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1 Introduction

These notes accompany the Riemannian geometry course at Imperial College London. Please email any
typos or suggestions (of which I expect there to be many) to martin.taylor@Qimperial.ac.uk. Check the
blackboard page for the most up to date version of the notes. Sections of the notes marked with a % contain
non-examinable material.

We begin with an informal introduction to the course.



1.1 What is Riemannian geometry?

The objects of concern in Riemannian geometry are manifolds. Informally (see Section for a precise
definition), a topological manifold is a topological space which, moreover, “looks locally like R™”. Examples
are R™ itself, the sphere S™, products of these manifolds, appropriate quotients, etc.

If M is a topological manifold, then since M is, in particular, a topological space, one has a notion of
what it means for a function f: M — R to be continuous. In order to make sense of the geometric notions
which are introduced in this course it becomes necessary to perform calculus on such functions. In order to
entertain the notion of the differentiability of such a function f : M — R, one requires M to have additional
structure. A differentiable manifold is a topological manifold equipped with, in addition, a differentiable
structure. See Section for a precise definition of a differentiable structure but, for now, one can think of
a differentiable structure as the necessary structure required in order to perform classical calculus on M.

The subject of differential topology is the study of differentiable manifolds and maps between them. But
what defines geometry?

In the world of differential topology one cannot tell the difference between donuts and coffee cups. Roughly
speaking, geometry is the study of properties, such as lengths, distances, angles, volume, etc., which allow
one to distinguish donuts from coffee cups.

Consider, for example, the notion of length. What structure is required on M in order to make sense of
the length of a curve v : (a,b) = M?

Suppose first that M C R" is an embedded manifold (and note that the embedding of M into R™ gives
M a “shape” or “geometry”). Given a curve in M, v : (a,b) - M C R"™, one can simply forget about M
and consider v merely as a curve in R”, 7 : (a,b) — R", for which one has the familiar formula for its length

b
Liy) = / V() (s)ds. 1)

Here 4(s) € R™ is the tangent vector to the curve + at time s € (a,b), and - denotes the Euclidean dot
product on R"™.

How does the definition fail when M is no longer embedded in R™? If M is no longer embedded
then the tangent vector %(s) is no longer an element of R™, but now lives in the tangent space to M at v(s),
denoted T, 5) M (see Section for a precise definition of tangent space). The definition then fails due
to the fact that the Euclidean dot product is not (canonically) defined on the tangent space T’ M.

One then sees that, in order to abstract the definition , the relevant structure one requires is an analogue
of the Euclidean dot product on each tangent space of M. Such a structure is known as a Riemannian metric.
To be (slightly) more precise (see Section[5|for a concrete definition), a Riemannian metric on M is a “smooth
assignment” of an inner product to each tangent space T, M of M. Given such a Riemannian metric on M,
the length of 7 : (a,b) — M is then defined as

b
Liy) = / o0 Gr(3),7(5))ds. (2)

It turns out that a Riemannian metric gives rise not only to a notion of length, but also other geometric
notions such as distances, angles, volume, etc.

A differentiable manifold M together with a Riemannian metric g is known as a Riemannian manifold
(M, g). The subject of Riemannian geometry is the study of Riemannian manifolds.

1.2 Why the need for abstraction?

The whole motivating discussion of the previous section was driven by the desire to define geometric notions
on M, without invoking an embedding of M into R". It is worth taking a moment to address the obvious
question — why the need for abstraction? Why not define a Riemannian manifold to be a manifold M along
with an embedding ¢ : M — R”, for some large n? Why are we so reluctant to invoke an embedding of M
when doing so would absolve us of many of our difficulties? These questions become even more pertinent in
view of the following two theorems (whose proofs are outside of the scope of the course).



Theorem 1.1 (Whitney 1936). If M is a smooth manifold of dimension n, there exists an embedding (an
immersion which is homeomorphic onto its image) F: M — R?n+L,

In other words, in studying smooth manifolds one loses no generality in restricting to submanifolds of
R™.

Theorem 1.2 (Nash 1956). If (M, g) is a Riemannian manifold of dimension n, there erists an isometric
embedding F': M — R

An isometric embedding will be defined later in the course. Until then you should view Theorem|[T.2]as the
statement that, in the study of Riemannian manifolds, one loses no generality by restricting to submanifolds
of R™.

It should be obvious by now that the reason for considering abstract manifolds is not because one loses
any generality in only considering embedded manifolds. The point is — it is typically the case that the
embeddings of Theorem and Theorem [I.3 are very unnatural. This is perhaps difficult to appreciate
fully at the moment, when most of the manifolds one has encountered (such as R™ itself, or S™) arise so
naturally as submanifolds of R™. Most of the manifolds we are typically interested in, however, do not embed
so naturally. (One such example of a smooth manifold, which arises very naturally and will be defined in
Section [3.3] is the tangent bundle of the sphere T'S™. Other examples are quotients of familiar spaces, such
as the projective plane. Hyperbolic space is a Riemannian manifold which does not embed naturally, neither
do many very naturally arising Riemannian manifolds in branches of physics such as classical mechanics
or general relativity.) One should also add that the proof of Theorem is rather involved. It would be
very strange if one required such a heavy result in order just to make sense of the basic geometric notions
introduced in this course.

After a bit of (what can at first seem like, very) hard work in giving, and becoming familiar with, the
abstract definition of a Riemannian manifold, there is a huge payoff later when many of the objects which we
will introduce are defined in a way that is much more natural than they would be had we insisted on using
an embedding into R™ from the beginning. In other words, were one to insist on only considering embedded
manifolds, far from simplifying matters, the embeddings would become a major hinderance.

1.3 Outline of the course

The following is a brief outline of the topics covered in the course.

e Review of notions from differential topology: topological and smooth manifolds, tangent and cotangent
spaces, vector bundles, tensor bundles, Lie bracket, Lie derivative.

e Riemannian metrics, lengths, angles, existence of metrics.

e Derivatives of tensor fields, Lie derivative, affine connections, the Levi-Civita connection, parallel
transport.

e Geodesics, Riemannian distance, exponential map, Hopf-Rinow Theorem.

e Curvature: Riemann and Ricci curvature tensors, scalar curvature, sectional curvatures.

e Submanifolds: the second fundamental form and the Gauss equation.

e Jacobi fields and second variation of curves.

e (lassical theorems in Riemannian geometry: Bonnet—Myers Theorem, Cartan—-Hadamard Theorem.

e Time permitting: Lorentzian geometry, Penrose and Hawking singularity theorems.

1In the original theorem of Nash, the dimension of the target, RY, of the embedding was much larger.



1.4 Books

Though the course will not strictly follow a textbook, the most relevant textbooks are [6] and [I0]. The
relevant background on differential manifolds can be found in the book [I1]. The books [2] and [I4] were very
helpful in preparing the course, though they cover far more material than will be considered here. There
is no shortage of other good books on Riemannian geometry. See, for example, [3], [7], [@], [12], [I3]. The
lecture notes [I], [5], [4] and the book [§] were helpful in preparing Section

2 Smooth manifolds

The basic objects of study in this course are smooth manifolds.

2.1 Topological and smooth manifolds

Recall the following notions from topology.

Definition 2.1 (Hausdorff, second countable, and locally Euclidean topological spaces). A topological space
X is called:

e Hausdorft if, for all x,y € X with x # y there exists open sets U,V C X such that x € U, y € V and
unv =0;

e Second countable if there exists a countable basis for the topology of X;

e Locally Euclidean of dimension n for some n € N if, for all x € X, there exists an open set U C X
such that x € U, an open set V. C R", and a homeomorphism ¢ : U — V.

These notions are used to define a topological manifold.

Definition 2.2 (Topological manifolds). Given n € N, a topological manifold of dimension n is defined to
be a topological space M which is Hausdorff, second countable, and locally Fuclidean of dimension n.

By far the most important component of Definition is that M be locally Euclidean. The other two
conditions are imposed to rule out certain pathologies.

Exercise 2.3 (Non-Hausdorfl and non-second countable spaces).

1. Give an example of a topological space X and n € N such that X is second countable and locally
Euclidean of dimension n, but is not Hausdorff.

2. Give an example of a topological space X and n € N such that X is Hausdorff and locally Euclidean of
dimension n, but is not second countable.

Given a topological manifold M, one has a notion of what it means for a function f: M — R to be
continuous. There is, however, no way to entertain the notion of such a function being smooth without
introducing additional structure.

Definition 2.4 (Charts and smooth atlases). Given n € N, a smooth n-atlas of a topological space X is
a collection {(Uy, ¢a) taca where {Uy}aca is an open cover of X, there exist open sets V, C R™ such that
¢o : Uy = Vo are homeomorphisms, and for all o, 8 € A such that U, N"Ug # 0, the map

¢o 095"t 0p(Ua NUs) = ¢a(Ua NUs),

is a smooth diffeomorphism.
Each element (Uy, ¢o) of the atlas is called a chart.



Throughout this course, smooth will always mean C°°. Though one can, of course, introduce less (or
more) regular notions of smooth atlases and smooth manifolds, for simplicity we will not do so here. We
often refer to a “smooth atlas”, by which we mean a “smooth n-atlas for some n € N”.

Remark 2.5 (Remarks on Definition [2.4)).

1. Note that there is no sense in which the maps ¢, and ¢g of Definition are individually smooth.
The composition gbaod)gl, however, is a bonafide map between two open subsets of R™, and we all know
very well what it means for a map between open subsets of R™ to be smooth.

2. There is no restriction on the size of the index set A in Definition [2.4 It could have one element or
could be uncountably infinite.

Definition 2.6 (Maximal atlases). A smooth atlas {(Uy, ¢a)}aca of a topological space X is called maximal
if, for any (U, ®) such that U C X is open and ¢ : U — V is a homeomorphism, for some V. C R™ open, and
the map

pod': pa(UaNU) — ¢(Ua NU),
is a smooth diffeomorphism for all a € A such that U, NU # 0, then (U, ®) € {(Uq, Pa)}aca-

Given any atlas, there clearly exists a unique maximal atlas containing it. Indeed, take the union of
the atlas with all such (U, ¢) as in Definition Given a smooth atlas A, let max(A) denote the unique
maximal smooth atlas containing A.

Definition 2.7 (Smooth structures and smooth manifolds). A smooth structure on a topological manifold
is a mazximal atlas. A smooth manifold of dimension n is a topological manifold of dimension n together
with a smooth structure.

The manifolds considered in this course will always be assumed to be connected. From now on, “M" is
a manifold” means “M is a connected smooth manifold of dimension n”.
For each ¢t =1,...,n, let 7* : R™ — R denote the projection onto the i-th component:

Definition 2.8 (Local coordinates). If M™ is a manifold and (U, ¢) is a chart, the collection {mio ¢ |i =
1,...,n} is called a system of local coordinates of M. We typically abuse notation and write (xt,...,2")
as the local coordinates, with the understanding that x* = 7* o ¢.

For brevity, one often says “let (U, ¢,2*) be a chart of M” to mean that (U, ¢) is a chart of M and

2!, ..., 2™ are the associated system of local coordinates.

2.2 Examples of smooth manifolds

The most basic example of a smooth manifold is R™ with the Euclidean topology. The identity map Id: R"™ —
R™ is a global chart. Hence {(R",Id)} is an atlas. The standard smooth structure on R™ is the maximal
atlas containing {(R"™,Id)}.

Consider now the topological manifold

St ={(z.y) eR? | 2® + 4 =1},
with the subspace topology. Let 41 = {(U, ¢), (V, )}, where
U = {(cosb,sinf) | 0 € (0,2m)}, V ={(cosh,sinb) |0 ¢c (—m,m)},

and ¢: U — (0,27) C R is defined by ¢(cosf,sinf) = 6 (meaning the unique value of § € (0,27)) and
P: V = (—m,m) C R is defined by ¢(cosf,sinf) = 6 (meaning the unique value of 6 € (—m,w)). Clearly



{U,V'} is an open cover of S* and ¢, ¢ are homeomorphisms onto (0,27) and (—m, ) respectively. Now
p(UNV)=(0,7)U(m 2r) and Y(UNV) = (—m,0) U (0,7), and the transition map

L 6 if 0 (0,m),
oo 1(9)—{ 0 —2n if 0 € (7, 2m),

is a smooth diffeomorphism. It follows that A; is an atlas on S', which induces a unique smooth structure
on S'.

Remark 2.9 (Slight abuse of notation). In accordance with the abuse of notation of Definition when
it is clear from the context which chart is under consideration, we write § € S* when in fact we really mean
0 € (0,27) and the point in S* under consideration is ¢~ (0) € S*. Though this abuse may seem strange at
first, it becomes very cumbersome to always include explicit reference to the chart ¢.

Consider now Ay = {(Un, én), (Us, ¢s)} where Uy = S* ~ {(0,1)}, Us = S* < {(0,—~1)} and ¢n, ¢s
denote stereographic projection from (0,1) and (0, —1) respectively,

on: Un — R, os: Ug = R.
Exercise 2.10 (Atlas defined by stereographic projection).
1. Derive expressions for ¢n(x,y) and dpg(z,y).
2. Show that As is an atlas.

One can similarly show that
S ={(z, ... 2" e R | (1) 4+ ... + (") =1},

naturally admits a smooth n-manifold structure for all n € N.

2.3 Smooth maps and diffeomorphisms

Let M™ and N be manifolds. It is now possible to define what it means for a function f: M — R to be
smooth.

Definition 2.11 (Smooth functions). A function f: M — R is smooth at p € M if there exists a chart
(U,¢) of M such that p € U and fo ¢~ t: ¢(U) — R is smooth at ¢(p) € R™.
The function f is smooth if it is smooth at every p € M.

More generally, it is now possible to define what it means for a function F': M — N to be smooth.

Definition 2.12 (Smooth functions between smooth manifolds). A function F: M — N is smooth at
p € M if there exist charts (U,¢) and (V,9) of M and N respectively such that p € U, F(p) € N,
FU)cV,
hoFo¢™t: gp(U) = ¢(V),
is smooth at ¢(p) € R™.
The function F is smooth if it is smooth at every p € M.

Note that ¢(U) C R™ and (V) C R™ are open subsets and so the compositions fo ¢~ and o Fo¢™!
of Definitions and respectively are maps between open subsets of Euclidean space and so it indeed
makes sense to talk about their smoothness.

Exercise 2.13 (Smoothness of a function is well defined). Show that smoothness of F is well defined, i.e.
that the definition does not depend on the choice of charts: if (Uy, ¢1), (Ua, ¢2) are charts of M and (Vi,41),
(Va, 1) are appropriate charts of N, then b1 o F o ¢7' is smooth at ¢1(p) if and only if Yy o F o ¢ " is
smooth at ¢2(p).



Exercise 2.14 (Composition of smooth functions is a smooth function). Suppose that M, N and P are
smooth manifolds and F: M — N and G: N'— P are smooth. Show that G o F: M — P is smooth.

Definition 2.15 (Smooth diffeomorphisms). 4 map F: M — N is called a smooth diffeomorphism if it is
a smooth bijection and F~1: N' = M is smooth.

Define
C>° (M, N) = {smooth maps from M to N},

and

C®(M) = C>*(M,R).
As a brief aside, one can ask the following question:
How may smooth structures are there, up to diffeomorphism, on R™?

As long as n # 4 the answer, perhaps unsurprisingly, is only one — the standard smooth structure defined
in Section Surprisingly, on R* there are uncountably many non-diffeomorphic smooth structures (the
names associated with these facts are Donaldson, Freedman, Taubes).

One can ask a similar question about S™. In 1956 Milnor constructed non-diffeomorphic smooth structures
on S7, a work for which he was awarded the Fields Medal in 1962. For most values of n it is still unknown
whether there exists a non-standard smooth structure on S™. Such spheres with non-standard smooth
structures are known as exotic spheres.

Note that the words “up to diffeomorphism” in the above question are important.

Exercise 2.16 (Two atlases on R such that the identity map is not smooth). Find two atlases Ay, Ay on
R such that (R,max(A1)) and (R,max(As)) are diffeomorphic, but such that the identity map

Id: (R,max(A4;)) — (R, max(As)),

is not a smooth map. Here max(A;1) and max(As) denote the unique mazimal atlases containing Ay and As
repsectively.

Smooth curves are particular examples of smooth maps.

Definition 2.17 (Curves). For a,b € R, a < b, a smooth map 7: (a,b) = M is call a (smooth) curve.

3 Tangent spaces and the tangent bundle

In the previous section we defined what it means for a function between two manifolds to be differentiable. In
this section we discuss what type of object the derivative of such a function is. Understanding this requires
first introducing tangent spaces.

3.1 Submanifolds of R"

If M C R™ is an embedded manifold, one pictures the tangent space to M at the point p € M as “the set of
directions at p” or “the best linear approximation to M at p”. Such definitions do not lend themselves well
to abstract manifolds. In this informal section we motivate the definition of tangent space given in Section
by examining more closely the situation for embedded manifolds.

Note instead that there is a correspondence between “directions at p € M” and “directional derivatives
at p”. Indeed, one associates the direction v with the directional derivative in the direction v and vice versa.

For example, consider a smooth function f: R™ — R, a point p € R™ and a direction v € R™ (note that
the tangent space to R™ is canonically identified with R™ itself). Define the directional derivative of f at p
in the direction v as

Dufly = 57+ 0)limo

t



The directional derivative D, satisfies the product rule

Dy(f9)lp = Duflpg(p) + f(p)Duglp,

for all smooth functions f and g.
Define a derivation at p € R™ to be a linear map

X|p: {smooth functions at p} — R,

which satisfies the product rule

X|p(f9) = X‘p(f) ~g(p) + f(p) - X|P(g)7

for all smooth functions f, g.

Exercise 3.1 (Derivation/direction correspondence for submanifolds of R™). Show that, in R™, for every
derivation X|, at p there exists a vector v € R™ whose associated directional derivative at p is X|,, i.e. such
that Dy, = X|,.

Show, moreover, that the set of derivations at p admits a natural vector space structure and is vector
space isomorphic to R™.

The above discussion suggests that, rather than thinking of the tangent space to an embedded manifold
at a point p as being the “set of all directions at p”, one could equally view the tangent space as the “set of
all derivations at p”. The latter lends itself much better to generalisation to abstract manifolds.

3.2 Tangent spaces and the differential of a smooth map

Consider now a smooth manifold M. Given p € M, define the space
C*°(p) = {functions f defined on an open neighbourhood U of p such that f: U — R is smooth at p}.

Note that the space C*°(p) is an algebra with respect to pointwise multiplication, i.e. if f,g € C*°(p) then
fg € C>=().

Definition 3.2 (Tangent vectors and tangent space).
e A derivation or tangent vector X at p € M is a linear functional
X:C®(p) = R,

which satisfies the Leibniz rule
X(fg)=Xf-9(p) + f(p) - Xg, (3)
for all f,g € C*(p).

e The tangent space to M at p, denoted T, M, is the set of all tangent vectors to M at p.
Note the reason for including the Leibniz rule in the definition of a derivation.

Exercise 3.3 (Why the Leibniz rule?). Why is the Leibniz rule (3)) included in Definition ? More
precisely, where is the Leibniz rule used in Ezercise[3.1? What additional types of objects would be tangent
vectors to R™ if was not included in the definition?

Given X,Y € T, M and X € R, define
(X+Y)f=Xf+Y/f, (AX)f =X,

for all f € C>(p).



Exercise 3.4 (The tangent space is a vector space). Show that the tangent space T, M is a vector space
with the above addition and scalar multiplication operations.

Any curve v: (—¢,e) — M such that v(0) = p € M defines a derivation
7(0): C=(p) = R,

by
df (v(s))

d
YO)f s o

= E‘SZO
(Note that fovyisamap fovy: (—¢,¢) = R, and so we indeed know how to define % of such a composition.)
Indeed, if f,g € C*°(p) then fo~y,go~y: (—¢,&) = R and

_ df(v(s))g((s))
ds

foy=

Y(0)fg

by the product rule on R.
Recall now that a chart (U, ¢) of M defines a local coordinate system (x!,...,2™) (see Definition .

L =0)f - gp) + 1) - 5(0)g,

)

Definition 3.5 (Coordinate vectors). Given a chart (U, ¢,z*) of M and p € U, define the coordinate vectors

0 0
@177.”’8?1,67};/\4,
by
0 Of op™t
- == 4
9zt lp oz ‘ab(p)’ )

for all f € C>=(p).
Note that on the right hand side of x' denotes the i-th standard coordinate on R™, and that f o
¢~ 1: ¢(U) — R", where ¢(U) C R™ is an open set.
Let e; denote the standard i-th basis vector and define the curves o;: (—g,6) > U C M fori=1,...,n
by
ai(s) = ¢~ (o(p) + ses).

Exercise 3.6 (Coordinate vectors as tangent vectors to curves). Show that the tangent vectors to the curves

Qa1,...,0, at s =0 are the coordinate vectors of Definition
0
a;(0) = — .
1( ) oz’ p
Exercise 3.7 (Coordinate vectors form a basis). Show that the coordinate vectors 8%1 b agn |p form a

basis of TpyM.
Exercise in particular implies that any X € 7, M can be uniquely written as

X :ixi
i=1

; ()

p

0
ozt

for some X!,..., X" € R.

Throughout this course Einstein’s greatest contribution to differential geometry, namely the Einstein
summation convention, will be adopted, whereby the summation sign > is omitted and repeated indices
indicate a summationﬂ For example is simply written as

0

X=X"—|.
8.7311)

2Einstein once joked to a friend “I have made a great discovery in mathematics; I have suppressed the summation sign every
time that the summation must be made over an index which occurs twice ....”

10



Note in particular that, for any vector X € T, M, the curve vx: (—¢,¢) — M defined by
x(t) = ¢~ (B(p) +tX'er),

satisfies 4x(0) = X, i.e. every tangent vector arises as a tangent vector to some curve.

Exercise 3.8 (Change of coordinate vectors under change of coordinates). Consider two charts (U, ¢) and

(U, ¢) with associated local coordinates (z*,...,2™) and (Z',...,T") respectively. If p € UNU then
d dz7 0

ozt lp  Oxt Ol lp’

where ,
O ; N
55 (P) = 0i(m 0 ¢ 0 977)(6(p)).
x
In particular, if p € U N Uand X € Tp,M, then
o, 5; 0
X=X"—| =X"—
ox* P ozt p’
where )
oz’

Given a smooth function F: M — N, the derivative of I’ at p € M is defined to be a linear map from
TpoM to TF(p)N.

Definition 3.9 (Pushforward). Given p € M, the map F.,: Ty,M — Tp)N, also denoted dF|,, defined by
(FipX)(h) := X (ho F),

for all X € T,M and h € C>*(F(p)), is called the differential or derivative of F' at p. The vector Fy, X is
called the pushforward of X by F'.

Exercise 3.10 (Pushforward of tangent vector of a curve). Show that Fy, is a linear map and that, if
v: (—g,€) = M is such that ¥(0) = X, then

P - PEGE))

for all h € C*(F(p)).

Exercise 3.11 (Properties of pushforward). Suppose F € C®(M,N). Show the following properties of the
differential of F'.

1. If F is constant then Fyp, =0 for allp € M.
2. The differential satisfies the chain rule: if G € C*°(N,P) then
(GoF)sp=Gipp) o Fap: TyM = Taopp P,
for all p € M.
3. The identity map satisfies (Ida)sp = Idr,pm: TypM — Ty M for all p € M.
4. If F' is a diffeomorphism then F., is a vector space isomorphism.

