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1 Introduction

The main goal of this course is to introduce the mathematical framework of
Einstein’s theory of general relativity. As we shall see soon, this will require
ideas from differential geometry, analysis of PDEs and physics.

Perhaps you have already seen the Einstein equations written down

1
Ricy — §Rgg =8nT. (1)

These are equations imposed on a (4-dimensional) Lorentzian manifold (M, g),
a manifold M equipped with a piece of additional structure on its tangent
spaces, namely a Lorentzian metric (a bi-linear form of signature (—, +,...4+) on
each tangent space that varies smoothly over M). The tuple (M, g) is called a
spacetime and supposed to represent the time-space continuum that we live in.
The equations (1) relate the curvature of the spacetime to its matter content T’
(the energy momentum tensor). As we shall see, (1) abandon the idea of gravity
as a “force” and instead incorporate it into the curvature of the spacetime.
The plan is to

e address the geometric part of (1): I will introduce the concepts of dif-
ferential geometry (manifold, tangent space, Lie-derivative, connection,
curvature tensors etc.) that allow us to formulate (1). This might be
boring to those of you who have taken a differential geometry course but
I will include it for completeness and the benefit of those who do not have



this background. We will often take a pedestrian approach and computa-
tional point of view (in particular using indices in tensor computations)
as we will often need to make very concrete computations to understand
the physics!

to understand (1) from the PDE point of view (analysis). Note that
the equations (1) are coordinate invariant (unlike say, Newton’s equation
md = F whose formulation already involves a notion of (absolute) time).
This is a manifestation of Einstein’s idea of general covariance: The phys-
ical laws should take the same form in any coordinate system. However, in
order to do analysis (or to measure actual physical quantities) we need to
choose a coordinate system. In turns out that there are coordinates such
that when we write (1) in these coordinates, we obtain a system of non-
linear wave equations. We will spend some time understanding (at least
toy-models for) linear and non-linear wave equations, to formulate the
Cauchy problem for (1). The Einstein equations are evolution equations!

to understand geometrically some exact solutions of (1): flat space (from
a geometric point of view), the Schwarzschild metric (1916) and the Kerr
metric (1963), the latter two being examples of black hole geometries. Here
we will introduce Penrose diagrams and compute some of the geodesics
on these spacetimes to gain further insight (geodesics on spacetime will
correspond to observers (timelike) and light rays (null))

to understand at least heuristically some of the physics: How does one
“derive” the equations (1)? Why are the equations so successful? (clas-
sical tests of general relativity: perihelion of mercury, light bending; also
modern GPS relies on GR corrections to SR)

Once we have understood the above, we will study the covariant wave equation
Oyt = 0 on black holes as a toy-model for the Einstein equations to gain insight
into the stability properties of black holes. As promised in the announcement
we will also prove Penrose’s incompleteness theorem.

1.1

Books

The following books are useful for complementary reading and contain many
more details:

1.
2.

Robert Wald, “General Relativity”, The University of Chicago Press

John Stewart, “Advanced General Relativity”, Cambridge Monographs on
Mathematical Physics

Hawking and Ellis, “The large scale structure of spacetime, Cambridge
University Press,

Barrett O’Neill, “Riemannian Geometry”, Academic Press



5. Hans Ringstrom, “The Cauchy Problem in General Relativity”, EMS

For Chapter 5 I recommend also the (now a bit outdated but nicely written and
providing a lot of background) 2008 lecture notes of Mihalis Dafermos and Igor
Rodnianski and the (more recent) ETH lecture notes of Dafermos, both available
from https://web.math.princeton.edu/~dafermos/teaching.html.

2 Review of differential geometry

2.1 Manifolds, smooth maps and tangent spaces

We start with the fundamental concept of a manifold which is of course central
for stating (1).

Definition 2.1. An n-dimensional smooth manifold is a topological space M
(Hausdorff, second countable) together with a collection of open sets U, and
homeomorphisms ¢o : Uy = ¢ (Us) C R™ with the following properties

(1) M = UaU,.

(2) If UaNUg # O then ¢g o 3t : ¢o(Ua NUg) — ¢p(Us NUg) is a smooth
diffeomorphism.

(8) The collection (Uy, ¢o) is mazimal with respect to (1) and (2).

The (U, ¢a) are called (coordinate) charts, the ¢pgod, ! transition maps. A col-
lection of (U, ¢o) satisfying (1) and (2) is called an atlas (or smooth structure)
for M.

M =U,U,

35(Us)

Remark 2.2. One may show that a given atlas on M (which for instance can
contain only finitely many charts) is contained in a unique maximal atlas. Keep
in mind, however, that there are inequivalent atlases (in the sense that their
union is not an atlas) even on R. See the Exercises.



Remark 2.3. The Hausdorff assumption is required for uniqueness of conver-
gent sequences, the second countability assumption for the existence of a parti-
tion of unity. See the Fxercises.

Exercise 2.4. (Ezercises for those who have never seen manifolds.) Show that
R"™ is a smooth manifold. Show that S = {x € R"*! | |2|?> = 1} is a smooth
manifold. Is the cone C = {(x,y,z) € R® | 2 = /22 + y2} a smooth manifold?
(The answer may depend on the smooth structure you want to install.)

Show that an open subset V. C M of a smooth manifold is a smooth manifold.
Show that if M and N are smooth manifolds, then M X N is a smooth manifold.

In order to do calculus on manifolds, we need to define functions on them
and be able to differentiate them:

Definition 2.5. A function f: M — N between two manifolds (of dimension
m and n) is called smooth at p if it is smooth in coordinates, i.e. if given a chart
(Vi) around f(p) one can find a chart (U,¢) around p such that f(U) C V
and R

f=dvofop™!
is smooth at ¢(p). We say that [ is smooth on an open set U in M if it is
smooth at all points of U.

Remark 2.6. Note that this definition is independent of the charts by the
smoothness of the transition functions (why?).

We now recall the definition of the tangent space. To motivate it, it is
useful to recall briefly the situation in R™. Given v : I — R™ a smooth curve
y(t) = (z(t),...,2™(t)), ¥(0) = p and a smooth function f : R” — R we can
consider the rate of change of f along ~:

%(foy)hzg = %f(xl(t), cony (1)) im0 = Z gj; pd;Z (0) = Z [(xz)/(o) 8ii] f.

n
i=1 i=1

Conversely, given a (tangent) vector in R™ one may interpret it as an operator
acting on real-valued functions and spitting out a number.



We let v : (—e,€) = M be a smooth curve on a smooth manifold and denote
by Cp¢(M) the space of smooth functions at p.

Definition 2.7. Given a smooth curve through p and f € C3°(M), we define
the tangent vector to y at p (denoted v, or 7'(0)) as

Yy C¥(M) = R
fr (7 0 limo. &)

The set of all tangent vectors at p that can be obtained from curves in this way
is called the tangent space of M at p and denoted T, M.

\ %
»(U)C R™

In a chart we have

gpoy=(z'(t),...,2"(t))
and foy= fod 'o@or~ hence

n 9 o 1 '
S =Y AT Lisony|

where we have defined

[6} . 8(fo¢*1)‘

oz |, ox' )

Note that if we choose v, such that ¢ o, corresponds to the k** coordinate
curve, then

A
(n! = | ] S



SO [%]p is the tangent vector corresponding to the k" coordinate curve. In
the exercises you will show that T,M is an n-dimensional vectorspace with

basis [a%] e [%]p. Hence from (3) we see that % (¢o~) are then the

i
b
p t=0

components of the tangent vector in this basis.

Remark 2.8. Note that the above implies that two curves 7,5 : (—€,€) —
M with v(0) = 5(0) = p define the same tangent vector provided they satisfy
4(po 7)’t:0 = d(po ﬁ/)‘t:() in some (hence any) chart ¢ at p, where the
identity is one of vectors in R™. We can therefore associate a tangent vector
with an equivalence class of curves, which is sometimes used as the definition
of the tangent space. In particular, given v € T, M we can unambiguously write

o(f) =t
We finally define the differential (or push-forward) of a function at p:

Proposition 2.9. Let f : M — N be smooth, dim M = m, dim N = n. For
everyp € M, v € T,M choose

v:(—€e€) > M

with ¥(0) = p, v, = v and define B = f o, which is a smooth curve in N
through f(p) with tangent ,B}(p). Then the map

dfp : TpM — Tf(p)N (4)
T = By (5)
is linear and does not depend on the choice of 7.

Definition 2.10. The map df, defined in Proposition 2.9 is called the differen-
tial (of f at p) or the pushforward (of tangent vectors at p by f).

Proof. We first draw a picture of the situation:

dfy : TyM = Ty)N

Yofogt »(V)CR®
—_




We know
pofop l= (yl(xl, sz y™ (2t ,z"))
and
poy= (xl(t), . ,xm(t))
From o3 = 1o fod~!opory we compute what we know to be the components

of 5}(},) in the basis 6%1 o) namely

oy"
oz’

d B "oyt
ﬁwoﬁ)’t:o - (Z Oz

i=1

o (x’)’(0)> - (6)

But we also know that (2)'(0) are the components of 7/, in the basis [%}p.
Therefore, expressed in these bases, the map df, is multiplication by the matrix

d)(p)(xl)’(O), ey ;

gTy; ’ $(p) hence a linear map which also clearly does not depend on the choice of
5. O

Exercise 2.11. Let f : M — N be smooth, v € T,M and g : N — R differen-
tiable. Prove that

(dfpv)gl sy = v(go flp-

Definition 2.12. Let M and N be smooth manifolds. A map f: M — N is
a diffeomorphism if it is smooth, bijective and its inverse f~1 is smooth. The
map f is called a local diffeomorphism at p € M if there exists neighbourhoods
U of pand V of f(p) such that f : U — V is a diffeomorphism.

From the point of view of smooth manifolds, manifolds which are diffeomor-
phic to one another should be considered “the same”.

Note that if f : M — N is a diffeomorphism, then df, is an isomorphism
for all p € M (why?). Conversely, if df,, is an isomorphism, then f is a local
diffeomorphism by the implicit function theorem.

2.2 Tensor algebra (tensors at a point)

We collect the transformation formulae for vectors and covectors. Recall that
we can write a X € T,M as X = Xi[%]p, where the X? are the components
of the vectorfield X in the basis [%]p (which is induced by a coordinate chart
(U, ¢) at p as seen above). What happens with the coordinate basis if we change
the chart? Let (W,v) be another chart at p with y* coordinates. We compute

from the definition

0 0

0 (1) o =LY
[Lf N @(fow—l o (o) = @(fo¢_1)|¢(p) g ek

()

oxJ

= [on] 755w, @



which provides the transformation rule

0 oy [ 0
[aﬂl " O {a ] ’ (8)
P Ylp
hence the basis vectors transform with the Jacobian of the coordinate change.
We have used in (7) and (8) the Einstein summation convention stating that

repeated indices are always summed over allowing us to skip a Y _-_,.
We define the cotangent space TyM at the dual space of T,M equipped

with coordinate basis [dz'],, ..., [d2z"], defined by [dx'], ([%]p) = 0% Given

a € TyM we can write o = a;dz?, where the o; are the components of the co-
vector « in the (basis induced by the) chart ¢. It is an easy exercise to compute
the transformation rule

. oxd )
@s'], = 5o [an'),

that is the dual basis of co-vectors transforms by the inverse of the Jacobian
of the coordinate change. Note that this also tells one how the components of
a vector and the components of a co-vector transform under a change of basis
(why?).

We now define the (k,[)-tensor space T;Ek’l)M to consist of all multi-linear
maps

T:TyMx...xTyM xT,M x ... xT,M - R, (9)

where we have k copies of TyM and [ copies of T),M on the left. Note that a
(0, 1)-tensor is just a co-vector and a (1, 0)-tensor is a vector (why?).
We define the elements (let us drop the [...], from the notation for simplicity)

0 ) )
J J
Een ®“'®8xik Rdr’t Q... ®dxl
where 1 <4q,...,5; <nand 1 < j1,...,5; <n by
) 0 . . 0 0
- J J a a Y
pe ®"'®amik ®Rdr’t ®@...®dz" (dm oo de k’@xbl’”"axbl>
_ b b
fdfll~...'5f:5j11'...~6j;. (10)

They clearly form a basis of T,Sk’l)M. Given T € ngk’l)M we can thus write

ir..d 9 ’ »
T=T" kjl~~-jz@®'“®axik®dxj ®...®dz"
a1 ...q 0 by b

— T kbl...bl%@)'”@ayak@d‘y ®...0dy™" (11)

which expresses the tensor in two different bases. We have
o 4 9 B
Ttk =T (dm“,...,dm”“, > (12)

Ji---g Oxir’ > Yt

10



and

Ta;...a 1 0 0
For-an :T(dy“ ""’dyak’aybl""’ayln) , (13)

from which one easily deduces the transformation rule for the components of a
(k,1) — tensor:

Tal‘..ak _ Tlllk ayal 8yak 8‘/1’.]1 6$Jl
bi...by —

oo G 9 By By (14)

Note that this also implies that if two tensors agree in one coordinate system,
they must agree in all others (why?).

Finally, we can define the operation of contraction of a tensor (over the it
covariant and the j*" contravariant slot). More precisely, contraction is a map
Ot TN o T M defined by CIT = S0 T (-, da, -, ooy oy 52,0, 0).
Note that this map does not depend on the choice of coordinates (why?).

2.3 Tensor-fields

So far we have been looking at tensors at a point and their transformation
properties. We now want to define tensors which vary smoothly from point
to point on the manifold (and eventually differentiate them etc.). We give a
pedestrian definition:

Definition 2.13. A smooth (k,l)-tensor field T on M is a map
M>p—T(p) € THI M

for all p € M such that in local coordinates ¢ : M D U — V C R" the

components T "%, .+ V — R are smooth functions.

Remark 2.14. More abstractly (but equivalently), we can define the tensor-
bundle
T®OM ={(p,S) | pe M, SeTHIM}

which can be shown to be a smooth manifold and define a smooth (k,l)-tensor
field T on M to be a smooth section of the tensor bundle T*D M, i.e. a smooth
map T : M — TEDM such that m o T = id where 7 : TM — M denotes the
projection on M.

We denote by X (M) the space of smooth vectorfields on M and by Q' (M)
the space of smooth co-vector fields (1-forms) on M.
In the exercises you will prove

IThis is an exercise. The set T(*!) M inherits a natural differentiable structure from M:
Use as coordinates the coordinates of p induced by the chart and the coordinates of S in the
coordinate basis induced by the chart as seen above.

11



Exercise 2.15. A map
T QN M) x . ox QUM x X (M) x ... x X(M) — C°°(M) (15)

with k copies of Q1 (M) and [ copies of X (M) is induced by a (k,l)-tensor field if
and only if it is multi-linear over C*° (M), so for each slot T(fX +Y,-,...,:) =
fr( X, ..., )+7Y,--,...,) holds for f € C*(M).

The above exercise provides a convenient way to identify multilinear maps

as tensorfields.

2.4 The Lorentzian metric and Lorentzian manifolds

Having defined tensorfields, we can finally introduce the fundamental object of
Lorentzian geometry.

Definition 2.16. A Lorentzian metric g on M is a smooth (0,2)-tensor field
such that at every point p € M

g(p) : T,M x T,M — R

is a Lorentzian inner product (defined immediately below). We call a pair
(M, g),i.e. a manifold equipped with a Lorentzian metric a Lorentzian manifold.

In local coordinates we have g = g, dz" ® dz¥ (or more precisely g(p) =
9w (¢(p))dat @ dx” where the g, are smooth function of the coordinates of the
chart ¢).

2.4.1 A brief intermezzo: Lorentz inner products

Definition 2.17. Let V' be an (n + 1)-dimensional vector space.
A Lorentzian inner product is a map

m:VxV =R
which is
o bi-linear
o symmetric (m(v,w) = m(w,v))
e non-degenerate (if v €V satisfies m(v,w) =0 for allw € V, then v =10)

e maximal dimension of any subspace W C V' such that m|w is positive
definite is n.

Example 2.18. Let m : R?2 x R?Z — R be given by m(v,w) = viw; — vaws.
Check that it is an example. Note that v € span((1,1)) has m(v,v) = 0, so
span((1,1)) forms a degenerate subspace.

12



R span((1, 1))

u=A01), AeR

R

Recall that a symmetric bi-linear form is completely determined by the
associated quadratic form ¢(v) = m(v,v). Indeed, by polarization we have
m(v,w) = % (g(v+w) —q(v) — g(w)). Moreover, given a basis eg, e1,..., €,
mi; = m(e;,e;) are the components of m. The non-degeneracy condition im-

plies that the symmetric matrix m;; has full rank and is hence invertible.

Proposition 2.19. If V is a vector space and m a Lorentzian inner product,
then there exists a basis eg, €1, ..., e, such that m(eg,ep) = —1 and m(e;, e;) =
ij-

Proof. Linear algebra exercise. O

In other words, any Lorentzian inner product space (V,m) is isometric with
R%,n) where = diag(—1,1,1,1).
n n g

Definition 2.20. Let V be as above. A wvector v # 0 is said to be timelike if
m(v,v) < 0, null if m(v,v) = 0 and spacelike if m(v,v) > 0. The zero vector
18 by convention spacelike. Timelike and null vectors are collectively knows as
causal.

One easily sees that the set of null vectors forms a double null cone N in V'
(minus the origin).

timelike

spacelike ~_lightlike

N U {0} then partitions the space into three connected components, two
inside the cone (corresponding to the set of timelike vectors), which we call I,

13



and one (unless n = 1 in which case two or n = 0 in which case none) outside
(corresponding to the set of non-zero spacelike vectors), which we call S. The
cone N is also known as the light cone and null vectors as lightlike.

More generally, we have

Definition 2.21. A subspace W C V is called
o spacelike if m|w defines a Euclidean inner product
o timelike if m|w defines a Lorentzian inner product
o null if m|w defines a degenerate inner product

It is easy to see that if a vector v is timelike, then span(v) is timelike, etc. For
us, besides the one-dimensional case, the most relevant will be the co-dimension
1 case of hyperplanes. (Again, the zero subspace is by convention spacelike.)

In the exercises you will prove

Exercise 2.22. If z € V is timelike, then z+ == {y € V | g(y,2z) = 0} is
spacelike and V' is the direct sum V =Rz + z+.

We may pick one of the two components of N and denote in N and call it
the future null cone. The other null cone will then be denoted N~ and called the
past cone. This partitions the timelike vectors I into two connected components
(timecones) I = I UI~ where I'" is the component whose boundary is N* and
I~ the component whose boundary is N .

Another way of thinking about this is that we fix a timelike vector T' € V'
and define

Nt ={ve N |m(,T) <0}
It ={vel|m,T)<0} (16)
Lemma 2.23. Timelike vectors v,w € V lie in the same time cone if and only
if m(v,w) < 0.

Proof. Let T define the time cone I as above. We can assume wlog g(7,T) =
—1. Write v = aT + @, w = bT + @ where ¥, @ are in T, hence spacelike
(by Exercise 2.22). Then m(v,T) = —a, m(w,T) = —b and also |a| > |0] and
|b| > |w| since v, w are timelike. But m(v,w) = —ab + v and hence

—ab — |ab] < —ab — |0]|w| < m(v,w) < —ab+ |0||W| < —ab + |ab]
which it is obvious that m(v, w) < 0if a and b have the same sign and m (v, w) >

0 if @ and b have opposite sign. O

Note also that timecones are convex: If v, w € I, we have that av+bw € I
for @ > 0,b > 0 (not both of them zero).

An interesting feature of Lorentzian inner product space is that the Cauchy-
Schwarz and the triangle inequality are reversed. As we shall see, this is the
source of the twin paradox in special relativity. Let us define the notation

o] = V/m(v,0)]

14



Proposition 2.24. Let v,w be timelike vectors in (V,m). Then
1. |m(v,w)| > |v||w| with equality if and only if v,w are collinear.

2. Ifv and w are in the same timecone of V, there is a unique number ¢ > 0
called the hyperbolic angle between v and w such that

m(v,w) = —|v||w| cosh . (17)

Proof. Part (1): We decompose w = av + W where @ € v where necessarily
a # 0 since w is timelike. More specifically, we have

0 > m(w,w) = a*m(v,v) + m(d,w) .
On the other hand,
(m(v, w))2 = zzZ(m(v,v))2 =m(v,v) (m(w,w) — m(w,d)) > m(v,v)m(w, w)

where we have used the first identity in the second step. That step becomes an
identity if w = 0 which is precisely the case when w and v are collinear.

For Part (2) recall that v, w in the same timecone is equivalent to m(v,w) <
0. By Part (1) we have —m(vw) > 1 and the result follows from the property of

[v]]w]

cosh. O

Corollary 2.25. Ifv and w are timelike vectors in the same timecone, then
lv+w| = |v] + |l

with equality if and only if v,w are collinear.

Proof. Exercise. O

Draw pictures!

2.4.2 Minkowski space

The simplest example of a Lorentian manifold is R1*" equipped with the metric
(expressed in standard (global) coordinates)

g=—d2’ ®@da® + da' @ dat + ...+ da" @ dz" . (18)

This is called (n + 1)-dimensional Minkowski space (or “flat space”) and is the
arena of special relativity. We will discuss Minkowski space in much more detail
later. (Draw some pictures of lightcones at different points. Note the conceptual
difference of R as a vector space and R as a manifold.)
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2.4.3 Index Raising and Lowering

Since the metric g is non-degenerate, we have that g(p) is invertible at every
point, more specifically, the matrix g, (¢(p)) (with 0 < g < n,0 < v < n) is
invertible at every p (in any chart). We can hence consider the inverse matrix,
which is by convention denoted g*¥(¢(p)). Note that by the formula for the
inverse, g"”(¢(p)) is a smooth function of the components gns(¢(p)). We can
therefore define a (2,0)-tensor field g—! which in local coordinates is given by

97! = 9" (6(p)3 © Oy
This gives rise to raising and lowering indices with the metric. For instance,
let X = X*0, be a vector(field). Then we can define

Xb = g(Xa )
which is a co-vector(field). In components we have (X”), = g,, X" and we often
write simply X, instead of (X?),,. Similarly if o = v, dz* is a co-vector (field),
then
of =g\ (a,)
defines a vector(field). In components we have (af)* = g""a,, and we often write
simply o instead of (a#)*. The maps b, : T,M — TyM and g, : TyM — T,M
are also known as the “musical isomorphisms”.
2.4.4 Some more terminology
Given a Lorentzian manifold (M, g) we call a vectorfield V'
e timelike/ spacelike/ null at p if V(p) is timelike/ spacelike/ null.
o timelike/ spacelike/ null if V(p) is timelike/ spacelike/ null for all p.

A curve v in M is called timelike/ spacelike/ null if the tangent vector to v is
everywhere timelike/ spacelike/ null. The curve is called causal if its tangent
vector is everywhere timelike or null.

A hypersurface N C M is called timelike/ spacelike/ null if T,N C T,M is
timelike/ spacelike/ degenerate for all p € N.

Exercise 2.26. Find timelike/ spacelike/ null hypersurfaces in Minkowski space.
Can you find examples which are not hyperplanes?

2.4.5 The length of curves

Like in Riemannian geometry, we can discuss the length of curves in Lorentzian
geometry. For a causal curve 7 : [0,T] — M, we define

L(y) = /O V=g(%,%)dt,

while in the spacelike case

T
L(y) = /0 e
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Note the length is independent of the parametrization of the curve. For causal
curve the length has an important physical interpretation as the proper time
felt by the observer moving along the curve v in spacetime (i.e. the time elapsed
by a stopwatch carried by the observer).

2.4.6 Time orientation

Given a Lorentzian manifold (M, g) we now have two time cones at each point
p € M. (Fixing an arbitrary timelike vector 7' € T, M these are It = {v €
T,M timelike | g(v,T) < 0} and I~ = {v € T,M timelike | g(v,T) > 0},
i.e. the timelike vectors in each T),M fall into two equivalence classes and if v
is in one cone, then —v must be in the other.) There is no way to intrinsically
distinguish one cone from the other unless we make a further choice (for instance
of a timelike vectorfield). The question arises whether we can consistently time-
orient each tangent space over the manifold, i.e. make a consistent choice of
what is future and past over the entire manifold.

For Minkowski space one easily sees that if we declare the global vectorfield
8%0 to be future-directed then we can globally distinguish the past from the
future in a consistent way over the manifold. However looking at the following
picture

insert picture of tilting light cones on the cylinder

we see that on this Lorentzian manifold one will not be able to distinguish the
future from the past consistently.
‘We now make the above ideas precise.

Definition 2.27. A time orientation of (M,g) is a function T on M which
assigns to each p € M a time cone T, in T,M and which is smooth in the
following sense: For each p € M there is a smooth vectorfield V' on some
neighbourhood U of p such that V, € 74 for each ¢ € U.

If (M,g) admits a time orientation, (M,g) is called time-orientable and
choosing a function 7 as in the definition is to time-orient (M, g).

Note that the above definition formalises the idea that the local choices of
time-cones can be consistently put together. The following Lemma is elucidat-
ing.

Lemma 2.28. A Lorentzian manifold (M, g) is time-orientable iff there exists
a timelike vectorfield X € X(M).

Proof. If X exists, then we can assign at each p € M the time cone containing
X, and this produces a time orientation (choose V' = X).

Conversely, let 7 be a time-orientation of M. Then by definition each p € M
has a neighbourhood U for which we can find a vectorfield Xy which lies in 7,
forallp € U. Let {fo | @ € A} be a smooth partition of unity subordinate to the
covering of M by such neighbourhoods U,,. (Recall this means in particular that
each {suppf, | @ € A} is contained in some U, and that the {suppf, | o € A}
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are locally finite, i.e. each p € M has a neighbourhood on which only finitely
many of the f, are supported.) We can then choose

X = ZfaXUQ

At each point this is a finite sum. Moreover since all summands point in the same
light cone at any given point and since light cones are convex (and 0 < f, < 1),
we conclude that X is a timelike vectorfield defined on all of M. O

Remark 2.29. The notion of time-orientability of (M,g) is completely inde-
pendent of the standard notion of orientability of the manifold M. (Note for
instance that the manifold in the example above is orientable.) Recall that a
manifold is orientable if it admits an orientable atlas. An atlas is orientable if
the Jacobian of all its transition maps has positive determinant.

2.4.7 Existence of Lorentzian metrics

One can show that one can equip any smooth manifold M with a Riemannian
metric (Sheet 2). For the existence of a Lorentzian metric there are in fact
topological obstructions as we shall see now.

We shall need the following Lemma whose (easy) proof is left to you:

Lemma 2.30. Suppose U is a smooth unit vectorfield on a Riemannian mani-
fold (M, g). Then
G=g-20"aU" U =q(U,")

defines a Lorentzian metric on M. Furthermore, U becomes timelike, so the
resulting Lorentzian manifold (M, g) is time-orientable.

Proposition 2.31. For a smooth manifold M the following are equivalent
(1) There exists a Lorentzian metric on M.

(2) There exists a time-orientable Lorentzian metric on M.

(8) There is a non-vanishing vectorfield on M.

(4) Fither M is non-compact, or M is compact and has Euler characteristic
x(M) =0.

Proof. (3) < (4) is a standard result in topology (Poincare-Hopf theorem + de-
gree theory) and will not be discussed further. (2) = (1) is trivial. For (3) = (2)
equip M with a Riemannian metric g, normalise the non-vanishing vectorfield
to 1 with g and apply Lemma 2.30. (2) = (3) is immediate from Lemma 2.28.
For (1) = (4) one again needs some topology: If M is time-orientable the con-
clusion (4) follows from the previous. If M is not time-orientable it has a double
cover M which is time-orientable (see Sheet 2). By the previous, M is either
non-compact or compact with X(M ) = 0. But the covering map being two to
one this holds iff M is non-compact or compact with x(M) = 0. O

18



Example 2.32. The spheres S"T1 admit a Lorentzian metric iff n +1 > 2 is
odd, since x(S"t1) =1+ (—1)"*L.

Definition 2.33. A time-oriented (n + 1)-dimensional Lorentzian manifold is
called a spacetime.

We will exclusively deal with spacetimes (for physical reasons it is impor-
tant to distinguish between future and past!). We shall also see that compact
Lorentzian manifolds have little relevance in general relativity as they necessar-
ily admit closed timelike curves.

2.5 Vectorfields and Flows

We now turn back to tensor fields and study explicitly the special case of (0,1)-
tensor fields, i.e. vectorfields. We can think of a smooth vectorfield on M as a
map X : C®(M) — C*°(M). In particular, we can consider iterates of vector-
fields XY : f — X(Y(f)). They will not be vectorfields as the computation

X,Y(f) = X! [ a} <yma(f°¢1)>

ox? » ox™

_ v 0 m 0 iom02(foo™)
(2] ) [ e

shows. However, if we consider the commutator

Xp(Y ) = Yp(X[) = (X;; [aa}Y’" -Y; [aii]pxm> [a} foo(20)

ox™ »
we see that it is a vectorfield.

Definition 2.34. Given smooth vectorfields X, Y near p, we call the vectorfield
[X,Y] defined above the commutator of X and Y.

Note that the (components of the) commutator at p depend on the behaviour
of (the components of) both X and Y in a neighbourhood of p. In the exercises
you will study properties of the commutator

Exercise 2.35. Let X,Y,Z be smooth vectorfields on M, a and b be real num-
bers and f and g smooth functions on M. Then

o [X,Y]=—[Y,X] (anticommutativity)

o [aX +bY,Z] = a[X, Z] + b]Y, Z] (linearity)

o [X,Y],Z]+[[Y, Z),X] +[[Z,X],Y] =0 (Jacobi identity)
o [fX,9Y] = fglX. Y]+ [X(9)Y — g¥ (/)X
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We can also interpret the commutator as a derivative along an integral curve
of a vectorfield (Lie derivative). To make this precise we need the concept of
integral curves of vectorfields.

Definition 2.36. Given a smooth vectorfield X on a smooth manifold M we
cally : R D I — M an integral curve of X if at each point p along v the tangent
vector to v is Xp.

Note that in a chart (coordinate system) this translates into the first order
ODE

d . .
(@ 07)(®) = X'(z' ox(t),...,z" oy(t)) (21)
for the curve. The existence, uniqueness and continuous dependence on data
theory for ODEs gives

Theorem 2.37. Let M be a smooth manifold and X a smooth vectorfield on
M near p. Then there exists an open set U C M containing p, a § > 0 and a
smooth map ¢ : (—0,0) x U — M such that the following holds: For any q € U,
the curve t — @(t, q) is the unique curve which satisfies

0

e =X(p(t.a) , ¢(0.0)=q.

