetric (0,2)-tensor field, and B € 77*(M) for r + s > 0 an arbitrary
tensor field. Then the trace of A is in local coordinates (z!, ..., 2™), so that A = 3= A, B(Zﬂ' ®dxt,
given by

tr(A) := Z Al

The above term is invariant under coordinate change, which follows from fibrewise invariance
of the choice of basis in T, M and the fact that the coordinate cotangent vector at each point
are precisely the dual to the coordinate tangent vectors at that point. This means that

tr(A) € C°°(M). The trace of h, given locally by h = 3" h;jdz’ @ dz’, with respect to g is defined
2%

trg(h) := Z hi;j g".
Z’?j

in local coordinates as

As for the endomorphism field, try(h) is invariant under coordinate change which implies
trg(h) € C°°(M), but not invariant of the pseudo-Riemannian metric g. Furthermore, we define
the induced pairing of B with itself with respect to g in the given local coordinates as

g(B,B) =Y B i BTy gogin o gin g g

where

. B ) . .
B=Y B G OO © d @ ... @ da’*

and (¢“) = (gij)~! at each point when viewed as symmetric matrix valued maps. As for
the trace, value of g(B, B) does not depend on the choice of local coordinates which implies
g(B,B) € C>*(M). Note that one can similarly define a symmetric pairing g in the bundle
T"M — M, which is an example of a possibly indefinite bundle metric.

Example 2.24. For any pseudo-Riemannian manifold (M, g) of dimension n we have

trg(9) = 9(9,9) = n.

Pseudo-Riemannian metrics allow us to take any (r, s)-tensor field and change it into an
(r', s')-tensor field if r 4+ s = 1’ + s’. This process is reversible, and on the level of bundles known
as musical isomorphisms.

Proposition 2.25. Let (M, g) be a pseudo-Riemannian manifold. Then T"°M — M and
T5' M — M are isomorphic as vector bundles if 7 + s = 7/ + §'.

Proof. We first proof that T*M — M and TM — M are isomorphic. Let
F:TM - T*M, v~ g(v,-).

It is clear that g(v,-) € TyM for all v € T, M. Furthermore, the map F' is smooth, fibre-
preserving, and at each point a linear isomorphism. Its inverse is given by

FL.T"M - TM, w~ g Yw,-),

where we use the pointwise identification (T;yM)* = T,M and g~*

by

is given in local coordinates

0 15)
-1 _ 7
97 =295 % 505"
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In order to show that T"*M — M and T""* M — M are isomorphic for arbitrary r, s, r’, s’ with
r 4+ s ="+ s’ one inductively uses entrywise isomorphisms. Note that there are usually choices
involved which vector or covector parts to change into covector and vector parts, respectively.
These choices correspond to which index is lowered or raised. Exceptions are e.g. going from
TY'M to T%2M where there is only one possible choice of lowering an index. Care is also
required when composing such isomorphisms as it might lead to “swapping” in the tensor powers
of the vectors and covectors, where we recall that e.g. in TM ® TM — M swapping the fibres
is an isomorphism of vector bundles. O

The above Proposition 2.25 describes what is commonly, in particular in physics, known
as lowering/raising indices. This is due to when one composes these isomorphisms with tensor
fields, locally the prefactors’ index locations change from up to down or the other way round.
Check for example what happens to the used pseudo-Riemannian metric if one raises an index!

Remark 2.26. The isomorphisms of vector bundles T*M — T"+15~1M are denoted by 4
(read: “sharp”), and the isomorphisms T7*M — T"~15+t1M are denoted by b (read: “flat”).
Hence the name “musical isomorphisms”. One needs to make sure to be aware of which index
is moved up or down if there is a choice! Note that, using the musical isomorphisms, we could
have defined the trace of endomorphism fields A € T%1(M) on a pseudo-Riemannian manifold
(M,g) as )
trg(A) = D (84)7 gi;.
ij

It is crucial to observe that, as for our definition of tr(A4) in Definition 2.23, the above term
trg(A) is invariant?” of the pseudo-Riemannian metric g. Also note that usually one suppresses
writing down # and b and simply writes e.g. A% instead of (A4)¥ since the location of the indices
(i.e. “up” or “down”) determine which one of them has been raised or lowered. It is however
of prime importance to always be aware of which metric has been used to lower or raise
indices!

Recall the gradient of smooth functions on R™. The gradient of a smooth function f : R™ — R
is a vector field given by

= 0f 0 n
grad(f) := ; 9 Dt € X(R™).

There is an invariant generalization for that concept to pseudo-Riemannian manifolds using our
above defined musical isomorphisms for which the above formula is precisely the to-be-defined
gradient of f on R™ with respect to the Riemannian metric given by the standard Euclidean
scalar product (in each tangent space T,R").

Definition 2.27. Let (M, g) be a pseudo-Riemannian manifold and f € C*°(M) a smooth
function. The gradient vector field of f with respect to g, grad,(f) € X(M), is defined as

grad,(f) := g7 (df) € X(M).
In local coordinates (z',...,z"), grad,(f) is of the form

Xn: OF 4ii 9
oxt” Oxd’

ij=1

Gradient vector fields are of critical importance in the study of pseudo-Riemannian submani-
folds as we find the following description of tangent bundle of pseudo-Riemannian submanifolds.

27 Ask yourself why this is true!
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Lemma 2.28. Let (M, g) be a pseudo-Riemannian manifold, M C M a pseudo-Riemannian
submanifold of codimension k, and identify T,M = v,.(T;M) C T,M for all ¢ € M, where ¢ is
the inclusion. For p € M fixed let?® f = (f1,...,f*): U — R¥, U € M open, p € U, be any
smooth map of maximal rank such that

MnU={f=0}cC M.

Then
T,M = ker(df}) N ...Nker(df}) C T,M (2.5)

and
(T,M)*" = spang{grady(f')g, .. ., grad,(f*)g} € T,M (2.6)

for all ¢ € M NU. In particular, T,M & (T,M)* = T,M forallg € M NU.

Proof. Fix ¢ € M NU and v € T,M. For any smooth curve v: I — M C M, ~/(t) is tangential
to M for all ¢ € I, which follows by using adapted coordinates. Choose a smooth curve
v :(—e,e) = M C M fulfilling v/ (0) = v. Then for all 1 <i <k,

arw =2 (rem=2] =0

Ot Otli—o
This shows T, M C ker(dfql) Nn...N ker(dff). On the other hand, f being of maximal rank implies
that dfql, cee dqu are linearly independent. Hence, the intersection of their kernels fulfils

dim(ker(df;) N... Nker(dfr)) = dim(T, M) — k = dim(T, M).

Hence, (2.5) holds as claimed. For (2.6) one uses that g is pointwise nondegenerate, hence each
nonzero vector in spang{grad,(f!),, ..., grad,(f*),} is not contained in Ty M = ker(dfy)N...N
ker(dfé“). By T,M @ (T,M)* = T, M and by comparing dimensions, (2.6) follows. O

The above lemma tells us how to pointwise understand the tangent space of an ambient
manifold of a submanifold as a combination of tangent and normal parts. How can we
formulate this in a coordinate free, global statement? To do so we need to define bundles along
submanifolds.

Lemma 2.29. Let 7 : E — M be a vector bundle of rank k and let M be a submanifold of
M. Then

o Elu = M, (Ela)p =g (0) =75 (0) VpeM, Ely:= || (Bl
peEM

is a vector bundle of rank k over M. It is called vector bundle along M.

Proof. In order to proof this statement it suffices to work in local coordinates. Without loss
of generality assume that locally, M is given by an open set in R, ¢ < dim(2), and that the
inclusion M C M is of the form

v 2l (@Y. 2f0,. .., 0) € RAMOD,

The rest of the proof consists of applying the vector bundle chart lemma to the restriction of, after
possibly shrinking U, the transition functions of E — M in local coordinates to U ¢ Rdim(M)
and observing that the vector parts are, still, smooth. ]

281f you are not convinced of the existence of such a function f near any point: Prove its existence!
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The above lemma might seem more complicated than it actually is. It means that locally,
we can make the base space smaller in dimension but keep all possible vectors attached to
that smaller set. The most important example for us is restricting the tangent and cotangent
bundle of an ambient manifold to a submanifold. In this setting, we see that vector fields along
the inclusion map are just sections of the tangent bundle of the ambient manifold along the
submanifold. Lemmas 2.28 and 2.29 motivate the following definition.

Definition 2.30. Let (M,g) be a pseudo-Riemannian manifold and M C M a pseudo-
Riemannian submanifold of codimension k. Then the normal bundle of M, TM+ — M, is
defined as
TM* = | | (T,M)",
peEM
with projection induced by the tangent bundle of M along M, TM |y — M. In particular we

have
TM|y =TM & TM*,

and the above direct sum is orthogonal with respect to g.

In Definition 2.30 above we have split up TM|ys into TM @ T M, so in particular we have
at each point p € M
T,M|y = TyM = T,M & T,M=.

Fibrewise, T, M and T, M L are subvector spaces of T,M. Is this a special case of a more general
concept for bundles? As you might have guessed already, the answer is yes.

Definition 2.31. Let 7 : E — M be a vector bundle. Another vector bundle g : FF — M
is called subbundle of EF — M if for all p € M, F), is a linear subspace of F),, the canonical
injection
F— FE,

given fibrewise by the inclusion F, C E,, is an embedding, 7p = mg|p, and for all local
trivializations ¢ of E the restrictions ¢|p are local trivializations of F'. This means that the
bundle structure of F — M and the smooth manifold structure of the total space F' are induced
by the bundle structure of £ — M and the smooth manifold structure of the total space FE,
respectively.

In the sense of Definition 2.31, the vector bundles TM — M and TM+ — M of a pseudo-
Riemannian submanifold M C M are both subbundles of TM]| ;.

Exercise 2.32. Give a rigorous proof of the above statement. [Hint: You will probably learn
exactly the same and at the same time gain more geometrical insight if you prove this statement
for surfaces in R?, while at the same time not having to fight with too many indices.]

The most prominent examples of gradient vector fields and their relation to the normal
bundle that are usually used for introductory purposes are level sets of quadratic polynomials
which fulfil a certain nondegeneracy condition.

Example 2.33.
(i) Let f:R™ =R, f(u',...,u") = (u)* and consider the ambient space R"! equipped

(2
with its standard Riemannian metric, denoted simply by (-,-). Then

Sn:{f:1}CRn+1
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is a Riemannian submanifold of (R"*1, (., .)) with induced Riemannian metric

g:=(,")|rsnxTsn-

The normal bundle of S” realized as a submanifold of (R**!, (.,.)), T'S"*, is spanned by
the position vector field ¢ € X(R"!) along S,

E:prp VpeR™

where we have as usual identified T,R"*! with R"*! for all p € R"*1. The tangent bundle
of TS™, viewed as a subbundle of TR""!|gn, is thus fibrewise given by

T,S" = ker((&,-)) C TR,

This means that a vector field X along S™ is tangential to S™ if and only if (¢, X) = 0.
Note that the function f used to define S™ fulfils f = (£,&).

Next consider R"*! but now equipped with a pseudo-Riemannian metric given in canonical
coordinates by

()= Z du' @ du’ — Z du' @ du’
i=1 i=n—v—+1

for 1 < v < n fixed. Let £ € X(R"!) denote the position vector field and define
[R5 R f = (£,€). Then the level sets {f = —1}?? are called hyperboloids,

n—v+1 L n+1 5
H :={<E,€>= S - Y () =—1}CR“+1.

=1 1=n—v—+2

Hyperboloids in (R"*1, (-, -),) are n-dimensional pseudo-Riemannian manifolds with induced
pseudo-Riemannian metric of index v — 1. As for S™,

TszCL = ker((ﬁp, ) C TPRRH
and
T,H'"" = R¢,,

where R, is another commonly used notation for the linear span of one vector, that is
spang{&p}. In the case n =3, v =1, H 3 is known as two-sheeted hyperboloid, and for
n =3, v =2, H} is the one-sheeted hyperboloid.

Exercise 2.34. Prove the claims in Example 2.33.

In Example 2.33 we used the term that a vector field spans a vector bundle. Conceptually,
this belongs in the setting of frames of vector bundles, which generalize the concept of a basis of
a vector space.

Definition 2.35. Let F — M be a vector bundle of rank k. A (local) frame of E over
U C M, U open, is a set of k (local) sections

{si e T(E|y), 1 <i<k},

such that for all p € U fixed, the vectors s;i(p) € E,, 1 < i < k, are linearly independent.
Equivalently,

spang {si(p) € B, | 1 <i <k} =,

forallpe U.

29Be aware of the sign!
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Exercise 2.36. Show that every local section s € I'(E|y7) in a vector bundle E can be written
as a C°°(U)-linear combination of the elements of a local frame of E — M over U. Check that
these prefactors in C°°(U) are uniquely determined for any given local section.

Local frames are very useful in order to check if subsets of a certain form of given vector
bundles are subbundles.

Lemma 2.37. Let E — M be a vector bundle of rank k£ and suppose that for some ¢ € N with
1 < ¢ < k we are given a linear subspace F}, C E, of constant dimension ¢ for all p € M. Then

|| F, — M is, with all data necessary induced by E — M, a subbundle of £ — M if and
peEM

only if for every p € M we can find a local frame {si,...,s;} of E|y — U, U C M an open
neighbourhood of p, such that for all ¢ € U, {s1(q), ..., se(q)} is a basis of Fj.

Proof. [L1, Lem. 10.32] O

Subbundles might look very complicated at first glance, but at least locally we can use the
above lemma to always describe them as follows.

Lemma 2.38. Let ' — M be a subbundle of rank ¢ of a vector bundle £ — M of rank k > /.
For any p € M we can find an open neighbourhood U C M of p and a local trivialization of
E — M over U, ¢ : E|y — U x RF, such that

d(L(F|p) =U x {(v},...,050,...,0) | (v},...,0") € R} Cc U x R*,
In the above equation, ¢ : F' — E denotes the inclusion map.

Proof. We use Lemma 2.37. Choose a local frame {si,...,sx} of E — M over U C M, such
that {s1,...,s¢} is a local frame of ' — M over U. The inverse of the smooth map

k
n:UxRF - Ely, (p,o',... ,vk) — Zvisi(p)
i=1

is smooth and a local trivialization of E — M over U. This follows from the implicit function
theorem. We obtain

T (W(Fly) =U x {(0",...,050,...,0) | (v',...,0") e R},
so setting ¢ = n~! finishes the proof. O

Lemma 2.38 means that locally up to vector bundle isomorphisms, subbundles of vector
bundles look like the inclusion in the first ¢ factors of the vector parts in U x R* — U into
UxRF=U.

In the special case of the tangent bundle of an n-dimensional smooth manifold, a local frame
of TM — M over U C M open is a set of n vector fields

{X;, 1<i<n}, X,€eX(U) V1<i<n,

such that for all p € U, {(X;)p, 1 < i < n} is a set of linearly independent vectors. This in
particular means that
spang{(Xi)p, 1 <i<n}=T,U VpeU,
and by Exercise 2.36 we can for each local vector field X € X(U) find a uniquely determined set
n

of local functions f; € C*°(U), 1 < i < n, such that X = Y f; X;.
i=1
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Next we will use the language of local frames and subbundles to split up the (0, 2)-tensor
bundle T%2M — M over a smooth manifold into symmetric and antisymmetric parts. This
construction and similar constructions are important to properly understand our upcoming study
of curvature and the exterior differential on k-form analogues for smooth manifolds. Recall the
following fact from linear algebra.

Lemma 2.39. Let V be a finite-dimensional real vector space with basis {v1,...,v,}. Then
VeV =Sym?(V) @ A%V,

where Sym?(V) := spang{v; ®v; +v; @v;, 1 <4,j < n} and A2V := spang{v; ®v; —v; @v;, 1 <
i,j <n}.

When viewed as matrices, the direct sum in Lemma 2.39 corresponds to writing a square
matrix as its symmetric and antisymmetric parts, which are uniquely determined. One writes

ViU 1= 5(?}1'®Uj—|-vj®’l)i), Vi Nvj =0 QU5 — v Q Vg,
and has v; ® vj = v;vj + %vi Awj for all 1 <14,5 < n. In particular v;v; = v; ® v;. This concept
translates to local frames of vector bundles. We obtain the following.

Definition 2.40. Let M be a smooth manifold and let (z',...,2") be local coordinates on
U C M. The bundle of symmetric (0,2)-tensors on M is the subbundle

Sym?(T*M) c T™*M

with local frame over U given by {dxidxj = %(dwl ®da? +dz) @ dxt), 1 <i,j < n} Sections
in Sym?(T*M) — M are precisely symmetric (0, 2)-tensor fields, which in particular include all
possible pseudo-Riemannian metrics on M. On the other hand we have the anti-symmetric
(0,2)-tensors on M,

A*T*M c T%*M,

with local frame over U given by {dz’ A d2’ = dz* ® do? — dz/ ® dx?, 1 <i,j < n}. Sections in
A2T*M — M are called 2-forms and are denoted by Q2(M). Local sections in A2T*M — M
over U C M, U open, are denoted by Q2(U).

With Definition 2.40, a pseudo-Riemannian metric g on M can be written locally as

g= Zgijdl"i ®dx) = Zgijdxida:j.

1,J Y]

Make sure you understand why the second equivalence in the above equation holds true! Also
be aware that the rightmost sum in the above equation holds a certain error potential when
going from tensor to matrix notation. For example, the pseudo-Riemannian metric dzdy on R?
with canonical coordinates (z,y) is in matrix notation given by

Make absolutely sure to understand this.

Now suppose that we are given a smooth manifold M and a symmetric (0, 2)-tensor field
g € T¥2(M). At each point p € M, we can associate to gp a natural number called its index as
follows.

[es) N1[E

dxdy“:”(

V= O
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Definition 2.41. The index of a symmetric (0, 2)-tensor field g € T%2(M) at p € M is defined
as
v(p) := number of negative eigenvalues of g,,

where g, is viewed as symmetric matrix in local coordinates, i.e.
p = Zgij (p)d:vi ® da?.
4]

Exercise 2.42. Verify that the index in Definition 2.41 is well defined, meaning that it does
not depend on the choice of local coordinates.

How can we use the definition of the pointwise index of a symmetric (0, 2)-tensor field g to
test if g is a pseudo-Riemannian metric or not? The answer is as follows.

Proposition 2.43. Let M be a connected smooth manifold and g € T%2(M) a symmetric (0, 2)-
tensor field that is nondegenerate® in all fibres T,M,pec M. Then g is a pseudo-Riemannian
metric.