5. Given charts (U,¢) and (V,) of M™ and N™ respectively with coordinate systems (z',...,2™) and
(yh,...,y") respectively, with p € U, F(p) €V, then

() = 2B ) !

L 6w s
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3.3 The tangent bundle and vector fields

The goal of this section is to introduce vector fields. One should view a vector field as a “smooth assignment
of a vector at each p € M”. Note then that a vector field should in particular be a map

X:M— U {p} x TyM,
peEM

which has the property that X, € T),M for all p € M. In order to call such a map “smooth” it is necessary
to define a smooth manifold structure on the space J,cr{p} x T, M.

Definition 3.12 (Tangent bundle). The tangent bundle of a manifold M, denoted TM, is defined to be
the disjoint union of the tangent spaces at each point in M,

TM= | {p} x T,M.
pEM

Points in TM are typically denoted (p,v) or v, € T’M. The projection map 7: TM — M defined by
7(p,v) = p is surjective and 7= (p) = {p} x T,M for all p € M.

The smooth structure on M can be used to define a topology and smooth structure on 7'M so that =
is continuous and smooth. If dimM = n then dimTM = 2n. Indeed, given a chart (U, ¢) for M, define
Vi := Upev{p} x T,M and define @4 : Viy — ¢(U) x R™ C R*" by

») = (p(p), v, ..., v™).

Clearly ®4 is a bijection onto its image. The topology of T'M is defined so that each ®4 is a homeomor-
phism onto its image.

If {(Ua,®a)}aca is an atlas for M then {(Vu,, P4, )}aca is an atlas for TM. Indeed, {Vi, }aca is
clearly an open cover of T M since {U, }aca is an open cover of M. Let U, U be such that U N U # () and
consider the corresponding @, ®5. IfpeUNU and (vl,...,v") € R" then, by Exercise

(I)¢ (p, v’ﬁwi

Ox?
@aﬂ |p7

v? zilp = v

and so -
—1 1 ny _ -1 10T 10T
q>¢0¢)$ (g,v7...,0") = (9o (q),v 851.(])),...,1} P (p)),

with ¢ = q?(p) The smoothness of this map then follows from the smoothness of ¢ o (E‘l.
When one refers to the tangent bundle T M of M, one typically does not just mean the set TM as
defined in Definition [3:.12] but rather the set TM equipped with this smooth manifold structure.

Definition 3.13 (Vector fields). Let M be a manifold. A vector field on M is a smooth map X : M — T M
such that mo X = Id .

Denote the set of all vector fields on M by
X(M) = {vector fields on M}.
The space X(M) is a vector space with the operations
(aX +0Y)|, = aX|, + bY|,,

for all p € M, XY € X(M) and a,b € R. Moreover, given a smooth function f € C*°(M), define
fX: M — TMby fX|, = f(p)X|p, so that fX € X(M). The space X(M) is then linear over C*°(M)
(note that C*°(M) is a ring, but not a field).

12



Example 3.14 (Coordinate vector fields). Given a chart (U, $) of M with local coordinates (x',... "),
the maps

g 1
&Ei.U—HT ),

fori=1,...,n, defined by %(p) = %h, € T, M (see Deﬁm’tion are vector fields on U called coordinate
vector fields.

Given X € X(M) and a chart (U, ¢), since 52 |,, ..., 32|, form a basis of T, M for each p € U, one can
write in U P
X=X ‘
(p) 8m1 p7
for some smooth functions X*: U — R, for i = 1,...,n, called the components of X with respect to (U, $).

Given a chart (U, ¢) of M and f € C*°(U), note that ggfi € C>®°(U) fori=1,...,n, where

8f( )= 0
ozt VT B

f.

P

3.4 The Lie bracket

Finally, there is a natural way of “multiplying” two vector fields to produce a third. This “multiplication”
operation is known as the Lie bracket.

Definition 3.15 (Lie bracket). The Lie bracket of X, Y € X(M) is defined as
(X, Y]f == X(Y ) - Y(X]),
for all f € C>®(M).
Exercise 3.16 (Properties of Lie bracket).
1. Show that [X,Y] € X(M).

2. Show that, if X = X° 8?& andY =Y a(zi in some local coordinates then

QY ) J
oYy _YlaX ) of

(X.Y1f = (X Ox? dxt ) dxd

oxd’

Exercise 3.17 (Further properties of Lie bracket). Suppose X,Y,Z € X(M), a,b € R and f,g € C°(M).
Show that the Lie bracket has the following properties.

o [X,Y] = —[Y,X] (anti-commutitivity);

o [aX +bY, Z] = a[X, Z] + b]Y, Z] (R lincarity);

o [[X,Y],Z] +[[Z,X),Y] +[[Y, Z],X] = 0 (Jacobi identity);
o [[X,gY] = fglX, Y]+ fX(9)Y —gY(f)X.

One in particular sees from the latter property that [-,] is not linear over the ring C*°(M).
Though introduced as way of “multiplying” two vector fields, one should really view the Lie bracket as
a way of differentiating vector fields. We will return to this comment in Section [6.3]
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4 Tensors, vector bundles and tensor fields

Recall from Section[I.I]that a Riemannian metric, i.e. the relevant object for entertaining geometric concepts,
on a manifold M should be, for each p € M, a map T, M x T, M — R, which moreover depends smoothly
on p. In order to fulfil the latter requirement, it is necessary to introduce a smooth manifold structure on
the space

U {p} x {Bilinear maps: T, M x T, M — R}. (6)

peEM

Such a space with such a smooth structure is an example of a vector bundle. For fixed p, such an element of
such a vector space is an example of a tensor. Such a smooth assignment of an element of each such space
is an example of a tensor field.

4.1 Cotangent spaces and the cotangent bundle

A simpler example of a vector bundle than (@ is the cotangent bundle which is introduced in this sectionE|
Given a finite dimensional vector space V, define the dual space of V as

V*={L:V - R| L is linear}.

The dual space V* is a vector space with the obvious addition and scalar multiplication operations. Elements
of V* are called covectors.
Throughout Section 4] vector spaces which are denoted V are always assumed to be finite dimensional.

Exercise 4.1 (Identification of a vector space with its bidual). Given a (finite dimensional) vector space V
and an element v € V, define §,: V* — R by 0,(L) := L(v). Show that the map ® : V — (V*)* defined by

D (v) :=dy,
is a vector space isomorphism.

Remark 4.2 (Another abuse of notation). FEzercise implies that V = (V*)* in a canonical way. It is
worth emphasising the latter point. We know very well that any two finite dimensional vector spaces of the
same dimension are isomorphic. In fact there are infinitely many isomorphisms and, for two general vector
spaces of the same dimension, none of these isomorphisms is preferred. By Exercise[{.1 there is one preferred
isomorphism between V and (V*)*. As such, we view V and (V*)* as the same space and write

V=),

with this slight abuse being understood as an identification of the two spaces using the canonical isomorphism

 of Exercise [/ 1]

Remark 4.3 (Yet another abuse of notation). In the spirit of Remark here is a natural place to make the
following observation regarding another slight abuse of notation which will be used frequently. Given p € R"™,
the existence of the canonical (global) Cartesian coordinate system on R™ means that there is a canonical
isomorphism between the tangent space T,R"™ and R™ itself. Indeed, any X € T,R™ can be uniquely written
as

o,
X=X"—|,
ox* P
where (2, ...,2") are the standard Cartesian coordinates on R™. One then defines a canonical isomorphism
&: T,R™ = R™ by
0

o (Xi

- p) = (X1, X™).

One easily checks that ® is a vector space isomorphism. In view of this canonical isomorphism, we again

abuse notation slightly and view T,R™ and R™ as the same space, implicitly meaning they are identified via
D,

3An even simpler example is the tangent bundle, introduced in Section
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Definition 4.4 (Cotangent space). Given a manifold M and a point p € M, define the cotangent space at
p, denoted Ty M, to be the dual of the tangent space,

TyM = (T,M)".
Elements of T; M are called cotangent vectors or covectors at p.
Given a smooth function f: M — R and p € M, its differential at p, f.p, is also denoted df, and, using

the abuse of Remark [£.3] is a map
dfp: Ty,M — R.
Exercise 4.5 (Coordinate covectors). Given a chart (U,¢) of M with local coordinates x*: U — R, for
i=1,...,n, show that, if p € U then
dm;, oy day,

forms a basis of T, M. Moreover, dm;, ..., dxy is the dual basis of the basis %

i 0 i
Exercise 4.6 (Differential of a function in local coordinates). If f: M — R is a smooth function and
(U, ¢, 2%) is a chart for M, show that

, of TpM, i.e.

0 0
ool 7= 4055 ):
and hence of
df, = pp pdx;,
where
of | 0
ortly  Oat pf.

Definition 4.7 (Cotangent bundle). The cotangent bundle of a manifold M, denoted T* M, is the disjoint
union of the cotangent space at each point in M:

T*M:= | {p} x ;M.
peEM
The map 7: T* M — M defined, forp € M, w € Ty M, by 7(p,w) = p is called the natural projection.

Similar to TM, the cotangent bundle T* M admits a topology and smooth structure (of a 2n dimensional
manifold) such that 7 is smooth.

Exercise 4.8 (Topology and smooth structure of cotangent bundle). Fill in the details of the definition of
the topology and smooth structure of T* M.

The analogue of a vector field (see Definition for the cotangent bundle is called a one form.
Definition 4.9 (One forms). A one form on M is a smooth map £: M — T* M such that wo § = Id .
If f: M — R is a smooth function, then df, defined by
df (p) := dfp,

is a one form on M.
Define the space of one forms on M

I(T* M) = {one forms on M}.

Clearly I'(T* M) is a vector space, with the obvious operations.
Note that d can be viewed as a map

d: C®°(M) — I(T*M). (7)
This comment will be briefly returned to in Section [4:4]
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4.2 Multi-linear algebra

Before defining more general vector bundles, it is convenient to first recall some notions from (multi-) linear
algebra.

Definition 4.10 (Multi-linear maps). If Vi, ..., Vi are (finite dimensional) vector spaces, a function T': Vi X
... X Vi = R is called multi-linear if

T(vl,...,vi_l,avi +bz~;i,vi+1,...,vk) = aT(vl,...,vi,...,vk) +bT(Ul,...,61‘,...,’Uk)
forallvyeVy, ..., vi,0, €V, ..., vy € Vi and a,b € R.
Definition 4.11 (Tensor product of vector spaces). The tensor product of vector spaces Vi, ..., Vy is defined

as
VI®...Ve={T: Vi x...x V= R |T is multi-linear}.

Note that if K = 1 then {T: V;* — R | T is linear} = (V{*)* and so the notation of Definition is
consistent, provided one uses the slight abuse of notation of Remark

Definition 4.12 ((r, s) tensors). Given a vector space V, elements of the tensor product

Vi i=VR..0VeV'®...eV*,

r times s times

are called (v, s) tensors, or r-contravariant, s-covariant tensors.
The space V. is a vector space with the obvious operations.

Definition 4.13 (Tensor product of tensors). Given a vector space V and T € V{, T € VI, for some
r,7,8,5 > 0, define the tensor product of T' and T, denoted T ® T, to be the element of V::{ defined by

(T®T)(L17 . '?LT-"-;?U].? s 7US+§) = T(Lla' . '7LT)U17' .. )US)T(LT-‘,-lv' . 7LT+F7US+17' .. 7’US+§)a
fOT all Ll,.. .7LT+77 < V*, Viy...,Vst5 € V.

The tensor product operation is

e Linear:
M+ )Ty =TT +T,® 15,
' (Th+T:) =TT +T1 T3,
M) @ Ty, =T @ (NTz) = MTh ® T),
for all A € R;

e Associative:
(Meh)eTs=T @ (T, ®T}),

e Not commutative:
Ty #T, T in general,

for all appropriate tensors 11,715, T5.

Remark 4.14 (Index convention). Given a vector space V', we adopt the convention that subscripts are used
for the indices labelling elements of a basis of V' and superscripts are used for the indices labelling elements
of a basis of V*. Given bases {e;} of V and {6} of V*, we can then write any v € V as v = v'e; and any
LeV* as L6
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Exercise 4.15 (Basis for V7). If V is a vector space, {e;}?; is a basis for V and {6"}"_, is its dual basis
for V* then

{en®..®e, @07 ®...@ 07 hi<iy, i, <n,
125, Zn

is a basis for V. In particular, dimV! = n"ts.
Given any such bases for V and V*, any (r, s) tensor T' can uniquely written as
T = Til.“irjl.--jseil R...® ei,\ ® ajl R...0 ejs.

The constants T, . are called the components of T with respect to the basis {e;, ®...®e; ® 691 ®
e ® 075},

When defining certain operations on tensors, it is often convenient to first define them on reducible
tensors, and then extend to all tensors by linearity.

Definition 4.16 (Reducible tensor). If V is a vector space, a tensor T € VI is called reducible if it can be
written as
T=01®..90,L'®...®L°, (8)

for some vy,...,v, €V, L', ... L* € V*.

Example 4.17 (Examples of reducible tensors). Given a vector space V' and v1,ve,v3,v4 € V, in the space
Vb2 the tensor v1 ® vy is reducible, v1 ® vo + v1 ® v3 is reducible to v1 ® (va + v3), but v1 ® vy + v3 @ vy 1S
not, in general, reducible.

Clearly any tensor can be written as a linear combination of reducible tensors.

Definition 4.18 (Tensor contraction). Given a vector space V, r,s > 1, and 1 <i <r, 1< j <s, for any
reducible tensor T' € V' of the form define the element of V;:ll

AT =Fu)n®.0u 1001®..0,L®..o L 'l e...oLf

and then extend ¢;? to act on the general T € VI by linearity. The map ¢;/: VI — V;:ll is called tensor
contraction.

For any vector space V' define
V0 .=R, (V90 =R, VY =R@R=R.

Example 4.19 (Example of a tensor contraction). If V is a vector space and T € V¥ =V @ V*, and if {e;}
a basis for V with dual basis {0°} for V*, then T = T';e; ® 67 and

Cll(T) = Hj(ei)Tij = (SgTZ] = T‘zZ c R.

4.3 Vector bundles and tensor bundles

A vector bundle over a manifold M is, roughly speaking, a smooth assignment of isomorphic vector spaces
to each point p € M.

Definition 4.20 (Vector bundles). Consider some k > 0. A vector bundle of rank k is a triple (E, M, )
where M is a manifold of dimension n, E is a manifold of dimension n+ k and m: E — M is a smooth
surjection such that m=1(p) is a vector space for all p € M, with the following properties.

1. There exists an open cover {Vy}taca of M and a family of diffeomorphisms {1 }acA,
Yo: T H(Vy) = Vo x RF,

Here V,, x RF is equipped with the product smooth structure.
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2. For anyp € M and any a € A,
Ya(n () = {p} x R,
and
1/)oz|.,r—1(p): W_l(p) — {p} x Rka

is a vector space isomorphism.

3. If a, B € A are such that Vo, N Vg # 0, then the diffeomorphisms
Yooyt (Vo NV3) X R — (Vo N V) x RY,

take the form
Yo © %}1(197 a) = (I% Aaﬁ(p)a)u
where Aag: Vo N Vg — GL(k,R) is smooth.

The manifold M is called the base space, the manifold E is called the total space, and the map 7 is called
the projection map. For each p € M, the vector space E, := n~'(p) is called the fibre of E at p. The pairs
(Va, o) are called local trivialisations. The maps A are called transition maps.

We often say “let m: E — M be a vector bundle” to mean “let (E, M, ) be a vector bundle”.

Remark 4.21 (Smoothness of transition maps). In order to make sense of the smoothness of Aap: VoMV —
GL(k,R) in Definition it is necessary to introduce a smooth manifold structure on the general linear
group GL(k,R).

Exercise 4.22 (Smooth structure on GL(n,R)). Given a smooth manifold M and an open subset ¥ C M,
show that ¥ is itself a smooth manifold. Deduce that the space GL(n,R) of real valued n X n invertible
matrices can be given the structure of a smooth n? dimensional manifold.

Remark 4.23 (Local trivialisations vs charts). The local trivialisations of a vector bundle are not to be
confused with the charts of E!

Example 4.24 (Examples of vector bundles).

1. Given a manifold M and k > 0, the trivial bundle over M is the vector bundle (M x R*¥, M, ), where
7: M x RF — M is defined by m(p,a) = p for p € M, a € R*. There is only one local trivialisation
(M, Idpxrr), and so the compatibility condition trivially holds.

2. Given a manifold M, the tangent bundle (TM, M, 7), where w: TM — M is the natural projection, is
a vector bundle. Indeed, let {(Vy, o) taca be an atlas of M. Define local trivialisations {(Va, Vo) }aca

by

Yor 7 V) = Vo x BT, i (pat o

- p) = (p,a',...,a").

To check the compatibility condition, consider o, € A with Vo, N Vg # 0. Let {Z'} denote the
coordinates of (Vu, ¢o) and {z'} denote the coordinates of (Vg, ¢g). Given

) ) X
i9 Y = (pail LV, N V),
(na' 5 p) (n' 5 p> er (VanVs)
it follows from Exercise that _
a' =a’ ot
Hence the transition map
0Tt | \"
Apo) = (551 )
s) = 5,7 i

is smooth.
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Exercise 4.25 (The cotangent bundle is a vector bundle). Show that the cotangent bundle (T* M, M, x) of
a manifold M, where w: T* M — M is the natural projection, is a vector bundle.

Note that the local trivialisations of a vector bundle make it look locally like the trivial bundle of Example
4.241 Hence the nomenclature.

Given a vector bundle (E, M, ) over a manifold of M, a smooth assignment to each point of M of an
element of each fibre of F is called a section.

Definition 4.26 (Sections of vector bundles). A section of a vector bundle (E,M,x) is a smooth map
s: M — E such that mos = Idpm, i.e. s(p) € E, for allp € M.

The space of all sections of a vector bundle (E, M, ) is denoted I'(E). Clearly I'(E) is a vector space
with the obvious operations.

Example 4.27 (Vector fields are sections of TM). Vector fields are sections of the tangent bundle, and
D(TM)=%X(M).

Definition 4.28 (Local and global frames). Suppose a vector bundle (E, M, 7) of rank k admits k sections
which are everywhere linearly independent. Such a collection of sections is called a global frame of (E, M, 7).
If these k sections are only locally defined, we call such a collection a local frame.

Remark 4.29 (Existence and non-existence of local and global frames). Global frames of vector bundles
do not always exist. For example, there is no nowhere vanishing vector field on S?. This statement is the
content of the Hairy Ball Theorem.

Local frames do always exist. If (E, M,m) is a vector bundle with local trivialisations {(Va, ¥a)}aca
then, for each o, {7 (p,e;)}r_, is a local frame, where e; is the i-th standard basis vector of RE.

If M is a manifold and (U, ¢) is a chart with local coordinates {z}, then {z2;}7, is a local frame for
TM.

Given a vector bundle, the operations of the following two definitions provide ways of generating many
more examples of vector bundles.

Definition 4.30 (Dual bundle). Given a vector bundle (E, M, ), recall that E = J,crq Ep. Define the
dual bundle of (E, M, ), denoted (E*, M,7*), by

E* = U {p} x (Ep)", 7 B — M, 7™ (p,8) = p.
peEM

Exercise 4.31 (Dual bundle is a vector bundle). Show that (E*, M,7*) is a vector bundle. Use the local
trivialisations (Vy, ¥q) for (E, M, ) to define local trivialisations for (E*, M, n*). The transition maps for
(E*,M,7*) are

(A%)as = (A25)".
Example 4.32 (Cotangent bundle). The dual bundle of the tangent bundle of a manifold is the cotangent
bundle.

Definition 4.33 (Tensor product bundles). Given vector bundles (E, M, =) and (E, M, %) of ranks k and
I respectively, define the tensor product bundle

E@E:= ] {p}x (B, Ep),
pPEM

with the projection map ©# @ 7: E® E — M defined in the obvious way.
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Exercise 4.34 (Tensor product bundle is a vector bundle). Show that the tensor product bundle of (E, M, )
and (E, M, T) (of ranks k and | respectively) is a vector bundle of rank kl. If Aap and Ayp are transition
maps for E and E respectively, then

(AF®F) (a® @) := Agpa @ Agpa € R¥ @ RE = RM,
for a € R*, a € R, are transition maps for E ® E.

Definition 4.35 (The (r, s) tensor bundles of a smooth manifold). Let M be a manifold. The (r,s) tensor
bundle of M is the vector bundle

T'M:=TM&.. TMRT*M®...aT*M.

r times s times

An (r,s) tensor field T is a section of T*M: T € T(TEM).

Given local coordinates {x}7"_; of a chart (U, ¢) of M, any (r, s) tensor field T can be written locally as

o 9
T = Tir-ir ®...®

e J Js
J1.ds dxi i RATI'' ® ... dx ,

for some smooth functions 77

I U — R.

Example 4.36 (Tangent and cotangent bundles are (r, s) tensor bundles). For any smooth manifold M the
tangent and cotangent bundles are tensor bundles. Indeed, Ts M = TM and TP M = T* M.

Recall that, given a function F': M — N, there is a way of “pushing forward” vectors on M to vectors
on N (see Definition [3.9). There is similarly a way of “pulling back” one forms, and more generally (0, k)
tensor fields on N to one forms or (0, k) tensor fields on M.

Definition 4.37 (Pullback of a (0,k) tensor field). Let M and N be smooth manifolds, F: M — N a
smooth function, and w € T(TPN) a (0, k) tensor field on N'. The pullback of w with respect to F is a (0, k)
tensor field on M, denoted F*w € (TP M), defined by

(F*w)p(v1,...,vk) = wp@p) (Fapvi, . .. Fipug),

for allvy,...,vx € TybM and all p € M.
If f € C°(N), define
F*f=foPF.

Exercise 4.38 (Properties of pullback). Show that pullback has the following properties. Let M, N, Q be
manifolds, F: M — N and G: N — Q be smooth, and consider w € T'(TPN'), n € T(TPN). Then

1 (GoF) = F*oG*.

2. F*(w®n) = F*w® F*n. In particular, if f € C®°(N) =T(TPN), then F*(fw) = fo F - F*w.
3. If f € C(N) then F*(df) = d(F* f) = d(f o F).

4. If p € M and {y'} are the local coordinates of a chart for N containing F(p) € N, then

F*(wjlmjkdyjl Q... ®dyj"‘) =wj, 4, o F- d(yj1 oF)®... ®d(yj’“ oF).
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4.4 *Other important vector bundles

There are many other important examples of vector bundles, which do not form part of the examinable
material of this course. Most notable among these examples are the vector bundles of differential forms.
Before introducing the vector bundle of differential forms, consider first the following notions from linear
algebra.

Definition 4.39 (Alternating tensors). Let V be a vector space. A (0,k) tensor T € V0 is called antisym-
metric or alternating if

T(v1, . Vi, Uy V) = =T(01, 0,0, 000, Uiy oo, Ug),s
for all 1 <i < j<k. The space of antisymmetric T € V} is denoted A*V*,
AV = {T € VO | T is antisymmetric}.

Two antisymmetric tensors can be multiplied to produce another antisymmetric tensor using an operation
known as wedge product.

Definition 4.40 (The alternating map). Let V be a vector space. Define the alternating map Alt: V0 —
APV by

Alt(T) := % > sign(o)o(T),

’ g€Sk
where Sy, is the symmetric group of order k (the group of permutations of the set {1,...,k}), where
a(T)(v1, .. v) = T(Vo(1)s - Vo(r)),
for all T € V0.