Remark 2.38. The notation on the left hand side denotes the tangent vector
to the curve ¢(-,q). It is common to write pi(q) = w(t,q) and call this the local
flow of X. The notation suggests that q is flown forwards by time t along the
integral curve of X.

Proof. See the exercises. Note that in a chart near p € M the equation becomes

o , . .

5@ eR)(tq) = X'(@! o p(t.g),... 2" 0 p(t g)) aop(0,9) =a'(q). (22)
We can interpret this as an ODE in ¢ which depends smoothly on a parameter
q. O

Note that integral curves emanating from different points of U cannot inter-
sect as this would contradict uniqueness. However, they might not be defined
for all times (take the vectorfield UQ% on R). (If they are, i.e. if all its integral
curves are defined on the entire real line, then the vectorfield is called complete.)
Note also that to define (maximal) integral curves globally on M one may need
to solve the ODE system in several patches and glue the solutions together.

Here is the promised interpretation of the commutator as a derivative, the
Lie derivative. Note that to differentiate we will need to compare vectors in
different tangent spaces. The idea is that the notion of pushforward provides a
way to achieve this along curves.
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Proposition 2.39. Let X,Y be vectorfields on M, p € M and @y be the local
flow of X near p. Then

[X, Y]p = (ﬁXY)p (23)

where )
(LxY)y = %g% n [deo—tYo, () — Yn) -

18 called the Lie-derivative of the vectorfield Y along X.

Proof. Both sides of (23) are vectors at p. We can therefore establish the identity
in any coordinate system.

Let us assume first that X # 0 at p. We can choose coordinates such
that X = % holds in a small neighbourhood around p (this is an exercise on
Example Sheet 1). Hence the flow of X only changes the z! coordinate of points
q near p:

' (ee(p) =2'(p)+t , a'(peulp) =2'(p) fori=2,3,...n.

Hence in these coordinates

(EXY);, = lim 1 [Yi (a:l(p) +t, ,x”(p)) —Yi(z'(p),... ,x”(p))]

t—0 t
oy
Ozt

= X,(Y) = X,(Y') = Y, (X)) = [X, Y], (24)

p

where the penultimate step follows because X¢ = §¢ is constant in our chosen
coordinate system.

Now if X = 0 at p and in a neighbourhood of p, then the formula trivially
holds. If X = 0 at p but there is a sequence (p;) with p; — p and X (p;) # 0,
then we can argue that the formula holds for each p; and that both sides depend
continuously on p. O

2.6 The connection

We now introduce an additional piece of structure on the manifold which will
allows us to differentiate vectorfields and, more generally, tensorfields. Note
that we already have one such derivative, the Lie-derivative. However, as we
have seen, (LxY'), depends on X in an entire neighbourhood of p. Another way
of saying this is that the Lie-derivative is not tensorial in X as LyxY # fLxY
for general functions f € C°°(M), cf. Exercise 2.15. The covariant derivative
that we will define next, has this property.

Note also that the connection is a priori entirely independent of having a
metric (Riemannian or Lorentzian) on the manifold. Later we will see that a
natural compatibility condition singles out a unique connection, the Levi-Civita
connection, which is compatible with the metric.
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Definition 2.40. A linear connection V on M is a map
X(M)x X(M)>(X,)Y)— VxY e X(M)
such that for f € C®(M) and X,Y,Z € X(M) we have
o VxyiyZ=VxZ+ fVyZ  (C®(M)-linear in the first argument)
o Vx(aY +bZ) =aVxY +bVxZ R-linear in the second argument
o Vx(fY)=fVxY +X(f)Y (Leibniz rule)

The vectorfield V xY is called the co-variant derivative of Y with respect to X.
The (1,1)-tensor field VY is called the covariant derivative of Y.

Note that VY is indeed a (1,1)-tensor field by Exercise 2.15 and the C*°-
linearity in the first argument. We can write in local coordinates

0 0
iz — da* —. TH
(vax”) (dx ’896@) dat (Vo 0,) = TH,, (25)

which are called the Christoffel symbols of the connection. From the defining
properties we compute

VxY = Vg, (Y9,) = X'Vs, (Y7,) = (X'8,Y")D, + X*Y'T* 0, (26)
SO

(VxY)® = X1, Y + T, X" Y. (27)

For the components of the tensor VY =V ,Y"dz" ® 0, (the notation is unfor-
tunately slightly ambiguous but standard) we hence obtain

V.Y =9,Y 4T V.

The linear connection gives rise to a notion of parallel transport defined as
follows

Definition 2.41. We say that a vectorfield Y is parallely transported along X
if VxY =0.

To understand that definition we consider as an example the flat R2. The
vectorfield 9, and J, form a basis and if we interpret “parallel transport” in
the usual way, namely that a vector doesn’t change its length or direction when
being parallely transported, we have

V.00 = Vo,0y = Vo,00 = V.0, = 0 (28)
hence I'*,, = 0 for all indices. Indeed, this means (VxY)’ = X79;Y", consis-

tent with this being zero if the components of Y do not change along X. Now
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consider R? equipped with polar coordinates and consider the unit vectorfields
ér=0,, g = %89. Then one computes (or sees)

1 1
Ve er =Ve, g =0 but Vgé, = —;ég , Ve,€9 = —;ér (29)

hence I‘ew = % and I'"y, = —%. We see immediately that the Christoffel
symbols I' are NOT tensors.

Exercise 2.42. Compute the transformation law of the Christoffel symbols un-
der a change of basis in the tangent space.

Exercise 2.43. Show that the difference of two linear connections is a tensor.
(Hint: Observe that D(X,Y) = VxY — VxY is C°(M)-linear in Y!)

We can extend the definition of the connection to act on arbitrary tensorfields
(to produce another such tensorfield) by requiring the Leibniz rule and that it
commutes with all contractions (which makes the extension unique).? More
precisely, we impose that

Vxf=X(f) for feC™(M), (30)

Vx(a®p)=(Vxa)®B+a® (VxpB) fora, B arbitrary tensor fields (31)
and
V x commutes with all contractions: rVxa = Vx(tra). (32)
For instance, if « is a 1-form, we compute

(Vxa)Y =tr(Vxa®Y)=tr (Vx(a®Y) —a® VxY)
=X(aY)) — a(VxY) (33)

In components, we compute
(Vxa) Y = X0 (V) — ap (X0, Y + T, XY )
= (X*Ohaq — T, X) Y, (34)

hence
(Vya)e = Opag — I 00 -

Exercise 2.44. Derive the component formula for the covariant derivative of
an arbitrary T®D -tensor field:

aj...ak _ ay...ap aq das...ap ag ai...ap_1d
e by = OaT by T g T by T FTGT by...by
d ai...ap d ay...ap
—F Cb]T dbs...b; e _F CblT bibs...bj_1d"

2The same strategy can be followed for the Lie derivative. See Exercise Sheet 2.
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2.7 Parallel Transport and Geodesics

One can consider the parallel transport of a vector Y given at p along a curve
7 through p. Let X = X, ;) denote the tangent vector along 7. Recall that
d

in components X°(t) = & (% o (t)) are the components of X along v in the

chart ¢ with coordinates x. Therefore, parallel transport along X becomes
d (& (& a
Y (@on(t) +T%,(z 0(t)) X (xo V()Y (o (t) = 0. (35)

Note that the first term is indeed X?9,Y?. This is a first order linear ODE
along v, hence solutions exist along the entire curve.
A vectorfield that is parallely transported along itself is called geodesic:

Definition 2.45. Let X be a vectorfield such that Vx X = 0. Then the integral
curves of X are called geodesics.

Remark 2.46. Note this makes sense in flat R™ where geodesics are straight
lines. The tangent vector of a straight line is parallely transported along itself.

Theorem 2.47. There is precisely one geodesic through each point p whose
tangent at p is X,.

Proof. Note that the equation VxX = 0 when expressed in a local chart ¢
(with coordinates z) near p becomes a system of second order non-linear ODEs
for the components of v in the chart:

49 (0 05(1) 4 T, 0 1(1)) (2 0 (1)) (0 04(1) =0 (36)

that is typically written shorthand as
i+, (2(t)i% =0. (37)

Standard ODE theory gives existence of a unique local solution x : (—4,0) — R™
with data

x(0) = coordinates of p in the chart ¢, (38)
#(0) = components of X, in the coordinate chart ¢. (39)
O

We will talk more about the local and global properties of (timelike/ space-
like/ null) geodesics and their physical interpretation soon. Suffice it to say here
that timelike geodesics (of a particular connection to be defined below) will cor-
respond to freely falling (i.e. moving without any external force) particles in
spacetime. In a non-flat geometry these will, in general, not be straight lines.

We note however already the following global uniqueness statement (which
can in turn be used to define the notion of a mazimal (or geodesically inex-
tendible) geodesic):

Lemma 2.48. Let v1,7v2 : I — M be geodesics. If there is a number T € I such
that 11(T) = 2(T) and 7} (T) = 74(T), then 11 = 7s.

Proof. Exercise. U
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2.8 Torsion tensor

Definition 2.49. The torsion tensor is a (1,2)-tensorfield T defined by
T(X,Y)=VxY —-VyX — [X,Y]
Exercise 2.50. Check that this is indeed a tensorfield!

In the following, we will consider connections with vanishing torsion
T = 0 only. These are also called symmetric since in a coordinate basis 0; the
vanishing torsion implies I'#__ =T'*__, i.e. the Christoffel symbols are symmet-
ric. Note that the geodesic equation (37) only involves the symmetric part of
the connection so the torsion does not influence the geodesics.

Example 2.51. Consider R® with the connection V,0; = 22:1 €0 for
i,7 € {1,2,3}. What are the geodesics? Geometric interpretation?

2.9 Riemann curvature tensor

The Riemann curvature tensor is a (1, 3) tensorfield R defined by
R(X,Y)Z =VxVyZ —NyVxZ -V xy1Z
Exercise 2.52. Check that this is indeed a tensorfield!

Exercise 2.53. Define the components of the Riemann tensor in a coordinate
chart by R(0c,0q)0y = R%,.40q. Obtain the following expression for the compo-
nents in a coordinate basis:

a — a a a € a e
R%eca = T%ac = Thea+ Tl %a — Tl e -
a p— a
where I'",, ;= 04, etc.

Note that the Riemann tensor measures the failure of second covariant
derivatives to commute. More interpretations of the Riemann curvature ten-
sor will be discussed in the exercises.

2.10 The Levi-Civita connection

We now come to the miracle of Riemannian (Lorentzian) geometry, namely
that there is a unique connection which is compatible with the structure of a
Riemannian (Lorentzian) metric in a suitable sense:

Proposition 2.54. A Lorentzian (or more generally Riemannian or pseudo-
Riemannian) manifold has a unique symmetric (=torsion free) connection which
is compatible with the metric in that Vg = 0. It is called the Levi-Civita
connection. In a coordinate induced basis, the connection coefficients are given

by

1
r*, = 59("1 (Gbd,c + Yde,b — Goe,d) - (40)
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Proof. See the exercise class. Idea of proof is the following. Such a connection
needs to satisfy

XY, 2)) =9(VxY,Z)+g(Y,VxZ), (41)
Y(9(Z,X))=9(VyZ,X)+g9(Z,VyX), (42)
Z(g(X,Y)) =g(VzX,Y)+g(X,VzY). (43)

Consider now X (¢(Y, 2))+Y (9(Z, X ))—Z(g(X,Y)) and solve this for 2¢g(VxY, Z)
using the vanishing torsion condition. O

Proposition 2.55. Parallel transport with respect to the Levi-Civita connection
s a linear isometry.

Proof. If Ppy(7y) : T,M — T,M denotes the parallel transport from p to ¢ along
a curve 7 (an integral curve of a vectorfield Z, say), then it is easy to see that
Ppy(7) is linear and injective (why? — recall the linear ODE governing parallel
transport!) and since the tangent spaces have the same dimension, a linear
isomorphism of the tangent spaces. Finally, if X,Y are vectorfields which are
parallely transported from p to ¢ along an integral curve -y, then VzX = 0 and
VzY =0 hence Vz(g(X,Y)) = 0 by the Leibniz rule and metric compatibility.
Hence ¢4(Ppq(7)Xp: Ppg(7)Yyp) = gp(Xp,Y,), which shows that it is a linear
isometry. O

Note however, that parallel transport will depend on the curve from p to q.
In fact, the curvature tensor measures precisely this dependence (see Sheet 2).

Observe as an easy corollary of the above that geodesics preserve the causal
nature of their tangent vectors, i.e. geodesics are necessarily either timelike,
spacelike or null. (Of course this can also be seen directly from the formula
V49(¥,7) = 0 along a geodesic, which implies that if the tangent vector is time-
like/ spacelike/ null at one point, then it will be so along the entire geodesic.)

2.11 Symmetries of the Riemann-tensor

Theorem 2.56. The Riemann tensor of the Levi-Civita connection has the
following symmetries:

Raped = —Rapde (44)

Raped = —Rpacd (45)

Raped = Redab (46)

Raped + Racap + Ragve =0 (first Bianchi identity) (47)
VeRabed + VeRabde + VaRapee =0 (second Bianchi identity) (48)

Proof. Exercise. You might want to wait with the proof of these tensor equations
until we have introduced normal coordinates. O
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2.12 The Ricci tensor

Definition 2.57. The Ricci curvature tensor is the (0,2)-tensor field obtained
by contracting the Riemann tensor in such a way that the components of the
Ricci tensor relative to a coordinate system are

Rij = Z Rmimj : (49)

The Ricci scalar is obtained as the trace of the Ricci-curvature tensor: R =
9" Rij.

Recall that the operation of contraction does not depend on the coordinate
system that is being used, so the Ricci tensor this defined is indeed a (0, 2) tensor.
Also, in view of the symmetries of the Riemann tensor any contraction of its
indices will produce either zero or £R;;. The remaining part of the curvature
tensor is the Weyl tensor (see Sheet 3).

2.13 The Einstein equations

We can finally understand the (vacuum) Einstein equation, which states that a
spacetime (M, g) should satisfy

1
Rij — §Rgij = 0, (50)
which is equivalent to (why?)
Ri; =0. (51)

You might recall from (1) that the full Einstein equations read R;; — 3 Rg;; =
8mT;;, where Tj; is the energy momentum tensor of the matter present in space-
time. Einstein called the left hand side of this equation the “marble” (note
that to define the vacuum equations we did not need any assumptions or ap-
proximations coming from physics!) and the right hand side the “wood”. The
right hand side typically involves models for the matter that can be derived
from physics. As mentioned earlier, the vacuum equations do have a very rich
structure already, so we will start by focussing on these. Natural questions are

e Are there any non-trivial examples of explicit solutions to (50)?

e Can we construct large classes of solutions to (50)?7 What are their geo-
metric properties?

e Why does (50), or more generally (1), describe gravity? How to we derive,
say, the planetary orbits (and in what limit can we see the Newtonian
description?).

Before we turn to the first point and discuss the geometry of the Schwarzschild
black hole, we need one more notion, that of symmetries of the metric, which
plays a fundamental role.
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2.14 Isometries

In mathematics it is quite typical that one studies a set with a certain structure
(and maps between such sets) and defines an appropriate notion of equivalence
between these sets, i.e. a notion of when two objects should be considered “the
same”. A topologist studies topological spaces and the natural equivalence is
that of homeomorphism. A differential topologist studies smooth manifolds
and the natural equivalence is that of diffeomorphism. For a Lorentzian (Rie-
mannian) geometer, who studies Lorentzian manifolds (M, g), the appropriate
notion of equivalence is that of isometry:

Definition 2.58. A diffeomorphism ¢ : (M, g) — (M,§) is called an isometry
if

P*g=y,
i.e. for all p € M we have g,(v,w) = Gy(p) (dopv, dppw) for all v,w € T,M.

(de)p(v)
¥ (d)p(w)

(M, g)

Remark 2.59. For spacetimes, we may want the isometries to preserve also the
time orientation, i.e. impose that (9T = [T] holds (in other words the future
cone at p gets mapped to the future cone at ¢p(p) for allp € M ).

We will be particularly interested in the set of isometries from (M, g) to
itself. To define the relevant notions, we first relate one-parameter groups of
diffeomorphisms to their infinitesimal generators (vectorfields). Logically, this
discussion should have been taken place after Section 2.5.

Definition 2.60. A one-parameter group of diffeomorphisms on M is a smooth
map

F:RxM-—>M
(t,z) — Fi(x)

such that
1. Vt € R the map F; : M — M is a diffeomorphism
2. Fy =idy

3 FsoF,=Fgyy Vs,teR  (group action)
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Example 2.61. Consider the sphere with standard 0,¢ coordinates. Define
F, : S — $? to be a rotation by A¢ =t (north pole and south pole are fived
points). For fized (0,¢) the map t — Fy(0,¢) = (0,¢ +t) defines a curve with
tangent F{ (6, ¢) = 0.

Given a one parameter group of diffeomorphisms we obtain smooth curves
~(t) = Fy(p) for each p € M. We define a smooth vectorfield

where the right hand side is a short hand notation capturing that the com-
ponents of V in a chart with coordinates z are obtained from (V) = 4 (z o

dt
Fy(p))t| . The vectorfield V is called the infinitesimal generator of F because
t=0
t — Fi(p) are integral curves of V. This follows from the computation

a
dt

d d

t:tOFt(P) =% t:tOFt—to(Fto (p)

= SZOFs(Fto(p)) =V, () -

In other words, there is a one-to-one correspondence in that we can associate
one-parameter groups of diffeomorphisms with smooth vectorfields whose inte-
gral curves are complete and conversely, given a complete vectorfield V- € X (M),
we can associate with it a one-parameter group of diffeomorphisms. (The latter
claim is an exercise. Use that the integral curves exist for all times by assump-
tion and that integral curves cannot intersect.)

We can now return to the discussion of isometries. Given a one-parameter
group of isometries, i.e. Fy : M — M is an isometry for each ¢t € R, we let V' be
its infinitesimal generator. Then, using a result from Sheet 2 we have

=2 =0 (52)

Definition 2.62. A wvectorfield on M satisfying Lyg = 0 is called a Killing
vectorfield.

Note that if V' is Killing, then in a chart where V' = 0,, (the adapted
coordinates of Sheet 2) the Killing condition becomes 0,,¢,,, = 0 so the metric
components do not depend on the z° variable in these coordinates. Conversely,
if 0yg,, = 0 holds in some coordinate chart, then the vectorfield ¥ defined by
0y in these coordinates satisfies Ly g = 0. Revisit Example 2.61 and note that
0y is indeed a Killing vectorfield.

The following proposition collects fundamental properties of Killing vector-
fields, some of which you will proof on Example Sheet 3.

Proposition 2.63. Let (M, g) be a Lorenizian (Riemannian) manifold equipped
with the Levi-Civita connection.

1. The Killing vectorfields form a Lie algebra.
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2. V is a Killing field if and only if V,V, + V)V, = 0.
3. If V is a Killing vectorfield, then V,VyV, = —RaapeV?.

4. If V is a Killing vectorfield and v : I — M a geodesic (V47 = 0). Then
g(V,4) is constant along .

Proof. The first item is proven on Sheet 3. The second item is a computa-
tion. Starting from the Leibniz rule and using the fact that the connection is
symmetric and metric (Vg = 0) we obtain

Lvg(0u,0y) = V(guv) — 9([V, 0], 00) — 9(0p, [V 0u])
= (va)uu + g(vvaua dv) + g(@u, Vvo,)
—9(Vvdu, —Vo,V,0,) — 9(8,, Vv, — Vs, V)
=9(Va,V,0,) +9(0u,Va,V)
=V.V, +V,V,. (53)

We combine the formula from Sheet 2,
VaViVe = VVaVe = ReaatVE = —RaeasV?, (54)
with the first Bianchi identity Rgcap + Rdabe + Rabea = 0 as follows:
0= (VaVuVe = ViV Vo) + (Vi VeV = VeV V) + (VeVaVy = Vo VeVs)
= 2V VoV 4 Vi VoV, — VoV, Vi)
=2(VaVyVe — RaapcV?) . (55)

For the final item we compute
”'y(g(V, 7)) = ,-'),Mv#(gaﬁva;yﬁ) = ;}/H;Yﬂgaﬁvuva = ;)/H;)’Bvuvﬁ =0 (56)

where we have used that v is a geodesic and that the connection is metric. The
last identity follows since V,Vj is antisymmetric in 8 and u by item 2.

Example 2.64. Consider R1*™ equipped with canonical coordinates (z°, 2%, ..., x

and metric
g=—di’ @dz’ +det @ det + ...+ dz" @ da™ .
Check that the following are Killing vectorfields:
® 00, Op1,...,0,n (translations)
o 2'0,; —270,, fori,j € {1,2,...,n} (spatial rotations)
o 200, + 20, fori € {1,2,...,n} (Lorentz boosts)

We will interpret them below and on Example Sheet 8 you will be showing this
s the mazimal number of linearly independent Killing vectorfields a manifold
can hold in general.
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2.15 The exponential map and normal neighbourhoods

We collect all geodesics emanating from a point p € M into a single map, the
exponential map.® For p € M we let

D, := {v € T,M | the geodesic 7, is defined at least on [0, 1]},

where 1, is the unique geodesic starting from p with velocity v. Note that D), is
non-empty by Theorem 2.47 (and the scaling properties of the time of existence
with the scaling of v).

Definition 2.65. The exponential map at p is the function
exp, : Dp = M defined by  exp,(v) = 7,(1) (57)

Note that M is complete iff D, = T,,M for every p € M.

Now fix v € T, M and t € R. The gedoesic s > 7,(ts) has %*y(s =0)=tv
hence i (s) = v, (ts) (for all s, such that this is defined). We conclude that
for v € D, we have exp,(tv) = v, (1) = 7, (t). Therefore, the exponential map
maps lines through the origin of T, M to geodesics through p in M.

Proposition 2.66. For each point p € M there exists a neighbourhood U of 0
in Ty M on which the exponential map exp,, is a diffeomorphism onto a neigh-
bourhood U of p in M.

Proof. We have exp,, : T,M D D,M — M hence (dexp,)o : To(T,M) — T, M.
For v € T,M arbitrary, p(t) = tv is a curve in T,M through the origin with
tangent vector v. We compute (recall Proposition 2.9)

d d
(dexpp)ov == expp(tv)|t:O = a%(t) o= V.
It follows that (dexp,)o is the identity and the claim of the proposition follows
directly from the implicit function theorem. O

A neighbourhood U of p in M for which exp,, is a diffeomorphism is called
a normal neighbourhood. We will actually follow the convention of [O’Neill]
and demand in addition that any normal neighbourhood U is the image under
the exponential map of a union of radial line segments through the origin in
T,M. (Clearly any normal neighbourhood without that additional stipulation
can be shrunk to satisfy it.) With this definition it is not hard to show (cf. page
72 (Proposition 31) of O’Neill’s book) that given any g € U there is a unique
(radial) geodesic from p to ¢ which remains in U.

Remark 2.67. Proposition 2.66 ensures the existence of normal neighbourhoods
around each point p € M. One can refine the analysis to prove the existence of
a convex normal neighbourhood U of p. This is a neighbourhood U of p that is
normal for each of its points. In particular, any two points of a convex normal
neighbourhood can be connected by a geodesic and the geodesic remains entirely
inside that neighbourhood.

3Recall that the notion of geodesic is defined as soon as we have a connection, a metric is
not required.
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2.16 Normal coordinates

To define normal coordinates on a Lorentzian manifold?, we consider a normal
neighbourhood U C M with diffeomorphism exp,, : T,M D U — U. We choose

an orthonormal basis eg,e1,...,e, of T,M, ie. g(e;,e;) = n;;. This choice
determines a normal coordinate system on U as follows. We associate with
q € U the vector coordinates relative to eg,e1,...,e, of the point exp,(q) €
U C T,M. In other words, z*(q) is defined by

n

exp, ' (q) = Y ' (q)ei -

i=0

Note that if w®, w!,...,w" is the dual basis to eg, e1,. .., e, then
zto exp, = w' onU (58)

as is easily verified by contracting with e;.

n

Proposition 2.68. Let (M, g) be a Lorentzian manifold. If 2°,x,... 2™ is a
normal coordinate system at p € M, then for all i,j,k € {0,1,...,n} we have

gij(p) = Mij and Fkij (p)=0. (59)

Proof. Given v € U C T,M, write v = 3 a'e;, where the e; are the ONB
determining the normal coordinate system. Since exp,(tv) = 7,(t) we have
(using (58)) ' , . .
z'(7(t)) = 2" oexp,(tv) = tw'(v) = ta".

It follows that v = aiai‘p because the coordinates of the vectorfield v in the
coordinate basis 9;|, induced by z* are given by Lz (v,(t))| 1o (recall the con-
siderations preceding Remark 2.8 if that is not clear). Hence e; = 9;|, and it
follows that indeed g;;(p) = g(0ilp, 0jlp) = g(ei, ;) = mi; as claimed. For the
second identity note that the geodesic equation reduces in the coordinates x* to

I* (w(t))a'a’ =0 for all k. (60)
In particular, we have that

k i
['%;;(p)a’a’ =0 for all k (61)
holds for all directions (a°, al,...,a™) € R"T1.5 For fixed k (61) states that a
certain quadratic form is identically zero. By polarisation the associated bi-

linear form is identically zero and that proves the second claim. O

Remark 2.69. Normal coordinates are extremely useful when establishing ten-
sor identities. As these can be established in any coordinate system choosing
normal coordinates often simplifies the algebra considerably.

4The procedure we are about to present works for any pseudo-Riemannian manifold. In
particular, for a Riemannian manifold, replace n;; by J;; everywhere.

5Note that at some q # p on 7, (t), the identity (60) only holds for a specific a, namely the
tangent vector to the geodesic at that point (preventing the conclusion Fki]. (¢) = 0, which
indeed does not hold in general). On the other hand, at p, (60) holds for any direction a.
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2.17 Local Lorentz geometry

We now establish that the local causal structure of a Lorentzian spacetime is
similar to that of Minkowski space. As we shall see soon, globally the causality
can be very different and the curvature of the spacetime can have a strong
influence on the global causal structure.

We recall the notational convention that I (p) lives in M while I} lives in
T,M.

Proposition 2.70. Let (M,g) be a time-oriented Lorentzian manifold, p € M
and U, C M a normal neighbourhood such that exp,, : T,M DV, = U, C M s
a diffeomorphism. Then

I['}'p (p) = epr(I; NVy), (62)

where I[}"p (p) denotes the chronological future of p in the Lorentzian manifold

(Up,9). In particular, if ¢ € I[ij (p) then q can be connected with p through a
timelike geodesic.

Remark 2.71. Note that in general I;]'p (p) C I (p) NU,. One may refine the
neighbourhood further such that equality holds but we will prove (62)

Proof. One direction is simple: Clearly exp, (I N'V,) C I(J}p (p) as given Y €
I NV, we have exp,(Y) = 7y (1), where 7y is the timelike geodesic with
Yy (0) = p, 4y (0) = Y (recall that length is preserved along a geodesic so the
geodesic is indeed timelike).

Suppose now q € Ifjp (p) and we have a timelike curve a: [0,1] - U, C M
with «(0) = p, (1) = q. We will show that exp, ' () initially enters the interior
of the future null cone at p and that it then remain within that cone (note that
exp, '(q) ¢ L7 NV, is possible only if exp; ! (a) leaves the future null cone).

We choose normal coordinates at p. Define for ¢ € I(J]rp (p) the function

Wp(@) = —(2"(@)* + (@'(@)* + ... + (@"(@)* = nua(@z"(7) ,

which is the Lorentzian length of the position vector of exp,, 1(g) in T,M. Note
that we have W,(0) = 0. We want to show W,(¢) := Wy(a(t)) < 0for ¢t >0
which implies that exp, ' («(t)) stays in the future cone.

We compute

Wp(t) = 2mud* (H)2" (1), (63)
Wi(t) = 2, @" ()2 (t) + 28" (8)a" (1), (64)
where z#(t) := z*(a(t)) are the (normal) coordinates of the position vector

along the curve and hence z#(t) are the (normal) coordinates of the vector
tangent to «(t).

We have W,(0) = 0 and W,(0) = 2g(c(0),&(0)) < 0. Hence there exists
e > 0 such that W,,(t) < 0 for ¢t € (0,¢), so the curve exp, ' («(t)) in the tangent
space moves initially into the future cone.
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exp;, ' (a(t)) which lies in I} NV}, i.e. Wy(a(t)) < 0 (note we just established
the existence of such points). We claim that W,(f) < 0, which shows that
exp,, *(a(t)) remains in I} NV}, in a neighbourhood of ¢, which by continuity
means that exp, ' (a(t)) remains in I;f NV, for all t € [0,1] (and we are done).
To establish the claim W),(#) < 0 we recall that by the Gauss Lemma

Consider now an arbitrary point (2°,%',...,&") = exp,*(a(f)) on the curve
)

M (D" (8) = gy ((dexD;) o o (@(D): ex0; ™ (a(D))
= (i) (d({)v (d epr)expgl(a(g)) exp;l(a(f)))

= Ja(p (1), P(1)) (65)

where P(f) = (dexp,),v for v = exp;l(a(f)) equals 2 exp,, (t exp;l(a(f)))h:l
which is the tangent vector at the point a(f) to the radial geodesic v which
starts from p with (timelike) tangent vector exp,*(a(t)). Since the right hand
side of (65) is the product of two future directed timelike vectors it is negative
and W, (f) < 0 follows from (63). O

Corollary 2.72. We have I{}'p (p) = J (p).

p

Proof. Exercise. O

Corollary 2.73. Let S C M for (M,g) a spacetime. Then the sets I*(S) are
open.

Proof. 1t suffices to show I*(p) is open since I7(S) = Upes I7(p). Let g €
I™(p) and v a curve with v(0) = p, v(1) = ¢q. Pick a point r on ~ close to q
such that a normal neighbourhood U, of r contains the segment of the curve
from r to g. Applying exp,”! we can pass to T,.M and obtain a neighbourhood
V, of exp;1(q) lying in I;" C T,.M. By Proposition 2.70 we have that exp, (V;)
lies in I*(r) and hence in It (p). O

We close with a formal version of the twin paradox.

Proposition 2.74. Let U, be a normal neighbourhood of p in a spacetime
(M,g). If there exists a timelike curve v in U, from p to q, then the radial
geodesic segment o from p to q satisfies T(v) < 7(0) with equality iff v is a
reparametrisation of o.