Proof. 1t suffices to show that the index of g, v : M — Np, is continuous, where Ny is equipped
with the discrete topology. In order to do so it suffices by using local charts and smooth curves
to prove that the number of negative eigenvalues of any smooth function with values in the
symmetric n X n-matrices,

AT — Sym2((RY)™), t A(t) € Sym?((R*)"),

such that A(¢) is nondegenerate for all ¢ € I, is locally constant. This follows from the continuity
of the eigenvalues of A(t) viewed each as functions! of ¢. To see this, consider the characteristic
polynomial of A(t) in dependence of ¢ € I,

P,(X) :=det(A(t) — AL).
P,(\) can be written as

P()\) = Zai(t))\i,

where a; : I — R is smooth for all 0 <7 < n and a,(t) = (—1)". Thus, the proof reduces to the
continuous dependence of roots of a polynomial of fixed degree with smoothly varying prefactors
and fixed highest order monomial. Since we already know that the eigenvalues must be real by
the symmetry condition of A(t), the result follows from [Z]. O

Next suppose that we are given just a smooth manifold and want to construct a pseudo-
Riemannian metric. While this problem is usually difficult if the index of our metric is supposed
to be positive (and not equal to the dimension of our manifold), for the Riemannian case, that
is for vanishing index, we have the following nice result.

Proposition 2.44. Let M be a smooth manifold. Then there exists a Riemannian metric g on

M.

Proof. This is Exercise 2.12 (i). We remark here that if g is a Riemannian metric and h is a
symmetric (0, 2)-tensor with compact support, then for ¢ > 0 small enough g + h will still be a
Riemannian metric. This means that our constructed metric is far from unique. O

3%nondegenerate” = at given point nondegenerate symmetric bilinear form

31 More precisely: There exists a choice of n nowhere vanishing continuous functions A, : I — R\ {0}, such that
for all ¢ € I, the set {(1,A1(t)),...,(n, An(t))} is precisely the set of (indexed) eigenvalues of A(t).
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Let us return to isometries of pseudo-Riemannian manifolds, cf. Definition 2.13. We already
noted that they form a group, so it is reasonable to ask the following. It is clear that the identity
is always an isometry, so how can we perturb it infinitesimally while preserving the isometry
property? To answer that question we will use our knowledge of the Lie derivative and local
flows of vector fields.

Proposition 2.45. Let (M, g) be a pseudo-Riemannian manifold and let X € X(M). Suppose
that for every local flow ¢ : I x U — M of X, ¢y : U — M is an isometry for all t € I. Then
Lxg = 0. The converse statement also holds true.

Proof. A local flow ¢ : I x U — M of X is an isometry of (M, g) for all ¢t € I if and only if
Ip(V, W) = Go, (p) (dipr(v), dipr(w))

forallt € I,pe M, v,w € T,M. Hence,

(pia)y) )

(900 (e (v), dipr(w)))

(exo)v,w) = (o

7N\

Q

9t li=o

Q

= a 0 gp(v, w)

=0.

Since p € M, v,w € T, M were arbitrary, this shows that £xg = 0.

For the other direction note that dyy, : T,M — T, ;)M is a linear isomorphism for all
to € I and, by the group property of local flows, we obtain dy;yt, = dpidpy, for ¢t small enough.
We calculate for any tg € I, v,w € T, M,

0 = (Lx9)(dips, (v), dpry (w))
gt‘to (g@t(%o (»)) (dﬁptd(pto (1)), d(ptd(pto (w))>
0
ot
0
ds

(i (@r00(0), dprssa ()

(900 (@05(0), dios(w)).
s=to
This shows that the smooth function I 3 s = g, () (dps(v), dps(w)) € R is constant for all
v,w € T,M and, hence, that the local flow of X consists of isometries for any fixed time
parameter. ]

Definition 2.46. Vector fields as in Proposition 2.45, that is Lxg = 0 for X € X(M), (M,g) a
pseudo-Riemannian manifold, are called Killing®? vector fields of (M, g).

Proposition 2.45 in particular means that Killing vector fields generate local one parameter
groups of isometries. Killing vector fields, as a linear subspace of all vector fields, have the
following algebraic structure.

Lemma 2.47. Let (M, g) be a pseudo-Riemannian manifold. Killing vector fields form a Lie
subalgebra of (X(M),[-,]), meaning that for any Killing vector fields X,Y € X(M), [X,Y] is
also a Killing vector field.

32Wilhelm Karl Joseph Killing (1847 — 1923)
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Proof. Exercise. [Hint: Use the Jacobi identity Lxy1Z = Lx(LyZ) — Ly(LxZ) for all
XY, Z e X(M).] O

In fact, one can show more if M is Riemannian, but the proof of the following is beyond the

scope of this course.

Theorem 2.48. Let (M, g) be a connected Riemannian manifold of dimension n. The the Lie
algebra of Killing vector fields is finite-dimensional of dimension at most $n(n + 1).

Proof. [KN, Thm 3.3], in the corresponding chapter the structure of the isometry group as a
Lie group acting on M is also treated. O

Let us look at some explicit examples of Killing vector fields.

Example 2.49.

(i) Let A be an (n+1) x (n+ 1) skew real matrix, that is A7 = —A. Then e?* € O(n + 1) for
all t € R. Then the vector field X € X(S™) given by

0
Xp:a

(eAtp) e 1,5
t=0
is a Killing vector field of the standard round metric on S™, that is the restriction
of the pointwise Euclidean scalar product in the ambient manifold R"*!. Note that
el R x 8" — R (t,v) — eAtw is the global flow of X.

(ii) Consider (R”,{(-,-),) for any 0 < v < n as in Example 2.33 and fix (¢!,...,c") € R™. Then
X € X(R"), i 0

(iii) Let (M, g) and (N, h) be pseudo-Riemannian manifolds, X a Killing vector field on (M, g),
and Y a Killing vector field on (NN, k). Then X +Y is a Killing vector field on (M x N, g®h).

Now suppose that we are given a pseudo-Riemannian manifold and do not know which vector
fields are Killing vector fields. How do we approach this problem, at least locally?

Lemma 2.50. Let (M, g) be a pseudo-Riemannian manifold. Then X € X(M) is a Killing
vector field if and and only if it fulfils

" dg; 8X k oxk
kY95
Z:(X Dk 8zg]k+8jgzk =0 V1<i,j<n
for all local coordinates (x!,...,2™) on M.
Proof. Exercise. O

Remark 2.51. k-forms and corresponding bundle, exterior algebra structure, d-complex, cartans
magic formula as exercise, induced volume form Note: Not yet decided how to implement, in
full range far too much for this course, same for next remark.

Remark 2.52. Killing vector fields on induced volume form

Remark 2.53. We have seen the formal definition of isometries between pseudo-Riemannian
manifolds and how to describe infinitesimal isometries of a given pseudo-Riemannian manifold. It
is, however, in general a very difficult task to verify or disprove that two given pseudo-Riemannian
manifolds are isometric. For a reasonable approach to this kind of problem we will need the
definitions of the different curvatures of a pseudo-Riemannian manifold, but in order to introduce
these we will need to study so-called connections in vector bundles, which is what we will do
next.
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2.2 Connections in vector bundles

The subject of this section, connections in vector bundles, is motivated as follows. Suppose that
we are given a connected smooth manifold M. We know how to “connect” two points, namely
by specifying a smooth curve starting at one and ending at the other. Next, suppose that we are
given two tangent vectors v, w € T'M that are contained in different fibres. How do we connect
v and w or, more generally, their fibres? Since the total space T'M of the tangent bundle is
a smooth manifold as well we can of course connect v and w, viewed as points in T'M, via a
smooth curve in T'M. But this does in a sense allow for too much freedom of choice, as we
want in a some sense canonical way connect T, M with T,y M via a linear isomorphism. The
solution to this problem is to construct a so-called connection in TM — M with respect to a
given pseudo-Riemannian metric, such that all of the latter identifications of fibres are not only
linear isomorphisms, but also linear isometries. Furthermore we require that if we go around
an infinitesimal parallelogram in M and consider the identification of tangent spaces along the
corresponding piecewise smooth curve, we should end up with the identity. In the following we
will in detail describe these concepts and how to actually perform calculations with them. Before
actually defining what a connection in a vector bundle is, we will study a motivating example.

Remark 2.54. INSERT PIC! Consider the smooth curve v : R — R?,
V() =(1) VteR.
At v(0) = (9), let v € T, (g)R? be given by

v=(7(0),(1))-

How would a reasonable approach to transport v along « look like? Intuitively, we define a
vector field along v
Xy R TR?, X, =(v(t),v) VteER,

so that X, ) = v and X, represents v “transported” to 7(¢). Is this choice canonical in any
meaningful sense? The answer is yes, but we will need to develop a lot of tools to see that.
Observe that X, is the restriction of X := 8% + 8% € X(R?) to the image of v, where (z,y)
are the canonical coordinates on R?. How does our above construction look like in different
coordinates? In polar coordinates (r,¢) on R?\ {(,0), z < 0} we have

X = (cos(p) +sin(p)) 5 + y(cos(p) —sin(p)) 7.

The curve v in polar coordinates is given by

1= (50) = (sl )

Thus, when sketching X along « in polar coordinates, our initial choice of transporting v along
~ does not look, in any way, “parallel]” any more. So how do we solve this problem? How can
we define what transporting vectors along curves in a parallel way should be, and all that in a
coordinate independent way? To do that we will need not only connections in vector bundles,
but also need to single out a certain choice for a connection in the tangent bundle with the help
of a pseudo-Riemannian metric, the so called Levi-Civita? connection.

First, we will introduce the most general concept of a connection in a vector bundle and then
focus on the tangent bundle and its various tensor bundles.

33Tullio Levi-Civita (1873 — 1941)
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Definition 2.55. Let £ — M be a vector bundle. A connection in £ — M is a bilinear map
V:X(M)xT'(E) - T(E), (X,s)— Vxs,
that is C°°(M)-linear* in the first entry, i.e.
Vixs=fVxs VfeC?(M),X eX(M),secl (L),
and fulfils the Leibniz rule
Vx(fs)=X(f)s+ fVxs VfeC®(M),X ecX(M),secl(E).

The last condition can be written as V(fs) = s ® df + fVs. Note that a connection in £ — M
can be canonically extended to local sections.

The defining conditions of a connection hint at their interpretation as certain types of
derivatives. In comparison with the Lie derivative (for E = TM), we see that it differs
from a connection by the tensoriality property in the first argument. Recall that in general
LixY # fLxY for vector flelds X,Y € X(M). This fact points to preferring a connection over
the Lie derivative for the concept of a derivative of vector fields since a derivative should ideally
only depend on the direction in which we are differentiating and the local behaviour of the
section we are taking the derivative of, and not on the local behaviour of our direction as part
of a vector field. Next, we need to ask ourselves how to actually calculate with a connection.
The answer lies in the use of local frames.

Definition 2.56. Let V be a connection in a vector bundle E — M of rank ¢ and let {s1,...,s¢}
be a local frame of E — M over U C M open, such that there exist local coordinates (z!,..., 2")
on U C M. This can always be achieved after possibly shrinking U. Let further dim(M) = n.
Define

Vsi:=w;, wi(X)=Vxs; VX e€X(M),

for all 1 <4 < ¢. Then each w; is an E-valued 1-form?®’, that is w; € I'(E|y ® T*M|y) for all
1 < ¢ < /. Thus we have

n
w; = Z wij & da?
Jj=1

for all 1 <i </, where w;; € I'(E|y) forall 1 <i </, 1< j <n. We can further write

4
k
Wij = Z Wi Sk
k=1

with wfj ceC®U)foralll <i</l 1<j<mn,1<k</{ Recall that for any local section

ko )
s € I'(E|y) we can write s = > f's; with f*, 1 <i <k, uniquely determined for s. We obtain
i=1
the general formula

4 n 4
Vs = Zsi®dfi+z Z fiwfjsk(@da:j. (2.7)
i=1

j=14k=1

On the other hand we might write

4
Vs; =w; = Zsk@)wf
k=1

34ak.a. “tensorial”
35That means: Plug in a (local) vector field, get a (local) section in E.
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for all 1 <4 < k, where wf € QY U) forall 1 < i,k < £ The wf are called connection 1-forms
and determine the connection V in E|;; — U completely. We can view (wF) as an (¢ x ¢)-matrix
valued map where each entry is a local 1-form on M.

Remark 2.57. Warning: Connections, and with them the corresponding connection 1-forms,
do not transform like tensors if F is some tensor power of TM. The reason for that is that a
connection itself is not tensorial in the second argument, so changing frames will lead to the new
connection 1-forms to depend on the partial derivatives of the corresponding transformation.
The explicit transformation behaviour will be studied in detail for connections in TM — M.

The benefit of writing down a connection locally using its connection 1-form is the easy-
to-formulate transformation behaviour when changing the local frame of E (not the local
coordinates on M). Changing the frame without changing the coordinates on the base space is
not too important for our purposes, but nevertheless a nice exercise. Observe in particular that
the transformation is not tensorial, that is not simply the pullback in the frame part.

Exercise 2.58. Let V be a connection in a vector bundle E — M of rank ¢. Let {s1,...,s¢}
and {51,...,S¢} be local frames of E over a chart neighbourhood U C M, equipped with local
coordinates (z!,...,2"), that are related by the (¢ x £)-matrix valued smooth map

A:U — GL#), (s1,...,80) A= (51,...,80).

Let (wF) denote the matrix of connection 1-forms with respect to the local frame {sq, ..., s}
and (@F) the matrix of connection 1-forms with respect to the local frame {31,...,5,}. Show
that the two matrices of connection 1-forms are related by

(@) = A7 dA + AL (wWh) AL

In the above equation, dA denotes the differential of the map A : U — GL(¢), where we identify
TGL(¢) = GL(¢) x End(R?)36.

Connections, just like tangent vectors, are local objects in the following sense.

Lemma 2.59. Let V be a connection in a vector bundle £ — M of rank ¢. Let U C M be open
and suppose that for two vector fields X,Y € X(M) and two sections in E — M, s, s, we have

Xlv=Y|u, slv=73u.
Then Vxs and Vy s coincide on U.

Proof. Note that Vxs|y = Vys|y, which follows from the tensoriality property in the first
argument of any connection. It thus suffices to show that Vxs|y = Vx5s|y. Using Definition
2.56 we write, after possibly shrinking U, s and $ in a local frame {s1,..., s/} of E|y,

y4 y4
S‘U:Zfzsia §|U:Zfzsia
i=1 i=1

with f;, f; € C®(U) for all 1 < i < ¢. Equation (2.7) and fi = f' for all 1 < i < n by assumption
now imply that s and § coincide on U imply that Vxs|y = Vx$|y holds true.

If one prefers to work without coordinates or frames, one can proceed as follows. By the
linearity in the second argument, Vxs and Vx5 coincide in U if and only if Vx (s —3)|y = 0.
Hence, it suffices to prove Vxs|y = 0 if s|y = 0. Fix p € U and choose a bump function

36Recall that GL(£) is open in the real (¢ x £)-matrices.

72



b € C*°(M) and an open neighbourhood of p, V' C U, that is precompact in U, such that b|yy = 1
and supp(b) C U. Then by the Leibniz rule

0= VxO0[p = Vx(bs)lp = X(b)s[, + b(p) Vxslp = Vixslp.
Since p € U was arbitrary, this finishes the proof. O

Lemma 2.59 means that (Vxs)(p) for any p € M depends only on X, € T,M and the
restriction of s to an arbitrary small open neighbourhood of p in M.

Before continuing, we remark that there is a connection we are probably already aware of,
although not under that name.

1
e

Example 2.60. Consider R™ with canonical coordinates (u',...,u") and induced global frame

%, ey % of TR™ — R"™. Vector fields on R” can be, as we described before introducing
vector fields on smooth manifolds, viewed as smooth vector valued functions. So a reasonable

approach for a connection, defined in our choice of coordinates, is

VxY = ZX(Y@') (R™)

out

— i 0
for all vector fields X =3 X" 5>

we differentiate Y entrywilse in X-direction. 6ne verifies that the so-defined operator V in fact is
a connection in TR™ — R"™. This construction is, however, not coordinate-independent, meaning
that in different coordinates, V xY will not be the entrywise differentiation of Y in X-direction.
Note that all connection 1-forms of the above connection identically vanish.

8‘21. This means that, in canonical coordinates,

As described in the above example, we need to investigate how a connection in TM — M,
written in a choice of local coordinates and induced local frame, behaves under a change of
coordinates. This problem is equivalent to understanding how the connection 1-forms transform
under a change of coordinates and induced change of local frame of TM — M. To do so we will
introduce the so-called Christoffel symbols, which are commonly used to describe connections
and, consequently, connection 1-forms in the tangent bundle of a smooth manifold. The difference
to a connection in a general bundle is that a choice of coordinates on M automatically gives us
a local frame in T M.

Definition 2.61. Let V be a connection in TM — M and let (z!,...,2") be local coordinates
on U C M. Then in the induced local frame of T M,

n
k 0
V 8 8:(:1 ZPZ] oxk

where Ff’j € C*®(M), 1 <1i,j,k <n. The terms I‘fj are called Christoffel?” symbols of the
connection V with respect to the chosen local coordinates (!, ..., 2™). The Christoffel symbols
specify the connection V in T'M |y — U completely, meaning in particular that two connections
in TM — M coincide if they have the same Christoffel symbols for all local coordinates on M.
In comparison with the most general case, the Christoffel symbols are for the special case of the

tangent bundle with induced local frame precisely the terms wk] in equation (2.7).

Note that, if one wants to be very precise, it is at this point not clear if every manifold
admits a connection in its tangent bundle. This is either a not so easy exercise or a good excuse
to consult [L1, Prop.4.5]. The answer is yes, every manifolds admits a connection in its tangent
bundle, and the space of connections is, in a sense, very big, see also Definition 2.81.

Similar to Exercise 2.58, but with the difference that we now also change the local coordinates
on the base manifold, we obtain the following transformation rule for Christoffel symbols.

3"Elwin Bruno Christoffel (1829 — 1900)
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Lemma 2.62. Let M be an n-dimensional smooth manifold, V a connection in TM — M. Let
further ¢ = (2! x") and ¢ = (y",...,y") local coordinate systems on an open set U C M.
Let I‘k denote the Chrlstoffel symbols of V with respect to ¢ and let Fk denote the Christoffel
symbols of V with respect to ¥. Then the following identity holds:

Z 0%yP Ozk oyt y¥ Ox* 927,
Ox'0xI 8y9 b (%UZ OxJ oy~ M

Proof. Direct calculation using -2 B Z 6:v1 aya and the corresponding inverse formula. O
Suppose that we are given a connection V in TM — M. Then V induces a connection in all
tensor powers 7™M — M of the tangent bundle by requiring compatibility with contractions.