Definition 4.41 (The wedge product). Let V be a vector space. For w € AFV* and n € A'V*, define the
wedge product or exterior product of w and n to be the antisymmetric (0, k + 1) tensor,

. (k+1)!
wAn = ol Alt(w ).
Explicitly,
1 .
WAL, V) = W E sign(0)w(Va(1)s - - - > Vo (k)N (Vo (k1) - - - > Vo (k1)) -

Example 4.42 (Wedge product of two covectors). If V is a vector space and w,n € A'V* = V* then
WAN=w®&N—Nuw.

Exercise 4.43 (Properties of wedge product). Let V' be a vector space. The wedge product satisfies the
following properties.

1. The wedge product is bilinear and associative:
(awy + bwz) A ws = a(wy A ws) + blwa A ws),
for all wy,wy € A*V*, ws € A'V* and a,b € R, and
(w1 A wa) Aws = wy A (wa A ws),

for all wy, € AP V*, wy € AR2V*, w3 € A¥3V* and a,b € R.
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wAn=(-1)*nAw,
for allw € AFV*, n e AlV*,

Lo wFeV andv,..., o €V,

3. Given w
(WAL AW (v, o) = det (W (v))).

4. If {ei}?, is a basis of V and {07}7_, is its dual basis, then {6 A ... N0 }1<i < <ip<n S a basis of

j=1
A*V*. Any o € A*V* can therefore be written as
o= Z iy e )0 AL NG,

1<i1<..<ip<n
5. Covectors wi, . ..,wi € V* are linearly independent if and only if
w1 Ao Awg # 0.
6. dim(A*V*) = (}). In particular dim(A"V*) = 1, and dim(A*V*) =0 for all k > n+1.
Consider now a smooth manifold M.

Definition 4.44 (Differential forms). A (differential) k-form on a manifold M is a section of the vector
bundle A¥ M := A¥T* M. The space of k-forms is denoted Q*(M),

QF (M) = T(AFM).
In a local coordinate system {z'} for M, any w € Q¥(M) can locally be written as
W= wy i drt AL A dat

We adopt the convention that Q°(M) = C°(M). Recall the map d: Q°(M) — Q' (M) defined in (7).
This map can be extended to a map d: Q¥ (M) — Q¥F1(M) for any k > 0.

Definition 4.45 (The exterior derivative). The exterior derivative d: QF(M) — QFFY(M) is defined as
follows. If (U, $,2%) is a local chart of M then any w € Q*(M) can be written as

w= wil_,,ikda:“ Ao Adzte,
The exterior derivative of w is defined in these local coordinates by
dw = d(w;i, ) Ndx™ A... Ada'™,
where d(w;, .. i,.) s the usual differential of w;, . 4, € C°(M).
One can check that the definition of d is globally well defined and independent of the choice of local chart.
Exercise 4.46 (Properties of exterior derivative). The exterior derivative has the following properties.
1. If f € C®°(M) = Q%(M) then df is the usual differential of f.
2. If w € QF(M) then d(dw) = 0.
3. d(aw + bn) = adw + bdn for all w,n € Q*(M), a,b € R.
4. dwAn) =dwAn+ (—=1)*w Adn for all w € QF(M), n € Q{(M).

If M is an orientable manifold of dimension n and w € Q" (M), then one can define the integral of w,
S w- See, for example, [T1].
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5 Riemannian metrics

We are now in a position to define a Riemannian metric, and some immediate geometric notions such an
object gives rise to. First, recall the definition of an inner product.

Definition 5.1 (Inner product). An inner product on a vector space V is a function (-,-}: V xV — R
which is

o Symmetric: {(u,v) = {(v,u) for allu,v € V;
e Bilinear: {au + bv, w) = al{u,w) + b{v, w);
e Positive definite: (u,u) > 0 for all u # 0.
Example 5.2 (Euclidean dot product). The Euclidean dot product is an inner product on R™.

A Riemannian metric on a manifold M associates to each point p € M, in a smooth way, an inner
product on the tangent space T, M.

Definition 5.3 (Riemannian metrics). A Riemannian metric on a manifold M is a (0,2) tensor field
g € D(TIM) which is

o Symmetric: gp(Xp,Yp) = 9p(Yp, Xp) for all X,,,Y, € TyM and all p € M;
e Positive definite g,(Xp, Xp) > 0 for all X,, € T, M with X, # 0, and all p € M.

Definition 5.4 (Riemannian manifolds). A pair (M, g), where M is a smooth manifold and g is a Rieman-
nian metric on M, is called a Riemannian manifold.

More generally, one can define a semi-Riemannian metric by relaxing the positive definiteness condition.

Definition 5.5 (Semi-Riemannian metrics). A semi-Riemannian metric or pseudo-Riemannian metric on
a manifold M is a (0,2) tensor field g € T(TS M) which is

o Symmetric: gp(Xp,Yp) = 9p(Yp, Xp) for all Xp,,Y, € TyM and all p € M;

e Non-degenerate: for all p € M, if X, € T,M is such that g(X,,Y,) = 0 for all Y, € T, M, then
X, =0.

Of particular note, for the role they play in Einstein’s general theory of relativity, are Lorentizian metrics.

A Lorentzian metric is a semi-Riemannian metric which everywhere has signature (—,+,...,4) (i.e. the

matrix (gij (p)):lj:l17 defined below, has one negative eigenvalue and n positive eigenvalues for all p € M).

In this course we will mostly consider Riemannian metrics, but many of the definitions and results apply
also to semi-Riemannian metrics. See the book [I2] for more on semi-Riemannian geometry.

5.1 Expression in local coordinates

Given a Riemannian manifold (M, g) and a chart (U, ¢, 2%), consider the functions

)

is a symmetric positive definite n x n matrix. The functions g;; are called the

9
ox?

0

p, Ga:j

gij: U =R, 9i(p) := gp(

For each p € U, (gi; (p))n

i,j=1 :
components of g with respect to {z'}.
Recall g € T'(T9 M) means that, using a local coordinate frame {dz’} for T* M, we can write

23



Since ¢ is symmetric we often omit the ® sign. To be more precise, define the symmetric product of one
forms w,n € I'(T*M) by

(wen+new).

DN =

wn =

Since (g;;) is symmetric, it follows that
g = gijda’ ® do’ = g(gijdx’ ® da’ + gjida’ @ do?) = g;;da’da’.

More generally, if {e;} is a local frame for TM and {6} is its dual frame for T*M (i.c. 67(e;) = &7 for
all p) then
g= 90" @07,
where now g;; = g(e;, €;).
Note that, given two vector fields X, Y € X(M), the inner product g(X,Y’) is a function on M: ¢g(X,Y) €
C*°(M) where
9(X,Y)(p) = gp(Xp, V).

5.2 Lengths and angles

A Riemannian metric on a manifold immediately gives rise to notions of lengths of vectors and angles between
vectors, and hence to notions of orthogonality and orthonormality of vectors.

Definition 5.6 (Lengths, angles, orthogonality and orthonormality of vectors). Let (M, g) be a Riemannian
manifold and p € M.

o The length of v € T, M is defined to be

vlg = \ 9p(v, ).

If it is clear which metric g is meant, we often write |v| for |v|,.
e The angle between two non-zero vectors v,w € T, M is the unique 8 € [0, 7] such that

gp(v, w)
|v]glwlg

cosf =
e Two vectors v,w € T,M are called orthogonal if g,(v, w) = 0.
o Vectors ei,...,e; € Ty M are called orthonormal if
gp(€i; €j) = bij)
foralli,j=1,... k.
Using the above, one can define the length of a curve and angles between two intersecting curves.

Definition 5.7 (The length of a curve and the angle between two intersecting curves). Let (M,g) be a
Riemannian manifold. The length of a curve v: (a,b) — M is defined to be

Liy) = / " v (835

~ Ify and 7 are curves in M such that y(c1) = J(c2) = p € M for some ci,c2 € R, and y(c1) # 0,
A(e2) # 0, define the angle between v and 5 at p as the unique 6 € [0, 7] such that

_ gp(3(er),A(e2))

cos - ~ ,
[y(c1)lglV(c2)lg

i.e. the angle between ¥(c1) and ~(cz).
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One has the following expressions in local coordinates for the inner product of two vectors and of the
length of a vector.

Exercise 5.8 (Inner product of two vectors in local coordinates). Let (U, ¢, %) be a chart of (M,g) and

consider p € U. Show that, if
.0 .0
X=X"— Y=Y"—
ox* p) ox? D

€ TpoM,

then o
gp(Xv Y)= Gij (p)X'Y?,

where o
g = gi;dz'da’.

In particular, the length of X takes the form

[Xlg = 1/9ii (p) XX

5.3 *Volume

A Riemannian metric also give rise to a notion of volume. Since volume is defined using differential forms,
this section is non-examinable.
If (M™, g) is an oriented Riemannian manifold, there exists a unique n-form dVj such that

dVylp(En, ..., Ey) =1,
whenever Ey, ..., E, is an oriented orthonormal basis for 7, M.

Exercise 5.9 (Volume form in local coordinates). Show that, in local coordinates {z'},

dVy = y/det(gi;)dz* A ... Adz"™.

The volume of M is defined to be
Vol(M) := / dvy.
M

More generally, if f € C*°(M) is compactly supported, then fdVj is an n-form and so one can define the

integral of f to be
/ fdvy.
M

5.4 Examples of Riemannian metrics

The most basic example of a Riemannian metric is the Euclidean metric on R™.
e The Euclidean metric on R™ in Cartesian coordinates takes the form
JEucl = §ijdxid;vj = (dz")? + ... + (dz™)*
The following proposition gives rise to many other examples.

Proposition 5.10 (Pullback of a metric by an immersion). Let (M, g) be a Riemannian manifold, N a
smooth manifold, and let f: N — M be an immersion (a smooth map such that f.,: T,N — TppM is
injective for all p € N'). The pullback f*g € T(TYN) defines a metric on N .
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Proof. Recall that
(f*g);ﬂ(ua U) = 9f(p) (f*pu7 f*pv)a

for all u,v € T,N and all p € N. Clearly (f*g), is symmetric. Since fy, is injective, if f,,u = 0 then it
follows that u = 0, and hence f*g is positive definite. O

e If AV is a submanifold of a Riemannian manifold (M, g), the inclusion map ¢: N' < M defines a metric
on N, t*g, called the induced metric.

In particular, the Euclidean metric induces a metric on every submanifold of R".

e Consider the n sphere S™ := {(z*)?+...+ (2"1)? = 1} C R*"*! and the inclusion map ¢: S™ — R 1.
The induced Euclidean metric t*ggyuq on S™ is called the round metric (or standard metric) on S™.

Proposition 5.11 (The round metric on S? in polar coordinates). In (6, ¢) polar coordinates for S?, the
round metric takes the form
gg2 = d#? + sin® 0d¢>.

Proof. The inclusion map ¢: S? < R? in polar coordinates takes the form
(0, @) = (sin cos ¢, sin 0 sin ¢, cos ).
First one computes the push forwards t,(g,¢)09 and t,(9,4)0¢. Given f € C* (R3),
La0,6)(00) f = 09 (f o 1(0,0)) = Dp(f(sin6 cosb,sinfsin ¢, cos b)) = cos d cos ¢y f + cos 0 sin ¢pd,, f — sin 69, f.

It follows that
Lx(0,¢)09 = cos bt cos 0, + cos Osin $J,, — sin 60,

and similarly
Ly(0,6)0g = — sin @ sin ¢d, + sin 6 cos ¢0,,.

Now
952|(0.6)(06,06) = gBuctli(0,6)(Lx(0,6)00, Lu(0,0)0p) = cos” O cos® ¢ + cos” fsin® ¢ + sin® § = 1,

9s2(0,4)(09, 0y) = — cos O cos ¢ sin ' sin ¢ + cos O sin ¢ sin 6 cos ¢ = 0,

and
9s2(0,0) (04, 04) = sin? #sin? ¢ + sin® # cos? ¢ = sin” 0,

and so it follows that
gs2 = df? + sin® 0dp?.

e The n ball B" = {(z%,...,2") e R" | (z!)? +... + (z")? < 1} with the metric

I (1—((x1)2+.__+(xn)2)> ((dz')? + ...+ (dz™)?),

is called hyperbolic space.

o If (M7*, ¢g1) and (M52, g2) are Riemannian manifolds, recall that the product M; x My admits the
smooth structure of an n; + ng dimensional smooth manifold (the product smooth structure). The
product manifold M; x My admits a Riemannian metric g = g1 X g2 called the product metric

91 % g2l(p1 ) (W1, u2), (v1,v2)) = g1lp, (U1, v1) + g2lp, (u2, v2),

for (u1,u2), (’1}1,’02) S T(pl,pz)(Ml X Mz) = Tlel X TP2M27 Uy, V1 € Tp1M1, Ug, Vg € sz./\/lg.
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e Given a smooth function f: My — (0,00), define the warped product metric of (M1, g1) and (Ma, g2)
with respect to f on the product manifold M; x M as

g1 Xf 92|(p1,p2)((U1,U2)7 (Ul,vz)) = 91|p1 (u1,v1) + f(p1)92|p2 (ug,v2).
The warped product manifold is denoted (M, g1) x5 (Ma, g2).

Exercise 5.12 (Euclidean metric on R? in polar coordinates). Show that, in polar coordinates, the Euclidean
metric on R? \ {0} takes the form
9Bucl = dT2 + T2d927

and hence (R? \ {0}, gruct) is isometric (see Definition below) to the warped product

(RJrv gEucl) X p2 (Sl 5 gRound)'

e If (M, g) is a Riemannian manifold and A\: M — (0,00) is a smooth function, then (M, Ag) is also a
Riemannian manifold.

Exercise 5.13 (Angles for conformal metrics). For such a smooth function A: M — (0,00), show that the
g angle between two vectors or curves is equal to the Ag angle.

The manifolds (M, g) and (M, A\g) are said to be conformal. If X is a constant then (M, g) and (M, \g)
are said to be homothetic.

5.5 Isometries

In Riemannian geometry, the notion of “sameness” is that of isometry. One can call Riemannian geometry
the study of properties which are invariant under isometry.

Definition 5.14 (Isometries). Two Riemannian manifolds (M, g) and (N,h) are called isometric if there
exists a diffeomorphism f: M — N such that f*h = g. Such a diffeomorphism f is called an isometry.

An isometry f: (M,g) — (M,g) is called an isometry of (M, g). Think of such an f as describing a
symmetry of (M, g).

Definition 5.15 (Local isometries). Two Riemannian manifolds (M, g) and (N, h) are called locally iso-
metric if, for each p € M, there exists open sets U C M and V C N with p € U and an isometry f: U — V.
A Riemannian manifold (M, g) is called flat if it is locally isometric to (R™, gguct)-

Note that flat manifolds can have different topologies to R™.

One can ask the following naive question: is every Riemannian manifold flat? It is not yet obvious that
the answer to this question is no. It will become clear after we discuss curvature that the answer is indeed
no. Much of our efforts for the coming lectures will be directed towards introducing a notion of curvature.
For now, one can take this question as a motivation for introducing curvature. The answer to this question
is yes, however, when n = 1.

Exercise 5.16 (One dimensional Riemannian manifolds). Show that every one dimensional Riemannian
manifold is flat.

Recall that an immersion is a map between manifolds f: M — A such that f,, is injective for all p € M.
When a manifold (M, g) can be immersed into a larger manifold (A, ) in such a way that the geometry of
(M, g) arises as the induced geometry of (N, h), we call such an immersion an isometric immersion.

Definition 5.17 (Isometric immersions). An immersion f: (M, g) — (N, h) is called isometric if f*h = g.

Recall the Nash Embedding Theorem, Theorem which guarantees that every Riemannian manifold
can be isometrically immersed (in fact, embedded) into RY for some N.
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5.6 Conformal maps

More generally, one can consider conformal maps.

Definition 5.18 (Conformal maps). A diffeomorphism f: (M, g) — (N, h) between two Riemannian man-
ifolds is called a conformal map with conformal factor A\: M — (0, 00) if

f*h = \g.
Two manifolds (M, g) and (N, h) are called conformal if there is a conformal diffeomorphism between them.

Exercise 5.19 (Conformal maps preserve angles). Show that conformal maps preserve angles between vectors
and curves.

Example 5.20 (Stereographic projection). Stereographic projection from the north pole N of S™, ®: S™ ~\
{N} = R", is a conformal map.

Definition 5.21 (Locally conformally flat manifolds). A Riemannian manifold (M,g) is called locally
conformally flat if, for all p € M there exists an open set U C M with p € U, an open set V. C R™ and a
conformal diffeomorphism f: U — V.

Example 5.22 (The round sphere is locally conformally flat). The round sphere (S™, ground) s locally
conformally flat. Stereographic projection is a local conformal diffeomorphism to R™.

5.7 Existence of Riemannian metrics

Every smooth manifold M admits a Riemannian metric. One easy way to establish this fact is to appeal to the
Whitney Embedding Theorem, Theorem which guarantees the existence of an embedding F: M — RV,
for some large N. The pullback of the Euclidean metric, F*ggye, is then a metric on M. Such a proof is
overkill, however. This section concerns a more direct proof, using a partition of unity.

Definition 5.23 (Partitions of unity). Let M be a smooth manifold.

o An open cover {Vy}taca of M is called locally finite if, for every p € M, there exists a neighbourhood
W of p such that the set
{a e A| W NV, # 0},

is finite.

e The support of a function f: M — Ris defined to be

supp(f) = {p € M| f(p) # 0}.

e Given a locally finite open cover of M, {V4}aca, a partition of unity subordinate to {V,}aca is a
collection { fo}aca of smooth functions fo: Vo — [0,1] such that supp(fa) C Vi for all a € A and

Zfoz(p)zla (9)

acA
for all p € M.
Note that the summation @ is finite for all p € M since the cover {V,}aca is locally finite.

Proposition 5.24 (Existence of partitions of unity). Fvery smooth manifold admits a sub-atlas {(Va, ¢o) taca
such that {Va}aea is locally finite, and a partition of unity {fa}aca subordinate to {Vy}aca.-

Proof. The proof is non-examinable and not given here. See, for example, [T1]. O
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The following proof follows a standard construction in Riemannian geometry of first constructing in each
chart using the local homeomorphism to an open subset of R” and the FEuclidean metric on R”, and then
patching the construction in each chart together using a partition of unity.

Theorem 5.25 (Existence of Riemannian metrics). Every manifold M admits a Riemannian metric.

Proof. Let {V,}aca be a locally finite open cover of M with charts ¢, : Vo, — W, C R”, and let {fs}aca
be a subordinate partition of unity. For p € M, define

gp ‘= Z fa(p)¢:;gEucl‘P'

acA

Note that the summation involves only finitely many terms for each p € M. Clearly ¢ is symmetric. The
positive definiteness follows from the positive definiteness of each ¢} ggruclp, together with the fact that
0< fo<1foreach aand ) ., falp)=1. O

5.8 Musical isomorphisms and the inner product of tensor fields

Let (M,g) be a Riemannian manifold. For each p € M, the metric g defines a canonical isomorphism
between T, M and Ty M.

Definition 5.26 (The flat isomorphism). Define the map “flat” b: TyM — Ty M by
X°(Y) := gp(X,Y),
for all X, Y € T, M.

Exercise 5.27 (Flat is an isomorphism). Show that b: T, M — T; M is a vector space isomorphism.

Definition 5.28 (The sharp isomorphism). Define the map “sharp” §: Ty M — T, M to be the inverse of
the isomorphism b: § =b~1. For £ € Ty M, write & for 4(€).

In local coordinates, if X = X'e; € T, M for some basis {e;} of T,M then
X’ = X,6",
where {0’} is the dual basis to {e;} of T;y M and
X; = gi; X7,

and g;; = gp(es, e;). The operation of applying the map b to a vector is often called “lowering an index”.
Recall that (g;;)};—; is a positive definite symmetric matrix, and hence is invertible. The components of
the inverse of this matrix is denoted g%/, so that

97 gk = 6.,
fori,k=1,...,n.
If¢=¢6 ¢ Ty M, then
& =¢gle,
where 4 N
& =g

The operation of applying the map f to a covector is often called “raising an index”.
The isomorphisms b,  also extend to isomorphisms

b: X(M) = D(T*M),  t: D(T*M) — X(M).
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Definition 5.29 (Gradient of a function). Given a function f € C>°(M), define the gradient of f, grad(f) €
X(M), as
grad(f) := (df)*.

The operation { is used to extend g to an inner product on Ty M. Given w,n € T; M, define

gp(wa n) = gp(wﬂ’ Tln)-
In coordinates N
gp(w,n) = g”win;.
Similarly one can defined the norm of a covector w € Ty M,

|w|g = ‘W”g = gp(wﬁ’wﬂ)_

Exercise 5.30 (Length of a covector in local coordinates). Let (U, ¢,z*) be a chart of (M,g) and consider
p € U. Show that, if
w= widxi’ €Ty M,
P
then
lwlg = /9" (P)wiws,

In particular, for any function f: M — R,

|df|g =V g”aaclfawﬂf

The operations b and # are extended in the obvious way to act on higher order tensor fields. For example,

if T is a (1,2) tensor field, T € I'(Ty M), then for each p € M, T}, is a map

Tp: TyM x TyM x Ty,M — R.
Define

T0: TyM x TyM x T,M — R,
by

T)(X,Y, Z) = T,(X",Y, 2).
In coordinates, if T' = Tijk% ® dad ® dz¥, then
Tb = kadl'l ® dl‘j ® dl’k7 Tijk = gillelc-

The operations b and f are defined similarly for higher order tensor fields, though one typically has to explain
which argument the operation is being applied to.

The metric g can moreover be extended to act on pairs of general (r,s) tensor fields as follows. First,
extend ¢ to act on reducible (r, s) tensors by

Gp(X1®...0X,06'®...06, X10...0X,0'@...08%) i= gp(X1, X1) ... gp( X0, X:)gp (€1, €Y) ... g, (€5, €°),

for all X1, X1,...,X,, X, € oM, rer.. s 65 € Ty M. The metric g is then extended to general (r, s)
tensors by linearity.
Similarly, one defines the length of an (r,s) tensor T as

Ty =g(T.T).
Exercise 5.31 (Length of a tensor in local coordinates). Suppose, in a local chart (U, $,2) of (M,g),
T e T(T: M) takes the form

o 9 9 . .
— et . J Js
T=T" 31"'Jsaxi1®"'®axir®dxl®"'®dx .
Show that . ‘ o
T3 = Gisky - it g1 gP Tty TRy
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6 Flows of vector fields and the Lie derivative

Recall (see Section that we have a well defined way of taking derivatives of smooth functions on a manifold.
We would like to have a notion of differentiation for vector fields and higher order tensor fields. There is
a notion of differentiation intrinsic to a smooth manifold, know as the Lie derivative, introduced in this
section. The Lie derivative, however, has some undesirable properties. A better notion of differentiation
requires an additional structure, known as a connection, and is discussed in Section

6.1 Derivatives of vector fields in R"

The existence of the canonical Cartesian coordinate system means that there is a canonical way of taking
derivatives of vector fields on R™. It is worth taking a moment to recall this notion of differentiation and to
examine the obstructions to generalising it to abstract manifolds.

