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Introduction

General Relativity is the classical theory that describes the evolution of systems under
the effect of gravity. Its history goes back to 1915 when Einstein postulated that the laws
of gravity can be expressed as a system of equations, the so-called Einstein equations.
In order to formulate his theory, Einstein had to reinterpret fundamental concepts of
our experience (such as time, space, future, simultaneity, etc.) in a purely geometrical
framework. The goal of this course is to highlight the geometric character of General
Relativity and unveil the fascinating properties of black holes, one of the most celebrated
predictions of mathematical physics.

The course will start with a self-contained introduction to special relativity and then
proceed to the more general setting of Lorentzian manifolds. Next the Lagrangian formu-
lation of the Einstein equations will be presented. We will formally define the notion of
black holes and prove the incompleteness theorem of Penrose (also known as singularity
theorem). The topology of general black holes will also be investigated. Finally, we will
present explicit spacetime solutions of the Einstein equations which contain black hole
regions, such as the Schwarzschild, and more generally, the Kerr solution.
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Chapter 1

Special Relativity

In both past and modern viewpoints, the universe is considered to be a continuum
composed of events, where each event can be thought of as a point in space at an instant
of time. We will refer to this continuum as the spacetime. The geometric properties, and
in particular the causal structure of spacetimes in Newtonian physics and in the theory
of relativity greatly differ from each other and lead to radically different perspectives for
the physical world and its laws.

We begin by listing the key assumptions about spacetime in Newtonian physics and
then proceed by replacing these assumptions with the postulates of special relativity.

1.1 Newtonian Physics
Main assumptions
The primary assumptions in Newtonian physics are the following

1. There is an absolute notion of time. This implies the notion of simultaneity is also
absolute.

2. The speed of light is finite and observer dependent.

3. Observers can travel arbitrarily fast (in particular faster than c).

From the above one can immediately infer the existence of a time coordinate t € R such
that all the events of constant time ¢ compose a 3-dimensional Euclidean space. The
spacetime is topologically equivalent to R* and admits a universal coordinate system
(t7 1, .’172, x3)-

Causal structure

Given an event p occurring at time tp, the spacetime can be decomposed into the
following sets:

e Future of p: Set of all events for which ¢ > t.

e Present of p: Set of all events for which t = t.

7



8 CHAPTER 1. SPECIAL RELATIVITY

e Past of p: Set of all events for which t < ¢.

More generally, we can define the future (past) of a set S to be the union of the futures
(pasts) of all points of S.

t
R1+2
FUTURE
PRESENT t,® %
PAST y
0/*331

Figure 1.1: The Newtonian universe and its causal structure

From now on we consider geometric units with respect to which the light travels at
speed ¢ = 1 relative to observers at rest. If an observer at p emits a light beam in all
directions of space, then the trajectory of this beam in spacetime will be a null cone with
vertex at p. We can complete this cone by considering the trajectory of light beams that
arrive at the event p.

FUTURE

PRESENT e

PAST

R1+2

Figure 1.2: The Newtonian universe and light trajectories

It is important to emphasize that in Newtonian theory, in view of the existence of the
absolute time ¢, one only works by projecting on the Euclidean space R3 and considering
all quantities as functions of (the space and) time ¢.

Newton’s theory gives a very accurate theory for objects moving at slow speeds in
absence of strong gravitational fields. However, in several circumstances difficulties arise:

1. A more philosophical issue is that in Newtonian theory an observer is either at rest
or in motion. But how could one determine if an observer O is (universally) at
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rest? Why can’t a uniformly moving (relative to O) observer P be considered at
rest since P is also not affected by any external influence?

2. For hundreds of years it has been known that in vacuum light propagates at a very
high but constant speed, and no material has been observed to travel faster. If an
observer P is moving at speed ¢/5 (relative to an observer O at rest) towards a
light beam (which is moving at speed ¢ relative to O), then the light would reach
the observer P at speed ¢ + ¢/5. However, astronomical observations of double
stars should reveal such fast and slow light, but in fact the speeds turn out to be
the same.

3. Light is the propagation of an electromagnetic disturbance and electromagnetic
fields are governed by Maxwell’s equations. However, these equations are not well-
behaved in Newtonian theory; in particular, in this context, these laws are observer
dependent and hence do not take the desired form of universal physical laws.

One of Einstein’s contributions was his persistence that every physical law can be
expressed independently of the choice of coordinates (we will return to this point later).
It was this persistence along with his belief that Maxwell’s equations are flawless that
led to what is now known as special relativity.

1.2 The Birth of Special Relativity

In 1905 Einstein published a paper titled “On the electrodynamics of moving bodies”,
where he described algebraic relations governing the motion of uniform observers so that
Maxwell equations have the same form regardless of the observer’s frame. In order to
achieve his goal, Einstein had to assume the following

1. There is no absolute notion of time.

2. No observer or particle can travel faster than the speed of light ¢. The constant ¢
should be considered as a physical law and hence does not depend on the observer
who measures it.

The above immediately change the Newtonian perception for the spacetime, since
under Einstein’s assumptions the future (past) of an event p is confined to be the interior
of the future (past) light cone with vertex at p.
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R1+2 t

Il

In 1908, Hermann Minkowski showed that Einstein’s algebraic laws (and, in partic-
ular, the above picture) can be interpreted in a purely geometric way, by introducing a
new kind of metric on R*, the so-called Minkowski metric.

1.3 The Minkowski Spacetime R3**!
Definition

A Minkowski metric ¢ on the linear space R?* is a symmetric non-degenerate bilinear
form with signature (—, +, 4, +). In other words, there is a basis {eq, €1, €2, €3} such that

g(eaaeﬁ) = gaﬁ’, avﬂ € {0717273}?

where the matrix g.g is given by

100 0
(o 100
9710 01 0

0 00 1

Given such a frame (which for obvious reason will be called orthonormal), one can readily
construct a coordinate system (¢, z!, 22, 23) of R* such that at each point we have

e0 =0, € =0.,1i=1,2,3.

Note that from now on in order to emphasize the signature of the metric we will denote
the Minkowski spacetime by R3*!. With respect to the above coordinate system, the
metric g can be expressed as a (0,2) tensor as follows:

g = —dt? + (dz')? + (dz?)? + (dz®)>. (1.1)

Note that (for an arbitrary pseudo-Riemannian metric) one can still introduce a Levi—
Civita connection and therefore define the notion the associated Christoffel symbols and
geodesic curves and that of the Riemann, Ricci and scalar curvature. Omne can also
define the volume form e such that if X,,a = 0,1,2,3, is an orthonormal frame then
€(Xo, X1, X2,X3) = £1. In the Minkowski case, the curvatures are all zero and the
geodesics are lines with respect to the coordinate system (¢, z!, 22, 23).
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1.3.1 Causality Theory

The fundamental new aspect of this metric is that it is not positive-definite. A vector
X € R3*! is defined to be:

1. spacelike, if g(X, X) > 0,
2. null, if (X, X) =0,
3. timelike, if g(X, X) < 0.

If X is either timelike or null, then it is called causal. If X = (t, 2!, 22, 23) is null
vector at p, then

t2 _ (121)2 4 ($2)2 4 ($3)2
and hence X lies on cone with vertex at p. In other words, all null vectors at p span a
double cone, known as the double null cone. We denote by Sp,

Sp={X e TLR*! : ¢(X,X) >0},
the set of spacelike vectors at p, by Zp,

Ip = {X e ToR*! © g(X,X) <0},
the set of timelike vectors at p, and by M,

Np = {X e TR+ g(X,X) =0},

the set of null vectors at p. The set Sp is open (and connected if n > 1). Note that the
set Zp, is the interior of the solid double cone enclosed by Np. Hence, Zp, is an open set
consisting of two components which we may denote by Z;; and Z;. Then we can also
decompose Np = N UN,, where

Ny =015, N, =01,.

The following questions arise: How is N;' (or I;[ ) related to the future and past of
p? How can one even discriminate between the future and past? To answer this we
need to introduce the notion of time-orientability. A time-orientation of (R3*! g) is a
continuous choice of a positive component I; at each p € R3*!. Then, we call I;,r (resp.
N;) the set of future-directed timelike (resp. null) vectors at p. Similarly we define the
past-directed causal vectors. We also define:

e The causal future J*(p) of p by T (p) = Zf UN.
e The chronological future of p to simply be I;{ .

We also define the causal future J1(5) of a set S by

TS = 4

pEeS

Causality, observers and particles, proper time
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We can readily extend the previous causal characterizations for curves. In particular,
acurve o : I — R3t! is called future-directed timelike if a(t) is a future-directed timelike
vector at «(t) for all ¢ € I. Note that the worldline of an observer is represented by a
timelike curve. If the observer is inertial, then he/she moves on a timelike geodesic. On
the other hand, photons move on null geodesics (and hence information propagates along
null geodesics).

t
RI+2 P Y observers: timelike curves

light (signal): null geodesic

1l

We, therefore, see that the Minkowski metric provides a very elegant way to put the
assumptions of Section [I.2]in a geometric context.

The proper time T of an observer O is defined to be the parametrization of its worldline
a such that g(a(7),a(r)) = —1. Note that no proper time can be defined for photons
since for all parametrizations we have g(a(7),a(7)) = 0. However, in this case, it is
usually helpful to consider affine parametrizations 7 with respect to which V & = 0.

Hypersurfaces
Finally, we have the following categories for hypersurfaces:

1. A hypesurface H is called spacelike, if the normal N, at each point x € H is
is positive-definite (i.e. H is a Riemannian manifold).

timelike. In this case, g

2. A hypesurface H is called null, if the normal N, at each point z € H is null. In

this case, g‘ is degenerate.
TeH

3. A hypesurface H is called timelike, if the normal N, at each point x € H is spacelike.
In this case, g‘T y has signature (—, +, +).

x

Examples of spacelike hypersurfaces

1. The hypersurfaces
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TEHT>

are spacelike, since their unit normal is the timelike vector field dy. Then, (HT, g

is isometric to the 3-dimensional Euclidean space E3.

2. The hypersurface

H3 [ vd VAR VAR V2 PR TR 7 DT Yirected }
is a spacelike hyp that X is the normal to
H? at the endpoi ric to the 3-dimensional
hyperbolic space. ) | projection which is an

isometry from H?3

Note that the hyperboloid consists of all points in spacetime where an observer
located at (0,0,0,0) can be after proper time 1.

We remark that the Cauchy—Schwarz inequality is reversed for timelike vectors. If
X,Y are two future-directed timelike vector fields then g(X,Y") < 0 and

—9(X,Y) = Vg(X, X) - g(Y,Y).
Hence, there exists a real number ¢ such that

—g(X,Y) )
\/Q(XaX) 'g(Y,Y)

Then ¢ is called the hyperbolic angle of X and Y.

cosh(¢) =

Examples of timelike hypersurfaces

1. The hypersurfaces
T ={r1 =71}

are timelike, since their normal is the spacelike vector field 0,,. Then, (’TT, g

T, 7}>

is isometric to the 3-dimensional Minkowski space R?+1.
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2. The hypersurface
H? ={X: g(X,X)=1and X future-directed }

is a timelike hypersurface. Indeed, one can easily verify that X is the normal to
Hi’_ at the endpoint of X.

Examples of null hypersurfaces

1. Let n = (ng,n1,n2,n3) be a null vector. The planes given by the equation
P, = {(t,xl,x2,x3) : not = myzt + noz? + n3933}
are null hypersurfaces, since their normal is the null vector n.

2. The (null) cone

C={@ta',a%a?) s t= @2+ (2P + @)}

is also a null hypersurface. Its tangent plane at the endpoint of n is the plane P,
and hence its normal is the null vector n. Note that C' = N (0), where O is the
origin. Note also that N/~ (O) is given by

C = {(t,ml,xQ,xS) ct=—/(z))2 + (22)2 + (:U3)2}.

The above can be summarized in the following figure:

null
timelike geodesic = timelike hypersurface
inertial obesrver hypersurface

timelike curve =
accelerating observer

spacelike | | | = --""TTTT77C
hypersurface

Rl—l—Q
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1.3.2 Inertial Observers, Frames of Reference and Isometies

Inertial Frames

Let O be an inertial observer moving on a timelike geodesic . Let ¢ be the proper
time of O and (z!,2% 23) be a Euclidean coordinate system of the (spacelike) plane
orthogonal to a at a(0). We will refer to the frame (¢, 2!, 22, 23) as the frame associated
to the inertial observer O.

Relativity of Time

Let O’ be another (inertial or not) observer moving on the timelike curve o which
can be expressed as o/(7) = (t(7),z(7),2%(7),23(7)) with respect to the frame as-
sociated to O. Note that since o' is future-directed curve, the function ¢ — ¢(7) is
invertible and hence we can write 7 = 7(¢) giving us the following parametrization
o (t) = (t, 21 (7(t)), 2%(7(t)), 23(7(t))). Note that the observer O at its proper time ¢ sees
that O’ is located at the point af,(t) = (z!(7(t)), 2%(7(t)), 23(7(t))). Hence, the speed of
O’ relative to O is ’%a’o (t) ‘ As we shall see, we do not always have that ¢ = 7, in other
words the time is relative to each observer.

+ 2O

. . I 4
events simultaneous with O O

\

proper time of O t(TQ) a(7—2)

t(7)

a(T)
\ proper time of O’

t(r)[ / a(m)

i

x

Let O’ be an inertial observer passing through the origin (0,0,0,0) with respect to
the frame of O and also moving in the z!-direction at speed v with respect to O. Then,

O’ moves on the curve o/(t) = (t,vt,0,0); however, t is not the proper time of O’
since g(a(t),a(t)) = —1 4+ v2. However, if we consider the following parametrization
o/ (1) = (y7,7y70,0,0), where
1
Y= /71 — "U2’
then 7 is the proper time for O’ since g(¢/(7),&' (7)) = —1. Note that v = cosh(¢),

where ¢ is the hyperbolic angle of a(t = 1) = (1,0,0,0) and /(7 = 1).

Time dilation: If 7 is the proper time of O’, then from the above representation we
obtain that ¢t = 7 along o’. Note that v > 1 and so ¢t > 7, which implies that the proper
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time for the moving (with respect to O) observer O’ runs slower compared to the time ¢
that O measures for O'.

Isometries: Lorentz transformations

One of the most striking properties of Minkowski spacetime is that there exists an
isometry F which maps O to O’. Relative to the frame associated to O this map takes
the form:

F(t,z', 2? 23) = (y- (t +vxt), v - (2! +vt), 2% 7).

Then
F[O(\)] = F(),0,0,0) = (YA, vAv,0,0) = o/(A\) = O'()),

where O()\), O’(\) denotes the position of the observers O, ', respectively, at proper
time A. Clearly, the map F, being an isometry, leaves the proper time of observers
invariant.

Note that although there is no absolute notion of time (and space consisting of si-
multaneous events), null cones are absolute geometric constructions that do not depend
on observers (in particular, the isometry F' leaves the null cones invariant).

The isometry F is known as Lorentz transformation, or Lorentz boost in the 2! —direction
or hyperbolic rotation. The latter name arises from the fact that such an isometry can be
represented by a matrix whose form is similar to a FEuclidean rotation but with trigono-
metric functions and angles replaced by hyperbolic trigonometric functions and angles.
Note that the isometries F' = F, (with v? < 1) correspond to the flow of the Killing field

H, =t0, + .I‘lat.
Clearly, one can define boosts in any direction.

Relativity of simultaneity

Having understood the relativity of time, we next proceed by investigating the rel-
ativity of space. The points simultaneous with observer O at the origin are all points
such that t = 0. Then,

F[{t =0} = F(0,z",2%,2%) = (ya'v,ya', 2°,2%).

We extend ¢’ such that {¢' = 0} = F[{t = 0}] and define the coordinates (($1)’, (z2), (:U3)’)

on the hypersurface ¢ = 0 such that if p € {t' =0}, then p = ((z!), (2?)’, (z*)")
if F~1(p) = (0,2',22%,2%). Note that the plane ' = 0 consists of all points simul-
taneous with O’ at the origin and that one can define a global coordinate system
(¢, ('), («*),(¢3)'). This is the reference frame associated to O’. In view of the
fact that F' is an isometry, the metric takes the form with respect to the system

(t/, (xl)/’ (xz)/’ (x?))/)'
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A

Length Contraction: First note that distance between events is meaningful only for
observers who consider the events to be simultaneous. At proper time 7 = 1 of O/,
observer O’ measures that his distance from observer O is v. However, when 7 = 1, the
measurements of O are such that O is located at the point (v, yv,0,0) with respect to
the frame of O. Hence, the distance (after 7 = 1) that O measures between O and O’ is
~v > v. In other words, O’ measures shorter distances than O does. This phenomenon
is called length contraction and is intimately connected to time dilation.

t RO

O 1 4
t .
1k O
\taﬂeo\)ﬁ

v as measured by O G

o simultaneous w.r.to O

v as measured by O

N\[F

(1)

-
-
1.1

Figure 1.3: The difference of the hyperbolic lengths of the blue (resp. red) segments
represents length contraction (resp. time dilation).

See also https://www.youtube.com/watch?v=1VuF5zrwMLY.
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1.3.3 General and Special Covariance

The general covariance principle allows us to put physics in a geometric framework:

e General covariance principle: All physical laws are independent of the choice
of a particular coordinate system. In other words, the equations expressing physical
laws must be written in terms of tensors.

Since the only tensor that we have in special relativity is the metric g, then we can
in fact assume the following;:

e Strong general covariance principle: All physical laws can be expressed in
terms of the metric g and its tensorial expressions.

Hence, physical laws change covariantly (i.e. tensorially) under change of coordinates
(i.e. under diffeomorphisms). If we apply this principle for Minkowski spacetime and also
restrict to its isometries, then we obtain the following:

e Special covariance: The physical laws take exactly the same form when expressed
in terms of the reference frames associated to inertial observers.
1.3.4 Relativistic Mechanics

1. Time dilation

We will here generalize the result of the previous section on time dilation. Let O
be an inertial observer and O" another (inertial or accelerating) observer. Let 7 be the
proper time of O’ such that his/her trajectory is o/ (7) = (¢(7)), z*(7), 22, (1), 23(7)). As
before, we can write 7 = 7(t) and hence o/(7(t)) = (¢, 21 (7(t),2?(7(t), 23(7(t)). If v is
the speed of O’ relative to O, the fact that g(¢/(7), /(7)) = —1 implies that

dt 1
=——>1=tr)>T.

dr vV1—0v2

2. Absoluteness of speed of light

If a particle moves of a null curve o/ (1) = (¢(7)), z' (1), 22, (1), 23(7)) then the speed
of the particle with respect to an inertial observer O is

_ dag dr _
dr dt ’

where the last equation follows from g(&'(7), &' (7)) = 0.

3. Energy-momentum

Let a(7) represent the trajectory of a particle p with mass m. Then we have the
following definitions:
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. . o _ d
e The 4-velocity of p is the vector U = a(r) = .
e The energy-momentum of p is the vector P = mU.

Let’s now see how an inertial observer O measures the above quantities. If the particle p
moves at speed v relative to O, then by considering the frame associated to O, we obtain:

_pdedt m o
S dtdr 12 dt’

1. The spatial component of the energy-momentum vector P is

P

B m  dao
V1 =2 dt’

which is called the momentum of p as measured by O. (Compare this definition
with the Newtonian definition in case v ~ 0.)

Po

2. The temporal component of the energy-momentum vector P is

m 1
Ep = ——— =m+ —mv? + 0(v?),
Vie "o )
which is called the total energy of p as measured by O. (Note, in particular, that
FEo contains the kinetic energy %va). Hence, the mass m is seen to be energy. If
v = 0, then energy of p as measured by a co-observer is £ = m, and by converting
in conditional units, we obtain Einstein’s famous equation

E = mc.

1.4 Conformal Structure

One is often interested in investigating the properties of isolated systems. In such situa-
tion one should only consider the local system and hence ignore the influence of matter
at far distances. In other words, the asymptotic structure of the spacetime describing
the geometry of an isolated system should like the asymptotical structure of Minkowski
(recall that Minkowski spacetime represents the geometry a vacuum static highly sym-
metric topologically trivial universe). The goal of this section is to describe the global
and asymptotic causal structure of Minkowski spacetime
One could start by considering the following foliation of Minkowski:

R3+1 _ U HT)

TER

where the spacelike hypersurfaces H, = {t = 7} are as defined in Section Note, how-
ever, this foliation does not capture the properties of null geodesics whose importance
is manifest from the fact that signals travel along such curves. Indeed, an observer (like
ourselves on earth) located far away from an isolated system under investigation must
understand the asymptotic behavior of null geodesics in order to be able to measure
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radiation and other information sent from this system. For these reason, we will con-
sider a foliation of Minkowski spacetime which captures the geometry of null geodesics
emanating from points of a timelike geodesic. This is the so-called double null foliation.

As a final remark, note that since we want to understand the asymptotic structure, it
will be convenient to apply conformal transformations on Minkowski spacetime in order
to bring points at ‘infinity’ to finite distance. This procedure will allows us to reveal the
structure of infinity. Note that conformal transformations preserve the causal structure,
since they send timelike curves to timelike curves, spacelike curves to spacelike curves
and null curves to null curves. In fact, conformal transformations send null geodesics to
null geodesics (see Section [2.2)).

1.4.1 The Double Null Foliation

Let us consider the timelike geodesic a(t) = (¢,0,0,0) where the coordinates are taken
with respect to an inertial coordinate system (¢,z', 2% 23). Recall that the future-
directed null cone Cp with vertex at O = «(0) is given by

= {(ta'a?a®) s 1= VP + @+ @P 2 0f,

whereas the past-directed null cone C, with vertex at O = «(0) is given by

Co = {(t 222, 0%) b= @2+ (@22 4 () < 0} _

In order to simplify the above expressions and capture the spherical symmetry of the
null cones, it is convenient to introduce spherical coordinates (r, 6, ¢) for the Euclidean
hypersurfaces H, such that » = 0 corresponds to the curve a. Then, in (t,7,0,¢)
coordinates, the Minkowski metric takes the form

g=—dt®* +dr* +r*. 9s2(6,4)

where gg2(0, ¢) = df? + (sin #)% d¢? is the standard metric on the unit sphere. Then the
future-directed null cone C; with vertex at a(7) is given by

Cr={(t,r0,¢0): t—r=1, TER},
whereas the past-directed null cone C . with vertex at «(7) is given by
c_ ={(t,rb,¢): t+r=71, TER}.

The above suggest that it is very convenient to convert to null coordinates (u,v,6, )
defined such that

u=1t-—r,

v==t+r.

Note also that
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and v = w if and only if » = 0. The metric with respect to null coordinates (u,v,, ¢)
takes the form )
g = —dudv + Z(u —v)?. 952(0,6)

and the double null folation is given by the equations

Cr ={(u,v,0,¢): u=r1, TR},
QT:{(U,U,Q,(b)I V=T, TER}'

Note that 0, (resp. 9,) is tangential to the null geodesics of the null cones C (resp.
C.). For a generalization of the double null foliation see Section

1.4.2 The Penrose Diagram

The aim of the section is to describe the asymptotic structure of Minkowski space. In
particular, we want to draw a “bounded” diagram whose boundary represents infinity
and somehow respects the causal structure of Minkowski.

Clearly, v — 400 along the null cones C,- and similarly © — +o00 along the null cones
C.. In order to bring the endpoint of null geodesics in finite distance, we consider the
following change of coordinates:

tanp = v,

(1.3)
tanqg = u,

with p,q € (g, %) and p > ¢. Then in (p, q,0, ) coordinates the metric takes the form

1 1
—dpdq + > sin*(p — q) - :
cosp)2 - (cos ) D aq + T (p—q) - 9s2(0,9)

771
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As expected, a consequence of the boundedness of the range of p,q is that the factor

W blows up as p — +§ or ¢ — £7. In order to overcome this degeneracy, we

consider the metric g which in (p, q,0, ¢) takes the form

_ 1 .
g =—dpdg+ sin*(p = q) - gs2(0.6) (1.4)

Clearly the metric g is conformal to g. Note that Vp = —0,, Vg = —0,, where the V is
considered with respect to g, and therefore, the hypersurfaces

(p,q,0,¢0): q=1, TER},

G, {
C,={(p.q.0,¢): p=1, TER}.

are null (with respect to ¢). Hence, if we suppress one angular direction, we can globally
depict the manifold (M, g) covered by the coordinates (p, g, 6, ¢) as follows:

p=73

Figure 1.4: The manifold (./\7 , ), which is conformal to Minkowski R3*1,

We define:

e Future null infinity I+ to be the endpoints of all future-directed null geodesics
along which r — +oc.
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o Future timelike infinity i to be the endpoints of all future-directed timelike geodesics.

e Spacelike infinity i to be the endpoint of all spacelike geodesics. This is in fact
a point, and not a sphere, which can be thought of as the point at infinity of the
one-point compactification of, say, the spacelike hypersurface ¢ = 0.

Similarly, we define the past null infinity Z— and past timelike infinity ¢~. Note that if we
want to study an isolated system (located say at r = 0), then we should think of ourselves
as moving along the future null infinity Z* and receiving the radiation/information sent
from the system.