Lemma 2.63. Let V be a connection in TM — M. Then V induces a connection in each
tensor bundle®® 7™M — M, r > 0, s > 0, such that

(i) the induced connection in TH°M = TM — M coincides with V,
(ii) Vf =df for all f € T"O(M) = C>®(M),
(iii) the induced connection is a tensor derivation in the second argument, meaning that
V(A® B)=(VA)® B+ A® (VB)
whenever the tensor field A ® B is defined,

(iv) the induced connections commute with all possible contraction, meaning that for any
contraction C : T7%(M) — T"~1571(M) we have

V(C(4)) = C(V(4))
for all tensor fields A € T7%(M).

The so-defined connections in each tensor bundle T"*M — M are uniquely determined by the
above properties.

Proof. We proceed as follows. First we define a candidate for a connection in each tensor bundle,
then we show that it fulfils all of the above properties, and finally prove uniqueness. In order
to define a connection in T"*M — M it suffices to specify what it does on sections that can
be, locally, written as pure tensor products of r local vector fields and s local 1-forms. For
TYOM — M, we simply take V to be our initial connection, which thereby automatically fulfils
(i) and for f € T%O(M) = C°°(M) we set Vf = df, thereby fulfilling (ii). Now we define V in
TO'M — M in such a way, that (iii) and (iv) will be satisfied. Set for all 1-forms w € Q!(M)

(Vxw)(Y) == X(w(Y)) —w(VxY)

for all vector fields X,Y € X(M). After checking [Exercise!] that this defines a connection in
TO9YM — M, we proceed as initially mentioned and obtain a connection in T"*M — M for all
r >0, s > 0 by requiring (iii) to hold on pure and, hence by linear extension, on all tensor fields.
After checking that this really does define a connection [Again, exercise!] it remains to check
that (iv) holds. This can be done inductively using (iii) after checking that it holds for the only
possible contraction in TV M — M, which on pure tensor fields is of the form

C(X ®w)=w(X)

38 Conventionally denoted by the same symbol V.
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for all X € X(M), w € QY(M), and analogously for local sections. We find for all X,Y € X(M)
and all w € QY(M)
Vy(C(X ®@w)) = Vy(w(X)) =Y (w(X))

which by definition of V in T7%'M — M and our imposed condition (iii) coincides with
Y(w(X)) = (Vyw)(X)+w(VyX)=C(X ® (Vyw) + (VyX) ®w) = C(Vy (X ®w)).

It remains to show uniqueness. Suppose there is an other connection v fulfilling all requirements
of this lemma. By linearity in the second argument it suffices to show that V and V coincide
on local pure tensor fields. By (i) and (iii) it further suffices to show that V and V coincide in
TOYM = T*M — M. This follows from (i), (ii), and (iv) by direct calculation of the left- and
right-hand of V(C(A)) = C(V(A)) for A = X ® w where X is any local vector field and w is
any local 1-form. O

Observe that Lemma 2.63 is, formally, very similar to Proposition 1.157 about the Lie
derivative of tensor fields.

Exercise 2.64. Let V be a connection in TM — M and Ffj its Christoffel symbols in local
coordinates (z!,...,2"). Find a formula for the analogue of the Christoffel symbols of the
induced connection V in T*M — M with respect to the local frame given by the local coordinate
1-forms.

Remark 2.65. Differentiation of tensor fields with respect to a connection induced by a
connection in the tangent bundle is sometimes called covariant differentiation. Vx A for
X € X(M), A€ T"*(M), is then called covariant derivative of A in direction X. When
talking about covariant derivatives make sure to always specify the corresponding connection.

A central usage of connections is a preferred way to “transport”, that is smoothly change,
vectors along a curve in the base manifold. In order to properly introduce this concept, we need
to study how to in a covariant manner differentiate vector fields, or more generally tensor fields,
along curves. This is to be read in the way that we want to give meaning to expressions of the
form

VA

where v : I — M is a smooth curve in a smooth manifold M and A is a tensor field that is only
parametrised along v(I) C M. Recall the definition of vector fields along curves, Definition
1.102, and keep it in mind for the differences when compared with what is to come next.

Definition 2.66. An (7, s)-tensor field A = A, r,s > 0, on a smooth manifold M along a
curve v : I — M is a smooth map

= M.

Ay T — T°M, t— Ay(t) S T,:(t)

If v is an embedding and thus vy(I) is a submanifold of M, an (r, s)-tensor field A, along ~ is
simply a parametrisation®’ of a smooth section in 77 M vy = ().

Note that Definition 2.66 relaxes Definition 1.102 for vector fields, that is (1, 0)-tensor fields,
as it allows the vector field to not be just the velocity vector field of the curve up to multiplication
with a smooth map. In the following, “vector field along a curve” is to be understood in the
sense of Definition 2.66.

A tensor field along a curve need not be the restriction of a tensor field of the ambient
manifold to the image of the curve. This is the general case, as the curve is allowed to have
self-intersections. We have however the following local result.

391.6. t— A.y(t)
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Lemma 2.67. Let v : I — M be a smooth curve and suppose that 7/(tg) # 0. Let further A,
be an (r, s)-tensor field along . Then there exists an open interval I’ C I with ¢y € I’, such
that A, |/ is the restriction of an (r, s)-tensor field A € T5(M) to y(I').

Proof. Following the proof of Proposition 1.122, we can assume without loss of generality that,
after restriction to I’ and a suitable choice of local coordinates ¢ = (z!,...,2") on U C M
with v(I') C U, v is of the form ¢ = ¢~ 1(¢,0,...,0), so that #1(y(t)) =t and 2°(y(¢)) = 0 for

2 < i < n. Hence, if

o ) ) . )
Ay = Z Faei (t>7833i1 ®... s ®@...® dx’,
with all fil"'irjlmjs : I’ — R smooth, the tensor field
_ o P o ) .
L 1 s
A= Z (f“ ¢ G1.-Js oxr ) 8:1,‘i1 & ... amiT L. dCL'J
fulfils the requirements of this lemma. O

A tensor field A as in Lemma, 2.67 is called local extension of a given tensor field along a
curve. This in particular means that we can, at least locally, extend vector fields along curves to
vector fields of the ambient manifold.

Suppose that we are given a vector field X along a curve v and a connection in the tangent
bundle TM — M of the ambient manifold M. How can we, covariantly w.r.t. V, differentiate
X in direction of v/? Be aware that X need not be the restriction of a vector field on M to the
image of v, and in general in our sense the restriction of TM — M to the image of v need not
be a vector bundle at all. The latter is in particular the case if the image of v is not a smooth
submanifold of M. Thus what we are looking for is not a connection in the sense of Definition
2.55.

Proposition 2.68. Let M be a smooth manifold and V a connection in TM — M. Let
v : I — M be a smooth curve and denote the set of vector fields along v by I'y(T'M). Then
there exists a unique R-linear map

¥ T, (TM) - T (TM),
such that

50X =x 453

for all f € C°°(I) and all X € ['(T'M) and, if X = X|(y

- _

X =V, X
for all t € I.
Proof. First suppose that a map i V. fulfilling the requirements exists. We show that it is then
unique. If /(tg) = 0, we set X|t —t, = 0 for all X € I'y(T'M). This is compatible with the
tensoriality in the first argument of any connection, so that (%X ) ’t L= 0 for all vector fields

- _ =lo

X along v that are restrictions X = X, of vector fields X € X(M). If v/(tg) # 0, we use the

locality property of connections, cf. Lemma 2.59, and Lemma 2.67 with analogous coordinate

choice (z!,...,2")% to obtain the local formula

3= O 5 (0 £ 5

(1) (V(to))) 2 e

t=to

49 And restricting the domain of definition of ~ if necessary so that its image is contained in the coordinate
domain.
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n . n
forall X = Xk(t)a% and corresponding local extension X = ) (Xk o x1> a%k This shows
k=0 k=1

that if the operator % exists, it is uniquely determined by the connection V. On the other hand
observe that formula (2.8) defines by the locality property of connections an operator % fulfilling
the requirements of this proposition. To see this one must check the right hand side of (2.8)
actually transforms as a connection and is thus independent of the chosen local extension X of
X, which is a lengthy but not difficult calculation. O

Definition 2.69. The linear differential operator V. is called covariant derivative along ~.

Remark 2.70. In local coordinates (z!,...,2") on U C M, the covariant derivative along
n
v:I— M of X € I,(TM) locally of the form X = > Xk 2 X* = X*(t) € C*°(I) for all
k=1
1 <k < n, is given by the local formula
" [ ox* L S 0
=1 ij=

k

Note that for the sake of readability we simply wrote Ffj instead of I'}; oy in the above equation.

J

Exercise 2.71. Formulate and prove an analogous statement to Proposition 2.68 for any vector
bundle £ — M, including in particular the tensor bundles T"*M — M, where the sections in
E — M along a curve v : I — M are defined analogously to Definition 2.66.

Proposition 2.68 and Exercise 2.71 in particular imply compatibility of V.., with contractions.

Corollary 2.72. Let A be an (r, s)-tensor field on a smooth manifold M along v : I — M
with 7,5 > 1. Let C : T7%(M) — T"~15=1(M) be any contraction and note that C' canonically
extends to (r, s)-tensor fields along curves. Then C(V,A) = V..(C(A)).

Remark 2.73. We will not use the notation % and simply write V., instead, even if we plug
in a vector field along v that is, globally, not the restriction of a vector field in the ambient
manifold. The reason is firstly that the notation % obfuscates the curve that we are working
with, and secondly that locally if v/(¢) # 0, we can assume that any vector field along - is the
restriction of a vector field in the ambient manifold, together with a parametrisation, see Lemma
2.67.

Proposition 2.68 allows us to answer the question posed in Remark 2.54 from the beginning
of this section.

Definition 2.74. Let X € I'y(T'M) be a vector field along a smooth curve v : I — M and let V
be a connection in TM — M. X is called parallel along ~, or simply parallel, if V., X = 0.

Using Exercise 2.71 and Corollary 2.72, one can similarly define parallel sections of an
arbitrary vector bundle £ — M along curves. For £ = T*M we obtain that a 1-form along a
smooth curve v : I — M, w € I'y(T*M), is parallel along v with respect to a connection V in
TM — M if and only if

O(w(X
0 o
for all X € I'y(T'M).

Next, suppose that we are given a connection in T'"M — M, a smooth curve v: I — M, and
a vector v € T, )M, to € I. Does this data specify a preferred way to define a vector field X
along v with initial value X ) = v7 This is, formulated using our newly gained knowledge,
the question we asked at the beginning of this section. The answer is as follows.

Uwlog v(I)CcU
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Theorem 2.75. Let V be a connection in TM — M, ~v:1 — M, ty € I, a smooth curve
with non-vanishing velocity, and v € T.,(;,)M. Then there exists a unique vector field along 7,
X € I'y(T'M), such that X is parallel along v and X,y = v. This means that X is the unique
solution to the initial value problem

VX =0, X4 =0 (2.10)

Proof. Tt follows from Remark 2.70 that locally, (2.10) is an ordinary differential equation which
thus has, locally, a unique solution [A1]. Here locally means restricted to a coordinate domain.
So we need to deal with cases where (I) is not covered by a single chart. This detail of the
proof is left as an exercise to the reader. Alternatively see the proof of [L1, Thm.4.11]. O

Exercise 2.76. Formulate and prove Theorem 2.75 for any vector bundle, not just the tangent
bundle.

Example 2.77. Let v : R — R? and X = X, € I',(TR?) as in Remark 2.54. Let V be the
connection in TR? — R? defined by setting its Christoffel symbols in canonical coordinates all
equal to 0. Then X is parallel along v, i.e. V,,X = 0, meaning that X solves the initial value
problem of parallelly transporting v = (v(0), (1)) along ~.

Suppose that we are given a connection in T'"M — M and somehow know how to, at least
locally, solve every possible parallel transport equation with respect to any smooth curve and all
initial values. Can we use this data to recover our connection? What does this tell us about the
geometric interpretation of connections in general? To answer these questions, first observe the
following property of parallel translations.

Lemma 2.78. Let V be a connection in TM — M and let v : I — M be a smooth curve.
Consider parallel translations along ~ as maps

Py (7) + Tyeo) M — Ty )M,

mapping initial values v € T, )M, to € I, of the differential equation V., X =0, to the value of
its uniquely solution X at ¢t € I, namely X, ;) € T, M. Then P/ (7) is a linear isomorphism
for all tg,t € I.

Proof. Linearity of Pf () follows by observing that whenever X solves V., X = 0 for initial
value v € T,;y M, cX is also parallel along « for all ¢ € R and is the unique solution of the
parallel transport equation for initial value cv € T, ;,)M. To see that PfO (7) is invertible, fix
t € I and let J(s) := v(t — s). Then the parallel transport with respect to 5 from s = 0 to
s =1t —tg, Pg_to () : TyyM — Ty M is precisely the inverse of P (7) : Ty M — Ty M,
which follows from V=, (X o (t — 5)) = 0 for X being the unique solution of V., X = 0 with fixed
initial value in T ;) M. O

Using Lemma 2.78, we can describe a connection in M — M completely using its parallel
transport solutions.

Proposition 2.79. Let V be a connection in TM — M and X,Y € X(M). For p € M arbitrary
let 7 : (—&,6) = M, € > 0, be an integral curve of X with v(0) = p, and let P} denote the
corresponding parallel transport maps. Then

0

(VXY)p = ot —o PtO(V)Yy(t)-
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Proof. First note that t — PP ()Y, is smooth, which follows from the smoothness of the local
prefactors of the defining differential equation in local coordinates by setting (2.9) to zero and,
of course, replacing v and X appropriately. Here the smooth manifold structure in 7, M is given
by its linear isomorphy to R”. Furthermore, P} (7)Y, € TpM for all t € (—¢,¢), so it makes
sense to take its time derivative. Choose a basis {v1,...,v,} of T,M, e.g. via local charts. For
eachl1 <i<n,V,= V;H(t) := PJ(v)v; defines a parallel vector field along v, i.e. V., V; = 0.
Hence, {V1,...,V,} is a parallel frame of TM — M along Y|(=¢,c), meaning that each vector
field along - that is the restriction of a vector field on the ambient manifold can be written as a
C*°((—¢,¢))-linear combination of the V;’s. Thus we can in particular write

Y"/ = Z fl‘/;’
i=1
ft € C®((—¢,¢)) for all 1 <i < n. After recalling that (VxY), = VY|, (cf. (28)), we

calculate . '
0 =1

= (Of i
VoyYsl_p = Z ( ot Vit f v'y’%)

i=1

t=
On the other hand, we have for all t € (—¢,¢)

PY(Y, =P’ (7) (Z fi(t)ViH(t)> = f'(t)v, (2.11)
=1

where we used that P?(y) = (P} (’y))_1 and that, by construction, V; is precisely the parallel
extension of v; along « for all 1 < i < n. Taking the t-derivative at t = 0 of the right hand side
of (2.11) finishes the proof. O

Together with the tensoriality in the first argument of V xY', Proposition 2.79 implies the
following, maybe at first sight surprising, fact.

Corollary 2.80. Let V be a connection in TM — M and X,Y € X(M). Then (VxY),
depends only on X, any choice of smooth curve v : (—¢,¢) — M, € > 0, with v/(0) = X, and
Y,, that is Y along .

We will later use Corollary 2.80 in order to define induced connections on submanifolds.
Note at this point that Corollary 2.80 implies that, after having chosen v, we might change Y
outside of the image of v as we like and still will not change the value of (VxY),.

Lastly before turning our focus on connections on pseudo-Riemannian manifolds we should
ask ourselves how two, possibly different, connections in the tangent bundle of a smooth manifold
are related. This will allow us to make (at least a limited) sense of the term “affine space of
connections”.

Definition 2.81. Let M be a smooth manifold and let V!, V2 be connections in TM — M.
Then the difference tensor A € T12(M) of V! and V? is defined as

A(X,Y) := VLY - ViY
for all X, Y € X(M).
Exercise 2.82. Show that the difference tensor as in Definition 2.81 is, in fact, a tensor field.

The above definition and exercise can be interpreted as follows. In order to describe the
space of all connection in the tangent bundle of a given smooth manifold M, one first chooses
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a reference connection V in TM — M. Then every other connection V in TM — M can be
written as

VxY =VxY + AX,Y),

where A € T12(M) is a (1,2)-tensor field, namely the difference tensor of V and V. This
means that we can view the space of all connections in TM — M as an affine space, given
by V + T12(M), where V is the chosen reference point and T%2(M) the (infinite dimensional if
dim (M) > 0) real vector space.

Remark 2.83. We understand what a connection, in particular in TM — M and its tensor
bundles, is. But we have not yet singled out a preferred one. The first step for doing so does not
depend on any extra data on a given manifold M, but still has a nice geometric interpretation.

Definition 2.84. The torsion tensor 7' € T%?(M) of a connection V in TM — M is given by
T(X,Y):=VxY - VyX — [X,Y]
for all X, Y € X(M). The connection V is called torsion-free if 7' = 0.

Exercise 2.85.

(i) Show that the torsion tensor of a connection in TM — M is, in fact, a tensor field.

(ii) Show that a connection in T'M — M is torsion-free if and only if all its Christoffel symbols
in all local coordinates fulfil Ffj = F;“Z

(iii) Show that two connections in M — M have the same torsion tensor if and only if their
difference tensor is symmetric in its covector part.

Note that one consequence of Exercise 2.85 (iii) is that requiring torsion-freeness does not
determine a connection in T'M — M uniquely.

Next we should ask ourselves what torsion-freeness means geometrically. The following
explanation is taken from [G, Bem. 2.6.2].

Remark 2.86. Consider for n > 2 the connection in TR™ — R" given in Example 2.60, fix
p € R", and choose two linearly independent vectors v, w € T,R". Let further € > 0 and

Yo =t —=p+tv, Y=t p+tw.

For any ¢ > 0, the four vectors
/Uv U), P()l(,yv)w’ P()l(’yw)v

can be interpreted as the edges of a parallelogram. What is the proper analogue for this
picture for general smooth manifolds M and connections in TM — M? The answer lies in making
t > 0 infinitesimally small and using Proposition 2.79. We fix p € M and local coordinates
o= (x',...,2")on U C M,pe€ U. For 1 <k <n and ¢ > 0 small enough, consider the smooth
curves

Y (—e,8) = M, z*(w(t) =0t V1 <kl <n,

so that v, = % For any i # j, we obtain using Proposition 2.79

T (22| = (v b2V, 8,>
Oz’ 0z7 ) | Waxﬁ wazl
?

ot

p

(Pto(%)% - PP(%)%)

t=0
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9 0 9 9 0 9
T + B (’Yz’)@—@p—f)t (Vi) a7
= lim .
t—0 t
>0

Hence, the “infinitesimal” parallelograms spanned by any two different coordinate vectors and
their parallel translations close, meaning that there is no “gap” when gluing the “infinitesimal”
edges together. Note that since our chosen coordinates were arbitrary, it is easy to generalise
this statement for any two linear independent vectors in 7}, M, and not just for the coordinate
vectors.