In R™ we can, using the slight abuse of Remark [{.3] view a vector field X as a smooth function X : R" —
R™. Given a point p € R™ and a direction v € R™, the directional derivative of X at p in the direction v is
given by
X(p+tv) — X(p)

t

Consider now a smooth manifold M and a vector field X € X(M). There are two immediate issues in
generalising the definition of the directional derivative of X:

D, X[, := lim (10)

1. Since now p € M and v € T, M, there is no definition of p + tv. One could replace v € T, M with a
vector field V' € X(M) and replace p + tv with a curve v with v(0) = p and 4(0) = v. The existence
of such a curve is discussed in Section [6.2]

2. Suppose one can find such a 7. Then X, € T, (yM and X, € T, M lie in two different vector
spaces. In order to subtract X, from X ;) one needs a way to identify these spaces. Different ways of
identifying these spaces give rise to different notions of differentiation. An intrinsic way of identifying
these spaces, which gives rise to the Lie derivative, is discussed in Section (6.3

6.2 The flow of a vector field
Recall the local existence theorem for an ordinary differential equation in R™.

Theorem 6.1 (Picard/Cauchy-Lipschitz). Given an open set U C R™, a smooth vector field V: U — R
and a point xog € U, there exists a unique mazimal interval (T—,Ty) C R with T— < 0,T4 > 0 and a unique
solution x: (T—,Ty) — R™ of the initial value problem

B(t) = V(z(t),  z(0) = xo.

The solution depends smoothly on xg. Moreover, if T < oo then, for any compact set K C U, there exists
ti € (0,Ty) such that x(tx,T+) N K = (.

This local existence theorem yields the following theorem on the existence of integral curves of a vector
field on a manifold.

Theorem 6.2 (Existence and uniqueness of integral curves of a vector field). Given a smooth manifold M,
a vector field V€ X(M) and a point p € M, there exists a unique maximal interval (T—,Ty) C R with
T <0, Ty >0 and a unique curve v: (T—,Ty) — M such that

for allt € (T—,T}). Moreover, if Ty < oo then, for any compact set K C M, there exists tx € (0,T4) such
that y(tx,T+) N K = (. In particular, if M is compact then T_ = —oco, T = oco.
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The curve v of Theorem [6.2]is called the integral curve of V' through p.

Definition 6.3 (Complete vector fields). Let M be a smooth manifold and V € X(M) a vector field. If, for
everyp € M, T_ = —oo, T4 = 0o, where Ty are as in Theorem then V is called complete.

Exercise 6.4 (Examples of complete and incomplete vector fields). Give an example of a manifold M and
a vector field on M which is not complete. Give an example of a non-compact manifold M and a nontrivial
complete vector field on M.

In fact, Theorem tells us more.

Theorem 6.5 (Flow of a vector field). Given a smooth manifold M, a vector field V € X(M) and a point
p € M, there exists U C M open with p € U, € > 0 and a unique smooth map

O: (—e,e) xU = M,

such that P
g(svp) = V|<I>(s,p)7 (I)(Ovp) =D
forall s € (—e,e), p € U. For each s € (—¢,€), the map 5 := ®(s,-): U = M is a diffeomorphism onto its
image. Moreover, if s,t, s+t € (—e,¢), then &30Py = Dy,
The map ® of Theorem is called the flow of the vector field V. The curve s — ®(s,p) is called the
integral curve, or flow line, of V' through p.

6.3 The Lie derivative

Given a vector field V, the Lie derivative involves using the pullback of the flow ®; of V' to identify the
tangent space Ty, ()M with the tangent space T, M.

Recall that, for a given function f: M — A/, there is only a way of pushing forward vectors, and pulling
back (0, k) tensors (or, more generally, (0, k) tensor fields). If f is a diffeomorphism then these operations
can be extended using the inverse f~1.

Definition 6.6 (Pullback of a vector by a diffeomorphism). If f: M — N is a diffeomorphism between
smooth manifolds and X € TN, define

FXlp = [ X € M.

Definition 6.7 (Lie derivative of a vector field). Let M be a smooth manifold and X,V € X(M) be vector
fields on M. Define the Lie derivative of X along V to be the vector field Ly X € X(M) defined by

(@5 X),— Xy _ o (@i X~ X,
t t—0 t

Ly X|,:= tlgr(l) ,

where ® is the flow of V.

Exercise 6.8 (Lie derivative and Lie bracket). If X,V € X(M) are vector fields, then the Lie derivative
takes the form
£VX = [‘/7 X}v

where [-,] is the Lie bracket (see Definition [3.15).
More generally, (r, s) tensor fields can be pulled back by diffeomorphisms.

Definition 6.9 (Pullback of a general tensor field by a diffeomorphism). If f: M — N is a diffeomorphism
between smooth manifolds and T € T(TTN') is an (r,s) tensor field, define the pullback of T by f, f*T €
L(TEM), by

(f*T>p(€17' .. 7£T‘7X17 cee 7Xs) = Tf(p) (((fil)*gl)f(p)v' ) ((fil)*gT)f(p)af*lea .o '7f*pXS)7
Jorall&,...,§ € TyM and X, ..., Xs € TyM.
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The definition of Lie derivative can then be extended to general (r, s) tensor fields.

Definition 6.10 (Lie derivative of a tensor field). If M is a smooth manifold, V € X(M) is a vector field,
and T € T(TTM) is an (r,s) tensor field, the Lie derivative of T in the direction V is the (r,s) tensor field
LyT e T(TT M) defined by
i (2T =T
Ly Ty = Jim ——p—=
where ® is the flow of V.

Exercise 6.11 (Properties of Lie derivative). Let M be a smooth manifold, V € X(M) be a vector field,
and Ty, T, T3 € T(TI M) be (r, s) tensor fields. Show that the Lie derivative has the following properties.

1. Ly f=Vf forall f € C®°(M)=T(TIM).

Ly (aT) + 1) = alyTy + bLy Ty for all a,b € R.
Ly(Th @Ty) = (LyT1) @ T +T1 @ (LyTy).
Ly(fT)=Vf-T+ fLyT forall f € C®°(M).
Lyv(cdT) =cd(LyT) forall1 <j<r,1<i<s.

S Tt e

In local coordinates,
(EVT)“Z7] L= V(T’Lllrjljg) _ 8kvi1 TkiQ...i,.jlij - = 8kvir Tilmirilkjl...js

1...
vk gide vk giyede
Jrale T k]2---]s+"'+ajsv T J1--ds—1k-

Continuous symmetries of Riemannian manifolds are conveniently described using the Lie derivative.

Definition 6.12 (Killing vectors). On a Riemannian manifold (M, g), a vector field K € X(M) is called a
Killing vector if
EKg =0.

Killing vector fields generate continuous symmetries of (M, g).
Remark 6.13 (Properties of Lie derivative).

1. The Lie derivative only requires a smooth manifold structure. It does mot, for example, require a
Riemannian metric.

2. The Lie derivative has the following undesirable property: if f € C°(M), then LyvT # fLyT in
general (which can be easily seen using Ezxercise and Ezercise , i.e. LyT|, depends not just
on'V atp e M, but on V in a full neighbourhood of p.

A better notion of derivative requires a better way of “connecting” nearby tangent spaces.

7 Affine connections and the Levi-Civita connection

Such a way of “connecting tangent spaces” requires an additional structure, called a connection. In Section
[7-1] affine connections are introduced. The link with “connecting tangent spaces” will become apparent in
Exercise It will then be seen that a Riemannian metric on a manifold induces a canonical connection,
known as the Levi-Civita connection.
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7.1 Connections and the covariant derivative

Of primary concern to us will be affine connections. First, a connection on a general vector bundle is
introduced.

Definition 7.1 (Connections and affine connections). A connection on a vector bundle m: E — M is a map
V:XM) xT(E) - T(E),
where V(V,T) is denoted VyT, such that:
o For each T € T'(E), the map V — VT is linear over C*°(M), i.e.

ViverwT = fVy X + hVyT,
for all V,W € X(M), T € T(E), f.h € C®(M).
e For each V€ X(M), the map T — Vv T is linear over R, i.e.
Vv(aS +bT) =aVyS+bVyT,
for all Ve X(M), S,T € T'(E), a,b €R.
e V satisfies the following product rule
Vv(fT)=Vf-T+ VT,
forallVe X(M), T e T(E), f € C®(M).

An affine connection, or linear connection on a smooth manifold M is a connection on the tangent bundle

TM.

Given an affine connection V and vector fields V, X € X(M), the vector field Vy X is called the covariant
deriwative of X in the direction V. We will see shortly that an affine connection on a manifold induces a
canonical connection on each (r, s) tensor bundle.

Example 7.2 (Euclidean connection). The canonical connection, or Euclidean connection, on R™ defined
by

. Xlprev, — Xp
(7 =y Tt =

)

for all X,V € X(R™) is the usual directional derivative.

Remark 7.3. 1. An affine connection V is not a tensor field. For fired V' the map X — Vy X is, in
particular, not linear over C>®(M).

2. The notation D is also commonly used for connections.
Definition 7.4 (Christoffel symbols). Given an affine connection V on a smooth manifold M and a local
frame {e;}_, defined on U C M, define smooth functions Ffj: U—R, fori,j,bk=1,...,n by
Ve, €5 = I‘fjek.
The functions {Ffj} are called the Christoffel symbols (or connection coefficients) of V with respect to the
frame {e;}.

Exercise 7.5 (Covariant derivative in a local frame). Given a local frame {e;} for a smooth manifold M
and X,Y € X(M), show that o
VxV = (X(Y*) + X'YIT) ey,

where X = X'e;, Y = Y'e;.

34



Note in particular that VxY|, depends only on X at p, and on Y in a neighbourhood of p.

Example 7.6 (Euclidean connection in Cartesian coordinates). If {z'} are Cartesian coordinates on R™,
then the canonical connection satisfies

N )
V¥ = X0 g = X o b

for all XY € X(R™). The Christoffel symbols on V in Cartesian coordinates therefore all identically vanish.

Exercise 7.7 (Euclidean connection in polar coordinates). Compute the Christoffel symbols of the canonical
connection on R? in polar coordinates.

Proposition 7.8 (Existence of connections). Every smooth manifold admits an affine connection.

Proof. The proof can be established following the strategy of the proof of Theorem [5.25] by pulling back the
Euclidean connection in each chart and stitching each chart together using a partition of unity, and is left
as an exercise. O

There are two alternative ways of proving Proposition [7.8}

1. Wait for the existence of the Levi-Civita connection (see Theorem |7.26)) and use the existence of a
Riemannian metric on any manifold, Theorem [5.25

2. The second alternative way is the “overkill proof” of appealing to the Whitney Embedding Theorem,
Theorem and considering the induced Euclidean connection.

An affine connection V on a smooth manifold M can be extended to act on tensor fields,
V:XWM) xT(TiM) — T(Ti M).

Indeed, given an affine connection V on M, there is a unique connection on 77 M satisfying the following
three properties.

e For any function f € C®(M) =T(TYM),
va = Vf7
for all Ve X(M).

e The product rule
Vv(Ti @Ts) = (VyTh) @ To +T1 @ (VyTh)

holds for all Th € I(T{} M), Ty € T(T;2 M), V € X(M).
e V commutes with contractions _ _
Vv (ciJT) =¢;’ (VVT),
forall Ve X(M), T eT(TiM), 1 <i<s,1<j<r.
Explicitly, for any one form w € T'(T*M) = ['(TY M), one computes, for any X,Y € X(M),
Xw)=Vx(a' (Y ow)=ca'(Vx(Y ow) =ca'(VxY ®w+Y ® Vxw),
by the first, third, and second properties above respectively, and hence
(Vvw)(X) = V(w(X)) —w(VyX),
for all V, X € X(M). In components,
Vyw = (V(w;) — VFEw,;T,)6",

where T are the Christoffel symbols of V with respect to a local frame {e;}, and {#"} is its dual frame.
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Exercise 7.9 (Covariant derivative of a tensor field). Show, in a similar way, that, for T € T(TI M),

(VXT)(gla"nga}/la"'aY;) = X(T(£17"'7£7‘7Y17~-~>}/5))
—T(Vx&,&,..., &, Y1, Y ) —. .. =T (&, 6—1, VxE, Y1, .., YY)
7T(£17"'7£T’7VXY17}/2?"'7}/S)7"'7T(§17'"7§T7}/17"'7Y9—17VX}/S);

forallYy,....Ys € X(M), &, ..., & € T(T*M), and hence, in components,

VxT = (VxT)iir L€ ®... Q€ R0 Q... 6%,

Ji---J
where
i1enin _ T A kit pli.iy k iy pigeip_ 1l
(VD) o= X(T g, 50) + XPT T Tjrege o H XED TR
k k
— XD, T gy — o = XD T G0 Gt

Definition 7.10 (Total covariant derivative). If V is an affine connection on M and T € T'(TT M), define
the total covariant derivative of T', VT € T'(T], ;M) by

(VT)(glﬂ cee 767‘7}/1a cee 75/;"X) = (VXT)(€17 e 7€T"7Y17 B 7}/6)
Definition 7.11 (Parallel tensor fields). A tensor field T € T'(TT M) is called parallel if VT = 0.

For k > 2, one can inductively define the k-th total covariant derivative
V(T M) — (T, M),

by
VP .= v(VF).

Remark 7.12 (Second covariant derivative of a vector field). If X, Vi, V5 € X(M) then
(V2X)(V1, Vo) # Vi, Vi X,
in general. In fact, one computes using Exercise[7.9,
(V2X)(V1,V2) = Vi, Vin X — Vi, 11 X.

This computation will be relevant when we discuss the Riemann curvature tensor in Section [

7.2 Connections along curves and parallel transport

We are typically interested not only in taking covariant derivative of vector fields on a manifold M, but
vector fields along curves 7 (such as the tangent vector to ). If a curve v intersects itself then a given vector
field along v may not extend to a vector field in M.

Definition 7.13 (Vector fields along curves). Lety: (a,b) — M be a curve. A smooth map V: (a,b) — TM
is called a vector field along v if V(t) € TyyM (i.e. if mo V(t) = ~(t)) for all t € (a,b).

Denote
X(7) := {vector fields along ~}.

A connection V defines a “connection along ~”, which can be used to differentiate vector fields along ~.
If v: (a,b) — M is a curve, ty € (a,b), {e;} is a local frame around «(tg), and V' € X(v), then we can
write

V(1) =V (teily ),

for functions V%: (tg —e,t9 +¢) — R.
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Definition 7.14 (Covariant derivative along a curve). Given a curve v: (a,b) = M and a connection V
on M, the covariant derivative along 7y is the map

Dy: X(7v) — X(7),

defined locally by ) )
DV, = (V) (to)eily(to) + V' (t0) Vii(to) il (o) -

The covariant derivative along v has the following properties
1. The definition of D,V is independent of the local frame {e;}.

2. Covariant derivative along ~y is linear over R:
Dt(aV + bW) = aDtV + thVV,
for all a,b € R, VW € X(%).

3. Covariant derivative along ~y satisfies the following product rule:
Dy(fV)=f -V +f DV,
for all V € X(v), f € C*(a,b).
4. If V € X(7) and there exists V € X(M) such that

f/|’y(t) = V(t)v
for all ¢ € (a,b), then D,V = Vs V.

In view of the latter property, given V' € X(y) we often abuse notation and write VsV for D,V even
when V' does not extend to a vector field on M.

Definition 7.15 (Parallel vector fields along a curve). Given a curve v, a vector field along v, V € X(v),
is called parallel along v if D,V = 0.

In Section [8.1] a geodesic will be defined to be a curve v whose tangent vector + is parallel along ~.

Note that, given p € R"™, a vector v € T,R™ = R" can be uniquely extended to a parallel vector field
on R™ by taking it to be constant (one easily checks that such a vector field is parallel with respect to the
Euclidean connection). On a general manifold M there is no such procedure (indeed the notion of a vector
field being “constant” is special to R™, relying on the canonical identification of each tangent space to R™
with R™ itself). Remarkably, there is still a way of extending a vector at a point to a parallel vector field
along a curve.

Proposition 7.16 (Existence and uniqueness of parallel transport). Given an affine connection V on a
manifold M, a curve v: (a,b) — M, to € (a,b) and vo € Ty, M, there exists a unique parallel vector field
V(t) along v such that V (to) = vo.

Proof. The main content of the proof is in the Picard/Cauchy—Lipschitz Theorem, Theorem Indeed, let
{ei} be a local frame around ~(¢o), so that

() =5 Oeilywy, V() =V el
for appropriate functions 4% and V. Now V satisfies

D,V =0, V(to) = vo,
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if and only if

v’ . i % i
(S O+ 7 OV OO )elw = 0. Vit = vieihw):
if and only if _
dv?  j k i i %
() + A OVEOTG0) =0, Vi) = v, (1)

for + = 1,...,n. Note that is an initial value problem for a linear system of ordinary differential
equations. Theorem guarantees there exists a unique solution. Since the system is linear, the solution
exists in the entire domain of the local frame {e;}. Indeed, the Gronwall inequality a priori implies that, for
any T > to such that y(¢) lies in the domain of the local frame for all tg < ¢ < T,

n n n n
> s (Vi< hlexp (D s [F01 Y. sup [T (0)]),
i=1 LoSt=T i=1 i—1 tostsT i,j =1 POSEST
and so there exists a compact set which V(¢) cannot leave for all tg <t <T,i=1,...,n. If {e;} extends

to a frame around v(t) for all ¢ € (a,b) then we are done.

Otherwise, let @ denote the supremum over all times s € [to, ] such that a unique parallel field V (¢)
exists for all ¢ € [tg,s]. Clearly a > ¢y by the above. Assume o < b. Take e small and a local frame
on y(a — e, + ¢). By the above there exists a unique parallel vector field V on (o — g, + ¢) such that
V(a—¢/2) = V(a — £/2). By uniqueness V and V agree on their common domain. Hence V is a unique
extension of V', which contradicts « < b.

O

Definition 7.17 (Parallel transport). If v: (a,b) = M is a curve in M and to,t € (a,b), the map
Pto,t: T’y(to)M — T'y(t)Mv

defined by P, (v) := V(t), where V(t) is the unique parallel vector field along v with V(ty) = v (see
Proposition , is called parallel transport along ~.

Remark 7.18 (Parallel transport is an isomorphism between (r, s) tensor spaces). Parallel transport Py,
is a vector space isomorphism between T ;)M and T\, M. It can moreover be extended, in the obvious
way, to a vector space isomorphism

P TEM 1) = TEM sy,
forallr, s.

The following exercise make the link between an affine connection and a way of “connecting nearby
tangent spaces”.

Exercise 7.19 (“Connecting nearby tangent spaces”). If V is an affine connection on M and V, X € X(M),

show that .
(Pos X = X)lp

t )
where Py, denotes parallel transport along the integral curve v of V. with v(0) = p.
Similarly for VyT with T € T(TT M).

vy, = iy
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7.3 The Levi-Civita connection

A Riemannian metric g on a manifold M chooses one particular connection which interacts with g in a
particularly nice way.

Definition 7.20 (Compatible connections). An affine connection V on a Riemannian manifold (M, g) is
called compatible with g if g is parallel with respect to V, i.e. if Vg = 0.

Exercise 7.21 (Compatibility of a connection with a metric). Show that V is compatible with g if and only
if

X(9(Y,2)) = g(VxY,Z) + g(Y,VxZ),
for all XY, Z € X(M).

Note that if v: (a,b) — M is a curve and X and Y are two parallel vector fields along ~, it follows from
Exercise that the fact that V is compatible with ¢ implies that

2 g (X0 Y 0) =0,

i.e. if V is compatible with g then lengths of vectors and angles between vectors are preserved under parallel
transport. It is still possible, however, for parallel vectors along v to “twist around ~”.

Definition 7.22 (Torsion tensor field). Given a connection V on M, define the torsion tensor to be the
map

7 X (M) x (M) = (M),

defined by
T(X,)Y)=VxY -VyX — [X|Y].

Exercise 7.23 (The torsion tensor field is a tensor field). Show that, if V is a connection, then its torsion
tensor T is a (1,2) tensor field, T € T(TM).

Definition 7.24 (Torsion free connections). An affine connection V on a manifold M is called symmetric
or torsion free if its torsion tensor T identically vanishes, i.e. if

VxY - VyX = [X,Y],
for all XY € X(M).
The name “symmetric” is explained by the following exercise.

Exercise 7.25 (Symmetric Christoffel symbols). Let {x'} be a local coordinate system of a smooth manifold
M. Show that a connection V is symmetric if and only if its Christoffel symbols with respect to the coordinate
frame {%} satisfy
k k
Fij = Fji»
foralli,jk=1,... n.
The following theorem is often called the fundamental theorem of Riemannian geometry.

Theorem 7.26 (Existence and uniqueness of a compatible torsion free connection). Given a Riemannian
manifold (M, g), there exists a unique affine connection V on M which is torsion free and compatible with
g. This affine connection V moreover satisfies

29(VxY,2) = X (9(Y, 2)) + Y (9(X, 2)) = Z(9(X,Y)) = g(X, [V, Z]) = gV, [X, Z]) + 9(Z, [X,Y]). (12)
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Proof. The proof proceeds by showing that any such connection must satisfy , and then checking that
indeed defines a torsion free compatible connection. Indeed, suppose V is such a connection. Then,
since V is compatible with g,

9(VxY,2) =X (9(Y,2)) — g(Y,Vx Z),

(see Exercise and, since V is torsion free,

9(VxY,Z) = X(9(Y,2)) — g(Y,[X, Z]) — g(Y, V2 X). (13)
Similarly, interchanging the roles of X, Y and Z,

9(VyZ,X) =Y (9(X,2)) +9(Z,[X,Y]) — 9(2,VxY), (14)

and
9(VzX,Y) = Z(9(X,Y)) = 9(X,[Y, Z]) — (X, Vy Z). (15)

Adding to and subtracting then yields . The uniqueness of such a connection is then
evident. For existence, it is left as an exercise to check that indeed defines a torsion free compatible
connection. E.g., to check that defines a connection, let {e;} be a local orthonormal frame, set

n
VxY = ZQ(VXY7 ek)ek7

k=1
and replace g(VxY,e) using (12). Check that this V satisfies the properties of Definition and then
check that V is torsion free and compatible with g. O

Definition 7.27 (The Levi-Civita connection of a Riemannian manifold). Given a Riemannian manifold
(M, g), the connection V of Theorem is called the Levi-Civita connection of (M, g).

In a given chart (U,¢) of a Riemannian manifold (M,g) with local coordinates {z'}, gives an
expression for the Christoffel symbols I‘ék of V with respect to the coordinate frame {8%} in terms of the

components of g. Indeed, setting X = %, Y = % and Z = %, gives
9gjk | O0gik  0gij

ozt oxd  Ozk’

29le§j =

from which it follows that

ozt Oz O
The Levi-Civita connection is a geometric object.

kl
9" (0g1  Ogu  O0gsj
Tk = 7( J J ) (16)

Exercise 7.28 (The Levi-Civita connection is a geometric object). Suppose ¢: (M, g) — (M, §) is a local

isometry. Show that ¢.(VxY) = Vo, x@.Y for all X,Y € X(M), where V and V are the Levi-Civita
connections of (M, g) and (M, g) respectively.

7.4 Divergence

The Levi-Civita connection on a Riemannian manifold (M, g) defines the divergence operator.
If V is a vector space, recall the contraction map ¢;': V ® V* — R. This map is also called trace, and is
denoted tr := ¢;1'.