The boundary of the Figure nicely depicts the above asymptotic structures of
Minkowski space R3*1.
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timelike infinity
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Figure 1.5: Identification of the boundary of the conformal diagram of Minkowski

Note that if a curve a(7) = (¢t(7),7(7),0(7), ¢(7)) is such that as 7 — +o0
e t — +o00 and r < oo, then o approaches ™.
e t ~ 1 — 400, then o approaches Z7.

|t| < oo and r — 400, then a approaches 7.

e t ~ —r — —00, then a approaches 7.

e t —» —o0 and r < oo, then a approaches i~.
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Remark 1.4.1. Although the above figures for (/\7,@) are very intuitive as been thought
embedded in the Minkowski space R31L, they are not rigorous since the metric § is not
isometric to the Minkowski metric. Indeed, the factor sin®(p — q) highly distorts the
geometry of the spheres S; ;1 = C, OQT, compared to the Minkowskian case. Not only
this factor vanishes for the points where p = q (which correspond to the points where
u = v and hence r = 0) but also degenerates as p — 5 and ¢ — —7%, and hence the point
denoted by i above collapses to a point. In fact, the metric G is locally isometric to the
FEinstein static metric which is the natural Lorentzian metric on R x S3. The latter can
be thought of as the metric induced on the cylinder R x S embedded in the Minkowski

space R4,

<

it ‘_/5

m .//\\/l/

|y

.

1
s
Figure 1.6: The red segments correspond to the boundary of the conformally compactified
Minkowski spacetime in the Einstein static universe & = R x S3®. The points it,:%, i~ are

also points in £. Every other point in M, apart from those that lie on the line connecting
it and i, represent a two-sphere in &.

We can proceed further by suppressing all angular directions. Formally speaking, we
consider the quotient M/SO(3). Then, by (L.4), the metric on the quotient is simply
Jquot = —dpdg, which coincides with the Minkowski spacetime R Hence, if we
consider a planar section of Figure then the resulting bounded 2-dimensional domain
is embedded in the Minkowski spacetime R*1:
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Figure 1.7: The Penrose diagram of Minkowski spacetime R3*1.

This diagram is called the Penrose diagram of Minkowski spacetime R3. All cones
are collapsed to lines. Using the above diagram, one can read off the causal structure of
the spacetime as is shown below:

Figure 1.8: The Penrose diagram and causal structure.

More generally, one defines the Penrose diagram of a spherically symmetric spacetime
to be the image of a bounded conformal transformation of the quotient spacetime in
Minkowski spacetime R'*1. As already mentioned, the importance of such diagrams



26 CHAPTER 1. SPECIAL RELATIVITY

stems from fact that they allow one to read off the causal structure and recognize the
asymptotic structure of a spacetime.

For example, we see that in Minkowski, the past of future null infinity Z+ (where
r = 00) is the whole spacetime. That is to say, any point can send signals and thus com-
munication with Z*. However, we can construct spacetimes for which this is not the case.
In other words, there are spacetimes which contain points which cannot communicate
Z*. The conformal diagram of such spacetime would be as follows:

black hole event
horizon

»
L ALLLLTT TN
-

by A

4 :.. Lol A //..Z../--/

-.--.----..
.
.... 0

0

S
MTTLLLELAIR bt
.0’ 2\

Figure 1.9: The shaded region is known as the black hole region.

The shaded region cannot send signal to Z* and for this reason is called black hole.
Black holes are one of the most celebrated predictions of (general) relativity and, in fact,
of mathematical physics. These notes will investigate geometric and analytic properties
of such regions.

Remark 1.4.2. The conformal symmetries of Minkowski spacetime are closely related
to the global structure of the Penrose diagrams. For more details see Part II of these
notes.

1.5 Electromagnetism and Maxwell Equations

We conclude this section by an account of the relativistic version of Maxwell’s equation
governing the propagation of electromagnetic fields. After all, special relativity was
discovered in order to incorporate Maxwell’s theory.

The electric £ and magnetic B fields are now incorporated in a new 2-form F' on
Minkowski space R? and the Maxwell equations take the form

dFF =0, DivF = —4nJ,
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where J is a 1-form representing the current density of electric charges. Note that since
F' is antisymmetric DivDivF = 0 and hence DivJ = 0. If € denotes the volume form in
R3*! then E, B are recovered from F by the equations

0 E B, Ej
s _|"BEi 0 -By B
Hy = —F5 B3 0 —Bl
—F3 —By By 0

Since dF = 0, by Poincaré lemma we have that there exists a 1-form A, called the
Maxwell potential, such that FF = dA. If A is such a 1-form, then for any function f,
the 1-form A + df is also a Maxwell potential. Note that one can choose f such that the
Maxwell potential satisfies DivA = 0. This choice is called the Lorentz gauge. Under
this gauge, the Maxwell equations take the form:

DivA =0,
04yA = DivdA = —4nJ.

Clearly, these equations are covariant under change of coordinates and invariant under
isometries.
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Chapter 2

Lorentzian Geometry

Introduction

As we have already seen, one needs to deal with curved spaces even in the frame-
work of special relativity (recall that the set {X : ¢(X,X) =1} is a “curved” timelike
hypersurface). In this chapter we provide the general framework for curved spaces and
introduce the notions of Lorentzian geometry which are necessary for understanding the
mathematical aspects of general relativity.

e A Lorentzian manifold (M,g) is a differentiable manifold of dimension n + 1, en-
dowed with a Lorentzian metric g, namely a differentiable assignment of a sym-
metric, non-degenerate bilinear form g, with signature (—, +,---,+) in T, M at
each r € M.

We will mostly consider the case of four spacetime dimensions (and hence n = 3); though
our results apply for the general case too.

o A spacetime manifold (M, g) is an orientable four-dimensional Lorentzian manifold.

In contrast to the Riemannian case, a given differentiable manifold might not admit
a Lorentzian metric. The reason being that in a Lorentzian manifold there are “distin-
guished” directions which basically correspond to the (—) of the signature. One can thus
easily show the following

Proposition 2.0.1. A smooth manifold M admits a Lorentzian metric if and only if
it admits a non-vanishing vector field; in other words, M admits a Lorentzian metric if
and only if it is either non-compact or compact with vanishing Euler characteristic.

The formulas in Riemannian geometry for geodesics, parallel transport, curvatures
etc. carry over to Lorentzian manifolds.

2.1 Causality I

Basic notions

29
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The fundamental new aspect of Lorentzian metrics g is that g, is not positive-definite
in T, M. In fact, for each z € M, the linear spaceﬂ (T M, g) is isometric to the Minkowski
spacetime R3*! and therefore there exists a basis (Ey, E1, Ea, E3)) of T,M such that

Q(Eom EB) = Mqag,

where mqg is the Minkowski diagonal matrix (—1,+1,+1,+1). Then, for any vector
X € T,M we have X =) X“FE, and thus

9(X, X) = —(X")? + (X1)? + (X*) + (X°)%.

Note that unless (M, g) is locally isometric to Minkowski space the frame (E,,a =
0,1,2,3) does not correspond to a coordinate frame. As in the flat Minkowski case, we
say that a vector X € T, M is:

1. spacelike, if g(X, X) > 0,
2. null, if (X, X) =0,
3. timelike, if g(X, X) < 0.
If X is either timelike or null, then it is called causal. If X is null vector at p, then
(X0)2 = (X2 + (X2)2 + (X3)?

and hence X lies on cone (which depends on the basis E,) with vertex at x. In other
words, all null vectors at z span a double cone, known as the double null cone. We denote

by NZ‘)
Ny ={X e ,R* : ¢g(X,X) =0},

the set of null vectors in T, M, by Z,,

I, = {X e T,R** : g(X,X) <0},
the set of timelike vectors in 1T, M, and by S,,

Se = {X e ,R* : ¢g(X,X) >0},

the set of spacelike vectors in T, M. The set S is open (and connected if n > 1).

IFor simplicity, we will drop the index and thus by g we will also mean g..



2.1. CAUSALITY I 31

Note that the set Z, is the interior of the solid double cone enclosed by A,. Hence,
T, is an open set consisting of two components which we may denote by Z; and Z .
Then we can also decompose N, = N;J UN, ", where

N =0zf, N, =0I,.

A time-orientation of (M, g) is a continuous choice of a positive component Z; at each
r € M. Then, we call Z; (resp. N) the set of future-directed timelike (resp. null)
vectors at x. Similarly we define the past-directed causal vectors.

Causality, observers and particles, proper time

We can readily extend the previous causal characterizations for curves. In particular,
acurve o : I — M is called future-directed timelike if & (t) € T,,;) M is a future-directed
timelike vector at «(t) for all t € I. Note that the worldline of an observer is represented
by a timelike curve. As we shall see in the sequel, if an observer is inertial, then he/she
moves on a timelike geodesic. On the other hand, photons move on null geodesics (and
hence information propagates along null geodesics).

The proper time 7 of an observer O is defined to be the parametrization of its worldline
a such that g(a(7),a(r)) = —1. Note that no proper time can be defined for photons
since for all parametrizations we have g(a(7),a(7)) = 0. However, in this case, it is
usually helpful to consider affine parametrizations 7 with respect to which V & = 0.

Submanifolds

Let NV be a submanifold of M. Then N is called:

1. spacelike (or Riemannian), if the induced metric g is positive-definite (and

T

thus Riemannian).

2. timelike (or Lorentzian), if the induced metric g

N has signature (—,+,---,+)

and thus is Lorentzian.

3. null, if the induced metric g . is degenerate. Recall that a symmetric bilinear

form d on a linear space V is called degenerate if there exists a vector X € V such
that d(X,Y)=0forall Y € V.

By Sylvester’s law of inertia, these are all the possible case for the induced metric in a
Lorentzian manifold. The particularly interesting case is when N is a hypersurface (of
codimension one). In such a case, the hypersurface N can be characterized in terms of
its normal (in M) vector field N. Indeed:

1. A hypesurface N is called spacelike, if the normal N, at each point x € N is
timelike.

2. A hypesurface N is called timelike, if the normal N, at each point z € N is
spacelike.
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3. A hypesurface A is called null, if the normal N, at each point € N is null. In

this case, N, is tangential to TN and hence g is degenerate.

x

The above are a consequence of the fact that the orthogonal complement of a timelike
vector in a Lorentzian space only consists of spacelike vectors. For more details about

degenerate hyperplanes and hypersurfaces see Section SINGURATURE EXPLAIN
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Causality theory

Clearly, a Lorentzian manifold M is generally not a linear space and hence does not
coincide with the tangent planes at its points. For this reason, the definition of global
causal structures require some additional care.

Definitions

We have the following definitions:

e The causal future J+(S) of a set S is defined to be the set of all points which can
be connected with a point of .S through a future-directed causal curve.

e The chronological future Z+(S) of a set S is defined to be the set of all points which
can be connected with a point of S through a future-directed timelike curveﬂ

e A set S is called achronal if there is no timelike curve which intersects S twice.
Hence, for all p,q € S we have p ¢ Z%(q) and ¢ ¢ Z7(p).

o A set F is called future if for all x € F we have Z7(z) C F.

e Let S = SN M/S be the (topological) boundary of S in M. An achronal piece
By of the boundary 9S of S is called future if for all x € By we have Zt(z)N.S = 0.
Similarly, an achronal piece By of the boundary 05 of S is called past if for all
x € By we have Z(z) NS = ().

Future Boundary

2

Past Boundary

Important properties

ZNote that ZT(x) C M denotes the chronological future of & whereas Z; C T, M denotes the set of
all timelike vectors in T, M.
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The definition of the exponential map exp, at each point x € M carries over in the case
of Lorentzian manifolds. Let U, C M be a normal neighborhood around x where exp, is
a diffeomorphism: exp, : V C TyM — U, C M, where V,, = exp, ' (U,). The following
proposition determines locally the chronological future Z*(z) of a point .

Proposition 2.1.1. Let (M, g) be a Lorentzian manifold and x € M. Then,
IH(z) MUy = exp, (I NVy). (2.1)

In particular, if y € IT(x) N U, then y can be connected with x through a timelike
geodesic. Furthermore, for any set S the chronological future (resp. past) It (S) (resp.
Z7(S)) is open in M.

Proof. First note that
expe (I NVy) CIH(z) N U,.

Indeed, if Y € Z; NV, then exp,(Y) = ay(l), where ay is the unique affinely-
parametrized geodesic such that ay (0) = z and ay (0) =Y. The geodesic ay is timelike
since Y is timelike and the norm of the tangent to a geodesic is preserved along the
geodesic:

Ve, (g(dy, ay)) — 2(V,, ay,ay) = 0.

We now prove the inverse inclusion. Suppose that it does not hold, that is to say
suppose that there is a point y € ZT(z) N U, and a timelike curve 7 such that v(0) = =
and (1) = y and such that exp, *(y) ¢ Z, NV;. Then the curve exp; ! () initially enters
the interior of the null cone at z and subsequently exits it.

Recall the hyperboloids H; = {X : ¢(X,X) = —7, 7 > 0} C T, M. These are space-
like hypersurfaces in T, M and foliate Z;. By a continuity argument we can easily de-
duce that there exists a point where the curve exp, () is tangent to a hyperboloid H,
for some 7 > 0. Indeed, if exp,!(a) were always transversal to H, then the function
f(s) = glexp,t(a(s)), exp; (a(s))) would be decreasing; however, this contradicts the
fact that for some so the point a(sp) lies on the null cone and thus f(sg) = 0 (note that
f£(0) <0).

The proposition now follows from the following lemma which is the analogue of Gauss
lemma in Riemannian geometry.

Lemma 2.1.1. (Gauss Lemma) Let x be a point in a Lorentzian manifold (M, g)
and Y € T, M NV, be a timelike vector. Let also ay be the unique affinely-parametrized
geodesic such that ay(0) = z and ay(0) = Y. Then, the timelike geodesic ay (t) is
perpendicular to the hypersurfaces exp,(H;) in M. In particular, this implies that the
hypersurfaces exp,(H;) are spacelike.

The proof of the lemma is identical to the Riemanian case and thus is omitted.

Returning to the proof of the proposition, we have that the curve exp,!(a) cannot
be tangent to H, for some 7, because if it were then the timelike curve a would have to
be tangent to the spacelike hypersurface exp,(H;), which, in view of Gauss’ lemma, is a
contradiction.
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T, M
H, Vi

— ET

The above allows us the locally “compute” the chronological futures. We will use this
result to show that the chronological future of sets is open. Since Z7(S) = J,cgZ" (2)
it suffices to show that Z*(z) is open for all points 2 € M. Let y € Z*(z) and v a
curve such that 7(0) = z and (1) = y. There exists a point p on ~ close to y such that
y € Up, where Uy is a normal neighborhood of p. Applying exp, 1 we can pass to T,M
and obtain an neighborhood Oy of exp, 1(q) lying in I};" C T, M. Then, by virtue of the
previous results, the open set exp,(O,) lies in Z+(p) and thus in Z(z).

O]

The following proposition describes the relation between the seemingly opposite no-
tions of achronal and future sets.

Proposition 2.1.2. Let F be a future set in a Lorentzian manifold M. Then the topo-
logical boundary OF is a closed achronal three-dimensional locally Lipschitz submanifold
of M such that Omani (8F) = (), where Opan; denotes the boundary in the sense of man-
ifolds.

Proof. The topological boundary of a set is by definition closed.

Let now z,y € OF such that y € Zt(x). Then there exists an open neighborhood
O, of x in M such that O, C Z7(y). Since z € OF there exists a point p € O, such
that p € F and y € Z1(p). There also exists an open set O, of y such that O, C Z(p).
However, since y € OF, we have that O, N M/F # (), which contradicts the futureness
of F.

The second part of the proposition deals with local notions and so it suffices to restrict
our attention to a normal neighborhood U, of a point x € 0F. Let V, C T, M be such
that exp,(V;) = U, and consider inertial coordinates (¢, z!, 2%, 23) on V.
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Consider the lines v(t) = (¢, c1, c2, ¢3), i.e. the integral curves of 9; in V,;. These are all
timelike. Consider also their image exp,(v(t)). In general, since exp, is not an isometry
in general, exp,(7y)(t) might fail to be timelike; however, since dexp, is the identity when
resticted at the tangent plane of the origin of T, M, by the stability of timelike vectors,
we can assume that U, is sufficiently small so the curves exp,(7(t)) are timelike in U,
for all curves . Hence these curves can intersect OF at most once. We will show that
the curves exp,(y(t)) intersect OF exactly once.

First note that Z*(z) C F. Indeed, if ¢ € Z*(z) then there exists a 2/ € F' close to
x such that ¢ € Z%(2') and hence ¢ € F. Similarly, we can show that Z~(z) C M/F.
Consider now the picture in V,, C T, M. The curves 7 intersect both Z;- NV, and Z; NV.
Passing to U, in M by applying exp, and in view of the previous results and Proposition
we have that the curves expz(y) intersect F' and M/F and hence intersect OF at
least (in fact exactly) once.

We will show that OF is a locally Lipschitz submanifold with no bounary (in the
sense of manifolds). It suffices to prove that exp, ' (0F N U,) satisfies these properties.
Since the integral curves v of d; intersect exp,'(OF N U,) exactly once, we have that
exp, L(OF NU,) is the graph of the function t = t(x!, 2%, 23) defined by

exp, H(OF NU,) = {(t(ml,xz,w3),x1,m2,$3>  (x,2?,2?) <{t =0}nN Vz>} ~ RS,

We will prove that the function ¢t = t(x!, 22 23) is Lipschitz (and thus continuous).
Indeed, a point ¢ € T, M cannot belong (under exp,) to OF N U, if it belongs in a
“modified” null cone with vertex at a point p € exp; 1 (OF NU,). By continuity around
x we obtain that for a sufficiently small U, (the size of which does not depend on F') we
have

and hence the function ¢ = t(z!, 22, 23) is indeed Lipschitz.
The manifold 0F has no boundary since for any point z € 9F the neighborhood
OF NU, of x in OF is homeomorphic to R>.
O

Remarks
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1. We will be particularly interested in the case where the future set F' is such that
F=7J%(S) for a set S C M.

2. Proposition holds in fact for more general achronal sets A and not just for the
boundary of future sets. The only additional assumption we need to impose is that
the achronal set A has no edge. This assumption implies that the curves exp, (y(t))
do intersect the set A. The precise definition of the edge is the following:

e The edge of an achronal set A consists of all points € A such that every
neighborhood U of = contains a timelike curve which intersects Z*(z)NU and
Z7(x) NU but does not intersect A.

3. Note that the weak regularity of Proposition [2.1.2] cannot be improved. Note,
for example, that the null cone (being the boundary of the future of a point in
Minkowski) has a differentiable singularity at the vertex.

2.2 Null Geometry

Null geometry is a new kind of geometry that naturally lives on hypersurfaces of Lorentzian
manifolds.

Definition and Applications

Let (M, g) be a (3 + 1)—dimensional Lorentzian manifold.

e A hypersurface H of M is called null, if at each point € H the normal L € T, M
to T, H is a null vector, that is

g(L,L)=0and g(L,X)=0:VX € T, H.

Then, since dim (T, H) = 3 we have T, H = (L)" and since L is null we have that
L € T, H and hence for each x € M the hyperplane T, H is degenerate.

The structure of these hypersurfaces is of paramount importance in relativity. The
following lemma has important applications for the geometry of a null hypersurface.

Lemma 2.2.1. Letx € M and H be a null hupersurface on M with T,H = <L>L. Then,
if X € T,H then either X is null and X € (L) or X is spacelike.



38 CHAPTER 2. LORENTZIAN GEOMETRY

Proof. If X = (9,21, ...,zyn) and L = (lp, (1, ...l;,) with respect to an orthonormal basis,
then g(L,X) = 0 and ¢g(L,L) = 0 can be written as zoly = x1l1 + ... + x,l, and
l(Q) =12 + ... + 2, respectively. By Cauchy—Schwarz inequality we obtain

(l% —+ ...+ li)(l‘% =+ ...+ :L'?L) > (llﬂj‘l —+ ...+ ln{L‘n)2 = ($0l0)2,

which implies that g(X, X) > 0 and we have equality if and only if X € (L).

Null Generators

Therefore, we have a distinguished line bundle on H, which is the null lines spanned by
the normal L to the hupersurface (recall that in this case the normal is also tangential
to the hypersufrace). We next investigate the integral curves of this line bundle. We
consider the covariant derivative VL and take: If X € TH, then

g(VLLaX) = _Q(LaVLX) = —g(L,VxL) - g(L7 [LvXD = —%X(Q(L, L)) =0, (2'2)

since [L, X] € TH. Hence the integral curves are geodesics. We arrive at the following

Proposition 2.2.1. A null hypersurface H is generated (ruled) by null geodesics whose
tangent is the normal to H.

We will refer to these null geodesics as the null generators of H. Note also that
a natural choice for the normal L to H is such that L satisfies the geodesic equation
V5L =0.

Corollary 2.2.1. Conformal transformations between Lorentzian manifolds map null
hypersurfaces to null hypersurfaces and hence null geodesics to null geodesics.

Optical Functions

Equation holds only if X is tangential to H. We will next present a method to
derive a similar formula for any vector X in M.

A null hypersurface H can be considered to be a non-critical level set of a smooth
function u, i.e. H = {u = ¢}, where c is a constant. In this case, the vector Vu is normal
to H and hence null, and hence v must satisfy the so-called eikonal equation

9(Vu,Vu) = ¢g""(0,u)(0,u) = 0. (2.3)
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For simplicity, let us denote L = Vu. If x € H then for any X € T, M we have:
9(ViL, X) = (ViL),(X) = (VL) (X) = Vi (du)(X)
1
= Vu (L, X) = V*u(X, L) = Vx(du)(L) = g(VxL, L) = 5Vx(g(L, L)),

which indeed generalizes ([2.2)). The musical isomorphism b corresponds to the standard
index-lowering. Hence, if L = Vu then we obtain

VL= %V(Q(L, L)). (2.4)

A particularly important application of formula (2.4)) is when the function w is an optical
function, namely:

o A differentiable function u : M — R is called optical if all level sets {u = c} are
null hypersurfaces. In this case, the eikonal equation is satisfied along all level sets
of u.

If w is an optical function, and L = Vu, then g(L,L) = 0 everywhere and hence the
gradient of this function also vanishes. Hence, the vector field L is a geodesic null
normal to H since VL = 0.

Remark: An example of a function « such that v = 0 is a null hypersurface but u
is not an optical function is the following:

u(t,wl,x2,$3) =2+ (331)2 + (332)2 + (xg)2

on Minkowski spacetime (with the origin deleted).
For more about optical functions see Section

Sections of null hypersurfaces

e A section S of a null hypersurface H is a two-dimensional submanifold of H which
intersects each null geonerator of H transversally.

Clearly, by virtue of Lemma and the above transversality assumption, any
section S is a two-dimensional Riemannian manifold. Note that, since H is null, all null
generators intersect S orthogonally.
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We are mainly interested in the case where S is topologically homeomorphic to the
two-dimensional sphere S2.

Spacelike surfaces and their associated null normal geodesic congruences

Let us now start with a surface S, namely a two-dimensional Riemannian manifold
(homeomorphic to S?). For every point x € S we have dim(T,S) = 2 and g‘Tgc o Is positive
definite. Hence, by Sylvester’s law of inertia we have that the orthogonal complement
P, = (T,S)* of TS in T, M is a two-dimensional Lorentzian plane. In other words,
(P, g‘ Pz) is isometric to the two-dimensional Minkowski spacetime.

S

Wi

Py

Since all vectors orthogonal to S at x belong in P, the above discussion shows that
there are exactly two null lines orthogonaﬂ to S at z. Let L, and L, be two future-
directed null vectors in P,. Suppose that L, projects to the exterior of S and L, projects
to the interior of S. We will call L, the outer null normal to S at  and L, the inner
null normal to S at x. Although there is no natural normalizatiorﬁ for L, (and L,), we
require the choice of L, (and L,) to depend differentiably on z so the resulting vectorfield
L (and L) along S is differentiable.

The vector bundle

P=J P

eSS

is called the normal bundle of S in M. Note that P, = (Lg, L,).

Let now (L, L) be given future-directed null normal vector fields to S. For each z € S
there is a unique affinely parametrized geodesic G, with initial conditions (z, L, ), that
is to say G.(0) = x and G,(0) = L. Similarly, there is a unique affinely parametrized
geodesic G, with initial conditions (z, L,). We consider the sets in M formed by these
geodesics:

c=JG. c¢c=J¢G. (2.5)

zeS zeSs

3(Clearly, the null lines span a null cone at x, however there are only two null lines normal to S.
4For more about the normalization see the end of this section.
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The null geodesics G, (resp. G,) are called the null generators of C' (resp. C). We
assume that C, C are smooth hypersurfaces (or that at least the part of C, C' are smooth
hypersurfaces). Note that in general C,C will not be globally smooth hypersurfaces.
For example, the incoming null geodesic congruence of a standard sphere in Minkowski
spacetime forms a cone which is singular at the vertex. For more about the regularity of
C, C see Part II of these notes.

We have the following

Proposition 2.2.2. The sets C,C defined above are null hypersurfaces.

Before we prove Proposition it is convenient to define affine foliations of C, C.
From now on we focus on the (smooth) hypersurface C'.

The vector field L on S extends to a vector field L on C as the tangent field to the
affinely parametrized null generators of C. Then L satisfies

VL =0

on C. Consider the flow F; of L which is a one-parameter family of diffeomorphisms of
C. We define the surfaces

S, = F(S)

which foliate C":
c=Js- (2.6)

720

Clearly Sy = S and S; are sections of C'. Note that 7 is the affine parameter of L,
namely LT = 1 and 7 = 0 on S. For this reason we call the foliation defined by
an affine foliation of C'. Understanding the geometric properties of the surfaces S; is of
fundamental importance in Lorentzian geometry.
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Let y € C. Suppose that y € G, and in fact y = G(7). Then y € S;. Let (E1, Es)
be a basis of T,;S. Then (L, E1, E») is a basis for T,,C. We can propagate this basis along
G according to

[L,E]=0,i=1,2.

Then the vectors £y, Ey are tangential to the sections S and in fact we have:
(Ei)a,(r) = dF-((Ei)e), i =1,2.