Recall that the infinitesimal symmetries of a pseudo-Riemannian manifold are given by
Killing vector fields, cf. Definition 2.46. How can we connect this concept with connections in
the tangent bundle of a pseudo-Riemannian manifold? The answer lies in parallel translations
and requiring that for any fixed start- and end-points they must be linear isometries. It is,
however, not immediately obvious how to implement this.

Definition 2.87. Let (M, g) be a pseudo-Riemannian manifold. A connection V in TM — M
is called metric if Vg = 0, that is

X(9(Y,2)) =9(VxY,Z) +g(Y,VxZ) (2.12)
for all X,Y,Z € X(M).

What does it mean in a geometric sense that a connection is metric? The answer is, in fact,
our initial ansatz for a sensible restriction of which connections to consider in the tangent bundle
of a given pseudo-Riemannian manifold.

Proposition 2.88. A connection in TM — M on a pseudo-Riemannian manifold (M, g) is
metric if and only if its parallel transport maps Pf () : Ty )M — T 4yM are linear isometries
for all smooth curves v : I — M.

Proof. All possible?? parallel transport maps P} (7) are linear isometries if and only if for all
such PlfO (v) and all v,w € T,M, p = (o), the map

t— g'y(t) (Ptto (7)”7 Ptto (7)w)

is constant. By considering affine reparametrisations of curves by ¢ — t + ¢ for constant ¢ € R,
it is easy to see that this holds if and only if

0

B g’y(t)(Ptto (7)v, Ptto (Y)w) =0 (2.13)

t=to

for all parallel translations Pf (7). By considering Pf, (y)v and P}, (y)w as vector fields along ,
it now follows from the tensor derivation property of any connection V that if V is metric, the
left hand side of (2.13) must always vanish. If one has problems seeing that, one might want to
formally replace %’t—o by V.|i=o.

For the other direction we suppose that (2.13) holds for all parallel translations. Let
X,Y,Z € X(M). One then, similarly to the proof of Proposition 2.79, fixes p € M and
constructs a local parallel frame of T'M along a curve v fulfilling 7/(0) = X,,. We now write Y,
and Z, in that parallel frame. The last step is, using these local forms, writing out

Xp(g(Y,Z)) = Vo (9+(Yy, Zy)|t=0

using the tensor derivation property of V and Proposition 2.79. By the imposed equality (2.13)
it then follows that (2.12) must hold. Since X,Y, Z and p were arbitrary, it follows that V is
indeed a metric connection. O

42As in corresponding to a smooth curve v : I — M.
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Remark 2.89. How does a metric connection V on a pseudo-Riemannian manifold (M, g) relate
to the notion of Killing vector fields? Observe that for a given Killing vector field X € X(M)
and any integral curve v : (—¢,e) — M of X, the parallel translation P¢(y)7'(0) of 4/(0) along
~ with respect to V is a linear isomorphism for all t € (—e,e). However, after restricting the
local flow ¢ : (—€,e) x U — M that contains v of X if necessary, it does in general not hold
that PL(v)7'(0) = d:(7/(0)), since PE()7'(0) need not be tangent to v for ¢ # 0. If however
Pt(v)7/(0) is tangent to v for all t € (—¢,¢), the equality must hold simply by the fact that
both sides of the equation are linear isometries for all ¢t € (—¢,¢). This train of thought leads
to the definition of geodesics, cf. Definition 2.98, and in extension to the geodesic flow, cf.
Definition 2.102.

Definition 2.90. Let (M, g) be a pseudo-Riemannian manifold. A connection V in TM — M
is called Levi-Civita connection if it is metric and torsion-free.

As always when defining some abstract object, we need to ask ourselves if it exists, and
furthermore “how” unique it is. In the case of a Levi-Civita connection we obtain the following
characterisation.

Proposition 2.91. Let (M, g) be a pseudo-Riemannian manifold. Then there exists a unique
Levi-Civita connection in TM — M.

Proof. Follows from the following Proposition 2.92. O

In order to prove Proposition 2.91 we will use the following convenient result which can
furthermore be used to find an explicit local formula for the Levi-Civita connections.

Proposition 2.92. Let (M,g) be a pseudo-Riemannian manifold and V a connection in
TM — M. Then V is the Levi-Civita connection of (M, g) if and only if it satisfies the
Koszul formula

29(VxY, Z) = X(g(Y, 2)) + Y (9(X, Z)) = Z(9(X,Y))
—g(X, [KZD_Q(Y’ [X,Z])+g(Z, [va]) (2'14)

for all X,Y,Z € X(M). Furthermore, the Koszul formula determines the connection uniquely.

Proof. First we will show that V, defined by the Koszul formula, is in fact a connection. If we
have shown this, it follows from the fibrewise nondegeneracy of g that it is uniquely determined
as 29(VxY,Z) —29(VxY,Z) =0 for all X,Y,Z € X(M) if V is any other connection satisfying
the Koszul formula. Instead of writing out the details, we will specify what to do and leave the
actual calculations to the reader as this is a tedious, but rewarding exercise. Bilinearity in both
arguments of V is easily checked. Next, we need to show that VyxY = fVxY forall f € C*(M).
Since g is fibrewise nondegenerate, this is equivalent to showing that g(V;xY,Z) = fg(VxY, Z)
for all X,Y,Z € X(M). Now we write out the right hand side of the Koszul formula and use the
identity for the Lie derivative of vector fields*? £ rx = fLx + X ®df. Next we want to prove
Vx(fY)=fVxY+X(f)Y forall X, Y € X(M). We proceed as in the previous step and consider
9(Vx(fY),Z) instead so we need to check that ¢(Vx(fY),Z) = fg(VxY,Z)+ X(f)g(Y, Z).
Again, this amounts to using the afore mentioned identity of the Lie derivative of vector fields
and the right hand side of the Koszul formula. At this point we have shown that V is, in fact, a
connection in "M — M. In order to show that V is torsion free we can use local coordinates
(x',...,2") on U C M. Since the torsion tensor T of V is a tensor field and g is fibrewise
nondegenerate, it suffices to show that

9(T (g 23) - 52e) =0

43Careful when considering e.g. the Lie derivative of 1-forms!
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forall 1 <4,5,k <n. SinceT(a 8):V3 0. _V 4 %,Wecanwrite
Bzt BT

0 o) o) _ o) ol 0 o)
g(T (ax“(’)aﬂ)’axk) =9 (v(,)@iaxwaxk) ) (Vaajaz“axk)’
x x

and replace each term using the right hand side of the Koszul formula. It turns out that it
does, in fact, vanish for all 1 < 1,7, k < n and, hence, that V is torsion free. Alternatively, one
simply observes (and uses) that the terms 142, 3, and 4+5 in the right hand side of the Koszul
formula are symmetric in Y and Z. In order to show that V is metric, that is Vg = 0, we use
that this property is equivalent to X¢(Y, 2Z) = ¢(VxY,Z) +g(Y,VxZ) for all X\Y,Z € X(M).
Writing out the right hand side using the Koszul formula yields the result. Again, one might
alternatively use that the terms 243, 4, and 546 in the right hand side of the Koszul formula
are skew in Y and Z. O

Lemma 2.93. The Christoffel symbols of the Levi-Civita connection on a pseudo-Riemannian
manifold (M, g) with respect to local coordinates (z!,...,z") are given by

1A (g5  Ogie  Ogij
kL j it O09ij \ ek
Fij_Qez_:l(axi—}_axj 81“@)9

forall 1 <4,5,k <n.
Proof. Follows by inserting the local coordinate vector fields into the Koszul formula. O

Example 2.94. The Christoffel symbols of the Levi-Civita connection of (R, (-,-)), cf. Example
2.60, vanish identically in canonical coordinates. In polar coordinates (7, @) on R?\ {(z,0) €
R? | z < 0}, the Christoffel symbols with respect to the standard Riemannian metric, given by
dz? + dy? in canonical coordinates (z,y), are of the form

1
Io,=-r, If,=1% = e 0 else.

Recall the definition of the Hessian matrix of a smooth function on R™. Using the language
of connections and traces with respect to pseudo-Riemannian metrics, we can now describe a
coordinate-free way for these constructions.

Definition 2.95. Let V be a connection in T'M — M. The covariant Hessian of a smooth
function f € C*°(M) is defined as the (0, 2)-tensor field

Vif:=V(Vf) = Vdf € T"*(M).

If (M, g) is a pseudo-Riemannian manifold and V is the Levi-Civita connection, we can take the
trace of the covariant Hessian with respect to g and obtain the Laplace-Beltrami operator
on smooth functions f € C*°(M) given by

Af =ty (V2]).

Note that there are different definitions of the Laplace-Beltrami operator, e.g. one involving
the divergence of vector fields, cf. for example [J].

Exercise 2.96. Show that the covariant Hessian of a connection V in TM — M is symmetric
in the sense that V2f € T'(Sym?(T*M)) for all f € C*°(M) if and only if V is torsion-free.
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2.3 Geodesics

The acceleration of a smooth curve v : I — R"™ in canonical coordinates is defined as

2 1 2.
" T — TR", tH(’Y(ﬂv%?'“’%)’

which is a vector field along v. How can we define 7" in a coordinate free way, such that it gives
the above formula on R" for the Levi-Civita connection of the standard Riemannian metric

3 (dut)2?

=1

Definition 2.97. Let M be a smooth manifold, V a connection in TM — M, and v:1 —- M
a smooth curve. Then V.~ € T'(T'M) is called the acceleration of v (with respect to V).

Definition 2.98. A smooth curve v : I — M is called geodesic with respect to a given
connection V in TM — M if its acceleration vanishes, that is V., = 0.

The above definition of a geodesic might be formulated as follows: A curve is a geodesic if
and only if its velocity vector field is parallel. It follows from (2.9) that in local coordinates
(z',...,2™) of M, V., is of the form

L 82vk 0! 37 0
/I ! -
Yy _k; ( o2 Z o o | gaF (2.15)

where the terms Fk = Fk o are the Christoffel symbols of the given connection V evaluated
along ~, and v¥ = 2 o as usual. Hence, 7 is a geodesic if and only if in all local coordinates

covering a nonempty subset of the image of « it holds that
aQ,Yk
ot?

oy 873
<k< .
Z o 9 =0 V1I<k<n. (2.16)

An alternative common notation for the above equation which uses the Einstein summation
convention is
i+ 23T =0 (2.17)

for all 1 < k < n. The above equation comes with a certain error potential as the terms z* in
(2.17) denote the components of the curve and not the coordinate functions. Hence, caution is
advised when using (2.17) instead of (2.16).

n 4
Exercise 2.99. Verify that for the Levi-Civita connection V of (R”, > (duz)2), the formula
i=1
V.v" =~", as explained in the motivation in the beginning of this section, holds true.
A nice property of geodesics with respect to metric connections is the following. It allows to
quickly check if a suspected geodesic can be excluded without having to calculate all Christoffel
symbols and its second derivatives.

Lemma 2.100. Let v : I — M be a geodesic on a pseudo-Riemannian manifold (M, g) with
respect to a metric connection V. Then g(v',7) : I — R is constant.

Proof. We calculate

d(g(v',7"))

5 =V (9(,7)) = (Vyg) (V) +29(Vy+'. 7)) = 0.
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Note that Lemma 2.100 in particular holds for the Levi-Civita connection. In the Riemannian
case, the speed of a curve v can be defined as \/g(7’,7’). The above lemma implies that geodesics
in Riemannian manifolds have constant speed.

At this point we have neither proved existence of geodesics nor examined their uniqueness.
Locally, we obtain the following result.

Proposition 2.101. Let M be a smooth manifold and V a connection in TM — M. Let
further p € M and v € T, M. Then there exists € > 0 and a smooth curve 7 : (—¢,e) — M with
v(0) = p and 7/(0) = v, such that « is a geodesic. If vy : I} = M and 7, : Iy — M are geodesics
on M such that I N I # () and for some point ¢ty € I1 N Iz, v1(to) = Y2(to) and ] (to) = ¥5(to),
then 1[0, = Yelnn,-

Proof. 1t suffices to prove this proposition in local coordinates. The differential equation for a
geodesic in local coordinates (2.16) is a nonlinear system of second order ordinary differential
equations. In order to turn this system of n second order ODEs into a first order system of
ODEs, we increase the number of time-dependent variables to 2n. Locally this means instead of
trying to solve (2.16) we choose local coordinates ¢ = (x!,...,2") on U C M, p € U, use, for
the sake of readability, the alternative notation (2.17), and consider the system of equations

O = —a'gI Tk,

59 (2'18)

for 1 < k < n with fitting initial values. The first thing we need to clarify are the symbols
v¥. These are precisely the induced coordinates on TU C T M, so that v*(V) = V(z*) for all
V € T,M with ¢ € U. In the above equation (2.18), the zF and v are, however, to be read as
components of a curve (z = z(t),v = v(t)) : I — dp(TU), which is the price we have to pay
for improved readability. In these local coordinates, (2.18) can be viewed as the local version
of an integral curve equation of a vector field on TU, G € X(TU), that is a smooth section in
TTU — TU. To see this first observe that since the ¥ and v* are coordinate functions on TU,
they induce coordinates on TTU. The corresponding local frame in TTU — TU is given by

0 9 9 9
FzTo 2 Fam Bl o [

One can imagine each a%k as being “horizontal” and each % as being “vertical”.** Using the
Einstein summation convention, G is given by
k_ 0 i, JTk 0O

G=v Dk —'UZ'U]FZ'jw. (219)
Note that by covering M with charts, G uniquely extends to a vector field on T'M, that is
G € X(TM), via the induced charts on TM. Since any integral curve of G, locally given by
(x,v): I = dp(TU), t = (x(t),v(t)), in particular fulfils & = v, it is precisely the velocity vector
field of the curve z : I — ¢(U), t — x(t). This means that the projection of any integral curve of
G to M via the bundle projection 7w : TM — M is a geodesic. By Remark 1.108 or alternatively
e.g. [A1] the statement of this proposition follows. O

In fact, since we were going to cite [A1l] anyway, we could have simply “proved” the above
proposition without constructing the vector field G on the tangent bundle. It is however an
important ingredient in the construction of normal coordinates which we will introduce later, cf.
Definition 2.126. After getting over the initial shock of double tangent bundles, it also gives a
nice geometric way to in a sense obtain an infinitesimal generator of all geodesics with respect
to a given connection, at once.

44Careful: This is only to gain a visual intuition, there are actual related definitions of “horizontal” and “vertical”
in this setting.
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Definition 2.102. The (local) flow of the vector field G € X(T'M) which is in local coordinates
given by (2.19) is called geodesic flow with respect to V.

Local uniqueness of geodesics allows us to define a maximality property for geodesics.

Definition 2.103. A geodesic v : I — M is called maximal if there exists no strictly larger
interval I D I and a geodesic 7 : I — M, such that |1 = 7. This means that v cannot
be extended to a larger domain while still keeping its geodesic property. A smooth manifold
with connection V in TM — M is called geodesically complete if every maximal geodesic is
defined on I = R. A pseudo-Riemannian manifold (M, g), respectively the metric g, is called
geodesically complete if its Levi-Civita connection is complete.

Assume that we are given a geodesic v : I — M on M with respect to a connection V. How
can we reparametrise v while at the same time preserving its geodesic property?

Lemma 2.104. Let v: I — M be a geodesic with non-vanishing speed with respect to V and
f I — I a diffeomorphism. Then v o f is a geodesic with non-vanishing speed if and only if f
is affine-linear, that is of the form f(t) = at + b for a € R\ {0}, b € R.

Proof. We find using the local formula (2.15) and the chain rule

Viory(ye £) ="~ o f+(f) - (Vy)o f ="+ of,

where the last equality comes from the assumption that - is a geodesic. Hence, yo f is a geodesic
if and only if f” =0, that is if f = at + b with a € R\ {0}, b € R. O

Corollary 2.105. Maximal geodesics are unique up to affine reparametrisation.

Exercise 2.106. Let v : I — M be a geodesic with initial value v(0) = p, 7/(0) = v € T,,M.
Show that for all a € R, t — 7,(t) := v(at) is a geodesic with initial value ,(0) = p, 7. (t) = av,
defined on a fitting interval I'.

Corollary 2.107. A geodesic in a pseudo-Riemannian manifold with respect to the Levi-Civita
connection with nonvanishing velocity can always be parametrised to be of unit speed, that is

either g(7,7) =1 or g(v,7) = —1.

Before coming to a geometrically more intuitive way why geodesics should be studied, we
will take a look at some examples of geodesics.

Example 2.108.

(i) Each maximal geodesics of R™ equipped with the canonical connection in Example 2.60
with initial condition v(0) = p € R™, v/(0) = v € T,R™ = R", is of the form

v:R—=R" t—p+to.
This in particular means that the canonical connection on R" is geodesically complete.

(ii) Consider 8" C R"*! with induced metric g = (-,-)|rgnxrsn, where {-,-) denotes the
standard Riemannian metric on R™. The maximal geodesics of (S™, g) with respect to the
Levi-Civita connection are great circles, that is

7R = 8™, teeflp

for v(0) = p € S™, 7/(0) = Ap, A € Mat(n x n) skew. This, again, means that the
Levi-Civita connection of (S™, g) is geodesically complete.
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Exercise 2.109. Prove the claims in Example 2.108.

The geodesic flow of a given connection allows us to locally identify small enough open
neighbourhoods of points p € M with open neighbourhoods in the corresponding tangent space
T,M.

Definition 2.110. Let M be a smooth manifold with connection V in TM — M. An open
neighbourhood of the zero section in TM — M is an open set V' C T'M such that for all
p€ M, V,:=T,MNYV is an open neighbourhood of the origin 0 € T, M. Note that the smooth
manifold structure and topology on T, M are induced by the local trivialisations of TM — M
and the corresponding fibrewise isomorphisms 7, M = R".

We want to use open neighbourhoods of the zero section for our upcoming construction of
the exponential map in Definition 2.112. To do so, we need the following additional result.

Lemma 2.111. Let V be a connection in M — M. Then there exists an open neighbourhood
of the zero section V' C T'M, such that for all v € V}, C V, the maximal geodesic 7, with initial
condition v,(0) = p, v,,(0) = v, has domain containing the compact interval [0, 1].