Definition 7.29 (Divergence). Let (M, g) be a Riemannian manifold with Levi-Civita connection V. Define
the divergence of X € X(M) by
divX := tr(VX).
If £ e T(T*M) is a one form, define
dive := divéf.
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In local coordinates, if X = X* a?w then

divX =V, X"
(Recall that V; X7 := VX (da?, 52;) # 0,:(X7) in general.) If £ = &;da’, then
divé = ¢"V¢;.

Exercise 7.30 (Divergence in local coordinates). In a local coordinate system {z'} for (M,g), show that,

for any vector field X € X(M),
1

Vdetg

divX = 0y (v/det gX™),

where
det g = det (gij).

Unless specified otherwise, we adopt the (not completely standard) convention that the divergence of
T € T(T§ M), for some r > 1, is defined to be divI € F(Tor_l./\/l) by taking the divergence with respect to
the first argument,

(leT)(fl, N 757«_1) = tr(VT(~,§1, e 7§r—1))~
In components, if T =T 5% @ ... ® 5% then div] = (divT)" 18- @ ... @

o RN where

_0
Hzir—1"
(divT)tir=t = VTt

Similarly, unless specified otherwise, if T' € T'(T2M) for some s > 1, define divT’ € T'(T?_; M) by raising the
index of the first argument and taking the divergence,

divT( Xy, ..., Xoo1) = tr(VT (-, X1, ..., Xs_1)P).
In components, if T =T;, ; dz" @ ... ® dz' then divl = (divT);, ., _,dz" ®@...® dz'~—', where
(AivD)iyir s = ¢V Thiy i -

To take the divergence of a general T' € I'(T7 M), one has to specify which argument the divergence is being
taken with respect to.

Definition 7.31 (Laplace—Beltrami operator). Given a Riemannian manifold (M, g), define the Laplace—
Beltrami operator Ag: C®°(M) — C°(M) (or more generally Ag: T(T; M) — T'(T7 M) ) by

Ay f :=divVf,
for all f € C>*(M).
One has the following expression for the Laplace—Beltrami operator.

Exercise 7.32 (Laplace-Beltrami operator in local coordinates). In a local coordinate system {x'} for
(M, g), show that the Laplace—Beltrami operator takes the form

1 ;
= 9.(q9 ;
Ayf detgam (97 +/det g0, f),

where
detg = det (gij)~
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8 Geodesics and Riemannian distance

Each Riemmanian manifold has a notion of geodesic, or “curve which is as straight as possible”. Moreover,
there is a notion of Riemannian distance, with the distance between two points defined to be the infimum
of the length over all curves which join these two points. This notion of distance gives each Riemannian
manifold a metric space structure. When this metric space is complete, this infimum is always attained by
a geodesic.

From now on it will be assumed that (M, ¢) is a Riemmanian manifold with Levi-Civita connection V.

8.1 Geodesics

A geodesic in (M, g) should be viewed as a curve which is “as straight as possible” and thus is a generalisation
of a straight line in R™. Note that straight lines in R™ have the property that they minimise the distance
between any two points, and moreover that, when traversed at constant speed, they are the unique curves
~ with “zero acceleration” in the sense that 4 = 0. One could define geodesics in (M, g) to be curves which
locally minimise length, but it turns out to be much simpler to take the latter property of straight lines in
R™ as a definition and deduce this local length minimising property.

Note that, if v: (a,b) = M, then 4 € X(v).

Definition 8.1 (Geodesics). A curve v: (a,b) = M is called a geodesic if Di¥(t) =0 for allt € (a,b), i.e.
if v is parallel along .

Recall the definition of covariant derivative along v and hence, given a local coordinate system {z'},
v is a geodesic if and only if

(5 + 47 OF OO 5| =0
if and only if A ‘ ‘
50+ 4 OO ((0) = 0, a7)

for i =1,...,n. The equations are called the geodesic equations.
The following theorem guarantees that, for a given initial position and velocity, there locally exists a
unique geodesic.

Theorem 8.2 (Local existence and uniqueness of geodesics with given initial point and velocity). Given
p € M and v € TyM, there exists a unique mazimal interval (T_,Ty) C R, withT_ <0 and T > 0, and a
unique geodesic v: (T_,Ty) — M such that v(0) = p and ¥(0) = v.

Proof. Let (U, $) be a chart with p € U, and let {z'} be the associated local coordinates. The vector v can
then be written v = v'2:|,. By Theorem Elﬂ there exists ¢ > 0 and v1,...,7": (—¢,e) — M satisfying

the system of nonlinear ordinary differential equations together with the initial conditions
7(0) = o), F(0) ="

The maximality part of the statement follows from the maximality part of Theorem being careful that
~ may leave the domain of the chart (U, ¢) (as in the proof of Proposition [7.16). O

Alternative proof of Theorem (which is really just a more geometric take on the previous proof). Recall that
a chart (U, ¢), with local coordinates z1, ..., 2", for M defines a chart (7 ~(U), ®) for TM, where ®: 7= }(U) —

R?" is defined by

o,

1 1
@(p,v’—i ) = (z (p),...,x"(p),v",...,0").
ox
4 . . .
To bring the system (|17) to the correct form to directly apply Theorem one has to perform the well known trick of

converting a second order ordinary differential equation on R™ to a first order ordinary differential equation on R2". See also
the “alternative proof” below.

p
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The associated local coordinates {x'} for M are thus extended to a local coordinate system {z*, v’} for T M.
The second order geodesic equations can be rewritten in first order form

A =0'(t), (1) = =0 (0" (O (4(1))
Solutions of this system are exactly the integral curves of the vector field
G =00, — vjvkl";-kﬁvi.

Note that G € X(T M) =T(TTM) is a vector field not on M but on the tangent bundle 7M. The existence
and uniqueness then follows from Theorem (with TM in place of M). O

Definition 8.3 (Geodesic spray and geodesic flow). Given a Riemannian manifold (M, g), the vector field
G € X(TM) =T(TTM) defined locally by

G =00, — vjkaé-kavi,
is called the geodesic spray of M. The flow of G is called the geodesic flow of M.
The maximal geodesic of Theorem is often denoted 7y, , or sometimes just ,.
Example 8.4 (Examples of geodesics).

1. Consider (R™, gguct). In Cartesian coordinates g;; = 6;; and so I‘;k =0 foralli,j,k=1,...,n. The
geodesic equations then take the form _
7(t) =0,
fori=1,... ,n. All solutions take the form,
~v(t) = a + tb,

for some a,b € R™, i.e. all geodesics in R™ are straight lines.
2. Consider now (S?, ground). Recall that, in spherical polar coordinates,
GRound = d6* + sin? 0 d¢>.
Using the expression one computes
qub = —sinfcosb, 1";27 = %,
and
Ty =Thy =T%, =T5y =0.
The geodesic equations for v(t) = (0(t), #(t)) then take the form
- ., cosf(t)

O(t) — (3(t)) sin6(t) cos O(t) =0, (t) +20(t)d(t) Sl 0

One sees, for example, that 0(t) = t, ¢(t) = ¢o is a solution for any ¢o € (0,2w). The image of
(O(t), p(t)) is a “great circle” i.e. the intersection of S* with a plane through the origin in R3. In fact,
the image of any geodesic in (S?, ground) is a great circle.

Definition 8.5 (Geodesic completeness). A Riemannian manifold (M, g) is called geodesically complete if,
for all (p,v) € TM, the mazimal geodesic vy, is defined for allt € R, i.e. if for all (p,v) € TM, the Ty of
Theorem satisfy Ty = +oo.

Example 8.6 (Examples of geodesic completeness). The Riemannian manifold (R™, gpyue) is geodesically
complete. The Riemannian manifold (R™ \ {0}, gguc) s not.

Exercise 8.7 (Compact manifolds are geodesically complete). Show that every compact Riemannian man-
ifold is geodesically complete.
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8.2 The exponential map and normal coordinates

The exponential map on the tangent bundle of a Riemannian manifold is defined by following the geodesic
corresponding to a given element of T'M for time 1.

Definition 8.8 (The exponential map). Let (M,g) be a Riemannian manifold and, given p € M, let
Ep C TpyM be the set of vectors v € TyM such that 7, , is defined on an interval containing [0, 1]. Define
the exponential map at p, exp,,: &, — M, by

epr(v) = Ypo(1).
Set £ = UpeM {p} x & C TM and define the exponential map, exp: € — M, by

exp(p,v) = exp,(v) = Yp(1).

Note that exp(p,v) = mo ®g(p,v), where m: TM — M is the natural projection and ®¢ is the geodesic
flow (see Definition [8.3). In particular, exp is smooth.

Lemma 8.9 (Rescaling geodesic directions). Given (p,v) € TM and A € R, vp ro(t) = Ypv(At) whenever
either side is defined.

Proof. Suppose A is such that 7, ,(At) is defined. Set F(¢t) = 7, ,(At). Clearly %(0) = p and, in local
coordinates,

d ) ) )
~/ i i — / i %
Y (O) - dt t:OrYp’U()\t) AFYp,U(O) AU )

so that 4’(0) = Av. Since ¥ is also a geodesic (check that it solves the geodesic equation in local coordinates)
it follows by uniqueness that 7 = v, 1, i.e.

Yp,Av (t) = ’Yp,v()\t)-

In particular, Lemma implies that

exp(p, \v) = Yp.0(A),

whenever either side is defined and, if exp(p,v) is defined then so is exp(p, Av) for all 0 < A < 1. Hence &,
is star shaped for all p € M.

Lemma 8.10 (The exponential map is a local diffeomorphism around the origin). For each p € M there
exists an open neighbourhood U C T,M with 0 € U and an open neighbourhood V.C M with p € V' such
that

exp,: U =V,

is a diffeomorphism.

Proof. The proof follows from the Inverse Function Theorem after establishing that the differential of the
exponential map at the origin, (expp)*o is invertible. Since T, M is a vector space there is a canonical
identification between Ty7, M and T, M and so, abusing notation slightly, we write,

(epr)*(): T()Tp./\/l = TpM — TpM

We will show that (exp,)o is the identity map.

Recall that, if F: M — N is a smooth map between manifolds, p € M and §: (—¢,e) — M satisfies
B(0) =p, f(0) =v € T,M, then F,,v = (F o j3)(0).

Given v € T, M, it follows that

dexp,,(tv) _dyp(2)

e v = = =,
( pr)*o dt t=0 dt =0

by Lemma i.e. (exp,)«0 = IdT, M- O
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Definition 8.11 (Normal neighbourhoods). Such a neighbourhood V' of p, as in Lemma 18 called a
normal neighbourhood of p.

Lemma in particular implies that, for all p € M, there exists ¢ > 0 such that exp,: B(0,e) C
T,M — Mis a diffeomorphism onto its image. The image exp,,(B(0,¢)) C M is called a geodesic ball.

For each point p € M, the exponential map defines a particularly nice system of local coordinates on a
normal neighbourhood of p, known as normal coordinates.

Definition 8.12 (Normal coordinates). Consider p € M and an orthonormal basis {e;} of T,M, define the
isomorphism _
E:R" - T,M, E(zY,...,z") = 2le;.

If V is a normal neighbourhood of p, define a chart
¢: V=W CR", ¢:=E""o(exp,) "
The local coordinates {x'} associated to this chart (V, ) are called normal coordinates centred at p.
Normal coordinates centred at p have the following nice properties.

Exercise 8.13 (Properties of normal coordinates). Given p € M, show the following properties of normal
coordinates centred at p:

1. The coordinates of p are (0,...,0).

2. Given v = v'e; € T,M, the associated geodesic satisfies vp.(t) = (tvt, ... tv™).

3. At the point p the components of the metric take the form
9ij(p) = dij.
4. At the point p,

09i;
L) =0, 55 =0,

foralli,j,k=1,...,n.

8.3 Riemannian distance

A Riemannian metric g on M defines a metric (in the metric spaces sense) d: M x M — [0,00) called
Riemannian distance.

Definition 8.14 (Smooth curves on closed intervals). A map from a closed interval c: [a,b] — M is called a
smooth curve if c|(a_’b): (a,b) = M is a smooth curve in the usual sense, ¢ is continuous, and all derivatives
of ¢ with respect to any chart containing c¢(a) extends continuously to ¢(a) and all derivatives of ¢ with respect
to any chart containing c(b) extends continuously to c(b).

Riemannian distance is most conveniently defined not using smooth curves, but rather piecewise smooth
curves.

Definition 8.15 (Piecewise smooth curves). A continuous map c: [a,b] = M is called a piecewise smooth
curve if there exists a finite subdivision a =ty < t; < ... <ty = b of [a,b] such that c|y, 4., is a smooth
curve for alli=0,1,... .k — 1.

If ¢: [a,b] — M is such a piecewise smooth curve, define the length of ¢ by

k—1 tita
(ti7ti+1)) = Z/t |C/<t)|gdt
=1 i

Such a curve ¢ is said to join c(a) and c(b).

S

-1

L(c) := . L(c

s
I
o

45



Given p, q € M, define the set
Cpq ={c: [a,b] = M piecewise smooth | c(a) =p,c(b) = q}.
Recall that we always assume M is connected, and hence path connected, and so C), , # 0 for all p, g € M.
Definition 8.16 (Riemannian distance). The map d: M x M — [0,00) defined by
d(p, q) == inf{L(c) | ¢ € Cpq},
is called the Riemannian distance of (M, g).
A curve v which joins p and ¢ is called length minimising if L(vy) = d(p, q).

Proposition 8.17 (Riemannian manifolds are metric spaces). With d defined as above, (M, d) is a metric
space.

The proof uses the following exercise.

Exercise 8.18 (Lengths of curves are invariant under reparameterisation). Show that lengths of curves are
invariant under reparameterisation.

Proof of Proposition[8.17 It follows from the definition of L(c) that d(p,q) = d(g,p) > 0 and d(p,p) = 0 for
all p,qg € M.

Consider p,q,r € M. If 71: [a,b] — M satisfies y1(a) = p, 71(b) = ¢ and 72: [e,d] — M satisfies
v2(¢) = q, y2(d) = r, define 7: [0,2] — M, by

7 ((b—a)s+a) ifselo,1],
7(s)_{72((05—10)(8—1)+c if s € (1,2].

By Exercise B.1§|
L(y) = L(m) + L(72)-

Taking the infimum over all such ~1, 2 gives the triangle inequality
d(p,r) < d(p,q) +d(g,7).

It remains to show that d(p,q) > 0 for all p # g. Consider p € M, € > 0 small and normal coordinates
on the geodesic ball V. := exp,(B(0,¢)) centred at p. If ¢ is sufficiently small there exist C,c > 0 such that

cy/ 0iviv7 < || gy < Cy/dgjviv,
for all r € VZ, v € T, M. (Indeed |v|y,) = /0i;v"07 for all v € T, M by Exercise The claim then

follows by continuity.) Take e sufficiently small so that ¢ ¢ V. and take any curve v joining p and ¢q. Let ¢
be the first time such that v(¢g) € OV.. Then

@t 2 ¢ [ O (9t > e (601(t0)), 60 (@)) = c=

Taking the infimum over all such curves ~y gives

uszwm%p:/

a

d(p,q) > ce > 0.
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8.4 Variations of curves

The main result of this section is the statement that the geodesic equation is the Fuler—Lagrange equation
of the length functional, a statement known as the first variation formula. See Proposition [8:23] It follows
that every length minimising curve is a geodesic.

Definition 8.19 (Admissible curves and admissible vector fields). An admissible curve is a continuous
piecewise smooth curve v: [a,b] — M such that ¥ is nonvanishing and left and right limits of ¥ exist (in
every chart) everywhere.

If v is an admissible curve, a vector field V- € X(v) is called admissible if it is continuous and piecewise
smooth.

Such an admissible vector field V is called proper if V(a) = V(b) = 0.

Definition 8.20 (Variation of an admissible curve). A variation of an admissible curve v: [a,b] — M is a
continuous map
A: (—¢,e) x [a,b] = M,

such that
1. A(0,t) = ~y(t) for all t € [a,b].
2. There exists a subdivision a = tg < t; < ... <ty = b such that A is smooth on each (—¢,&) X (t;, tit1).
3. For each s € (—¢,¢) the curve t — Ag(t) := A(s,t) is an admissible curve.

A wvariation A of v is called proper if A(s,a) = v(a), A(s,b) =~(b) for all s € (—¢,¢).

If A is a variation of an admissible curve 7 then the vector fields along -,
d d
0:A(0,1) = A5, t)ls=0, 05 A(0,8) := —A(s,1)]s—0,

are admissible vector fields along ~.

Exercise 8.21 (Every admissible vector field arises from a variation). Show that every admissible vector
field V' along v arises as V.= 0;A(0,t) for some variation A of .

If V' is a vector field on the image of a variation A, let D; denote the covariant derivative along the curves
t — As(t) := A(s,t), and let Dy denote the covariant derivative along the curves s — Af(s) := A(s, t).

Lemma 8.22 (Covariant derivatives of a variation commute). If A: (—¢,¢) X [a,b] = M is a variation of

an admissible curve v: [a,b] — M, then
D0, A = D0, A,

on any rectangle (—e, &) X (t;,t;11) on which A is smooth.

Proof. Consider local coordinates {z?} around a point A(sg,tp) at which A is smooth. Write A in coordinates
as A(s,t) = (Al(s,t),..., A"(s,t)), so that

A A

OA = —0 0sA = — Oy,
t at x> 8 88
and %A A %A OA" QA
7 % i i i
Dy A= ——0, —_— i = ———0pi 77Fk .
T TN T W, TR T P L
Similarly,
0% A 0A! OAI
D0 A = ———0,: —T%0,.
T L R TR
The proof follows from the fact that I‘fj = I‘;’-“i with respect to any coordinate frame since V is torsion
free. O
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Proposition 8.23 (First variation formula). If v: [a,b] — M is an admissible curve, smooth on (t;,t;y1)
fori=0,...,k, parameterised by unit speed (i.e. |Y(t)|g =1 for all t), if A is a proper variation of y then

d b = . o
E OL(AS) = - / g'y(t)(u Dt’Y)dt - Z Gry(ts) (V tis ’Y(t;r) - ’Y(tz ))a
= a i=1

where V (t) = d,A(0,t) and 4(t) denote the left and right limits of 4 at t;,
. — 1 . . + 1 .
Y(t7) =lm5(t), () =lm5(),

(defined with respect to appropriate local coordinate charts) i.e. the geodesic equation is the Euler-Lagrange
equation of the length functional.
Proof. First note that
Os (g(atA(s,t), OtA(s,t))) = QQ(DSBtA(s,t), 8tA(s,t)) = 29(Dt85A(s,t), atA(s,t))
=20, (g((?SA(s, t), Ot A(s, t))) — 2g((95A(s, t), D10 A(s, t)),
by Lemma [8:22] and the fact that V is compatible with g. Hence,

d k—1 tit1
| LA = / 9s(\/9(0:A(s,1), 0, A(s, t)))dt
S 15=0 =0 ti s=0
k=1 otipq
= Z 815 (g(asA(87t>7atA<s7t))) - g(asA(Sat)>DtatA(Sat))dt 0
i=0 7 ti 5=
k—1

tit1
ti+1’;7(ti7+1)) - g"{(ti)(v tw'y(tj)) - / g‘y(t)(V’ Dt’.y(t))dt)’
t

i

o
I

0
since «y is parameterised by unit speed. The proof follows from the fact that V|, = V|, = 0 since A is a
proper variation. O

The following proposition in particular implies that every length minimising curve is a geodesic.

Proposition 8.24 (Geodesics and critical points of the length functional). A wunit speed admissible curve v
is a critical point of the length functional L if and only if it is a geodesic.

Proof. If 7 is a geodesic then the first variation formula implies that %\SZOL(AS) = 0 for every variation A
of v, i.e. 7y is a critical point of L.

Suppose now that v is a unit speed admissible curve which is a critical point of L. Foreach¢=0,...,k—1,
let ¢ be a smooth bump function such that ¢(t) = 0 for t < t;, t > t;41 and @(t) > 0 for t € (t;,ti41).
Setting V(t) = ¢(t)D:¥(t) in the first variation formula (using Exercise gives

tit1 )
| e =o.
t;
It follows that Dy (t) = 0 for all ¢ € (t;,t;41) for each ¢ = 0,...,k — 1, and hence ~ is a geodesic on each
interval on which it is smooth. To see that ~ is actually a geodesic, for each ¢ take V' such that

V(t:) =4t —4(t7),  V(t;) =0 fori#j.
The first variation formula then implies that

for each i, i.e. 4(t]) = 4(t;) for each i and so v is a geodesic.
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8.5 Geodesics are locally length minimising

In the previous section it was shown that all length minimising curves are geodesics. The converse is not
true in general (consider great circles on the sphere). In this section a partial converse is shown: geodesics
are locally length minimising.

The main content is in the following.

Proposition 8.25 (Gauss Lemma). Given p € M and normal coordinates {x'} centred at p on V. =
exp,(B(0,¢)), the vector field %8:,31 on Vo \ {p} is orthogonal to the geodesic spheres exp,(0B(0,9)) for all

0<é<e. Herer(z)=/(z1)2+...+ (a)2.
Exercise 8.26 (Scaling vector has unit length).

1. Show that if v: (a,b) = M is a geodesic, then |(t)|q is conserved along ~y.

2. Show that, on V. ~\ {p}, the vector field %181 has unit length
Lol =1.
r g

Hint: use the fact that ’773,: = 4(1), where v(t) = exp(p,t%iei) for some orthonormal basis {e;} for
T,M.
Proof of Proposition[8.23, Consider q € exp,(0B(0,4)) and X € T, M such that X is tangential to exp,,(0B(0,9)).
There exists v € T;, M such that ¢ = exp(p,v) and w € T, T, M = T, M such that X = (exp,).,w. Note
that V = 2°(q)e; where (2'(q),...,2"(q)) are the coordinates of ¢q. Set v(t) = exp(p,tv). Then v(0) = p,
7(1) = g and
) D
§0) = | =0
by the definition of normal coordinates. The proposition will follow from the fact that

94(X,73(1)) = 0.
Let 0: (—e,e) = 0B(0,9) C T, M be a curve such that ¢(0) = v, §(0) = w. Define the smooth variation

A(s,t) = exp(p, to(s)).

_5mi 0

q r Ozt

)
q

Note that J
05A(0,0) = 75— exp(p,0) =0,
0:A(0,1) = dis o exp(p, o(s)) = (exp,)«w = X,
0:A(0,1) = %’tzl exp(p, tv) = (1),

so it suffices to show that

=0.
s=0

(9(0:A(s.0), 0.4(5,1))

d
dt
Now,
% (g(asA(Sv t): 8tA(5a t))) = g(DtasA(S’ t)7 8tA(57 t)) + g(asA(S’ t)a DtatA(Sa t))
= g(Ds0:A(s,t),0:A(s,t))

1d

§£<g(8tA(s,t),8tA(s,t))) —0,

by Lemma the fact that the curves ¢t — A(s,t) are geodesics and so |0;A(s,t)|y = [0:A(s,0)]g =
lo(s)|g = 6 for all s, by Exercise [8.26] O
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Given p € M and ¢ in a normal neighbourhood of p, ¢ € V. = exp,(B(0,¢)) with ¢ # p, there exists
0 <6 <eandv € T,M with |v|, = 1 such that ¢ € exp,(0B(0,9)) and g = exp(p, v).