Proof. Parametrise v as v : [0, 1] — Uy, v(t) = exp,(r(t)n(t)) for g(n(t),n(t)) =
—1 (hence g(n(t),n(t)) = 0) and r(¢) > 0 with v(0) = p and (1) = ¢.
compute

g

V(@) = (dexpy ) (F(H)n(t) + r)n(t)) =+ Xy + Y () (66)

where X, () denotes the tangent vector to the timelike geodesic 5(7) = exp, (7n(t))
(emanating from p with tangent vector n(t)) at 7 = r(t) and the vector Y (t) =
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(dexp,)r(tyn(e)(r(t)n(t)) is orthogonal to X, (hence spacelike) by the Gauss
Lemma (and the aforementioned g(n(t),n(t)) = 0). It follows that

1 1 L 1
) = [ VA= [ =Rt aes [ =) =)
where we have used 7 > 0 and r(1) = 7(0) following from ¢ = exp,(r(1)n(1)).
The “iff” follows since equality holds iff [Y(¢)] = 0 for all ¢ € [0,1] hence iff
Y (t) = 0 since Y (t) is spacelike. Now Y(t) = 0 iff n(t) = 0 hence iff n is
constant. But v(t) = exp,(r(t)n) is then indeed (a reparametrisation of) the
radial geodesic connecting p and gq. O

Exercise 2.75. Generalise Proposition 2.74 to include the case where ~y is
merely piecewise smooth (i.e. the tangent vector to v may be discontinuous at
finitely many points but the jump has to be within the same future lightcone).

3 Examples

We discuss the geometry of flat space and that of the simplest non-trivial solu-
tion of the vacuum Einstein equations, the Schwarzschild black hole.

3.1 Minkowski space

We consider R1™" equipped with canonical coordinates (z°, z!,...,2™) and met-

ric

g=—dz’ @da’ +de' @ de' + ...+ dz" @ dz"
The case of interest is of course n = 3. We note that geodesics are straight lines
in these coordinates since I, =0 for all indices.

3.1.1 Hypersurfaces

Note that for fixed 7 € R, the hypersurface {z° = 7} is an example of a spacelike
hypersurface. A more complicated example is the hyperboloid

—(29)2 + (V)2 .. (2™ = -2,

You can compute the induced metric and see that it is Riemannian or compute
the normal to the hypersurface as the vector n = 299, + 219,10 + ... + 2"0pn
which has norm —72 < 0 by the above and is hence timelike.

An example for a timelike hypersurface is {z! = 7}.

Concerning null hypersurfaces, we can define null hyperplanes by choosing
a null vector n, i.e. g(n,n) =0 and considering

N,={ve R'*™ | g(v,n) =0}.

that is the set of all vectors “normal” to n. Note that the normal n is also
tangent to the hypersurface! We will talk more about the geometry of general
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null hypersurfaces in a spacetime due course. Note as a second fundamental
example the future light cone emanating from the origin

—(@°)? + (2" + ... (@™)? =0 with {2°> 0}.

3.1.2 Causal structure

We recall the following (general) definitions for a spacetime: The set
Jt(p) = {p} U{q | there exists a future directed causal curve from p to ¢.}
is called the causal future of p € M. The set
I't(p) = {q | there exists a future directed timelike curve from p to ¢.}

is called the timelike (or chronological) future of p € M. In the above, we
will typically allow curves which are piecewise smooth (where at the breakpoints
the respective limits of the tangent vectors lie in the same lightcone). We will
make that more precise as we need it.

For now we note (draw a picture) that ™ (p) is open (why?) and that J*(p)
is closed and that the boundary of 87 (p) = J*(p) \ I (p) is the future null
cone at p. (While we will soon prove that IT(p) is open also in a general
spacetime (intuitively this is quite clear), J*(p) is not always closed as can be
seen by removing a point from Minkowski space.) Note that the null cone itself
is generated by null geodesics emanating from p. Finally, given ¢ € I (p) there
exists a (unique) timelike geodesic connecting p and ¢. This is also not true in
a general spacetime.®

Broadly speaking, we shall see soon that the curvature and the topology of
the manifold can drastically change the causal structure!

3.1.3 Some words about special relativity

We now briefly discuss the physical relevance of the Minkowski metric.”

Let us begin with the principle of covariance, a first formulation of which was
given by Galileo "1632 ( Galilean invariance): The physical laws should take the
same form in any (Galilean) inertial system of coordinates, i.e. in any system
attached to an observer who moves freely, i.e. not subject to any external forces.
Two Galilean inertial systems O and O’ of R* are related by the transformation

t'=at+b , ¥ =RE+Tt+C. (67)

6You might recall from the proof of the Hopf-Rinow theorem in Riemannian geometry that
for a geodesically complete Riemannian manifold, any two points can be connected by a length
minimsing geodesic. You will meet on Sheet 4 a Lorentzian manifold which is geodesically
complete but there are p,q € M with ¢ € IT(p) that cannot be connected by a timelike
geodesic. The condition of geodesic completeness in Riemannian geometry has to be replaced
by the condition of “global hyperbolicity” in Lorentzian geometry in order for the above to
hold. We will discuss this in more detail later.

"The geometric formulation of Einstein’s special relativity in terms of a Lorentzian metric
on R* is due to Hermann Minkowski, hence the name.
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Here R € SO(3) is a constant rotation matrix, #,¢ € R? and a,b € R. In other
words, an observer moving with constant velocity ¥ with respect to another
observer should come up with the same physical laws, no matter how she orients
her coordinate axes (the meaning of R) and not matter how she sets the units
of time and the origin of the coordinates.

Exercise 3.1. Recall that the two body problem in Newtonian mechanics is
given by the two coupled ODEs for point masses my, ms at the points &1 (t), T2(t)
respectively.

mimso (fl — .’fg) . mimeso (fl — fg)

mlfl =-G y ma _‘2 =G (68)

‘.Tl —.T2|3 |xl —$2|3
Check the above is indeed invariant (transforms covariantly) under Galilei trans-
formations.

The famous (and extremely successful) Maxwell’s equations describing elec-
tromagnetism are mot invariant under spacetime transformations of the form
(67), which constituted a mystery before special relativity was discovered in
(1905). Maxwell’s equations remain invariant under a different group of trans-
formations, an example of which is given by®

i+ 5o Tt

B b D ) g:y )
v2 v2
V& V &

where cis the speed of light.? Special relativity, in the formulation of Minkowski,
gives (among other things) a beautiful geometric explanation of this algebraic
fact.

To illustrate this, we recall that in relativity we have a new, more geometric
notion of inertial observer: Such observers move along timelike geodesics in the
spacetime, which in the Minkowski case are just lines inside the light cone. How
are two such inertial observers related?

Consider one such observer O moving along the curve a(t) = (¢,0,0,0). Note
this curve has |&| = 1 and is hence parametrised with respect to proper time
(length). Consider a second observer, moving in a different inertial system that
is moving at speed v with respect to O along the x-axis

t= i=z, (69)

a(t) = (t,vt,0,0) .

This curve is not parametrised with respect to proper time but an easy compu-
tation yields that

~ . 1
a(r) = (y1,yv7,0,0)  with v = ——.
m
8Such special Lorentz transformation were known to Lorentz before special relativity had

been formulated.
9Note that in the limit ¢ — oo (or better | 2] < 1, i.e. small velocities) the transformation

becomes the Galilean one t = t, & = x + vt.
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represents the same curve now parametrised with respect to proper time 7. Note
that v = cosh ¢ where ¢ is the hyperbolic angle between the two observers.

Now the fundamental point about special relativity is that there exists an
isometry, a Lorentz boost, that maps observer O into observer O'. It is given
by a map F, : RI*? — RI+7,

Fo(2°, a2t 2%, .. a™) = (y(2° +vat),y(a' +020),2%, ..., 2") (70)

which is of course nothing but (69)! Note that this is indeed a one-parameter
family (in v) of (linear) isometries with infinitesimal generator being the Killing
vectorfield 2'0,0 + 20,1 introduced in Example 2.64. It maps

Fy(O(N) = Fy(A,0,...,0) = (YA, 70\, 0, ...,0) = O'(\)

the position of the observer O after proper time A to the position of the observer
O’ after proper time A. The following picture is illuminating. The isometry
maps the inertial system (20, 2!,... 2™) of observer O to the inertial system
((z°), (z),..., (™)) of observer O’. Note that since it is an isometry, the
metric for O’ is still given by ¢’ = —(d(z°))? + (d(2')")? + ... + (d(z")")%

simultaneous with ¢ = ~

P t simultaneous with ¢t = 42

Through the picture we can illustrate several features and phenomena of special
relativity:

1. Because different observers are related by an isometry, all observers agree
on the spacetime difference —(x¢ — %¢)? + Zle(xi — 7;)? between two
points (Zo, %1, Z2,23) and (zg,x1, T2, 23). In particular, the light cone
(the set of vectors of “norm” 0) is invariant under the transformation: For
instance, the vector (1,1,0,0) gets mapped to (1 + v) (1,1,0,0). So all
observers actually agree on the path of light rays and light has the same
velocity (=1 in our normalisation) in all inertial systems.

2. While observers agree on the spacetime difference between two points,
the notion of “two events happening at the same time” has no invariant
meaning. Instead each observer has their own hypersurface of simultaneity
as indicated in the picture. (The invariance of the light cone ensures that
events that are causally (un)related remain so in any inertial system.)
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3. Let usillustrate the two phenomena of time dilation and length contraction
with a concrete computation. Consider the point P = (1,0,0,0)o (we use
the subscript O to denote the coordinate that O will give to the space
time point P). In the coordinate system O’, with orthonormal basis e, =
(7,7v,0,0), €1 = (70,7,0,0),, €5 = €2, €5 = e3, we compute P =
(7, =7v,0,0),,, which is how O" will refer to the point P. Note that the
two observers agree on the spacetime distance from 0 to P to be 1. We
can do the same computation for the point J which is defined as the
point which lies — for O’ — on the same surface of simultaneity as P. Here
one computes Q@ = (v,0,0,0)0r = (v2,7%v,0,0)0. We can explain the
phenomenon of time dilation as follows. In the clock carried by O, one unit
of t-time has passed when O reaches P. However, for O’ actually v units of
t’-time have passed (@ is simultaneous with P at ¢’ = «). In other words,
to O, the clock of O will appear to tick slower than it does for O. We can
use the same picture to explain the phenomenon of length contraction:
When observer O’ is at @, he will say that O is at distance yv. Observer
O will say that @ is distance v2v away on her surface of simultaneity. So
the distance seems smaller (length contracted) for the moving observer.
Finally, note that in the picture it seems that yv? is smaller than ~yv. This
is of course due to the underlying Lorentzian geometry: The Pythagorean
theorem holds in the form —(y2 — 1)% + (v%v)? = 2%

How could one have come up with the Lorentz transformations (other than
purely algebraically from Maxwell’s equations)? At the heart of the theory is
the postulate (that can be experimentally verified) that the speed of light is
measured to be the same in all inertial frames. This means that even if you are
moving with half the speed of light and a light ray overtakes you from behind,
you would still measure the speed of the light ray as ¢, not 5. Once you accept
this, you notice the following: If a flash of light emanates from a spacetime
point labeled (ta,Z4) with respect to the coordinates of an observer O, then
after a certain amount of time a point on the spherical wave front will be labelled
(tg,Z¥p). Another observer might label these same spacetime points as (f 4, 5,4)
and (g, z ). However, since the speed of light is the same for both observers
we must have

Pltg—tpl? — |84 — Fp> = 0= Alis — ip|? — |7y — Ty

From here it is not far to write down (linear) transformations of R* that keep
the null cones invariant. Of course it is still some way from writing down the
transformations (and connecting them to a new structure of space and time)
to the geometric formulation in terms of a Lorentzian metric. This was the
achievement of Hermann Minkowski.

Finally, the great success of special relativity also created a new fundamental
problem. The Newtonian equation are not invariant under the Lorentz trans-
formations. This was the beginning of Einstein’s struggle to formulate a theory
of gravity consistent with special relativity. Here an important conceptual step
was to generalise the principle of special covariance to the principle of general
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covariance: The physical laws should take the same form in any coordinate
system (not only inertial ones), in other words, the physical laws have to be
described by tensor equations.

3.1.4 The Penrose diagram of Minkowski space

Definition 3.2. Let (M,g) be a Lorentzian manifold. We say that another
metric § on M is conformal to g if g = Q2g for some smooth (positive) function
Qe C>®(M).

Note that if g is conformal to g, then (X, X) = Q2¢(X, X) so
X g-timelike/ null/ causal/ spacelike < X g-timelike/ null/ causal/ spacelike

hence J;(S) = JF(S) so the metrics have the same causal structure.

The main idea of Penrose diagrams is the following: We want to understand
the global structure of a spacetime (M, g). To achieve this, we do a coordinate
transformation that maps the spacetime to a bounded region (whose boundary
now corresponds to the asymptotic infinities of the spacetime). The components
of the metric in the new coordinates will blow up at the asymptotic boundaries
but we will multiply the metric with a conformal factor such that § = Q2%g
extends regularly to the boundary (or at least part of the boundary!). We can
then add the infinities as the boundary obtaining a conformal compactification
of the spacetime. The key is that in this process, because we have kept the
conformal class of the metric, we can read off the causal structure from the
bounded region equipped with the metric g, which is often easier. Let us see
some of the details.

Penrose diagram of 1+ 1 dimensional Minkowski space
Consider M = R'*! with metric g = —dt? + dx?. Define null coordinates
u=1t—x and v =t + x with coordinate range u,v € R. We obtain

1
g= —a(dv@)du—i—du@dv)

We now define @ = arctanu, ¢ = arctanv so @, € (=%, %). Note u = tana
and du = —4—=di and dv = —4=d. We obtain

cos2 4 cos2 ¥

1 1
= (do®du+du Q dv) .
g 2(:0521100526( @ di+ di ® di)

2 2

We now define 92 = cos? % - cos? ¥ and set § = 92g, hence

1
3J —i(df)@dﬂ—i—dﬂ@dﬁ)
and g is regular for 4,7 — 5. What have we done abstractly? We have defined
a diffeomorphism

o (RiE, g) — (M, )

, T
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where M = (=%, %)a x (=%, %)s. The diffeomorphism & satisfies
(@ )g=0"7%

i.e. ® is a conformal isometry. In summary, we have found a conformal isometry
from R'*! to a bounded subset of R'*! (equipped with the standard metric).
We can finally attach the boundary to M. Set { = (@+0) and & = (0 —a)
and
}

<t-z<

2o
NN
o N

Note that for p € M we have
JF () = I 25(p) = o1y, (P)
so we can read off the global causality of M from M, i.e. the Penrose diagram.
We have given names to the boundary components

e T.F/T;" called right/left future null infinity (This set corresponds to the
asymptotic endpoints of all future directed right /left going null geodesics.)

e 7. /I, called right/left past null infinity (This set corresponds to the
asymptotic endpoints of all past directed right/left going null geodesics.)

e T called future timelike infinity (This is the asymptotic endpoint of all
future directed timelike geodesics of (M, g).'?)

e i~ called past timelike infinity (This is the asymptotic endpoint of all past
directed timelike geodesics of (M, g).

e 0 /i? called right/ left spacelike infinity (This is the asymptotic endpoint
of all right/left going spacelike geodesics.

Note that there are of course future directed timelike curves in M going to
It /Il'|r but they are not timelike geodesics in M.

10Indeed, note that t+z — oo and t—z — oo holds along a future directed timelike geodesic
in M.
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Penrose diagram of 3 + 1 dimensional Minkowski space We now
consider M = R'*3 with metric g = —dt?> 4+ dr? + r?do? where do? = d6? +
sin? @d¢? is the round metric on the unit sphere. Note that this way of writing
the Minkowski metric corresponds to a choice of SO(3) action.

As before we introduce null coordinates u =t —r and v = ¢t + r. We note
r > 0 and r = 0 iff u = v. The coordinate range is —oco < u < v < 0o and the
metric reads

1 1
g = —§(dv ® du + du ® dv) + Z(’U —u)?do?.

Note that constant u hypersurfaces correspond to outgoing cones with vertex
on the axis 7 = 0 and constant v hypersurfaces to ingoing cones with vertex on
that axis. This is the simplest case of a double null foliation of spacetime (away
from the axis). We again set @ = arctanu and ¥ = arctanv to obtain

_ 1 | B
g_coszﬂc032{;( 2(d0®du+du®dv)+4sm (v u)dg)

with coordinate range —3 < 4 < v < 3. Here the form of the metric follows
sin(@—@) __ sin®cos@i—sindicos¥ _ n

from S — —SID 1 an? —tant = v — u.
COS U COS vV COSvCcosu

<
t
We choose 92 = 4cos?tcos? ¥ and t =9+ @ and & = — @ and set

§=0%g = —dt* + di?® + sin® #do?

where the coordinate range is now —3 < %(fqti) < g and 0 <& < . We recog-
nise § as the natural metric on (a subset of) R x S3, the Einstein static universe.

In more elaborate language, we have constructed a conformal isometry from
(R'*3,g) to a bounded subset M of the Einstein static universe. We can peel
off the region from the cylinder and draw the Penrose diagram in the plane.
Geometrically, we are considering the quotient with respect to SO(3).
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Every point in the picture corresponds to a 2-sphere except points on {r =
0}, and the points i+, i~ and %, which are points. The set i* is the future/
past endpoint of all future/past directed timelike geodesics. The set ZF is the
future/ past endpoint of all future/ past directed null geodesics and ¥ is the
endpoint of all spacelike geodesics.

Note the difference between radial null geodesics in M (which correspond to
lines at 45 degrees in the Penrose diagram) and non-radial null geodesics (which
will look like timelike curves in the Penrose diagram).

We can now start to see some of the usefulness of the Penrose diagram: (1)
It allows for a direct assessment of causal relations between points. (2) It allows
to make precise sense of the notion of “fields at infinity” by giving a precise
meaning to the asymptotic structure of spacetime. Of course these things can
only be appreciated in more complicated examples. One might already hope
that “asymptotically flat spacetimes” (we have to give meaning to this!) should
have a similar asymptotic structure at infinity.

3.2 The Schwarzschild geometry

We now turn to the most important example of this course which is the simplest
example of a black hole solution. While the most natural way to introduce the
Schwarzschild manifold is perhaps the one in Section 3.2.1 below, I will actually
start with the form of the metric as first discovered by Schwarzschild in 1916
as it is quite instructive to appreciate some of the struggles to understand the
spacetime geometry.

Let M > 0 and define the manifold M = (—o00,00);x (2M, 00),-xS? equipped
with the metric

-1
g=— (1 - 2M) dt* + (1 - 2M) dr® 4+ r?(d6? + sin® 0d¢?) . (71)
T T
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We note a few things directly:
e g satisfies Ric[g] = 0 (Exercise Sheet 4 or 5).

o T =0, is Killing, i.e. (£79)uy = 0¢gur = 0. (The metric is called station-
ary (in fact static).) Note that d; is timelike and has norm —(1 — 2,
We can time-orient (M, g) by declaring 9; to be future directed.

o g — —dt®> + dr? + r?(d6? + sin® 0d¢?) as r — oo. (The metric is called
asymptotically flat.)

e The group SO(3) acts by isometries (i.e. the metric is spherically sym-
metric). Another way of saying this is that the vectorfields

Ky =04 , Ky= —sin¢0y—cotbcospdys , K3 = cos@pdy— cotlsin@dy
are all Killing and generate the Lie algebra of SO(3).

The first big question we have to address is what happens at r = 2M. In
many papers until the 1950s, the set » = 2M is referred to as the Schwarzschild
singularity but if there is one thing you should take away from this course, then
that the metric is NOT singular at r = 2M!

Let us explain. First a cautionary (trivial) example that illustrates the issue
that finding a solution to Einstein’s equations does not only consist in writing
down a metric but also involves specifying the manifold and its differentiable
structure on which the metric is defined. The question what this manifold
should be will only be satisfactorily be answered once we discuss the initial
value problem!

Consider the metric g = —t2dt? + da® on M = (0,00); x (—00,00),. A
priori this metric looks singular at ¢ = 0. However consider the metric § =
—df? + dz? on R'! and consider the coordinate transformation ¢ = 1t? for
t > 0. In other words, (M, g) is isometric to the flat metric on the upper half
plane ¢ > 0. Nothing singular happens at ¢ = 0. In fact, we could extend the
metric past {t = 0} to the flat metric defined on all of R?. How would we notice
this (if the example wasn’t so trivial)? Well, we could compute timelike past
directed geodesics from ¢ = 1 and realise that they reach {¢t = 0} in finite affine
parameter time (exercise!). Hence (M, g) is geodesically incomplete but we can
isometrically embed it into a larger manifold which is geodesically complete.

For now we will take the tentative point of view that the manifold on which
to define the metric should be as large as possible in the sense that geodesics
should be either complete (i.e. defined on all of R) or run into a singularity.

Back to the Schwarzschild metric, let us send a future directed null geodesics
from some point (tg,ro > 2M, 0y, ¢po) inwards towards r = 2M .1 We recall from
Sheet 4 that the geodesics z#(7) can be obtained by varying the functional
(Lagrangian)

" dx” 2M . 2M . .
%d; = (1= ==) P+ (1 - =)+ (92 + sin® 9d¢2>

1 The same considerations could be done for timelike geodesics.

L= guu(x(T))
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Proposition 2.63 (or the Euler Lagrange equations directly) tell us that

, dz” 2M\ . dzx” L9

E = g (0) P (1 - r) t and L:=g,, ()" i 7 sin” 0¢p
are conserved. We may also deduce from the Euler Lagrange equation for 6
that we can set wlog 6 = 7 (Exercise. Hint: Derive the ODE for 6. Deduce

us s

that setting 0 = 5 and 6 =0 initially implies = 7 along the geodesic. Use
the spherical symmetry of the background to achieve the initial conditions.) All
this implies that a null geodesic in Schwarzschild satisfies

E2 7;2 L2
mr Ty T

T

=0.

Note that had we considered timelike geodesics the only difference would be the
right hand side being equal to —1. If we look at radially ingoing future directed
(i.e. £ > 0) null geodesics (L = 0, ¢ = 0) we see that

dr

dr
This shows that we can reach r = 2M from a point (tg, 79, o, ¢o) in M in finite
affine parameter time 7. On the other hand, we have that

dt i 1

dr ¢ 1-2M
T
so as r — 2M we have t — oo so t becomes infinite indicating that t is not a
good coordinate at r = 2M.
We now introduce a coordinate r* = r+2M log(r—2M) and define v = t+r*.
Then the v-coordinate is constant along the radially ingoing null geodesics since

v = i—l—% = 17%—!-17@ = 0. We compute dt = dv—dr* = dv— 1;‘;71%. The

™ T

metric in these coordinates (called ingoing Eddington-Finkelstein coordinates)
becomes

g=- <1 - 254”) dv® + 2dvdr + r? (d6® + sin® 0d¢?) . (72)
This metric is completely regular at » = 2M and we can consider it on the man-
ifold M = (—00,00), x (0,00), x S? with time orientation such that —Or|(0,0,0)
is future directed. Note that §(8,,d,) = 0 so the vectorfield 9|, g,4) is null.'?
The old (M, g) embeds isometrically (and time-orientation preserving) to the
new manifold (M, J). We also observe that r = 2M is in fact a null hypersurface

in (M, g).

Exercise 3.3. Check that hypersurfaces of constant r are spacelike for r < 2M
and timelike for r > 2M.

12Beware of the fundamental confusion of calculus that Orl(v,0,¢) 7# Orl(t,6,4), the latter
vectorfield being spacelike for » > 2M.
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It turns out that the new manifold is still geodesically incomplete! To see
this we again compute timelike geodesics. Imagine you are at a point for which
r < 2M. Suppose also you want to move towards the future, i.e. % > 0. Then
along any timelike causal curve z* = (v(7),r(7),0(7), ¢(7)) normalised with
proper time we have

oM . .
207 = —1 + (1 — =—)0? — r2(0? + sin? 0$?) < 0
T

We see that necessarily < 0 along the curve so such an observer necessarily

moves towards smaller r.

Exercise 3.4. Show that any future directed causal geodesic starting from a
point in r < 2M reaches v = 0 in finite affine parameter time.

What happens at r = 07 It turns out there is ferocious and genuine singu-
larity:

Lemma 3.5. The Kretschmann scalar satisfies Rapeq ROV = %

The proof of the Lemma is a (long) computation. The statement implies
that we cannot extend the metric passed r = 0 as a C? metric. It turns out that
actually one cannot extend even as a C° metric, this being a relatively recent
result (Sbierski, 2018).

3.2.1 The Kruskal manifold and the Penrose diagram

One could continue the above explorations of the geometry to find further an-
alytic extensions of the (M, g) by studying spacelike and past directed null
geodesics towards 2M. We cut the story short and present directly the maxi-
mally extended Schwarzschild spacetime. We define

MKruskal = (_OOvOO)U X (_Oovoo)v X ‘92 N {UV < 1} (73)
equipped with metric
gy = —4Q%.dUdV +r*(U,V)do?,

where

and r : (—o0,00)y X (—00,00)y N{UV < 1} = Rt is defined implicitly by the

relation ) UV
ru, v, _

We time orient the Lorentzian metric (M g ruskat, gar) by declaring 9y + 0y to
be future directed. We see that hypersurfaces of constant U and hypersurfaces
of constant V' are null hypersurfaces as the induced metric generates. We hence
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depict the UV coordinate system at 45 degrees to capture the causal geometry

of the spacetime:
w

r<2M

r>2M r>2M

r<2M

m

We can now appreciate the black hole aspect of this metric. Being in the region
{U > 0}n{r < 2M} we are causally disconnected from the region r > 2M as not
future directed causal curve can reach the region r > 2M. In other words, not
even light can escape the region r < 2M. The hypersurface {V > 0}N{r = 2M}
is called the future event horizon of the black hole. Note that it separates the
region of the manifold that can causally communicate with observers at large r
from those which cannot.

To relate (M krysal, gar) to the old Schwarzschild manifold (M, g) note that
for U < 0 and V > 0 we can define coordinates (¢, 7,6, ¢) by the relations

r r
— e UV = (1 2M)62M.
A straightforward computation shows that gas in (¢,7,6, ¢) coordinates takes
the form of the metric g, establishing that (M, g) embeds isometrically as the
region U < 0,V > 0 of the Kruskal manifold.
As for Minkowski, we can compactify the U and V' directions to obtain the
Penrose diagram of Schwarzschild. We set

o = arctanU , © =arctanV

and note that the range of the new coordinates is

(@9 e (-5, 2 x (-2, 2y [+l < 2}

The latter restriction follows from tan@-tanv < 1 which implies cos(@ + ) > 0,
hence |a+0| < §. You can write down the conformally rescaled metric g = D%gnr
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for Q2 = m to deduce the Penrose diagram:

One observes that § extends continuously to J*, J~ and iy but not to i* (why
not?). Timelike geodesics either asymptote to {r = 0} or to i*. Null geodesics
asymptote to {r = 0} or to JT, J~ or to i*. All of these claims will follow
easily once you have solved Sheet 5 and know how to compute geodesics on the
Schwarzschild manifold!

A famous example of null geodesics on the Schwarzschild manifold are the so-
called trapped geodesics: On Sheet 5 you will show that there are null geodesics
that remain tangent to the hypersurface r = 3M for all times. This is very
different from Minkowski space where all light rays disperse to infinity, i.e. leave
any bounded region!

While the above trapped null geodesics are unstable (i.e. if you slightly
perturb the initial conditions the geodesics either enter the black hole or disperse
to infinity), there are also trapped timelike geodesics and these are stable. In
fact, they describe the planetary orbits that we observe. The prediction of
the (exact correction to the) perihelion of Mercury was one of the great early
successes of Einstein’s theory.

Back to the black hole nature of the solution we could define the black hole
region more abstractly (not making reference to the Schwarzschild metric) as

MKruskal \ J- (j+) .

and the event horizon H* as the future boundary of that region. This definition
requires the notion of the asymptotic set J+ whose existence one may hope to
establish for any asymptotically flat spacetime (more on this later). It also
expresses the idea of the black hole region as the region of the manifold which
is not in the causal past of observers at infinity.

A final remark: There is a more complicated explicit black hole geometry,
the famous Kerr family of rotating black hole solutions. However, we
postpone discussing their geometry to a later point.

This concludes our discussion of the Schwarzschild geometry. As mentioned
it took (unfortunately) decades to reach the conclusion of this geometric pic-
ture. Important questions now arise: How physically realistic is the black hole
character of the solution? Are there other solutions of the Einstein vacuum
equations describing black holes? Will they have the same type of singularity
in the interior? How can we potentially find or construct these solution? The
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answer to these questions lies in the PDE nature of the Einstein equations to
which we now turn.

49



4 Geometric (non)linear wave equations and the
hyperbolic character of the Einstein equations

The goal of this section is to review some basic material on linear and non-linear
wave equations. Clearly, this cannot replace a proper course on this subject and
is merely to give you some intuition for the main ideas involved and a working
knowledge of the key existence and uniqueness theorems, which we then want
to apply to establish local existence for the Einstein vacuum equations.

We'll begin with a discussion of wave equations on R!*" (so you can forget
for the moment everything we did about geometry!) and then connect to the
Lorentzian geometric picture we established in previous chapters.

4.1 The wave equation on Minkowski space

Let us start with the most basic wave equation, the linear wave equation on
Minkowski space. We want to solve the Cauchy problem

O¢ = —8t2¢+3§1¢+...6§n¢20, ot =0,z) = f(x), Op(t =0,2) = g(x).
(74)

Here f,g € C*°(R™) for simplicity and we will be mostly interested in the case
n = 3. (Of course you can already note O¢ = #*¥0,,0,¢ = 0 for n being the
Minkowski metric connecting to our geometric picture.) We have

Theorem 4.1. There exists a unique smooth solution ¢ : R — R of the
problem (74).

Proof. For n = 3 a solution is given by the formula

P(t,xz) = # /|y—w|—t| <tg(y) + f(y) + ;(%if)(yi - wi)) dsy,  (75)

where dS, is the induced surface measure on the sphere |y — x| = ||, i.e. the
sphere with center x and radius |¢|. Similar explicit representation formulae
exist for all dimensions. The uniqueness will be established further below. [

While we will not derive the above solution formula you should check that it
indeeds solves (74) and understand the geometry of how the solution is obtained
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Bi(z)={yeR®: [y —z| <t}

We immediately see the domain of dependence property of the wave equation
and how the finite speed of propagation (light) is built into the theory!