Proof. Exercise 2.106 implies that if +, is defined on at least [0, 1], then ~,, for r € [0,1] is
also defined on at least [0,1]. We have seen in the proof of Proposition 2.101 that geodesics
can be viewed as projections of integral curves of a vector field on T'M. Thus, by identifying?®
M with the image of the zero section in 7'M and using Exercise 2.106, in order to prove this
proposition it in fact suffices to show that for all p € M C T'M we can find ¢, > 0 and an open
neighbourhood® W), of p in TM, such that all integral curves of G (2.19) starting in W, are
defined on at least [0,¢p]. This follows from the fact that G is a smooth vector field. If ¢, < 1,
we rescale W, fibrewise with scaling factor ¢, so that we can assume without loss of generality
that all integral curves of G starting in W), are defined on at least [0,1]. Doing this procedure
for all p € M C T'M, we obtain our desired open neighbourhood V' C T'M of the zero section in
TM — M by setting
V.= U Wp.
peEM

O

Definition 2.112. Let V C T M be an open neighbourhood of the zero section in TM — M
such that for all v € V, the unique maximal geodesic =, with respect to V with initial condition
7(0) = p, 74,(0) = v, is defined on [0, 1]. The exponential map with respect to V is defined as

exp:V = M, v y(1).
The exponential map at p € M exp, : V), = M is the restriction of exp to V;, =V NT, M.

The exponential map of a given connection can be used to construct useful local coordinates, in
particular when the connection is the Levi-Civita connection with respect to a pseudo-Riemannian
metric. This will be a later step, see Definition 2.126.

Proposition 2.113. Let M be a smooth manifold and V a connection in TM — M. For all
p € M, the exponential map at p is a local diffeomorphism near 0 € T, M.

45Tf you have problems with this step try drawing a sketch first.
“®Note: W), is not a subset of the fibre T, M!
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Proof. We will show dexp,, = idg, as, which together with Theorem 1.55 will complete the proof.
As in Definition 2.112 let v, denote the maximal geodesic with chosen initial value ~,(0) = p,
7(0) = v for v € T,M. We use Exercise 2.106 and obtain

0 0

d
dexpy(v) = | expy(tv) = = i () = 5 i Yo(t) = 7,(0) = v.

tli=o0

Since v € T}, M was arbitrary the claim follows. Note that, strictly speaking, we identified T}, M
with T, M for the domain of dexp, via the canonical isomorphism (0,v) = v. O

Note that exp is defined on T'M if V is geodesically complete. This however does not mean
that in this case there exists p € M, such that exp, is a diffeomorphism.

Exercise 2.114.

(i) Show that for any p € R", exp, defined on T,,R™ with respect to the canonical connection
in Example 2.60 is a diffeomorphism.

(ii) Show that if M is compact and V is any connection in TM — M, exp,, is never a
diffeomorphism for all p € M, independent of its domain V,, C T, M.

Instead of trying to solve the geodesic equations, we can also study the weaker requirement
that the velocity vector field of a curve and its acceleration are linearly dependent. This leads to
the following definition.

Definition 2.115. A smooth curve v : I — M is called pregeodesic with respect to a
connection in T'M — M if it has a reparametrisation as a geodesic, that is if there exists a
diffeomorphism f : I’ — I, such that v o f is a geodesic.

Pregeodesics fulfil an equation similar to the geodesic equation.

Lemma 2.116. Any given pregeodesic v : I — M with respect to a connection V in TM — M
fulfils V.,y" = F+' for some smooth function F': I — R.

Proof. Let f: I' — I be a diffeomorphism such that v o f is a geodesic. Then, by definition,
Viyosy(vo f )’=0. Writing out the left hand side of the equation with the help of the chain rule

and (2.15) yields the desired result. More specifically one obtains F' = —% o f~1. O

While one might guess that setting the (covariant) acceleration of a curve to zero yields
something interesting, we do not yet have explained a geometric reason why one would study
geodesics. In the following we will see that geodesics are, in fact, critical points of the energy
functional. In the Riemannian case, geodesics are furthermore (local!) minimizers of the length,
viewed as a functional.

Definition 2.117. Let (M, g) be a pseudo-Riemannian manifold and let v : [a,b] — M be a
smooth curve. The energy functional evaluated at ~, or simply energy of ~, is given by

b
BG) =5 [ ot

We see that in the Riemannian case the definition of the energy E(v) of a curve is similar to
the definition of its length L(7), cf. Definition 2.9.
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Remark 2.118. Note that the energy and length functionals can also be defined for piecewise
smooth curves, that is continuous curves v : I — M defined on a compact interval I = [a, b],
such that there exists a finite subdivision I; = [a;,a;+1], 1 < i < m, a1 = a, amy1 = b, of [
and smooth curves 7; : I; — M for each 1 < i < m, such that v|;, = v for all 1 < i < m.
This approach is taken in [L1] (for Riemannian manifolds) and [O]. It involves some technical
subtleties. We will only work with smooth curves. Admittedly, this is obfuscating parts of the
larger picture, however it is from a geometric intuition point of view almost equivalent. If one
understands our slightly restricted approach well, generalizing it will be a rather easy task. The
interested reader is highly encouraged to take a look at the topic as presented in [O, Ch. 10].
We will proceed similarly to a mix of [Bae, Ch.2.6] and [L1]

While we are talking about (nonlinear) functionals, we did not specify any further structure
on their domains, e.g. the structure of a Banach manifold. In fact, we will not be concerned with
questions like an optimal domain for E or L as for our purposes we only need to be concerned
with what type of perturbations for fixed v we allow.

Definition 2.119. Let « : [a,b] — M be a smooth curve and & > 0. A smooth family of curves*”

n: (—g,e) X [a,b] — M is called variation of v if n(0,t) = ~(¢t) for all ¢ € [a,b]. 7 is called
variation with fixed endpoints of v if n(s,a) = v(a) and n(s,b) = ~(b) for all s € (—¢,¢).
The vector field V' along v, V ;) = %(0, t) € TyyM, is called variational vector field of .

Note that for any variation with fixed endpoints we have V, ) = V, ) = 0. Can we obtain
every vector field along a given smooth curve v : [a,b] — M as a variational vector field? The
answer is positive.

Lemma 2.120. Let v : [a,b] = M be a smooth curve. Let further V € I',(T'M). Then there
exists a variation 1 of v, such that V' is the variational vector field of n. If V) = V,4) =0, n
can be chosen to be a variation with fixed endpoints.

Proof. Fix a Riemannian metric g on M with Levi-Civita connection V. Let exp : V — M
denote the corresponding exponential map. We now define a variation of v via

n: (=) x[a,b] = M, n(s,t) :=exp(sVy),

for ¢ > 0 small enough. Note that we can always find such an e by the compactness of [a, ]
and the smoothness of V. If V' vanishes at v(a) and v(b), n has the property n(s,a) = v(a) and
n(s,b) = v(b) for all s € (—¢,e). Furthermore we check with a calculation as the one in the
proof of Proposition 2.113

an
75 (0:1) = Vo
for all t € [a,b]. Hence, n fulfils the required properties of this lemma. O

Next we will determine the so-called first variation of the energy. The obtained formula will
show that geodesics with respect to the Levi-Civita connection of a pseudo-Riemannian manifold
are indeed critical points of the energy functional.

Lemma 2.121. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection V.
Then the first variation of the energy at a smooth curve v : [a,b] — M with respect to
a given variational vector field V' € I',(T'M) with a choice of corresponding variation of ~,

E(n(s,-)) and fulfils

n:(—e,e) x[a,b] = M, n:(s,t) — n(s,t),is given by % o
s=

b
B(5,)) = — [ 9V, V)t + 9(Vy 7 (8)) — 9(Vya, /).

a

9
ds s=0

4TRead: 7 is in particular a smooth map, “family of curves” is the geometric picture one should have in mind.
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In the special case that V vanishes at the start- and end-point of -, we have have 2- o E(n(s,-)) =

0s | g—
b
— [ 9(V,Vy7/)dt.

Proof. In this proof we will use the Einstein summation convention. Let ' = n/(s,t) = %
denote the velocity vector field of the family of smooth curves n for s fixed. Also recall Exercise

2.71. We calculate

b b
1
g(n',n')dt = §/Vv(g(n’,n’))dt = /9(7’,an’)dt-

a

b
0 1 0
|y E(n(s,-)) = 5/ 75

For the last equality we have used that V is metric. For the next step we need to prove that

Vv = V. V. To do so we will use local coordinates. Fix p € 7([a,b]) and choose local

coordinates (z!,...,2™) on an open neighbourhood of p € M. Denote V* = Vns(s,t) = aa—’f%,

so that V0 = V. It now suffices to show that (Vy:7n')|,_q = V./V. Using formula (2.9) (while
not confusing s and t), we find

0*n*  ont o 0
s ! == 71—‘]6 _—
Vv (asat T 05 o0 ) auh

s=0

and

o*nk oniont 0
V¥ = (87585 Toras )| _ ook

The connection is torsion-free, which as we have seen in Exercise 2.85 is equivalent to the
Christoffel symbols being symmetric in the lower indices. Hence, the above local formulas for
(Vvs1')|,—o and V.,V indeed coincide. Since p € v([a,b]) was arbitrary we deduce that the
equality holds for all ¢ € [a,b]. Thus we obtain using partial integration

g+, V., V)dt

\@

b
[ o vyt =

b
0
[ (5ot v) = 99" V) ) at

= g(vfy(b)a ’7/(b)) - g(vfy(a)vfyl(a)) - /g(v7 Vv”yl)dt‘

Reordering the above equation finishes the proof. ]

Corollary 2.122. Geodesics defined on a compact interval with respect to the Levi-Civita
connection of a pseudo-Riemannian are critical points of the energy functional in the sense
that the first variation of the energy with respect to all variations with fixed end points vanishes.

One can also prove the converse statement.

Lemma 2.123. A curve in a pseudo-Riemannian manifold defined on a compact interval is a
geodesic with respect to the Levi-Civita connection if it is a critical point of the energy functional
in the sense of Corollary 2.122.

Proof. Exercise. [Hint: Use bump functions.] O
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Exercise 2.124. Find a formula for the first variation of the length of a curve in a Riemannian
manifold. Are geodesics also critical points of the length functional in our sense?

Remark 2.125. In Riemannian geometry, one can show that geodesics with respect to the
Levi-Civita connection and with compact domain are not just critical points of the energy and
length functional, but also local minimisers. This means that for every variation with fixed
endpoints 1 : (—e,¢&) X [a,b] = M of a geodesic 7 : [a,b] — M in (M, g), E(n(s,-)) > E(y) for &
small enough. We will not prove this here as it would conflict with the time constrains of this
course, for references see [L1, Ch. 6] and [Bae], or [G] (in German).

We return to the exponential map. We have seen in Proposition 2.113 that the exponential
map is a local diffeomorphism near every point of a given manifold with connection in its tangent
bundle. Hence, we can use the exponential map to define local coordinates near every given
point. In the case of pseudo-Riemannian manifolds equipped with their respective Levi-Civita
connection, these kind of coordinates are of particular interest.

Definition 2.126. Let M be a smooth manifold with connection V in its tangent bundle.
Suppose that V' C T, M is a star-shaped open neighbourhood of the origin, such that exp, :
V — exp,(V) is a diffeomorphism. Then U = exp, (V') is an open neighbourhood of p € M and
is called normal neighbourhood of p € M. Let U C M be such a normal neighbourhood of a
point p € M. Then the exponential map at p can be used to define local coordinates (z!,..., 2")
near p as follows. Choose a basis {vy,...,v,} of T,M and define coordinates implicitly via

exp, (i fﬂi(Q)w) =q
=1

for all ¢ € U. This just means that the 2* are the prefactor functions of exp, 1 written in the
basis {v1,...,v,}. Smoothness of the z* follows from the implicit function theorem. If (M, g) is
a pseudo-Riemannian manifold with Levi-Civita connection V, normal coordinates at p € M
with respect to an orthonormal basis {v1i,...,v,} of T,M are called Riemannian normal
coordinates®® at p € M. If (M, g) is Riemannian and V = B,.(0) = {v € T,M | g,(v,v) < r}
for some r > 0, the corresponding domain of the Riemannian normal coordinates B(p) :=
exp,(B:(0)) is called geodesic ball of radius r centred at p in M. The upper index g
indicates the corresponding Riemannian metric.

Exercise 2.127. Let (M, g) be a connected pseudo-Riemannian manifold. Then any two points
of M can be connected by a piecewise smooth curve (cf. Remark 2.118), such that every smooth
segment of that curve is a geodesic.

The converse of the statement in the above exercise holds of course too, see (after trying to
solve the exercise yourself) [O, Ch. 3, Lem. 32].

Riemannian normal coordinates have the property that near their reference point, several
geometric data has a particularly simple form.

Proposition 2.128. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection
V and let ¢ = (z!,...,2") be Riemannian normal coordinates near p € M corresponding to a
choice of orthonormal basis {v1,...,v,} of T,M. Then g, written in its local form (2.1) with
local smooth functions g;; as in (2.2), fulfils

Gij (P) = &ij

48Yes, also if M is not Riemannian but pseudo-Riemannian.

91



for all 1 <'i,j < n, where ¢;; = g(v;,v;j). The Christoffel symbols of V and all partial derivatives
of the local smooth functions g;; vanish at p, that is

kooy i\
I3 (p) =0, 8:(;; (p) =0,

forall 1 <i,j,k<n.Ify:(—e,e) = M, v0)=p,+(0) =we T,M, is a geodesic starting at
p € M such that its image is contained in the domain of ¢, ¢ o« is of the form

p(y(t)) = tw
for all t € (—¢,¢).

Proof. For g;;(p) = €;; we show that vy, = % for all 1 < k < n. Since z¥(p) = 0 for all
p

1 <k < n by construction, we obtain (after, as before, identifying ToT,M = T,M)
Z dexpp’ vg) ® dat|, = idr, pr- (2.20)

On the other hand we know by Proposition 2.113 that dexp, [o(vg) = vy for all 1 < &k < n.
Applying both sides of (2.20) to

%1@ , Proves our claim and we deduce that g;;(p) = €;;.
Next, note that giﬁj (p) = 0 implies with the help of Lemma 2.93 that all Christoffel symbols
at p must also vanish. We will however first show the latter and use it to prove the former.

We first show that the local form of geodesics ¢ o v is of the claimed form. By construction

of the exponential map, 7(t) = exp,(tw) for all t € (—¢,¢). Writing w = ;;i:l wkvy, we have by
definition of Riemannian normal coordinates
n n
V() = exp,(tw) = exp, (Z tw%) = exp, (Z o ('V(t))vk> :
k=1 k=1
showing that p(y(t)) = tw for all t € (—¢,¢) as claimed. Writing down the geodesic equation for
7 in our local coordinates as in (2.17) at p with #¥(0) = W(O) =0 and #*(0) = w* for all

1 < k < n shows that .

Z Ffj(p)wiwj =0

ij=1
for all 1 < k < n. Since this holds for arbitrary initial condition for the geodesic /(0) = w € T, M,
this proves that for each fixed 1 < k < n, (Ffj (p))ij viewed as symmetric bilinear form on
T,M x T, M must vanish identically. Hence, Ffj (p)=0forall 1 <i,j,k<n.

For the last claim of this proposition, that is the vanishing partial derivatives of each g;; at

p, observe that V being metric implies

dgi; 9 9\ B B
92t = 50 (9 (92525 ) = 9<Z ki g7 e’ay) (Zrkﬂaxmxz)

for all 1 < k < n. Evaluating the above equation at p and using that all Christoffel symbols
vanish at p yields the desired result. O

Remark 2.129. Warning: In Proposition 2.128 we have seen that with the right choice of
coordinates, any pseudo-Riemannian metric and Levi-Civita connection can be brought to a very
simple form at a chosen point. While this works of course for every point in the manifold,
this does not mean that every pseudo-Riemannian metric is locally of the form g;; = ¢;; on
some open neighbourhood of our chosen reference point, this can in general only be achieved at
said point! Otherwise, every manifold would be flat, and comparing with Section 3 shows that
this is clearly not the case.
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For the next corollary recall the definition of the Landau symbols and Taylor expansions.

Corollary 2.130. The Taylor expansion of g;; in Riemannian normal coordinates (zt,... 2"
at their reference point p € M is of the form

n
Gij = €i5 + 0] (Z(wk)2> .
k=1
Before proving two, in practice very helpful, facts about geodesic completeness, we will review
other results in the setting of geodesics, variations, and the exponential map of Riemannian
manifolds that we cannot prove in detail due to time constrains. An excellent reference for the
following remark is [L1, Ch. 6] and [L1, Ch. 10].

Remark 2.131.

(i) We have seen that geodesics with compact domain in Riemannian manifolds are critical
points of the energy functional, and solving Exercise 2.124 shows that they are in fact
also critical points of the length functional. One can, however, show more and prove that
they are not just any type of critical point but local minimisers, meaning that for any
variation 7 of v with fixed endpoints, E(n(s,-)) > E(vy) and L(n(s,-)) > L(~) for s small
enough. For a reference see [L1, Ch. 6].

(ii) An other way to study Riemannian manifolds is in the context of metric geometry.
In fact, every Riemannian metric ¢ on a smooth manifold M induces the structure of
a metric space on M, which in turn induces a topology on M. It turns out that the
induced topology on M coincides, independently of the Riemannian metric g, with the
initial topology on M.

(iii) We have interpreted variations of curves as a family of curves depending on one parameter.
In the case that v : I — M is a geodesic and 7 : (—€,e) x [ — M is a variation of ~, are
there choices for 1, such that every n(s,-) : I — M is a geodesic, not just n(0,-) = ~? The
answer is yes, and the corresponding variational vector fields are called Jacobi fields.

In the setting of metric geometry, one can study if M is complete as a metric space. It turns
out that this is closely related to geodesic completeness:

Theorem 2.132 (Hopf-Rinow). Let (M, g) be a Riemannian manifold. Then the following are
equivalent:

(i) (M, g) is geodesically complete.
(i) M with the induced metric*” from the Riemannian metric g is complete as a metric space.
(iii) Every closed and bounded® subset of M is compact.

Proof. For this version of the theorem see [O, Ch. 5, Thm. 21] or, alternatively, [G, Thm. 2.10.2]
(in German), [L1, Thm. 6.13], [Bae, Thm.5.2.2]. O

Example 2.133.

(i) Every compact Riemannian manifold is geodesically complete. This is an immediate
consequence of Theorem 2.132. In particular, compact submanifolds of R™ are geodesically
complete.