Proposition 8.27 (Geodesics are locally length minimising). The geodesic v: [0,8] — M defined by (t) =
exp(p, tv) is the unique (up to reparameterisation) length minimising curve joining p and q in M.

Proof. Note that |§(t)|, =1 for all ¢t € [0, d], hence L(y) = 6. Let o: [a,b] — M be another curve joining p
and ¢, so that o(a) = p, 0(b) = g. Assume that o is parameterised by arc length, so that |5(t)|; = 1 for all
t € [a,b]. Suppose moreover that o(t) # p for all ¢t > a. Define

bo = min{t € [a,b] | o(t) € exp,(9B(0,0))}.

For any t € (a,by] the tangent vector to o can be written
2
5(6) = alt) =0, + X (1),

for some a(t) and some vector field X () which is tangent to the geodesic sphere through o (t), exp,(0B(0,7(a(t))))-
Note that X (¢)r = 0 for all ¢ since X (¢) is tangential to the level sets of r, and

x xr'x
szT:E ) :1,
r . r

and so ¢(t)r = a(t). By the Gauss Lemma, Proposition [3.25]

4
9(50..x(0) =0,
for all ¢, and so
605 = (a(®)* + X0 > (a(1)?,
by Exercise [8.:26] Hence,

bo

bo bo
L(O’)ZL(U|(a,b0)):/ |d(t)|gdt2/ a(t)dt:/ a(t)rdt

/“mgf”ﬁrwmmrwmnaLw»

Suppose now that L(c) = L(vy). Then, by the above, L(c) = L(0|(a,4,)) so it must be the case that by = b

" /ab |6:(t)] gt = /aba(t)dt.

It must then be the case that X (¢) = 0 for all ¢ and, since |6(t)|, = 1, it must be the case that «(t) =1 for
all t, and so

Since it is also the case that §(t) = £-0,: it follows that o and 7 are both integral curves of the same vector
field passing through p, and therefore must be equal. O
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8.6 Completeness

Recall that a Riemannian manifold comes with a notion of geodesic completeness (see Definition . Since
M together with the Riemannian distance function d is a metric space, there is also a notion of completeness
of (M, g) as a metric space. (Recall that a metric space (M, d) is complete if every Cauchy sequence converges
to a limit in M.) These two notions of completeness coincide.

Theorem 8.28 (Hopf-Rinow). Let (M, g) be a (connected) Riemannian manifold. The following are equiv-
alent.

1. (M,d) is a complete metric space.

2. (M, g) is geodesically complete.

3. There exists p € M such that &, = T, M.

4. The closed bounded subsets of M are compact.

Moreover, any one of the above conditions imply that, for any points p,q € M, there exists a minimising
geodesic joining p and q.

The proof of the Hopf-Rinow Theorem is non-examinable.

Definition 8.29 (Complete Riemannian manifolds). A Riemannian manifold (M, g) is called complete if
either (M, g) is geodesically complete or, equivalently, if (M,d) is a complete metric space.

9 Curvature

One simple way to show that two Riemannian manifolds are not locally isometric is to show that they have
different curvature, which is the subject of this section. (Note that we still have not ruled out the possibility
that every Riemannian manifold is locally isometric to Euclidean space.)

9.1 The Riemann curvature tensor

In order to motivate the definition, recall that, in Euclidean space, every vector Z, € T,R"™ can be extended
to a globally parallel vector field, i.e. to a vector field Z € X(R™) such that VZ*Z = 0. Indeed, one simply
takes Z = Z;@xi, where (2!,...,2") are Cartesian coordinates on R™. This property, in a sense, is a local
characterisation of Euclidean space and is taken as the basis for the definition of curvature.

On a Riemannian manifold (M, g), what is the obstruction to extending Z, € T, M to a parallel vector
field? For simplicity, suppose n = 2. Consider local coordinates (z,y) around p € M. Take Z, € T, M and
extend to Z along {y = 0} by parallel transport

VaTZ|{y:0} = O
Now extend along {x = const} by parallel transport
VayZ =0.

Is it the case that Z is parallel? Le. is it the case that Vg, Z|r,—.) = 0 for ¢ # 07 It would be the case (by
uniqueness of parallel transport) if Vg Vs, Z = 0, so what is the obstruction to this? If it were the case that
covariant derivatives commute (as they do in Euclidean space) then it would be the case that

Vo,Vo,2 =Vy,Vy,Z=0.

Curvature is therefore defined to be the failure of covariant derivatives to commute.
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Definition 9.1 (Riemann curvature tensor). Given a Riemannian manifold (M, g), define the Riemann
curvature tensor of (M, g) to be the map R: X(M) x X(M) x E(M) — X(M) defined by

R(X, Y)Z = VXVyZ — VYVXZ — V[X’y]Z,
for XY, Z € X(M), where V is the Levi-Civita connection of g.

We also refer to R simply as the curvature tensor.

Exercise 9.2 (Failure of covariant derivatives to commute). Show that
R(X,Y)Z =V?Z(Y,X) - V*Z(X,Y),

forall XY, Z € X(M).

Remark 9.3 (Properties of the Riemann curvature tensor).

1. The definition of the curvature of a Riemannian manifold involves only the Levi-Civita connection V,
and not the metric g directly. One can therefore define similarly the curvature of any connection on a
vector bundle.

2. The curvature tensor R is anti-symmetric in the first two arguments, i.e.
R(X,Y)Z = —R(Y,X)Z,

for all XY, Z € X(M).

3. There is no agreed upon sign convention for the Riemann curvature tensor. Many books define the
Riemann curvature tensor to be the negative of the above R.

Proposition 9.4 (The Riemann curvature tensor is a tensor field). For any X,Y,Z € X(M), R(X,Y)Z|,
depends only on X|,, Y|, Z|p, i.e. R is a (1,3) tensor field R € T'(T3 M).

Proof. Given f € C*(M), it suffices to show that,
R(fX,Y)Z = R(X, fY)Z = R(X,Y)fZ = fR(X,Y)Z.
It follows from Exercise [9.2] that R(fX,Y)Z = R(X, fY)Z = fR(X,Y)Z. Now
VxVy(fZ)=Vx(Y)Z+ fVyZ)=XY [ - Z+Yf - VxZ+Xf-VyZ+ [ -VxVyZ,

and similarly
VyVx(fZ2)=YXf-Z+Xf-VyZ+Yf - VxZ+f -VyVxZ,

and
Vixyi(fZ) =X, Y|fZ + fVixyZ,

from which it follows that R(X,Y)fZ = fR(X,Y)Z. O

Define the (0,4) Riemann curvature tensor of a Riemannian manifold (M, g), by
Rm(X,Y,Z,W) = g(R(X,Y)Z, W),

for all X,Y,Z,W € X(M), i.e. Rm = R, so that Rm € T'(TYM). We often still write R for Rm. In local

coordinates 9
R = Rijkldxi ® d(Ej ® dl’k ® W7 Rm = Rijkld.’l,'i ® d.’L’j ® d{Ek ® d.’L’l,
T

where Rijr = gimRijr"-
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Exercise 9.5 (Riemann curvature tensor in local coordinates). Show that

Riji' = 0T, — 0, Tl + TRTL —T0T
Exercise 9.6 (Expansion for metric in normal coordinates). Let {x'} be normal coordinates centred at
p € M. Show that

1
gij(x) = 045 — gRiklj(p)xkxl +O(|z|*),

around p = (0,...,0). (Hint: attempt this problem after reading Section )
It seems a priori that it requires n* functions to locally describe R. In fact, R possesses many symmetries.
Proposition 9.7 (Algebraic symmetries of the curvature tensor). For all X, Y, Z W € X(M),
(i) Rm(X,Y,Z,W)=—-Rm(Y, X, Z,W),
(ii) Rm(X,Y,Z,W) = —Rm(X,Y, W, 2),
(iti) R(X,Y)Z + R(Z,X)Y + R(Y,Z)X =0 (first Bianchi identity),
(iv) Rm(X,Y,Z,W)=Rm(Z,W,X,Y).

Proof. (i) is immediate from the definition.
For (i), it follows from the fact that V is compatible with g that

XY (gW,2)) = g(VxVyW,Z)+ g(VyW,VxZ)+ g(VxW,VyZ) + gW,VxVyZ), (18)
and similarly
YX(gW,2))=g(VyVxW,2)+ g(VxW,VyZ)+ g(VyW,VxZ)+ gW,VyVx Z), (19)
Subtracting from gives
(X, Y](g(W,2)) = g(VxVyW = VyVxW,Z) + g(W,VxVyZ - VyVxZ),
and (7) then follows from the fact that
(X, Y(g(W, 2)) = g(VixyiW, Z) + g(W,V(x y12).

(i) follows from a direct computation, using the torsion free property of V.
Finally, for (i), note that (i) implies that

Rm(X,Y,Z, W)+ Rm(Z,X,Y,W) + Rm(Y, Z, X, W) = 0
Rm(Y,Z,W,X) + Rm(W,Y, Z,X) + Rm(Z,W,Y, X) = 0,
Rm(Z,W,X,Y)+ Rm(X,Z,W,Y) + Rm(W, X, Z,Y) =0,
Rm(W,X,Y, Z) + Rm(Y,W, X, Z) + Rm(X,Y,W, Z) = 0

)

Summing, and using (i) and (ii), gives

2Rm(Z, X,Y,W) — 2Rm(Y, W, Z, X) = 0.

Accounting for the symmetries of Proposition R can in fact be described locally by %712(712 -1
functions.
The total covariant derivative VR possesses an additional symmetry.
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Proposition 9.8 (Second Bianchi identity). For oll VW, XY, Z € ¥(M),
VxBRm(Y,Z,V,W)+VzRm(X,Y,V,W)+ VyRm(Z,X,V,W) =0.
Exercise 9.9. Prove Proposition[9.8 Hint: use normal coordinates.
The Riemann curvature tensor is invariant under local isometries.

Exercise 9.10 (The Riemann curvature tensor is a geometric object). Suppose ¢: (M, g) — (M, ) is a
local isometry. Show that p.(R(X,Y)Z) = R(p« X, 0.Y s Z for all X, Y, Z € X(M).

Vanishing of the Riemann curvature tensor is a local characterisation of Euclidean space.

Theorem 9.11 (Riemann curvature characterises flatness). A Riemannian manifold is flat if and only if
its curvature tensor vanishes identically.

Proof. A flat Riemannian manifold clearly has vanishing curvature tensor, so consider the converse. Compare
the proof with the motivating discussion at the beginning of the section.

We will use the following non-examinable fact: If {e;} is a local frame around p € M such that [e;,e;] =0
for alli,j = 1,...,n, then there exists local coordinates {y'} around p such that e; = Oyi fori=1,...,n.
Using this fact 1t Suﬂices given p € M, to find an orthonormal frame {e;} around p such that [e;, ej} =0
for all 4, j, for then

gij = 9(33,1‘76;;]‘) = g(eiaej) = 51‘;',
and so the map ¢ — (y'(q),...,y"(q) is a local isometry to Euclidean space.

Let {2°} be normal coordinates around p and set e;], = 2 |,. Extend each e; along {22 = ... = 2" = 0}

by parallel transport,
vawl €i|{w2:‘..:x":0} =0.

Now extend along {#3 = ... = 2™ = 0} by parallel transport,
Vo ,e€il{as=..—an—0y = 0,
etc. Let My = {z**t! = ... = 2" = 0}. We will inductively show that, for each k = 1,...,n,
Vo ,eilm, =0, forall j =1,...,k. (20)
Indeed, for k=1 holds by definition. Assume then that holds for some 1 < k <n — 1. Then
Vo iii€ilm, =0,
by definition, and it remains to check that
Vo, €ilm, =0,
for j =1,...,k. Since R vanishes, it follows that
Vo 41 Va,;6i = Vo, ; Vo i, i

and so
Vazk“ Vamj €¢|Mk =0.

By the inductive hypothesis Vg e; =0 on My and so it follows that Vy ;e; = 0 on M1 by uniqueness of
parallel transport.
Now Ve; =0 for eachi=1,...,n and so

lei, ej] = Ve,e5 — Ve, e =0,

and the proof follows. O
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The Riemann curvature tensor R can be extended to a map R: X(M) x X(M) x T(TI M) — T(TI M),
R(X, Y)T = VvaT - VyVXT - V[X,y]T,
for all r,s > 0.

Exercise 9.12 (Properties of the Riemann curvature tensor). Show that the Riemann curvature tensor
satisfies the following properties, for all X,Y € X(M), T e I'(T;* M), S e I'(T;2M).

1. RX,Y)(T®S) = (RX,Y)T)®S+T® (R(X,Y)S).
2. R(X,Y)f =0 for all f € C%(M) =T(TOM).
3. R(X,Y)(c(T)) = c¢(R(X,Y)T) for any contraction c.

9.2 Sectional curvature

Since the Riemann curvature tensor is a (1, 3) tensor field, it is difficult to make statements of the form “this
manifold has positive curvature”. Such statements are most easily made in terms of sectional curvature.

Definition 9.13 (Sectional curvature). Consider a Riemannian manifold (M,g), p € M and a 2 dimen-
stonal subspace (a 2-plane) II, C T,M. If U,V is a basis of II,,, the sectional curvature of Il, is defined

by
Rm,(U,V,V,U)

P U D) (VV) — (g0 V)

If X,Y € T, M are linearly independent then we often write

k(1T

K(X,Y) := k(span{X,Y}).
Remark 9.14 (Properties of sectional curvature).

1. If the basis {U,V'} is orthonormal, then

kp(Ilp) = Rmy (U, V,V,U).

2. The sectional curvature k(Il,) does note depend on the choice of basis for II,.

3. Recall the Gauss curvature of a surface. Given a 2-plane 11, C T, M, define the local sub-surface of
M by S = exp,(Il, C W), where W C T, M is a open neighbourhood of 0 such that such that exp,, |w
is a diffeomorphism onto its image. Then T,S =11, and k(IL,) is the Gauss curvature of S at p.

Clearly the Riemann curvature tensor determines all sectional curvatures. The converse is also true.
The following proposition guarantees that the Riemann curvature tensor can be recovered from all of the
sectional curvatures.

Proposition 9.15 (Sectional curvature determines the Riemann curvature tensor). Suppose two functions
Ry, Ry: TyM X TyM x TyM x T, M — R satisfy the algebraic symmetries of the Riemann curvature tensor

Rm and
R (XYY, X) B R:(X,Y)Y, X)

2 2
(XI2IY12 = (9p(X,Y))"  IXIZY]2 = (9p(X,Y))
forall XY € T,M. Then Ry = R,.
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Proof. Setting R3 = Rq — Ra, it follows that R3(X,Y,Y, X) =0 for all X,Y € T, M and it suffices to show
that
RB(X7)/7 Z7 W) = 0)

for all X,Y,Z, W € T, M. Now, for any X,Y,Z € T, M,
0=R3(X+Y,Z,Z,X+Y)=R3(X,Z,Z,Y)+Rs3(Y,Z,Z,X)+Rs3(X,Z,Z,Y)+ R3(Y, Z,Z,Y)
=2R3(X,Z,Z,Y).
Hence, for all X,Y,Z, W € T,M,
0=R3(X,Z+W,Z+W)Y)=Rs3(X,Z,W,Y)+ R3(X, W, Z,Y).
The first Bianchi identity then implies
0=Rs(X, Y, Z, W)+ Rs3(Z, X, Y, W)+ Rs(Y,Z, X, W) =3Rs(X,Y, Z,W).

The following exercise gives a geometric interpretation to sectional curvature.

Exercise 9.16 (Geometric interpretation of sectional curvature). Given p € M and a 2-plane 11, C T,M,
for r > 0 sufficiently small let C2 C 1, be the circle of radius r centred at the origin,

Cg ={vell, |||y =r}
and let C, := expp(C’E) be its image under the exponential map. Show that

. 2mr—L(C,) 7
AI—%T = g“(Hp)y

where L(C,.) is the length of C,.
Sectional curvature therefore measures the infinitesimal deviation of L(C,.) with the length of a circle of
radius v in Euclidean space.

Definition 9.17 (Constant curvature manifolds). A Riemannian manifold (M, g) is called a constant cur-
vature manifold if there exists ¢ € R such that x(I1,) = ¢ for all 2-planes I, C T, M for all p € M.

Proposition 9.18 (Riemann curvature tensor of constant curvature manifolds). Given p € M, if ¢ € R
then k(II,) = ¢ for all 2-planes II, C T, M if and only if

R, (X, Y)Z = c(gp(Y7 Z)X — gp(X, Z)Y)7 (21)
forall X,Y,Z € T,M.

Proof. If holds then it is straightforward to check that x(Il,) = c for all 2-planes II,, C T, M. Suppose
then that «(Il,) = ¢ for all 2-planes II,, C T, M. Define

S(X,Y, Z,W) = c(gp(Y, Z)gp(X, W) — g(X, Z)gp (Y, W)),

and note that S has the same symmetries as the Riemann curvature tensor Rm. For any 2-plane II, =
span{U, V},

SU,V,v,U
RV~ (o @7~ )
and so S = Rm, by Proposition O
It follows that (M, g) is a constant curvature manifold if and only if
R(X,Y)Z = C(g(Y, )X —g(X, Z)Y),
for all X,Y,Z € X(M).
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9.3 Model spaces of constant curvature
Euclidean space (R™, ggye) has constant curvature 0.

Exercise 9.19 (The round sphere is a constant curvature manifold). Show that the unit round sphere
(8™, ground) has constant curvature 1.

Recall the Poincaré ball model of hyperbolic space

1 5 ((dz')? + ...+ (dz™)?).

BY={(a’a") €RM @) 4.+ @) <1} gn = gy

Exercise 9.20 (Poincaré ball and Poincaré half space models of hyperbolic space are isometric). Show that
(B™, ggn) is isometric to the Poincaré half space model of hyperbolic space

H™{(z,...,2™) € R™ | 2™ > 0}, ((dz')® + ...+ (d2™)?).

gH™ = ()2

Hint: define f: B™ — H™ by

= 2z, ..., 22" 1 — |2?).
(m1)2+.“+(xn—1)2+(xn_1)2(x’ ;2270 1 — |27)

Check that

1
()2 + .. + (@ )2 + (a7 + 1)2

G =

(22',..., 22" |z2 — 1),

so that f is a diffeomorphism, and then check that f*gy~ = gpn.
Exercise 9.21 (Hyperbolic space is a constant curvature manifold). Show that (B™, gp,) (and hence also

(H™, gun)) has constant curvature —1.

9.4 Ricci curvature and scalar curvature

The Riemann curvature tensor is a complicated object and carries a lot of information. The Ricci curvature
and scalar curvature are simpler, but less definitive, measures of curvature.

If V is a vector space, recall the contraction map ¢;': V @ V* — R. This map is also called trace, and is
denoted tr := ¢;'. Recall that R € I'(T} M) and so, for p € M and X,Y € T, M, one can view R,(-,X)Y
as a map Ry(-, X)Y: TyM x T,M — R given by R,(-, X)Y({, W) = {(R,(W, X)Y).

Definition 9.22 (Ricci curvature tensor). The Ricci curvature tensor of a Riemannian manifold (M, g) is
the (0,2) tensor field Ric € T(TYM) defined by

Ric(X,Y) == tr(R(-, X)Y).
We often write Ric(g) for Ric when it is necessary to emphasise the dependence on g.
Remark 9.23 (Properties of Ricci curvature).

1. In local coordinates the Ricci curvature tensor takes the form,
Ric = Ricl-jdxi ® da’,
o p ok Kp
where Ric;j = Ry;;" = " Ryiji.

2. Due to the symmetries of R, taking the trace over any other two arguments gives either —Ric or 0.
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3. If{e;} is an orthonormal basis for T,M, then

Ric(X,Y) =) Rm(e;, X,Y, ¢;).

i=1
4. The Ricci curvature tensor is symmetric,
Ric(X,Y) = Ric(Y, X),
for all X, Y € X(M).

5. The Ricci curvature tensor is described locally by in(n + 1) functions (compare with the 5n?(n* —1)
functions required to locally describe the Riemann curvature tensor).

6. The Ricci curvature tensor features in several famous geometric equations such as the Finstein equations
of general relativity, and the Ricci flow, which was famously used to resolve the Poincaré conjecture.

7. Since Ric is symmetric and bilinear, it is completely determined by the associated quadratic form
X — Ric(X, X).

8. Given V€ TyM with |V|, =1, if V is extended to an orthonormal basis {V = e, ea,...,e,} then

n

Ric(V,V) = ZRm(ek,el,ehek) = ZK(V, k).
k=1 k=2

The following exercise gives a geometric interpretation to Ricci curvature.

Exercise 9.24 (Geometric interpretation of Ricci curvature). Let {x'} be normal coordinates centred at
p € M. Show that

1
det gij(x) =1 - ERiCkz(P)kal +0(|z]%),
around p = (0,...,0). (Hint: use Ezercise[9.6])
It follows from Exercise that, if v is a unit speed geodesic such that v(0) = p, then

@G - 1
1m
t—0 t2

- —%Ric(’y(o)ﬁ(o)),

i.e., recalling Exercise if v € T, M is a unit vector then Ric(v,v) measures the infinitesimal deviation
between the volume of a small wedge in the direction y, , with the volume of the corresponding wedge in
Euclidean space.

If one views the Riemann curvature tensor as a “twisted hessian” of the metric g, then it is appropriate
to view the Ricci curvature tensor as some sort of Laplacian of g. Recall that, appropriately viewed, the
Laplacian of a function contains much of the information of the whole hessian of that function.

Exercise 9.25 (Ricci curvature in harmonic coordinates). Recall the Laplace—Beltrami operator (see Def-
inition . Show that, in local coordinates x* which satisfy Ay(x') = 0, the Ricci curvature takes the
form

. 1
Ric(g)ij = —58g(9i5) + Nij(g,99),
for appropriate functions Nj.

Definition 9.26 (Scalar curvature). The scalar curvature of a Riemannian manifold (M, g) is the function
S: M — R defined by
S = tr(Ric%).
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Again, we often write S(g) for S to emphasise the dependence on g.
Remark 9.27 (Properties of scalar curvature).
1. In local coordinates
S = ginicij = ginkijk.
2. If pe M and {e;} is an orthonormal basis of T, M, then
S = ZRiC(ei,ei) = Z Rm(e;, e, ei,e;5) = Zﬂ(ei,ej).
i=1 i,j=1 ji

The following exercise gives a geometric interpretation of scalar curvature. Since it involves volume, the
exercise is non-examinable.

Exercise 9.28 (*Geometric interpretation of scalar curvature). Given p € M, show that

. VO](B(p, 7")) - VOlEucl(BEucl (07 T)) _ Wn—1
lim T2 ~ 6n(n+2) S).

where Vol(B(p,r)) is the Riemannian volume of the geodesic ball B(p,r) C M, Volgyc(Bguc(0,7)) is the
Euclidean volume of Bguye(0,r) = {x € R" | |z| < r}, n = dimM, and w,—1 = fS"*I dogn-1 is the Euclidean
volume of S™~ 1.

Exercise in particular implies that scalar curvature S(p) is an infinitesimal measure of the deviation
of the volume of a geodesic ball centred at p with the volume of a Euclidean ball.

Definition 9.29 (Einstein manifolds). A Riemannian manifold (M, g) is called an Einstein manifold if
there exists a constant A € R such that
Ric(g) = Ag.

Exercise 9.30 (Curvature and Einstein manifolds). Show that the scalar curvature of an Einstein manifold
is constant. Show that, if (M™,g) has constant curvature c, then (M™,g) is an FEinstein manifold with
constant A = (n — 1)c.