4.2 The energy estimate

Let us assume that we have a classical C? solution of (74). Multiplying the
wave equation by —d;¢ yields (we denote by V. the spatial gradient)

1 .
0=-0¢- 0o =0, (8:0)° — divy (D1¢V ) + Vaudyd- Vg =0,  (76)
which can be rearranged to
1 .
0= 50: [(916)° + Va6l?] — div, (916V.) - (77)

If we integrate this over the spacetime slab [0, 7] x R™, then assuming that ¢ is
of compact spatial support for all times (we’ll justify this in a second) we would
obtain the energy conservation law

| aa[@or+9.0f| = [ aa (@0 419,07

t=T t=0

As this works for any 7 < T we obtain for all t € R
18:¢ (&, ) |72 + [l (¢, -) ||fq% = llgll7= + I1£1%: - (78)

There is in fact a much better way to formulate this conservation law if we
suitably localize the estimate.
Fix T > 0, R > 0 and consider a region

K= |J {r} x Brer—- (79)
T€[0,T]
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where Bryp_-, is the ball of radius R + T — 7 centred at the origin.

You may think of this region as a cut-off (at ¢t = 0 and ¢t = T) past light cone
with tip at (T+ R, 6) We will denote the boundary of Brir_, in R™ by

Sgi7r—- and the unit outward normal to this boundary by N.
Integrating (77) over the region K then yields'3

% /{ rren &2 [(910)* + 19.01?]

T 1 1
+/ dt/ |:2 (8t¢)2 + §‘Vz¢|2 - at¢ : N¢:| dJSR+T—7—
0 {T}xSr47—~

- ;/{t=0}><BR+T d' {(@@2 + |V"“’¢|2} ' (80)

It is not hard to see using Cauchy-Schwarz that the integrand in the second
line is non-negative. We can actually obtain something more quantitative. Let
us denote the induced gradient on the spheres Sgi7_, by ¥ (i.e. the derivatives
tangent to these n — 1 dimensional spheres; explicitly Y;¢ = ;¢ — Z0,¢). We
may decompose

8t = N + V7

where V is a derivative tangent to the wall of the cone'* Then, from the easily
verified identities

~0¢N$p = —(N¢)> —N¢ -V,

L0000 = 3 (NG + No- Vo + 5 (Vo)

1 o 1 9

1 2

13Parametrise the integration over K by fOT dt fOT+R7t drr? [go sin 0d0de.
14Tn polar coordinates 8; = 9, + (0¢ — Or) since the wall of the cone is given by zero set of

H(t,1,...,2n) =t+/2?+...22 —R—T =t—T+r — R, so that indeed (8; — 8,) H = 0.

92



we see that (80) becomes

;/{t_T}XBR d"x [(6t¢)2 + \V1¢|2}

r 1 1
s 5 V) 4 5IV6R | dosi
0 {T}XSRJrT,T

This identity is truly remarkable and illustrates the domain of dependence prop-
erty of the wave equation. Indeed, we certainly have

/{t_T}XBR d"z {(5%(;5)2 + |Vm¢\2} < /{t_O}XBMT ' [(5t¢)2 " \Vx¢|2} (82)

and hence

Corollary 4.2. Suppose ¢ = 0 = ;¢ in {t =0} X Brer. Then ¢ = 0 in
Ure[o,T] {r} x Brir—r.

Corollary 4.3. Two C? solutions ¢ and ¢ in K = Urepo,r {7} X Brir—7 that
satisfy ¢ = and Oyd = Otp on {t = 0} X Brir have to agree in all of K.

This in particular proves the uniqueness part of Theorem 4.1.

Exercise 4.4. Prove Corollary 4.3 for the more general linear wave equations
Oy + 0*0,0 + cp = 0 for " and ¢ smooth functions. HINT: Gronwall’s
inequality. What happens for semi-linear equations?

Let us understand a bit better the underlying geometry of this computation.
The expression (77) is apparently a boundary term and it will induce different
expressions dependent on the geometry of the boundary hypersurfaces. What
is useful in the estimates is if the expressions induced are non-negative, as it
was the case for the hypersurfaces of constant ¢ and the null hypersurfaces (the
wall of the truncated cone; see the remark below) discussed above. It turns
out that the expression obtained is always positive definite in dvy for a spacelike
hypersurface:

Exercise 4.5. Consider two smooth connected spacelike homologous hypersur-
faces X1, Xo in R enclosing a bounded spacetime region and such that Lo is
in the future of 31. Prove that [g |0¢]* < Cs, 5, [y, [00]>.

The exercise will be much easier after the next section!

4.3 A geometric framework

All of the above can be cast into the geometric framework we have been setting
up earlier. Indeed, we already observed that we can write the wave equation
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as n"0,0,¢ = 0. More generally, if (M, g) is a Lorentzian manifold, we can
consider the covariant wave equation

Ogv = ¢""'V, 0,0 =0 (83)

which for (M, g) the Minkowski spacetime reduces to the standard wave equa-
tion. Note the covariant wave equation does not make use of any coordinates
on the manifold, hence the name. We can define the energy momentum tensor
associated with 1,

1
Ty = 0,00t — = 9 g*PDath st .

2
Note that this is indeed a tensor! (If you don’t like indices, you will prefer to
write T = dy @ dip — %g’l (dy,dip) - g.) Check that if ¢ satisfies the wave
equation, then
VT, =0

so the energy momentum tensor is divergence free. Hence if X is a spacetime
vectorfield on (M, g) we have the identity

V(T XY) = T, X7 (84)

where )
X

( )ﬂ-;uj = 5 (["’Xg)y,l/
is the so-called deformation tensor of the vectorfield X. Note that the deforma-
tion tensor vanishes for X a Killing field.

We would like to integrate the identity (84) over a spacetime region. For this
we establish two ingredients. One is the divergence theorem in the Lorentzian
setting, the other is a positivity property of the energy momentum tensor.

Lemma 4.6. Let (M, g) be an (n+ 1)-dimensional spacetime and T defined as
above. For XY future directed causal vectors we have T(X,Y) > 0. For X,Y
future directed timelike (at p) we have

n+1

T(X,Y)>cY |0
=1

where the constant ¢ depends on X,Y and the choice of coordinates at p.

Proof. If X and Y are collinear, the proof is left as an exercise, so assume they
are not. Then X and Y span a timelike plane in the tangent space. We can
choose future directed null vectors L and L such that span{L, L} = span{X,Y}
and g(L, L) = —2 (how?). We have

X:a1L+a2L y Y:&1L+(~12L

with ay,as,a1,aq all strictly bigger than zero if X and Y are timelike (why?)
and non-negative if X or Y (or both) are causal. We now complement L and
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L to a null frame in T, M by picking an orthonormal basis e, ez, ...e,—_; in the
orthogonal complement to span{L, L}. In particular g(L,e1) =0, g(L,e;) = 0,
g(L,e;) =0fori=1,...,n—1. We compute now

T(L,L)=|Ly)* . T(LL)=I[Lyf* , T(L,L)=les(@)P +...+|en—1(v)*

where only the last identity requires some thought. The result now follows from
the tensorial nature of T'. O

4.3.1 The divergence identity in Lorentzian geometry
This Section follows Ringstroems book (p.98). First recall Stokes’ theorem:

Theorem 4.7. Let M be an oriented n-manifold with boundary OM. Let w be
a smooth (n — 1)-form on M having compact support. Then

/dw:/ w.
M oM

If (M, g) is an (n + 1)-dimensional Lorentzian manifold (with boundary) we
can define the volume form e by

e=+/—detgda® ANdx' A ... A da™,

where det g is the determinant of the matrix g,, = g(9,,0,). Note that this
definition is independent of the coordinates. Next, given a smooth k-form w
and a smooth vectorfield X we define

ixw(vi, ..., vp—1) = w(X,v1,...,v5-1) for vy, ...,vp—1 € T,M,
so ixw is a smooth (k — 1)-form. We next claim

Lemma 4.8. Let (M, g) be an (n+1)-dimensional oriented Lorentzian manifold
with volume form € as above. If X is a smooth vector field, then

d(ixe) = (divX)e
Proof. Compute for = 0,1,...,n and NO sum over p below:
ix €@, 0pr s On) = (X, 00, ., 0., 00)
= X" (8,80, -, 0., O)
= (—1)*X"e(do, 01, ...,0n)
= (—1)*XH"\/—detg. (85)

We conclude that

n

ixe= Y (~)FX"\/—detgda® A Adai AL A da"

pn=0

We can now take the differential of this expression and observe the identities
Ouv/—detg =1, /—detg as well as divX =V, X! = 9, X' +1T", X" to
complete the proof. O
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We finally want to apply Stokes’ theorem to the Lemma. Assume for simplic-
ity that (M, g) is an (n + 1)-dimensional manifold with boundary and that the
boundary OM is either spacelike or timelike (it is easy to generalise to several
boundary components with finitely many timelike and spacelike pieces). Then
the outward normal to OM is either timelike or spacelike. Then if eq, ..., e, is
an oriented orthonormal basis of T,,(0M). Then N, e, ..., e, is an orthonormal
basis of T, M and

, g(X,N) g(X,N)
e n ———¢(N,eq,...,e,) = —/—F=.
’LX€(€1, , € ) g(N N) ( €1 € ) g(N,N)
We conclude
ez SN
g(N,N)

and hence, applying Stokes’ theorem to the Lemma, the formula

) g(X,N)
dee:/ ———€oM -
/M oM g(N,N) M

4.4 A priori estimates for the covariant wave equation

We now return to the covariant wave equation (83). More generally, we will
consider the inhomogeneous equation

O =F (86)

on an (n + 1)-dimensional spacetime (M, g), with F' a smooth function on M.
We would like to prove estimates for ¢ in the following geometric setting.
Let us assume there exists a “time function” on M, i.e. a smooth function 7 :
M — R such that each Zt := T~1(t) is a spacelike hypersurface M = UteREt,
and the gradient V7T is past direct timelike everywhere.!'® In M we consider
the family of compact spacetime regions R(0,7) for 0 < 7 < 1, defined by
being bounded by ZO, Z and an additional spacelike hypersurface ¥, which
intersects Zo transversally and touches ¥, as shown in the picture belovv We

will set _
Y= UuJ (%) , ¥ =Yn{0<TEX)<1}

U YU,

tel0,7]

We will write R = R(0,1). Our goal is to estimate the solution ¢ of (86) on X}
from “data” on ¥y and we will achieve this by controlling the solution on all
.

so that we have

15The existence of such a time function follows for the class of globally hyperbolic spacetimes
to be considered below. See Theorem 4.17. For a small enough neighbourhood one can easily
show the existence of such a function using normal coordinates. See the exercise.
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picture needs to change

b}

< R >

Lo

Exercise 4.9. Realise the above geometric setting concretely for Minkowski
space (i.e. give examples of the relevant hypersurfaces and regions). Use the
exponential map and normal coordinates to construct the above geometric setting
in a neighbourhood of a point p € M for an arbitrary (M, g).

To obtain a priori estimates we assume that 1 is smooth and satisfies (86)
on (the interior of) (R,g). Let V be a timelike vectorfield (for instance, we
can choose the future directed unit normals to the hypersurfaces ., denoted
ny, = TVLZFTI; note there is both an upper and a lower bound on |VT]| in the

compact region R). Define

10 = [ Tuviins) ~ [ (@00,
Xt Tt q=0
Here A ~ B means that both A < C B and A > ¢B hold for constants C' and
¢ depending only on the background geometry, i.e. R,V, .6 Note that the
upper bound follows from the form of the energy momentum tensor while the
lower bound was shown in Lemma 4.6. Integrating the divergence identity over

the region R (note the minus signs from the timelike normal) yields for any
7 € [0,1] the identity!'”

o+

Note that V*T,,, = 0,4 - F holds for a solution to the inhomogeneous equation
(86) which account for the second term. We now use the (smooth) co-area
formula which states that

T V" (ns)” + /

F(Vip) + / T, = £(0). (87)
R(0,7)

R(0,7)

’
T

/ gIVT| = / dt/ g for g a smooth function on R,
R(0,7) 0 3¢

161f R does not lie in a single coordinate patch, one has to understand the last integrals
(and the coordinate derivatives appearing) by a partition of unity. Note that the closure of
Yt is compact.

170Observe that we are cheating here slightly as R is not a smooth manifold with boundary
but is only piecewise smooth. Generalising the identity to apply in the case with finitely many
“corners” is mostly technical. See for instance Ringstroems book, which deals carefully with
this issue.
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as well as the estimate

T, M7 < CY (Oath)?
to produce
T 9,1)? < CTd F20Td.
f<>+c/;;< B2 < F(0) + / t/zt " / . (83)

We would like to control also the L? norm (on ¥;) of 1 itself. For this we
integrate the easily verified identity

/ Val(6?V®) = / (26V () + *VVL) . (89)
R(0,7)

R(0,7)

Using the divergence theorem on the right and Cauchy-Schwarz and the co-area
formula on the right, we deduce

/ @+ #<c ¢2+c/ dt ¢2+c/ dQtfe).  (90)
5. = DN 0 bB 0
Combining (88) and (90) we obtain for any 7 € [0, 1]

wnipms0(||¢||%11@0>+||F|%2<R>+ / dtnwip@)). (1)

We can finally apply Gronwall’s inequality to the above to deduce for all 7 €
[0,1]

113 s,y < Ce (Il o) + IF 32y ) - (92)

Now, a posteriori, we can revisit (88) and (90) for 7 = 1 to also get the statement
(92) with X replacing ¥, on the left.

Exercise 4.10. Repeat this calculation assuming that V is Killing to deduce
the stronger estimate

T 2
t:}(l)p]\\wllfp(zt <Cr <||w|§{1(20)+ (/O ||FL2(zt)dt) > : (93)

HINTS: Estimate [; dt [y, |[FV| < [§dt|F|| L2 IV L2(n,) and the latter

by supsepo, VYl L2 (s, Jo dt|Fll2(s,)- Then apply Cauchy’s inequality with e.
Now revisit (89) and do a similar trick to improve (90).
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4.5 Global hyperbolicity

Our intention is to study the covariant wave equation (or more general non-
linear geometric equations) on “general” Lorentzian manifolds. However, gen-
eral Lorentzian manifold can exhibit many pathologies such as closed timelike
curves or punctures (“holes”) in the manifold. We will restrict to a class of
spacetimes, called globally hyperbolic, that excludes most of the worst of these a
priori. You should think of global hyperbolicity of (M, g) as the property that
allows to sensibly address the global initial value problem for wave equations
geometrically associated with (M, g) (i.e. the principal part of the wave operator
being given by ¢#0,,0,).

Remark 4.11. While restricting to globally hyperbolic spacetimes when study-
ing the Finstein equations themselves cannot be justified on a priori grounds,
there is an important conjecture in the field (Penrose’s strong cosmic censorship
conjecture) that, if true, would justify restricting to this class. This conjecture,
in turn, can be studied by restricting to this class!®

Let (M, g) be a spacetime. We recall

Definition 4.12. A smooth curve v : I — M (where I C R is a finite interval)
is a called inextendible if it is not a proper subset of another smooth curve,
i.e. for ally: 1 — M with I C I and 4|1 =y, we have I = 1.

Definition 4.13. A Cauchy hypersurface is a spacelike hypersurface such that
all inextendible causal curves v : I — M intersect 3 once and only once.

Definition 4.14. A spacetime (M, g) is said to be globally hyperbolic if it admits
a Cauchy hypersurface.

Here are some examples:

e In Minkowski space (R'*",7) the hypersurface {t = 0} is a Cauchy hy-
persurface. The hyperboloid —t2 + > | (z%)? = —1 is not.

e Thesubset U = int(J~(1,0,0,0)NJT(—1,0,0,0)) of 4-dimensional Minkowski
space R'*3 (equipped with the Minkowski metric) is globally hyperbolic,
a Cauchy hypersurface being {t =0} N .

e For the maximal analytic extension of the Schwarzschild spacetime

— the exterior region ({U < 0} N {V > 0}) is globally hyperbolic.
— the interior region ({U > 0} N {V > 0}) is globally hyperbolic.
— the region ({V > 0}) is globally hyperbolic.

18The conjecture states that the maximum globally hyperbolic development of compact or
asymptotically flat initial data is generically inextendible as a Lorentzian manifold. — In other
words, studying the maximum globally hyperbolic development of initial data should be the
largest set associated with data on which one can make sense of the Einstein equations.
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Note that a spacetime may not be globally hyperbolic but there will exist
subsets which are globally hyperbolic. For instance, if A is a spacelike acausal
(no points can be connected by a causal curve) hypersurface in (M, g), then the
domain of dependence (or Cauchy development) of A,

D(A) = {x € M | every inextendible causal curve through z intersects A},

is the biggest globally hyperbolic subset of M which admits A as a Cauchy hy-
persurface. We can distinguish the future/ past Cauchy development D*(A) =
J*(A) N D(A) and define the future/ past Cauchy horizon as the boundary of
D*(A) in M.

Note that global hyperbolicity excludes closed timelike (in fact closed causal)
curves: A closed timelike curve v would have to intersect the Cauchy hypersur-
face ¥ in a point p € ¥ by global hyperbolicity. But then we could run around
v infinitely many times to produce an inextendible causal curve that intersects
3 more than once.

Let us briefly describe (without proof) some implications of global hyper-
bolicity. If (M, g) is globally hyperbolic, then

(1) C(p,q), the space of continuous future directed causal curves from p to ¢ is
compact (in a natural topology).

(2) For any p,q € M the set J*(p) N J~(q) is compact (“spacetime has no
punctures”)

(3) Given p,q € M with p € I~ (q) there exists a timelike geodesic from p to ¢
that maximises the proper time.

In fact, Lerray (1952) originally defined global hyperbolicity by 1. (plus
a mild causality condition excluding closed timelike curves). Also 2. (again
plus a mild causality condition) is equivalent to our definition using a Cauchy
hypersurface. See Appendix B for more on global hyperbolicity and a detailed
outline of the proof of the statements (1)—(3) above.

Global hyperbolicity implies that the topology of the Cauchy hypersurface
is unique:

Proposition 4.15. If a globally hyperbolic spacetime (M, g) admits two Cauchy
hypersurfaces X1, %s, then 31 is homeomorphic to Y.

Proof. Since (M, g) is time-orientable, there exists a global timelike (hence non-
vanishing) vectorfield T. The integral curves of T are timelike and hence inter-
sect each of 3 and X5 exactly once. The map 7 : ¥ — ¥, that associates a
point on Y1 with the corresponding point of Y5 lying on the same integral curve
is continuous with continuous inverse. O

In turns out that the topology of the spacetime is determined by the Cauchy
hypersurface:
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Proposition 4.16. If ¥ is a Cauchy hypersurface for a globally hyperbolic space-
time (M, g), then M is homeomorphic to R x 3.

Proof. Step 1. Given a global timelike vectorfield T' we first choose a complete
Riemannian metric & on M and normalise T such that ||T'||;, = 1. This makes T'
a complete timelike vectorfield, i.e. all its integral curves are defined on (—o0, 00).
(Indeed, if the maximum time of existence for an integral curve « through p € M
was [0,%4) for some ¢ty < oo, then 7 : [0,t1) — M would remain in a compact
set of M since its h-length is bounded by ¢, (recall that the manifold topology
and the topology induced by a Riemannian metric agree). Hence there exists
a sequence (t, ), with ¢, — t4 and lim, o Y(t,) = ¢ € M. We can find an
open set U around ¢ such that the flow of T is defined on (—d,d) x U (i.e. at
every point p € U, the integral curves of T' through p are defined on (—4,9)),
see Theorem 2.37. We now pick N such that ty —ty < & and v(ty) lies in U.
Then the integral curve through (¢, — tx) will extend the old curve past ¢..
Step 2. One now considers the continuous map f : R x ¥ — M defined
by f(t,z) = ®(t,x) (flowing the point x € X by parameter time ¢ along the
integral curve of T'). This map is injective (as integral curves cannot intersect)
and surjective since through every point p € M we have an integral curve
of T (¥ is a Cauchy hypersurface). By the invariance of the domain f is a
homeomorphism.** U

We finally state without proof a theorem (quoted from Ringstroem’s book) in
the smooth setting that shows that the setting we studied earlier is appropriate
in globally hyperbolic spacetimes

Theorem 4.17. Let (M, g) be an oriented, time oriented, connected and glob-
ally hyperbolic Lorentzian manifold and let ¥ be a smooth Cauchy hypersurface.
Then there exists a smooth onto function 7 : M — R such that

e X =17710)

e 7 has past-directed timelike gradient

e cach 771(t) with t € R is a Cauchy hypersurface

e For every inextendible causal curve v : (t—_,ty) = M we have 7[y(t)] —

+oo ast — t4F.

4.6 Wellposedness for the covariant wave equation

Theorem 4.18. Let (M,g) be a smooth, oriented, time-oriented Lorentzian-
manifold. Assume that (M,g) is globally hyperbolic and that ¥ is a smooth

9The invariance of the domain is a deep theorem in topology (due to Brouwer) that states
that given an injective continuous map f from an open subset U of R™ we have that V = f(U)
is open in R™ and f : U — V is a homeomorphism. This generalises to the manifold setting.
In particular, if f : M — N is a continuous bijection, where M and N are manifolds of the
same dimension (without boundary) then M and N are homeomorphic.
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Cauchy hypersurface with future unit normal n. Let 1y and 11 be smooth func-
tions on % and F a smooth function on M. Then the Cauchy problem

Oy = F
Pls = o (94)
n()|s =

admits a unique smooth solution ¥ on M.

Remark 4.19. One can add first order and zeroth order terms on the left
without changing the statement of the theorem. More generally, one can consider
coupled systems of linear equations, e.g. Ugtp + X¢ = F1, Ugp + Y + ¢ = I
for (fixed) vectorfields X andY .

Remark 4.20. Theorem 4.18 is at the basis of what we will do in the next 4-5
weeks, namely studying the global behaviour in time of solutions to the covariant
wave equation on the Schwarzschild exterior.

There are two main ingredients in the proof of this theorem. The first is to
get existence and uniqueness in an appropriate coordinate patch (see for instance
my PDE notes on non-linear wave equation). The second is to “paste together”
the local solutions using the domain of dependence property and global hyper-
bolicity. We will not discuss any details here but I would like to sketch the main
idea for the PDE part.

The first step is to observe that it suffices to solve the problem to zero initial
data. Indeed, suppose we can solve the problem for zero data and we want
to solve the problem with non-trivial data. Pick a function 1[1 with the same
initial data as ¢ (but not necessarily satisfying the wave equation) and solve
the problem (¢ = F — ¢ with zero data. Then ¢ = v + ¢ has the correct
data and solves Uy = F.

For the second step, we consider again the region R = UTE[O,I] 3, and define
the space of test functions on R:

CO(R) = {¢ S COO(R) ) ¢|E1 = ¢|Zo =0 ) d¢|20 = d¢|21 = 0}7

that is smooth functions on R which vanish with their first derivatives at the
boundary. We define a weak solution of the Cauchy problem (with 19 = 1; = 0)
to be a 1 € L?(R) such that

/megqs:/RF-cb

holds for all ¢ € Cy(R). (Note that if 1) were a classical (C?) solution of the wave
equation, then we have 0 = [, (g¢ — F)¢ = [ ¥y — F¢ for all ¢ € Co(R)
so a classical solution is also a weak solution.)

The idea to find a weak solution is to define a functional v on the space

S:={0,0 | ¢ € Co(R)} C LA(R) by

%[04 ::/RF-¢.
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Note that by the energy estimate we have for the equation Oy¢ = Ug¢ with
zero data

sup [|9]l2(m,) < 10¢]22(w) (95)

tefo,1]

hence 1 is well-defined. The functional v is also bounded on S since

g¢ |< “ FQU (b2 <C\// FQ\// dt/zt @2 <CFT|||:|9¢HL2(R)

holds, where we have again used (95). By Hahn-Banach, the functional ¢ ex-
tends to a bounded linear functlonal on L?(R) which is in turn represented
(Riesz representation theorem) by a function in L?(R). The existence of a weak
solution then follows.

In a third step, one needs to improve the regularity of the solution to show
that we actually obtain a classical solution. (Actually one modifies the above
argument using Sobolev spaces H*. See the PDE lecture notes.)

4.7 Well-posedness for non-linear equations

When we consider non-linear wave equations we cannot expect a global solution
on all of M as solutions can blow up in finite time. (For instance, any non-trivial
solution arising from data of compact support of the equation 1) = (9y1))?
blows up in finite time!) We can however expect a local in time well posedness
result (and then ask about the largest domain on which the solution exists).

We first need to identify a suitable class of non-linear equation which we
want to consider. A suitable class of geometric quasi-linear equations is given
by equations of the form

Ogpy = N (2, 0) .

with appropriate assumptions on the non-linearity A and g(t), where again,
one could in addition consider vector-valued ¥ and add linear first order terms.

We will take a more pedestrian point of view, which you can view as work-
ing in a local coordinate chart (and as the “PDE part” to prove local well-
posedness.) We first consider the following model equation for ¢ : I x R" — R:

9o (G*P(9)Dp0) = F(9,09)
¢(0,2) = o(ﬂ?)
01$(0,2) = ¢1(x)

with smooth initial data ¢g, ¢, € C*(R"™). We require G = G#* and

(96)

1
DoIGT =y < 5L GO =0 F(0,0)=0
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and
GY¥:R—-R , F:RxR"™ R aresmooth functions of their arguments.

We could add first order terms to (96) and also allow vector valued ¢ and if
we do that the class (96) will be general enough to allow us to deduce local-
wellposedness for the vacuum Einstein equations.

We have the following theorem:

Theorem 4.21. Fiz g and F satisfying the assumptions above. There exists a
T > 0 (depending on sufficiently high Sobolev norms of ¢o and ¢1) such that
there exists a unique smooth solution of (96) on (=T, T) x R™.

Remark 4.22. The theorem is actually proven in Sobolev spaces using a Picard
iteration, energy estimates and Sobolev embedding (see the NLW notes). It also
includes a statement of continuous dependence on the data and hence the entire
statement of Hadamard well-posedness for (96).

Remark 4.23. One should think of the above as the analogue of the local ex-
istence and uniqueness part in the linear theorem (i.e. the part that one can
localise to a chart of the manifold). Note however that causality now depends
on the solution (the pde is quasilinear), so what is a spacelike hypersurface with
respect to G*? depends on ¢! Note also that one cannot expect global existence
in time as, for instance any solution of ) = (0p)? arising from data of
compact support blows up in finite time. See again the NLW notes for details.

4.8 Local existence for the Einstein equations

We recall the expression for the Riemann tensor in local coordinates:

RP — aﬂrﬂya _ ayrpua + FUUQFP,LLU _ FU#QFPUG

apy

Inserting the expression for the Christoffel symbols, we obtain for the Ricci-
tensor

(67 0,005 (97)

DN | =

Ric(g)uu = - (gil)aﬁ aaaﬁgm/ -

1

2
1 o 1
+ 5 (gil) ’ aaaugﬁﬂ t5

9 971)(15 8ﬁa,ugow + F,uz/ (g,ag) )

—~

where F,,(g,0g) is an expression involving only the metric and first derivatives
of the metric (with various contractions). The first term on the right hand side
looks good (like a wave equation) but the second to fourth term prevent us from
applying hyperbolic theory directly.

Remark 4.24. More specifically, if the second, third and fourth terms were
not present, then we could choose mormal coordinates at a point p such that
Juv = Nuw + My with Quu|p = N and we it would be sufficient to solve

1 o B
—5 (0™ 0adshy, + By (b, 0h) = 0,
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where F;w are fized smooth functions involving h and Oh and being at least
quadratic in derivatives of h (why?). Now the components of the inverse of
n+h can be written as a given function of the components hy,, (using cofactors)
and we could indeed apply Theorem 4.21 after specifying suitable initial data.

For a specific choice of coordinates, however, it turns out that we can make
the hyperbolicity of the Einstein equations manifest by showing that in these
coordinates the sum of the second, third and fourth term is actually an expres-
sion involving only first derivatives of g. These coordinates are called wave (or
“harmonic”) coordinates and defined by the condition

Oyz% = \/L_fgau (g~ "™ /=gd,az*) =0, (98)

where we use the short hand “—¢” to denote minus the determinant of the
metric g. We compute (exercise — use the formula to differentiate an inverse
matrix and the formula to differentiate the determinant!)

O ((gil)w\/jgavxa) =y <_(91)W(91)a68#975 + ;(gl)ua(gl)ﬁaugw?) .

Contracting the above with g,, we see that the wave coordinates imply the
relation

- 1, _
(477050 = 5(57) Drgs

We thus define 1
Ao = (gil)uaaugom - i(gil)aﬁaagaﬁ

and we have that
A, = 0 if and only if the wave coordinate condition Ogz* = 0 holds. ~ (99)

Note the A\, are not the components of a covector-field.

Proposition 4.25. Define the reduced Ricci curvature to be

S 1 _ «
RZC (g)l“’ =—3 (g 1) ? aaaﬁg/,“/
2
L, _qyao , _1\Bp 1, q\aoc , _1\Bp
+5(07)" (071) " 0ugopOg0r + 5 (971)" (971)" 0ugopOagan
1 o _
—5(07)" (9 Y 090000 9o + Fuw (9, 09) (100)

where Fy, (g,0g) is the expression appearing in (97).2° Then

= . 1 1
Ric(9)uw = Ric(9)u — 5(’9#)\1, - 581,)\#. (101)

20Note that the second and third line involve only ¢ and first derivatives of g.
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Proof. We compute

1 _1\afB 1 _1\apB 1 _1\apB
_5 (g 1) auaugaﬁ = _§8u ((g 1) 6u9a6) + 56“ (g 1) avgaﬁ

(e} 1 — «
= 0uAv — Oy ((971) ’ aﬁQaV) + 58“ (g 1) ’ OvGap
=0 — (97 0,090
10 (07 Bges — 0 (67) P 0
2 uw\9g v9ap n (g ) BYav
=0 — (97 0,090
1 (6704 _
- 5811 (9_1) (9 l)ﬂp 1Yo pOvgap
+ 0, (g_l)w (g_l)ﬁp 0190p089av - (102)

Since the expression is symmetric in g and v we obtain an analogous formula
by interchanging p and v:

1 a _1\Ba
2 (971) 5%5’”9@5 =0y — (9 1)5 9v0a98p

1 _1\Q0 _1\B
758“ (g 1) (g 1) paugopaugaﬁ
+0u (07" (0" 009003901 - (103)

The desired formula now follows easily from combining (97) with these two
identities. 0

In other words, if the wave coordinate condition holds, then the Einstein
equation become the reduced Einstein equations, which are a system of non-
linear wave equations that we can tackle by Theorem 4.21.