The vector fields E;,7 = 1,2 are called normaﬂ Jacobi fields along the null geodesic G,.
They can be thought of as the infinitesimal displacement field of G, through nearby
null generators whose feet on S span a curve tangential to E;,¢ = 1,2. Indeed, if
v(s) : (—e,e) — S is a curve on S such that y(0) = x and 7(0) = E;, then we have a
mapping

D :(—¢,€) x [0,00) = C

given by
(I)(S, T) = G'y(s) (7’)

Then, if we fix 7, the curve a(s) = G, (7) represents a displacement of G(7) along
nearby null generators. The infinitesimal displacement is given by E; = %Gv(s) (7’)‘8:0.

The triple (L, Eq, E») is a basis for T,,C, the linear map dF; : T,C — T,C being
an isomorphism (see Section for a discussion of the case where this map is not an
isomorphism).

Proof of Proposition|[2.2.9. Let y = Gy(1) € C and (L, Eq, E>) be a Lie propagated
frame along the null generator G;. We will show that T,,C is a null hyperplane. If
X e {L,El,EQ}, then

Vi(9(L, X)) = g(VLL, X) 4+ g(L, VLX) = g(L,VxL) = %VX (9(L, L)) =0 (2.7)

along G, where we used the fact that [L, X] = 0 and that L is null on C. However, by
assumption L L (L, Fy, E) at  and so g(L, X) = 0 for 7 = 0. In view of (2.7)), we have
that g(L, X)) = 0 along G, and hence the hyperplane T,,C' is indeed null.

O

®Note that g(L, E;) = 0,i = 1, 2.
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Note that had we chosen an arbitrary null vector L, (not necessarily normal to S)
then we would not have obtained a null hypersurface. We will see several examples of
timelike hypersurfaces spanned by null geodesics in the sequel.

We have the following definition:

e Given a surface S in M, the outgoing null hypersurface C' is called theouter null
geodesic congruence normal to S. Similarly, the incoming null hypersurface C is
called theinner null geodesic congruence normal to S.

The importance of the null geodesic congruences will become apparent in Section
Remarks:

1. As we mentioned above, there is no natural normalization for the null normal
to S vector fields L, L. However, we can impose on the pair (L, L) the normalization
condition:

g(Lvé) = -1

If L transforms according to
Lw—alL,

where a is an arbitrary positive differentiable function on S, then L transforms according
to
L+~ a 'L

Given a normalized null pair (L, L), we define the pair:

1 1
T = ﬂ(LJrL), N = 7
One can easily see that for each x € S, the pair (T, N,) forms a positively-oriented
orthonormal basis of P,. If (L’ L') is another normalized pair related to (L, L) via the
positive differentiable function «, then the pair (7", N'), obtained as above, gives another
orthonormal basis of P, for each z € S. Note that the group SO(1,1) of Lorentz boosts in
two spacetime dimensions (described in Section connects such positively-oriented
orthonormal bases.
If S is contained in a spacelike hypersurface ¥ such that S is the boundary of a
compact region K in ¥, then a natural choice is to take T' to be the unit future-directed
timelike normal to X at S and N the unit outward normal to S in X.

(L - L).

2. Similar results apply for the (future) null geodesic cone with vertex a point O € M.
This is defined as the set of all (future) null geodesic which emanate at the point O.

2.3 Global Hyperbolicity

The causal structure of Lorentzian manifolds might in some cases exhibit unphysical
behavior. For example, there are Lorentzian manifolds with closed timelike curves. This
kind of behavior is very pathological and so we want to impose conditions on the space-
times in order to exclude it.
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e An achronal hypersurface H is a Cauchy hypersurface if every intextendible causal
curve intersects X exactly once.

e A spacetime (M, g) which possesses a Cauchy hypersurface is called globally hy-
perbolic.

A

t remove point

72
1

Figure 2.1: The spacetime R! minus a point is not globally hyperbolic since any
achronal hypersurface does not intersect one of the causal inextendible curves v; or va.

The existence of a Cauchy hypersurface is a global causal property of the spacetime.
According to the following proposition, if a Cauchy hypersurface exists, then its topology
is “unique”.

Proposition 2.3.1. If a time-orientable spacetime (M, g) admits two Cauchy hypersur-
faces X1, %9 then X1 is homeomorphic to .

Proof. Since (M, g) is time-orientable, there exists a non-vanishing timelike vector field
T. The integral curves of T are timelike and hence intersect 1 and Yo exactly once.

The projection of ¥; onto X5 is a continuous bijective map whose inverse is the
projection of 9 onto Xj. O

Furthermore, the topology of a globally hyperbolic spacetime is completely deter-
mined by that of a Cauchy hypersurface:

Proposition 2.3.2. If ¥ is a Cauchy hypersurface for (M,g), then M is homeomorphic
to X x R. In particular, this implies that there exists a global ‘time’ function t: M — R
such that each level set ¥ = {t = 7} is a (spacelike) Cauchy hypersurface and thus the
vector field Vit is everywhere timelike. Furthermore, the hypersurfaces ¥, foliate M.

Global hyperbolicity plays a role similar to that of completeness of Riemannian man-
ifolds.
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Proposition 2.3.3. Let (M, g) be a globally hyperbolic spacetime. Let also x,y € M with
y € I*(x). Then there exists a timelike geodesic v which connects x,y and mazimizes
the length function defined by the following formula

£6) = [ (- sta0.5) "ar

A spacetime may not be globally hyperbolic; however there may exist subsets of such
spacetimes which are indeed globally hyperbolic.

e Let A be an achronal three-dimensional hypersurface of a spacetime (M, g). Then
the Cauchy development D(A) of A is the biggest globally hyperbolic subset of M
which admits A as a Cauchy hypersurface. In other words, D(A) consists of all
points x € M such that every inextendible causal curve through x intersects A.
The future development is defined to be D1 (A) = JT(A) N D(A), and similary we
can define the past development.

e The future Cauchy horizon of the development Dt (A) in M is defined to be the
future boundary of DT (A) in M.

R1—|—2

T2

Iy

By virtue of Proposition the Cauchy horizon is a three-dimensional Lipschitz sub-
manifold.

2.4 Causality II

The following two propositions are extremely important for our analysis. They provide
additional information regarding causal structures of globally hyperbolic spacetimes.
Recall that the topological boundary dS of set S in M is defined to be S = SNM/S.

Proposition 2.4.1. Let K be a compact subset of a globally hyperbolic spacetime (M, g).
Then J*(K) is closed in M and hence 0J T (K) C JT(K).
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Figure 2.2: If we remove the point p from R!*! then the set ¥ (z) is not closed anymore.

Proposition 2.4.2. Let S be a compact orientable two-dimensional surface in a globally
hyperbolic spacetime (M, g) (for example let S be a surface homeomorphic to the sphere
S?). Let C and C denote the (future) outgoing and incoming null geodesic congruence
normal to S, respectively. Then,

0T (S) ccl .

Sketch of proof of Proposition In view of Proposition if x € 0JT(S) then
there is a caucal curve v which connects z and a point of S. Basically, this is the only
point in the proof where the global hyperbolicity is needed; contrast this with Figure
Clearly v cannot be timelike, since otherwise z would not lie in the boundary of the
future of S but in the interior instead. If v is causal and not everywhere differentiable,
then by a variation of v we can find a strictly timelike curve which connects x with some
point in S. Hence v must be a null curve, and in fact by a variation argument again, it
must be a null geodesic. One more variation of v shows that v must be orthogonal to S.

We will further characterize the boundary 077 (S) in Section



Chapter 3

Introduction to General
Relativity

General relativity is a successful geometric theory of gravitation. In chapter[I]we saw why
special relativity provides the natural framework for electromagnetism and Maxwell’s
equations. In this chapter, we describe the main geometric features of spacetimes mod-
eling gravitational systems.

3.1 Equivalence Principle

It is not a priori obvious why the setting of Lorentzian geometry allows one to extend spe-
cial relativity and thus incorporate gravity as well. However, in 1907 Einstein suggested
the following principle (also known as Einstein’s happiest thought):

Equivalence principle

e One cannot discriminate (at least locally) between accelerating systems and systems
fixed in a gravitational field.

In other words, an observer who is fixed somewhere about the surface of the earth
is accelerating. However, the observer cannot decide whether his acceleration is due
to gravity or another force that forces him to accelerate. This also implies that the
gravitational mass is equal to the inertial mass.

Since there is no ‘magic’ with gravity we have no way to distinguish gravity from
other forces. For this reason, in general relativity, gravity is not described as a force
field; rather we are forced to view gravity as an aspect of spacetime structure.

The equivalence principle may also be thought of as the following statement, known
as the geodesic hypothesis:

e Inertial freely falling observers in a gravitational field move on timelike geodesics
and photons move on null geodesics.

Note that freely falling observers are not accelerating. If one freely falls on earth then
he will feel strange because his state is rapidly changing from the previous accelerating

47
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state of motion. Indeed, if a freely falling observer tries to lift his hand during the free
fall then he will feel no weight and thus no external forces on him. This means that his
motion is inertial and hence his worldline is a geodesic.

3.2 The Einstein Equations

The natural framework to develop general relativity is that of Lorentzian geometry.
Indeed, in Minkowski spacetime the geodesics are just lines (with respect to inertial
systems) and thus freely falling observers do not experience non-trivial dynamics. The
only way to have a spacetime with non-trivial geodesics is by considering non-flat metrics.
Hence, we seek for equations/laws that will determine the metric of the spacetime in the
presence of matter fields.

According to Newtonian physics, laws of physics should depend on the second order
derivative. Applied to our setting, this means that we need to impose conditions on the
curvature of the spacetime (M, g). These conditions will depend on the matter model
present M.

Einstein equations:

Ric(g) ~ 3 Ruclg) g = 87T, (3.1)

where Ric, Rs.(g) denote the Ricci and scalar curvature, respective, and T denotes the
energy-momentum tensor of the present matter. Note that T is a (0,2) symmetric
divergence free tensor field.

We will be mostly interesting in the case where no matter is present. Then T = 0
and imply that the vacuum equations are:

Einstein-vacuum equations:

Ric(g) = 0. (3.2)

Minkowski spacetime is the trivial solution of the vacuum equations. As we shall see in
the sequel, most of the qualitative properties of (3.1]) are already present in (3.2)).

3.3 The Cauchy Problem

As with any physical theory, it is very important to confirm that general relativity
is a locally well posed theory. In particular, we are interested in showing that given
appropriate smooth initial data then there exists (at least locally in time) a unique
smooth solution to the Einstein equations.

First we need to determine the “correct” notion for the initial data. We expect to
have well-posedness only as long as (M, g) is globally hyperbolic. In this case, there
exists a time functions ¢, such that the level sets H.. are spacelike Cauchy hypersurfaces
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and M = UsH;. Then, the vector field Vi is normal to H,. We define the lapse function
® by

S S
V _g(Vt7vt)
Then,
T=-3>Vi=T1LH,and Tt =1
and 1
N:6-T:>NJ_HT and g(N,N) = —1.

We can now consider a coordinate system (z', 22, 23) on Hg. This can be propagated

to any H, by the flow of T', constructing a coordinate system (¢, z', 2%, 23) of M. Then,
the metric with respect to this system takes the form

g = _ditz +g7

where g = g(t) is the induced metric on H;.

We look for initial data to prescribe on Hy. Since the equations Ric(g) = 0 are of
second order in g, we must prescribe the metric g and also somehow the transversal
derivatives 0;g;; of g on Hg. In the context, however, of the Cauchy problem, we want to
a priori describe the initial data set only in terms of the geometry of Hg, and hence we
want to avoid prescribing the ¢-derivatives. This can be done by introducing the second
fundamental form k of Hy in M. More generally, the second fundamental form of H; is
defined to be the following (0, 2) tensor field on H;:

k(X,Y) =g(VxN.,Y),
where X, Y € T,H,. If X,Y € {01,02, 03}, where 0; = 0,:, then we obtairﬂ

kii — iagij
Y20 ot

which is known as the first variational formula. This formula shows that the initial
data set consists of the triplet (Mo, 7, k). Note that the first variational formula implies
5(/G) =@ trk /G

The trace of the Codazzi equation and the double trace of the Gauss equation of the
embedding of H; in (M, g) give us respectively:

divk — dk =Ric(N, ),
Ree + (trk)? — |k|? =Ry + 2Ric(N, N),

where the operators and quantities with the bar above refer to the induced geometry of
(Hta g) .

In view of Ric(g) = 0, the right hand side of the Codazzi and Gauss equations
vanishes. Hence, (g,k) must be prescribed so they satisfy these constraint equations.
This completes the formulation of the initial value problem for the Einstein equations.

'We will not prove equations here. However, we prove all the analogous null structure equations in
detail in Chapter El
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Let us now show that given such an initial data set, there exists a unique smooth
local solution (M, g). Since the differential structure of M is known, it suffices to show
the existence of g with respect to the coordinate system (t,z!, 22, 23) defined above.
Without loss of generality, we can take ® = 1 on Hy. Then,

-1 0 0 O gt OtGiar O1Grzz OtGpas
0 0t Gz
— B , 0, = z 3.3
g 0 9ij 19ty Ot Gtz2 2ki; 33
0 01913

Note that 0;giz« can be freely chosen initially for o = 0,1, 2, 3.
We next briefly describe Choque-Bruhat’s argument for the existence of solutions to
Ric(g) = 0 under the above initial conditions. Let us suppose that ¢t = 2. We define

I = gnTs,,

where I'},, are the Christoffel symbols of g with respect to the coordinate system z%, a =
0,1,2,3. We also define

Iy = gabrbv H},LV = R;,LV - Suy-
The crucial observation is that
P.P.(H,,) = ¢*?94039,, = P.P.(Oy9,),

where P.P. =Principal Part. Given initial data as in (3.3]), by standard theory of quasi-
linear equations, there exists a unique smooth local solution g to

H#,,(g) =0.

See Chapter [9] for an introduction to the energy method which can be used to address
the local well posedness of such equations.

However, we want g to satisfy R, (g) = 0 rather than H,, = 0. In other words, we
want to make sure that the solution g to H,,(g) = 0 somehow also satisfies S, (g) = 0
or, in fact, I'y = 0.

If H,, =0 then

1 1 . 1
R, — §Rg’” = Our — ngW = Div(Su — §SQW) =0,

since for any metric g we have Div(G,) = 0, where G, = Ry — %Rg,u,. The second
crucial observation is that

. 1 o
P.P.( Div(Su — §Sgw,)> = g°%0,05T,, = P.P.(0,T,).

Hence, for a metric g solving H,,(g) = 0, I, can be shown to be identically zero if T,
and 0;I', are zero on Hg. It can be easily shown that

Orgtpi = Liy Orgn = 2trk = FM|H0 = 0.
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However, we have now completely exhausted the freely chosen initial data and hence
we would need a miracle so that atFu|H0 = 0. The third crucial observation is that if
H,, = 0 then

8,5 Fi|'Ho - 2Gtxi7 8t Ft|H0 - ZGtt.

However, the constraint equations (satisfied by the initial data g,k) are precisely the
equations Gy = Gy,i = 0. Hence, I';, do in fact vanish to first order on Hy and hence,
the previously constructed g is a solution to Ric(g) = 0.

Remarks

1. Note that the condition I'* = 0 is equivalent to Ogzz® = 0, i.e. the coordinate
functions satisfy the wave equation. For this reason, these coordinates are called wave
coordinates and this choice of coordinates is called wave gauge. In the Riemannian case,
this is also known as harmonic gauge.

2. It is important to emphasize the role of global hyperbolicity to the uniqueness of
the Einstein equations, and in fact, of general hyperbolic equations. This is also known as
finite propagation speed. See Chapter [J for a detailed discussion about this phenomenon.

3. The local well posednedss being understood (at least in the smooth class), one is
interested in understanding global properties of the solutions to the Einstein equation. In
general, this is extremely difficult. A priori, however, Choquet—Bruhat and Geroch have
shown that, given an initial data set, there exists a unigne maximal global hyperbolic
spacetime (known as the mazimal development) which solves the Einstein equations. By
maximality here we mean the fact that any other globally hyperbolic solution can be
isometrically embedded in the maximal development (in fact, for this reason, one should
think of the maximal development as the “maximum” development).

3.4 Gravitational Redshift and Time Dilation

Based on qualitative properties of the postulates of relativity, (i.e. without precise knowl-
edge of the spacetimes (M, g), which satisfy the Einstein equations) we can easily deduce
that the proper time of observers depends on the gravitational potential of the region
they live in. In particular, the closer an observer is at the gravitational source the slower
his proper time passes.

Consider first the following thought experiment. Imagine two observers A, B in an

accelerating spaceship such that their acceleration is congruent to the vector A%. Sup-
pose that A emits a photon towards B. Since photons travel with finite speed it will
take some time for this photon to reach B. Since the spaceship is accelerating, at the
time of reception of the photon by B, the speed of B is faster than the speed of A at the
time of emission of the photon (note, however, that the distance of A, B is constant at
all times). Invoking the Doppler effect we infer that B records the photon’s frequency on
arrival as lower than it was on departure from A. Hence, the frequency recorded by B is
redshifted compared to the frequency of the photon at the time of emission from A. Since
frequency is a basic measure of time, this implies that the proper time of B runs faster
than the time of A as measured by B. In other words, 1sec for A is measured as 0.9secs
for B (and hence B finds the time of A to be slower than his time), and conversely, 1sec
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for B is measured (by A) as 1.1secs for A. The latter is due to the blueshift of photons
emitted from B as received by A.

Consider now two observers A, B who are constantly located at distance, say, 1km
and 100km, respectively, away from the surface of the earth. In view of the equiva-
lence principle, these two (non-freely falling) observers can be thought of as accelerating

observerl both being accelerated in the outward direction AB Hence, the same princi-
ples apply as above (there also exists a relativistic version of the Doppler effect). When
light travels from A to B it gets redshifted (as measured by B at the time of reception
compared to the measurements of A at the time of emission) and blueshifted when it
travels from B to A. This phenomenon is known as gravitational redshift. According
to the above discussion, the time of B as measured by A is faster than the proper time
of A and the time of A as measured by B is slower than the proper time of A. This
phenomenon is known as gravitational time dilation. Confirmation of this effect has been
achieved by comparison of atomic clocks flown in airplanes with clocks on the ground.

3.5 Applications

We next describe some predictions of general relativity without involving equations.

1. Global Positioning System (GPS)

The Global Positioning System uses the effect of relativity in order to make correct
measurements. The GPS is a network of over 30 satellites orbiting at distance 20,000km
above the surface of the earth and moving at speed 14,000km/h, arranged such that
at least four satellites are visible from any point on earth. Each satellite constantly
transmits signals containing information on where the satellite is and what time the
signal was transmitted. A GPS device on earth (constantly) receives this signal and
calculates the distance of the device from the point where the signal was sent using the
formula d = ct, where d is the distance, ¢ the speed of light and ¢ the time that it took
for the signal to reach the device. Performing the same calculation using the signals sent
from at least four visible satellites, the device is able to locate its distance from four
known points in the space, and hence it can calculate its location. Note that although
three satellites suffice, four or more satellites are needed for more accurate results.

2The acceleration is needed in order to counteract gravity.
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It is of paramount importance that the GPS devices calculate the time that signals
had to travel from the satellites to reach the device. However, in view of the gravitational
time dilation, the time on the satellites runs 45 microseconds/day faster compared to
the time on the surface of the earth. Furthermore, in view of the motion of the satellites
compared to the device, the effect special relativistic time dilation gives us that the
time on satellites runs 7 microseconds/day slower. When special and general relativistic
effects are combined, we deduce that satellite clocks run 38 microseconds/day faster. For
this reason, the atomic clocks are adjusted when constructed on earth so they run 38
microseconds/day slower (and hence when on space they agree with the clocks on earth).
If uncorrected, the total measurements would be off by 11km/day!

2. Light bending

Null geodesics in a general Lorentzian manifold are curves with non trivial curvature.
In particular, according to relativity, a light ray that glazes the surface of the sun deflects
from its original path. This bending of starlight passing near our sun has been observed
during solar eclipses beginning with the 1919 expedition led by Eddington. This made
relativity a very popular theory of gravitation overnight.

+ Staris really hese

+ Star appears here

Furthermore, the position of the astronomical objects may be such that a galaxy
appears to be in many positions at the same time:

near
. oalaxy S
Earth far
galaxy

o e o)

apparent ring of light light from far galagy
from for galaxy
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In fact, in the case of black holes, relativity predicts the existence of lights which
orbit the black hole. The region where orbiting photons live is called photon sphere.

3. Mercury’s Perihelion Precession

Recall that the nearest point of the (elliptic) trajectory of a planet to the sun is
called perihelion. A number of effects in our solar system cause the perihelia of planets
to precess (rotate) around the sun. Mercury deviates from the precession predicted from
these Newtonian effects by 43 arcseconds (=43/3600 of a degree) per century. On the
other hand, relativity agrees closely with the observed amount of perihelion shift. Note
that this effect is small; it requires a little over twelve million orbits for a full excess turn.

Perihelion §
advances (f

Planet



Chapter 4

Null Structure Equations

4.1 The Double Null Foliation

Null Foliations and Optical Functions

A foliation S of H™ is a collection of sections S,, smoothly varying in v, such that
UpS, = HT. We will show that any foliation is uniquely determined by the choice of one
section, say Sp, the choice of a null tangential to HT vector field Lyeoq] So restricted on
Sp and a function Q on HT. We extend Lygeod| s, toa null vector field tangential to the
null generators of H* such that

VLgeod LgeOd = 0

We then define the vector field
L=0% Lyeod (4.1)

on HT and consider the affine parameter v of L such that
Lv =1, with v =0, on Sj.

Let S, denote the level sets of v on H™ which are the leaves of the foliaton S. We use
the notation

S = <SO, Lyeodls, Q> (4.2)

We can also extend the above construction to obtain a foliation of (an appropriate region
of) M by null hypersurfaces C,, C,, intersecting at embedded 2-spheres S,, ,. We denote
Co = H' and define C; to be the null hypersurface generated by null hypersurfaces
normal to Sy and conjugate to Cj.
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We then consider the vector field Ly, |g, at So tangential to the null generators of
C, determined by the relation

g(Lg€Od7 Lgeod) = _Q_2

and extend it on (' via the geodesic equation

VL L dZO

Hgeod—geO!

We now extend €2 to be a function on C, and, as before, consider the vector field

L= QQ : Lgeod

(4.3)
and similarly define the function u on C by
Lu =1, with u =0 on Sy.

Let S, be the embedded 2-surface on C such that u = 7.

We also define L,q on Cp such that L., is null and normal to S and g(Lgeod, Lgeod) =
—Q~2. We similarly extend Lgeoq on Cy.

Consider the affinely parametrized null geodesics which emanate from the points on
Sr with initial tangent vector Lg.,q. These geodesics, whose tangent we denote by Lg.oq,
span null hypersurfaces which we will denote by C'_. Hence, CoNC . = S;. Similarly, we
define Lgeoq globally (and the hypersurfaces Cr such that their normal is Lgeoq). Extend
the vector field L, L to global vector fields such that

L = QQ : Lgeoda L = Qz : Lgeod'

We will refer to €2 as the null lapse function. We also extend the functions u, v to global
functions such that

Lu =0, Lv=0.
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Therefore,

The importance of the renormalized vector fields L, L is manifest from the following
Proposition 4.1.1. The optical functions u,v satisfy the following relations

Vv=-L

igeod7 VU/ - _Lgeod

and

Proof. Since u, v are optical functions we have that Vu, Vv satisfy the geodesic equation.
Since Lgeod; Lgeoq Satisfy the geodesic equation as well, it suffices to show, for instance,

that Vo = —L ., on Co. Expressing Vv in terms of the null frame (Lgeod; Lgeoas €15 €2),

where eq, es is a local frame on the spheres S, we obtain
(V’U)Lgeod — gLQEOdLQEOd . (Lgeodv) + ngEodLgeod . (Lgeodv) = —92 . Q_2 = —1’

on (Y, and similarly, we obtain that the remaining components with respect to the above
frame are zero. This proves the first equation. For the second, it suffices to notice that

Lv = g(L,Vv) = g(L, _Lgeod) = -0 g(Lgeodvégeod) =1L

Note that
g(La Lgeod) =-1, (44)

which shows that Lgc.q determines to first order the optical function u on HT = Cy.
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Gauge Freedom

The above analysis shows that a double null foliation D can be completely determined
by the following

D — <So, Lyeoals, » e, - Q;Q0>.

Note that the freedom for the vector field Lgeoq|g, and the functions Q¢ , c, reflects
the freedom for the functions v’ = /(u), v’ = v'(v). Indeed, fixing  and Lyg,q determines
up to additive constants the (optical) functions wu, v.

The Diffeomorphisms ¢, ,

We can construct a diffeomorphism ®,, from any sphere Sy, to Sy as follows: If
p € Sy then we can consider the point ¢ € Sp, which is the intersection of Cy and the
null generator of C,, passing through p. We then let ®,,(p) to be the unique point of
intersection of Sy and the null generator of Cy passing through q. We can also consider
a diffeomorphism @ from Sy to S? and compose ®,,, with ® to obtain a diffeomorphism
from Sy, to S2. This constructions allows us, for example, to equip all surfaces Su,p With
the standard metric in a very precise way. See also the figure below.

The Canonical Coordinate System

One can consider at each point a null frame (L, L,e1,e3) adapted to the double null
foliation, where ey, e is a local frame for the spheres S, ,. However, these vector fields
do not correspond to a coordinate system.

Using the optical functions u, v we will introduce a coordinate system suitably adapted
to the corresponding double null foliation of the spacetime.

If p € M then p € Cy, N C,, and hence u(p) = uo,v(p) = vo. We next prescribe
angular coordinates for the point p on the 2-surface Cy, N C,, .

Let (0',60%) denote a coordinate system on a domain of Sg. Then we assign to p the
angular coordinates of the point @, .,(p) as depicted below

(uo,v9,0",02)

0
I
ou —
and 5 5
TSuw,

901 962 <
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whereas 9
0= L : on Cj.