19 As in metric space.
50W.r.t. the induced metric.
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(ii) R™ equipped with the pseudo-Riemannian metric induced by (-,),, cf. Proposition 2.3, is
geodesically complete. Any bounded open submanifold of R with the restriction of these
metrics is incomplete.

(iii) The hyperbolic upper half plane, H = {(x,y) € R? | y > 0} equipped with the Riemannian
dz?+dy?
y2

metric g = , is geodesically complete.

Next we will discuss two methods for (realistically) checking whether a given Riemannian
manifold is complete. In particular they do not necessarily involve solving any geodesic equation
explicitly.

Lemma 2.134. A Riemannian manifold (M, g) is geodesically complete if and only if every
curve with image not contained in any compact set has infinite length.

Proof. If (M, g) is geodesically complete, a curve « that is not contained in any compact set is
by Theorem 2.132 in particular not contained in the closure of the geodesic ball BY(vy(to)) for
any tg in the domain of v and any r > 0. Hence, v has infinite length.

If (M, g) is geodesically incomplete, we can find an inextensible geodesic v : [0,a) — M,
a > 0, of unit speed. Suppose that v([0,a)) is contained in a compactum K C M. Then ~
converges in K and can thus be extended as a geodesic, which is a contradiction. O

Lemma 2.135.

(i) Let M be a smooth manifold and g, h Riemannian metrics on M. Assume that for all
p € M and all v € T,M, hy(v,v) > gp(v,v), or h > g for short. If (M, g) is geodesically
complete, (M, h) is also geodesically complete.

(ii) Let (M,g) be a Riemannian manifold. If there exists R > 0, such that BY(p) is compactly
embedded in M for all p € M, then (M, g) is geodesically complete.

Proof. Exercise. O

Remark 2.136. While geodesic completeness is defined for pseudo-Riemannian manifolds
with arbitrary index, its main importance lies in Riemannian geometry. A concept of similar
importance in Lorentz geometry is global hyperbolicity, cf. [BGP].

3 Curvature

In this section we will study different notions of curvature of pseudo-Riemannian manifolds.
For surfaces in R?, one has a heuristic idea what curvature should mean, i.e. looking locally
like a part of an affine plane should mean not curved, looking like a parabola, a hyperboloid,
or a monkey saddle should mean curved in some sense. How do we formalise this, even in the
aforementioned case, in a coordinate-free way? How does this relate to the notion of Gauf3-
curvature of surfaces in R3? First, we will introduce the pseudo-Riemannian curvature tensor
by considering parallel translation around infinitesimal parallelograms. The reason why we want
to study curvature is as follows. As of now, we do not have effective tools to check if two given
pseudo-Riemannian manifolds might or might not be isometric. For example, while we have
shown that near every point we can find Riemannian normal coordinates turning the metric at
that point into a very simple form, it is not clear yet why this might not be possible locally.
This means that we do not know yet if we can always find local coordinates ¢ on a subset
U C M a pseudo-Riemannian manifold near every fixed point so that the pseudo-Riemannian
metric has coordinate representation (p(U), (-, -),). We will see that this is in general not true.
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Definition 3.1. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection V.
The Riemann®' curvature tensor of (M, g) is defined as

R: %(M) X %(M) X f(M) — :{(M), R(X, Y)Z =VxVyZ -VyVxZ — V[X,y}Z, (3.1)

forall X,Y,Z € X(M). In the above formula, we understand VxVy Z as Vx(Vy Z), analogously
for X and Y interchanged.

Exercise 3.2.
(i) Check that the Riemann curvature tensor is, in fact, a tensor field, i.e. R € T43(M).

(ii) Formally replace “V” in the right hand side of (3.1) with “£”, that is the Lie derivative.
Verify that the so-defined expression vanishes identically.

(iii) Show that the Riemann curvature tensor vanishes identically if dim(M) = 1.

Before studying the Riemann curvature tensor any further, we must ask ourselves which
geometric picture motivates its definition in the first place. Compare the following construction
with Remark 2.86 and make sure to understand the difference.

Lemma 3.3. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection V. For
any X € X(M), denote for every p € M by P§(X) : T,M — T, M the parallel transport map
with respect to V along the integral curve 7 : (—¢,e) = M of X with v(0) = p for € > 0 small
enough. For p € M fixed we have Pi(X) = Pi(y). Let (z!,...,2") be local coordinates on
U C M. Then
) o
p Oxk

R (8?51 PO (&w)i PO (814)71 POS (6$1) PO (8&:3) % p

for all 1 <i,j,k <nand all p € U. The Riemann curvature tensor is the unique (1, 3)-tensor
field fulfilling (3.2) in all local coordinates.

_9
p  Os

0

’ J
pax

(3.2)

s=0 ot t=

Proof. In their coordinate representations, P¢ (aﬂ) : TyM — TyyyM for t € (—¢,¢), € small
enough, and the other parallel translations are smooth maps of the form

o —

Pt (ax) . (—¢,e) — GL(n),

where GL(n) being the codomain follows from Lemma 2.78. The above map should be understood
as mapping prefactors of vectors in 7, M written in the coordinate basis to prefactors of vectors
in T, ;) M, again written in the coordinate basis. This means for the right hand side of (3.2)
that the partial derivatives behave according to the product rule of matrix valued curves, i.e.
for all A, B : (—¢,e) — GL(n) smooth with A(0) = B(0) = 1 and all v € R™ we have

%L JAls) T B A(s) B(t)
71) (&l BO™) v+ (5], BO7) (5
) (@il B®) v = (G, 20) (3.,

Note that %‘ o A(s) € End(R™), meaning that the derivative is in general not invertible. Using
o

@‘QJ

:L

o A(s)) v
A(s)) v.

%\Qv 83\@ L
u>

E
(2,

Proposition 2.79 we thus obtain

0 0 5} (Bml)_ Py (ay)_lpg (ax’) Py (a:w) 5

85 s=0 8t
5! As for Riemannian normal coordinates, R is always called the Riemann curvature tensor, even if (M, g) is not
Riemannian.

t=0 p

95



=V o V ok V \Y 0 k)
( oz’ 8:131 893 8361 ox* Oz

p

which proves equation (3.2). In order to show that the Riemann curvature tensor is indeed
the unique tensor field fulfilling the above, we only need to check that for any local functions

XLYLZL L XY 20 € O andallp € U, S XV 020 (] ] ) o,
and (R(X,Y)Z)|, as in (3.1) coincide. This follows immediately from the tensoriality of R
proven in Exercise 3.2 (i). O

Lemma 3.3 means that the Riemann curvature tensor measures the infinitesimal change of
vectors parallelly transported around infinitesimal parallelograms. It is important to note that
firstly, we allow pairs of opposite edges of said parallelograms to become small independently,
meaning that R involves second order differentiation. Secondly note that this already points to
the importance of planes in tangent spaces, that is two-dimensional linear subspaces, for the
interpretation of the curvature, see Lemma 3.18.

Lemma 3.4. In local coordinates (z!,...,2") the Riemann curvature tensor of a pseudo-

Riemannian manifold (M, g) has components

Rzijk = de‘Z (R (8?5“ %) %) 5

so that locally®? R = Z Rewk 37 ® dz' @ da?d ® dx¥. The local functions R’ ijk are given by
7]7 7

art,  art n
¢ _ gk k Z
R ijk — Ot - 81;] + (P'Lm ik — P]m ’Lk)

m=1

forall 1 <4,5,k, ¢ <n.
Proof. Direct calculation. ]
The Riemann curvature tensor fulfils various symmetry and anti-symmetry identities.

Lemma 3.5. Let (M, g) be a pseudo-Riemannian manifold with Riemann curvature tensor R.
Then

() R(X,Y)=-R(Y,X),
(ii) g(R(X,Y)Z,W) = —g(Z,R(X,Y)W),
(iii) R(X,Y)Z + R(Y,Z)X + R(Z,X)Y =0 (first or algebraic Bianchi identity),
(iv) g(R(X,Y)Z,W) = g(R(Z,W)X,Y),

)

(v) (VxR)(Y,Z)+ (VyR)(Z,X)+ (VzR)(X,Y) = 0 (second or differential Bianchi iden-
tity)

forall X,Y, Z, W € X(M).

52Warning: The order of the indices i, j, k, £ is not standardised. I have probably seen every possible
combination, so be careful to understand which index refers to which input in other lecture notes, papers, and
books.
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Proof. (i) follows from (3.1). Note that this means that R can be viewed as an End (7'M )-valued
2-form, cf. Remark 2.51.
In order to show (ii) it suffices to show that g(R(X,Y)Z,Z) = 0 for all X,Y,Z € X(M),
that is precisely (ii) for Z = W, which then implies
1
0=3 @RXY)Z+W),Z+W)-g(R(X,Y)(Z-W),Z-W))
= g(R(X7Y)Z> W) - g(R(X¢Y)W¢ Z)

We might further assume that [X,Y] =0, e.g. by setting X and Y locally to coordinate vector
fields, since R is a tensor field. We obtain using that V is a metric connection

9(R(X,Y)Z,Z)=g(VxVyZ,Z) - g(VNyVxZ,Z)
=X(9(VvZ,2)) —9(VvZ,VxZ) =Y(9(VxZ,Z)) + g(Vx Z,Vy Z)
=3(X(Y(9(2,2))) - Y (X(9(Z,2)))) = 51X, Y](9(2,2)) = 0
for all XY, Z with [X,Y] = 0 which, as explained above, proves (ii).

For the third identity (iii) we might, as before, assume using the tensoriality of R that

[X,Y]=1Y,Z] =[Z,X] =0. Also observe that we might write (iii) as Y, R(X,Y)Z =0. We
cycl.
find for all X,Y,Z € X(M) with pairwise vanishing Lie bracket

S RX,)Y)Z=)Y VxVyZ-> VyVxZ

cycl. cycl. cycl.
=) VyVzX ) VWWVxZ
cycl. cycl.
=Y Vy[Z,X]=0,
cycl.

where we have used that V is torsion free.

(iv) is a combinatorial exercise®® and follows using the identities (i), (ii), and (iii).

For last identity (v) we will use Riemannian normal coordinates. Fix p € M and let
(x',...,2™) be Riemannian normal coordinates at p on an open neighbourhood U C M of p.
We want to show that for all

— 1 _ 1
X, =Y X aail V,=3Y P
i=1 1=1

it holds that

n
-0
o Zy=Y_ 7" 50| Xyt zt . X" Yy" Z" eR,
=1

p

(Vx, R)(Yp, Zp) + (Vy, R)(Zp, Xp) + (V2,R)(Xp, Yp) = 0. (3.3)
Let X,Y,Z € X(U) be the constant extensions of X,,, Y}, Z, in the sense that
X - Xzi. Y — Yzi. Z — Zzi..
; oz’ P ; oz’ 7P ; oxt

Note that [X,Y] =[Y, Z] = [Z, X] = 0. Equation (3.3) follows if we can show that
(VxR)(Y, Z)W + (Vy R)(Z, X)W + (VZzR)(X,Y)W) |, = 0

for all local vector fields W € X(U). Recall that all Christoffel symbols in our chosen local
coordinates vanish at p, cf. Proposition 2.128. Hence, V 4 B)| »=0 for all possible combinations
of A, B € {X,Y, Z}. We thus obtain for all cyclic permutations of X,Y, Z and all W € X(U)

(VZR)(X, Y)W|, = (V2(R(X,Y)W) - R(VzX, Y)W — R(X, VY)W — R(X,Y)VzW)|,

53«Exercise” as in you should try proving this yourself.
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= (VZ(R(X,Y)W) ~ R(X,Y)V,W),.

Hence by using that p € M was arbitrary, the tensoriality of R, and that W € X(U) was
arbitrary we obtain

(VzR)(X,Y) = [Vz, R(X,Y)] = [Vz,[Vx, Vy]]

for all X,Y,Z € X(M) with pairwise vanishing Lie bracket. In the above equation, [-,] means
the formal commutator of differential operators. By writing out

Y IV [Vx,Vy]l = ) (VxVyVz — VxVzVy = VyVzVx + VzVyVx),

cycl. cycl.

we find that " [Vz,[Vx, Vy]] =0 and, hence, we conclude that (v) holds true. O
cycl.

The Riemann curvature tensor behaves well under isometries.

Lemma 3.6. Let F': (M, g) — (N,h) be an isometry and let RM and RY denote the Riemann
curvature tensors of (M, g) and (N, h), respectively. Then

F, (RM(X,Y)Z) = RN(F.X, P.Y)F.Z
for all X\Y,Z € X(M).

Proof. 1t suffices to show that F, VY'Y = VY ((F.Y) for all X,Y € X(M), where VM and V¥
denote the Levi-Civita connections of (M, g) and (N, h), respectively. This is a lengthy, but
not difficult calculation using the Koszul formula (2.14) for VM and V¥ the fact that we are
dealing with an isometry, which in particular means that F : X(M) — X(N) is bijective, and
Corollary 1.126. O

Definition 3.7. A pseudo-Riemannian manifold with vanishing Riemann curvature tensor is
called flat.

The easiest examples of flat pseudo-Riemannian manifolds are (R™, (-,-),), 0 < v < n.
There exist other not so obvious examples, e.g. the Riemannian cylinder R x S and the torus
T? = S' x S, both equipped with the respective product metric.

Suppose that we are given a flat Riemannian manifold (M, g). In our definition this means
that its Riemann curvature tensor vanishes identically. This is, in fact, a sufficient condition
to show that locally, (M,g) is isometric to (R™,(:,-)), where (-,-) stands for the standard
Riemannian metric given in canonical coordinates by i (dui)z.

i=1
Theorem 3.8. An n-dimensional Riemannian manifold (M, g) is flat if and only if it is locally
isometric to (R™, (-, -)), meaning that for all p € M there exists an open neighbourhood U C M
of p and an isometry F : (U,g) — (F(U),(-,-)), F(U) C R™ open.

Proof. Lemma 3.6 implies that local isometry to (R",(-,-)) implies flatness, i.e. R = 0. The
other direction of this proof requires more work, for details see [L1, Thm.7.3] (with slightly
different conventions). The idea is to construct a commuting®® orthonormal local frame of
TM — M near every given point. The key ingredient is that parallel transport of vectors at,
say, p € M, to a close enough point ¢ € M does not depend on the chosen curve starting at p
and ending at ¢ if it is required to be contained in a small enough open neighbourhood of both
p and g. This follows from a similar argument as in Lemma 3.3. 0

54w.r.t. the Lie bracket
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In Lemma 3.3 we have seen how to interpret the Riemann curvature tensor geometrically as
infinitesimal change of parallel transport of tangent vectors around infinitesimal parallelograms.
There is an alternative, more algebraically flavoured, interpretation of the Riemann curvature
tensor involving covariant derivatives of second order.

Definition 3.9. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection V.
Then for all X,Y, Z € X(M),

ViyZ = (Vx(VZ)(Y)=VxVyZ - Vy,vZ (3.4)
is called the second covariant derivative of Z in direction X, Y.

Note that the second covariant derivative V% y of vector fields is in general not symmetric

in X and Y. This holds true even if X = 8?& and Y = 8% are both coordinate vector fields with
respect to local coordinates (z!,...,2™), contrary to partial derivatives with respect to local
coordinates, cf. Lemma 1.100. Also compare the second covariant derivative of vector fields with

the definition of the covariant Hessian in Definition 2.95.

Exercise 3.10. Check that (Vx(VZ))(Y)=VxVyZ — Vy,yZ in (3.4) actually holds true
for all X,Y,Z € X(M). Note that Vx(VZ) is to be understood as the covariant derivative of
the endomorphism field VZ € I'(End(T'M)) in direction X.

By using second covariant derivatives, we can rewrite the Riemann curvature tensor as
follows.

Lemma 3.11. The Riemann curvature tensor of a pseudo-Riemannian manifold (M, g) with
Levi-Civita connection V fulfils

R(X,Y)Z =VxyZ—-VyxZ (3.5)
for all X,Y,Z € X(M).
Proof. Using torsion-freeness of V we obtain
—VvxvZ+ Vv, xZ=-Vixy|Z
for all X,Y,Z € X(M). Equation (3.5) now follows by writing it out using (3.4). O

Lemma 3.11 means that the Riemann curvature tensor measure “how much” second order
covariant derivatives of vector fields do not commute. In the case that the given pseudo-
Riemannian manifold is flat we see that second order covariant derivatives in directions X,Y,
respectively Y, X, do in fact commute. We can interpret this as a coordinate free Schwartz’s
Theorem for flat pseudo-Riemannian manifolds.

The Riemann curvature tensor of a pseudo-Riemannian manifold (M, g) is a (1, 3)-tensor field.
Another common definition is to instead define the Riemann curvature tensor as a (0, 4)-tensor
field R € T94(M) given by

R(X,Y,Z, W) :=g(R(X,Y)Z, W)
for all X, Y, Z W € X(M). It is clear that R can be recovered from R by raising the fitting

index. In local coordinates (z!,...,z"), R is of the form
R= " Rijpds'®ds’ @da* @ da', (3.6)
i?j7k:7e

where R;jre = D gem ™ ijk. Recall that we have seen in Proposition 2.128 that the first partial
m

derivatives of the prefactors g;; of the metric g in Riemannian normal coordinates (x,... 2"
vanish at the reference point. Using the above definition of the curvature as a (0, 4)-tensor field,
we obtain the following result for the second partial derivatives of the g;; at the reference point.
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Lemma 3.12. Let (M, g) be a pseudo-Riemannian manifold with Levi-Civita connection V and
let ¢ = (x!,...,2") be Riemannian normal coordinates at p € M corresponding to a choice of
orthonormal basis {v1,...,v,} of T,M. Let further R;;i, as in (3.6). Then the local prefactors
gij as in (2.2) of g fulfil

0%g;; 2
8mk5;g (p) = gRijkE(p)-
forall 1 <4,75,k, ¢ <mn.
Proof. [Bae, Prop. 3.1.12], try to solve it yourself before looking it up! O

The next curvature type we will study is the so-called sectional curvature which assigns to
each nondegenerate plane in a given tangent space a real number. For a pseudo-Riemannian
manifold (M, g), a plane II C T, M being nondegenerate means that g, |« is a pseudo-Euclidean
scalar product.

Definition 3.13. Let (M, g) be a pseudo-Riemannian manifold with Riemann curvature tensor
R. Let I C T, M be a nondegenerate plane spanned by linearly independent vectors v, w € T, M.
The sectional curvature of II is defined by

g(R(v,w)w,v)
g(vv U)g(wv w) - g(vv w)2 .

K(II) := K(v,w) :=

The first thing we need to investigate if the sectional curvature is well-defined, that is we
need to show that K (II) is independent of the basis vectors v, w of II.