The key idea is now that we can ensure that A\ satisfies a homogeneous
wave equation on its own, which will allow us to ensure A = 0 in evolution by
prescribing suitable data.

Proposition 4.26. Given a Lorentzian metric such that the reduced Einstein
vacuum equations are satisfied, i.e. Ric(g) = 0. Then A satisfies a wave equa-
tion, namely:

(9717 000,00 + 2P0a A5 =0 (104)

N | =

where the ¢&® are smooth functions of 9uv and its derivatives.

Proof. Recall first the contracted Bianchi identity V# (Ricm, — %Rgl“,) = 0.
(To show this, use

vupraﬁ = (gil)uo Va-Rﬂuaﬁ = (gil)ua VaRuvﬁd - (gil)lw’ VaRlLuﬂa
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by the Bianchi identity and contract with (¢~1)®”.) Next, note that f{\lg(g) =0
implies

1 1

—9 N\, — ~

" 2

0 = Ric(g)uw — 5

Do\

hence also
0=R- (9—1)/w OuAy .

Finally, we compute using the above

1
0= V" (Ric(g)uu - 2glLVR>

o\ po 1 1 1 _ha
= ) 0, (50 + 500 = g (07 00s) )

o 1 1 1 o
— (67", <Qaw+ 50 = 595 ((97) B(%Ag))

o 1 1 1 o
) T (50054 3000 50 (7)) (0)

from which the result follows after observing that the terms involving second
derivatives combine to produce

—% (g~ 808,,\1,—% ()" ayagxu—% (67 0,0u0s = —% (67" 0,0\, -

O

The strategy now is clear: We want to solve the reduced Einstein equations
using Theorem 4.21 to obtain a g,,,, and then solve the wave equation with trivial
data to ensure A\, = 0 holds in the region where we have constructed g,,. The
guv thus constructed would then be Ricci flat.

Before we can embark on that strategy, we need to discuss what the initial
data for the reduced Einstein equations should actually be. To apply Theorem
4.21 we should prescribe

guultzo and 8tguy|t:0 . (106)

It turns out that, geometrically, we only need to prescribe the induced metric
and the second fundamental form of the initial hypersurface (which corresponds
to t = 0 in our coordinates). More specifically we will prescribe as data

-1 0 ... 0
0
gul/|t:O = . i (107)
0
* * *
*
atguu‘t:O = . 2K (108)

ij
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with suitable g;; (spatial metric) and K;; (will turn out to be the second fun-
damental form of the initial hypersurface) and where * denotes entries that will
be determined in terms of (spatial derivatives of) g;; and K;; to achieve the
condition A, = 0 on the initial hypersurface.

Note that indeed, with the above choice, g;; is the induced spatial metric
on the hypersurface {¢t = 0}. Moreover, we have that g(9;,9;) = —1 and 9, is
normal to the hypersurface {t = 0} (as go; = 0).?' This choice implies that the
second fundamental form of the hypersurface {¢t = 0}, which is geometrically
defined as the symmetric 2-tensor on ¥ = {¢t = 0} (see Example Sheet 7)

KX, Y)=¢g(Vxn,Y)=—g(n,VxY) (109)

for X,Y vectorfields tangent to X, is given by??
1
Kij = §atgij|t:O (110)

and hence the K appearing in (108) has in fact geometric significance.

We verify the claim that Orgoolt=0 and O:goi|t=0 (i.e. the * parts in the
matrices above) are now determined by the requirement that A = 0. Indeed, we
have that

_ 1, _
0= Aili=0 = (g 1)ua OpJailt=0 — 5 (9 1)aﬁ 0igapli=0 fixes Orgoi,  (111)

— LY ]. — «
0= )\0|t:0 - (g 1)/ a#goé0|t:0 — —5 (g 1) 5aoga5‘t:0 fixes 8th0. (112)

(You should write out all contractions and confirm this, using the form of the
metric on ¢ = 0, (107).)

We need one final observation regarding constraints between the data g;;
and K;; that need to hold if the Einstein equations hold on the hypersurface
{t = 0}. One way to see their existence is to compute

1
Ric — gR> = ..
( 2 00

RiCOi = ...

and

in terms of the metric and to observe that these expressions do not contain
second time derivatives of g! Therefore (since we have specified all other second
derivatives initially), the vanishing of the above expressions needs to be imposed
initially on {t = 0}!

In fact, it pays off to think about this more geometrically. On Example Sheet
7 you will prove the important Gauss and Codazzi equations which govern the

21This should be viewed as a coordinate gauge choice relating the (geometric) normal to a
coordinate vectorfield.
22This is an easy computation using that the normal is n = ;.
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extrinsic and intrinsic geometry of a hypersurface ¥ in a spacetime M (with
induced metric h on 3 being the restriction of g to TM and future timelike unit
normal n). These read

h (Riemp(X,Y)Z, W) =g (Riemy(X,Y)Z, W)
L KX, 2)K(Y,W) - K(X,W)K(Y,Z)  (113)
and
g (Riemgy(X,Y)Z,n) = (Vy K)(X, Z) — (Vx K)(Y, Z). (114)

(On Sheet 7 you will make sense of Vy X (and hence the tensor Vx K) for X, Y
vectorfields on ¥. The procedure is to extend the vectorfields to spacetime
vectorfields and show that the result does not depend on the extension.)

To derive from the above the constraint equations, let us work in an or-
thonormal frame eg = n,eq,...,e, (and recall Rycap = g(R(eq,ep)ec, eq)). We
compute from 00 component of the Einstein equations

1
RiCQO + §R =0.
Since by definition (in the orthonormal frame)
R = —Ricgg + Z Ric;; = —2Ricgg + Z Z Riemyjij; (115)
i=1 i=1 j=1
and the condition Ricgg + %R = 0 becomes on ¥ (by the Gauss equation)
0=> > Riemysj = > (Riemn)ii; — Y Y KijKij+ > Ki ) Kj;
i=1 j=1 i=1 j=1 i=1 k=1 i=1 j=1
In other words, the Y-intrinsic equation
Ry — |K|} + (trpa K)? =0 (116)

needs to hold on the (n—1)-dimensional hypersurface ¥ in order for the Einstein
equations (more specifically (R;w — %Rgl“,) n*n” = 0) to hold on X.

A similar computation for the 0i component of the Einstein equation, Ricg;,
(using now the Codazzi equation) yields

RiCOi = —Ri@moool' + Z Riemjoji = — Z Riemojji = —V,(Z ij) + Z VjKij .
j=1 j=1 j=1 j=1
In other words, the Y-intrinsic equation
di’l)h (K - tT‘hK . h) =0 (117)

needs to hold on the (n—1)-dimensional hypersurface 3 in order for the Einstein
equations (more specifically (R, — 3 Rgu ) n*(e;)” = Ruun*(e;)” = 0) to hold
on X.

We can finally state and prove our main theorem.
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Theorem 4.27. Given initial data (h, K) on R™ satisfying the constraint equa-
tions (116), (117) and such that 2, ; |hi; — 05| < 5 there exists a T >0 and
a Lorentzian metric g on (=T, T) x R™, which solves the Einstein vacuum equa-
tions and is such that the induced metric and the induced second fundamental

form on {0} X R™ coincide with h and K respectively.

Proof. Step 1. We solve Eiz(g)uu = 0 with data as in (107), (108) (and
gij = hij). From Theorem 4.21 we obtain a ¢ in (=T,7) x R" satisfying the
geometric conditions (about the induced metric and second fundamental form)
on the data.

Step 2. This solution would be Ricci flat (R, (g) = 0) if we could show
Ay =01in (=7,7T) x R™. Since X satisfies a homogeneous linear wave equation
this would follow if Al;—¢p = 0 and 9;A|t=g = 0. We have already set \|;—g = 0
in Step 1. To show that also 9;A|t=o = 0 we observe that from R\i]c(g)w =0 we

have 1 1
§8H)\,, — 58,,)\” ,

0= Ric(g)uw —
which implies
R= (37" 9.\, .
Since (h, K) satisfies the constraint equations we have Ric(g);0 = 0 and (Ric(g)oo—
%Rgoo)hzo = 0, which by the above translates to

1 1
=0t Ailt=0 = —20;A0 =0
50 lt=0 5Yio
(with the last equality following from having fixed A = 0 on {¢t = 0}) and

1 1
—0iAole=0 + iat)\()|t:0 + i(h Y990 =0,

which implies 9¢Ag|i=o0 = 0 as desired. O
Some remarks are in order

Remark 4.28. The assumption szzl |hij — 6i;] < 55 may look artificial but
can be removed by localising to neighbourhoods were h;; is almost constant and
then change coordinates where the metric has the form é;; at p. One can then
use the finite speed of propagation. (Some compactness (e.g. asymptotic flatness)
1s needed to get a uniform time of existence T, otherwise one just obtains a
neighbourhood of {t = 0} x R™ where a solution exists but that neighbourhood
could shrink as one moves towards infinity.)

Remark 4.29. Note that our black box theorem, Theorem 4.21 required Z” |G —
n| < & while here we only have this att = 0 (with 55 instead of {5 ). However,
the proof of the black box NLW theorem shows that it suffices for the condition
to hold initially. (This is essentially because the proof shows that given € > 0
one can choose T' such that sup_g pyxrn |¢ — do| < € holds. See again the NLW
notes.)
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Remark 4.30. The construction is essentially local using the domain of depen-
dence property. So it should not be surprising that initial data can be imposed
not only on R™ but on an arbitrary Riemannian manifold. A general initial data
set is the a triple (X, h, K) consisting of a Riemannian manifold (3,h) and a
symmetric 2-tensor K satisfying the constraint equations (116), (117).

Remark 4.31. There are many non-trivial (i.e. beyond those induced by known
explicit solutions of the Finstein equations!) solutions to the constraint equa-
tions. It is in fact a research area on its own. A quite accessible state of the
art overview can be found in “The general relativistic constraint equations” by
Alessandro Carlotto, Living Reviews in Relativity (2021) 24:2

Remark 4.32. One can prove the following geometric uniqueness statement:
Given two solutions (My, g1) and (Mas, g2) (i-e. g1 and g2 Ricci flat) that induce
the same Riemannian metric and fundamental form on {0} x R™, there exist
open subsets U; C M; containing ¥ such that (U, g1) and (Ua, g2) are isometric.

4.9 *A sketch of the local uniqueness statement

Suppose (M1, g1) is the solution constructed on (=T, 7T) x R™ by Theorem 4.27
with harmonic coordinates (¢, ) on ~]R4 and let My be a neighbourhood of ¥ =
{0} x R™ equipped with metric in (t, :E) coordinates on R* as

92 = (92)oo(t, £)dt @ di + 2(g2)oi(t, )dt © di’ + (g2)i(t, 7)dz" @ 3’ ,  (118)
where we can assume that #|s, = 0 = t|x; and that the spatial coordinates on ¥
are identified, #|y; = z|x;, such that (g2);;(f = 0,%) = (g1)i;(t = 0,2).23

Step 1. We now choose a coordinate transformation (i.e. a diffeomorphism
from My to itself)

T=f2Lz) , t=f(L7) (119)

with f0(0,7) = 0, f1(0,7) = & and 22 (0,%) = a, %(0,7) = b*. We claim (and

you should verify!) that one can choose the functions a, b’ : ¥ — R such that
the metric g, expressed in the new coordinates (7, £) reads

g2 = (§2)00 (T, §)dTdT + 2(§2)0i (7, £)dT @ d€ + (§2)i5) (1, €)dE" @ d&7,  (120)

with

2)0i(0,€) =0, (121)
(92)ij)(0,€) = (92)i5)(0, & = &) = (g1);;(0, 2 =& = §).
23Given a general metric g2 we can change the spatial coordinates on My such that the

coordinate components of the induced metric on ¥ agree with the components of g; since the
induced metrics represent the same tensor on 3 by assumption.
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Step 2. We show that (121) implies that

(5r(§2)00)(075) = (3:&(91)00)(0,51” = f)a (122)
(07(92)0:)(0,8) = (01(91)0i)(0,2 = §), (123)
(0-(92)i3)(0,€) = (0¢(91)) (0,2 = &) . (124)

This is again a computation. For instance, for (124), first note that both sides
represent the (respective) coordinate components of the second fundamental
form (a tensor) of ¥ in M7 and My respectively. (This is because the normal to
Y is given by (1,0,0,0) and (1,0,0, 0) respectively, cf. (121) and (110).) So the
left hand side and the right hand are coordinate components of the same tensor
(recall that by assumption the induced second fundamental forms of the two
solutions agree) and since the coordinate frames on ¥ are related by 2 6 = 6(?51
(since z = & = £ on %) the left hand side and the right hand side have to
agree. The identities (122) and (123) follow from transforming the condition
(91)""(I'1)?,,, = 0 holding in (¢, z) coords for g; to the (7, &) coordinates. (Note

that géig is the identity on X by (121).)

Step 3. We solve O, (7,€) = 0 with data 7(7 = 0,€) = 0, £(0,€) = ¢ and
0,7(0,6) =1, 8:£(0,€) = 0 in M,. Note that E g is the identity on ¥ by the
initial conditions chosen. In particular, (121) and hence (122)-(124) continue
to hold for gz in (7,£) coordinates. By standard theory for wave equations a
solution (7,&) exists in Ms and in a subset Us C Ms containing ¥ we have that

g%ig is invertible, so (7’,5) are indeed coordinates on Us. More specifically,

the (7, &) coordinates are by construction harmonic coordinates for go and since
g2 1s Ricci flat is satisfies the non-linear wave equation /ﬁi?:(gg) =0 in (7,6)-
coordinates, the same equation that g; satisfies in the (¢, 2) coordinates. Hence
we identify (¢, x) coordinates on an open subset Uy of M; with (7, £ ) coordinates
on an open subset Us of My. Since g; and g, now satisfy the same non-linear
wave equation and since moreover, their data (that is (1) |t=0, 0¢(91)uv]t=0
in (t, z)-coordinates and (ga)ap|7=0, 07 (g2)as|7=0 in (7,&)-coordinates respec-
tively) agree on ¥ we conclude that the map identifying (¢, ) coordinates on
Uy with (%,5) coordinates on Uj is the desired diffeomorphism ¢ satisfying
d* g2 = g1

4.10 Local well-posedness for the Einstein equations

In this subsection we collect the well-posedness statements for the vacuum Ein-
stein equations in purely geometric and general form which does not make ref-
erence to coordinates anymore. While this is very elegant and satisfying, let
us not forget that n order to eventually arrive at these geometric statements
one had to do analysis in specifically constructed coordinates! For this section,
I am following the exposition in Jan Sbierski’s paper “On the Existence of a
Maximal Cauchy Development for the Einstein Equations: a Dezornification”
Annales Henri Poincaré 17 301-329 (2016).
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Definition 4.33. A globally hyperbolic development (GHD) (M, g,i) of initial
data (3, h, K) is a time-oriented, globally hyperbolic Lorentzian manifold (M, g)
that satisfies the vacuum Finstein equations together with an embedding i : ¥ —
M such that

1. i*g=nh
2. "K =K
3. (%) is a Cauchy hypersurface in (M, g).

where K denotes the second fundamental form of i(X) in M with respect to the
future normal.

Definition 4.34. Given two GHDs (M, g,i) and (M',g',i") of the same initial
data (X, h, K), we say that (M',¢',i') is an extension of (M, g,1) is there exists
a time-orientation preserving isometric embedding

WM — M
that preserves the initial data, i.e. Y o1 =1".

Definition 4.35. Given two GHDs (M, g,i) and (M’,q',i') of initial data
(X, h, K) we say that a GHD (U, g7, iy) of the same initial data is a common globally
hyperbolic development (CGHD) of (M, g,1) and (M', g',i") if both (M, g,1) and
(M',g',i") are extensions of (U, gu,iv).

We can then formulate our local existence and uniqueness theorem that we
proved (strictly speaking we proved it for ¥ = R™ with additional assumptions
on h and gave a sketch of the local uniqueness) above in this entire geometric
language:

Theorem 4.36. Given initial data (X, h, K) for the vacuum Einstein equations,
there exists a GHD and for any two GHD of the same data, there exists a CGHD.

The original proof of the above theorem is dues to Choquet-Bruhat in 1959,
hence a long time after the Einstein equations were written down! (The progress
was triggered by important developments in non-linear hyperbolic equations in
the 1930s associated with the names of Leray, Schauer, Friedrichs and many
others.) One can globalise the above statement as follows:

Theorem 4.37. Given initial data for the vacuum FEinstein equations there
exists a GHD M that is an extension of any other GHD of the same initial
data. The GHD M is unique up to isometry and is called the mazimal globally
hyperbolic development of the given initial data.

The original proof of this theorem due to Choquet-Bruhat and Geroch in
1969 uses the axiom of choice in the form of Zorn’s Lemma. The idea is to
introduce a partial ordering on the set of GHDs (with the partial order given
by the notion of extension introduced above). One then concludes the existence
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of a maximal element from the fact that every totally ordered subset has an
upper bound (namely the union of the developments in the subset). One next
establishes the uniqueness of M by showing that the assumption of a spacetime
M’ that cannot be isometrically embedded into M leads to a contradiction as
one can glue M and M’ together to produce a spacetime contradicting the
maximality of M .) A constructive proof without the use of the axiom of choice
was given recently by Sbierski in the aforementioned paper, which I recommend
for more details on the proof of Theorems 4.36 and 4.37.

4.11 Final remarks

Theorems 4.36 and 4.37 together are sometimes called the fundamental theorem
of general relativity. This is because general relativity as a mathematical subject
is about studying the maximal development of given initial data. For instance
one would like to know for which data the maximal development is geodesically
complete and if it is not, complete whether solutions become singular at the
boundary and what the structure of that boundary looks like etc. Penrose’s
strong cosmic censorship, one of the most difficult conjectures in the field, asserts
that the maximal development of compact or asymptotically flat initial data is
generically inextendible. Now Remark 4.11 makes a bit more sense, hopefully!

Note also that the Cauchy problem allow us to sensibly talk about stability
of spacetimes.

5 The covariant wave equation on black hole
spacetimes

5.1 Motivation

to be written

5.2 Warm-up: Decay for [,7) = 0 from a geometric point
of view

We revisit once more the free linear wave equation on (3 + 1)-Minkowski space

U, =0
P(t =0,2) = o(x) (125)
at'l/}(t =0, (E) = 1/11(55)

where 19,11 € C§°(R?) and
n=—dt’ + da® + dy’ + dz* = —dt* + dr® + ¢ , ,d6"d6" .
with gABdQAdHB = r2y,pdfAdAB = r? (d02 + sin? 9d¢2) is the round metric

on spheres of radius r. We have already proven the conservation of energy: For
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all t € R we have
Bt M sy + 100808 Wy = 000 sy + W[y s (126)

where we recall

08 Wiy = [ (00" + @,00° + (0.0

_ / r2dr sin 0d0ds ((9,1)7 + Y P?) - (127)
3¢

We proved (126) by integrating the divergence identity V#(T,, X") = (X)WWTW
over the region enclosed between ¥y and X with the Killing field X = 9;. On
Sheet 8 you will prove boundedness of the norm on the left of (126) by initial
data for spacetimes “close” to Minkowski space in a suitable sense illustrating
the robustness of the vectorfield method that we employ here. (While there is
an explicit representation formula (75) for the solution of (125), this is of course
not true if n is a general metric close to Minkowski space!) The next estimate
captures the dispersion (decay) of the wave equation in a robust manner:

Proposition 5.1. The solution of (125) satisfies the estimate

/t Odt/zt S|V < CE[y] == (Ilwoll we) T |\¢1||§2(R3)) (128)

for a uniform constant C' > 0.

The estimate (128) captures that the angular derivatives of ¥ decay in time
in an averaged sense. On Sheet 9 you will improve (128) to the estimate

[t [ | @r s @)+ 9ee| <cri. a2

Note the importance of the r-weights — while they can be improved, the estimate
would be wrong without any r-decay as it would contradict energy conservation.

Proof. We will prove (128) with ftho for any T' > 0 with the constant C' not
depending on T which implies (128) as stated.
Step 1. We begin with the observation that on any ¥; we have

/ 2(t, 7,0, ¢)dr sin dfde < C’/ / (0,1 (t, 7,0, ¢)*drsinfdfde
SQ
< CEp[y]. (130)

The second inequality is obvious from (126) and the first follows from integrating
by parts and Cauchy Schwarz

/ V2(t, 7,0, ¢)0,rdrsin 0dfde = —2 / / rOpp(t, r, 0, )dr sin 0dOdg
0o Js2 0o Js2

< 2\//000 /S2 wZ(t,T,G,qb)drsianedqs\//ooo /32(8Tw(t,’l",97¢))2r2drsjn9d9d¢

()




from which the result easily follows.
Step 2. We integrate our fundamental divergence identity

VHIPW) = KO ] = Oniv,

where J&X)[@/J] =T, [¥] X" with the vectorfield X = 0, over the region

M= M\{[0,T] x B} :=[0,T] x R®\ {[0,T] x B.}.

You should draw a picture. The region is the region between to constant ¢
hypersurfaces with a small cylinder of radius € excluded around the origin of
the polar coordinates (where the latter are not regular). Observe that the unit
outward normal to the cylinder is —0,. We note X" = 1 and X, = 1 and
compute from 2(X)7TW =(Lx9)w = Orguw

2 2
(X) _ (X)__AB _ % _AB
2% rap = rgAB , 2WIphs = Tg (131)

while all other components are zero, in particular (X7t = (X)gtr = (X)zrr —

(Xptd = (X)grd = 0 for A € {0, ¢}. Tt follows that
12 1
KOy = S99 — 52 (~(0)* + 0:0)° + [F917) = - ((0)? — (0,9)7) .

Another simple computation (anticipating the boundary terms that will appear)
gives

T (00" = Ty = 0p0r) < (9) + (0,0)* + [YY? (132)

and
(8,) M 1 2, 1 2 1 2
We conclude for the boundary term appearing on the cylinder:
T ~
‘ / dt / ¢* sin 0dfdpJ (%) () (9, )" ’ < Cp pé
0 52

which for fixed T and v goes to zero as € — 0. For the boundary term on
constant time slices we note

/oo dr/ r? sin 9d9d¢J,Sar)[¢] (0)" ‘ < Eoly]
€ S2

independently of e. We conclude for any € > 0 the estimate

/ dtdPa ((0:)* — (8,1)?) < CEo[y)] + O ye?. (134)
M T

€

This in itself is not useful as the left hand side is not coercive.
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Step 3. We add to (134) the following (easily verified) divergence identity
integrated over M., valid for any smooth function A on M.:

1
dtd®zV* (hww - 2¢2vuh)
Me

1
— /M dtd3zdvol {h (= (0u)* + (8)* + |V0I?) — 2w2Dnh} : (135)
We choose h = % and obtain the estimate

1
/Me dtdgx;\WwF < CEy[y) +/

. 1 5
y dtd®zV* <h1/)V,ﬂ/1 - 2¢2V,Lh> +Crye’.

The second term on the right is a boundary term and evaluated by Stokes’
theorem. The boundary term on the hypersurfaces of constant ¢ satisfies

‘ / ar / r? sinGd@d(b%L/Jati/J‘ < CEy[y] (136)
€ S2

independently of €, where we have used Cauchy Schwarz and (130). The bound-
ary term on the cylinder is computed to be (note the outward normal is —3,.!)

T 2
— / / dte? sin 0dOde (1warw + 11/;) |
o Jg2 T 2r

I -
< ~3 / / dtsin 0d0dp p? (t, 7 = €,0, ¢) + Or € (137)
0o Jsz

T—€

where C’T,¢ may be a different constant to the one introduced above. Note the
sign of the term involving %2 which is crucial because it does not vanish in the
limit as € — 0! This yields

1 1t .
/ dtd>z=|Vy|* + 7/ / dt sin 0d0dp > (t,r = €,0, ¢) < CEg[¢)] + Crpe.
M. T 2 0 S2
We can now take the limit ¢ — 0 and obtain for any fixed T and % the estimate
1 T
/ dtd*z—|Yy|* + 27r/ / dt?(t,r = 0) < CEp[y)] . (138)
[0,T]xR3 r 0o Js2
We can take the limit 7" — 0 and obtain (128) as desired. O

5.3 The wave equation on the Schwarzschild exterior

We move on to study the covariant wave equation on the Schwarzschild exterior.
We use (t*,r,0,$) coordinates covering the regions I and II of the Penrose
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diagram and we will be interested in understanding the global behaviour of
solutions to the problem

(" =0,-) = o) (139)

where 19,11 € C§°(R x S?) and the metric gg reads
2M 5  4M 2M 5 A B
gs = — (1 — r) (dt*)* + Tdt*dr + (1 + 7') dr® +¢ ,,d0"do” (140)

on the manifold M = [0,00),. X [2M, 00), x 5. Note restricting to this manifold
makes sense by the domain of dependence property!?*
One easily compute the non-vanishing inverse components

g 2M Y o 2M
g“—<1> . gt =" g =1- "= gAB_gAB

i

) ) -
r r r

and the volume form dvol = r2dt* A dr A dw where dw = sin df A d¢. One also
computes the (timelike) unit normal to constant ¢* slices ¥« to be
gt*r
n =14/ —g”*& * = 775*“87‘
v —9
and the induced volume form dSs, = \/—g*" t" r?dr A dw ~ r?dr A dw where ~
captures the fact that 1 < y/—¢?"*" < 2M for {r > 2M}.

Proposition 5.2. Any solution of (139) satisfies the identity
2M 2M
/ [(H — )(aﬁw)% (1— - )(arwm Ww} ridrdw

t
+2/ dt*dw(dpp)? (t*,r = 2M, 0, ¢)
ty JS?

-/ ) (1420 @ewr + (1-25) @02 + 90| 2dra

Proof. This is a simple computational exercise. Apply the fundamental diver-
gence identity with the Killing vectorfield 7" = 0;«. Use the version of Stokes’
theorem on Example sheet 5 which allows for null hypersurfaces. O

We make the following important observations:

e Away from the horizon we control all derivatives, however, the control for
the transversal derivatives degenerates near the horizon.

24The behaviour of solutions in the interior of the black hole, i.e. region II, is another
interesting problem but not currently our concern.
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e The boundary term on the horizon only controls the 0;«-derivative of .

e The estimate states that the energy on spacelike slices is non-increasing.
The boundary term on the horizon captures the fact that energy can
disperse through the black hole event horizon. However, note that the
above estimate is still consistent with 0,.1) growing in time along the event
horizon (because of the degenerating factor of (1 — 21))!

The question is: Can we improve on the above?

5.4 The boundedness statement

This section follows closely the “Lecture Notes on Black Holes and Linear
Waves” by Dafermos—Rodnianski.

Theorem 5.3. Any solution of (139) satisfies the non-degenerate boundedness
estimate

/E rldrdw [(04)* + (0:)° + |V |?]

<C r2drdw [(@1/})2 + (0p)? + |Y71/)|2] (141)

o
for any t* > 0 and a constant C' depending only on M.

In a nut-shell, the proof of Theorem 5.3 consist in constructing a suitable
vectorfield N on M whose associated divergence identity (when combined with
Theorem 5.2 in a clever way) produces the estimate of Theorem 5.3.

The vectorfield N (which is also called the red-shift vectorfield) in con-
structed in Proposition 5.4 immediately below. First, however, we give some
heuristics on why one should expect to be able to overcome the degeneration at
r = 2M in the statement of Proposition 5.2. For this consider two observers A
and B which follow the orbits of the timelike Killing field 0y«. In other words

IYA(t*) = (t*7’f’ =Ta, 97 (b) ’ ’YB(t*) = (t*7’l° =TB, 97 (b) ) (142)

where 6, ¢ is some fixed point on S2. Now suppose A sends two consecutive
signals with coordinate distance t5 — t7 towards B. Observer B will receive
them at points on her orbit which are also coordinate distance t5 — t] away
(draw a picture!). However, the physically relevant proper time for A between

the two signals is fttf dt*/—g(Ja,7a) = /1 — 22 (t5 — t}) while for B the time
passed between recelvmg the two signals ( measured of course, with respect to

her proper time) is ft; dt*\/—g(¥B,38) = \/1— 2L (t5 —t}). We conclude

that if A moves very close to the event horizon » = 2M, then the time B has to

/1—2M

wait between the two signals is \/lw-tlmes longer than the time elapsed for A
TA

when sending them! If we consider the two signals as the distance between two
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maxima of a wave, we see that the frequency of waves gets shifted towards longer
wave lengths (i.e. towards the less energetic (infra)-red part of the spectrum).?®
In yet other words, waves lose energy as they propagate near the event horizon.
(Of course, this is associated with energy falling behind the event horizon and
no longer contributing to the energy.) The strength of the above effect will be
measured by the so-called surface gravity x. To define it, recall from Exercise
Sheet 7 that the horizon {r = 2M} is a null hypersurface and that T is a
generator. The vectorfield T therefore satisfies on HT the equation

VrT = kT (143)

for some function x on H™. One easily computes £ = g7 on Schwarzschild (and
also sees that the computation involves the radial derivative of gs«;+, which is

what was crucial in the above heuristics.
Proposition 5.4. There exists a vectorfield N such that

1. (¢4<)«N = N, where ¢y is the one-parameter group of diffeomorphisms
associated with the Killing field T = Oy~ .%5

2. N is future-directed timelike.
3 N =T inXpN{r>r} for somer;y >2M.
4. There exists 1o > 2M such that on Yy N{r <re} we have
ENg] > clMNY ~ e [(0)° + (9,9)* + VU]
for a constant ¢ depending only on rq and M.

Remark 5.5. We can already anticipate the potential usefulness of the vector-
field in the divergence identity. Property 2 implies that the boundary terms on
Y will be coercive (why?) and Property 4 states that the bulk term has a good
sign at least in a neighbourhood of the event horizon!

Proof. We remark that one pedestrian way of proving the proposition would be
to make an ansatz N = a(r)dy + B(r)d, and to try and construct the smooth
functions o and g such that the above conditions hold. We choose a more
conceptual approach.