Note that the latter equation will not in general hold everywhere, as it is easily seen from
the picture below:

91,62)

&

From now on, for simplicity we denote 0, = %, and so on. In general we have:
Dy = L +b'0ps.

By virtue of the equations L = 9, and [0y, 0y] = [Ou, Opi] = 0 we obtain:

ob’
[LvL] - _%891' € TSu,v,

and therefore, .
b ) .
O — (L, L)), and b = 0 on Co = {u=0}. (45)

Hence, the S-tangent vector field b = b'0p: is the obstruction to the integrability of
(L,L) = (TSW,)J‘. In order to compute b it suffices to compute [L, L]. Since [L, L] =
V1L — VL, it suffices to compute the connection coefficients (see below).

The metric g with respect to the canonical coordinates is given by

_ 2 (BN 7 ] % ]
g =—20%dudv + (' ¢ .. )dvdv — 2(b' ¢ ;;)d6 dv + ¢ ; d6'd6”, (4.6)

where ¢ denotes the induced metric on the 2-surfaces S, , = C,, N C,. We immediately
obtain
det(g) = —Q* - det(g). (4.7)

Null Frames

From now on we denote S, , = C,NC,. If {e1,e2} = (eA)Azl 9 is an arbitrary frame on
the spheres S(, ) then we, in fact, have the following null frames:
e Geodesic frame: (e1,e2, Lycods Lyeod)s

e Equivariant frame: (ej,e2, L, L),
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e Normalized frame: (ej,e9,e3,¢4),
e Coordinate frame: (91, gz, Oy, Oy).

where

€5 = OLpus = L, 1= QLygeot = L.

geod — 0

Note that es, e4 satisfy the normalization property

g(es,eq) = —1. (4.8)

The conformal geometry and conformal factor

The conformal class of ¢ contains a unique representative (metric) g such that /g =
\/5@ . Here we consider the diffeomorphism ® o ®, to identify the section S, with
S2. Equivalently, 4§ and h are such that the induced volume forms on S, are equal.
Since ¢ and § are conformal there is a conformal factor such that ¢ = ¢? - §. Then,

Vi = *VG = ¢*\/d s and hence
Vi

¢ =

Clearly the above imply that

< 5

6= . (4.9)

=
él
5]
[ ]

Note that ¢ is a smooth function on the sphere S, and does not depend on the choice of
the coordinate system. Note also that for a spherically symmetric metric we have ¢ = r,
where r is the radius.

Remark 4.1.1. Note that for symmetry reasons we will either use the notation v or u
for the conjugate to u optical function.

4.2 Connection Coefficients

We consider the normalized frame (ey, e2, €3, e4) defined above. We define the connec-
tion coefficients with respect to this frame to be the smooth functions Ff;l, such that

Ve.er =Thexn, Apv € {1,2,3,4}
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Here V denotes the connection of the spacetime metric g. We are mainly interested in
the case where at least one of the indices A, u, v is either 3 or 4 (otherwise, we obtain
the Christoffel symbols with respect to the induced metric ¢ ). These coefficients are
completely determined by the following components:

The components x, x,7,1,w,w,(:

xag =9(Vaes,ep),  X,p=9(Vaes ep),
na = g(Vseq, ea), n, = 9(Vaies, ea),
w=—g(Vaes,e3), w=—9g(Vses,eq),
Ca = g(Vaey, e3)

(4.10)

where A, B € {1,2} and V, = V,,. Note that ( = —(. The covariant tensor fields
X;X;N,n,¢ are only defined on T,S,,. We can naturally extend these to tensor
fields to be defined on T, M by simply letting their value to be zero if they act
on e3 or e4. Such tensor fields will in general be called S-tensor fields. Note
that a vector field is an S-vector field if it is tangent to the spheres S, ,. The
importance the S-tensors originates from the fact that one is interested in understanding
the embedding of S, , in C, and C,,.
The connection coefficients I’ can be recovered by the following relations:

Vaep =V eptxapes + X, g4,

Viea = Vsea +naes, Vaiea =V, ea+n eq,

Vaes =x,*Pep+Caes, Vaea=x,"ep — Caea, (4.11)
Vses = n*leq —wes, Viez = nfes — wes,

V3e3 = wes, Vieq = wey,

Remarks:

1. Recall, that the second fundamental form of a manifold S embedded in a manifold
M is defined to be the symmetric (0, 2) tensor field 11 such that for each = € S we have

I, : TS x TS — (TS)*,

where the L is defined via the decomposition T, M = TS @ (T,,S)*. Specifically, if
X, Y € T,S then
IL(X,Y) = (VxY)©

and hence
VxY =V Y +1I(X,)Y).

Here Y denotes the induced connection on S (which is taken by projecting the spacetime
connection V on T,S).
The S-tensor fields x, x give us the projections of I14p on e3 and ey4, respectively.
Indeed a
II(X,)Y) = x(X,Y)ez + x(X,Y)es.
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For this reason we will refer to x, x as the null second fundamental forms of S, with
respect to the null hypersurfaces Cy,, C,,, respectively. One can easily verify that y and
x are symmetric (0,2) S-tensor fields. Indeed, a simple calculation shows that if X,Y
are S-tangent vector fields then

X(X7 Y) - X(Y7X) - 9(64; [Xa Y]),
X(X,Y) = x(V, X) = g(es, [X,Y]).

Hence, x, x are symmetric if and only if [X,Y] L e3 and [X,Y] L e4 and thus if and only
if (e3,e4)" 3 [X,Y] € TSy . The symmetry of x, x is thus equivalent to the integrability
of the orthogonal complement (e3, €)™

Furthermore, we can decompose x and x into their trace and traceless parts by

(trx)g - (4.12)

N =

.1 .
X:X+§W%M, X=X+

The trace of the S-tensor fields x,x (and more general S-tensor fields) is taken with
respect to the induced metric ¢. The trace try is known as the erpansion and the
component Yy is called the shear of S, , with respect to C,.

2. Note also that w = V4(log Q) = and w = V3(log Q).

3. Let X be a vector tangential to a given sphere S, , at a point x. Then, if we
extend X along the null generator v of (), passing through x according to the Jacobi
equation [L, X] = [Qe4, X] = 0, then we obtain an S-tangent vector field along ~. Note
that in this case we obtain

V4X =Vxey4 + (VX log Q)€4.

On the other hand, if we simply extend X such that [eq, X] = 0 then, although X will
be tangential to C,, X will not be tangential to the sections S, , of C,. This is because
the sections the optical functions u, u are the affine parameters of the vector fields L, L,
respectively.

4. The S 1-form ( is known as the torsion. If ¢ denotes the exterior derivative on
Suu then the S 1-forms 7, n are related to ¢ via

n=C+dlogQ), n=-C+dlog.

Proof. Let X be S-tangential and extend along the null generator of C,, according to the
Jacobi equation, then

n(x) = g(Vaes, X) = —g(e3, V4 X) = —g(e3, Vxes) + Vx(logQ) = —((X) 4+ Vx log 2.
(4.13)
We similarly show the analogous relation for 7. O

The above imply also that

(=5, dlogQ=_(n+n)
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The 1-forms 7,7 can be thought of as the torsion of the null hypersurfaces with respect
to the geodesic vector fields. Indeed, the previous relations imply

na=Q%g(Val,L').

5. We have
[L,L]=V,L-V,L=0- (v4(szeg) - vg(m))
—02. (v463 ~ Vieq + (Valog Q)es — (Vs log 9)64)

=02. ((nﬁA — ey — wes + wey + (V4logQ)es — (V3log Q)e4>

— Q2. (ﬂﬁ _,,711>

The above completely determines the vector field b defined in (4.5). In particular, it
shows that % =20%(¢ %)* and hence the torsion ( is the obstruction to the integrability
of the timelike planes (e3, e4) orthogonal to the spheres Sy .

6. It is easy to show that for the standard spheres of radius r in the Minkowski

spacetime we have
2
x=%=0, trx=-, trxy=—-—. (4.14)
= = r

I

Indeed, using the double null coordinate system we easily obtain, for example,

=
r

Note that try — —oo as r — 0 (that is to say, the incoming expansion diverges we

approach the vertex). For a generalization of this fact, see Section

4.3 Curvature Components

We next decompose the Riemann curvature R in terms of the normalized null frame.
First, we define the following components, which contain at most two S-tangential com-
ponents (and hence at least 2 null components):

aap = Raaps, oayp = Razps,
Ba=Razs, B, = Ras,

1
p=R3y34, 0= §¢ 4P Rapsa.

Note that R(-,-, e3,e4), when restricted on T3S, 4, is an antisymmetric form and hence
collinear to the volume form ¢ on S, ,. Furthermore, if

(*R)3434 = *p,
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then xp = 20. Here, the dual xR of the Riemann curvature is defined to be the (0,4)
tensor:

(*R)apys = €uvap RWWS :

Clearly, the (0,2) S-tensor fields «, a are symmetric.

Proposition 4.3.1. Suppose that Ric = 0. Then,
tra =0,tra =0,

where the trace (of the S-tensor fields) is taken with respect to ¢, and the remaining
components (with at least three spherical components or R(-,es,-,e4)) are given by the
following expressions:

Raszpc = ¢AB§C - gACéB’
RA4BC = *ﬁi ABIBC JFgA(jBB»
1 1

Rasps = §U¢AB — §P¢AB,

Rapep =2p(¢ apd pc — 9 ac9 D)

Remark 4.3.1. It is important to recall the basic properties of the volume form. If € is
the (spacetime) volume form with respect to g, and ¢ is the volume form on the spheres
Suu with respect to the induced metric ¢ , then

€123 = €(e1,e2,e3,e4) =1 and eapsa = ¢ 4
We note that, when working with ¢ it is very convenient to consider a (local) orthonormal

S-frame ey, ez on the spheres Sy .

Hodge dual relative to S, 4,

o The (left) dual x§ of an S 1-form & is defined to be the following S 1-form
or, using the frame:
(+8)a =¢ ap &
Note also that
xx & = —€.

o The dual 0 of an (0,2) S-tensor field 0 is defined to be the following (0,2) S—tensor
field
0 = ¢ (-,0%()),
or, using the frame:
(x0)aB = ¢ 4c eﬁCB-

Note that %0 is symmetric if 0 is traceless and %0 is traceless if 6 is symmetric.
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Proof of Proposition[{.3.1. We have Ric,, = (971)**Ry,x,- The inverse metric g1 can
be written in terms of the normalized frame as follows:

971=—€3®64—64®63+¢71-

Hence,
Ric;u/ = _R3u4y - R4,u3u + (ﬁ _1)CDRC/LDV-

1. The equations Ricss = Ricyy =0

Note that Ry = (¢7")°PRoyps = tra and similarly, Rs3 = tra.

2. The equations Ricgs = Ricqqa =0
We have Ryp = —Rsqup + (¢ 71)CARC4AB and therefore,
(¢ Y Reans = —Bp-

Observe now that R(ec, e, -, -) is an (0,2) antisymmetric S-form on 7.5, , and hence
it is proportional to the induced volume form ¢ , hence:

RC4AB = §C¢ AB

where £ is an S 1-form. Then,

(¢4 ") Reanp = €cf ¥ = —(+6).

Therefore,
== E{=—(+B)
and
Roaap = —(+B)cf ap = —9 caPB + 4§ cpPa.

3. The equations Ricap = Ricss =0
A reasoning similar as above implies that there exists a function f such that

Rapcp = f¢ spf cp-

Since R4 = 0 we obtain

Rsasp + Raasp = (¢ " )“PReaps = f4 ap (4.15)

and therefore, taking the trace (and using that trg = ¢ ¢ ,; = 2) we obtain

[= %(ﬁf "YAB(Ryaup + Raazs) = (¢ )P Raspa.
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However, equation Riczy = 0 gives us

(¢~ ")"PRaspa = Ruzaas = —p (4.16)

and hence f = —p, which in turn determines Rapcp. Finally, we compute the (0,2)
S-tensor field R43p4. For we consider its symmetric and antisymmetric parts:

Raspa + Rpsas = —pd ap.
Rasps — Rpsas = Rapss = 0¢ 45,

where, in the last line above, we used the first Bianchi identity.

4.4 The Algebra Calculus of S-Tensor Fields

Consider a spacetime (M, g) and assume that it admits a double null foliation of spheres
Suu- Let ¢ be the induced metric on Sy,. Let ¢ denote the induced volume form on

Suu-
Definition of S-tensor fields:

A 1-form £ of M is an S 1-form if {(e3) = {(e4) = 0. In other words, =i is specified
by a smooth assignment of 1-form on S, , for each S, ,. Similarly, a p-covariant tensor
f on M is an S-tensor if 6 gives the value zero whenever it acts on either e3 or eq. A
vector field X is an S-tangent vector field (or S-vector field) if it is tangent to Sy .

Musical isomorphisms

The (positive definite) metric ¢ induces canonical, known as musical, isomorphisms
between the tangent bundle 7'S, , and the cotangent bundle TS, ,. Specifically, given
a S-vector field X we define the S 1-form X, such that X,(Y) = ¢ (X,Y), for all S-
vector fields Y. Similarly, given an S 1-form w we define the S-vector field w! such that
¢ (W' Y) = w(Y) for all S-vector fields Y.

The isomorphisms b, can be extended to more general S-tensor fields. Let, for
example, T': T'S,, ,, = T'Sy,, be a (1, 1) tensor field. Then 7}, is a (0, 2) tensor field, given
by

T,(X,Y) = (T(X)),(Y) = g(T(X),Y).

More generally, if T € T'S,, , @ T* S, is a tensor field of type (1,n) then T}, € @"1T*S,,,
is a tensor field of type (0,n + 1) given by

Tb(azl,xg, ...,Xn,Y) = (T(Xl,XQ, ,Xn))b(Y) = g(T(Xl,XQ, ...,Xn),Y).

On the other hand, if T € ®2T*S,, is of type (0,2), then T% € TSy, ® T*Syu =
End(T'S, ) is of type (1,1) such that if X € T'S,, ,, then

THX) = (T(X,))* € TSy
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Note that one could also define
Tﬁ(X) = (T(HX))ﬁ € TSu,ya

and these two definitions coincide if and only if T is symmetric. Otherwise one needs to
prescribe explicitly how f acts, as above.
Trace

The trace of a (1,1) S-tensor field T" is defined to be the contraction of the matrix of
T in an arbitrary basis. If F; is an S orthonormal frame then

trT = ¢ (T(E), E).
i—1

Given now a (0,2) tensor field T', we define
trT = trT*.

In view of the fact that 7% depends on the metric ¢, the above trace is also called metric
trace. For (0,2) S-tensors one does not need to prescribe how f acts since

tr <X - <T(X, -))ﬁ> = tr (X - (T(-,X))ﬁ)

This can also be seen as the full contraction of the tensor product of the inverse
metric ¢ ' and T, ie. trT = (§ " )ABTyp.

For higher order S-tensor fields, the trace is not uniquely defined and so one needs to
prescribe how f acts (and hence which indices to raise and contract). We usually consider
tensor fields T'(X,Y, Z, W) of type at most (0,4). In that case, the trace in, say, X, Z
variables is

(trx zT) (Y, W) = En: T(E;,Y,E;,W).

i=1

Operations

Let 0, ¢ be (0,2) symmetric S-tensor fields. We define the (0,2) S-tensor field 6 x ¢
such as

Oxd=g(0" (), 6 (), ie (Ox)ap=4dcpd i 65" =0ac0 .

Note that (6 x ¢)(X,Y) = (¢ x0)(Y, X) := (¢/;</9)(X, Y'), where~denotes transposition.
For such S-tensors we also define the functions (6, ¢) and 6 A ¢ to be

(0,0) = tr(0 x ¢) = 04pp*AB

076 =3¢ P(0x 06 x Oas.
For example, ¢ x 0 = 0 and hence (¢,¢) =tr(g xg¢) =trg =2.
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Differential operators

The exterior derivative on S, , is denoted by ¢. If £ is an S 1-form then we define
the curl€ to be the following function

curl £ = *d &,

where * denotes the Hodge dual.

If T is an arbitrary S-tensor field, then we denote the induced gradient of 7" on Sy 4,
by YT and we extend YT to be an S-tensor field. Here ¥ should be viewed as the
connection on S, , associated to ¢ .

The divergence of an S-vector field T is given by

AWT = tr(YT) = tr (X o WXT>,

whereas the divergence of an S 1-form £ is given by

e = tr(¥6) = tr (X 1 (V5¢)°)

More generally, if T is of type (0,n) then divT is of type (0,n — 1):

AT (Y3, -, Vo) = “"(X — ((WXT)('aYl,...,Yn_l))ﬁ>
- zn: (WEI-T>(E1‘,Y1,...Y,1),
=1

where F;,7 =1, ...,n form an orthonormal frame.
Let T be p-covariant S-tensor field. We define the projected covariant derivative V5T
to be the S-tensor field with the property

(VsT)(X1, X, ..., Xp) = (V3T) (X1, Xa, .., Xp),
for all S-vector fields X. Similarly we define ¥,T". Note that V¢ = V,¢ = 0 and hence

V(trT) = tr(VsT),  V,u(trT) = tr(¥,T).

If £ is an § 1-form and X is an S-vector field then

Vo(eh) = (va€)'s ¥a0) = (Vo) .

Let T be p-covariant S-tensor field. We define the projected lie derivative £;T" to be the
S-tensor field with the property

(£sT) (X1, Xo, ..., Xp) = (L3T) (X1, X2, ..., Xp),

for all S-vector fields X. Similarly we define £,7". The importance of £, lies on the fact
that, unlike Y/,, it depends only on the differential structure of C,,.
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In view of ([.11)), and since LxY = VxY — V¥ X, we obtain:

£,6 =V, &+ x- fﬁ, if £is an S 1-form,
£,0 =V,0+x x 0460 xy, if §isan S (0,2) tensor field,

Finally, if £ is an S 1-form we define the symmetrized traceless covariant derivative
V&¢ by the following

V&E = VE + VE — (divE)d = Leed

where £ ¢ denotes the traceless part of £z g = Lerg on Sy It is easy to verify that

—1V& is the adjoint of the restriction of djv on symmetric and traceless (0,2) S-tensor
fields.

4.5 Null Structure Equations

The ultimate goal is to understand the geometry ¢ of the spheres S, , and also their
embedding in Cy, C,,, and more generally, in M. For this reason, in this section, we will
derive equations for the connection coefficients I' defined in Section Specifically, we
will derive propagation equations along the null hypersurfaces C,,C,, and also elliptic
equations on Sy . B

The propagation equations are of the following general form

vV, =R+T-T+ T,
V.I'=R+T-T+ T,
where D € {d,V,djv}.
We will work with the normalized null frame (e, ez, €3, €4).
The null structure equations

The first variational formulas

=2 ,
L4 X (4.17)
¢3.¢j =2x.
The second variational formulas
=— X XX — a+w,
VX =—XxxX X (4.18)
Vax = — X X X — @+ wy.
The transversal propagation equations for Y, x
1 1~ 1 1
Vax =5Vn+5Vn+n@n— 50 x x+xxx) —wx+ 504,
1 1 1 1 (4.19)
Vax =5¥n+ 5¥n+n@n— (X < x +xxx) —wx+ 504

The equations for the torsions 7,7

Vo =—x-(n—n)—B8, Vyn=-x" (n—n)+5, (4.20)
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Van = —2x -7 = B+ 24w + (n+ n)w. (4.21)
curln = —curl( = —curlp = x A x — 0. (4.22)

The propagation equations for w,w

1
Ve = —ww+ 50 [2n.0) — Inl* - o],

1 (4.23)
Viw = —ww + 502 [2(n,m) — [nf* — o].
The Gauss equation
K= (x,x) —trxtrx —p (4.24)
The Codazzi equations
divx = dtrx +x* - ¢ = (trx) - ¢ = =B, (425
divy — dtrx—ﬂ “C+(trx) - ¢ = B.

Remarks:

In view of the decomposition x = %(trx) ¢ + X, the second variational formulas imply:

Yatry = — |x|* + wtry,

, (4.26)
Vatrx = — [x|* + witry.
and
X =wx — (try)x — a,
Pk i~ ) az
ViX =wX — (trx)x — a,
where for the former equations we used that [V, tr] = [V,,tr] = 0 and for latter ones
we used that
9 1 2, 12 AU ST
X" =5 Erx)" + X7 and X xx=5IxId, (4.28)

since x is symmetric and traceless (0,2) S-tensor field. The equations (4.26|) are also
known as Raychaudhuri equations.
Note also that

1 .
Gx) = FrXtrx + (X X)-

Therefore, if
p=—p+ (%% (4.29)

then the Gauss equation can be written as

K =p— ctrxtry.

DN |
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Note that the product trxtry does not depend on the normalization of e3, ey, i.e. it is
invariant under the transformations es — aes, e4 — %64, with a > 0. The mass aspect
functions p, p are defined by

1
=K + itrxtrx — div¢,

1 (4.30)
p=K+ itrxtrz + djv¢.
If Ayu = fsu,u dg is the area of Sy, and 7y, = A:f is the ‘radius’ of S 4, then we

define the Hawking mass m of Sy, by

r 1
=1+ = [ tryt ) 4.31
" 2(+87T/STXTX (4.31)

The Gauss-Bonnet theorem on S, ,, implies

2m 1/ 1
r o 4r S'u_47r SH'

Geometric structure equations

We first derive differential equations which rely only on the geometry of the double
null foliation, without assuming the Einstein equations.

We will show these relations only for the 4-direction. The proof is identical for the
3-direction.

First variation formula:

Let X,Y € T},S,,4 and extend them along the null generator of C, passing through
p so they satisfy the Jacobi equation [L, X] = [L,Y] = 0. Then, [e4, X] = (Vx logQ)ey
and [eq,Y] = (Vy log Q)eq. Then,

(£49)(X,Y) = (Lag )(X,Y) = Va(¢ (X,Y)) — ¢ ([ea, X],Y) — (X, [ea, Y])
= ﬁ (V4X,Y) —l—ﬁ(X, V4X) = ﬁ (VX€4,Y) + g (X, Vy€4) = QX(X, Y)
Since this is true for all X,Y € T},5, , we obtain the result.

Second variation formula:

Let X,Y € T),S,, and extend them along the null generator of C, passing through
p so they satisfy the Jacobi equation [L,X]| = [L,Y] = 0. Then, the commutators
les, X] = (VxlogQ)es and [eq,Y] = (VylogQ)eys are proportional to esq. Recall also
that Vyes = x*(X) — ((X)ey. Then,
(V) (X, Y) = Va(x(X,Y)) = x(VaX, V) = x(X, VaY)
=Vi(9(Vxes,Y)) = x(Vxes,Y) — x(X, Vyey)
= 9(VaVxed,Y) +9(Vxes, Va¥) = x(*(X),Y) = x(X, (V)
= g(R(e4,X)e4 + VxVaes + V[e4,X]e4,Y) - (x x x)(X,Y)
= R<Yv €4, €4, X) + wg(VXe4, Y) - (X X X)(X, Y)
(—a—x X x—i—wx)(X,Y).
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The torsion equation:

Let X € T,Sy,4. Then

(V) (X) = (Van)(X) = Va(n(X)) — n(VaX) = Va(9(V3es, X)) — g(Vzeq, V4 X)
= (V4V3€4, ) + g(V364, V4X) — (V3€4, V4X)
= ( (eq,€3 64+V3V464+V[e4 63]647X)

= R(X,e4,e4,63) + wg(Vses, X) + g (V(ﬁﬁ_nu_we3+£e4)e4, X)
B0 +wn(X) + g (Ve X ) —wn(X)
= (—B+x- (Q” —nﬂ>) (X).

Furthermore, for all scalar functions f we have the following commutation formula:

1
Va1 = 50+ m)Vsf —x - (V)
Proof. For any scalar function f and X € T,,S,, we have,

V(d £)(X) = Va(d [)(X) = V3(X[f) = (Vs X) [
= XVsf + V3, X|f = (V3X)f = XV3f + (Vs X — Vxes) f — (V3X)f

The result follows from the formulas (4.11]). O
Since n = —n + 24 log 2 we obtain

V3 = —Vsn + 2V5(d log Q)

(nf = nf) = B+ 2V5(d log Q)

- (nf —nf = 2V10g Q) — B+ 20w + (n+ p)w
—2x - — B+ 2dw + (n+ n)w.