Lemma 3.14. K only depends on the plane II, not on the choice of basis vectors v, w of II.

Proof. Let {V, W} be another basis of II. Then we can write v = aV + bW, w = ¢V + dW for
a,b,c,d € R and since both {v,w} and {V, W} are a basis of IT we have that

a b
det(c d) =ad — be # 0.

A short calculation shows g(R(v, w)w,v) = (ad — be)?g(R(V, W)W, V) and g(v,v)g(w,w) —
g(v,w)? = (ad — be)?(g(V, V) g(W, W) — g(V, W)?) which proves our claim. Note that the latter
also proves that IT is nondegenerate if and only if g(v,v)g(w,w) — g(v,w)? # 0. O

Sectional curvature can be interpreted as a coordinate free generalisation of the Gauf-
curvature of surfaces in R3. In order to properly understand this we need more knowledge about
induced structure on submanifolds which is the topic of the next section, cf. Remark ?7.

Definition 3.15. A pseudo-Riemannian manifold (M, g) is of constant curvature if its
sectional curvatures coincide at every point for every nondegenerate plane in the corresponding
tangent space.

Exercise 3.16.

9 9
oz’ OxJ
their derivatives. How does this formula look like in Riemannian normal coordinates?

(i) Find an explicit local formula for K ( > in terms of the Christoffel symbols and

(ii) Show that (S™, (-,-)|rsnxTsn) has positive constant curvature.

(iii) Show that the hyperboloids H]' as in Example 2.33 (ii) have constant curvature and
determine the sign.
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It turns out that knowing all sectional curvatures at all points is equivalent to knowing the
Riemann curvature tensor. In order to prove this, we will define so-called abstract curvature
tensors.

Definition 3.17. A (1, 3)-tensor
Fe T;?’M7 F:(u,v,w) — F(u,v)w € T,M Yu,v,w e T,M,

on a pseudo-Riemannian manifold (M, g) is called abstract curvature tensor if it fulfils the
identities

() Flv,w) = —F(w,0),

(i) g(F(v,w)V,W) = —g(V, F(v,w)W),

(iii) > F(u,v)w =20

cycl.
for all u,v,w,V,W € T,M.

Note that similarly to the identity Lem. 3.5 (iv) for the Riemann curvature tensor one can
show for abstract curvature tensors that g,(F (v, w)V, W) = g,(F(V, W)v,w) for all v,w,V, W.

Lemma 3.18. Let (M, g) be a pseudo-Riemannian manifold with Riemann curvature tensor R
and assume that for p € M fixed and an abstract curvature tensor F' € Tpl’SM
9(F (v, w)w, v)

Ko w) = g w) — glo,w)? 3.7)

for all linearly independent v, w € T),M spanning a nondegenerate plane in 7, M. Then F' = R,,.

Proof. One checks that F' — R, is an abstract curvature tensor. By linearity it thus suffices
to show that K (v, w) = 0 for all linearly independent v, w € T,,M implies F' = 0 in (3.7). As
discussed in the proof of Lemma 3.14, the denominator g(v,v)g(w,w) — g(v,w)? does not vanish
by the requirement that II = spang{v,w} is nondegenerate. Hence, it suffices to show that
g(F(v,w)w,v) = 0 for all v, w spanning a nondegenerate plane implies F' = 0. Note that this
is in fact equivalent to showing g(F'(v,w)w,v) = 0 for all v,w € T,M. In the Riemannian and
index equal to the dimension of M cases, every plane is nondegenerate, so this claim is trivial.
So supposed that the index of g is between 1 and n — 1. To see that the claim also holds in these
cases, first note that

T,M x T,M > (v,w) — g(F(v,w)w,v) € R (3.8)

is continuous. Suppose that g(F' (v, w)w,v) = 0 for all v,w € T,M spanning a nondegenerate
plane in T, M holds true but there are V,W € T,,M spanning a degenerate plane in 7,,M, such
that g(F(V,W)W,V) #0

g(F(V, W)W, V) #0. (3.9)

To show that this is a contradiction to the continuity of (3.8) we show that there exist vectors
Vz and W, in arbitrary small open neighbourhoods of V,W in T),M, respectively, such that
I1. := spang{V., W.} is nondegenerate. A plane II. spanned by linearly independent V., W is
nondegenerate if and only if g(Vz, V2)g(We, W.) — g(Vz, W.)? # 0. This follows from the fact that
in the basis V., W; of Il. C T,M, the representing symmetric 2 x 2-matrix of g|r_x11. is given by

g(Ve, Vo) g(Ve, We)
g(Ve, We) g(We,We) )~

5Compare these to Lemma 3.5 (i)—(v).
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If g(V,V) =0, that is V is a timelike vector, spang{V, W} being degenerate is equivalent to
g(V,W) = 0. In this case choose a vector £ € T,,M, such that g(V,&) # 0. If g(V, V) <0, choose
¢ € T,M with g(§,€) > 0, if g(V,V) > 0, choose £ € T,M with g(§,£) < 0. In any of the three
described cases set V. =V and W, =W + &£. Then

9(Ve, Ve)g(We, We) — g(Ve, We)? = e + (9(V.V)gl6,6) — g(V.£)?) €2

for some ¢ € R. If ¢ # 0, we see that there exists § > 0 such that for all ¢ with 0 < |g| < 6,
g(Ve, Vo) g(We, W) — g(Vz, We)? is either positive (if ¢ > 0) or negative (if ¢ < 0). If ¢ = 0, we
have by construction g(V,V)g(&,€) — g(V,€)? < 0 in any case of g(V,V) =0, g(V,V) <0, or
g(V,V) > 0. Hence, we again obtain that there exists § > 0 such that for all £ with 0 < |¢| < §,
g(Ve, Vo) g(We, We) — g(Ve, We)? is negative. We conclude that in any case the corresponding
plane II. is nondegenerate. Since ¢ is allowed to be arbitrary small and (3.9) is supposed to
hold, this is a contradiction to the assumption that g(F(v,w)w,v) = 0 for all v, w spanning a
nondegenerate plane and the continuity of (3.8).

The next step is to show that g(F (v, w)w,v) = 0 for all v,w € T,M implies F' = 0. First
note that g(F(v, w)u,v) is symmetric in u,w for all u,v,w € T,M. This follows from

g(F(U7 ’U))U, U) = g(F(uv ’U)Uv ’LU) = g(F(Ua u)wv U)
for all u,v,w € T,M. We further obtain
0 = g(F (v, w + u)(w + 1), v) = 2g(F (v, w)u,v) = ~29(F (v, w)v, u)

for all w,v,w € T,M, which shows F'(v,w)v = 0 for all v,w € T,M. Hence we have for all
u,v,w € T,M
0=Fv+uw)(v+u) =Fv,w)u+ F(u,w)v,

which is equivalent to F(v,w)u = F(w,u)v. Using that we obtain

0= Z F(v,w)u =3F(v,w)u

cycl.
for all u,v,w € T, M, proving that indeed F' = 0. O

As a consequence of Lemma 3.18 we obtain the following formula for the Riemann curvature
tensor of pseudo-Riemannian manifolds with constant curvature.

Corollary 3.19. Let (M, g) be a pseudo-Riemannian manifold with constant sectional curvature
K = c € R. Then the Riemann curvature tensor of (M, g) fulfils

R(X,Y)Z = clg(Y, Z)X — g(X, Z)Y) (3.10)
for all X,Y, Z € X(M).

Proof. We check that for every point p € M, the right hand side of (3.10) restricted to
TyM x T,M x T,M defines an abstract curvature tensor fulfilling

K(v,w) =c

for all v, w spanning a nondegenerate plane in 7, M. Lemma 3.18 now implies that the equality
(3.10) holds at p € M. Since p € M was arbitrary this finishes the proof. O

Now we will introduce the Ricci®® curvature which is obtained by contracting the Riemann
curvature tensor.

6Gregorio Ricci-Curbastro (1853 — 1925)
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Definition 3.20. Let (M, g) be a pseudo-Riemannian manifold with Riemann curvature tensor
R. The Ricci curvature Ric € T%2(M) is defined as

Ric(X,Y) :=tr(R(-, X)Y)
for all X,Y € X(M) where

R(-,X)Y e TV (M), R(,X)Y:Zw R(Z,X)Y.

In local coordinates (z!,...,2"), the Ricci curvature is of the form
Ric = > Ricjjda’ @ da’/ = ) (Z Rkkij> da' © da?’.
ij=1 ij=1 \k=1

Exercise 3.21.
(i) Show that Ric is symmetric, that is Ric(X,Y) = Ric(Y, X) for all X,Y € X(M).
(ii) Determine a local formula for each Ric;; in terms of the Christoffel symbols.
(iii) Find a formula for Ric for pseudo-Riemannian manifolds of constant curvature.

The Ricci curvature plays a prominent role in general relativity and, as indicated by the
name, the study of the Ricci flow. On a pseudo-Riemannian manifold (M, go) The Ricci flow is
(up to a multiplication of the right hand side with a constant) formally defined as a system of
second order ODEs

% = —2Ric?,
with fitting initial condition. Here g; is a smooth family of pseudo-Riemannian metrics and
Ric% denotes the Ricci curvature of (M, g;). This is a very actively studied field of modern
mathematics, for an introduction see [CK, T].

In case that Ric = \g for a pseudo-Riemannian manifold (M, g) and some real number A\ € R,
(M, g) is called Einstein manifold. Einstein manifolds are subject of active research in both
physics, where they originate as critical points of the total scalar curvature functional, and
mathematics. For a (mathematical) introduction see [Bes].

Exercise 3.22. Find a solution of the Ricci flow equation for (M, g) Einstein. What can you
say about the maximal existence interval for the time variable ¢?7

The Ricci curvature can be used to define a scalar curvature invariant as follows.

Definition 3.23. The scalar curvature of a pseudo-Riemannian manifold (M, g) is defined as
S = try(Ric) € C(M).
Note that Exercise 3.21 ensures that S is in fact well defined.
Exercise 3.24. Find a local formula of the scalar curvature in terms of the Christoffel symbols.

Why would one want to study scalar curvature invariants like the scalar curvature in the first
place? The answer is that they are useful when trying to prove that two given pseudo-Riemannian
manifolds are not isometric.

Lemma 3.25. The number of isolated local minima and maxima of the scalar curvature of a
pseudo-Riemannian manifold is invariant under isometries.
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Proof. Let (M, g) and (N, h) be two isometric pseudo-Riemannian manifolds with scalar curvature
Sur, Sy, respectively, and let F' : M — N be an isometry. It follows from Lemma 3.6 that
SN = Sy o F. Since F' is in particular a diffeomorphism the claim of this lemma follows. [

Hence, if we have two pseudo-Riemannian manifold (M, g) and (N, h) (with the same index,
otherwise this would be a trivial statement) but do not know any of the topological invariants of
M and N like their respective fundamental or homology groups, but still want to show that they
are not isometric, we might as a reasonable ansatz try to study the extrema of their respective
scalar curvature functions. It is not enough to check that their scalar curvatures are different at
some points as we can see in the following exercise.

Exercise 3.26.

(i) Let (M, g) be a pseudo-Riemannian manifold and » > 0. Let SY denote the scalar curvature
of (M, g) and S™ denote the scalar curvature of (M,rg). Show that S = r=199,

(i) Show that the 2-torus as the product 72 = S x S' equipped with the product metric®”
and the 2-torus embedded in R? via F : T? — R3 equipped with the induced metric
(-, )72 xTT? are never isometric, independent of the chosen embedding F'.

The scalar curvature can also be calculated using the sectional curvatures for a good choice
of basis of the tangent spaces.

Lemma 3.27. Let (M, g) be an n > 2-dimensional pseudo-Riemannian manifold. For p € M
fixed let {v1,...,v,} be an orthonormal basis of T, M. Then

S(p) = K(vi,vj).
i#j

Proof. Exercise. [Hint: Simply write out the right hand side of the equation.] O

Remark 3.28. Another commonly studied scalar curvature invariant of pseudo-Riemannian
manifolds is the so-called Kretschmann®® scalar which is for a pseudo-Riemannian manifold
(M, g) given by g(R, R) € C*°(M), cf. Definition 2.23.

4 Pseudo-Riemannian submanifolds

4.1 Induced structures

In this section we will deepen our studies of pseudo-Riemannian submanifolds. Throughout this
sections, M will denote a smooth manifold which is supposed to be the ambient manifold of a
smooth submanifold M C M. Recall that this means that M is an embedded submanifold of
M via the inclusion map ¢ : M — M. Also note that in this notation M is not the topological
closure of M. Similarly, we will denote the geometrical structures on the ambient manifold M
with bars, e.g. the Levi-Civita connection will be denoted by V.

Definition 4.1. The induced metric of a pseudo-Riemannian submanifold M in (M,g) given
by the restriction g := g|rarx7as is called first fundamental form.

Recall Definition 2.30.

578" ¢ R? with induced metric (-, -)|7g1 751
*8Frich Justus Kretschmann (1887 — 1973)
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Definition 4.2. Let (M, g) be a pseudo-Riemannian submanifold of (M,g). We identify X(M)
with tangential sections of TM|y = TM @ TM~+ — M, where tangential means that the normal
part of these sections vanishes identically. Sections in the subbundle TM* — M are called
normal sections and are denoted by X(M)+. We further define tangential and normal
projections as bundle maps

tan: TM & TM* — TM, nor:TM&TM* —TM*,

given fibrewise by tan(v + &) = v and nor(v + &) = £ for all v € T,M and all ¢ € T,M*.

The following holds for any smooth submanifolds M C M without any assumption on
additional geometric data like a pseudo-Riemannian metric.

Lemma 4.3. Let M C M be a smooth submanifold. Let further X,Y € X(M) be arbitrary
and X,Y € X(M) be arbitrary extensions of X,Y to M, i.e. X, = X, and Y, =Y, for all
p € M. Then [X,Y], € T,M for allp € M.

Proof. Follows from Lemma 1.125 with ¢ = ¢, see also Remark 1.127. O

Whenever M C M is a pseudo-Riemannian submanifold, the above Lemma 4.3 justifies the
notation [X,Y] € X(M) for all X,Y € X(M), where X(M) is viewed as the set of sections of
the tangent part of the bundle TM|y = TM © TM+ — M along M C M.

Next we need to study the Levi-Civita connection of the ambient manifold and show that it,
in a certain sense, defines a connection in both TM — M and TM~+ — M.

Lemma 4.4. Let M be a pseudo-Riemannian submanifold of (M,g) and let V denote the
Levi-Civita connection of (M,g). Let X € X(M) and Y € I'(TM|ys) with arbitrary extensions
X,Y € X(M), respectively. Then

is independent of the chosen extensions X and Y.

Proof. Any integral curve of X starting in M will have image contained in M and can thus be
viewed as an integral curve of X. Using Corollary 2.80 finishes the proof. O

Lemma 4.4 in particular justifies the notation VxY for all X,Y € X(M). Furthermore, it
implies the following.

Corollary 4.5. The Levi-Civita connection of a pseudo-Riemannian manifold (M,g) with
pseudo-Riemannian submanifold (M, g) induces a connection in TM & TM+ — M.

Note that it is at this point not clear if V also induces a connection in the tangent bundle
TM — M and the normal bundle TM+ — M. The answer is yes to both as we will see next.

Proposition 4.6. Let (M, g) be a pseudo-Riemannian submanifold of (M,g). Then the Levi-
Civita connection V of (M, g) is precisely the tangent part of the Levi-Civita connection V of
(M, g) restricted to X(M) x X(M), i.e.

VxY = taanY

for all X, Y € X(M).
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Proof. First we need to show that tanV restricted to X(M) x X(M) is, in fact, a connection.
This follows from the fibrewise linearity of tan : T,M — T, M and Lemma 4.4. Note that this
easily implies that tanV A is well-defined for all tensor fields A € T™%(M). Next we need to check
that tanV is metric and torsion-free. Let XY, Z € X(M) be arbitrary and let X,Y,Z € X(M)
be respective extensions. Since g = §|rarxra we obtain for all p € M by the locality property
of tangent vectors and Lemma 4.4

(tam¥Vxg)(Y, 2)l, = (X (9(Y. 2)) — g(tanVx Y. Z) (Y, tan¥Vx 2))|
= (X(a(V,2)) - g(tanV5Y, Z) - g(¥ , tanVxZ) )|

= (X@(V.2) - 9(V5Y.2) - 3(V.V52))| .

p

In the last equivalence we have used that Yp,?p,fp are tangent to M, hence the normal part of
e.g. VY at p does not chance the value of g(VY, Z). Since V is metric and X,Y, Z € X(M)
and p € M were arbitrary, it follows that tanVg = 0 as claimed. For the torsion-freeness, let
X,Y € X(M) be arbitrary with arbitrary extensions X,Y € X(M), respectively. Using Lemmas
4.4, 4.3, and the fibrewise linearity of tan we obtain for all p € M

(taanY —tanVy X — [X, Y]) ‘p = (tanvy? —tanVyX — [X, 7]) ‘p

where the last equality follows from the torsion-freeness of V. Summarizing, we have shown
that tanV is a metric and torsion free connection in TM — M and, hence, coincides with the
Levi-Civita connection V of (M, g). O

Proposition 4.6 might be a surprising result at first glance, as it allows us to calculate covariant
derivatives in pseudo-Riemannian submanifolds with respect to the Levi-Civita connection using
only tangential projections and the Levi-Civita connection of the ambient manifold. The latter
is usually easier to handle, in particular if (M,g) = (R", {-,-),). By a result from Nash® [N],
this is actually the most general case if the ambient manifold is R™ equipped with the standard
Riemannian metric (-,-). The reader is encouraged to take a look at the related publication
since even though it is a very hard result, it is very neatly structured and well readable. The
following is a special case of [N, Thm. 3].

Theorem 4.7. Let (M, g) be a Riemannian manifold of dimension n. Then there exists an
isometric embedding of (M, g) into any open subset U C R™ for m = %ng +7n? + %n equipped
with the standard Riemannian metric (-, ).

The above theorem means that studying Riemannian manifolds is equivalent to studying
(automatically Riemannian) submanifolds of (R™, (-,-)). However, in reality, constructing an
explicit embedding from, say, RP™ equipped with some Riemannian metric into any given open
subset U C R™ for fitting m is far from trivial.

Exercise 4.8. Find a formula for the Christoffel symbols of the Levi-Civita connection of a
pseudo-Riemannian submanifold in adapted coordinates.

We have seen how to obtain a connection in the tangent bundle of a pseudo-Riemannian
submanifold (M, g) which turned out to be the best possible case, that is the Levi-Civita
connection. The Levi-Civita connection of the ambient manifold (M, g) also induces a connection
in the normal bundle TM T — M.