Observation 1. It suffices to construct a future-directed timelike Ny along
Yo which satisfies Condition 4 on Xg N {r > r;} for some r; > 2M. This is
because with this done, given Ny we define

No = x(r)No + (1 = x(r))T

25You need a little bit of physics here: Shorter wavelengths are associated with higher
energy according to Planck’s formula F = % for the energy of a photon.
26In other words, the vectorfield N is time independent, LN = 0, or 9;« N* = 0 in the

(t*,r,0,¢) coordinates.
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where y is a radial cut-off function being equal to 1 in 7 < ro = 2224 and

vanishing identically for r» > 7. This is future-directed timelike (why?) and
pushing it forward along the integral curves of 0y« produces the desired N.

Observation 2. It suffices for property 4 to hold on the sphere Sy = 3¢ N
{r = 2M} because of continuity. To see this, observe that K~ [4] = T}, (N 7
is a quadratic form in derivatives of 1 with coeflicients depending smoothly
on derivatives of the metric and derivatives of the components of N. Hence
if the quadratic form is positive definite at = 2M then it is so also in a
neighbourhood of that sphere.

The actual construction. We first note that the vectorfield

Y = —20, + 20

is null on the horizon (why?) and g(Y,dy+)|r—2a = —2. (Draw this vectorfield
in the Penrose-diagram!) We extend Y off the horizon to a vectorfield Y by
imposing the condition

VyY =—0(Y +T) on Sy (144)

for some large positive constant ¢ that we will choose below.?” We now claim
that Ng = Y + T satisfies condition 4 at Sy provided we choose o sufficiently
large depending only on M. To see this we compute at p € Sy in a null frame
(T,Y, Eq, E5) the following derivatives (which are in turn essential to compute
the components of the deformation tensor of N).

145
146
147
148

VrY = —kY 4+ a'FE; + a>FE5  note there is no T-term (why?)
VyY = —0T — oY by definition

Ve, Y =hiE| +hiE, —a'Y note there is no T-term (why?)
Ve,Y =hiE; + h3Ey — @*Y  note there is no T-term (why?)

(145)
(146)
(147)
(148)

Note that it is indeed the surface gravity x = ﬁ appearing in the first identity
since (T, VrY) = —g(VrT,Y) = 2k.
We now compute the components of the deformation tensor (check this!)

2D (v, W) = 207 (V, W) = (Lyg)(V, W) = g(VwY, V) + g(VyY, W) .

We now compute the desired contraction of the energy momentum tensor and
the deformation tensor in the null frame (T,Y, Fy, E) at p (writing T for the
energy momentum tensor to avoid confusion with the vectorfield T')

KN[QM = T;W(Y)ﬂ—lw = gaugﬁule(Y)ﬂaﬁ

11 11
= 55T, Y)Y (T,T) + 255 T(Y, YY) (T,Y)

11
+55T(T, Tz, Y)+..., (149)

2"Note we can for instance solve an ODE in a neighbourhood of Sg to construct a Y in a
neighbourhood and achieve this condition at Sp.
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where you should complete the computation, resulting in
1 1 1
KNy = §H|YW2 T30 (1B ()] + [E2 () ) + §U|T¢|2

1 1 1 1
— 5T(Ehy)al - 5T(B, Y)a® + 5T(EI,T)&1 + §T(E2,T)d2
+ T(Ey, E1)hi + T(Ea, B2)h3 + T(Ey, Ey) (hh + ) (150)

It is now clear®® that by choosing o sufficiently large (depending only on the
value of the constants a', a?, a',a?, hi, hi, h?, h3) we can achieve (applying Cauchy’s
inequality with € for the terms in the second and third line) that

KN 2 e (Y () + [T + B () + [E2(v)?) (151)

for some ¢ depending only on M, thereby proving that property 4 holds on Sy
which by the previous considerations implies the proposition. Note that it is
the positivity of the surface gravity which is essential for the proof to work! [

We can finally prove Theorem 5.3:

Proof. We write out the fundamental divergence identity for the vectorfield N
(we now think of 7o and 7; as having been fized in the construction of N)
integrated over the region M(t%,t3) := M N {t7 <¢* < t3}. This produces

J

JL(LN)ng‘] Jr/ J;(LN)nl;H Jr/ KNW’] _
H(t],t5) M(t5,t5)N{r<ro}

KN [y] +/ JMNnk . (152)
S

*
t3

/M(t{,t;)ﬁ{rg<r<r1}

Dropping the second term and using Proposition 5.4 we infer

/ Jl(LN)ngﬂ—c/ JNInk,
S M(t3.85){r<ro}

<C JNInk + / JNnk (153)
P

M(t7,t5) N {ro<r<ri} o

for constants C' and ¢ depending only on M. To estimate the “bad” term on
the right, we recall the T-estimate

/ JlST)n% S/ J/ST)n% =D, (154)
I o

valid for ¢* > 0 from which we deduce

c/ J;N)n% S/ JP(LT)ng S/ JP(LT)n’g <D. (155)
S« nN{r>ro} S N{r>ro} pI

28Note in this context that the only way a term of the form |Y)|? can arise is through
T(Y,Y) itself. This follows from the form of the energy momentum tensor and gaﬁaazpaﬂw =
~TYY ) + |E1(¥)* + B2 (y)]2.
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Integrating this estimate in t* from ¢ to t5 we conclude (using dvolns =

rldt*drdw and dS = (/1 + 22 r2drdw)

c/ JNnk < D(t5 —17). (156)
M(t5,t5)N{r>ro}

Combining this with (153) we arrive at the estimate?®

/ JP(LN)n‘é—f—c/
b

JNnk, gCD(tg—t{)Jr/ JMNnk . (157)
M(t7,t5)
valid for 5 > ¢} > 0. Defining f(t*) := fEt* J,(LN)n% we can write this as

* Z *
3 ty

t;
e e [ e ) < )+ 0D — ), (158)

1

A straightforward ODE computation (exercise) now yields the desired statement

f(&) < CF(0)

and the Theorem is proven. O

5.5 Higher derivatives and pointwise bounds

Theorem 5.3 proves boundedness of the H'-energy. However, often one is in-
terested in pointwise bounds. We now discuss how one can prove higher order
versions of the above energy estimates, which when combined with (simple ver-
sions of) Sobolev embedding theorems, produce pointwise bounds.

5.5.1 Sobolev embedding

We start with two propositions which contain the Sobolev embedding statements
tailored to our setting. These will be proven on Sheet 10.

Proposition 5.6. Let (S2,7v) denote the round unit sphere. For u: S? -+ R a
smooth function we have the estimate

sup ul < Ol s (159)

for a uniform constant C.

Since the spheres S’%)T in M are round spheres of radius r (with metric
4= r27), a simple rescaling yields an estimate applicable to our setting:

29Note that constants C and c are allowed to change their value from line to line. What is
important is that there exists constants depending only on M such that the stated estimate
holds.
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Corollary 5.7. For a smooth function u : Sf*m — R we have the estimate

sup |ul?> < C'/ sin 0d0de [|r*YYul?® + [rVul? + [ul?] . (160)
52* 2

t* t*

The second proposition concerns Sobolev embedding on the 3-dimensional
spacelike slices Yg«:

Proposition 5.8. Consider the slices X¢«. For u : X4 — R smooth and of
compact support, we have

sup [u| < C (Jlull o, + lull i s, ) (161)

tx

for a uniform C (in particular not depending on the size of the support of u).

5.5.2 The commutation lemma

The third ingredient to derive higher order estimates and pointwise bounds is
the following commutation Lemma, which will also be proven on Sheet 10.

Lemma 5.9. Let ¢ be a smooth solution of the equation Ogp = 0 and X a
vectorfield. Then

Oy (X9) = 2079V V 5 + (2VQ<X>7TW - Vu(tr(X)w)) Vi (162)
Corollary 5.10. If X is Killing, then it commutes with the covariant wave
operator.

5.5.3 Warm-up: Minkowski space

We illustrate the basic idea to obtain pointwise estimates from higher order L?
estimates for Minkowski space. Recall that in Minkowski space we proved the
basic estimate (for all ¢ € R)

106t ) s ey + 106868, Mgy = 1600, ) s ey + 196860, ) 2y

Since 0, is Killing it commutes with the wave operator and we obtain
100 (t, M g1y + 10006 (E, ) 2 ®ny = [10600(0, )| pra gy + [1AY(0, )| L2(n)

Writing now the wave equation as A (t, ) = d21(t, ) and noting that the right
hand side is in L? on each constant ¢-slice, we deduce from standard elliptic
estimates

[0 ) g2 gny < CNOD(E, ) 2 @ny S N10:0(0, )| 1 gy + [|1AY(0, )| 2(rr)
Using the Sobolev embedding you proved on R™ we deduce, again for any t € R

sup [t 2)| < [l (8 )l g2 gy + 19 )

SN0 (0, )2 ey + 1900, )l g1 gy + 1A%(0, )| L2Rey - (163)
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The last estimate is clearly a uniform bound on ¢ in all of R'*3 from an initial
data norm. (Of course you could derive a similar estimate from commuting with
spatial isometries (how?).)

5.5.4 Pointwise estimate for ¢/ using angular commutation

In Schwarzschild we have a 4-dimensional Lie-algebra of Killing vectors gener-
ated by the rotations (spherical symmetry!), which in the standard coordinates
take the form

Q=05 , SKlo=—singdy—cotfcospdy, , 3= cos@pdy — cotlsinpdy

and the timelike Killing field T = 0;+. We first show how to obtain pointwise
boundedness for ¢ using only the rotations.
For this, first observe that on any X;~ we have for any R > 2M the estimate3®

/ V2 drdw + / VPrdw < C / / 2 (0,0) drdw,  (164)
Sie 87 R JsZ |

R t*,R

hence in particular on any sphere Stz*_ p With t* > 0 and R > 2M we have

[, wawscrf=c [ Ik, (165)
St

2
t* R o

From the fact that the angular momentum operators commute with the wave
operator, it follows that

3 3
Z/ |t Pdw < CY  Eo[i¢)] (166)
i=17 5% r i=1

3 3
) BENCIOIIE REe) SEACKNY (167)
ij=1"5% g i=1

Summing the last three estimates and using the results of Sheet 10 we deduce

i=1 i=1

sup [¢f* < C (Eo[w] + D Bl + ) Eo[ﬂiﬂjw]> (168)

t*, R

Since this holds independently of t* > 0 and R > 2M we infer a uniform bound
on 1 on all of M in terms of initial data, which has been our goal.

30This is proven exactly as Step 1 of Proposition 5.1 above carrying through the additional
boundary term at r = R. Exercise!
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5.5.5 Pointwise estimate for ¢ using elliptic estimates

Let us write the wave equation as!

Lo, (ﬂ (1 - 2M> w) Ay
T T

2M 2M 2M
= (1 + 7’) 3t*3t*¢ — T@p@ﬂ/} - TTat*w (169)

Strictly away from the horizon the right hand side is a uniformly elliptic operator
on ¥+ and the right hand side is in L?(3;+) for all t* > 0 by previous estimates.
This leads to the estimate

||1/JH§;2(Z“ ﬂ{rZr(’)}) + ”1’[}”21(Zt*ﬁ{r2r()}) < Cr{) (EOWJ} + EO[Tw]) ) (170)

for any ry > 2M with the constant C,, blowing up as 75 — 2M. If you do not
have much PDE experience (and “uniformly elliptic” doesn’t mean anything to
you), you can easily prove (170) by hand (in fact, a stronger statement!). Note

the only difficulty is to establish the estimate for Hi/)||§-{2(2tm{r2m}) as we have

already controlled the ||¢Hi[1 (0 A {r>ro}) RO in Theorem 5.3. You multiply
t* =270

(169) by 72 At and integrate over ;.. Integrating by parts will produce control
over all derivatives involving at least one angular derivative. The other terms
can be put to the right hand side and controlled by Cauchy’s inequality with
e and previous estimates. (If you haven’t seen elliptic estimates before this
is a really good exercise!) The missing 0,0, derivative can then be obtained
directly from the equation (169). Note however, that this derivative will only
be controlled degenerately at r = 2M, i.e. one will only control (1 - %) 0y Oy
in L2.

5.5.6 Pointwise estimate for ¢ using redshift commutation

The elliptic estimates of the previous section did not (and cannot) produce
non-degenerate control over the second transversal derivatives at the horizon.
To remedy this problem we commute the wave equation with the vectorfield
Y = —0, and deduce:

Lemma 5.11. The solution of (139) satisfies the commuted equation

- 2 2M\ A~ 4 - 2 .
0,V = ( - 2) VY- YT+ 5 (Te - Vo) (171)
roor r r
Proof. Direct computation using Lemma 5.9. O

The important point here is that the factor (% — 27—]\24) is positive in a neigh-

bourhood of the horizon. In particular, we can choose the ry in the construction

of the vectorfield N such that % - 2%1 > ﬁ holds in r < rg! Note that the

31This is easily seen from the form Ogt) = ﬁau (gMY\/—gdu1)) using g = gg from (140).
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factor (2 — 27_—@4) (which arises from the Y'Y contraction of 279 BV ,V 1h) on

=
the horizon itself reduces precisely to (twice) the surface gravity x so there is

again geometric significance to the positive sign that occurs here!
We now prove the following commuted analogue of Theorem 5.3:

Theorem 5.12. Any solution of (139) satisfies the non-degenerate boundedness
estimate

/ r2drdw {(5}?1/))2 + (8, V) + |Y7Y1/)|2}
S

<c | rdrdw [(@W)Q (0,7 )? + |y7f/¢|2} (172)

o
for any t* > 0 and a constant C' depending only on M.
Remark 5.13. Note that an equwalent way of stating the above estimate is

Js.. I Yw]n’ét <Cfs, J) Yz/)]nz .» which is also what we will prove.

Proof. We write the divergence identity3? associated with the vectorfield N for
the commuted equation (171). This yields

[t [ g, + KNV
Sy H(EF,t5) M(ty,t3)N{r<ro}

NV + / Tt

/M(tfth)ﬂ{To<T<7’1}

+/ ENY Y] +/ EN Y]
M(t1,t5)N{r<ro} M5 t5)N{r>ro}

where
N[y = — NV {(2 - 2;”) Ve — —YT¢ o (Tw Y@b)} (173)

Observe carefully the signs for the term involving £V! Now we can drop the
good term on the horizon and we can observe that away from the horizon we
have from (170) integrated in time the estimates

n KNl + [ ENTY)
M(tt,t5)N{r>ro} M(ty,t5)N{r>ro}

<Ot - 1) (Bolv] + BolTw])  (174)

For the critical term +f/v((t* )N {r<ro} EN[YY] we make the observation that
1272 =

the vectorfield N can be related to the vectorfield ¥ by the relation

N:Y+T:<2+k1<1—2M>)Y+k2<1—2M>T (175)
r T

320bserve that the divergence identity associated with the inhomogeneous equation Og¢ =
F becomes VH (T, [¢p|NV) = (N)ﬂ‘“’Tw,[(b} + F'N(¢), which we apply here with ¢ = Y1) and
F the right hand side of (171).
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where k1 and ko are constants chosen such that condition (144) holds on H™T.
We can moreover choose ry small enough such that 2+ k; (1 — %) > 1 holds in
r > 10.33 We can hence estimate in the region r < r( after applying Cauchy’s
inequality with weights (borrowing from the good Y'Y 4)-term)

—EN Yy > 7|YY1/)\2 —a|TY VP = co| Ty — es| Yy (176)

Now by the uniform boundedness statement for ¢ and (the trivially commuted
T1)) we infer

- ENlY >/ YY|?
/M(t* t3)N{r<ro} Yvl= Mt t5)n{r<ro} 8M| i
= O (t3 — 1) (Eo[¥] + Eo[TY]) (177)

Combining the above leads us to the conclusion

(N) 1y “ Ny (N) ¥ u
/ Vet + /Mm) KNyl < [ Vg
+ C (t5 — t7) (Eo[Y] + Eo[TW]) ,

from which the boundedness statement follows as at the end of the proof of
Theorem 5.3. O

With [, J(N)[Yw] %,. (and after trivial commutation [, | J(N)[Tz/J]nE L)
both controlled by initial data, we only need to control second angular deriva-
tives in order to apply Proposition 5.8 on the slices ¥« to infer a pointwise
bound for .

To achieve this, we can read (169) as an equation on the spheres S7. . and
obtain the second angular derivatives via estimates on spheres (see Sheet 10)
or use the direct elliptic argument below equation (170) which actually pro-
duces control on the second angular derivatives non-degenerately all the way to
r = 2M. Note these elliptic estimates, unlike the commutation with angular
momentum operators, do not depend on the spherical symmetry and are hence
much more robust. Similarly the commutation with the redshift vectorfield
outlined above is very robust and applies to any Killing horizon with positive
surface gravity. In particular this argument can be adapted to the Kerr family
of black holes. More on this later.

Finally, you should appreciate that using the above procedure we can clearly
estimate derivatives of arbitrary high order by commuting sufficiently many
times with the vectorfield Y.

5.6 Integrated decay estimates

We now know how to prove uniform boundedness of solutions to the covariant
wave equation on the black hole exterior. In this section, I would like to discuss

33Recall that if the proof of Proposition 5.4 works for some ry > 2M, then it works for all
2M < ro < r{, with the same o in (144).
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two estimates regarding the decay of solutions. It turns out that proving decay
is intimately tied to understanding the (null) geodesics flow on spacetime.

Theorem 5.14. Solutions to (139) satisfy the degenerate estimate3*

1 3M *
L. (1- %) (@-v + w2+ [9eR) <c By ()

2 2
ti5) " "

for any t5 > t7 > 0. We also have the non-degenerate estimate

[ (0w @+ YuP) < O (BY ) + BV Tue) -
Mty tz) "

Remark 5.15. In the first estimate once can actually control the normal deriva-
tive to constant v (which is (1 — 21) 9, — 2M.9,. in the (t*,7,0,¢) coordinates)
at r = 3M without any degeneration. Also the weights in % are non optimal but
(just as in the Minkowskian case) some degeneration near infinity is necessary
for the estimate to hold.

Of course, our main task when discussing Theorem 5.14 will be to explain
the degeneration at » = 3M and why it can be overcome by controlling an
additional derivative on the data. The fact that some degeneration®> at r = 3M
is necessary will be a corollary of the following Theorem which is due to Jan
Sbierski (2013).

Theorem 5.16. There exists a sequence of initial data for (139) with corre-
sponding solutions (1) such that

o EN[,] = EN[b,](t* =0) =1 for all n € N.

e There exists a constant b > 0 (independent of n) such that given any time
T* > 0 there exists an n such that

/ (@0e)? + 0,0 + 196) = 0B o] = b.
Sex N{|r—3M|< LM}

holds for any t* € [0,T*].

In other words, if you give me a time T* (large) then I can give you a solution
with initial energy equal to 1 such that a uniform fraction of the initial energy
remains in a uniform neighbourhood of r = 3M for up to time T*. In yet other
words, the energy can concentrate near r = 3M for arbitrarily long times!

It is not hard to see that Theorem 5.16 implies that the second estimate of
Theorem 5.14 cannot hold without the control on the second derivatives on the
right. Indeed, suppose it was true that the estimate

[ S (0ew)? + @+ ITuP) < CEV ).
M(

2
ti5) "

34Previously, we have been using the word “degenerate” for degeneration of estimate at the
horizon, i.e. at r = 2M. Here the degeneration happens at a different location, r = 3M.
35Using microlocal techniques the degeneration can be reduced to a logarithmic loss.
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held for a uniform constant C' and all solution to (139). Then, using a dyadic
decomposition, i.e. defining t§ = 1 and ¢}, = 2t = 2’ (note in particular
tZ*Jr1 tr =t;, i.e. the size of each slab is of the size of the t* coordinate the slab
is at), we see that from

/ v (Gew) + 0+ 190R) < OBV < OBy,

which is valid for all ¢ € N and where the second inequality follows from the
boundedness statement, we infer (how?) the existence of a sequence of times
tr <ty < ¥, such that

[ & (00 + @ +9r) < S

i*

Applying this to the (¢,) of Sbierski’s theorem we see that given any ¢ > 0
there is a time 7* such that for any n € N there is a slice T € [L-,T*] (the
actual slice may depending on n) such that

/2- rig ((5t*¢n)2 + (0rthn)? + |Y7wn|2) <e

Since this holds for all n € N this violates Sbhierski’s theorem which promises
that there is an n € N such that

1 ) ,
/E ((at*w") + (0rn)” + |V1/)n‘ ) >b

FxN|r—3M|< &M} r?

holds for all T* € [0, T*].
I will now try to sketch for you the proofs of Theorems 5.14 and 5.16.

5.6.1 Sketch of the proof of Theorem 5.14

The basic idea to prove Theorem 5.14 is to exploit the divergence identity gen-
erated by a suitably chosen vectorfield X, which in standard Schwarzschild
(t,7,0,¢) or so-called Regge-Wheeler coordinates® (¢,7*,0, ¢) takes the form:

X = f(r)0, = f(r)0r

for an appropriate smooth bounded function f. Denoting by a prime a derivative
with respect to r* and writing all terms in Regge-Wheeler coordinates we find
for the bulk term (exercise)

’ 1— 2M
K51 = L 0w+ £ (1= 2 1w - ] <2f’ +47f"f> VUV

T

(179)

36These are related to the standard Schwarzschild coordinates by a rescaling for 7, i.e. 7* =
r + 2M log(r — 2M) + ¢. They are valid on the exterior region I excluding the horizon
and behave like r* — —oo as the horizon is approached. The metric takes the form g =

- <1 — %) (dt? — (dr*)? + r2(d6? + sin? 8d$?) which is computationally very convenient.
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We combine this with the following divergence identity for a smooth function h
(compare with (135))

: L 1 e
VﬂJzul,h = V* (vauwh _ QwQVMh) — hvawvaw _ §w2Dgh = Kau.L,h[dJ]

We now choose h = f'+ 2 (1 —2M) f 4 & (1 — 2M) (1 — 3M) ¥ and consider
the divergence identity

KXMy] = KX + K*h [y] = V* (T, XY + J2=h) . (180)
We see that (try to understand this first with 6 = 0!)

I’ of 3M
KX’hW}] = (1 _ % - ﬁ (1 - )) (ar*d))Q

r

_2M
+L(1-21) ((1 - 5(1%4)) VU + ;B(atw)?)

g ’217% 2 181
|3y f+ , f+... P ( )

We now see that if we choose f to be monotonically increasing and to change sign
at 3M then all derivative terms will be non-negative, provided we also choose §
sufficiently small (depending only on M and the exact choice of f). Moreover,
the function f should also be uniformly bounded (with appropriate decay in 71
for derivatives) in order for the boundary terms in the divergence identity to
be controlled from the N-energy (here even the T-energy is sufficient), which is
uniformly bounded by data. Clearly, lots of such f exists! The point now is that
one can choose such an f such that also the term in the last line becomes non-
negative! See the lecture notes of Dafermos-Rodnianski for an explicit f that
works. This (modulo non-optimal weights near infinity and the horizon) gives
the first estimate of Theorem 5.14. Improving the estimates near the horizon
(using the redshift) and near infinity is relatively straightforward.

Remark 5.17. It is clear that the biggest worry here is the zeroth order term in
¥, i.e. the low frequencies. If we use the spherical symmetry of the background,
we can convince ourselves that at least for sufficiently high angular modes we
can, by borrowing from the |Y|?-term, produce a non-negative zeroth order
term (after integration over the spheres) as follows.

We can decompose the solution into spherical harmonics

Y= Z w@,m(tvr)yng(ead))

£>0,/m|<t

where Yo m(t, 1) = sz sin 0d0deY,t (0, ) (t,r,0,8). FEach e, satisfies the
wave equation (why?) and the convergence of the sum is in L? on the spheres.
For fixed L we can then decompose the solution into

Y = Ye<r + Ve>L
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i.e. into parts with angular momentum larger and smaller than some fixed L.

For v¢>1, we have
L(L+1
/ Vosir|? > LE+1) 5 )/ (S
S2 /A S2

Therefore we can use the second line of (181) to produce a (large if L is large)
|12 term which will make establishing positivity of the |1|%-term relatively sim-
ply (it essentially reduces the problem to choosing f such that the expression in
the last line of (181) is non-negative at r = 3M. Of course, for finitely many
modes one still needs a (separate) argument!

We turn briefly to the second estimate of Theorem 5.14. For this we remark
(without proof) that the previous argument gives the following quantitative
estimate

a [ < By (182)
0 S T

We first remark that if we are willing to add also Zi\; E{N Q] on the right
hand side of the second estimate (that is in addition to E{Y [1)] + E{¥ [T9]), then
the statement follows immediately from (182) and the fact that T, §2; commute
trivially for ¢ = 1,2,3 and the fact that (as promised in Remark 5.15 and seen
in the proof) the 0,«-derivative is controlled non-degenerately at r = 3M from
the first estimate.

The claim that commuting with the T-derivative is actually sufficient is a
consequence of the Lagrangian multiplier identity (180). Indeed, observe that
we only need to control the T" and the angular derivatives non-degenerately in a
neighbourhood of r = 3M. For the T derivative this follows from the commuted
(182) and for the other derivatives from applying (180) with & a bump-function
near r = 3M (why?).

5.6.2 Sketch of the proof of Theorem 5.16

We already proved on Sheet 5 the existence of affine complete null geodesics on
the Schwarzschild manifold which remain tangent to the timelike hypersurface
r = 3M for all times. Moreover, we also showed that this phenomenon is
unstable in a suitable sense. If you haven’t done the exercise back then you can
check now directly that

™ 1
= t: y :3 ,9:—’ - —_—
~(s) ( s,r M 5 0] 373 s)

is such a “trapped” null geodesic.
The idea to prove Theorem 5.16 is to consider a high frequency (i.e. highly
oscillatory) ansatz

Py = @ a(z) (183)
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where ¢ : M — R and a : M — R are smooth functions and where a will
eventually be compactly supported in a neighbourhood of the trapped geodesic
~v. We expect that in the high frequency approximation, solutions to the wave
equation propagate along null geodesics (cf. the approximation of light rays in
geometric optics). Now, for (183) to be a solution to Og1hx = 0 we need

0= e (X2 a() - g (2)9,00,0 + A (29" (2)D,00,a + allyd) + Dya)
If we can construct ¢ and a such that both
o ¢"(x)0,¢0,¢ = 0 (eikonal equation) and
o 2g"(x)0,00,a + aly¢ = 0 (transport equation for a)

hold, then we would have that ) satisfies the wave equation up to O(1) in A
and in particular the estimate

10g¢xllL2(r10,17) < C1 (184)
for Cr a constant independent on A (but dependent on T') would hold. Here
R[0,T] = [0,T] x A where A denotes a small annular region around r = 3M

where the function a is (going to be) supported.
We now normalise the approximate solution ) to have initial energy 1
independently of A by considering

U
VEG [¥3]

where El[,] denote the T-energy at time t* = 0 of the solution 3" which
is easily seen to satisfy El[1x] ~ A2. Therefore (184) becomes

I = (185)

~ C
10g¥xll L2 (R0, < TT -0 (186)

as A — oo for fixed T. We comment briefly on solving the eikonal equation and
the transport equation.
Step 1. To solve g"”(x)0,¢0,¢ = 0, we recognise it as a first order PDE

1
F (SL’”,%, amﬂ(b = pu) = iguy(x)pupv =0.

The characteristic ODEs are

dzt
= g"p, 187
ds g b ( )
do
— =0 188
I (188)
dp 1 "
= —5Ur v v 1
Is 507 (9" )pup (189)

37Note that the solution is supported near 3M and hence using the T energy is appropriate
here. In particular, the T-energy is bounded above and below by the N-energy with constants
depending only on M.
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In other words, ¢ is constant along the characteristic curves (this is (188)),
which are in turn nothing but the geodesic flow on the tangent bundle T'M
(this is (187) and (189)).38

In other words, we can specify ¢ along ¥ in a neighbourhood of r = 3M
and then ¢ will be constant along the null geodesics emanating from ¥y (which
are the characteristic curves with tangent proportional to the null vector Vo).

r=3M

E()

Locally in time a solution indeed exists but globally there could be caustics,
i.e. null geodesics with different ¢ initial values for ¢ could intersect and the
solution would cease to exist globally. Unfortunately, this is what happens here
and the construction above needs more care (either with so-called Gaussian
beams (see Sheet 11) or one needs to bridge the caustics in an appropriate
manner. We will not provide the details here and pretend that we can construct
a ¢ globally.

Step 2. With ¢ constructed we can solve the linear transport equation for a
along the integral curves of V¢ (which are the null geodesics). Indeed we need
to solve

Z%aJrang:O (190)
which we can view as ODEs along each null geodesics. In particular, if a = 0
initially, then a = 0 along the entire integral curves. Therefore, if a = 0 initially,
then @ = 0 along the integral curves. It follows that (again pretending no
caustics for the spray of null geodesics) we can specify a of compact support on
Yo such that a remains compactly supported in a small tubular neighbourhood
of the geodesic v up to time T'. (Draw again a picture!).

Note finally that the approximate solution 1[) » thus constructed has the prop-
erty that given T* and € > 0 we can find a A such that for all A > A and all

38Indeed, you should be able to derive the geodesic equation from (187) and (189) establish-
ing that the projections of the characteristic curves to the manifold are indeed (null) geodesics.
This is the connection with geometric optics alluded to above.
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€ [0,T] we have
ET[](#7) = ET[a) (" = 0) — . (191)

This is easily seen by applying the T-energy estimate for D1/~J>\ = DiEA (sic!) in
the region R[0,T*] and using (186) for the right hand side. In other words, the
approximate solution keeps the energy concentrated near 3M up to time T™ if
we choose A sufficiently large.