Remark 9.31 (Riemann curvature tensor and Ricci and scalar curvatures in low dimensions).

1. In dimension 2 the Riemann curvature tensor is determined by the scalar curvature and g,
1
K(TpM) = iS(p).
2. In dimension 3, the Riemann curvature tensor is determined by the Ricci curvature and g,
. . . . 1
Rijri = Ricygjr — Riciggj + Ricjrga — Ricjigix — §S(gilgjk — Gikgjl)-
3. A 3 dimensional Riemannian manifold is an Einstein manifold if and only if it has constant curvature.

10 Submanifolds

If M C M is a submanifold of a Riemannian manifold (M, g), many of the geometric properties of M with
the induced metric g can be related to the geometric properties of (M, g).
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10.1 Second fundamental form

Let B C M be a submanifold of a Riemannian manifold (M, g) and let g denote the induced metric. Given
p € M, the tangent space to M at p can be decomposed as

TyM =TyM @& Ny M,
where T, M is the tangent space to M at p and N,M = (TPM)L is the orthogonal complement of T, M C
T, M with respect to g, called the normal space. The disjoint union
NM= | {p} x N,M,
pEM

together with the natural projection map 7: NM — M, 7(p,n) = p is a vector bundle over M, called the
normal bundle.

For all p € M, any v € T, M can be uniquely decomposed as

U:UTJFUJ‘,

where v" € T,M, v+ € N, M . Similarly, any vector field V' € X(M) when restricted to M can be uniquely
decomposed

Vigg=V"+V*,
with V.1 € T,M, V;- € NyM for all p € M.

Definition 10.1 (Second fundamental form). Define the second fundamental form of M to be the map
II: X(M) x X(M) — I'(NM) given by

I(X,Y) := (VxY)*t

Proposition 10.2 (Properties of second fundamental form). The second fundamental form I is symmetric

and bilinear over C>(M).

Proof. Consider vector fields X,Y € X(M) and recall that [X,Y] € X(M). Now

M(X,Y) - TI(Y, X) = (VxY — VyX)" = ((X,Y])" =0,

since V is torsion free, i.e. IT is symmetric. Clearly II is linear over C*°(M) in the first argument. The
C° (M) linearity over the second argument follows by the fact that it is symmetric. O

In the case that M is an oriented hypersurface in M, i.e. dimM = dimM — 1, we often write
II(X,Y) =k(X,Y)n,

where n is the oriented unit normal to M. By a slight abuse, we also refer to k as the second fundamental
form. It follows from Proposition that k is a symmetric (0,2) tensor field, k € I'(T9M). Since k is
symmetric and bilinear, it is determined by the associated quadratic form X — k(X, X).

Exercise 10.3 (Second fundamental form of a hypersurface). Show that, for all X,Y € X(M),
E(X,Y)=—¢g(Vxn,Y).

Proposition 10.4 (Covariant derivative of submanifold). If M is a submanifold of (M, g) then, for any

vector fields X, Y € X(M), 7
VxY =VxY +1(X,Y),

where V is the Levi-Civita connection of the induced metric g.
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Proof. The proof follows from checking that the map V' : X(M) x X(M) — X(M), defined by VLY :=
(VxY)T is a connection on M which is symmetric and compatible with the induced metric g (Exercise). [

The second fundamental form should be viewed as a measure of extrinsic curvature: it describes how the
submanifold curves within the ambient manifold.

Exercise 10.5 (Second fundamental form measures failure of (M,g) geodesics to be (M, g) geodesics). Let
M be a submanifold of (M, g) with the induced metric g. Show that any geodesic v: [a,b] — M is also a
geodesic in (M, g) if and only if the second fundamental form II vanishes identically.

If v is a geodesic in (M, 7), then k(¥,%) measures the failure of v to be a geodesic in (M, g).

Exercise 10.6 (Second fundamental form of cylinder in R®). Show that the cylinder
Ci={(2,y,2) €R? |a? 4y = 1} C B,

with the induced Euclidean metric is flat. Consider the coordinate chart U = {(z,y,2) € C | y > 0} and
¢: U — R? defined by ¢(z,y,z) = (x,2). Show that, in the associated (x,z) local coordinate system, the
second fundamental form of C is given by

1

2
xZ_ldm .

k=

When M is an oriented hypersurface in M, one can consider the trace of the second fundamental form k.
The trace of the second fundamental form measures the change in volume as the hypersurface is deformed
in the normal direction.

Exercise 10.7 (Mean curvature measures change in volume under deformations in normal direction). Let
M be an oriented compact hypersurface of a compact Riemannian manifold (M, g). Consider the oriented
unit normal vector field n € T(NM) and define

M, = {®(p) | p € M} C M,
where ®;: M — M is defined by ®;(p) := exp,(tn(p)). For sufficiently small t, M, is a hypersurface of M.

Show that, in any local coordinate system,

%L:O det ((9,)i7) () = —trk(p)y/det ((3,)i) (),

where g, is the pullback by ®; of the induced metric on M.

The trace of the second fundamental form of a hypersurface, trk, is called the mean curvature.

10.2 The Gauss equation

The curvature of a submanifold can be related to the curvature of the ambient manifold using the second
fundamental form.

Theorem 10.8 (The Gauss equation). Let M is a submanifold of (M, g) with the induced metric g. The
Riemann curvature tensor of (M,q) satisfies

Rm(X,Y,Z,W)=Rm(X,Y,Z, W)+ g(I(X,W),II(Y, Z)) — g(II(X, Z),IL(Y, W)),

for all XY, Z,W € X(M).
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Proof. Proposition implies that
VxVyZ =Vx(VyZ+1(Y,Z)) =VxVyZ+1(X,VyZ) + Vx(II(Y, Z)),

where V is the Levi-Civita connection of the induced metric g. Since g(W,II(A, B)) = 0 for all A, B € X(M),
it follows that

g(H(vaYZ)vw) = 07 g(vX(H(K Z)),W) = 79(H(Y; Z),VxW) = 79(1_[(}/3 Z)aH(Xa W))

Hence o
9(VxVyZ,W) =g(VxVyZ,W) - g(I(Y, Z),I[(X,W)),

and similarly o
g(VyVxZ W) =g(VyVxZ, W) — g(H(X, Z), (Y, W)),

and
9(Vixy1Z, W) =g(Vixy)Z + (X, Y], 2),W) = g(V|xv)Z,W).

The proof follows. O

If (M, 3) is an embedded surface in Euclidean space, Proposition in particular implies that

Rm(X,Y, Z,W) = k(X, W)k(Y, Z) — k(X, Z)k(W,Y).

This is the celebrated Theorema Egregium (“Remarkable Theorem”) of Gauss.

11 Jacobi fields

Jacobi fields are vector fields along a geodesic which measure the effect of curvature on neighbouring geodesics.

11.1 Definition and basic properties

The definition of a Jacobi field can immediately be given.

Definition 11.1 (Jacobi fields and the Jacobi equation). If v: [a,b] — M is a geodesic, a vector field J
along v, J € X(v), is called a Jacobi field if it satisfies the Jacobi equation,

D}J = R(%,J)3. (22)
Equation is called the Jacobi equation.
We now proceed to uncover the link between Jacobi fields and properties of neighbouring geodesics.

Definition 11.2 (Variation through geodesics). Let : [a,b] — M be a geodesic. A variation of v through
geodesics is a smooth map A: (—¢,e) x [a,b] — M such that A(0,t) = ~(t) for allt € [a,b] and, for each
s € (—¢,¢€), the curve t — A(s,t) is a geodesic.

Recall that a variation of v gives rise to a variational vector field along ~,

0A(s,t)
Js s=0

Theorem 11.3 (Variations through geodesics and Jacobi fields). If v is a geodesic and A is a variation of
through geodesics, then J(t) := W\szo € X(v) is a Jacobi field, i.e. J satisfies the Jacobi equation (22).
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Proof. Tt suffices to show that, for any vector field V' € X(A(s,-)) for all s,
A DA
0A 0 v

D.D,V — D,D.V = R(Z2. 22y 2
WV = DDV = R ds’ ot ) (23)
Indeed, if holds, then, since ¢ — A(s,t) is a geodesic for all s € (—¢,¢),
0A 0A 0A 0A, DA
=DDy— = DiDs— . o, ) a0
0 vor = PP+ (50 5 ) e

by Lemma Setting s = 0 gives (22).
To see that holds, consider local coordinates {z‘} and write V (s,t) = V(s,t)d,:. Then

ovi oV oV’ )
D;D,V = @6‘%’7 + WDQQN + thﬁxz +V'DyD;0,,
and similarly,
Vi v avi )
DD,V = %azz + than + WDS@N + V*'Dy D0y,
and so ‘
DyD,V — DD,V = Vi(D,Dydy — D1 D,dys).
Now 0% A7 0A7 DAF
J J
DsDtawi - mvaﬂ- amz + ngamk Vamj 89311,
and Y -
0°AJ 0A7 DA
DtDsaxi = mVaﬂ 611 + gﬁvaﬂ”k Vazj 61.1'7
and so 94 A
DyDyd,: — DDy, = R( 22,220,
t0 tDa0 R( ds’ ot )5

and follows. O
The Jacobi equation should be viewed as a second order ordinary differential equation.

Proposition 11.4 (Initial value problem for Jacobi equation). If v: [a,b] — M is a geodesic then, given
X,Y €T, qyM, there exists a Jacobi field J along v such that

J(a)=X,  D;J(a)=Y.

Proof. Let {e;|,} be an orthonormal basis of T, M. Extend to an orthonormal frame {e;(¢)} along v by
parallel transport D;e; = 0 (recall that parallel transport preserves lengths and angles). Writing J(t) =
J(t)e;, the Jacobi equation becomes

JHt) = Rjw (v ()5 () J* ()34 (8),

for ¢ = 1,...,n. The proof reduces to an initial value problem for this linear system of ODE with initial
conditions 4 4 N 4
J'(a) = X°, J'(a) =Y",

for which existence and uniqueness follows from Theorem [6.1] (As in the proof of Proposition since
the equation is linear, the solution J(¢) lives for all ¢ € [a,b], for all i = 1,...,n.) O

Exercise 11.5 (Variations through geodesics and Jacobi fields). Show that every Jacobi field J along a
geodesic 7y: [a,b] = M arises as the variational vector field of some variation of v through geodesics. Hint:
let o: (—e,€) = M be a curve in M such that 0(0) = v(a), 6(0) = J(a) and let W € X(o) be a vector field
such that W(0) = 4(a), D;W(0) = DiJ(a), then define A(s,t) = exp(a(s),tW (s)).
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Given a geodesic -, define the space of Jacobi fields
J(v) = {Jacobi fields along ~}.

Since the Jacobi equation is linear, it follows that J(v) is a vector space. It follows from Proposition
that J(v) is 2n dimensional, where n = dimM.

Along any geodesic v: [a,b] — M there are two trivial Jacobi fields 4(¢) and ¢¥(t). These two Jacobi
fields arise from the variations A(s,t) = (s +t) and A(s,t) = y(e®t) which reparameterise . These two
Jacobi fields span a two dimensional subspace of J(7), and so the space of nontrivial Jacobi fields along ~y
has dimension 2n — 2.

Exercise 11.6 (Normal Jacobi fields). Let y: [a,b] = M be a geodesic. Suppose X,Y € T o) M are normal
to v, i.e. g¢(X,5) = g(Y,5) = 0. Show that the Jacobi field J arising from Proposition is normal to v,
i.e. g(J(t),%(t)) =0 for all t € [a,b].

The nontrivial Jacobi fields along v can be determined from the trivial Jacobi fields and those normal to

.
The Jacobi fields of constant curvature manifolds which vanish initially can be computed explicitly.

Proposition 11.7 (Jacobi fields of constant curvature manifolds). Suppose (M, g) has constant curvature
¢ and let v: [a,b] = M be a unit speed geodesic. If J(t) is a normal Jacobi field along v which vanishes
initially, J(a) =0, then

SmVOW (1) if e >0,

e

J(t) = tW(t) ifc=0,
sinh(tv/—c) .
—= W(t) ife<0,

where W (t) is parallel along v, DWW (t) = 0.
Proof. Recall that (M, g) has constant curvature c if and only if
R(X,Y)Z = c(g(Y, 2)X — g(X, 2)Y).

Hence
DEJ = c(g9(3, ¥ — 9(3,4)]),
and so
D}J +cJ =0.

Suppose J(t) = f(t)W(t), where W is normal to v and parallel along . Then
(f"(t) +cf())W(t) =0,

and so, if J is nontrivial,
F7(8) + ef(t) = 0.

The unique solution of this ordinary differential equation with f(0) = 0 is a constant multiple of

sin(tve) i ¢ 5 ),

N
f(t) = t ife=0,
ﬂ%ggé if ¢ < 0.

The proof then follows from the fact that the dimension of the space of normal Jacobi fields which vanish
initially is n — 1. O
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11.2 The second variation formula, the index form, and conjugate points

In this section we are concerned with the question of when geodesics fail to be length minimising with respect
to “nearby” curves.
If A is a variation of a geodesic 7: [a,b] — M then, if v is length minimising amongst all nearby curves,
it must be the case that )
d
@ s=0

i.e. 7y is a local minimum of the length functional.

L(A(s,-)) = 0,

Proposition 11.8 (Second variation formula). Let~y: [a,b] — M be a unit speed geodesic and let A: (—e, €)x
[a,b] = M be a proper variation of v. Then

d2 b ) .
T B = [ IDVEOR - RV 0,505,V ©)d,
where V1 is the normal component of V = %—ﬂs:o:

VE=V —g(V.A)

Proof. Assume, for simplicity, that A is smooth. In the proof of the first variation formula, Proposition [8.23
we showed that

d b g(DtasAa atA)
L LA, ) = | DL gy
75 L(AGs,) . JoOADD

Now

i (g(DtasA, 8tA)) _ g(DsDtﬁ'sA, atA) —+ g(DtagA, DsatA) _ g(DtasA, atA)g(DsatA, 8tA)

ds 9(0:A, 0: A) |0 Al |0: A3
_ 9(D:D;0sA + R(0sA,0;A)0: A, 0: A) + |D,585A|2 _ 9(D:0s A, OtA)Q
0, A] 0 AP

by Lemma and equation (23)). Hence

2 b
% SZOL(A(S, ) = / 9(DyD0sAls—0,%) — Rm(V (t),5(t), 5(t), V(t)) + | DV |2 — g(DeV, 4)?dt.
Clearly,
Rm(V(t), ’.V(t)v ;Y(t)v V(t)) = RTTL(V(t)J-7 f')/(jf)7 '-Y(t), V(t)J‘),
and
DV = D,V + g(DiV,A)5,
so that

|DV 2 = |DVE2 + g(D,V, %)
The proof follows from the fact that

. d .
9(Dy D0, A, %) = %(Q(Dsasfl,v)),

and so ,
/ g(DtDsasAa’y)dt = 07

since A is a proper variation. O
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Definition 11.9 (Index form). Let v: [a,b] — M be a geodesic. For vector fields X, Y € X(M) which are
normal to 7y, the symmetric bilinear map defined by

b
[(X,Y) = / 9(DX, DY) — Rm(X, 5,4, )dt,
a

is called the index form of .

The second variation formula, Proposition [11.8] implies that, for any variation A of -,

a2
e S:OL(A(57~)) <0,
if and only if
IV,V)<0, V= g—f L
If XY € X(v) are admissible vector fields then
b k
I06Y) = - [ g(DEX — RG3,X)3.Y)dt = 3 g(DX(tF) = DiX(6), Y (8),
a =0

where t; € (a,b), for i =0, ...,k are the points at which X is not smooth.

Definition 11.10 (Conjugate points). If p € M and ~: [a,b] = M is a geodesic such that y(a) = p, a point
q = (t) for some t. € (a,b] is called a conjugate point to p along v if there exists a nontrivial Jacobi field
J along v such that J(a) = J(b) = 0.

Exercise 11.11 (Normal Jacobi fields). Let J be a Jacobi field along ~v: [a,b] = M such that J(a) = J(b) =
0. Show that J is normal to .

The following theorem implies that geodesics are not length minimising past conjugate points.

Theorem 11.12 (Geodesics are not length minimising past conjugate points). If v: [a,b] — M is a unit
speed geodesic and there exists ¢ € (a,b) such that vy(c) is a conjugate point to vy(a), then there exists a proper
normal vector field V€ X(v) such that I(V,V) < 0.

Proof. There exists a nontrivial Jacobi field J along « such that J(a) = J(¢) = 0. Define

J(t) ifté€|a,cl,
X(t):{ (()) ifteEc,b}.

It follows from Exercise |[11.11| that X is a normal proper vector field along =, which is smooth everywhere
except at ¢. Let Y € X(y) be such that Y (¢) = —D; X (¢™). Note that Y # 0 as J is nontrivial. Now, given
e>0,set V=X+¢eY. Then, since I(X,X)=0and I(X,Y) = —|D; X (c7)|? it follows that

I(V,V) = —2e|D; X () |> + 2I(Y,Y) < 0,

if € is sufficiently small. O

12 Classical theorems in Riemannian geometry
This section concerns two classical theorems in Riemannian geometry, the Bonnet—Myers Theorem and the

Cartan—-Hadamard Theorem, which both involve deducing topological properties of Riemannian manifolds
based on some geometric assumptions satisfied by the Riemannian metric.
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12.1 The Bonnet—Myers Theorem

The Bonnet-Myers Theorem guarantees that, if the Ricci curvature of a Riemannian manifold obeys an
appropriate lower bound, then the manifold is compact and satisfies a diameter bound.

Definition 12.1 (Diameter of a Riemannian manifold). If (M, g) is a Riemannian manifold, the diameter
of (M, g) is defined by
diam(M) := sup{dy(p,q) | p,q € M},

where dg is the Riemannian distance.

Theorem 12.2 (Bonnet-Myers). Let (M™,g) be a complete (and connected) Riemannian manifold and
suppose p > 0 is such that

. n—1
RZC(XvX) > 79(X7X)7

for all X € X(M). Then M is compact and diam(M) < mp.
Remark 12.3 (Remarks on Bonnet—Myers Theorem).

1. Think of the Bonnet—-Myers Theorem as a “weak topological assumption” (completeness) plus a “curva-
ture assumption” (the lower bound on the Ricci curvature) guaranteeing a “strong topological statement”
(the diameter bound) and “topological information” (compactness).

2. The round sphere (S™, ground) satisfies Ric = (n —1)g and diam(S™) = 7, so the theorem is sharp is
this sense.

3. In fact, the Bonnet-Myers Theorem involves “comparing with (S™, ground)”- The assumption involves
comparing the Ricci curvature of (M, g) with that of (S™, ground). The Vi(t) considered in the proof
are ezactly the Jacobi fields of the round sphere which vanish at t =0 (see Proposition .

4. The lower bound on the Ricci curvature cannot be relazed to Ric(X,X) > 0 for all X € X(M) as the
the paraboloid
{(@,y.2) eR? [z =2" +y7},

with the induced Euclidean metric satisfies Ric(X,X) > 0 (Exercise) but is complete and not compact.
The theorem is then also sharp in this sense.

Proof of Bonnet-Myers Theorem. Suppose that the diameter bound fails. Then, there exists p,q € M and
a length minimising unit speed geodesic v: [0, L] — M such that v(0) = p, v(L) = ¢, and L(y) > pw. Then,
for every proper vector field V' € X(v),

I(V,V) >o. (24)

We will construct a V' which contradicts this fact.
Extend e; := %(0) to an orthonormal basis {ej}}_, for T, M and extend to an orthonormal frame along
~ by parallel transport. Set

t
Vi(t) = sin (7;) eilt),
fori=1,...,n, where L = L(v). Then

n

n L n L _2
Z . . T . Tt . Tt L.
I(‘/;’V;) = E /() _g(DtZV; _R(77V;)'Ya‘/l)dt = E /(; ﬁSln2 (L) _Sln2 (L) Rm(eia%%@i)dt
i=2 i=2

=2
L 2
t s 1
<[ (n-1 sin2(ﬂ-) (—)dt<0,
/o (=it () \ 72—

and so there exists i = 2,...,n such that I(V;, V;) < 0, which contradicts (24). Hence diam(M) < pr. Given
p € M, it follows that exp,,: B(0,2p) — M is a surjection, hence M is compact. O
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12.2 The Cartan—Hadamard Theorem

The Cartan-Hadamard Theorem guarantees that a simply connected Riemannian manifold with non-positive
curvature is diffeomorphic to R™.

Definition 12.4 (Simply connected topological space). A topological space M is called simply connected if,
for all pairs of curves v1,7v2: [0,1] = M such that v1(0) = y1(1) = 72(0) = y2(1), there exists a continuous
map A: [0,1]> = M such that A(0,t) = y1(t) and A(1,t) = y2(t) for all t € [0, 1].

Theorem 12.5 (Cartan—Hadamard). If (M™, g) is a complete simply connected Riemannian manifold of
non-positive curvature (i.e. k(Il,) <0 for all 2-planes II, C T,M for all p € M), then M is diffeomorphic
to R™. More precisely, for all p € M the exponential map exp,: TyM — M is a diffeomorphism.

The proof of the Cartan-Hadamard Theorem relies on the following.

Lemma 12.6 (Conjugate points and the exponential map). Given p € M and v € T, M, the exponential
map exp,,: TyM — M is a local diffeomorphism around v if and only if ¢ = exp,(v) is not conjugate to p
along the geodesic t — exp,(tv) =: y(t).

Proof. By the inverse function theorem exp,, is a local diffeomorphism near v if and only if (expp)w LM =
TyM — T;M is an isomorphism if and only if (exp,)., is injective. Consider the variation of geodesics
A: (—e,e) x [0,1] = M defined by A(s,t) = exp,(t(v + sw)). The variational vector field J(t) = 0sA(0,1)
is a Jacobi field along v satisfying J(0) = 0, J(1) = (exp,,)«,w. Since the dimension of the space of Jacobi
fields with J(0) = 0 is n, all such Jacobi fields with J(0) = 0 take this form for some w € T, M. Hence
(exp,,)«v fails to be injective if and only if there exists w # 0 such that (exp,)«,w = 0 if and only if there
exists a nontrivial Jacobi field J satisfying J(0) = J(1) = 0. O

Proof of the Cartan-Hadamard Theorem. We will only show that, for all p € M, the exponential map
exp,: T, M — M is a local diffeomorphism. This step contains most of the content of the proof.
Consider p € M and v € T, M, and let J be a Jacobi field along ¢ + exp,(tv) such that J(0) = 0. Then

d? . . . .
<0 ) = =2Rm(J, 4,7, ) + 2|DJ1? = =26(J,4) (TP 1317 = (9(3, J))?) + 2| DeJ|* > 0,

by the Cauchy—Schwarz inequality. It follows that

d

—(g(J,J)) >0

5 (9(J.])) 20,

i.e. |J(t)[2 is non-decreasing. Since J(0) = 0, if J(t.) = 0 for some ¢, > 0 then it must be the case that
J = 0. Hence there are no conjugate points to p. Lemma then implies that exp,: T, M — M is a local
diffeomorphism. O

13 *Lorentzian geometry and Penrose’s incompleteness theorem

Recall that, for n > 1, a semi Riemannian metric g on an n+1 dimensional manifold M is called a Lorentzian
metric if it has signature (—, +,...,+), i.e. if, for each p € M, there exists eg, e1,. .., e, € T, M such that

gp(eo,e0) = —1, gp(ei,e0) =0fori=1,...,n, gplei,e5) =0y, fori,j=1,...,n.