X
X

The propagation equation for w:

Recall the equivariant pair (L, L) = (Qe4, Qe3). The following relations can be easily
proved:

OQw = —%Q_QQ(VLL, L),

9(VLL, VL) = —4Q%w,

9(ViepL L) = 20%g (Ve L, L) = Q- (n—m.1)
g(VrL,L) =0, since VL is S-tangent,
g(VLVLL, L) = -Q" (n,n),

g(R(L,L)L,L) = R(L,L,L,L) = Q*Ry343 = Q*p.
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Then,

12 LO 1
Vi) = 555579 (Vi,L, L) - 59_2 [9(VLL,VLL) + g (VLVLL,L)]

1
= —20%w + 20%w — SO %9 (VLVLL + R(L, L)L+ Vi y L, L)

g2 [2(n,m) — Inl* = p] -

2
The transversal propagation equation for x and the curl equation for n can be ob-
tained as follows:
Let X,Y € T,,S,, and extend them along the null generator of C, passing through
p so they satisfy the Jacobi equation [L, X] = [L,Y] = 0. Then, [e4, X] = (Vx logQ)ey
and [eq,Y] = (Vy log Q)es. Then, using we obtain

Vyes=x" X —((X) - eq, V4X=Xﬁ'X+Q(X)€4

and similarly for Y. Furthermore, using also (4.11)) one can easily verify the following:

9(Vxes, Va¥) = [(xx ) + 5 (@) — 5 (n@n)] (X, 1),
9(VxVaes,Y) = (Vxn)(Y) —wx(X,Y),
9 (Viwaxjes, ¥) = ;0@ (X, ¥) + @) (X, ),

9(VaVxes,Y) = g(VxVaies + Viy, xjes,Y) + R(Y, e3, e4, X).
We have:

(Vix) (X,Y) = (Vax) (X,Y) = V4 (x(X,Y)) = x(V4X,Y) — x(X, V4Y)
= Va(9(Vxes, Y)) = x(x*- X,Y) = x(X,x* - Y)
= g(VaVxes, V) +g(Vxes, VaY) — (x x X)(Y, X) — (x x \)(X,Y)

= (Vxn)(Y)+(men)(X,Y) - (x x x)(X,Y) = R(X,e4,Y, €3) —wx(X,Y).
(4.32)

If we consider the antisymmetric part of the above equation, then since the left hand
side is symmetric and since dn = Vi — V), we obtain

dn=(xxx—x*xx)(X,Y)+R(X,e4,Y,e3) — R(Y,e4, X, €3)
= (xxx—xxX)(X,Y) = R(X,Y, e3,e4),

where in the last equation we used the first Bianchi identity. We have thus obtained the
equality of two 2-forms on S, ,. Hence, their Hodge duals are also equal:

1
curlﬂz*dﬂzx/\x—§¢’ABRAB34:X/\X—U-



74 CHAPTER 4. NULL STRUCTURE EQUATIONS
On the other hand, the symmetric part of (4.32)) reads:

1 1=~ 1
Yﬁl :§Wﬂ+ §Y7ﬁ+ﬂ®ﬂ— 5()( XX+ XX X) — wx — symm(R(-,e4, -,63)). (4.33)

The remaining two equations relate the geometry of (S, 4, ¢ ) and the second funda-
mental forms y, x with the geometry of the spacetime manifold (M, g).

The Gauss equation:

Recall that if ¥ denotes the induced connection on S, and X,Y are S vector fields
then
VxY =YY +11(X,Y),

where 11(X,Y) € (T,S)*. If X,Y,Z,W are S vector fields and J& denotes the induced
Riemann curvature of S, , then the Gauss equation reads

RW,Z,X,Y) = R(W,Z,X,Y) + g(H(Z, X), [1(W, Y)) - g(U(W, X),11(Z, Y)).
Proof. We have
R(W,Z,X,Y) =g (VXVyZ —VyVxZ - Vixy 2, W)
=g <VXY7YZ + VX II(Y,Z) = Vy Yy Z ~ VyII(X, Z) = Vix 7. W)

—g (WXWYZ Yy VxZ —~ VixyZ W) - g(H(Y, Z), VXW) + g(U(X, Z), VyW)
—RW,Z,X,Y) - g(H(W, X),11(Z, Y)) + g(H(Z, X), II(W, Y)).

O
Let {ea : A=1,2} be a local frame field for S,,. Setting W = e4,Z = ep, X =
ec,Y = ep and using that (see (4.11))
II(ea,en) = xapes + X , ges- (4.34)
we can rewrite the Gauss equation as
Rapep = Rapep + XACXgp + XBDX 4 — XADX g — XBCX 4p- (4.35)

Since S, is a two-dimensional (sub-)manifold, we have

RABC’D = K¢ AB¢ CD>

where K is the Gaussian curvature of S, ,. Therefore, we should think of (4.35) as an
equation between functions. In fact, we can explicitly do this by taking the double trace

of (4.35)) and using ¢ ,z¢ AB _ 9.

ACﬂBD

1
§RABCD¢ = K +trxtrx — (X, x)- (4.36)

The Codazzi equation:
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The vector fields X,Y,Z are S-tangential. The Gauss equation expresses the .S-
tangential components of R(X,Y)Z in terms of the intrinsic geometry of S and the
second fundamental form. The Codazzi equation expresses the normal to S components
of R(X,Y)Z in terms of the derivative (i.e. normal connection) of the second fundamental
form I1. Let us recall the definition of the normal connection. Suppose that X is an
S vector field and V' is a normal to S vector field, i.e. V' € (T'S)*. Then, the normal
connection "V is defined such that

"VxV =nor(VxV),

where nor(Vx V') denotes the normal projection of VxV on (T'S)*. We can also extend
the normal connection to more general (normal) tensor fields on S. In particular, we
have

("VxII)(Y,2)= "Vx(II(Y,2)) — II(YyY,Z) — 11(Y,Vx 2Z). (4.37)
The Codazzi equation then reads
norR(X,Y)Z = ("VxII)(Y,2) — (VV1I)(X, 2). (4.38)
Proof.

norR(X,Y)Z =norVxVyZ —norVyVxZ — norVix,y1Z
=I11(X,Vy2) +V%(II(Y,Z)) = I11(Y,VxZ) - Vy(II(X,Z)) — I1(X,Y], 2)
=I1(X, Yy Z)+11(VyX,Z) - Vy(11(X, Z))
11(Y, Yy Z) - TT(VY, Z) + V% (IT(Y, 2))
= (VRII)(Y, Z) — (VRIT) (X, Z).

Observe now that (4.11)), (4.34) and (4.37) imply

("VXII)(Y, Z) = [X(Y, 2)X(X) + (Fx00(Y Z)| - €5+ [x(V, 2)4(X) + (Fxx) (V. 2)] - en,
(4.39)

where ¢ = —(. Therefore, in our setting, we can rewrite the Codazzi equation (4.38)) as
follows

norR(X,Y)Z = [x(Y, Z)((X) + (Vx (Y, Z) = X(X, Z2)C(Y) = (Fy0)(X, Z)| - €5

+ [ 200 + (Fx0(Y 2) = X(X, 2)4Y) = (Fy ) (X, 2)] - ea.

(4.40)
The above finally gives us
R(€3a Z, Xv Y) = _X(Y; Z)Q(X) - (WXX)(Y7 Z) K(Xv Z)£<Y) + (VYX)( 9 )7 (4 41)
R(es, 2, X,Y) = =x(V, Z)¢(X) = (Vxx) (Y, Z) + x(X, 2)C(Y) + (Vyx) (X, '



76 CHAPTER 4. NULL STRUCTURE EQUATIONS

In view of the fact that
R(e;, Z, X, Y)=¢(Z)- ¢ (X,Y),i = 3,4,

each of the above equations should be considered as an equation of one-forms acting on
Z. By setting X = e4,Y = ep,Z = ec and taking the trace in the Z, X-entries we
obtain:

(¢ ") Racan = —x£"Ca — (divx) B + (trx)Cs + trV X (4.42)
Since [V, tr] = 0 (since Y,¢ = 0) we finally obtain:

(97 Racan = (=X C = divx + () - €+ ditr) (en). (4.43)

Proof of null structure equations

Let us now impose the Einstein equations (see Proposition 4.3.1]).

1. The equations Ry = R33 = 0:

The above equations are equivalent to tra = tra = 0 which in turn are equivalent to
(14.26)).

2. The equations Rgs = R4q = 0:

The equations Ry4 = 0 are equivalent to (¢ _1)ACR4C AB = Bp which in turn, in view

of (4.43)), are equivalent to

3. The equations R34y = Rap = 0:

First note that , and @D, imply the null structure equations
(@.19) and (4.24). Conversely, given ([.19) we can infer Rz, = 0 from (4.33)). Finally,
given also (]@ we have Rap = 0.

4.6 The Characteristic Initial Value Problem

In Section we discussed about the Cauchy problem for the Einstein equations. In
particular, we saw that the initial data set consists of the triplet (Ho, 7, k), where H is
a three-dimensional Riemannian manifold, g is the metric on Hy and k is a symmetric
(0,2) tensor field on Hy and such that g, k satisfy the constraint equations. Recall that
g, k are to be the first and second fundamental forms of Hg in M, respectively.

In this section, we will discuss in detail the formulation of the characteristic initial
value problem, i.e. the case where the initial Riemannian (spacelike) Cauchy hypesurface
Ho is replaced by two degenerate (null) hypersurfaces C' U C intersecting at a two-
dimensional surface S.
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Motivation

Let us first motivate the formulation of the characteristic initial value problem. Let us
assume that ¢ is a given degenerate metric on C UC and let M be the arising spacetime
manifold and g the Lorentzian metric which satisfies the Einstein equations extending
g on CUC. Let us consider the double null foliation of (M, g) such that Q@ = 1 on
CUC. Let L be the geodesic vector field on C, which coincides with the normalized and
equivariant vector field, and let u be its affine parameter such that u = 0 on S. Then,
we obtain a foliation of C' which consists of the (spacelike) surfaces S; = {u = 7}. The
crucial observation is that the null second fundamental form y on C, which recall that
is defined to be the following (0,2) tensor field on C'

X(X,Y) =g(Vxes,Y),

where X,Y € T,C, is in fact, an tensor field which depends only on the intrinsic geometry
of C' (although Vx L depends on the spacetime metric ¢g). Indeed, the first variational
formula gives us

x=hid,

and since the Lie derivative £, is intrinsic to the hypersurface C, we deduce that ¢
completely determines x on C'. On the other hand, by the Raychaudhuri equation we
have

ea(try) = —|x|*> — tra,

and since x and try (and w = L(log ) = 0) are determined from ¢, we deduce that tra
is also determined. However, in view of the Einstein equations (see Section |4.3]) we have

tra = Ric(eq,eq) = 0.

This shows that one cannot arbitrarily prescribe a degenerate metric ¢ on C' U C, since
otherwise tra would in general be non-zero.

A naive approach would of course be to mimic the formulation of the Cauchy problem
in which case the characteristic initial data would consist of a degenerate metric ¢, and
possibly other tensor fields on C' U C, subject to constraint equations. However, it turns
out that there is another very elegant approach according to which the initial data do
not contain the full knowledge of the degenerate metric ¢ on C'UC. On the other hand,
if we want to consider the characteristic initial value problem, we need to make sure that
C'UC are to be null hypersurfaces in the to be constructed spacetime (M, g). The crucial
step here is to recall Corollary according to which conformal transformation respect
null hypersurfaces and their null generators. In other words, instead of prescribing the
full metric ¢ on C'UC, we could just prescribe the conformal class of the metric, namely

Conf(¢) = {Ag,A € C®(CUC),A> 0}.

In order to see if this approach is fruitful, we need to understand the conformal properties
of the double null foliation.

Conformal properties of the double null foliation
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Before, we proceed with an exposition of the conformal properties of the double null
foliation, it is important to fix a foliation of C' U C' relative to which our quantities are
constructed.

Fixing a foliation of C' U C

Let L, L be null vector fields tangential to S. We consider the (unique, given the
vector fields L, L on S) foliation of C'U C such that 2 = 1 with respect to the actual
(but unknown for the time being) metric ¢ . This choice uniquely determines the vector
fields L, L on C,C, respectively. Note that this choice is analogous to the choice ® =1
in Section The affine parameters u,u of these vector fields define the sections of
the foliation of the null hypersurfaces. In fact, the above choice determines the optical
functions u,u globally. Hence, the equivariant vector fields for any metric § € Conf(g )
coincide with L, L.

For all metrics in Conf(g ), we assume that all the associated tensor fields (i.e. the
connection coefficients and curvature components) are defined with respect to the above
foliation. For example, if § € Conf(g ) then the second fundamental form y is defined by

X(X,Y)=§(VxL,Y),

where V is the connection of §. Note that L coincides with the geodesic, the normalized
and the equivariant vector field with respect to the metric ¢. However, this is not the
case for the metric § = Ay, since in this case the corresponding null lapse Q=VA #1
(this relation follows immediately from the fact that (L,L) is an equivariant pair for
both ¢ and §). This is why it is important to fix the vector field L and L with respect
to which we calculate the connection coefficients and curvature components. Note that
in view of the first variational formula we have

1 .1
X = §¢L¢a X = §¢L9‘
Since g = Ag, we have
o1, _ 1 1 1
Y= 2£,0= A (Ad) = 5(LAY + Ay = L (LA + Ax

Therefore, for the traceless parts )2(, X we have

T D | 1, R
X=X = 5(tr0)g = (LAY + Ax = S AT LA+ Atrx)Ag = AX,
where we used that §48 = A~1¢ P Therefore,
XI5 =375 xacxnp = A2 PP ARapxon = |15 (4.44)

Hence, the size | )2(|§ of the shear is conformally invariant! We denote e = | >:<|§

Hence, so far we have fixed the optical functions u,u, the conformal geometry of
C U is known as well as e. It is convenient from now on to work with a distinguished
representative of Conf(g). At this point, we need to assume that the metric ¢ is com-
pletely known on S. Then, using canonical coordinates (u,f) along C' (and similarly for
C) we obtain consider the unique metric § €Conf(g ) such that

Vdetg ) \/detﬁ‘

0,6)

u,
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Note that
g =03
for some ¢ which is uniquely determined by the above condition. Clearly, we have

¢|g = 1. Therefore, specifying of the conformal class Conf(g ) is equivalent to specifying
the metric g.

The free data vs the full data
By the Raychaudhuri equation (for ¢ and hence = 1,w = 0) we obtain
Butrx = Viutrx = ~|xl% = —5 (tr)” — [} = 5 (trx)? —e.
“ g 2 g 2

Recall now that

¢*(u,0) = b(9) - \/dety

1
, b)) = ———.
(u,0) \/detg|(0’9)

Then, if x is the null second fundamental form associated with ¢, the first variational
formula gives us

(4.45)

Xab = 30uf 4y = Ou(V/etg) = (trx) - /el (4.46)

Equations (4.45) and (4.46|) imply:

oug® 2
o> @
Using now (4.45)) and (4.47]) we obtain that ¢ satisfies the following linear(!) equation:

try =

Dy, (4.47)

DD = —%ed).

Note that ¢|¢ = 1 and, by , a@gz)\s = tryx. Therefore, if we also know try and
trx on S then we can determine ¢ on C'U C. This in turn determines ¢, and by first
variational formula, the second fundamental forms X> X-

Let us try to determine the rest of the connection coefficients. By the choice of our
gauge ) =1 we have w =w = 0 on C UC. Hence, it remains to determine the torsion 7
(note that since 2 = 1 we have n = ( = —n. Note that we can eliminate the curvature
component 3 from the Codazzi equations and the torsion equations and
hence we obtain a linear propagation equation for the torsion (recall that y, y were just
determined) and hence can be explicitly solved provided we know the value of the torsion
n at S.

The curvature components can now be very easily computed using the null structure
equations.

Formulation of characteristic initial value problem

Our previous analysis suggests the following:



80 CHAPTER 4. NULL STRUCTURE EQUATIONS

The characteristic initial data set for the Einstein equations consists of a pair of
three-dimensional hypersurfaces intersecting at a two-dimensional surface along with the
(free) specification of the conformal class Conf(g) of the degenerate metric ¢ on C'UC
as well as the full metric ¢ , the expansions try, trx and the torsion n on S.

Local well-posedness

Rendall has shown that for smooth characteristic initial data there exists a unique
solution to the Einstein equations in a neighborhood of the surface S.

Luk has recently extended the above result to appropriate neighborhoods of the initial
hypersurfaces C, C.



Chapter 5

Applications to Null
Hypersurfaces

We restrict to one hypersurface C' in a Lorentzian manifold (M, g), and hence for con-
venience, we fix the gauge such that Q = 1 on C. Then, the geodesic, the normalized
and the equivariant null frames (ey, e2, L, L) all coincide on C' (and L is tangential to C').
Let S, be the level sets of the affine parameter of L on C. We will refer to U, S, as the
affine foliation of C'. Since 2 = 1 we have, in particular,

VLLZO, n:C:*n

5.1 Jacobi Fields and Tidal Forces

A vector field X on C is called normal Jacobi vector field if £;X = 0. It is clear
that X is tangent to the sections S; of the affine foliation of C'. The reason X is
called normal Jacobi is because X represents the infinitesimal displacement of the null
generators around a fixed null generator.

81
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Fermi frame

It is possible that the null generators approach another one as is the case for the
incoming null geodesic congruence of a standard sphere in Minkowski. In this case, all
null geodesics intersect at the vertex of the cone. In order to understand quantitatively
the behavior of the null generators we need to express the normal Jacobi fields along a
given null generator G, in terms of an orthonormal basis F;(7),7 = 1,2 which is tangent
to the sections S .

Let us first see how one can consider such basis. Starting with an orthonormal frame
E;(0),i = 1,2 of T,Sp, one ideally wants to propagate this along the null generator
G such that at each point G.(7) one obtains an orthonormal frame of T¢, () S-. One
way to do this, is by considering the so-called Fermi frame constructed by the following
propagation equation:

ViE; = —GL

where (; = ((F;). The above relation immediately implies that

L(g(E;,K)) =0,
where K € {E;,L,L},j = 1,2, confirming the fact that if F;(0),7 = 1,2, is an orthonor-
mal frame of 73Sy then F;(7),i = 1,2, is an orthonormal frame of T¢;, (7S
Propagation equation of Jacobi fields

If now X is a normal Jacobi field along G, where x € Sy, then it is very convenient to
express X in terms of the Fermi frame F;. Recall that X represents the infinitesimal dis-
placement of null generators nearby G, and E;, on the other hand, remains orthonormal.
We have:

X = X'(1) - Ei(7), (5.1)
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where as usual we sum over the repeated index ¢. Then,

ViX = d)i;T(T) B, — X' GL. (5.2)
On the other hand,
9(ViX,Ej) = g(VxL,Ey) = x(X, Ej), (5.3)
giving us _
O 0. (5.4)

This shows that the components X’ satisfy a linear system of first order equations.
However, the connection coefficients x;; depend on the regularity of null hypersurface
and not on the regularity of the ambient metric g. In order to obtain propagation
equations for X* which only depend on the Riemann curvature of g, we need to look at
the second order equations.

The vector field X satisfies the more general Jacobi equation:

JpX =V VX —R(L, X)L =0. (5.5)
Indeed, we have
R(L,X)L=V VxL—-VxVLL-Vx)L =VLVLX,

since [L, X] = 0 and VL = 0. The operator Jr, is also known as the tidal operator
and appears naturally in the second variation of the length of G,. Now, equation (5.5
implies

9(ViVLX, Ej) = g(R(L, X)L, E}) = a;; X",
where « is the curvature component introduced in Section On the other hand, (5.2))

implies

i d?XY(T)
(Vevux) = =057
Hence,
dQXi(T) i

Therefore, as long as the spacetime metric g remains smooth (and hence the curvature
component « is smooth), the components X* of the normal Jacobi vector field X with
respect to the Fermi frame satisfy the above linear second order system of equations. In
view of (5.4)), the initial data X?(0),dX*(0)/dr depend nearly on X*(0) and so does the
solution X*(7). Therefore, there exists a smooth curve of matrices M (7) such that

X'(7) = M}(T)X7(0). (5.7)

Clearly
M(0) = I, and hence detM(0) = 1. (5.8)

The matrix M measures the change of the normal Jacobi field X along G, with respect
to its initial value X (0) = X,. For this reason, M is called the deformation matriz.
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Using equation ([5.4) we can obtain a propagation equation for M. Indeed, we have
dX(T) B dM,i(T)

X5(0) = xi X7 (1) = xi; M X*(0).

dr dr
Therefore, ‘
dMy(7)
dr Xii My = (X X M )ik,
or simply,
dM ()

=X x M. (5.9)

5.2 Focal Points

Recall that as long as the Riemann curvature is smooth then so is the solution of .
On the other hand, the deformation matrix M is invertible as long as the flow F; of L
induces isomorphisms between T3Sp and T, ()S7. However, the null generators nearby
G may converge to G in such a way such that X = 0 at some point G.(7y) along
G. In this case, the point G, (7¢) is called a focal point of C. For convenience, let 7¢
denote the first time for which we have a focal point along G,. The regularity of the
null hypersurface breaks down at the focal points. We will see the exact meaning of this
by expressing the vanishing of the normal Jacobi field X in terms of deformation matrix
M.

Note that the matrix M(7) is invertible for all 7 € [0,7f) but not for 7 = 7 and so
dM

x=—x M1 (5.10)
dr
Recalling the formula for the derivative of the determinant
ddet M dM
c = (detM) -tr [ =— x M~*
dr dr
we obtain 1 ddetM
e
= . A1
UX = Getdar (5.11)

Note that the trace of x is taken with respect to the metric ¢ of S, which, with respect
to the Fermi frame, is simply the identity matrix. Since
ddet M

<0, and detM — 0"
dr
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as T — 7, and therefore,
trx(ry) = —o0. (5.12)

Hence the geometry of the null hypersurface C breaks down at the focal points. The
quantity

i G 5.13
Gg;clélso 71(Gy) ( )

is called the radius of conjugacy of the null hypersurface C.
It is not always the case that nearby null generators intersect G, at a focal point. If
this happens then the point is called a caustic point.

Example

Recall that try = —% and hence note that indeed ¢rxy — —oo as r — 0 in Minkowski
spacetime. Hence, the radius of conjugacy of the incoming null geodesic congruence
normal to a standard sphere is equal to the radius of the sphere.

. <— Focal point

This behavior of the incoming null congruence of S?(r) in Minkowski spacetime will
be generalized in Section

5.3 Causality III

Recall from Section [2.4] that if S is a closed two-dimensional surface in a globally hyper-
bolic time-orientable spacetime (M, g) and C, C are its (future) outgoing and incoming
null geodesic congruence normal to S then

T (S) ccl .

Note that we always have

clJccats),

however, it is not always the case that
cljccogt(s).

Although the boundary J(S) of the future of S is always part of C UC, it may be the
case that part of C U C lies in the interior of the future J1(S). In this case, this part
can be connected to S with timelike curves (and hence so does a neighborhood which
thus belongs in the interior of the future of .5).
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For example, let us consider again the case a standard sphere S in Minkowski space-
time. In this case the null congruences C'U C are depicted below

Hence, we can see that the part of C' after the focal point py is not any more in the
boundary of the future of S. This is in fact true for any globally hyperbolic Lorentzian
manifold. Indeed, we have the following

Proposition 5.3.1. Let S be a closed two-dimensional surface in a globally hyperbolic
time-orientable spacetime (M, g). Let C and C denote the (future) outgoing and incom-
ing null geodesic congruence normal to S. Let C* and C* denote the part of C and C,
respectively, which do not contain any focal points. Then,

T (S) ccr e

The proof of this proposition relies on a second variation of the part of the null
generator G, between the foot = in S and the focal point. The variation is appropriately
taken to be in the direction of the normal Jacobi field which vanishes at the focal point.
Then, this variation gives rise to infinitesimally close to G, timelike curves connecting
point of S and the focal point. Hence, the focal point is in the interior of J*(S), from
which it easily follows that the rest of the null generator G, also lies in the interior of

T ().

Remark
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A similar property of focal points is known in Riemannian, in fact even in Euclidean,
geometry. For example, consider the following piece H of a circle in two-dimensional flat
plane:

Q@ QB<QA
o PA<PB

H
B A

Note that if P is between A and the center O then the length of PA is the least
distance of P from H. On the other hand, the focal point O (where the normals to H
intersect) is equidistant from all points of H. Furthermore, if @ does line between O and
A, then the length QA is not the least distance of @ from #.

The above can be generalized to any complete Riemannian manifold. Note, finally,
the importance of completeness for Riemannian geometry and global hyperbolicity for
Lorentzian geometry.

5.4 Trapped Surfaces

Let S be a closed surface and CUC the null geodesic congruences normal to S and assume
again ) =1 on C U C. We consider the geodesic vector fields L, L of C, C, respectively,
and let 7,7 be their affine parameters such that S = {r =0} = {z =0} = S,.

The area and the second fundamental forms x, x

Consider canonical coordinates (7,60%,6%) on C' (and similarly for C), where (0',6%) €
U C R? (see also Section . Let ¢ denote the induced metric on the sections S, of
C. In view of the first variationa formula, and the formula for the derivative of the
determinant of a matrix, we have

Vi(Vdetg) = (trx)y/detd

where detg (1) denotes the determinant of the induced metric ¢ (7) on S, with respect
to the coordinates (',0%) € U C R%. Note that

Area(S,) = /u Vdetg (1) do'db?

and hence

Vi (Area(ST)) = / tryx d,ug, (5.14)
u
and more generally,

VfL(Area(ST)) = /uf-trxdug, (5.15)
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for any smooth non-negative function f on S;. The equation expresses the rela-
tion of the second fundamental form x and the rate of change of the area of S; under
infinitesimal displacements along the null generators of C. This is the reason try is
called the expansion of S;.

Of course, the analogous equation is true for the hypersurface C.

Definition of trapped surfaces

A trapped surface is, by definition, a closed two-dimensional surface S in (M, g) for which
the area decreases under arbitrary (infinitesimal) displacements along the null generators
of both null geodesic congruences C' U C normal to S.

If (M, g) is globally hyperbolic, then since C'U C bounds the future of S, we obtain
that a trapped surface cannot expand in its future (hence the term trapped).

In view of formula (5.15]), we have that for a trapped surface S, the integrals

/Uf-trxdug <0, /Uf'trxdug; <0

for all smooth non-negative functions f on S. Hence, an equivalent definition of the
trapped surface is the following:

A trapped surface is a closed two-dimensional surface S in a Lorentzian manifold
(M, g) such that the expansions

trx <0, trxy <0 (5.16)

everywhere on S.