Step 3. We now construct from the approximate solution 1]) » which concen-
trates the energy as desired an actual solution 1, to the wave equation which
still concentrates the energy (with a small error). This is achieved by solving
the Cauchy problem

DE)\ = 07
Dilso = Ualsy » (192)
(ns, ¥z = (nme¥h)|x, -

Note that (¥, — 1y then satisfies (1, — ¥5) = —)y with trivial data on
9. We can now apply the T-energy estimate in a region enclosed by X,
the slice 7+ N {|r — 3M| < M} and the past light cones of the spheres
r=3M=+ 1—10M (draw a picture in the Penrose diagram!). This yields (with the

obvious notation) for any T € [0, T*]

~ —x T* ~ — ~ .
B sunepaal @ = D) <04 [ e [ 100a] 1 (5~ ) 2 sim i

Noting that the integrand is supported near r = 3M (i.e. contained in |r—3M| <
15M) we deduce from Cauchy-Schwarz in spacetime and (186) the estimate

— ~ ek

Co+ — =
Byr- sy (O =0lT) < DY P \/E\r sarj< 2 ar[(¥x = A,

€[0,T"]
again valid for any T € [0,T*]. We conclude
. Cr»

sup Fj_ smj< L (Ox = A7) < 2
t+€[0,7%]

Therefore given a time 7™ (large) we can choose A such that the localised (near
r = 3M) energy of (15 — 1) is as small as we like for all times up to T*.
Combining this statement with (191) and the reverse triangle inequality,

\/E\r 3M|<&EM \/E|r 3M|< &M d”\ J(#) \/E\r 3M|<i W’/\*J’/\](t*)’

we infer that given 7% we can find a A such that for all A > A we have
— 1

T *
\/E\r73M|§1—10MWJ)‘](t )2 9

for all t* € [0,7*] which proves the claim since all the ¢, have initial energy
equal to 1 independently of A\ (since the ) have by construction).
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Figure 1: Penrose diagram of subextremal Reissner-Nordstroem

5.7 Extremal black holes and the Aretakis instability

We consider the so-called Reissner-Nordstroem metric, whose line element in
“Schwarzschild coordinates” reads

oM Q? oM Q2\
gRN = — (1 -—+ Q) dt* + (1 -—+ Q2> dr® + r* (d6* + sin® 6d¢?)
r r

r r2
(193)

where |Q| < M is the charge. The metric gry is not Ricci flat but instead solves
the Einstein-Maxwell equations, which are the Einstein equations with energy
momentum tensor given by Maxwell’s theory of electromagnetism. Defining

7”:|:=M:|:\/M2—Q2

we see that for |Q| < M (the sub-extremal case) the expression D(r) = 1 —
2

M % = % has two distinct roots, while for |Q| = M, (the so-called
extremal case), we have ry = r_ = M. We can draw the Penrose diagram of the
above spacetime which can be “derived” by similar argument that we employed
in the Schwarzschild case.

In particular, the analogue of the ingoing Eddington-Finkelstein coordinates
is

grn = —D(r)dv? + 2dvdr + r* (d6* + sin? 9d¢2)

defined on the manifold (0,00), x (0,00), x S? which in particular covers the
event horizon H* at r =r,.

Note that the vectorfield V' = 0, is Killing and a null generator of the event
horizon H™. Therefore, the surface gravity of the horizon is computed to be
ey -

1
= *791”’ rGuv )

= (Vy V)’
" ( v ) r=ri 2 r=r4 2 Ty

(194)
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and hence vanishes exactly in the extremal case. In the sub-extremal case the
surface gravity is positive and we could prove the same results for solutions to
the covariant wave equation on the black hole exterior than we did for @ = 0!

In the extremal case, however, there is an elementary argument showing
that certain derivatives of v satisfying [y, % = 0 cannot decay along the event
horizon. The instability mechanism is due to Stefanos Aretakis and has been
generalised to many other “extremal” black holes. The idea is to write the
covariant wave equation Oy, 1 = 0 as

DO, 0,1 + 20,0, + %am + <8,>D + iD) Oph + A =0 (195)

and restrict it to the event horizon where it becomes (since in the extremal case
D=0and 0, D=0atr=ry):

20,0, + 20,0 = &b on HY. (196)

It follows that the quantity

. 1
/52 sin 0dOd¢ <8ﬂ/) + M1/1>

is constant along H* and hence does not decay along H™ (unless it is initially
zero, which is a non-generic assumption on initial data.). It turns out that in
fact 1) itself does decay along H™ so the quantity which does not decay is (the
spherical average of) 0,1¢. A similar argument (exericse) shows blow-up for
second transversal derivatives if suitable assumptions on the horizon are being
made.

5.8 From integrated decay to inverse polynomial decay

We now discuss briefly how to go from the integrated local energy decay esti-
mates of Theorem 5.14 to inverse polynomial decay rates for the energy (and
for the field 1 itself). Such decay rates are not only a perhaps more intuitive
measure of decay but also crucial for applications to non-linear problems. This
section follows very closely the (very readable and short) paper of Dafermos—
Rodnianski (“A new physical space approach to decay for the wave equation”,
arXiv:0910.4957).

5.8.1 Slices ending at null infinity

To state the results we first need to re-consider the choice of slices that we
should use to measure the decay. Indeed, starting with Minkowski space (where
an integrated decay estimate for solutions to the wave equation was proven on
Sheet 9) , it is clear that the energy through slices of constant time ¢ cannot
decay because it is conserved! To capture decay we need to choose slices “ending
at null infinity” as seen in the picture. A simple choice in Minkowski space is

YS,={t=7mtn{r<Rh)n{u:=t—r=7—-R}N{r>R}),
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which is a constant ¢ = 7 slice up to » = R with an outgoing null hypersurface
emanating from the sphere S? r attached (see the picture).

On Schwarzschild, recall the Regge-Wheeler coordinates (t,7*, 6, ¢) and the
double null coordinates (u =t —r,v =t+1,60,¢) (in which the metric takes the
form gg = —4 (1 — %) dudv + r?dw?). We may define a coordinate (compare
Question 2 on Sheet 5)

t* =t+ x(r) - 2M log(r — 2M)

where x(r) is a smooth cut-off function equal to 1 for » < 7M and equal to zero
for r > 8M. Then we define the slices

Sr={tr=rin{r<RhY)n{u=t—-r*=7—-R*}N{r>R}).

These slices intersect the horizon and are spacelike in the region » < R with a
piece of outgoing null hypersurface emanating from the sphere Sf, r attached.
We define the following energy for solutions of [y = 0:

E[](1) ::/ Ik :/ JlﬂvngT—i—/ Jand (197)
b 2.n{r<R} N,

T

where in Minkowski N = T = 0, while in Schwarzschild N is the familiar
timelike vectorfield generating the non-degenerate energy. Note that on the null
piece N; := {u=7—R™} N {r > R}, the expression JVnk ~ (0,9)*+|Vv|?
involves only derivatives tangential to the cone (as the normal is tangential to
the null cone). The choice of slices is by no means unique. For instance, you
can find smooth and purely spacelike slices approximating the slices above:

Exercise 5.18. Find an explicit parametrisation of smooth spacelike slices 3,
ending at null infinity (as indicated in the picture) in both the Minkowski and
the Schwarzschild case.

5.8.2 Boundedness and integrated decay for the new slices

One now easily (re)proves that the energy boundedness and integrated local en-
ergy decay estimates we proved for slices of constant ¢ (or ¢* in the Schwarzschild
case) generalise to the slices ¥,

Proposition 5.19. For 1 a solution of U,y = 0 arising from data of compact
support one has the estimates

E[))(r2) < E[¢](m1) (198)

and

™ 1 2 2 2 .
/n dr / T O + @) + IVUP] < CEWm) (199)

98



for o > 11 > 0. Similarly, for ¢ a solution of Oy, 9 = 0 arising from data of
compact support one has the estimates

E[Y](r2) < C- E[Y](m1) (200)
2 1 3M 2 9 -
[ (-2 o o s

1
[ [ e 000+ 0 4 9] < 03 BT
Proof. See Sheet 11. O

5.8.3 Proving polynomial decay in the Minkowski case

We start with the case of Minkowski space and prove:

Theorem 5.20. Let i be a solution of Uy = 0 arising from data of compact
support. Then there exists a constant C depending only on R and M such that
the following holds (where N = 0)

/JN </ TV [n (201)

Proof. We write the wave equation in null coordinates u =t —r, v =t +r
(which imply 9, = %8,5 — %&, O = %& + %ﬁr and hence 9,r = —%, Opr = %)
and for ¢ = Yr as

1 °
—40,0,¢ + TQM =0 (202)
where A denotes the covariant Laplacian on the wunit sphere (with metric g =
df? + sin? Bdp?).

Step 1. Deriving a p-weighted identity. Multiplying (202) by —%rpc?‘vqb
yields the identity

0u (7(0.0)°) + gpr (Do) + ¥ (—17”"23@%4&)
S G G A 9T R -(CR e % SR M

Integrating over the region D2 = U, <., & N{r>R}) = U, <, N>
with respect to the measure dudv sin dfdy we see that the term involving the
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angular divergence on the unit sphere will vanish and we will produce for any
p < 2 the identity

1
/ P (0,¢)? sin OdOdpdv + ~ / 7P| Y1)|? sin Odfdpdu
u=ro—R,v>To+R 4 2k

71— R

+/ Pl (;p(&ﬂﬁ)z + %(2 - p)|y7¢|2> sin 0dfdypdudv
DTZ

T1

< / P (9, )? sin OdOdpduv
u=11—R,v>71714+R

(204)

r=

+ /:2 r? (i|?7¢|2 - (8U¢>)2> sin OdOdpdT

1
Note that the left hand side is non-negative for p < 2!

Remark 5.21. We derived this identity renormalising the wave equation and
integrating by parts “by hand”. However, you can of course also obtain the
identity (204) using the familiar vectorfield currents JX and KX[y] combined
with the Lagrangian identity for an appropriate vectorfield X and a Lagrangian
function. This is a computational exercise.

Step 2. Stepping down the hierarchy and the dyadic argument.
We first claim that for any p < 2

/T2 rP (i|?7¢|2 - (a,,qs)?) sin 0dOdpdT

1

<c / STt (205)
r=R 27_1

with C depending on R only. This will be proven on Sheet 11.
Therefore, applying (204) with p = 2 produces the estimate

/ 72 (0,¢)? sin 8dOdpdv + / 7(0,¢)? sin OdOdpduduv
u=1o—R,v>712+R

T2
Dy

< / 72 (9y¢)? sin OdOdpdv + C / Jr [k . (206)
u=11—R,9>1T1+R P2

Consider now a dyadic sequence of times 7,, — oo (for instance 7,, = 27 with
To > 1). Applying (206) in each region between 7, _1 and 7,, we can extract
(how?) a dyadic sequence®® of times 7,, — oo such that

/ 7(0y¢)? sin OdOdpduv
u=1y,—R,v>T,+R

< < [ / 72 (9y¢)? sin OdOdpdv + C / Jr [w]ng] . (207)
u=11—R,v>1T1+R 3

Tn

39for instance, this can be arranged to satisfy iTn <Tn—Tn-1 < %Tn by choosing every
other good slice.
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The idea, now is to apply the identity (204) now with p = 1 and in between
two good slices, i.e. the region D]* . Note that the boundary terms on the

outgoing null cones can now be estimated by (216). This yields using again also
(205) the estimate

1 1
/ (2(av¢)2 + 8|y7¢|2) sin Odfdpdudv (208)
Doy

C
< —

T’ﬂ

/ 72 (9y¢)? sin BdOdpdv + C / J o [W]nd,
u=711—R,v>T1+R P2

+ C/E J o [WInk.

We claim that we can convert ¢ into v, i.e. insert ¢ = r, integrate by parts
and deduce

/ (;(am)Q + QWF) 72 sin 0dOdpdudv (209)

Drn s

< ¢ / r2(8,6)? sin 0dfdpdv + C / JTln| +C / Tk
Tn u=11—R,v>1T1+R 27_1 D)

Tn—1

This will be proven in detail on Sheet 11. Note that now it is indeed the
characteristic energy of ¥ on the truncated outgoing null cones integrated in u
which appear as the first term! Adding to this (199) we deduce

/ ar / T Tl (210)

Tn—1 P28

<& / r2(8,)? sin 0dfdipdv + C / Ty [k | +C / T [$In&.
Tn | Ju=r1—Rv>11+R X B

Note that we could replace 7,1 by 7¢ in the last term by energy conservation.
We can now conclude the argument. In every interval [r,_1,7,] we find a 7,
such that

/ I [Ing < Tg [ / r?(0y0)* sin 0dfdpdv + C / JZW]ng]
3z, n u=11—R,v>7171+R P

obtaining thus a dyadic sequence 7,, — oo along which the energy decays like
%. Using (198) we immediately deduce the estimate for any slice:

/ Tty < €
s,

T

/ 72 (0y¢)? sin OdOdpdv + C'/ Jg [1/)]71’4 .
u=71—R,v>71+R P25
(211)

Indeed, given any slice ¥, we take the slice Xz closest to ¥, in the past and
apply (198) between the two slices. This yields (211) with 7 replaced by 7,
on the right hand side. However, 7,, > A7 holds for some A\ > 0 (for instance
A = 15 suffices) by the dyadic property.

101



With (211) established, we can repeat the argument one more time: From
(210) we find yet another dyadic sequence along which

/ 72 (0y¢)? sin OdOdpduv + C/ g [w]ngl
u=711—R,v>1T1+R bR

holds. Repeating the energy conservation argument (and converting ¢ into v
for the term on the outgoing null hypersurface, we finally establish (201). Note
that one cannot improve the decay further (why?) and that the rate of 772 is
obviously related to the fact that we could only choose p = 2 at the top of the
hierarchy. O

T 1% C
/Z” Ju [Ylng < (7)2

™n

5.8.4 Proving polynomial decay in the Schwarzschild case

Theorem 5.22. Let i be a solution of Ug,1p = 0 arising from data of compact
support. Then there exists a constant C' depending only on R and M such that
the following holds (where N s the timelike vectorfield constructed earlier)

C
[ o, <G [ g, (212)
2, o0
Proof. We write the wave equations for the rescaled ¢ = riy as
1 1 ¢ 2M
_4j8uav¢ + §A¢ - T73¢ =0. (213)
p
The fundamental identity obtained by multiplying with —%rpam now becomes
rP rP o A 1 rp2
O (1_21\4(3v¢5)2> + 5u_2M] (0u0)> + ¥ ( RS U¢Y7A¢>

-2 LA o —2 o A o
10, (fwv ¢y7,4¢) -3 [al_M] V6V a0

1, (2M 5\ M. g,
+ Za” (Tgr% ) -5 [0yr 3 1P] 9> = 0. (214)
Recall in Schwarzschild we have 9,r = % ( — T) and 9,r = —% ( 2M)

Note that since M > 0, we can choose R sufficiently large such that all the
square brackets are positive in the region » > R. The terms on r = R, including
the (wrong signed) additional lower oder ¢? term from the last line) can be
controlled as on Exercise Sheet 11 (note that the degenerate (at r = 3M)
integrated decay estimate is sufficient here since we are in a region of large R).
Integrating over D72 therefore yields for p = 2

/ 12(0,¢)? sin dOdpdv + / 7(0y¢)? sin fdOdpdudu
u=1o—R* v>To+R* D72

71

< / 72(9,¢)? sin 0dOdpdv + C / N []nk. (215)
u=711—R*,v>11+R* 3y
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As in the Minkowski case, we find a dyadic sequence 7, — 00

/ 7(9y)? sin OdOdpduv
u=71,—R*v>1,+R*

/ 72 (0y¢)* sin OdOdpduv + C’/ Jr [w]ngl . (216)
U=T1 —R*,UZTl +R* 21'1

Applying the fundamental identity now with p = 1 between two slices (and
converting from ¢ to ¢ as before ) we infer

C
Si
Tn

1 1
/ (2(5’1;1@2 + 8|Y7w|2> 72 sin 0dfdpdudv (217)
Doy
< < / 2(9y¢)? sin OdOdpdv + C / JN[WInk | +C / I []nk.
Tn u=11—R*v>1T1+R* P

T1 Tn—1

Now adding the non-degenerate integrated decay estimate (and converting ¢ to
1 in the square bracket using a Hardy inequality and the fact that r > 2M is
bounded below — Exercise!) we deduce

Tn U=71— R*,'U>7'1+R*
+C / £+ / JN[Tpnk,
)

Tn—1

We now run the argument as in the Minkowski case choosing a sequence of good
slices and exporting the decay to all slices using (200) and the dyadic property.
This eventually proves (212). O

5.9 Outlook: The Kerr metric

In this final (non-examinable) subsection, we will introduce the Kerr metric and
discuss, rather informally, some of its properties. (Indeed, you shouldn’t have
taken a course on black holes without having heard about the Kerr metric but
discussing what we did in Chapter 4 for that metric is more complicated, which
is why we have postponed its introduction until now.)

We let M > 0 and a € R with M > |a| and define

A=7r?—-2Mr+a* , Y=r?+a’cos?0. (218)

We define the manifold M = (—00,00); X (ry,00), x Sj 5 where ry := M +
VM? — a? and equip it with a 2-parameter (M, a) family of metrics of the form

g = gudt? + gipdtde + grrdr? + geedd? + g4de? (219)
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with

2Mr ¥
gtt:_<1_ 5 ) ) grr:K ’ 99922’
2M 2Mra?
Gio = — Zrasin2 0, gos= (r2 +a®+ % sin? 0) sin0.  (220)

The coordinates (t,r,6,¢) are called Boyer-Lindquist coordinates. One may
check that the above metric is Ricci-flat. We collect also the inverse (noting
that girges — (g1¢)° = —Asin? 0)

tt g¢¢ rr A 00 —1
= — = — s = E s
g Asin?6 g Y g
to _ __ Jto oo _ __ Ytt 291
g Asin?0 g Asin? 0 (221)

We collect some facts about the Kerr metric:

1. History and basic facts. The Kerr metric was discovered in 1963, many
years after Schwarzschild. It is, obviously, algebraically much more com-
plicated! Note that for a = 0 the metric reduces to the Schwarzschild
metric in the original Schwarzschild coordinates, so the Kerr family con-
tains the Schwarzschild family. For |a| = M, the function A has a double
root at r = M. This is reminiscent of the extremal Reissner-Nordstroem
black hole of Section 5.7 and indeed the case |a| = M is called extremal
Kerr. For M = 0 (and a arbitrary) the metric (219) is actually the flat
metric in so-called spheroidal coordinates.

2. Asymptotic flatness. The metric is “asymptotically flat” (I won’t give
a formal definition here). You can change coordinates to asymptotically

Euclidean coordinates by setting 7 = 1y/r— M +r (1 —21) and = =

7sinf cos p, y = 7sinfsin ¢, z = 7 cos . The metric becomes

g=— (1 - % + O(f‘2)> dt* + (1 + % + O(f‘2)> (dz? + dy® + d2?)
T r

+ 0, (F72) (da* @ dz”) (222)

3. Killing symmetries. The Kerr metric has two Killing vectors d; and Jy,
which moreover commute. The vectorfield 04 is spacelike and generates
rotations around the z-axis, so Kerr is azisymmetric. Remarkably, the
Kerr metric admits also a Killing-tensor whose discovery is due to Carter
(in the 1960s). A Killing 2-tensor is a symmetric 2-tensor K which sat-
isfies V(o K3,y = 0. A Killing tensor is called irreducible if it cannot be
constructed from the metric (which is always a Killing tensor) and Killing
vectors. Note that a Killing tensor K produces a conserved quantity along
geodesics since K,57*47 is conserved along v (why?).
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The existence of the Killing tensor (sometimes called a “hidden symme-
try” in the physics literature) has several consequences. In a Ricci flat
spacetime (such as Kerr) it implies the separability of the wave equation.
It (the existence of an additional conserved quantity) also implies the inte-
grability of the geodesic flow. Both statements should be understood that
the PDE problems can be reduced to ODEs. This plays a fundamental
role in the analysis of the covariant wave equation on Kerr. In addi-
tion, a Killing tensor gives rise to a (second-order) symmetry operator
K =V, (K**Vg) which commutes with the wave equation: [y, K] = 0.
In Kerr we have with L = TQZ“2 O0¢+ x0s+0, and L = TzJA”f Oi+ x0s— 0
denoting the principal null directions:

K, = A - L,L,+ TQgW,
Kb = Kgatp — ®%p + (a2 sin? 0) T . (223)

I invite you to check the above properties! Note already, however, that
commuting twice with 7' and ® and with K (the commutation of all of

which is trivial), we will be able to estimate Ag21) and hence angular
derivatives of v by elliptic estimates.

4. Superradiance. The vectorfield 0; is timelike for large r (the metric is
stationary) and in general satisfies

g(0,0:) <0 for 2Mr < 3, (224)
9(0,0,) =0 for 2Mr =%, (225)
g(0,0¢) >0 for 2Mr > 3. (226)

The region where J; is spacelike is called the ergoregion.*® It is the range

M4+ VM2 —-a2<r<M++/M?2—-a?cos?0

Note that d; is also spacelike on H* (except at the poles of the sphere)

40Tnside the ergosphere an observer cannot follow the stationary Killing field d¢, he
or she would have to go faster than light. In fact consider any timelike curve y(r) =
(t(7),r(7),0(T), ¢(7)) inside the ergosphere. Then, since the tangent vector is timelike,

> gwAty” <0. (227)
v

dt dé

In the sum on the left, all terms are positive except 2g;¢ o+ 4-+ S0 we clearly need % #0

along the curve. Hence an observer in the ergoregion necessarily needs to rotate!
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2

since 2Mry > Ti + a? — a®sin? 6 on the horizon becomes 0 > —a? sin® 6.

=9

0,7

T+

For the study of the wave equation g1 = 0 this is somehow bad news
because the boundary term on the horizon in the estimate associated with
J; may be negative, so we can have

/ Jonk > / Jink, (228)
z Bix—o

This phenomenon is called superradiance. There is also a particle model for
this (the so-called Penrose process, see the book of Wald) which exhibits
energy extraction from black holes.

5. Trapping. As mentioned, geodesic flow is integrable for Kerr so we can
compute the geodesics by solving ODEs. You derived the resulting system
for Schwarzschild on Sheet ... Doing this for Kerr results for v(r) =
(t(1),r(1),0(1), ¢(7)) in the ODE system (see for instance the PhD thesis

of Sbierski)

; 2 o F
Yt=aD+ (r*+a )K (229)
¥%7? = R(r) .= —KA +P? (230)

. D
¥20° = 0(0) = K — — (231)

sin” ¢
: D alP

Yo =—5—+ —— 232
¢ sin? @ A (232)

where K is the Carter constant of v, P(r) = (r? + a?)E — La and D(0) =
L — Easin® 6 and finally E = —g(%,0;), L = g(¥, 0s).

Below we sketch the ODE analysis necessary to infer the existence of
trapped geodesics for r-values in a full interval [rq, 2] where r1 and ro are
the roots of the polynomial p(r) = r(r — 3M)? — 4a®>M which lie in the
interval [ry,00).4! In summary trapped geodesics exist for r values in an

41The first observation is that simple zeros of R(r) correspond to turning points while double
zeros correspond to trapped geodesics. Since by (231) we have K > 0 we have that R(r) is
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entire closed interval around r = 3M, i.e. they fill out a set of non-trivial
measure in the manifold! Our construction of physical space multipliers
degenerating at » = 3M only will therefore fail!

The good news is that the phenomenon is still unstable when viewed in the
tangent bundle: Perturbing the tangent vector of a fixed trapped geodesic
(which you can view as changing the conserved quantities slightly) will
result in the geodesic leaving through the event horizon or null infinity.

. Global structure of the Kerr metric. We can extend the metric
through r; in a similar fashion to what we did in Schwarzschild. One
defines

T 2 2
" =t+T(r) withcfl—r:T Za (233)
dA «a
Sy 2 ith 2= = 2. 234
¢ =¢+ A(r) mod 2 wit A (234)

The metric in (t*, 7,0, ¢*) coordinates can be defined on a larger manifold
into which the original M embeds isometrically. The global structure of
the Penrose diagram (the part which is globally hyperbolic) looks as the
one for subextremal Reissner-Nordstroem in Figure 1. In particular, we
see that the global structure (especially that of the black hole interior) is
quite different from that of the Schwarzschild metric!

. Surface Gravity of the horizon One computes that » = r is a Killing
horizon, i.e. a null hypersurface whose generators (see Sheet 5) are

a

K=o+ 5"
t+ri+a2

Dy

The surface gravity, defined by Vx K = kK is computed to be

1 T —Tr—
=—-—. 235

272 +a? (235)
The computations establishing the above, should of course be done in the
(t*,7,0,¢*) coordinates, which are regular on the horizon. (The point is
that the vectorfield K extends regularly to r which can be seen by going
to the regular coordinates.)

We state informally some theorems and conjectures about the Kerr metric.

positive for r € (r—,r4). It is also positive near infinity and viewed as a 4" order polynomial
in 7 does not have an 73 term. It follows that R has an even number of zeros in (r4, co).
It can’t have four because by the absence of the r3 term the sum of the roots has to equal
zero. If it has zero roots clearly the geodesic is not trapped. If it has two single roots r1, 72 in
(r4,00) then R is negative in (r1,r2) and again the geodesic is not trapped (but turns around
at these points). One now has to check that one can choose the parameters K,E and L such
that R(r) has a double root. To do this, set wlog E = 1 and solve R(7) = 0 and d%R(F) =0
for L(r) and K(r). One needs to check consistency with the other equations and this works
for r in the aforementioned interval.
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Conjecture 5.23. The two parameter family of Kerr black holes comprises all
stationary, asymptotically flat vacuum black holes.

The conjecture has been proven rigorously under the additional assumption
of axisymmetry (by Carter-Robinson around 1970) and under the assumption of
analyticity of the spacetime (which allows one to infer the axisymmetry by an ar-
gument of Hawking). More recently, it has also been shown in the class of space-
times sufficiently close to the Kerr family (by Alexakis—Ionescu—Klainerman).
Note that it is very remarkable and surprising that all equilibrium (=“station-
ary”) should be described by just two parameters, the mass and the angular
momentum of the black hole!

In the recent (2016) gravitational wave experiments that you will have un-
doubtedly heard about, the signal comes from the merger of two black holes
which settle down in a Kerr black hole. From the way the signal settles down
to zero one can infer the parameters a and M of the black hole! This leads into
the subject of quasinormal modes for black holes which is far from the scope of
this introductory course.

In any case, Conjecture 5.23 clearly illustrates the central role of the Kerr
family for gravitational dynamics! We saw that to investigate the stability of the
Kerr metric, a natural toy-problem is the study of the covariant wave equation
(since the Einstein equations themselves are, as we have also seen, (non-linear)
wave equations. For the toy problem we have the following result:

Theorem 5.24 (Dafermos—Rodnianski-Shlapentokh-Rothman 2014). Solutions
to the wave equation Oy, 1 = 0 on a subextremal Kerr exterior arising from
sustable decaying initial data decay inverse polynomially in time.

There has been a lot of progress on moving from the toy problem to the
problem of proving stability of the Kerr family for the Einstein vacuum equa-
tions. This is a topic of ongoing research and could be the topic of another
course.

6 The Penrose Incompleteness Theorem

6.1 Closed trapped surfaces

Let (M, g) be a spacetime and consider S C M as spacelike 2-surface, which for
simplicity we assume to be contained in a 3-dimensional spacelike hypersurface
¥ C M and that S bounds a compact domain K in . If R is the (spacelike)
outward normal of S in 3 and N is the (future directed timelike) unit normal of
Y in M then L = N+ R and L = N — R are future directed null vectors defined
along S satisfying g(L,L) = —2. For obvious reasons we call L the outgoing
normal null direction to S and L the ingoing normal null direction of S.42 Given
L and L along S we can look at the ingoing and outgoing null geodesics from S

42We could start more abstractly with S (without ¥) and pick the two null directions in
(TpS)+ C TpM.
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which (at least locally) generate an ingoing and an outgoing null hypersurface
C' and C respectively.

To L and L we can associate the second fundamental forms x and x defined
at each p € S as follows N

X(X’ Y) :g(VXL’Y) ’ X(X’ Y) :g(VXLa Y) (236)
for all X,Y € T},S. Note that this indeed defines a tensorfield on S.

Definition 6.1. A closed spacelike surface S as above is called trapped if the
traces of the two associated null second fundamental forms are negative, i.e.

trx <0 , trx<0 ateachp€eS.

As we shall see below, this condition implies that the area of the surface
decreases when deformed in each of the two null directions. Note that a standard
sphere in Minkowski space has trxy > 0 and ¢try < 0.

Exercise 6.2. Show that any sphere of symmetry in region II of Schwarzschild
is trapped. Show that any sphere in the black hole interior of subextremal Kerr
s trapped.

The notion of a trapped surface is intimately tied to the notion of a black
hole. However, why the latter is a global notion (depending on the existence of
an appropriate asymptotic boundary ZT of spacetime), the notion of a trapped
surface is local.

6.2 Statement of the theorem

We can now directly state the Penrose incompleteness theorem:

Theorem 6.3 (Penrose, 1965). Let (M, g) be a 3+1 dimensional globally hyper-
bolic Lorentzian manifold with a non-compact Cauchy hypersurface whose Ricci
curvature satisfies

Ric(V,V) >0  for all null vectors V.

Suppose moreover that (M, g) contains a closed trapped surface. Then (M, g) is
future geodesically incomplete.

Remark 6.4. The curvature assumption (trivially) holds for any vacuum space-
time. It also holds for spacetimes satisfying the so-called null energy condition,
which is a very reasonable assumption on the matter content in spacetime.

Remark 6.5. The theorem is sometimes called a singularity theorem. Note,
however, that it is geodesic incompleteness that is asserted and that the geom-
etry of (M,g) does not necessarily blow-up (in the sense of exhibiting infinite
curvature) towards the future. Compare the conclusion of the theorem for the
trapped surfaces in Schwarzschild and Kerr respectively!

109



Remark 6.6. The statement and the proof that we’re about to see should be
compared with the theorem of Bonnet-Myers in Riemannian geometry. That
heorem states that if (M, g) is a complete and connected Riemannian manifold
and Ric(X, X) > "p}lg(X,X) holds for all X € X (M), then M is compact and
diam(M) < 7p.*3 Idea of the proof: Assume that the diameter bound does not
hold. Then there exists (by a Corollary of Hopf-Rinow) a length minimizing
geodesic v connecting p and q with L(y) > pm. However, the curvature assump-
tion implies that the geodesic must develop a conjugate point at or before pm
after the geodesic is no longer minimising. Contradiction. The diameter bound
implies the compactness (by Hopf Rinow, the closed and bounded subsets of M
are compact).

By the above, one may view Bonnet-Myers as: “completeness and a lower
bound of the Ricci curvature implying compactness” and the Penrose theorem as
“completeness and a lower bound on Ricci curvature in null directions + exis-
tence of a trapped surface implying completeness of every Cauchy hypersurface.”