A pair (M, g) is called a Lorentzian manifold. We call such a manifold n 4+ 1 dimensional to emphasise the
Lorentzian signature of the metric. Much (but certainly not all) of the theory of Riemannian manifolds carries
over to Lorentzian manifolds, for example a Lorentzian metric on a manifold defines a unique Levi-Civita
connection, which in turn defines parallel transport and a Riemann curvature tensor.

68



Lorentzian manifolds are of particular interest in general relativity — a theory of gravity postulated by
Einstein in 1915, which concerns Lorentzian manifolds satisfying the Finstein equations. In the absence of
matter, the vacuum Einstein equations take the remarkably simple form

Ric(g) = 0. (25)

Appropriately viewed, are a system of nonlinear hyperbolic partial differential equations for g.

The goal of this section is to sketch a proof of the Penrose Incompleteness Theorem — a seminal result in
Lorentzian geometry, which profoundly shaped the way we view black holes and general relativity, and was
accordingly celebrated with the award of the 2020 Nobel prize in physics to Roger Penrose. The theorem
can, in a sense, be viewed as the Lorentzian analogue of the Bonnet—Myers Theorem and is thus a nice
application of many of the ideas developed in this course. Before stating the theorem there are several
notions in Lorentzian geometry which must first be introduced.

For the rest of this section it will be assumed that (M, g) is a 3 + 1 dimensional Lorentzian manifold.
The prototype of such a space is Minkowski space, namely R3T! equipped with the Minkowski metric

g = —dt* + (dz')? + (dz?)? + (dz®)%.

13.1 Timelike, null, and spacelike vectors, curves, and submanifolds

The failure of the metric g to be positive definite means that a Lorentzian manifold does not retain the
metric space structure of a Riemannian manifold. A Lorentzian metric, however, retains some convexity
properties when restricted to certain directions.

Definition 13.1 (Timelike, spacelike, and null vectors). Given p € M, a vector v € T,M is called timelike
if gp(v,v) < 0, spacelike if g,(v,v) > 0, or null if g,(v,v) = 0. A vector v € T,M is called causal if it is
either timelike or null.

Definition 13.2 (Timelike, spacelike, and null curves). A curve v: (a,b) — M is called timelike if

g(¥(t),4(t)) <0 for all t € (a,b), spacelike if g(¥(t),%(t)) > 0 for all t € (a,b), or null if if g(¥(¢),%(t)) =0
for allt € (a,b).

A symmetric bilinear map h on a vector space V is called degenerate if there exists X € V with X # 0
such that A(X,Y)=0forallY € V.

Definition 13.3 (Timelike, spacelike, and null submanifolds). A submanifold N C M is called timelike
if the induced metric g|pnr is Lorentzian, spacelike if the induced metric g|n is Riemannain, and null if the
induced metric gl is degenerate.

13.2 Time orientations and causal structure

One new feature of Lorentzian geometry, not present in Riemannian geometry, is the notion of causality.

Definition 13.4 (Time orientations). A time orientation on a Lorentzian manifold (M,g) is a global
(nowhere vanishing) timelike vector field T. A causal vector v in a time oriented Lorentzian manifold
(M, g,T) is called future directed if g(v,T) < 0, and past directed if g(v,T) > 0.

From now on, Lorentzian manifolds will be assumed to be time oriented.

Definition 13.5 (Causal and chronological futures). Given an Lorentzian manifold (M, g) and a set S C M,
the causal future of S is the set

JH(S) :={p € M | there exzist a causal curve 7: [a,b] — M with y(a) € S,~(b) = p}.
The chronological future of S is the set
It(S) := {p € M | there exist a timelike curve v: [a,b] — M with y(a) € S,v(b) = p}.

There are similar definitions of causal past and chronological past but, as we are progressive, let us not
concern ourselves with these here.
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13.3 Global hyperbolicity

Recall that a curve v: (a,b) — M in a manifold M is called inextendible if it is not the restriction of a curve
% defined on a strictly larger domain than (a,b).

Definition 13.6 (Cauchy hypersurfaces and global hyperbolicity). Let (M,g) be a Lorentzian manifold.
A spacelike hypersurface H C M is called a Cauchy hypersurface if every inextendible causal curve in M
intersects H exactly once. A Lorentzian manifold (M, g) is called globally hyperbolic if it admits a Cauchy
hypersurface.

When g is a Lorentzian metric, the associated Laplace—Beltrami operator (see Definition is a
hyperbolic operator and hence is denoted [, (and the notation A, is reserved for when ¢ is Riemannian and
hence the associated Laplace-Beltrami operator is of elliptic type). For example, when g is the Minkowski
metric, the associated Laplace-Beltrami operator is the standard wave operator —92 + A,.

The significance of globally hyperbolic manifolds is that solutions of hyperbolic equations, whose symbol
is related to that of the wave equation

Dgw =0,
such as the wave equation itself, or the vacuum Einstein equations (25|) (recall Exercise [9.25)), are uniquely
determined by their Cauchy data on a Cauchy hypersurface.

13.4 Closed trapped 2-surfaces and black holes

If S € M is a spacelike 2-surface then, for each p € S, there are two associated future directed null normal
directions, spanned by future directed null vectors L, and L, normalised so that 9(Lp, Lp) =-2P|IfSisa
closed surface then we can designate the vector field L on S to be incoming and the vector field L on S to be
outgoing. To each null normal L and L one can associate a second fundamental form y and x respectively,

X(va):g(VXL’Y)7 K(X7Y):g(VXL7Y)7
for all X,Y € T,,S[

Definition 13.7 (Closed trapped surfaces). A closed spacelike 2-surface S is called a closed trapped surface
if the traces of the two associated null second fundamental forms are negative,

try <0, try <0,
on all of S.

In view of Exercise one should view a closed trapped surface as a closed surface whose area de-
creases when deformed in each of the two null directions. Contrast with the standard spacelike 2-spheres in
Minkowski space.

The notion of a closed trapped surface is closely tied to the notion of a black hole. The definition of
a black hole is more difficult to give than that of a closed trapped surface due to the global aspect of the
definition. Informally, points are said to be in a black hole region if their causal future does not ever meet
“distant observers”. In order to make the definition more precise one needs to make this notion of “distant
observers” more precise.

Definition 13.8 (Informal definition of a black hole). A Lorentzian manifold (M, g) is said to contain a
black hole region if there is an appropriate asymptotic boundary, called future null infinity and denoted I,
representing “distant observers”, and a point p € M such that

JH(p)nZt =0.

5Note that these vectors are not unique, as any positive multiples of Ly and Lp also describe these directions. Since these
vectors are null, and hence have zero length, there is no way to fix them by, for example, insisting that they each have unit
length. Any rescaling L, — aL,p, L, — a’lép will preserve the condition that g(Lp,Lp) = —2, but the choice of L, and L,
are otherwise unique.

6Note the difference in sign convention from that of Section
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The set of all such p is called the black hole region, denoted B.

Again, note the global aspect of Definition In contrast, compare with the definition of a closed
trapped surface, which is purely local. One can easily show that, if a Lorentzian manifold (M, g) contains a
closed trapped surface and obeys an appropriate Ricci curvature assumption (for example, if (M, g) solves
the vacuum Einstein equations (25))), then, if (M, g) admits an appropriate notion of future null infinity
Z%, (M,g) contains a black hole region (in the sense of Definition which contains the closed trapped
surface.

13.5 The Penrose Incompleteness Theorem
The Penrose theorem can now be stated.

Theorem 13.9 (Penrose, 1965). Let (M, g) be a 3+ 1 dimensional globally hyperbolic Lorentzian manifold,
with a non-compact Cauchy hypersurface, whose Ricci curvature satsifies

Ric(V,V) >0, (26)

for all null vectors V. Suppose moreover that (M, g) contains a closed trapped surface, in the sense of
Definition . Then (M, g) is future geodesically incomplete.

Note that the assumption is trivially satisfied by solutions of the vacuum Einstein equations .

Theorem [13.9] is often called a singularity theorem. Note however that the conclusion of the theorem
involves geodesic incompleteness (hence the name “incompleteness theorem”) rather than any singular be-
haviour (which one usually associates with something becoming infinite). One of the most remarkable aspects
of Theorem |13.9|is that it applies in different cases where the nature of the incompleteness is very different.
Two primary examples are discussed in Section below. The fact that one can make such a soft con-
clusion as geodesic incompleteness of solutions of a highly nonlinear system of partial differential equations
such as without in fact understanding the nature of that incompleteness is another remarkable aspect
of Theorem [13.9]

Theorem [I3.9] can be viewed as a Lorentzian analogue of the Bonnet—Myers Theorem, Theorem [12.2]
Indeed, following [5], the Bonnet—Myers Theorem can be phrased

Completeness,

.. = Compactness.
Lower bound on Ricci curvature, P

The Penrose Theorem, stated in contrapositive form, can similarly be phrased,

Completeness,
Lower bound on Ricci curvature, = Compactness of every Cauchy hypersurface.
Existence of closed trapped surface,

13.6 The Schwarzschild and Kerr families of black holes

In order to properly understand the significance of Theorem it is helpful to view it in the light of some
examples of solutions of the vacuum Einstein equations .

The most famous family of solutions of is the one parameter Schwarzschild family. Discovered in
1915, very shortly after Einstein arrived at the final form of the field equations of general relativity (which
reduce to in the absence of matter), the Schwarzschild metrics take the most familiar form, for fixed
M >0,

2M oM\
g = — (1 - ) dt* + (1 - ) dr? + r?(d6? + sin® 0d¢?). (27)
r r
Compare with the Minkowski metric which, in polar coordinates on R?, takes the form

g = —dt* + dr* + r?(df? + sin® 0d¢?).
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There was much confusion surrounding the metric for many years after its discovery, in particular due to
its apparently singular nature at r = 0 and r = 2M. Nowadays, we understand that the (¢,7, 0, ¢) coordinate
chart in which is written covers only (appropriate subsets of) the regions r > 2M and 0 < r < 2M of
the mazimally extended Schwarzschild solution
SM3 _ .,
am = — e” 2 UV + 127, (28)
r

defined on the manifold M = W x 82, where W = {(U,V) C R? | UV < 1} and ¥ is the unit round metric
on S%. In the expression (28)), the function r = r(U, V) is defined implicitly by the relation

() gig) =0

The Lorentzian manifold (M, gys) is inextendible as a suitably regular Lorentzian manifold, is globally
hyperbolic with non-compact Cauchy hypersurface {U + V = 0}, and each spacelike 2-sphere defined by
U =Uy, V=1V, is a closed trapped surface if Uy > 0 and V5 > 0. The Penrose Theorem thus applies to
(M, gar). The nature of the incompleteness is a curvature singularity at r = 0 (or equivalently at UV = 1),
as can be seen by observing that |[Rm/,,, ~ TM3 as r — 0. This singular behaviour, in an otherwise perfectly
reasonably solution of , disturbed people at first. A common opinion was that this singular behaviour
was a pathology, resulting from the high degrees of symmetry possessed by the Schwarzschild solution. Given
that any small perturbation of the Schwarzschild solution will also possess a closed trapped surface (noting
that the conditions try < 0, trxy < 0 are open conditions), the Penrose Theorem guarantees that, on the
contrary, this apparently pathological behaviour, provided one is willing to weaken “singularity” to “geodesic
incompleteness”, is a generic feature of solutions of .

What could the nature of the geodesic incompleteness predicted by the Penrose Theorem be if not a
singularity? The answer to this question is best addressed by way of another example, in the form of the
Kerr family. For given parameters |a| < M, the Kerr metric takes the most familiar form

A 2 in? ¢
Gt = —— (dt — asin® 0dg)* + L dr® + 0*d0 + T2 (adt — (r* + a®)dg)?,
1Y

A 02
where
A =71%—2Mr + d?, 0® = 1%+ a®cos? 0.

Note that when a = 0 this expression reduces to . As with the Schwarzschild metric in the form , the
Kerr metric in the above form arises most naturally in a coordinate chart of a maximally extended globally
hyperbolic Lorentzian Kerr manifold. In contrast to the case of Schwarzschild, however, the maximally
extended globally hyperbolic Kerr manifold is smoothly extendible as a Lorentzian manifold, provided a # 0.

The geodesic incompleteness guaranteed by Theorem thus has nothing to do in Kerr with any
singular behaviour, but rather a breakdown of global hyperbolicity. In view of the discussion in Section [13.3
this means that the incompleteness in Kerr involves a breakdown in deterministic properties of equations
such as the vacuum Einstein equations . One may view this breakdown as being even worse for a theory
than the presence of the type of singular behaviour exhibited by the Schwarzschild solution.

It is conjectured that the situation in Kerr with a # 0 is not typical, and that the incompleteness
guaranteed by the Penrose Theorem is generically a result of some form of singularity (such as the singular
nature of the incompleteness in Schwarzschild). This conjecture, first formulated by Penrose, goes by the
name of the Strong Cosmic Censorship Conjecture, and constitutes one of the most important open problems
in classical general relativity.

13.7 Sketch proof of the Penrose Theorem

This sketch proof follows [4].
Let S be a closed trapped surface, in the sense of Definition Recall the future directed null vector
fields L and L on S. At each p € S, there is a unique geodesic maximal geodesic 7y,: (T-(p), T+(p)) — M such
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that 4, (0) = p, 4,(0) = L,. Similarly, there is a unique geodesic maximal geodesic 7, (T_(p), T, (p) =M
such that lp(O) =D, jp(O) = L,. For fixed s > 0, define the sets

Ss=A{m(s)Ipe S}, S;={y,(s)[pe S}
Define also the sets

Cls)={n(s)pes0<s<st, Cls)={y(s)|peS0<s <5},

and
C={n(s)lpes0<s<Ti(p)}, C={1,(5)lpeS0<s<T (p)}

Lemma 13.10 (The boundary of the causal future of a spacelike 2-sphere). If s is sufficiently small then
Ss and S, are spacelike 2-spheres and the geodesic congruences C(s) and C(s) are null hypersurfaces (with

boundary). Moreover,
aJt(S)ccuc. (29)

Note that the reverse inclusion of is not true in general. Consider, for example, a standard 2-sphere
in Minkowski space.

The curves v, and 7, are called the null generators of C and C respectively. If s is such that C(s) and
C(s) are smooth null hypersurfaces, then the vector fields L and L extend to vector fields along C(s) and
C(s) respectively by

Ly, s) = n(s), L'y,,(S) = ip(s)’

and therefore x and x extend to (0,2) tensor fields on C' and C respectively. Note that
VL =0onC, ViL=0onC.

Moreover there exists a unique extension of L to a future directed null vector field L on C(s), normal to the
spheres S, satisfying g(L, L) = —2, and a unique extension of L to a future directed null vector field L on
C(s), normal to the spheres S, satisfying g(L, L) = —2.

The proof of Theorem [13.9]is based on understanding behaviour of certain Jacobi fields along the geodesics
7p and 2, As opposed to conjugate points, which, for example, feature in the proof of Theorem W it is

slightly more convenient to introduce a related notion of focal pointsEI

Definition 13.11 (Focal points). Given p € S, a point ¢ = ,(s.) for some s, € (0,T4(p)) is called a
focal point to p if there exists a nontrivial (non-identically vanishing) normal vector field J € X(vy,) along
vp such that [L(s), J(s)] = 0 for all s € [0,T(p)) and J(s.) = 0. Similarly, a point ¢ = lp(s*) for some
5. € (0,7, (p)) is called a focal point to p if there exists a nontrivial normal vector field J € %(lp) along Y
such that [L(s), J(s)] =0 for all s € [0,T (p)) and J(s.) = 0.

Note that such a J is a Jacobi field along +y,. Indeed, since VJ — VL =[L,J] =0,
VViJ =VV,L=R(L,J)L,

since VL = 0. Similarly for J.
Compare the following lemma to Theorem [11.12

Lemma 13.12 (Null generators beyond focal points). Consider p € S and let s, > 0 be such that vy, (s.) is
a focal point to p along v,. Then vp(s«) € IT(S). Similarly, if s. > 0 is such that lp(s*) is a focal point to

p along y . Then lp(s*) e It(S).

"The distinction between conjugate points and focal points made here is non-standard. The terms are often used inter-
changeably to mean either of the two notions introduced here.

73



Proof. See Proposition 2 of [4]. O

As a consequence of Lemma [13.12] it in particular follows that, if s, > 0 is such that 7, and % each
contain a focal point before time s,, for all p € S, then can be improved to

0JT(S) C C(s:) UC(84). (30)
Let ¢ denote the induced (Riemannian) metric on the spacelike 2-spheres S5 and S, and define

1 . 1
X=x-g5trxd, X=X 5trxg,

2 2
to be the trace free parts of the second fundamental forms x and x respectively.

Lemma 13.13 (Null mean curvatures satisfy Raychaudhuri equaions). The quantities trx and try satisfy
the Raychaudhuri equations

1 . ) 1 R .
L(try) = —i(tI‘X)Q — |X‘; — Ric(L, L), L(try) = —i(trx)z — |X‘; — Ric(L, L).

Proof. Consider some p € S and a local frame e, e5 for S around p. For convenience, extend e;, ea along vy,
by solving [L,e4] = 0 for A = 1,2. One then computes

L(X(€A7€B)) = g<vLV6AL7eB) +g(veAL7vLeB) = g(VEAvLL7eB) + g(VEALavLeB) + Rm(L,€A7L,€B),
and so, since VL =0 and V., L = y4%ec,

(Vix)(ea,ep) = L(x(ea,eB)) —x(Vrea,ep) — x(ea, Vien)
= g(veALa VLEB)—Rm(€A7L,L,63)—g(vaeAL,€B)—g(veAL,VLEB) - —XACXCB—Rm(BA,L,L,eB).

The first equation then follows by using the fact that g is compatible with V and so
1 . .
L(trx) = g7 (Vix)(ea,e) = —x*Pxas — g*"Rm(ea, L, L, ep) = *Q(trx)2 - |X|; — Ric(L, L).

The second equation follows similarly. O

Lemma [I3:13] and the curvature assumption in Theorem [I3.9] imply that

1
L(try) < —§(trx)2. (31)
In particular, try satisfies the remarkable monotonicity property
L(try) <0.

Recall that one views the assumption that try < 0 on S as meaning that the area of S can only decrease
when infinitesimally deformed in the direction of L. This monotonicity property, together with the fact that
S is a closed trapped surface, in particular implies that the area must continue to decrease as one deforms
further in the L direction.

The main analytic content of the proof of Theorem [13.9]is contained in the following proposition, which
is an easy application of the quantitative form of the monotonicity property of try.

Proposition 13.14 (Occurrence of focal points). Under the assumptions of Theorem if, for allp € S,
Ty (p) and T (p) are sufficiently large then, for all p € S, the null generators ~, and % both contain a focal

point to p.
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Proof. Consider first the null generators 7,. Since S is compact, there exists k£ > 0 such that

sup try(p) < —k.
peS

The inequality implies that
1
L=t ™) < —3,
and so, integrating along the integral curves of L,

(xS - 5,
ie., L

mno) < (3-7) (32)
for all s > 0. It follows that trx(v,(s)) — —oo before time s = 2. The inequality forms the main

content of the proof. Some extra work is required to check that this indeed leads to the existence of a focal
point.

Consider some p € S. Let ej, e2 be an orthonormal frame for 7,5 and extend to an orthonormal frame
for T, (5)Ss for all s by solving

1
VLeA:fig(VeAL,L)L, A=1,2.

This choice ensures that L(g(ea, K)) =0 for K = ep, L, L, so that ey, ez is an orthonormal frame for each
T, (s)Ss. Consider now an arbitrary vector v € T,,S. Define a vector field J along =, by solving [L, J] = 0,
Yo (5) P P
J(0) = v. One can check that
L(g(J, L)) = L(g(J, L)) = 0,

and so J(s) € T, (s)Ss for all s. By the linearity of the equation [L,J] = 0 in J over R we can write
JA(s) = MAg(s)vP for some matrix M(s) (independent of v). Clearly M (0) = Id and so det M (0) = 1 and
det M(s) # 0 for small s. If there exists s such that det M(s) = 0 then there exists v € T, M with v # 0
such that J(s) =0, i.e. to find a focal point it suffices to find a zero of det M. Now

L(J*) = L(g(J,ea)) = (Vi J ea) + 9(J,Viea) = g(VL,ea) — g(Ve, L, L)g(L,ea) = x(J, ea),

and so
L(MA5(s))v? = x(J(s),ea) = x(ea, ec)MC gv®.

Since v was arbitrary, it follows that
L(M*5(s)) = x(ea,ec) M€ p.

Using the well known identity

ddet M _,adM
B = deeMu (M),
it follows that
dlogdet M
—— = try.
ds

The inequality (32)), together with the fact that log det M (0) = 0, then implies that

s 1\°

i.e. there exists a focal point along 7, by time s = %
The proof for the null generators % is identical, using now the Raychaudhuri equation for try. O
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A set K C M is called a future set if p € K implies that I*T(p) C K. A set A C M is called achronal if
there is no pair p,q € A such that ¢ € I'"(q).

Lemma 13.15 (Topological boundary of a future set is achronal). If K C M is a future set, then its topo-
logical boundary OK C M is a closed achronal three dimensional embedded Lipschitz submanifold (without
boundary).

Proof. See Proposition 6.3.1 of [§]. O
The remaining ingredients of the proof of Theorem [I3.9] consist of the following topological facts.
Proposition 13.16 (Topological facts).

1. If A is a compact topological space, B is a Hausdorff topological space and h: A — B is a continuous
bijection, then h is a homeomorphism.

2. If M is a (connected) topological manifold and N C M is a compact submanifold (without boundary)
such that dimN = dimM, then M is compact.

Proof. See Section 5.5 of [IJ. O
The proof of Theorem can now be completed.

Proof of Theorem[13.9. Suppose, for the sake of contradiction, that (M, g) is future geodesically complete.
The null generators ~, and 7, are therefore future complete (i.e. T (p) = T, (p) = oo for all p € §). By

Proposition [13.14] there therefore exists s. > 0 such that, for all p € S, the null generators +, and %, contain
a focal point to p by time s.. Lemma [13.12| then implies (see (30))) that

0JT(S) C C(s:) UC(54).

Since C(s.)UC(s4) is compact and 9.JT(S) is closed (the topological boundary of a set always being closed),
it follows that 9.J7(S) is compact.

Note that JT(S) is a future set, and hence dJ*(S) is achronal by Lemma Since (M, g) is time
oriented there exists a globally timelike vector field 7. By assumption (M, g) admits a non-compact Cauchy
hypersurface H. For each ¢ € 8J7(S) the integral curve of T' through ¢ intersects H exactly once and, since
dJ*(S) is achronal, does not intersect dJ7(S) again. The map F': dJ7(S) — H, where F(q) is defined
to be the unique point where the integral curve of T intersects H, is therefore a continuous injection. By
Proposition dJT(S) is homeomorphic to F(0J*(S)). Since JT(S) is a compact three dimensional
submanifold of M (see Lemma[13.15) it follows that F(9.J%(S)) is a compact three dimensional topological
submanifold of the Cauchy hypersurface H. Proposition [I3.16] then implies that H is compact, which
contradicts the assumption that H is non-compact. Hence (M, g) is geodesically incomplete. O
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