Trapped surfaces and focal points

The null generators of the incoming null hypersurface C' contain focal points. Note also
that the null expansion of a section of C is negative. The crucial observation is the
following that these two properties are not unrelated:

Proposition 5.4.1. Suppose that S is a closed two-dimensional surface (not necessarily
trapped) in a Lorentzian manifold (M, g) which satisfies the Einstein equations Ric(g) =
0. If trx < 0 at a point x € S then there exists a focal point on the null generator G, of
C emanating from the point x. A similar result holds for C.
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Proof. In view of the Raychaudhuri equation (4.26)), and (4.28]), noting that w = 0 since
0 =1on CUC we have

1 .
Vi(trx) = =5 (tr0)? - [%1° <0. (5.17)

Hence, if T' = try, = trx(0) < 0 then try(r) < 0 for all 7 > 0. Therefore, by dividing
with (try)? and forgetting about the shear term we obtain

1 1
-— )< -= 1
VL( trx> - 2 (5.18)
and therefore ) .
-
- <= - 1
try — T 2 (5-19)
Therefore, for
_ 22 (5.20)
[ '
we obtain
trx(m) = —00 (5.21)
and hence the point G, (7y) is the first focal point on G. O
Remark

The equality part of is true in view of the fact that Ric(L,L) = trae = 0. On
the other hand for the inequality part of we only need tra = Ric(L,L) > 0. The
latter condition is known as the positive null energy condition and is weaker than the
Einstein equations. Hence, Proposition holds if (M, g) satisfies the positive null
energy condition.

Trapped surfaces in Minkowski spacetime?

We saw earlier that the incoming null geodesic congruence C' normal to a standard sphere
S in Minkowski spacetime has everywhere negative expansion (try = —2/r) and every
null generator of C' contains a focal point (which is the vertex of the cone). On the other
hand, the outgoing expansion is always positive (trxy = 2/r). The following question
arises:
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e Can we deform the standard sphere in Minkowski spacetime so we obtain a trapped
surface? More generally, is there a trapped surface in Minkowski spacetime?

We will answer this question in the negative in the next section. For the time being,
we remark that there are surfaces in Minkowski for which there are arbitrarily large
regions where the incoming and outgoing null expansions try,try are both negative.
Indeed, the idea is to deform a sphere so that it remains a section of the incoming null
congruence C for which the expansion try (of any section of C) is everywhere negative.
For example, we can consider a surface S a large part of which lies in the intersection of
the past null cones of two points p, ¢:

S

Note, however, that these regions do not cover the whole surface S. As mentioned
above, the obstruction to obtaining surfaces with globally negative (both) null expansions
is the subject of the next section.

5.5 Penrose Incompleteness Theorem
Without further delay, let us state the theorem

Theorem 5.5.1 (Penrose Incompleness Theorem). Let (M, g) be a globally hyperbolic
time-orientable (Hausdorff) spacetime with a non-compact Cauchy hypersurface H such
that M contains a trapped surface S. If, in addition, (M, g) satisfies Ric(L,L) > 0 for
all null vector fields L, then M is future null geodesically incomplete. In fact, at least
one of the null generators of C'U C, the future null geodesic congruences normal to S,
cannot be extended for all T > 0 in M.

Corollary 5.5.1. In view of the geodesic completeness of Minkowski spacetime, there
are no trapped surfaces.

Remark 5.5.1. The theorem, as shall be obvious by the proof, does not explain the reason
why the null generator cannot be extended for infinite time in M. It may be either that
there is a metric (curvature) singularity somewhere along this null generator or that this
null generator enters an extended manifold M which is not globally hyperbolic. Both
scenaria are depicted below:
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metric singularity

cc—r - O 0
| breakdown of global

o hyperbolicity

Cauchy horizon

Quite surprisingly, the Penrose incompleteness theorem relies on a global topological
argument. For this reason, we first summarize the basic results needed from differential

topology:

1. A bijective continuous map from compact spaces to a Hausdorff space is a homeo-
morphism.

2. Let N' C M be an (injective) immersed topological submanifold with dim(N) =dim(M) =
n such that N is compact and M is a Hausdorff connected non-compact topological
manifold. Then, OpaniN # 0, where 9paniN denotes the boundary of A in the
sense of (topological) manifolds.

The second property can be easily proved by contradiction. Assume that 0N = 0.
Then every point in N has a neighborhood homeomophic to R™ and hence, in view of
the equal dimensions, it is also open in M. By compactness, it follows that A is open
in M. However, N is compact and thus closed in M, since M is Hausdorff. Hence, by
connectedness, M = N, which contradicts the fact that M is non-compact.

Proof of Theorem [5.5.1] Recall that, from the results of Section [5.2] if try, = —k; <0,
x € S = {7 = 0}, then for the first focal point on the null generator G, C C appears at
time 7 = 2/k;. In view of the compactness of S we have

suptry = ko <0, suptry = —kc <0, sup {kc, kQ} =k <0.
S S -

We assume that (M, g) is future null geodesically complete. We consider the union
V of all parts of the null generators of C' U C' for which 0 < 7 < 2/k, that is

v=J (Gx(T) UQI(T)).
T€[0,2/k]
€S

In view of our last assumption we have V C M. Furthermore, V is compact, since it is
the union of two compact spaces, each being the image of the compact space S x [0,2/k]
under the continuous mapping which maps (z,7) € S X [0,2/k] to G4(1) € V.

Clearly every null generator in V contains at least one focal point. Therefore, by the
results of Section we have

oT*(S) C V.
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Since V' is compact and 071 (S) (the topological boundary is closed by definition), we
obtain that 077 (S) is compact. We will next show that a global topological argument
leads us to contradiction, and hence (M, g) cannot be future null geodesically complete.

M

Focal points

Trapped surface

H

S

Ly
T

In view of the time-orientability of M, there is a global timelike vector field T" whose
integral curves are timelike foliate M and intersect the Cauchy hypersurface H exactly
once. Furthermore, these integral curves intersect exactly once 071 (S), since JT(95) is
a future set and the (topological) boundary of a future set is achronal three-dimensional
Lipschitz submanifold without boundary in the sense of (topological) manifolds (see
Proposition [2.1.2). The projection of 97 (S) on H via the integral curves of T is thus
an injective continuous mapping from 87 (S) onto a subset T of H. Therefore, by the
property 1 above, we have that 71 (.S) is homeomorphic to 7 and thus 7 is a Lipschitz
three-dimensional compact submanifold without boundary in the sense of (topological)
manifolds (Opan; T = 0) in the non-compact three-dimensional manifold #. Property 2
above shows that 7 must have non-empty boundary, which is contradiction.

O

Remark 5.5.2. Note that the general condition Ric(L,L) > 0 for all null vectors L
guarantees that the volume of conical regions around null geodesics is smaller (or equal)
than the Minkowskian regions and hence it can be considered as a focusing condition.
Therefore, the Penrose theorem guarantees that an almost collapsed surface (i.e. a trapped
surface) must lead to entirely collapsed geodesics (i.e. to focal points).

5.6 Killing Horizons

We finish this chapter with a discussion about a special but very important class of null
hypersurfaces. This special class of null hypersurface is characterized by the following
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property: Suppose that a null hypersurface C' admits a normal £ which can be extended

in a spacetime neighborhood of H™* such that the extended ¢ is Killing with respect to

the metric g. Note that £ does not have to be null outside the null hypersurface C.
Recall that a vector field £ of M is called Killing if

ﬁgg = 0.
This then implies that the map Ty = V§ : X — Vx{ is antisymmetric since

for all vector fields X,Y of M.

If C admits a Killing normal then it is called a Killing horizon. The Killing normal
& does not have to coincide with the geodesic normal; if it does, i.e. if V¢& = 0, then C
is called extremal horizon. More generally, we will merely have

V€ = KE, (5.23)
for some function k on C. The function s is known as the surface gravity of C.

Remark

We could have defined a Killing horizon to be one such that L¢¢g = 0, where ¢ is the
induced metric on C' and & null (and hence ¢ is null Killing with respect to ¢ ). However,
by the first variational formula, this is simply equivalent to xy = 0 and does not depend
on the normalization of &.

Properties of Killing horizons

1. Vanishing of the second fundamental form: x = 0

Proof. As before we assume that the null lapse function 2 = 1 on C' and L denote the
geodesic vector field normal to C. We define the following (0, 2) tensor field on C:

where X,Y € T,C, p € C. Note that since X,Y are tangential to C, the values of x¢
depend only on the restriction of £ on C. Since by assumption £ is normal to C we have

£:fL>

where the function f on C' is given by f = —g(§,L). Then, since L is normal to C we
obtain
Xe(X,Y)=g(VxfLY)= [ x(X,Y). (5.24)

Therefore, in view of the symmetry of x, the tensor field x¢ is a symmetric (0,2) tensor
field on C. On the other hand, in view of the Killing equation ([5.22)), the tensor field x¢
is also antisymmetric. Hence, x¢ = 0 which, in view of (5.24)), implies x = 0. O
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2. The relation of the surface gravity and the spacetime curvature: Yx = g(&, L) - .

Proof. First note that x is constant along the null generators of C; this can be eas-
ily shown by taking the pushforward of under the flow of ¢ (which consists of
isometries). Hence, Lk = 0.

Since ¢ is Killing it satisfies

Vivé = VxVyé - Vy,vé = R(X, Y. (5.25)

A proof of this relation is given at the end of this section. If XY are tangential to C,
then we obtain

g(VxY,L) = —g(Y,VxL) =0

since x = 0. Hence VxY is also tangential to C' and thus all the terms in ((5.25)) depend
only on the restriction of £ on C. Let us now assume that X is tangential to the sections
S; of the affine foliation of C' and Y = £. Then (5.25)) becomes

Vx Vel — Vyyel = R(X, §)E.

Note that g(Vx&,§) = %X(g(f,ﬁ)) = 0 and that, if Z is any S vector field then
9(Vx§&,Z) = xe(X, Z) = 0. Therefore,

Vx§=h-¢§

for some function h on C' (note that this function is related to the function f and the

torsion (). Then, becomes
R(X,8)6 =Vx(k-£) —hVel = (Vxk) - £+ kVxE — WVl = (Vxk) - €.
Taking the inner product with L we obtain
f?-9(R(X,L)L,L) = —fVxk
and hence,

3. The bifurcate sphere S
Recall that V¢§ = k€, VL =0 and { = f - L. Then,

Vel = fVL(fL) = f(Lf)- L=K-{=r-f- L.

Therefore, Lf = k, or in other words,

f)=r-t+e,
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where t is the affine parameter of L and ¢ € R. Then,

E=(k-t+c)-L
and hence, if k # 0, then for the section S of ' which corresponds to t = —¢ is called
the bifurcate sphere of C. Note that the bifurcate sphere S exists if the horizon is non-
extremal. Furthermore, S coincides with a section of the affine foliation if and only if
the surface gravity s is globally constant on C. Clearly, an extremal horizon does not
admit a bifurcate sphere.

4. Conservation of the transversal second fundamental form: £ x = 0 for extremal horizons.

Proof. Let C be an extremal horizon, i.e. kK = 0. In this case, we can take the geodesic
vector field L = €. Let X,Y be S tangential normal Jacobi vector fields, i.e. [L, X]| =
[L,Y]=0.

In view of Corollary we obtain

EL(V)(Y) :VLL)(Y—i-Vx(ﬁLY) =0. (5.26)

On the other hand, in view of the first variational formula and xy = 0, we have Lpg = 0.
Hence,

Lr(VyY)=0. (5.27)

Moreover,
VxY =VY +x(X,Y) L+ x(X,)Y) - L=VyY +x(X,Y)- L.
Therefore, in view of , we obtain
L (x(X,Y)) =0, (5.28)

which completes the proof (since L1 X = LY = 0).

Properties of Killing fields

We finish this section by recalling several very important properties of Killing fields:

Lemma 5.6.1. Let £ be a Killing field of a pseudo-Riemannian manifold (M, g). Then
for all vector fields X,Y the following holds

Vixné = R(X, Y. (5.29)

Proof. By taking the covariant derivative of the Killing equation (5.22)) with respect to
a vector field Z we obtain

g(VzVxEY)+g(VxE VYY) +g(VzVvE X) 4+ 9(VyE, VzX) =0,
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or, using (.22
g(vaX§> Y) - g(vVZYga VX) + g(Vszf,Y) - g(vVZXé.v Y) = 0>

and thus
9(Vix06Y) + (Vi X) =0,

Similarly we obtain
9( = V& Z) +9( - VintY) =0,

9(Vh6 X) +9(Thx6 2) =0,

By summing the previous three equations and the definition of the Riemann curvature
we obtain

9(Viz& X) +9(Vh6 X) +9(R(Z,X)E Y ) + 9 (RO, X)E, Z) = 0.

Furthermore,

29(Viz16 X) + 9(ROY, 2)6, X) + g(R(2, X)€Y ) + g(R(Y, X)¢, Z) = 0,

or
29(Vis)6 X ) + RIX.E,Y, 2) + R(Y,€, 2, X) + R(Z,€,Y, X) = 0.

Using R(Y,¢,Z,X) = R(X,Z,£,Y), R(Z,£,Y, X) = —R(X,Y, Z,£) and the first Bianchi
identity which reads

R(X,&,Y,Z)+ R(X, Z,£,Y) = —R(X,Y, Z,§),

we obtain

29(Visy)6 X ) = 2R(X,Y, Z,)
from which the required result follows by relabeling. O

Corollary 5.6.1. A Killing field £ is completely determined everywhere by the values of
& and V& at a point p € M. Hence, the dimension of the linear space of Killing vector
fields is at most %, where n = dimM.

Proof. Consider another point ¢ and a curve vy which connects p and ¢. Then ([5.29)
corresponds to a system of linear second order ODEs for the components of &, V&. More-

. . . . . . n(n—l) . .

over, &, lies in an n-dimensional vector space, whereas (V§),, lies in an —=—-dimensional
vector space, since it is axisymmetric.

O]

Corollary 5.6.2. Let & be a Killing vector field. Then

Le(VxY) = VeexY + Vi (LeY).
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Proof. The proof follows immediately from Lemma and the identity LxY = VxY —
Vy X. O]
Another corollary of Proposition [5.6.1] is the following:
Corollary 5.6.3. Let £ be a Killing field. Then we have
LeR = LeRic= LeRse =0,

where R, Ric, Rs. is the Riemann, Ricci and scalar curvature, respectively.
Alternatively, one could use the definition of L¢ using the flow of £, which consists
of isometries.

Proof. From , for all vector fields X,Y we have
Le(VxY) =V xY + Vx(LeY),
where we have used that L X = VX — Vx&. This applied several times implies
Ly (R(X, Y)Z) =R(LeX,Y)Z + R(X,Le)Z + R(X,Y )L Z,

from which it follows that L;R = 0. Since now Ric is the contraction of the tensor
product of ¢g~! and R and the Lie derivative L¢ commutes with contractions, satisfies
the Leibniz rule and also Egg_l = 0 we obtain L¢Ric = 0. Similar argument applies for
the scalar curvature. O

We can now prove the following
Proposition 5.6.1. Let £ be a Killing field. Then the following identities hold
Div(€) =0,
Div (Rscﬁ) —0,
Oy = Div(V¢§) = Ric(§, ),
Div (Ric(f, )) =0,

and hence the current
J = Div(V¢) (5.30)

is conserved (i.e. divergence-free).

Proof. The first identity is trivial since for Killing £ the (1, 1) tensor V¢ is antisymmetric
and hence its trace vanishes. For the second identity observe that

DiC(Rscg) = RscDiv(g) + VERSC =0.

Regarding the third identiy we have

04¢ = Div(VE) = tracex,y (V%X’Yﬁ) = tracexy (R(X, f)Y) = Ric(¢,-),



98 CHAPTER 5. APPLICATIONS TO NULL HYPERSURFACES

where we have used (5.29)). For the last one, recall that the Einstein tensor
. 1
G = Ric — §Rsc g

satisfies Div(G) = 0. Moreover,

since

Div(G(¢,)) = (Div(@) () + > G(Vi& B,
i=1
and using the fact that G is symmetric and that V¢ is antisymmetric and noting that
Vg = Z?: 9(VEg&, E;)E;. Furthermore,
. . . .
Div (G(&, )) = Div (ch(f, )> - §Dw (Rscg(f, ))
and since
Div(Reeg(¢,)) = Div(Ree(&)) = Div((Ru)s ) = Div(Ruck) =0,

we obtain the required result.
Alternatively, note that Div (Div(Vf)) = 0, because V¢ is antisymmetric and the

divergence of the divergence of an antisymmetric tensor vanishes. O

Corollary 5.6.4. If (M, g) is Ricci flat (i.e. Ric =0) and £ is a Killing field, then
satisfies the Mazwell equations.



Chapter 6

Christodoulou’s Memory Effect

In this chapter we describe the celebrated nonlinear memory effect of the gravitational
field due to Christodoulou. The only way we can study isolated systems in the universe is
by investigating the radiation/signals that reaches us from these systems. We therefore,
need a well-defined notion for the region where radiation scatters. This is precisely the
future null infinity ZT.

6.1 The Null Infinity Z+

Heuristically, the future null infinity Z* consists of all ideal limit points of null geodesics
which reach arbitrarily large spatial distances.
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One can give a precise meaning to this construction by considering conformal transfor-
mations. Indeed, conformal transformations do not change the causal structure and, in
fact, send null geodesics to null geodesics. Recall (see Section that Minkowski
spacetime can be conformally embedded in Einstein’s static universe £ such that the
closure of the image is compact and hence has a boundary in £. Recall also that this
boundary consists of several components each of which is of fundamental importance in
the study of the causal structure of the spacetime.

In this section we shall generalize these notions to more general Lorentzian manifolds.
Let, therefore, (M, g) be a globally hyperbolic time-orientable Lorentzian manifold. Sup-
pose that (M, g) can be conformally embedded in another Lorentzian manifold (M, g)

Definition

99
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such that the closure of the image (also known as the conformal compactification) has a
boundary, which consists of two components; the future boundary and the past boundary,
both intersecting at a point i°. We shall refer to this point as the spacelike infinity.

Let us consider the future boundary B of the conformal compactification of (M, g).
Let Q2 be the conformal factor which we assume that it satisfies the following properties

1. Q> 0on M,
2. Q extends appropriately to B such that 2 =0 on B,
3. 2 satisfies the eikonal equation g(V$2, V) =0 on B.

Then the future boundary B is a null hypersurface since it is a level set of 2 and hence
its normal is the null vector field V). We shall call this null hypersurface the future
null infinity ZT. Note that Z* is an incoming null hypersurface. For, Z is the future
boundary of a set.

(M, 3)

Asymptotical flatness and null infinity

Of course there are spacetime which do not admit such a null infinity. However, any
asympotically flat spacetime does so. Let us explain this further:

We are mostly interested in studying isolated systems in the universe. Hence, we can
assume that arbitrarily far away from these systems the spacetime approaches Minkowski
spacetime. Since general relativity is a dynamical theory we can only impose restrictions
on a Cauchy hypersurface (say ¥ ~ R3), since then the domain of dependence of ¥ is
uniquely determined. Hence, let us assume that the data on X are asymptotically flat,
i.e. approach Minkowskean data at infinity. Then, there exists a sphere Sy in 3 such
that the data on its complement B in ¥ is a small perturbation of Minkowski data.

Then by the stability of Minkowski spacetime proved by Christodoulou—Klainerman
and Klainerman—Nicolo we can conclude that one can attach a piece of future null infinity
at the domain of dependence D' (B) of B:
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I—I— spacetime approaching
Minkowski along outgoing

null geodesics

Note that the aforementioned works on the stability of Minkowski proved that the
conformal factor Q2 extends to Z* as a function in Cb2. In fact, Christodoulou has
shown that for physically relevant spacetime the conformal factor Q2 cannot belong in
C? (for more see also Part II of these notes).

The works on the stability of Minkowski showed also that the null generators of this
piece of null infinity are past complete in the following sense: Let Cy be the outgoing
null geodesic congruence normal to Sy. Let L be the outgoing null vector field normal
to Sp given by L = %(T + N), where T is the unit future directed vector field normal
to ¥ and N is the outward normal to Sy in 3. This choice then yields an affine foliation
Sy of Cp (for which we can take 7 — +00). For each section of this foliation we consider
the affine foliation of the incoming null hypersurfaces as depicted below:

I+ null generators of I+

(_/ past complete

Then the affine time for which null generators of the incoming null hypersurfaces
intersect X tends to infinity as 7 — 4o00.

Completeness of null infinity

As we just explained, for asymptotically flat spacetimes the future null infinity is past
complete. However, it is of fundamental significance to know if the future null infinity is
also future complete, in a similar sense as above:
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In this case, we measure the affine time u, for which the depicted null generators
remain in the domain of dependence of the sections S, of Cy and we require u,; — +0o0
as 7 — +00.

Weak cosmic censorship

Generic initial data for the Einstein equations lead to developments with complete future
null infinity.

6.2 Tracing gravitational waves

In this section we describe the basic setup of a gravitational wave experiment. One of the
fundamental assumptions is that we, the observers, are located very far away from the
source of the gravitational waves and hence we only rely on the gravitational radiation
which reaches us. Hence we assume the experiment takes place along future null infinity.
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The experiment is based on the following principle: “A gravitational wave forces
masses to change their position”. However, how can one measure this displacement?
Considering just one mass would be hopeless, since masses move on timelike geodesics.
Therefore, one needs to consider two or more masses and study their relative motion. If
we find a difference in the relative distance of the masses then we could deduce that a
gravitational wave has passed.

The most basic setup would be to consider two masses. However, in order to study
completely the problem, we consider three (free) masses mg, mi, ms which lie initially
(i.e. when the masses are at rest) on a plane IT = II(0). We assume that mg, m, mg form
initially a right isosceles triangle on I1(0) and that the size of the equal sides is d.

We are then interested in investigating the relative motions of the pairs (mg, m1) and
(mg, mg) and comparing these motions too.

PROBLEM:
MEASURE DISPLACEMENT OF
NEW POSITIONS (AFTER THE
PASSAGE OF GRAVITATIONAL
WAVES RELATIVE TO THE
INITIAL REST POSITIONS

Let T be tangent to the timelike geodesic v of mgy such that V7T = 0. Let also
assume that initially

momq :Xl(O) :d‘El(O), moms :XQ(O) :d-EQ(O),

where (E1(0), E2(0)) form an orthonormal frame on II(0). We then completely the
orthonormal frame of the three-dimensional space: (E1(0), F2(0), E5(0)). We parallely
propagate this frame along v according to VrE; = 0, obtaining therefore an orthonormal
frame (E1(t), E2(t), F53(t)) known as the Fermi frame. Here ¢ denotes the affine parameter
of T.

A priori the motion of the masses may not be constraint in the planes II(¢) =
(E1(t), Eo(t)). However, under very reasonable physical assumptions, the timelike geodesics
of my, mo can be approximated by the associated Jacobi fields X7, X9 along v given by
following relations:

Xi=d-E1, VrX;=0,
Xo=d Ey, VXs=0.
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Note that the relations VrX; = 0,7 = 1, 2 represent the fact that the masses are assumed
to be at rest with respect to mg (hence no gravitational waves are present at the beginning
of the experiment).

mao
o,
X,(t) = 2](t) - E;(t)
X m; = (x%i)(t)"x?i)(t)’ x?“(t))
mo = (0¢070)

El E2$ hz

Recall that the whole configuration is supposed to propagate along a null generator of
future null infinity. We can assume therefore, that the planes (F1(t), F2(t)) are tangential
to the sections of null infinity along a fixed null generator. In this case, E3(t) points
towards the direction of the source:

6.3 Peeling and Asymptotic Quantities

Consider the sections S; of the affine foliation of Cy and the incoming null geodesic
congruence C_ normal to S;. Renormalize L,L on Cy N C_ such that try + try = 0.
Consider then the associated affine foliation S, of C.. Then, from the work of the
stability of Minkowski spacetime (see Part II), we have precise limits for all appropriately
rescaled geometric quantities (metric, connection coefficients, curvature components) of
S,- The rescalings involve the radius coordinate r given by the area of the sections. Note
that » — 400 at ZT.
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Asymptotic behavior TtT'X — 92
I+ of the gravitational field 2. E
Tt C as Spexhausts ¥ rex —
~ in which case the incoming 7")2 — E
null hypersurface C',, [
Affine foliation | approaches 71 etc.
I ' CO
2
\ &
7 Normalization condition for L
try +trxy =0
~ 0 Z'O

Spexhausts 2

By renormalizing the null structure equations we obtain the asymptotic null structure
equations for the asymptotic gravitational field along the null infinity ZT.

6.4 The Memory Effect

Assume the source is perpendicular to the horizontal plane spanned by E7, Fs.

We will next describe the qualitative conclusions of the memory effect. For more
precise quantitative results see Part II of these notes.

1. The motion of the masses is constrained in the horizontal plane (E;, E2). Hence
no movement in the vertical E3 direction is to be observed.

mo
m
T, [

I\
<

1By M0 Tmy

X

ma

2. Acceleration of my relative to myg is at each instance the rotation by 90° degrees
of the acceleration of msy relative to my.
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mo
my
B, ™o [

mso
F1FEs f cceleration

1 of masses

X

Mo

1By M0 Tmy

3. The masses my; suffer a permanent displacement Az(; given by asymptotic
quantities of the gravitational field (i.e. the asymptotics of the Riemann tensor).
This permanent displacement is known as the Christodoulou memory effect.

REST { /4 \
Permanent

INCOMING
GRAVITATIONAL Ty Fy d|sp|acement
WAVES }
L

m

_l}

m1




Chapter 7

Black Holes

In this chapter we introduce the notion of a black hole region. We will discuss the
intimate relation of black holes and trapped surfaces and then prove, using the machinery
that we have developed so far general properties of such regions (known as black hole
mechanics). We will next describe the main properties of the most basic black hole,
namely the Schwarzschild black hole, and then proceed by presenting the Kerr metric.

7.1 Introduction

Recall that the future null infinity consists of the ideal endpoints of future-directed null
geodesics which reach arbitrarily large distances. A region which cannot send signals to
arbitrarily large distances is called black hole. Formally speaking, the black hole region
in a spacetime M is the non-empty complement of the past of the future null infinity,
i.e. M/J~(Z*1). The complementary region, i.e. the region which can communicate with
I is called domain of outer communications. Their common boundary is called future
event horizon.