Remark 6.7. The assumption of a trapped surface is of course a very strong
one. A celebrated (much more recent!) result of Christodoulou proves that
trapped surfaces can indeed form in the evolution of the Einstein equations from
“arbitrary dispersed” initial data. The proof requires a deep understanding of
the structure of mon-linearities appearing in the Einstein equations as an evolu-
tionary PDE.

6.3 Analysis of Null Geodesics emanating from 5

The main analytic ingredient in the proof of Penrose’s theorem consists in a
detailed analysis of the null geodesics emanating orthogonally from the trapped
surface S. In this subsection we provide this analysis.

At each p € S there exists a unique maximal geodesic 7y, : (T—(p), T+(p)) —
M with 7,(0) = p, 4(0) = L,. Similarly, there is a unique maximal geodesic
7, (T_(p),T,(p)) = M such that lp(O) =p, jp(O) = L,. We consider the

sets
C:U'Vp ) Q:U1p~

peS peS

The geodesics p, 7, are called the null generators of C' and C' respectively.
The sets C and C' are smooth hypersurfaces locally near S but not necessarily
globally as the example of a standard sphere in Minkowski space shows.

Let us look, for the moment, at an appropriate restriction of C' near S such
that C'is actually smooth (similar considerations hold for C'). We will continue
to use the notation C for the restriction. Clearly, we can define L on all of C'
by setting LVp(T) = ;Y’Y(T)'

We can normalise the affine parameter 7 of «, such that 7 = 0 on S and
L7 = 1.** We thus obtain an affine foliation of the cone C' by spheres: We define

Bdiam(M) := sup{dg(p,q) | p,q € M} is the diameter of the manifold.
44Recall that the affine parameter is unique up to linear transformations 7/ = ar + b. In
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Sy = F-(S = Sy) with F, the flow along the affinely parametrised geodesics.
Now, given any y € C' we have y = v,(7) for some 7 so y € S, for some 7. If
E4, Es is a basis of T,,S, then (L, E1, E5) is a basis for T,C. We may propagate
this basis by Lie propagation, i.e. according to*?

LiE;=0

The Ey, B are tangent to the section S, (note LE4(7) = EoL(1) = E4(1) =0
so E4(7) = 0 everywhere since E;(7) = 0 holds at 7 = 0; alternatively, compute
Vi(9(L,Ea)) =0+ g(L,VLEA) = g(L,Vg,L) = §Vg,g(L,L) = 0.) and we
have

(Ei)yy(ry = dF-(Ei)p -

The Fy and E5 are called normal Jacobi fields along the geodesics. The point is
that they measure the (infinitesimal) displacement between nearby null geodesics.
Indeed, suppose A : (—¢, €) — is a curve on S such that A(0) = p and A(0) = E1,
then we have a mapping

D:(—6e)x[0,T) = C , P(s5,7) = Yr)(7).

If we fix 7, then a(s) = 7,5 (7) corresponds to the displacement of the null
generators at affine time 7. The infinitesimal displacement for a fixed geodesic
(say 7, itself) is %2 (s = 0) = E; (evaluated at a fixed but arbitrary 7). All this
is illustrated in the picture below:

S:

P g

Note finally that C' is indeed a null hypersurface. To see this, we show that
given y € C arbitrary, T,C is a null hyperplane in M. We have y = v,(r) for
some p and 7. Since clearly L € T,,C, it suffices to show that g(L, X) = 0 for all
vectors X in T,,C (as this shows that the induced metric is indeed degenerate).

the timelike/ spacelike case one easily see that one can choose a so that the tangent vector
has length 41 along the geodesic (recall the length is conserved along 7).
45Note this amounts to solving a first order ODE for E; along ~,.
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We compute for X € {L, Eq, Es}
1
Vig(L, X) =0+g(L, Ve X) =g(L, VxL) = 5Vx(g(L, L)) =0  (237)

along 7y,. Since at p we have g(L, X) =0 for all X € {L, Ey, E5}, we conclude
that g(L, X) = 0 along ,, hence at T,C.

Remark 6.8. Note that it is very important that L is normal to S. The hy-
persurface r = 3M in Schwarzschild for instance is spanned by the trapped null
geodesics but is timelike. The null vectors of the trapped geodesics are not nor-
mal to the spheres of symmetry!

Remark 6.9. The frame (L, Eq, E3) at T,C can (at any point y € C) be com-
pleted (uniquely) to a spacetime null frame (L, L, By, E5) with L a null vector
orthogonal to the S, (hence to Ey, Fs) and g(L,L) = —2. Note that L and L
are determined independently of how one choses the frame on S, so one can
speak about L and L without having chosen a frame Fy, Fs.

Remark 6.10. Having established the geometric picture above we can also clar-
ify the trapped surface condition: If ¢ denotes the metric induced on the hyper-
surfaces S-, i.e. §(X,Y) = g(X,Y) for X,Y €T, (,)Sr then differentiating the
metric along L yields:

4 (§(Ea. Ep)) = Vi(9(Ea, En)) = 9(V1Ea, Ep) + g(Ea, V1 Ep)

dr
:g(VEAL7EB) +9(EA7VEBL) = 2X(EA7EB)a (238)

hence by the formula for differentiating a determinant

d 1 d
E\/g = 5\/%4143%%13 = \/gtrx.

This makes manifest that for a trapped surface any deformation of (infinites-
imal) area in the direction of the null generators results in a decrease of that
area.

Proposition 6.11. We have 8J7(S) Cc CUC.

Proof. We sketch the argument. By global hyperbolicity we have that J¥(S)
is closed (Sheet 12), therefore dJ(S) C JT(S). Given y € 8J1(S) C J*T(S)
there exists a causal curve v from some p € S to y. If v was not null we could
deform it into an overall timelike curve contradicting y € J7(S) so « has to
be a null curve. If it wasn’t a null geodesic, we could also deform it into a
timelike curve. Finally, if it wasn’t orthogonal to S we could also deform it into
a timelike curve. O

Remark 6.12. Note that C UC C dJT(S) does not necessarily hold as the
example of a standard sphere in Minkowski shows. The ingoing cone C forms a
caustic and the points in the causal future of that singularity lie in IT(S).
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6.3.1 Jacobi fields

The proof of Penrose’s theorem is based on understanding the behaviour of
certain Jacobi fields along the null generators v, and 2,

Definition 6.13. Given p € S a point ¢ = v,(7y) for some 7, € (0,T4+(p)) is
called a focal point to p if there exists a non-trivial (i.e. not identically vanishing)
normal Jacobi field J along vy, such that

[L(7),J(1)] =0 for all T €[0,T(p)) and J(7v) = 0.
Similarly, a point q = lp(z*) for some 7, € (0,7 (p)) is called a focal point to
p if there exists a non-trivial (i.e. not identically vanishing) normal Jacobi field
J along %, such that
[L(7),J(r)] =0 for all €[0,T,(p)) and J(z,) = 0.
Note that J satisfies the Jacobi equation (use [L,J] =0 and VL = 0):

VLVLJ = VLVJL - V,]VLL = Riem(L, J)L

and of course similarly V,VJ = Riem(L,J)L

Proposition 6.14. Consider p € S and let 7, > 0 be such that v,(7,) is a focal
point to p along v,. Then for any € > 0 we have v, (7 +€) € I(S). Similarly,
if T, > 0 is such that lp(z*) is a focal point to p along 2, then for any e > 0

we have lp(l* +e€) € IT(9).
Proof. postponed. O

The theorem is easily explained intuitively and should be compared with the
theorem in Riemannian geometry that geodesics stop minimizing length after a
conjugate point.

| 2

The above picture shows (in Euclidean geometry) how to “cut the corner” to
turn the broken geodesic into a shorter unbroken one. In the Lorentzian case
it is the reverse triangle inequality that enters the cutting the corner argument
turning a broken null geodesic into a “longer” timelike one.
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Remark 6.15. We note the related notions of conjugate points and that of cut-
locus in Riemannian geometry. Recall that the cut-locus of p is the collection of
points after which geodesics emanating from p stop minimising length. While
conjugate points are in the cut-locus, points in the cut-locus do not have to be
conjugate/ focal points as the example of the torus shows.

Proposition 6.14 allows to strengthen the conclusion of Proposition 6.11:

Corollary 6.16. If 7, > 0 is such that v, and %, each contain a focal point
before time T, for all p € S, then

OJT(S) C O(r) UC(r4)

where C(74) = U (0,,) Upes 1 (7) and similarly for C(.).

6.3.2 The Raychaudhuri equations

Recall now that we denoted by ¢ the Riemannian metric induced on the spheres
S (and ﬁl). We define

. 1 . 1
X=X— §t7“xg and X =x— itrxg

which are the tracefree parts of the second fundamental forms x and x respec-
tively. The next Lemma establishes an important monotonicity property of the
traces:

Lemma 6.17. The quantities trx and trx satisfy the Raychaudhuri equations
1 R .
Ltrx) = =5 (trx)* = %[5 — Ric(L, L),
1 N .
L(try) = _§(t@)2 —[x[§ — Rie(L, L). (239)

Remark 6.18. Note the right hand side is indeed negative if the curvature
assumption of Penrose’s theorem holds. It follows that trx will remain negative
(and will in fact go to —oo in finite time) along the cone.

Proof. We prove the first identity, the second being entirely analogous. We have
(use again [L,E4) =0 and VL =0)

L(x(Ea,EB)) =9(VLVE,L,Eg) +9(Ve,L,VLER)
= Riem(L,Ea,L,Eg)+ g(VEg,L,VE,L). (240)

On the other hand, from the Leibniz rule
Vix(Ea, Ep) = L(X(Ea, Ep)) = X(VLEa, Ep) — x(Ea, VL Ep)  (241)
and hence after inserting the previous identity for the first term

Vix(Ea, Eg) =Riem(L,Es,L,Eg)+ g(Vg,L,VE,L)
 §(VeymaloBp) — (Ve LViEp).  (242)
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After the cancellation and using that Vg, L = x4, Ec we deduce
Vix(Ea, Ep) = =x4“xcp — Riem(Ea, L, L, Ep) . (243)
It follows that

L(trx) = Vi(9*Pxas) = ¢*P(Vix(ea,ep)) = —x*Pxap — Ric(L, L)

6.3.3 Proving the existence of focal points

Assume the assumptions of Penrose’s theorem. Since S is compact, there exists
k > 0 such that both

suptrx(p) < —k and suptryx(p) <k
peS peS

hold.

Proposition 6.19. Assume the assumptions of Penrose’s theorem. If for all
peS, Ty(p) > % and T (p) > %, then for all p € S the null generators 7y, and
%, both contain a focal point to p.

In other words, if the null geodesic v, exists for sufficiently long affine time,
then it must contain a conjugate point.

Proof. We prove the conclusion for the null generators ,, the conclusion for 2,
is of course proven entirely analogously.
Step 1. A quantitative upper bound on try. We have

—1 1
L~ ™) < —5

along 7, by Lemma 6.17 and the curvature assumption in Penrose’s theorem.
Integrating yields

[ Op T € -+
and hence
trx(vp(7)) < (72— - ]1€> ) for all 7 > 0. (244)

In particular trx(7,(7)) goes to —co on or before affine time %.

Step 2. Construction of the Jacobi field. Instead of the Lie propagated
frame for the S;, it will be convenient to work with a different frame F;, Fs,
which is orthonormal (Fermi propagated). Specifically, given L and L above,
we choose an orthonormal frame at 7),S and extend the frame to T, (;)S- by
(the ODE along )

1
ViBa=—59(V,L L)L (245)
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for A = 1,2. Note that with this choice we have V(g(E4, K)) for K €
{E1, Es, L, L} so that E, Es is indeed an orthonormal frame for each T%(T)ST.%'
Consider now an arbitrary non-trivial vector v € T,S. Define a vectorfield J
along v, by solving [L,J] = 0 with J(0) = v. One checks that L(g(J,L)) =
L(g(J,L)) = 0 (exercise, use the footnote) hence that J(1) € T, ()5, for all 7.
Now since [L,J] = 0 is a first order linear (vector-valued) ODE for J we can
write for the components of the solution in the basis E1, Fs:

JA(r) = MAg ()"

for some matrix M4 (7) independent of v. Clearly M(0) = id, det M(0) = 1,
detM (1) # 0 for 7 sufficiently small. If we can find a 7, > 0 with det M (7,) = 0,
then there exists a v € T),S with v # 0 such that J(7*) = 0, hence p has a focal
point along 7,. We now show that this is the case.

L(J*) = L(g(J, Ea)) = 9(Vi.J,Ea) + g(J, VL EA) (246)
Inserting (245) and using [L, J] = 0 we infer
L(J*) =g(VsL,Ea) = x(J, Ea) .
It follows that
L(MA (7))o = X(J(7), Ea) = Xx(Ea, Ec)M“po".
Since this holds for all v# we deduce
L(MAB(T)) = XACMCB :

Using the well known formula 2detM = detM - tr (M~ 42) we infer
d
— logdet M = try. (247)
dr

By the initial condition logdet M (0) = 0 and the estimate (244) we finally
obtain

2
log detM (7) < 2log <; - ;) = detM(r) < (T - 1) . (248)

Therefore, there exists a focal point along «, on or before affine time 7 = % O

46Indeed, using (245) one easily computes that V1, (g(FEa, L)) = 0 and V1 (9(Ea, Eg)) = 0.
Moreover, in view of the easily established identities g(VL,L) = g(VLL,L) = 0 we infer
that VL is tangent to the sections Sr. This implies for X € T, (;)Sr that ¢(Vo L, X) =
9(VLL, X) = VL(9(L, X)) = 9(L, VLX) = —g(L, VLX) and hence that

1
Vi(g(Ea, L)) = —59(VEA L,L)g(L,L)+ g(Ea,VLL) =g(VE,L,L) —g(VLEA,L) =0

with the last step following from inserting (245).
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6.4 Summary of the main ingredients of the proof

The proof of the theorem has four ingredients:

1. The analytical ingredient manifest in Proposition 6.19 (establishing the
existence of focal points within affine time % along all null generators
emanating orthogonally from 5).

2. The variational ingredient manifest in Proposition 6.11 and Corollary 6.14
(establishing that p € 9J(S) iff p lies on a null geodesic starting orthog-
onally from S and not containing focal points).

3. A Lorentzian geometric ingredient, manifest in the following proposition
that we will prove later.

Definition 6.20. A set K C M is a future set if p € K implies I (p) C
K. A set A C M is called achronal if there is no pair p,q € A with
q€I*(p).

Our main example of a future set will be J*(S). Note also that if A C M
is achronal, then no timelike curve can intersect A twice.

Proposition 6.21. If K C M is a future set, then its topological boundary
OK C M (defined as KNM \ K ) is a closed, achronal, 3-dimensional, lo-
cally Lipschitz submanifold without boundary (in the sense of (topological)
manifolds).

We postpone the proof and further comments to Section 6.6 but merely
illustrate the situation for K being a standard sphere in Minkowski space
from which the above properties are immediately read off.

4. A (simple) topological ingredient manifest in the following standard result
in topology (proven on Sheet 13 if you haven’t seen this in a topology
course).

Proposition 6.22. Let X be a compact topological space and'Y a Haus-
dorff topological space. If h : X — 'Y is a continuous bijection, then h has
a continuous inverse, i.e. it is a homeomorphism.

We have seen that the assumptions of a trapped surface as well as the cur-
vature condition were crucial to establish the first ingredient. The assumption
of a non-compact Cauchy hypersurface will come in when combining the above
ingredients in the proof.

6.5 Proof of the Theorem

We can now prove Theorem 6.3. Suppose for contradiction that (M, g) is future
geodesically complete. Then +, and 7, are future complete, hence Ty (p) = oo,
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T, (p) = ooforallp € S. By Proposition 6.19 (Ingredient 1) we have focal points
to p before % along any generator and hence by Corollary 6.14 (Ingredient 2)

4 2 2
aJT(S) CC(k) UC(k) .

The right hand side is the union of two compact sets.*” Since 9JF(9) is closed
(by Proposition 6.21) it is compact (being a closed subset of a compact space).

Since (M, g) is time-oriented, there exists a globally timelike vectorfield 7.
By assumption M admits a non-compact Cauchy hypersurface X. It follows that
for each ¢ € 9J7(S), the integral curve of T through ¢ intersect ¥ exactly once
and it cannot intersect 9.J 7 (S) again since 9.J7(S) is achronal by Proposition
6.21. Therefore, we obtain a continuous injection

¥ 0JT(S) > %

which by Proposition 6.22 (Ingredient 4) is a homeomorphism on its image N =
P(0JT(S)). Tt follows from Proposition 6.21 that N is a compact, embedded,
3-dimensional topological submanifold (without boundary) in . It follows that
N is open in . Being compact it is also closed in X. Since ¥ is connected we
infer N = 3 which is contradiction since ¥ is non-compact.

6.6 Proof of Proposition 6.21

The topological boundary of a set is by definition closed. To show the achronal-
ity, let &,y € OK such that y € I'™(z). Then by Corollary 2.73 there exists an
open neighbourhood U, of x in M such that U, C I~ (y). Since x € 9K there
exists a p € U, such that p € K and y € I (p). There also exists an open set
U, of y such that U, C I (p). Since y € 0K we have®® U, N (M \ K) # (. But
this contradicts the futureness of K which demands U, C K.

The remaining properties of 0K are local notions so we restrict to a normal
neighbourhood U, of a point € 0K. More specifically, let V,, C T, M be such
that exp, : Vy — U, C M is a diffeomorphism and consider normal coordinates
on V,. Consider the lines v(t) = (¢,¢1,c2,c3) in V,, i.e. the integral curves of
0¢. These are all timelike. Consider also their image exp,(y(t)). These curves
are generally not timelike but since (exp,), is the identity at v = 0 we can
choose the neighbourhood V,, sufficiently small such that the curves (exp,), are
timelike.*® By achronality, these curves intersect K at most once once. We
will now show that the curves intersect 0K at least (hence exactly) once.

To see this note first that for € 9K we have I'*(z) C K and I () C M\K.
To show the former, indeed, if ¢ € I (z), then there is an 2’ € K close to x such
that ¢ € I (2’) and hence ¢ € K by the fact that K is a future set. A similar

47the first being the image of the continuous map [0, %] x S — C defined by (1,p) — vp(7),
the second being the image of the continuous map [0, %] x S — C defined by (7,p) — %, (7).

48Recall any neighbourhood of a point on the boundary K contains at least one point in
K and one point in K€.
“9Recall that the tangent to the curve exp, (v(t)) at t is (dexp,)(¢,c;,c0,c5)0t-

118



argument can be made for the latter inclusion (exercise). With this established
we have the following picture

Obviously, every v intersects both IF NV, and I,; NV,. By Proposition 2.70
every exp, () intersects I (z) C K and I~ (z) C M \ K hence 0K.

The integral curves can thus feature to construct a local chart for 0K near z
(establishing that it is indeed a 3-dimensional manifold). More precisely we will
show that exp; (0K NU,) is a locally Lipschitz manifold without boundary,
which in view of exp,, being a local diffeomorphism will establish this property
for 0K N U, itself.

Since each integral curve «y of 9; intersects exp, (0K NU,,) exactly once, we
have that exp, ! (0K NU,) is the graph of the function

exp, (0K NU,) = {(t(z", 2%, %), 2%, 2% 2%) | (a*,2% 2%) € ({t = 0} N Vi) .
We claim that for any (2!, 22, 23), (2!,%2,7%) € {t =0} N V,. we have

|t(l‘1,1‘2,$3) _t(i‘lai‘zaig)‘ §
”(xlvxzaxg) - (‘%17‘%2"%3)” -2

(249)

from which it follows that exp, (0K NU,) is the graph of a Lipschitz function.
Assuming (249), in summary we have shown that any point z of 0K has a
neighbourhood K N U, homemorphic to R? which establishes that K is a 3-
dimensional topological manifold without boundary. It remains to prove (249).
We sketch the argument: Assume there exist (x!, 22, 23),(31,7%,7%) € {t =
0} NV, with

[t(xt, 22, 2%) — (2!, 2%,33)| _ 3

[@ha?2%) — %)~ 2
Then there exists a timelike curve (a timelike line of slope bounded away from 1
in V,, C T,,M) connecting (t(z', 2%, 23), 2%, 2, 23) with (2,72, 3%), 21,72, 7).
Now (exp,) maps the timelike line into a timelike curve in M (use that (exp,)o is
the identity and choose the neighbourhoods sufficiently small). This contradicts
the futureness of 0K as two points in K would be connected by a timelike
curve.

6.7 Proof of Proposition 6.14

to be added (see notes of Christodoulou)
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A The Gauss Lemma

Lemma A.l. Letpe M,veT,M, we T,M ~T,(T,M). We have

gp(vv w) = gexpp(v) ((dexpp>vvv (d expp)vw) (250)

Remark A.2. The equality can be viewed as the exponential map being some
kind of a partial isometry. Note for a proper isometry (see Definition 2.58) we
would need g,(v1,v2) = exp,, (v) ((d expy,)v V1, (depr)y'Ug) Jor all vi,ve € T,M.
Note also that g,(v,v) = gexp, (v) ((dexpy)ov, (dexp,)yv) holds trivially by the
fact that the length of the v is preserved along a geodesic®®, which implies that is
suffices to prove the lemma for w being orthogonal to v (and that the exponential
map preserves orthogonality in the radial directions).

The following picture is instructive: picture here

Proof. See for instance do Carmo’s book. O

B More on global hyperbolicity

Recall that C(p,q) is the space of continuous causal curves from p to ¢ where
we identify curves which are continuous reparametrisation of one another. To
define a continuous causal curve we make the following definition.?!

Definition B.1. The curve v : I — M is a continuous causal curve if at every
point t € I we can find an interval I around t and a normal netghbourhood U
around y(t) such that v(t) € J~(v(t)) \ {v()} if t < t and v(t) € J*(y(t)) \
{y(t)} if t >t hold fort e I.

In other words, locally there should be a causal curve in the old sense con-
necting two points on the curve. An analogous definition could be made for
timelike curves replacing J* by I* in the above.

50Indeed, (dexp,)yv = % exp,, (tv) }tzl is the tangent vector at the point exp,(1-v) to the
radial geodesic emanating from p in the direction v.

51Recall that so far we have defined the notion of causal curve via the tangent vector, so
the standard definition makes sense only for (piecewise (at the corners, the limit of the two
tangent vectors should point in the same light cone)) differentiable curves.
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We would like to install a topology on C(p,q). Perhaps the cleanest is to
declare, for any U € M, the sets

oU)={NeC(p,q) | N\CU}

to be open in C(p,q) and to form a basis of the desired topology. (Note O (i)
consists of all causal curves from p to ¢ entirely contained in U C M.) Note
that OUy NUs) = O(U;) N O(Uz) so the basis indeed generates a topology.

Alternatively (and equivalently) one can install an auxiliary Riemannian
metric on M and define the distance between (the image of) two curves with
respect to that Riemannian metric to induce a topology.

Remark B.2. Note that two curves which are close in this topology can have
tangent vectors which are far away, as illustrated by a zig zag curve approxi-
mating a timelike curve. One could have entertained the idea of looking at the
space C'(p,q) of piecewise differentiable curves and installed a topology where
also the tangent vectors are required to be close but the C'(p,q) is not compact!

We now claim
Theorem B.3. If (M, g) is globally hyperbolic, then C(p,q) is compact.

For the following, note that with our definition of globally hyperbolic, any
inextendible curve must enter I (X) and I~ (X). This follows from local con-
siderations at ¥ (normal neighbourhoods), which the curve must intersect.

Sketch of proof. We can assume q € JT(p) as otherwise C(p, q) is empty.

Step 1. We claim that given p,q € M and a sequence (\,) in C(p,q),
there exists a limiting causal curve \ which either has ¢ as an endpoint
or is inextendible and does not reach gq.

We take a normal ball B,(a) around p not containing g. We consider the
sequence of points A,[g, (a), Where Sy(a) denotes the (compact) boundary of
By(a). This sequence has a convergent subsequence and we denote the corre-
sponding limit point by x1. The corresponding subsequence of (L) therefore
has 2 as a convergence point and z1 € J*(p) since J T (p) is closed for a normal
neighbourhood. We now look at all rational balls By, (p) for A € QN (0, 1) and
repeat the construction. The diagonal sequence A has convergence points on
all rational balls and the closure of these sets of points produces a continuous
causal curve from p to ;. We then repeat the construction from x;. This way
we either reach g or obtain an inextendible curve which does not reach ¢.%2

Step 2. We now consider three cases (with corresponding (\),, given)

(I) pelI~(X)andge I (X)UX,
(2) peI=(X) and g € IT(X),

52Indeed, any extendible curve which has not eached g can be extended further according
to the above procedure (albeit by potentially smaller and smaller amounts as the normal
balls may get smaller), hence we obtain an inextendible limit curve by taking the union of all
extensions.
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(B) peIT(X)UX and g € I (),

and we show that in each case we can obtain a limiting causal curve from p to
g. Since the third case can be treated exactly as the first (exchanging p and ¢
and I and I7), we will only consider the cases (1) and (2) below.

In case (1), the limit curve cannot enter I™(X) (which we recall is open)
since none of the (A),, does. Moreover, if it did not extend all the way to ¢, then
we would have constructed an inextendible causal curve which does not enter
It(X) which is impossible.”

In case (2), the limit curve A has to enter I (X), as otherwise we would again
have constructed an inextendible causal curve not entering I (3). Pick a point
r € {A\}NI"(X) and a subsequence (\},) such that each point on the segment
from p to r is a convergence point for the (A]) . Consider now the sequence (\})
as a sequence of past directed causal curve from g to p. The limiting curve N
must enter I~ (X) as otherwise we would again produce an intextendible curve
not entering I~ (X) in contradiction with global hyperbolicity. By construction,
7 is a convergence point for the (/) and the limiting curve must actually extend
to r: If it did not, A’ would be inextendible and every point on X would be in
Jt(r) C J+(X),5* which contradicts that the curve enters I~ (%).

We concatenate the restriction of the curve A from p to r with the restriction
of the curve X from r to g to obtain a causal limiting curve A in C(p,q) as
desired. O

Theorem B.4. Let (M, g) be globally hyperbolic. Then J*(p)NJ~(q) is compact
in the manifold topology.

Proof. Take a sequence (p,) in JT(p) N J~(q). To prove the claim, we need to
extract a subsequence converging to a p € JT(p) N J ™ (q).

Take a sequence (A,) in C(p,q) with p,, on A,. By Theorem B.3 we obtain
a subsequence (X)) converging to a limiting curve A € C(p,q). We consider A
as a compact set in M and cover it by finitely many open sets with compact
closure to obtain A\ C U C U with U open with compact closure. Since the
(A},) converge to A, there is an N € N such that A, C U for all n > N. Hence
(pl,) for n > N is a sequence in the compact set U and we extract a convergent
subsequence converging to a p € U. Clearly, p must lie on A (if it didn’t, p would
have a neighbourhood disjoint form A, which contains infinitely many (p},) in
contradiction with the corresponding curves () to converge to A) and hence
p € JJT(p) N J(q) is the desired limit point. O

Theorem B.5. Let (M,g) by globally hyperbolic. Then, if p,q € M are such
that p € 1=(q), there ezists a timelike geodesic from p to q that mazimises the
proper time.

53We are using here that since any inextendible curve intersects ¥ exactly once, we must
have that any such curve enters bot I7(X) and I~ (X). This can for instance be shown by
normal neighbourhood considerations at 3.

54Since r € I (X) is open....
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Sketch of proof. Step 1. Let C'(p, q) be the space of C! timelike curves from p to
g equipped with the C(p, ¢) topology. We claim that C'(p, q) is dense in C(p, q):
Any continuous causal curve can be arbitrarily well approximated in the C(p, q)
topology by a C! timelike curve. (Exercise: Can you show this?)

Step 2. The proper time 7[\] is a function on C(p,q) but it is not con-
tinuous (recall the zig-zag curves). However, we can show that 7[)\] is upper
semicontinuous on C(p, ¢).% We can then extend the function 7[)\] as an upper
semicontinuous function to C(p, q) as follows. Given a A € C(p, q) we define

T[N\ = inf sup T[] (251)
U containing A wel(p,a)nU

Step 3. Now 7[)\] is an upper semicontinuous function of the compact set
C(p,q) and hence assumes a maximum 7[A]. This maximum is positive since
p € I~ (q), so there is a curve of positive proper time from p to q.

Step 4. We have shown the existence of a maximum length curve A and it
remains to show that A is actually a geodesic.

If the limiting A was C*, this would follow by assuming (for contradiction)
that A\ was not a geodesic segment near p € A and to then connect, in a small
convex normal neighbourhood around p, two points on A by the geodesic segment
between them to produce a curve strictly longer than A (since any curve which
is not a reparametrisation of the geodesic segment has strictly longer length,
cf. Proposition 2.74). Here we need to show in addition that competing curves
that are merely continuous also have strictly smaller length. It is clear that
is suffices to establish this in a convex normal neighbourhood. So let v be the
geodesic segment from r to s (with s € IT(r)) in a convex normal neighbourhood
and p be a competing continuous causal curve of maximal length from r to
s. We have 7[y] > 7[u] because all C'-curves approximating p must have
shorter or equal length that  (by the maximising property in convex normal
neighbourhoods) hence the inequality must hold for y itself. We need to exclude
the equality case. So let us assume that v # p but 7[y] = 7[u] and pick a point
w on u not on y. Consider the piecewise C!-curve from r to s consisting of the
geodesic segments from r to w and from w to s. By the previous argument we
have 7[v1]+7[y2] > T[] which using 7[y] = T[] combines to give 7[y1]+7[v2] >
7[v]. However, that is a contradiction with the fact that + is strictly longer
than any piecewise smooth curve from r to s that is not a reparametrisation of
v (cf. Exercise 2.75). O

55Gee Sheet 7: Given A € C’(p, q), for every € > 0 there exists a neighbourhood U with

A C U such that 7(\) < 7(N\) + €. In other words nearby curves in the C(p, q) topology can
have arbitrarily small length but they cannot be much longer.
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E

The Hopf-Rinow Theorem

A heuristic derivation of the Einstein equa-
tions

Further topics

We mention some further topics that could be added to the notes in the future

1.
2.

A

A more detailed discussion of variational principles

A more thorough discussion of the Lorentzian geometry bits entering the
global part of Theorem 4.18.

Proof of the equivalence of the different notions of globally hyperbolicity
Proof of the existence of a maximal globally hyperbolic development
Proper discussion of the theory of Gaussian beams

The Einstein Equations in spherical symmetry (including a proof of Birkhoff’s
theorem)
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