%9 John Nash (1928 — 2015)
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Proposition 4.9. Let (M, g) be a pseudo-Riemannian submanifold of (M,g) and let V denote
the Levi-Civita connection of (M,g). Then

V" = norV : X(M) x X(M)* — X(M)*,  (X,€) = norVxé,

for all X € X(M) and all ¢ € X(M)* is a connection in TM+ — M, called the normal
connection.

Proof. Follows from the fibrewise linearity of nor and Lemma 4.4. O

Recall that we have called the metric g = g|rarx7ar of a pseudo-Riemannian submanifold
(M, g) of (M,g) the first fundamental form.

Definition 4.10. Let (M, g) be a pseudo-Riemannian submanifold of (M, g) with Levi-Civita
connection V in TM — M. The second fundamental form of M is defined as

IT: X(M) x X(M) — X(M)*, II(X,Y):=norVxY
for all X,Y € X(M).

Lemma 4.11. The second fundamental form is a symmetric TM-+-valued (0, 2)-tensor field,
that is a section in TM+ ® Sym?(T*M) — M.

Proof. 1t is clear that IT is C°°(M)-linear in its first argument. Hence it suffices to show that
11 is symmetric in order to also obtain the C°°(M)-linearity in the second argument. For
the symmetry we check that for all X, Y € X(M) using the fibrewise linearity of nor, the
torsion-freeness of V, and Lemma, 4.3

II(X,Y) = II(Y, X) = nor (VxY = Vy X ) = nor[X, Y] = 0.
0

Corollary 4.12. The Levi-Civita connection V and second fundamental form I7 of a pseudo-
Riemannian submanifold (M, g) of (M,g) fulfil the Gau8 equation®’

VxY =VxY +I1I(X,Y) (4.1)
for all X|Y € X(M).

Exercise 4.13.

(i) Find a formula for the second fundamental form in coordinates in terms of the Christoffel
symbols of (M, g) and (M, g).

(i) For U C R? open consider a smooth function f : U — R. The graph of f is a Rie-
mannian submanifold of (R3, (-,-)). Find a formula for the second fundamental form of

(graph( 1)s9 = ()| Tgraph(f) x Teraph( f)) in terms of the first and second partial differentials
of f.

The covariant derivatives of normal fields along pseudo-Riemannian manifolds also split in a
certain manner. For this we need to define the following.

50There are many similar equations with that name, e.g. in affine and centro-affine differential geometry, so
one has to make sure to clarify the context.
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Definition 4.14. Let (M, g) be a pseudo-Riemannian submanifold of (M, 3). For all ¢ € X(M)*,
the g-symmetric endomorphism field S¢ € TV1(M) defined by the Weingarten equation

gUI(X,Y),€) = g(S*X,Y) (4.2)
for all X, Y € X(M) is called Weingarten®" map (alternatively shape operator).
Note that S¢ is well-defined for each ¢ € X(M)* by the fibrewise nondegeneracy of g.

Exercise 4.15. Determine a coordinate description of the Weingarten map in adapted coordi-
nates.

Proposition 4.16. Let (M, g) be a pseudo-Riemannian submanifold of (M, g). The Weingarten
map fulfils the Weingarten equation

~—nor

VUxé=-8X+VyY'¢ (4.3)
for all X € X(M) and all £ € X(M)*.

Proof. Follows by writing out g(Vx&,Y) for Y € X(M) arbitrary and using Definition 4.14,
Proposition 4.9, and the metric property of V. O

4.2 Curvature of pseudo-Riemannian submanifolds

We have seen how to relate obtain the Levi-Civita connection and several related geometric data
of a pseudo-Riemannian submanifold from the geometric information of its ambient pseudo-
Riemannian manifold. We will now develop formulas for the various curvature tensors of
pseudo-Riemannian submanifolds. We start with relating the respective Riemann curvature
tensors.

Proposition 4.17. Let (M, g) be a pseudo-Riemannian submanifold of (M,g). The Riemann
curvature tensors R of (M, g) and R of (M, g) are related by the Gauf3 equation for Riemann
curvature tensors

JR(X,Y)Z,W) = g(R(X,Y)Z,W) +g(IL(X, 2),11(Y,W)) — g(IL(Y, Z), II(X,W))  (4.4)
for all X,Y,Z, W € X(M).

Proof. Since (4.4) is a tensor equation, we might without loss of generality assume [X,Y] = 0.
Observe that for all X, Y, Z, W € X(M), equation (4.3) implies

G(VxVyZ W) =gtanVxVyZ, W)

(Vx(tanVy Z), W) + g(tanV x (norVy Z), W)
(VxVyZ, W)+ gtanVx(1L(Y, Z)), W)
(VxVyZ, W) —g(S"¥2 x W)

( (

VxVyZ, W) — g(I(X, W), 11(Y, Z)).

I
Q Q |

[ g
g g

By doing the same calculation as above with X and Y interchanged and using R(X,Y) =
VxVy — VyVx for [X,Y] =0 we obtain the claimed formula (4.4). O

Since the first fundamental form of a pseudo-Riemannian submanifold is simply the restriction
of the pseudo-Riemannian metric of the ambient manifold, Proposition 4.17 and Definition 3.13
imply the following for the sectional curvature of pseudo-Riemannian submanifolds.

61 Julius Weingarten (1836 — 1910)
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Corollary 4.18. Let (M, g) be a pseudo-Riemannian submanifold of (M,g). For every nonde-
generate plane spanned by v,w € T,M in T,M C T, »M, the sectional curvatures K of (M, g)
and K of (M,g) are related by

K Kl 900, 0),TT(w, w)) = g(II(v, w), (v, w))
K(v,w) = K(v,w) o(0.0)g(w, ) — g(v.w)? .

(4.5)

Equation (4.5) is particularly useful if the ambient manifold (M,g) has constant curvature
as it allows to calculate the sectional curvatures of any pseudo-Riemannian submanifold without
having to calculate its Riemann curvature tensor.

Example 4.19. Consider the unit n-sphere S™ C R"*! equipped with the restriction of the
standard Riemannian metric. The sectional curvatures of the ambient Riemannian manifold
(R™*1 (-))) all vanish and since we are in the Riemannian setting, every plane in T,S™ is
nondegenerate for all p € S™. Without loss of generality we can assume for a given plane in
T,S™ C T,R™ that it is spanned by two orthonormal vectors v, w € T, M. Hence, the sectional
curvature of S™ of that plane is given by

K(v,w) = (Il(v,v), I(w,w)) — (II(v,w), (v, w)).

In the next step we need to determine IT for which we will use (4.2). First note that T.S"+ — S™
is a rank 1 vector bundle. A global frame is given by the position vector field £ € X(S™)*, p=Dp
for all p € S™. In order to determine the Weingarten map, we use (4.3), calculate

Vxé=X (4.6)

for all X € %(S") and, hence, obtain S¢ = —idpgn. Since IT is a T'S™*-valued symmetric
(0, 2)-tensor, (4.6) implies with (4.2)

(II(X,Y),§) = =(X,Y)

for all X,Y € X(S™), showing that I1(X,Y) = —(X,Y)¢. Hence, K(v,w) = 1, and since the
initial plane spanned by v, w was arbitrary this shows that the unit n-sphere S™ has constant
curvature with value 1.

Exercise 4.20.

(i) Show that S™ embedded as a sphere of radius » > 0 in (R", (-,-)) has positive constant
curvature %2

(ii) Show that H} as a Riemannian submanifold of the n + 1-dimensional Minkowski space
(R™F1(..)1) as in Example 2.33 (ii) has negative constant curvature.
4.3 Geodesics of pseudo-Riemannian submanifolds

Next we will use the results about curvature of pseudo-Riemannian submanifolds to find tools
for determining geodesics of pseudo-Riemannian submanifolds.

Proposition 4.21. Let (M, g) be a pseudo-Riemannian submanifold of (M,q) with respective
Levi-Civita connections V and V. A smooth curve v : I — M is a geodesic with respect to V if
and only if V.9 is normal at every point, i.e. V., € T.,(TM?1).

Proof. By the Gaufl equation (4.1) we have
Vo =Voyy + 1Y, 7).

Since II(v',~’) is precisely the normal part of V.,+/, the claim follows. O
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Proposition 4.21 usually makes life easier in case the ambient manifold is the flat Euclidean
space. Try the following exercise first without our new results, that is by choosing coordinates,
and then with the help of Proposition 4.21.

Exercise 4.22. Let S C R""! be the unit n-sphere with induced Riemannian metric. The
geodesics in S™ are curves of constant speed contained in the great circles.

Another interesting thing to consider for pseudo-Riemannian submanifolds (M, g) of (M, g)
is geodesics of its ambient manifold with initial condition in TM C T'M, meaning v(0) = p € M
and 7/(0) = v € T,M C T,M. It is not automatically true that geodesics with such initial
conditions stay in the submanifold, see Exercise 4.22. In the following, geodesic refers to geodesic
with respect to the respective Levi-Civita connection.

Definition 4.23. A pseudo-Riemannian submanifold (M, g) of a pseudo-Riemannian manifold
(M, 9) is called totally geodesic if all geodesics v : I — M of (M,q) starting in M with initial
velocity tangent to M stay in M for all time, i.e. y(I) C M.

Using the Gaufl equation (4.1) we obtain the following description of totally geodesic
submanifolds.

Lemma 4.24. A pseudo-Riemannian submanifold (M, g) of a pseudo-Riemannian manifold
(M,7g) is totally geodesic if and only if its second fundamental form vanishes identically.

Proof. If I =0, (4.1) implies that V.,4' = V.,+ for all smooth curves v : I — M. Hence, v is
a geodesic in (M, g) if and only if it is a geodesic in (M, g).

Now suppose that II # 0. Fix p € M and v € T,M C T,M, such that II(v,v) # 0. For
e > 0 small enough let v : (—¢,6) =+ M C M be a geodesic in (M, g) with 7/(0) = v. By (4.1) it
follows that + is not a geodesic in (M,g). Hence, (M, g) is not totally geodesic. O

In order to check if a pseudo-Riemannian submanifold is totally geodesic we can use the
following equivalent conditions.

Proposition 4.25. Let (M, g) be a pseudo-Riemannian submanifold of (M,g). (M, g) is totally
geodesic if and only if one of the following equivalent statements hold:

(i) Every geodesic in (M, g) is a geodesic in (M, 7).

(i) For every geodesic v : I — M with 0 € I, I open, and initial conditions v(0) = p,
7' (0) =v € T,M C T,M there exists € > 0, such that y((—¢,e)) C M.

(iii) For every smooth curve v : [a,b] — M C M the parallel transport in (M, g),

Pb

() s Ty@yM = Tyy M

coincides with the parallel transport in (M,3),

restricted to Ty M C Ty(q)M.

Proof. (i) is by definition of totally geodesic pseudo-Riemannian submanifolds, cf. Definition
4.23, equivalent to (M, g) being totally geodesic. (iii) is equivalent to (M, g) being totally
geodesic by Lemma 4.24.

To see that (i) and (ii) are equivalent, suppose first that (i) holds and let v : I — M be a
geodesic in (M,g) with 0 € I, I open, and 7/(0) = v € T, M. On the other hand, let 7 : I M
be a geodesic in (M, g) with 0 € I, I open, and 7'(0) = v. By assumption, 7 is also a geodesic in
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(M, g) and by the uniqueness property of maximal geodesics coincides with v on I N I. Choosing
e > 0 small enough so that (—e,e) C I NI proves the claim.

Next suppose that (ii) holds. We have already seen that (i) is equivalent to the vanishing of
the second fundamental form II of M C M. Let p € M and v € T,M be arbitrary. Let further
v : (—€,e) = M for any € > 0 small enough be a geodesic in (M,g) with 7(0) = p, 7/(0) = v,
such that v((—e,e)) C M. By the Gaufl equation (4.1) we have

0= V9

o= V| =g + Hp(v, v)
and by the fibrewise direct sum of the splitting TM|y; = TM © TM~* and p and v being
arbitrary, we obtain II = 0 as required. 0

A nice tool to construct totally geodesic pseudo-Riemannian submanifolds is by studying
fixpoints of isometries of their ambient manifold.

Proposition 4.26. Let (M, g) be a pseudo-Riemannian manifold and let F' € Isom(M,g) be an
isometry of (M,g). Suppose that a connected component M of Fix(F) := {p € M | F(p) = p}
is a pseudo-Riemannian submanifold of (M,g). Then M is totally geodesic.

Proof. F, restricted to M, is the identity, i.e.
F|M = idyy.

Hence, dF restricted to the subbundle TM C T'M]|,; is also the identity, meaning that dF(v) = v
for all v € T,M C T,M and all p € M. In order to show that M is totally geodesic, it suffices
to show by Proposition 4.25 (ii) that isometries map geodesics of (M,g) to geodesics of (M,g),
meaning that for € > 0 small enough any geodesic of (M,g), v : (—¢,&) — M with v(0) =p € M,
7'(0) = v € T, M, will be contained in M by construction. This follows from F. *ﬁy? =V F*YF*?
for all X,Y € X(M), see the proof of Lemma 3.6. O

While it is easy to produce “more” examples of totally geodesic pseudo-Riemannian sub-
manifold if we are given one by restricting to open subsets, in the case that a totally geodesic
pseudo-Riemannian submanifold is geodesically complete we have the following uniqueness
statement.

Proposition 4.27. Let M and N be connected totally geodesic geodesically complete pseudo-
Riemannian submanifolds of (M, ). If there exists p € M N N, such that T,M = T,N as linear
subspaces of Tpﬁ, we already have M = N.

Proof. We will show M C N, the other direction follows by symmetry of the arguments. Let
v : [a,b] — M be a geodesic in M from p = y(a) to q := ~y(b). Note that M being totally
geodesic implies v is also a geodesic in M. By the assumption of geodesic completeness of N,
there exists a unique geodesic

¥y:R—> N

with 5/(a) = +/(a). Since N C M is totally geodesic, ¥ is also a geodesic in M. Hence, by
the uniqueness of maximal geodesics v and 7|[a,b] coincide, showing in particular ¢ € N. By
Proposition 4.25 (iii) and the linear isometry property of P’(y) : T,M — T, M it follows that
TyM = T;N. By the connectedness of M and N and Exercise 2.127 we conclude that this
argument holds for all ¢ € M, showing that ¢ € N. O

Propositions 4.26 and 4.27 allow us to obtain the following.
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Corollary 4.28. The connected totally geodesic geodesically complete Riemannian submanifolds
of R™ with standard Riemannian metric are the affine m < n-spaces, that is smooth submanifolds
of the form

M=p+V, V CR" m-dimensional linear subspace.

Exercise 4.29. Show that the connected totally geodesic geodesically complete m > 1-
dimensional Riemannian submanifolds of S” C R"*! equipped with the round metric®? are
precisely the great spheres

M=25"NnV, V cR"! (m+1)-dimensional linear subspace.
Next we specialise our studies to hypersurfaces, that is submanifolds of codimension one.

Remark 4.30. Let (M, g) be a pseudo-Riemannian hypersurface in (M, 3), that is a smooth
hypersurface such that the restriction g = g|lry <7 is a pseudo-Riemannian metric on M. The
normal bundle TM+ — M is of rank 1, meaning that a local frame consists of a single local
vector field £ € X(U)*, U C M, that is at each point orthogonal to TM. If TM+ — M is trivial,
that is if there exists a global frame or equivalently a vector field ¢ € X(M)* spanning TM*,
M is called orientable. This in particular means that ¢ is nowhere vanishing. There are in fact
other equivalent definitions of orientability, one being the existence of a global volume form on
M, cf. Remark 2.51.

Definition 4.31. Let (M, g) be a pseudo-Riemannian manifold with orientable pseudo-Riemannian
hypersurface (M, g). An orthogonal vector field £ € X(M)"' is called unit normal if g(¢, &) = 1

or g(&,¢&) =—1.

Exercise 4.32. In the setting of Definition 4.31, show that a connected hypersurface admitting
a unit normal admits precisely two unit normals related by a sign flip.

In the case of M C M compact, one differentiates between the outward pointing and
inward pointing unit normal. For hypersurfaces the Gaufl equations are of a rather simple
form.

Proposition 4.33. Let (M, g) be an oriented pseudo-Riemannian hypersurface of (M,g) and
let £ € X(M)* be a unit normal with g(¢,£) =e € {—1,1}. Then the second fundamental form
of M is of the form

N=¢{®g,

where § € I'(Sym?(T*M)) is given by
G(X,Y) = g(S°X.Y)

for all X,Y € X(M) with S¢ the Weingarten map. The Gau8 equations for the curvature (4.4)
and the sectional curvature equation (4.5) are given by

JR(X,Y)Z,W) = g(R(X,Y)Z,W) +e(g(5°X, Z)g(S°Y, W) — g(S°Y, Z)g(S° X, W),
R, w) = K(v,w) — S50 0)9(S w,w) — g(S¢v,w)”
Kv,w) = K(v,w) —¢ o 09 (o 0] — (v 0P

9

for all X,Y,Z, W € X(M) and all v,w € T,,M spanning a nondegenerate plane.

624.k.a. the restriction of the standard Riemannian metric
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Proof. The fact that £ is by assumption nowhere vanishing implies that we can write Il = £ ® g.
Furthermore, g(II(X,Y),£) = eg(X,Y) for all X, Y € X(M) means that g is uniquely determined.
By the Weingarten equation (4.2) we obtain

gILX,Y),€) = g(S°X.Y)

for all X,Y € X(M) and, hence, §(X,Y) = £g(S°X,Y) as claimed. For the other two equations
in this proposition observe that

?(H(X7 Z)? H(Y7 W)) = £§(X, Z)ﬁ(Y, W) = €g(S§X, Z)Q(S£Y7 W)7

for all X,Y,Z, W € X(M), which follows from ¢ = ¢! and our previous results. The rest of this
proof is just writing out the formulas (4.4) and (4.5) and is left as an exercise for the reader. [J

Example 4.34. Let (M,g) be an orientable Riemannian hypersurface in (R"*! (.,-)). For
p € M and U C R™! a small enough open neighbourhood of p, choose f € C*(U) of maximal
rank, such that

MnU={f=0}.

After a possible overall sign flip of f, we can assume without loss of generality that the unit
normal of M is given locally on M NU by

grad. ,(f) grad. 4(f)

\/<grad<,7.>(f),grad<.’.>(f)>  lgrad 5 (AN

The second fundamental form of M N U is then given by

1

. — 6 'S
lerd N XY

(X,Y) =
for all X,Y € X(M NU), where V2f denotes the Hessian of f, cf. Definition 2.95.
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