Remark 7.1.1. A usual additional condition in the definition of the black hole region is
the completeness of future null infinity Z. This condition guarantees that ideal observes
along It (such as ourselves) live forever yet never receive signals from the black hole
TEGLON.

107
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black hole event
horizon

7.2 Black Holes and Trapped Surfaces

The presence of a trapped surface in a vacuum spacetime implies the existence of a black
hole region.

Proposition 7.2.1. Let (M, g) be a vacuum spacetime. If S is a closed trapped surface
in M then S cannot lie in the domain of outer communications J~(Z1). Hence M must
have a black hole region and S must lie in it.

Proof. Assume in the contrary that S C J*(ZT). Clearly there exists p; € Z such that
p1 & JT(S) and py € ZT such that p; € J*(S). Hence, there must exist p € Z* such
that p € 9J7(S). However, in view of Proposition we have p € C, where C' is the
outgoing null geodesic congruence normal to .S. Hence p lies on a null generator v of C
and since p € ZT it follows that v must be complete and always in J1(S). However, as
is shown in Section since S is trapped, all null generators of J*(S) have finite affine
length, contradiction.

O

Although the above proposition does not show that ZT must be complete, nonethe-
less it makes clear the need to study evolutionary criteria for the formation of trapped
surfaces. For more on this see Part II of these notes.

7.3 Black Hole Mechanics

Let (M, g) contain a black hole region. The event horizon H must be a null hypersurface
since it is the boundary of the past of a set. Of particular importance is the case where
HT is a Killing horizon (see Section [5.6). We then have the following

Proposition 7.3.1 (Zeroth law of black hole mechanics). If a Lorentzian manifold
(M, g) satisfies the Einstein equations Ric(g) = 0 and contain a Killing horizon H™T.
Then the surface gravity r is constant on H™T.
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Proof. Recall that in Section [5.6] it was shown that

Yk ~ .

Hence in order to show that  is constant on H™ is suffices to show that 3 = 0. However,
this follows immediately from the null Codazzi equation and the fact that y =0 on
the Killing horizon H™T.

O

The remaining laws can be found in any standard textbook. We here mention that
the first law is related to the conservation of energy and the second law is related to
the non-decrease of the entropy. Finally, according to the third law, spacetimes which
contain extremal black holes, i.e. such that x = 0, should not form dynamically (see
Chapter [10| for more a discussion of the wave propagation on such spacetimes).

7.4 Spherical Symmetry

7.4.1 General Setting

e A spacetime (M, g) is called spherically symmetric if SO(3) acts by isometry and
the orbits of this group are two-dimensional spheres. The area-radius coordinate
r = (A/4n)'/? is very important (A is the area of the orbits). Then, in spherical
coordinates (6, ¢) the induced metric on the symmetry spheres is r2(df?+sin? d¢?).

Birkhoff’s theorem: The one-parameter Schwarzschild metrics gas is the unique
spherically symmetric one-parameter of metrics g which satisfy Ric(g) = 0.

It turns out that these metrics admit additional symmetries. We have the following
definitions:

e A spacetime (M, g) is called stationary, if it admits a timelike Killing field, that
is to say, if it admits a one-parameter family of isometries (the flow of the Killing
field) whose orbits are timelike curves.

e A spacetime (M,g) is called static, if it is stationary and if, in addition, there
exists a spacelike hypersurface 3 such which is orthogonal to the stationary Killing
vector field.

Derivation of the metric

First, it is somewhat easier to assume that the spacetime is static and spherically
symmetric (recall that Birkhoff’s theorem does not require staticity; see below). Let us
assume, in fact, that the spacetime admits a unique static Killing field T'. Let X be a
spacelike hypersurface orthogonal to 7. One can easily see that X is foliated by spheres
of symmetry. To show this it suffices to show that T is orthogonal to the spheres of
symmetry. Indeed, since T is unique in the above sense, it must be invariant under
the action of SO(3); therefore, its projection on the spheres of symmetry must be an
invariant vector field and hence it must vanish.
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Coordinates on 3: Let (6, ¢) be coordinates on a sphere of symmetry S embedded in
Y. If p € S then there exists a unique geodesic starting at p with initial velocity v such
that v € T,% and v L T,,S. Then we define (6, ¢) to be constant along such geodesics.
We parametrize the spheres by the area coordinate r, obtaining the system (r, 0, ¢) for
3.

Coordinates on M: We next use the staticity. Let ¥ = 3. Let ¢ be the parameter
of integral curves of T' such that ¢t = 0 on Yg. Then, M = UX;, where 3 is the image
of ¥¢ under the flow of T'. In this way, we can pushforward the system of ¥y onto M
obtaining the system (¢,r,60,¢). It is easy to see that the metric with respect to this
system must take the form

g = —f(r)dt* + h(r)dr® 4 r*(d6?* + sin® d¢?),

where f, h > 0. Note that this system breaks down at the points where T" and Vr become
collinear.
By the equations Ric(g) = 0, one then obtains that there exists a constant M € R

such that
1 2M

f(r) r

We next describe how to arrive to (|7.4.1) without assuming staticity (completing the
proof of Birkhoff’s theorem). Consider a point p € S where S is a sphere of symmetry.
There exists a 1-parameter subgroup I, of SO(3) which fixes p. Let O(p) be the set of
fixed points of I,,. Then O(p) consists of two connected-components and is a orthogonal
to S at ¢ (and similarly it is orthogonal to any other sphere of symmetry at their common
point). Hence O(p) is a timelike two-dimensional plane. Let (6, ¢) be spherical coordi-
nates on S. Extend (6, ¢) such that they are constant on each connected component of
O(p), for each p € S. We can now introduce coordinates (¢,r) coordinates on O(p) and
extend them globally such that ¢ and r are constant on the spheres of symmetry. Then
the metric with respect to (¢,7,0,¢) looks like , with the only difference being
that f = f(¢t,r) and h = h(t,r). However, by solving the equations Ric(g) = 0 we again
obtain the same solutions.

7.4.2 Schwarzschild Black Holes
The Schwarzschild metric in (¢,7, 6, ¢) is thus given by

1
g = —Ddt2 + EdTQ + T2982(9,¢)7

2M
po(1-21),
T

and M € R is a constant. We will be mainly interested in the case where M > 0.
The metric is manifestly spherically symmetric and the vector field T' = 9, is Killing and
timelike for » > 2M and null at » = 2M, where however the metric component g,, = D!
is singular (see below for more about this “singularity”). We note the topology of M
is such that it is covered by the coordinate system (t,7,6,¢) with respect to which the
metric g makes sense.

where
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Killing fields

Since SO(3) acts by isometry, we have that there exists three linearly independent
Killing fields €21, 9,23 which arise from this action. As mentioned above, the vector
field T' = 0 is also Killing. It turns out that all Killing fields are only those spanned by
T,q,Q5, Q5.

The geodesic flow

Let (1) = (t(1),r(7),0(7),d(7)) be a geodesic of (M, g). In view of the spherical
symmetry we may assume that 7 lies on the equatorial plane § = /2. Suppose that
is timelike or null. Without loss of generality we may assume that Q; = d; = ®. Then
we have the following integrals of motion:

1. g(7,7) = —k, where Kk =0 or kK = —1.
2. E = —g(T,7), which we will refer to as the energy per unit mass of the particle.

3. L = g(®,7), which we will refer to as the angular momentum per unit mass of the
particle.

We can see that the Killing fields provide enough integrals of motion so the Hamilton—
Jacobi equations for the geodesic flow are completely integrable. In particular, r = r(7)
satisfies the following (separated) ODE:

dr : +V(r) = E?
dr Y
where the potential V' is given by

1 M IL? L?
V(r)= §ﬁ—ﬂ7+ﬁ—Mr—3.

One can easily derive properties of causal geodesics depending on the values of E, L
relative to M. In particular one can see that there exists stable circular (i.e of constant
r) timelike geodesics for r > 60, whereas the unstable circular timelike geodesics are
restricted to 3M < r < 6M. On the other hand, in the case of null geodesics, we only
have unstable circular null geodesics at r = 3M.

The maximal extension

It turns out that the “singularity” at r = 2M (for M > 0) is merely a coordinate
singularity which can be overcome by a coordinate transformation. Consider the tortoise

coordinate r* = r*(r) such that

dr* 1

dr D’
Then r* — —oco as r — 2M and r* ~ r for large r. If

v=t+r*
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then the metric in the coordinatesﬂ (v,7,0,¢) takes the form
g = —Ddv? + 2dvdr + 7"2982(9,(;5), (7.1)

where again D = 1 — 222 Clearly, this metric satisfies Ric(g) = 0 and can be extended
beyond r = 2M (although r = 0 is indeed a curvature singularity). In fact, the Kruskal
maximal extension is depicted below:

+ -
t r=0 t
D e (&)
L
.
PR
=~ » ~
Ay - QX .
* &
%;, 3
.
i? ¢ o 0
\\
. .
. .
y,
p
e eSS o1
- r=0 .

We restrict to the domain covered by the (v, 7,0, ®) coordinate in the Schwarzschild
spacetime. In this domain T' = 0, whereas Y = 0, is tangential to incoming null geodesics
(and is normalized so it differentiates with respect to 7). In particular, Y is transversal
to HT.

black hole

7.5 Kerr Black Holes

The Kerr metric with respect to the Boyer-Lindquist coordinates (t,r, 0, ¢) is given by

g = gudt® + grrdr® + gopdd® + gegdd? + 2g,4dtde,

where
A — a?sin’ 6 P> 2Marsin® 0
gtt:_Ta grrzzv gt¢:_p72’
2 212 2 A win2
r* +a°)* —a*Asin“ 0 .
g¢¢=( )p2 sin? 0,  ggp = p°
with
A — ,r2 _ 2M,r + a27 p2 = ’]"2 + a2 C082 6 (72)

!These coordinates are known as ingoing Eddington—Finkelstein.
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Schwarzschild corresponds to the case a = 0, subextreme Kerr to |a| < M and extreme
Kerr to |a| = M.

Note that the metric component g, is singular precisely at the points where A = 0.
To overcome this coordinate singularity we introduce the following functions *(r), ¢* (¢, r)
and v(t,7*) such that

2 2
L ¢*=¢+/Z, =ttt

In the ingoing Eddington-Finkelstein coordinates (v,r,0,¢*) the metric takes the form

9 = godv® + grrdr® + gorpr (do*)* + goodb? + 2grdvdr + 2gug-dvdd® + 29,4+ drdg”,

where

2Mr
Juv = — (1 - ;02 ) sy Grr = O> 9o ¢* = Yooy 900 = P2

(7.3)
2Mar sin?

7 s Grer = —a sin? 6.

Gur = 17 Guop* = —

For completeness, we include the computation for the inverse of the metric in (v, r, 0, ¢*)
coordinates:

o _ 0°sin’0 gr=B e 1 S0 =L
p* p*’ p?sin® 6’ p?

ur r? —|—CL2 Clo— @ grd>* = a

p? p?’ p?
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Chapter 8

Lagrangian Theories and the
Variational Principle

8.1 Matter Fields

Lagrangian mechanics, introduced by French mathematician Lagrange (1788), is a re-
formulation of classical mechanics that combines conservation of momentum with conser-
vation of energy. It was first introduced as an alternative way to calculate the trajectory
of a particle in a dynamical system, but its applications are now far reaching.

The Lagrangian is a function associated to the system and contains all necessary
information about its dynamics. Christodoulou defined the Lagrangian to be a n-form
given by the composition of sections of appropriate vector bundles. In our case, the
system is described by the maps ¢ : M — R and its Lagrangian is a function

£:(RT*M,g7") >R (8.1)
where ¢! is the inverse of the pseudo-Riemannian metric on M. In this way, the
Lagrangian £ = L (qf), do, g_l).

8.2 The Action Principle

According to the action principle the evolution of a dynamical system are is done in
accordance with a quantity that takes an extremum value. For example, in Newtonian
Mechanics, the evolution is such that K — V takes the least value, where K is the total
kinetic energy and V the total potential. Therefore, we only have to consider that
L = K —V at each point and then take the integral of £ over our manifold (in this case
the real line-time) in order to obtain the total energies.

More generally, we need to integrate the Lagrangian over M. For this reason, we use
the natural volume form dg. Then, the number S = fM Ldg is called the action of the
Lagragian.

Action Principle: “The actual evolution of the system (i.e. the actual ¢) is such
that S attains an extremum value.”

Some remarks on this important principle:

115
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e In case of Newtonian Mechanics, action principle is equivalent to the third law
of Newton. However, Lagranges equations hold in any coordinate system, while
Newtons are restricted to an inertial frame of reference.

e All the fundamental laws of physics can be written in terms of an action principle.
This includes electromagnetism, general relativity, the standard model of particle
physics, etc.

e This is an example of a variational principle and so the use of variational calculus
is fundamental.

If a system admits a Lagrangian, then by definition the action principle holds. This
principle will give us the laws of evolution and this is what we study next.

Euler Lagrange Equations

The Euler Lagrange equations are the equations that the action principle yields. Consider

the coordinate system x = (z!,...,2"). We want to extremize

_ 0P op _
_ 1 _ 1 n 1
The first variational principle gives us

d
0= —

I 6:OS(ng—eh),

for any h : M — R that vanishes on the boundary M so that the “endpoints” of the
system are the same in the variation. Chain rule yields

oL Oh
OZ/M ( Za¢ (%k) (8.2)
a¢>

k
where ¢, = 55 If [ad(b} is the vector field with components a¢ (w.r.t. the system x)

then applying divergence theorem for X = h [ 5d d)} we take

/MDiv< [giﬁDdg—AA([gip} amic hDiv ([;lﬁaﬁ]))dg (8.3)
=L () s

However, the boundary condition for h makes the boundary integral vanish. Therefore

o] 5o, (oo ([551) )
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and so equation (8.2) can be written as

o= [ (12 o ([2£])) . »

Since (8.4) is true for any such h, the fundamental lemma of calculus of variation gives

o[ -

This is exactly the Euler Lagrange equation. In general, if ¢ : M — N then we have
such an equation for every component of ¢.

8.3 Derivation of the Energy Momentum Tensor

We now have all the necessary machinery to compute the energy momentum tensor of
Lagrangian matter fields. We remind that we are seeking for a (0,2) tensor field T
that is symmetric and divergence-free. The first condition is rather physically reason-
able condition and the second expresses the infinitesimal conservation of energy. Let
us suppose that the Lagrangian is £ (qb, do, g_l) and the action of the Lagrangian is
S(¢p) = fM L (¢, dgb,g_l) dg. We know that the Lagrangian contains all physical infor-
mation concerning the system and the forces acting on it and the action of the Lagrangian
gives us the laws of evolution of the system. Therefore, if we want to have a version of
the conservation of energy then we should study more closely (and geometrically!) the
action S.

Suppose we want to compute the integral S (¢). For such a computation we definitely
need a coordinate system x on M. On the other hand, every diffeomorphism f: M —
M induces a pullback coordinate system y = f*x. Therefore, our problem now is to
construct diffeomorphisms of M. But what are the most natural diffeomorphisms we
can consider on M7 Let us look at vector fields of M. Therefore, let X be an arbitrary
vector field. Since we seek for an object on M with local properties we may assumme
that X is compactly supported, i.e. X = 0 outside a compact region Y C M. Now let F;
be the associated flow of X. Each such diffeomorphism F; defines a pullback coordinate
system y, = F{x whose change of coordinates is F;. Then

| c@asg = [ 7 (c(o.d0.97)dg). (8.6)
M Fi (M)
Clearly F; ' (M) = M and so
| s yg= | F(c(.d0.97) do). (8.7)
M M

Equation (8.7) is the key identity! Indeed, (8.7) gives us

0= /M (£ (¢,d,g~") dg — Ff (L (¢,d,g7") dg))
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or

0:/ Fi (L (¢,dg,g7") dg) — L (¢,dd,g") dg
M

t

0= / lim ‘Ft* ('C (¢7d¢ag_1) dg) - L (¢’ d¢’g_1) dg
M t—0 t

and by the definition of the Lie derivative we get

o:/ Lx (L (¢,dp,g7") dg). (8.8)
M

We were led to equation (8.8]) by only using the geometric structure of M. Applying the
chain and Leibnitz rule we obtain

8£ 8£ ac

We now have the following:

or

1. Cartan’s identity gives us

Lxdp = d(X¢) = d(Lx ). (8.10)

2. Consider the vector field [ oL ], where ¢ = %. Then

8d¢} - [871@

o (2] ) -siuo (5] v v (2] o

3. Applying divergence theorem for the vector field <[ 54 d)} ﬁxqb) we get

o (2] )= [, (2] x) ) mamo o

since, the boundary condition X = 0 implies that Lx¢ = X (¢) = 0 on IM.

4. Equations (8.10), (8.11]) and (8.12)) imply that

[ ()= e (5]
e oo (2]

Therefore, using equation (8.13) we can write as

oL oL
O—/ <<g§£x¢ (Lx ) - Dlv<[8d¢]>+ 9 ~——Lxg~ )dg+£-£xdg>

(8.13)
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oL . oL oL -
0= /M <<<8¢ b <[(%l¢}>) £xo+ 39—1£X9 1) dg—i-ﬁ‘ﬁxdg).

However, according to Euler Lagrange equation (8.5) we obtain

0:/ << 8€1£X9_1> dg+£-£xdg>a
M \\9g

which can be written as

oL -1 1 iJ
0= /M <8g_lﬁxg +L- <29ij (Lx9) J>> dg

or
&C —1\%J 1 ij
= — | =gii d
0 /M <6g” (Lxg )"+ L (293 (Lx9) g
or,
oc 1 »

0= 2 L gl (£x9)Y ) dg. 8.14

/M<( 89,]+291>(x9)>g (8.14)

The left term in the integrad of (8.14) is independent of the vector field X and so let’s

define the tensor @ by
oL 1
Qij = <8g2ﬂ - 2gij£> : (8.15)

Clearly @ is symmetric. Also, since the integral of the product of @ and a derivative is
zero then by integrating by parts we expect the integral of the product of the divergence
of () and a vector field to be zero. Since the latter is going to be true for any vector field
then we expect that the divergence of T vanishes. This is exactly what we were looking
for and so it is the most natural candidate for the energy momentrum tensor. First, let
us prove in detail the following

Theorem 8.3.1. The tensor Q defined by (9.1) is divergence- free.

Proof. We have g iy .
(ﬁxg)” = X% + X7t

therefore equation can be written as
0= [ (@ (x4 x5) dg
M
or
0= [ ((Qx) + (@uX)) do
and since () is symmetric we equivalently have
0= [ (QsX¥)+ (X)) dg

or

0= /M (Qi;X7") dg. (8.16)
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We have
Div (@X) = (Div (Q)) (X) + Q (VX)

and so

| pv@xydg= [ @)X dg+ [ (@xydg a7
M M M

Applying divergence theorem for the vector field Y = QX = Q (X) we get

[ piv@X)ds = [ (@) ndg, 1) =0 (3.18)
M oM

since we have assumed that X is zero on the boundary dM. Therefore, equations

(8.16),(8.17) and (B.18) give
0_/ (Div (Q)) (X) dg, (8.19)
M

which is true for any compactly supported X. This implies that Div (Q) = 0. Indeed, if
there is a point p € M where Div (Q) # 0 then we can find a vector X, at p such that
Div (Q) (Xp) > 0. By continuity we can extend X, to a compactly supported vector field
whose support contains p and is sufficiently “small” and such that Div (Q) (X,) > 0.
Then integrating this we get a strictly positive number with contradicts . O

We now have the following definition:

Definition 8.3.1. The tensor Q given by (9.1) is called the energy momentum tensor
of the Lagrangian matter field ¢.

8.4 Application to Linear Waves

One of the most important examples of matter fields are those given by the following
Lagrangian
L(¢,dd,g7") = g7 (d¢, dg) = " 0u00,6(= 9(V$, V$)). (8.20)
Then the Euler Lagrange equations imply that ¢ satisfies
Dg¢ =0, (8.21)

where A, is the Laplacian on (M, g). If g is positive definite, then ¢ is a harmonic
function on the Riemannian manifold (M, g). If g is a Lorentzian metric then ¢ is a
linear wave. In this case, there is a special symbol for the Laplacian on Lorentzian
manifolds:

Og¢ = 0. (8.22)

Equation ((9.1)) gives us the energy momentum tensor of scalar linear waves on Lorentzian
manifolds

Qu = 060, — 397" (d6,d0) g (523

This tensor plays a fundamental role in the analysis of the evolution of waves.
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8.5 Noether’s Theorem

We saw how exploiting the geometry of the space and the Lagrangian structure of the
system to derive an infinitesimal conservation of energy. If one wants to derive stronger
versions of these laws, then stronger conditions have to be imposed on M too. Noether’s
theorem expresses in the most general way these conditions.

Let us see this more closely. The geometry of the space gives us equation which
is the key for the derivation of energy momentum tensor. It says that the “average” of
those Lagrangians over the manifold M is the same. Obviously, a stronger condition
that may be imposed is the following

L(¢,dp, g7 ") =F; (L(p,do,g7")). (8.24)

This expresses a one-parameter symmetries of the Lagrangian. Then Noether’s theorem
gives a conservation law for the Euler Lagrange equation. For example, if a physical
system behaves the same regardless of how it is oriented in space, its Lagrangian is
rotationally symmetric; from this symmetry, Noether’s theorem shows the angular mo-
mentum of the system must be conserved.

In the case of linear waves, Noether’s theorem states that every Killing fields gives
rise to a conservation law.
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Chapter 9

Hyperbolic Equations

In this chapter we will study the properties of hyperbolic equations and emphasize the
importance of global hyperbolicity in connection to hyperbolic equations.
We shall first consider the case of the scalar wave equation.

9.1 The Energy Method

Let (M,g) be a Lorentzian manifold and ¢ : M — R a scalar function. The energy
momentum tensor associated to 1 is defined to be the following symmetric (0,2) tensor
field

QU] = dv @ d — Jg (d db)g 91)
The following proposition reveals the connection of ) and the wave equation.
Proposition 9.1.1. For any function ¢ we have the following identity
DivQ[y] = (Og¢) - dyp (9.2)

Proof. Let us first compute its divergence for arbitrary . Recall that the covariant
derivative V satisfies

V(A B) = (VA)® B+ A® (VB)
and that Div A = (V#A),. Therefore,

(VT = (V) @ ), + (0 © (V) — 207 (b, ) (V)

1
) (V“(g_l(dw, dw))) v
= (V) - (d)y + (d) - (VOd)y — g~ (VA d)) - Gy,
where we used that V?g~! = 0. Let now a = pu. Observe also that
g (VHdY, dY) - g = (VHAD)" - () - g = (VPd)" - (d)y - g = (Vd0)y - (di))s,

where we used that the Hessian is symmetric (recall the Einstein’s notation for summa-
tion). Therefore,

Div Q = (Divdy) - dip = (Og1b) - d.

123
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On top of equation (9.2), we also have the following

Proposition 9.1.2. Let Vi, Va be two future directed timelike vector fields. Then the
quantity Q(V1,Va) is positive definite in di, that is to say

3
QVi,Va) = ¢ (0at))”.

a=0
By continuity, if one of Vi, Va is null then Q(V1,V2) is non-negative definite in dip.

Proof. Let x € M and Vp, Vs € T, M be future-directed timelike vectors. Consider the
plane M = (V;, Va), which is manifestly timelike. The orthogonal complement IT = (M)*
is spacelike, and let e, es be an orthonormal frame of it. Let also L, L be future-directed
null vectors in M such that g(L,L) = —1. Then L, L, e1, e5 form a frame for T, M.

With respect to this frame, we have

[V|? = —2(Lp) (L) + (e19)? + (e2t))?.

Therefore,

Q(L,L) = (L¥)?, Q(L,L) = (L)%, Q(L,L) = (e19)? + (exy))*. (9.3)

The result now follows from the fact that V; = a;L + b; L for some a;,b; > 0,1 =1,2.
O

See Appendix [§] for more about the tensor Q.
The Vector Field Method

For investigating the evolution of linear waves we will use the so-called vector field
method. This is a geometric and robust method and involves mainly L? estimates. The
main idea is to construct appropriate (0,1) currents and use the divergence identity in
appropriate regions. We usually consider currents P, that depend on the geometry of
(M, g) and are such that both P, and V#P, depend only on the first order derivatives
of ¥. Such currents are in general called compatible currents. This can be achieved by
using the wave equation to make all second order derivatives disappear and end up with
something that highly depends on the geometry of the spacetime. There is a general
method for producing such currents using the energy momentum tensor Q.

Energy Currents

Since Q is a (0,2) tensor we need to contract it with vector fields of M. It is here
where the geometry of M makes its appearance. We have the following definition
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Definition 9.1.1. Given a vector field V we define the JV current by

Ty W] = QuelV¥ = Q¥I(V; ). (9.4)

Note that we will usually drop ¢ and thus simply write @ instead of Q[¢)] etc. We
say that we use the vector field V as a multz’plieﬂﬂ if we apply the divergence identity for
the current J /Y . The divergence of this current is

Div(.J) = Div (QV) = Div (Q) V + Q (VV), (9.5)

where (VV)ij = (gkinV)j = (ViV)j. If ¢ is a solution of the wave equation then
Div (Q) = 0 and, therefore, V“J/Y is an expression of the 1-jet of .

Definition 9.1.2. Given a vector field V the scalar current KV is defined by

KV[9] = QI (VV) = Qulv] (VV) = 5 Qululnty (9.6)

where 7} = (Lyg)" = (VFV)” + (VYV)* is the deformation tensor of V.

The first term of the right hand side of does not vanish when we commute the
wave equation with a vector field that is not Killing (or, more generally, when v does
satisfy the wave equation). Therefore, we also have the following definition.

Definition 9.1.3. Given a vector field V we define the scalar current EV by
EV[Y] = (DivQ)V = (Bg¢) di) (V) = (B40) (V). (9-7)

Note that Stokes’ theorem gives us:

| @+ [ Seui = | o),

where the direction of the normal to the boundary vector ngr is determined by the
following figure (thought of as embedded in R'*1)

9.2 A Priori Estimate

Consider two spacelike hypersurfaces g, > which enclose the spacetime region R foli-
ated by hypersurfaces ¢, where t is a time function.

n2
2

>

Lthe name comes from the fact that the tensor Q is multiplied by V.
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We suppose that 1 satisfy the inhomogeneous equation
Og¢ = F.

Let also V' be a timelike vector field and

_ - 2
rw= [ awm) [ S

Then,
T . V pr—
fU+AFWW+AKW]ﬂ%

where KV [¢)] is given by (0.6). Since V and ny, are timelike we have
I wl < cre.
¢
Recall now the coarea formula

[ (L) frore

By the energy identity and coarea formula, there exists a uniform constant C' > 0 such
that for all solutions ¥ to the inhomogeneous wave equation we have

0 ’ F2d ' Cf(t)dt. 9.8
£y < 1)+ [ P [Cerma (9.5)
The fundamental theorem of calculus gives us

W3(r,) <9*(0,°) +/O C(sz(t, )+ (09)2(t, -))dt. (9.9)

Recall also the Gronwall inequality: If f, A, B are non-negative functions and A is non-
decreasing then

f(r) < A7) +/ BW)f(t)dt = f(r) < elo POMA(T).
0
By adding and and using Gronwall inequality we then obtain the following

estimate:
1613 sy < € (1003 s + 1F 3 2qm)) - (9.10)

Symmetries and Conservation Laws
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If the spacetime admits a timelike Killing field V' and apply it as a multiplier then,
since its deformation tensor identically vanishes, if ) satisfies the inhomogeneous equa-
tion, then the divergence of the current JX [¢] is simply equal to F' - (V). Then,

sup f(t) < F(0) + /0 '

PVl < £(0)+ / 1F N sy - IVl s
te[0,7] 0

p3M

<f(0)+<sup uvwnmm) - /0 1Pl 2 (%)

te[0,7]
1 T 2
< f(0) + 5 ( sup f(t)> +C (/ HFHL?(Zt))
t€[0,7] 0
Hence,
T 2
sup 1(0)< 10+ C ([ 1Fllagsy ) (9.11)
te[0,7] 0

Furthermore, we can easily obtain an improved estimate for ¢ itself

- 2
2 e 1/2) . .
aw [vrs [wee ([ vo) 012)

Using (9.11)) in (9.12) and added those two together we take

T 2
Jup Il < Cr (|wuip<zo> + ( /0 ||F||L2@t>) ) - (9.13)
€10,7

Note that (9.13) is stronger than (9.10)).

Remark 9.2.1. Estimate (9.13|) holds for perturbations of Minkowski (even though they
do not, in general, admit (timelike) Killing fields).

If now V is Killing and 1) satisfies the homogeneous wave equation (i.e. F' = 0) then

Q(V7 nzq—) = Q(V7 nzo)' (914>
X Yo
9 22
21

This statement corresponds to a conservation law. This is partly the content of a deep
theorem of NoetheIﬂ This conservation law is particularly important if V is timelike
since in this case the associated integrand quantities are positive definite in di.

2 According to this theorem, any continuous family of isometries gives rise to a conservation law.
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9.3 Well-posedness of the Wave Equation

Let Xy be a spacelike hypersurface in a Lorentzian manifold (M, g). We next study the
Cauchy problem to the wave equation

Dgw =F,
¢‘Eo = an n20¢|20 = fl'

The regularity of F, fy, f1 is always such that the right hand sides of our estimates is
finite.

Uniqueness: finite speed propagation

By virtue of the global hyperbolicity of D" (¥g) there exists a time function ¢ and
hence we can consider a spacelike foliation 3; of DT (X).

Then if we suppose that 11,19 satisfy the same inhomogeneous wave equation with
same initial data then 1 = 11 — 1o satisfies the linear wave equation with trivial data.
Then, implies that (|9 z1(s;,) = 0 for all ¢ and hence ¢ = 0 in D*(Z) which
shows the required uniqueness result.

In fact, we could have also considered the following foliation

D™ (%)
fo 5.

\\\\ R ,//
ny,

20
and note that the null boundaries contribute non-negative definite terms in the energy

identity. Estimate (9.10]) again shows that if the data are trivial on X, then the solution
is trivial in D% (). In other words, non-trivial data on the dotted line outside the
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hypersurface ¥ take some time to affect the solutions to the wave equation (in particular,
such data cannot affect ¢ in D1 (Xy)). This phenomenon is a characteristic feature of
hyperbolic equations and is called finite speed propagation (and also known as weak
Huygen’s principle and domain of dependence property).

Existence of solutions to the linear wave equation

We first prove the existence of solutions to the inhomogeneous wave equation with
trivial initial data. Indeed, a solution to the general problem can be obtained as follows:
Let ¢ be any function with the same initial data as the given one and let ¢ be the
solution O = F — ngﬁ with trivial data. Then, ¢ + 1 is the solution of the general
problem.

Hence, we look for solutions to Og¢ = F, with fo =0, f1 = 0.

Fix 7 > 0 and consider the spacetime region R = Uc[p-12:. We will show that a
solution exists in R, and since this will be true for any 7 > 0 the global existence in the
interior of DT (%) follows.

Since our estimates hold for specific functions spaces, namely Sobolev spaces, it
follows that the solutions will also have to exist in Sobolev spaces. For this reason,
we first introduce the notion of a weak solution. Let

Co(R) = {¢ € CX(R), dl5, = Dgl, = by, = Ipls, = 0}

Then a weak solution to O = F', with trivial initial data, is a distribution ¢ such that

<m%@=AFw (9.15)

for all ¢ € Co(R). The motivation of this definition is of course the case where 1 is
smooth and thus holds in the classical sense, where (1, 04¢) = fRdJ -Og0. We
will next show that if F' is sufficiently regular, then ¢ can in fact be represented by a
function in an appropriate functional space such that makes sense in the following

sense:
/¢%¢/F¢

where both integrals make sense provided ¢ € C(

Remark 9.3.1. We need to introduce the important notation for functional spaces we
will be considering. If u € X([0,7];Y (X)), with t € [0,7], then uly, belongs in the
functional space Y (X¢) and the function @ : [0,7] — Y lies in the space X ([0, 7]), where
u(t) = uy,.

For example, if u € L'([0,7]; H'), then lull gy go,r,m1) = fOT||u||H1(Et) dt is finite.
Therefore, estimate (9.13)) can also be written as

19l oo (0,7, m1) < €T <||¢||H1(20) + HFHLl([O,T];Hl)) :
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Assume that F € L*(R). Then

ol =| [ o < [ 1 [ & <Clp [ [ &

(19.10)

= CrlPl [ @007 = Crs [ @00

where we used the a priori estimate for the smooth function ¢ (note also that by
assumption the H' norm of ¢ on Xg vanishes). It is important to emphasize that the
a priori estimate allowed us to obtain the above estimate where the constant Cr ., of
course, does not depend on ¢. Hence, if we consider the linear subspace

S(R) ={0y¢: ¢ € Co(R)}

of the Banach space L?(R) then we have that the distribution v is in fact a bounded
linear operator on S(R) (equipped with the L?(R)-norm). Therefore, by Hahn-Banach
we can extend v to bounded linear functional on L?(R). By Riesz representation theorem
(or in other words, by duality) the L?(R) function 1 is in fact represented by a function

Y € L?(R) so that
<w,mg¢>=/nw-mg¢=/RF-¢,

for all ¢ € Cb(R).
Note that for the general problem with initial data, by the trace theorem, it suffices
to take fo € H32(X0), fi € HY/2(X0). In fact, one can show that if & > 0 and

foe H*"'(So), fi € H*(So), F e HYR)
then there exists a unique solution
Y e H¥YR) and o € H*Y(%,), » c HHS,).

This can be shown by generalizing for all £ > 0 and using Cauchy-Kowalewsky
theorem. Indeed, one can approximate (in the appropriate Sobolev norms) the differential
operators and the initial data by analytic functions and solve in the analytic class the new
equations. By the a priori estimates we have that the H**'(R) norm of these analytic
functions are uniformly bounded and hence the sequence converges weakly in H¥T1(R).
This limit is then the solution to the original problem.

Remark 9.3.2. We can obtain slightly stronger results if (M, g) admits a timelike Killing
field V and F € LY([0,7]; L*(%:)). Indeed, letting ¢ € Co(R) we obtain

|<w,ug¢>|=] / F'cb‘é [ Lrat< [ 1Pl 1ol

T T
< sup 6]l 2, - / IFllesyy = Crr sup @]l 2gs,) < Crr / (=P,
te(0,7] 0 t€[0,7] 0

= Crr 1868l o.ry2) -
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Clearly, 1 is a bounded functional on C,(R) with respect to the L*([0,7]; L?)-norm and
hence by Hahn-Banach extends to a bounded functional of L*([0, 7]; L?). Hence, by duality
Y is in fact represented by a function 1 € L°°([0,7]; L?) such that

<wjmg¢>=/7zw-mg¢=/RF-¢.

In fact, we can improve the last inequality used above such that HDgT/JHLz(Et) 1s replaced
by ||D9¢||H*1(Et)' This then implies that 1 € L>([0,7]; H'). Assuming that F is smooth,
one can show that

¥ e C([o,7); H*) nC'([0,r); H*1)
for all k € N. To remove the smoothness assumption on F, we choose a sequence of
smooth functions Fy, such that F,, — F in L ([O, 7]; Hl) for a fixed l. For each of these
F,, we obtain a solution 1, with trivial initial data, as above, which can be easily seen
to form a Cauchy sequence in the Banach space C([0,7]; H) N C*([0,7]; H=1). Hence
the limit of this sequence solves the equation in C([0,7]; H') N C*([0,7]; H1).

9.4 The Wave Equation on Minkowski spacetime

Pointwise and energy boundedness

Consider the Minkowski spacetime R3+1. Let 1) solve the homogeneous wave equation
Oyt = 0 with initial data (fo, fi) prescribed on a Cauchy hypersurface £q (for example,
we can take Xo = {t = 0}). Clearly, the vector field

T = 0,

is globally timelike and Killing and hence its application as a multiplier gives us the
following

By applying the divergence identity in the region R = Up<i<,2; and using the fact
that X is spacelike for all 7 (and hence the normal ny;, is timelike), we obtain a uniform
constant C' > 0 such that for all solutions ¥ to the wave equation we have

| Tewr<c [ Yo (9.16)

T a Yo g
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Vector fields can be applied as multipliers but also as commutators. In other words,
since 0, is Killing, we have that 0,1 also satisfies the wave equation. In fact, we can do
the same for all translation vector fields d,,« = 0, 1,2, 3. Repeating this, we can in fact
bound the following higher order quantity:

L S <c / Sty (9.17)
with £ > 1.

It remains to bound |4 2(5, ). Estimate (9.10) (or even (9.13)) is not at all satis-
factory since it does not provide a uniform in 7 bound. Consider spherical coordinates

(t,r,0,¢). Then for ¥, = {t = 7} we obtain the 1-dimensional identity

/mw%r:vwmi?—2/mrwawmr
0 0
* 9 1 > 2 2
Se/o @Z)dr+6/0 (Op1))“r=dr,

where we assumed that 72 — 0 at infinity (recalling the finite speed propagation, this
is true if, for example, the initial data are compactly supported). Hence, there exists a
uniform constant C' > 0 such that

[e.e] 1 oo
/ 2Wﬂmgc/ (0,)rdr.
o T 0
Integrating over S? we obtain
1
[ wrze | @urzc[ S (9.18)
2. T )3 20
Although we can only bound a weight L? norm of v, this bound suffices to apply
Sobolev inequality and thus obtain uniform pointwise bounds.

Pointwise and energy decay

Let
10 = [ Qans) ~ [ Y0,
i it o
In order to prove that f(7) decays as 7 — 400 one would ideally show that there exists
a uniform constant C' > 0 such that

/ " fdt < Cf(m).

In view of the boundedness of energy, this would then imply that f(7) decays faster
than any polynomial rate. It turns out, however, that such an estimate does not hold
in Minkowski. Indeed, as we shall see, the spacetime integral of the energy can only be
bounded by quantities with stronger weights (in other words, the left hand side above
cannot just be f(11)).
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For this reason, we divide the problem into two separate ones. The first one has to
do with the region r < R, for some R > 0, and the second one with » < R.

Spacetime estimates in the spatially compact region are traditionally called Integrated
Local Energy Decay (ILED). Such an estimate in Minkowski goes back to Morawetz 1968.

Since we want to obtain bounds for a spacetime integral, we want to apply vector field
multipliers for which the current K[i] is non-negative definite. So, clearly the Killing
field T is not an option. If we use the vector field

X = f(r)or

(with respect to (t,7,0,¢) coordinates) then

&¥ = (§+ L) @l + (4 - 1) 0w - 5w,

where KX is given by . Unfortunately, there is no f which makes all coefficients
above positive. For this reason we need to modify the above current. For we consider
the current

T M) = T by (r) 9V + ha (1) 92 (V)

where hq, ho, w are functions on M. Then we have
KX =vrohta = KX 4 98 (V) + V* (hat?® (V)
=KX+ hy (VYVah)+ (VFhy + 20V w0) YV 00 + (Vho Vi + ho (Ogw)) 97,

By taking hy = 1, hq = 2G, w = —G we make the coefficient of ¢V 1) vanish. Therefore,
let us define

T ] = Q(X, ) + 260 (V) — (VuG) 92 = I 426G (V) = (VuG) 9. (9.19)
Then
KX = VRN = KX 490 (< (00 + (00)° + VU — (0,6) v,

Therefore, if we take G such thaﬂ

o o f
“2G=—-|5+= == 4+ = 2
G <2+r =G 4+2r (9.20)
then
f
KX = f1(0,4)° + - V9l = (0,G) v
/ 2 f 2 1 " 1 " 2 (9'21)
— R+ Liwul - (3710 v
r 4 r
If we take
1
Jo! =1, G=—
Sy, f=1 G=o
3We could have also chosen G = %, however this choice is not very suitable for more general space-

times.
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then KX1[y] = 1|¥¢|2. We will apply the energy identity in the region r > ¢, and we
will let € — 0.

e

ny., e D
f — 5.

w _)nE

I o<

|
T”ZO = nZ”T

Yo
Since r = ¢ is timelike and its unit normal is n. = —0, we obtain

KX’l — JX,l o JX,I 3
/R K /Z R /T_e Xt

The boundary integral over ¥y U X, can be estimated using and (| - The
integral over r = € is equal to

ot = [ (= T - ) g

Therefore, as € — 0, the only term that remains is negative, and hence has the correct
sign. Therefore, we obtain,

/\WZ /w 0yt < C [ JT[lnk . (9.22)

Yo

Morawetz’s original argument was that, although the above estimate bounds the
angular derivatives only, one can obtain exactly the same estimate by simply translating
the origin of the spheres. In order to bound all spatial derivatives, it suffices to add
three estimates for which the origins of the spheres are not colinear. This way we can
retrieve the 0,1 derivative in . This argument however heavily uses the symmetries
of Minkowski in a very non-robust way. It turns out that we can derive similar estimates
for 0,1 using the energy method. Indeed, if we consider the current

1
A
then, .
X1 . 2 2 2

where y(r) > 0 and ~(r) ~ %4 for large r. The angular derivatives have already been
bounded. Since G ~ % for small 7, the boundary integrals can be bounded as previously
noting again the factor 2 in the volume form of the integral over ¥, (which is needed
as r — 01). Hence,

| aap@ar<c [ g, (9:23)
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Finally, in order to bound the derivative 0;1) we use the current

1
Tl =g
Then,
KN o] = Gt 0 + )00 + 55 VP

where aq, ~ %2 for large r and oy ~ % as r — 07. Hence, all the error terms and the the
boundary integrals can be bounded using the previous estimates and noting the r? term
in the volume form.

Therefore, given R > 0 there exists a constant Cr such that for all » < R we have
the following integrated local energy decay estimate

/:) /m{KR} Q(T,nx,) ~ /RH{KR} ((«M)Q +(0:9) + IV”MQ) < Cp /ZT1 Q(T,ns.,.).
(9.24)

We now consider the region » > R. Dafermos and Rodnianski have introduced a
very elegant and robust method to derive non-degenerate estimates in this region. In
particular, their method uses only r-weights and no t-weights. We assume that X,
coincides with t = 7 for »r < R and u = 7 for r > R, as depicted below:

Suppressing all angular variables we obtain the following diagram
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Consider now %, = @T(f)o), where ¢, is the flow of T. For arbitrary 7 < 7o we
define

ﬁ:ﬁ = UTE[Tl,TQ]iTJ
B2 =RE N (r > R},
N, =%,n{r>R},
A2 =RZ2nN{r=R}.

Proposition 9.4.1. (Dafermos—Rodnianski hierarchy) There exists a constant C' >
0 such that for all solutions v to the wave equation we have

/ </N o ”NT)> = C/ET Q(T,nx,,) +C /N 1 (0,)?,

/ (/ f_l(a”q’)2> dr =0 [, Qs +C /N (0,9)%,

71

where U = ry and 0, is considered with respect to the null system (u,v).

This hierarchy is an application of the following more general r-weighted estimate of
Dafermos and Rodnianski:

Proposition 9.4.2. Suppose p € R, 1 is a solution to the wave equation and ¥ = ry .
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Then,

0, )? _1 (0,0)? Pl
[ [ e [ e nivef

T2 7" Z% /r. Tl
(&,\11)2 (9.25)
<C Q(T, nz_rl) + / rP 3
= Ny r

Proof. We first consider the cut-off function ¢ : [R, +00) — [0, 1] such that

¢(r)=0forallr € [R,R+1/2],
((r)=1forallr € [R+1,+00) .

Let ¢ = p — 2. We consider the vector field
V =ri9,

which we apply as multiplier acting on the function (¥ in the region D?. Then

L s en+ericn= [ qavin,

D2
Note that for r > R+ 1 we have KV [(¥] = KV [¥] and £V [¢¥] = EV[¥]. Then,

KV [W] = Quu (V" (r10,))” = Quv (V'19) 8,)" + Quur® (V"8,)"
= riKY 4+ Qv (VHr7)

qg—1
= 2779, 0) (0,%) + qr' ' (9,%)” — g | Ve[
Note that since 1 solves the wave equation, ¥ satisfies
40,0, — AV = 0

and so

2

0,0 = —;(au\IJ — 0p V) — 4(0,0,¥) + ATV
2
= ——(0,¥ — 0,¥),

,

which, as expected, depends only on the 1-jet of W. Therefore,

gV (V) = r1(9,9)(0,V)
= —27971(0,1)(9, 1) + 2711 (9, )2

Thus

KY[0) + £¥ (0] =(q+ 2 0,0 — o7 VWP
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In view of the cut-off function ¢ all the integrals over A vanish. Clearly, all error terms
that arise in the regio W =supp(¢ — 1) = {R <r < R+ 1} are quadratic forms of the
1-jet of ¥ and, therefore, in view of the local integrated energy decay, these integrals are
bounded by / Q(T,nx, ). The boundary integrals are:

1

alceivn = [

Nry

- [

Nry

0. - [ Ve

oD;?

The last two integrals on the right hand side appear with the right sign. The error terms
produced by the cut-off ¢ in the region W are controlled by the flux of T' through ¥, .
O

The second estimate of Proposition follows trivially by taking p = 2. Regarding
the first estimate, taking p = 1 implies

1 1
/ L)+ — YU < c/ QT.ns )+C [ r (@02 (9.26)
DZ? " " Xry Nry
Note now that |[V¥[* = r2|Vu|?, (9.26) and
1 ) 1 ) / 1 ) / 1 ) / 1 )
— (0,CV)” = — (O — 0Oy = — (O — .
Lommocwr= [ gocwrs [ gmaeat= [ o [ i
Again all the error terms can be bounded by the local integrated energy decay.

Remark 9.4.1. The reason we introduced the function W is because the weight r that it
contains makes it non-degenerate (v =0 on T but ¥ does not vanish there in general).
The reason we have divided by 2 in s because we want to emphasize the weight
that corresponds to ¢ and not to V.

Therefore, if ¥ = rvy and
_ _ [ 1 2 _ 2
s = [ @) min=[ Lo k= [ o

and 71 < 7 then

f(11) < f(m2),
" f(t)dt < Cf(ry) + Chi(my),

T1

/T2 hi(t)dt < Cf(r1) + ha(11).

1

The first two inequalities imply that

flr)<C—,

T

4The weights in r play no role in this region.
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where D depends on the initial data. The last inequality implies that there exists a
dyadic sequenceﬂ Tn, such that

D
hl (Tn) S Cia

Tn
where D depends again on the initial data. The second estimate then gives us

Tn+1

(1 = 7)) < [ f(®)dt < CF(7) + Chir) < O,

Tn

which, by the properties of the dyadic sequence (and the first inequality), implies

f <oy

Pointwise bounds: First note that for rg > R > 0 we have

# 0w = ([ :w (0,0) dp>2 <(/ :OO 0w i) ( [ :m o)== ( :°° 0007 ).

where 0, is a derivative tangential to X.. Therefore,

+oo
[ Vo, w)de < /52/ (Op1)° 2dpdw< o QWN.ns,),  (9.27)

ﬂ{’l’>’r‘0}

For the interior region r < R we can commute with 7" and apply elliptic estimates.
Hence, commuting with either 7" and the angular operators and using Sobolev inequality
gives us

D D
WSCom—y WSO

5A dyadic sequence 7, has the property that (Th+1 — Tn) ~ Tn ~ Tnti.



140 CHAPTER 9. HYPERBOLIC EQUATIONS



Chapter 10

Wave Propagation on Black Holes

10.1 Introduction

Recall that the conformal diagram of a black hole looks like the following

black hole event
horizon

--------------
"~
o

10.2 Pointwise and Energy Boundedness

We will study the properties of the linear homogeneous wave equation on black hole
backgrounds. Although we shall be particularly interested in the Schwarzschild case, our
analysis will cover more general black holes for which the following hold:

1. The spacetime is asymptotically flat, that is to say the metric g approaches the
Minkowski metric for large r, where r is an appropriate radius coordinate.

2. There exists a Killing field 7" which is timelike outside the event horizon H™ and
null and normal on H™.

3. The coordinate r is such that it is constant along the integral curves of T" and such
that H™ = {r = ryy+}. The domain of outer communications then corresponds to
> Tyt

141
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4. The event horizon has positive surface gravity £ > 0. The surface gravity is defined
by the following relation
VT = kT.

black hole event
horizon

Let X be a spacelike hypersurface which crosses the event horizon. We will study
the following Cauchy problem

Dgfl/} = 07
Ylsy = fo, TY|n, = fi.

black hole event
horizon

TWI —?2,|D*| =7

/&T PO =5 %, X prescribe initial data for

Rl A «‘”’z. € wave equation on ZO
Y

0"‘ O "‘0

We assume that fj, f1 are sufficiently regular and we want to understand the evolution
of ¢ in D*(Xy) up to and including the horizon H™.

Basic a priori estimate

We define X, = F (%), where F is the flow of T.

black hole event
horizon
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Applying the Killing field 7" as a multiplier in region R(0,7) = Up<t<,2: and noting
that Q(T,ny+) > 0, we obtain the following estimate

Q(T, ’)”LZT) < Q(T, TLEO). (101)
Xr p)

In view, however, of (9.3]), we can see that
QT ng,) ~ (TY)* + (e19)? + (e2v)) ~ (T9)* + |V¥I,

on the horizon H* where T is null and tangential to it and ny_ timelike. Note that ¥
denotes the gradient on the sphere S,, = X N {r =rp}.

black hole éevent
horizon

This implies that does not provide an estimate for all four derivatives of ¥ up
to and including the horizon, but in fact, the left hand side of degenerates with
respect to the transversal to H™ derivative (note that T, eq, es are all tangential to H™).
For this reason we will refer to estimate as the boundedness of the degenerate
energy.

This however loss of derivatives is very bad since this degeneracy does not allow us
to apply Sobolev inequalities and obtain pointwise estimates up to and including H™.
One of the fundamental difficulties of the study of the wave equation on black holes is
precisely to overcome this degeneracy.

The Schwarzschild case: Consider a spacelike hypersurface ¥y which crosses H™
and coincides with ¢ = 0 for sufficiently large r. We define ¥, = F, (%), where F; is the
flow of T'. Then,

Q(Tins,) ~ (T)* + (1 - 2M) (¥ )? + 7P

r

On other hand, if N is a strictly timelike vector field then
QN,nx.) ~ (T¥)* + (Y¥)* + [V,

Boundedness of the non-degenerate energy

We will next present the argument of Dafermos and Rodnianski (2005) for the bound-
edness of the non-degenerate energy.

It is clear from the above discussion that in order to obtain non-degenerate bounds
we need to apply a timelike vector field as multiplier; such a multiplier, however, will
not have vanishing spacetime term K™[t)]. In this context, Dafermos and Rodnianski
showed that under assumptions 1-4 above there exists ry+ < r9 < r; and a timelike
Fr—invariant vector field N such that
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1. KN ~ Q(N,ng,), for ry+ <r <.

2. |KN[y]| < CQ(T,ny,), forrg<r <ry.

3. N =T (and hence KN[¢)] = 0), for 7 > rq,
where KV is given by .

black hole event
horizon

X K
. -
K . e
4 *
3 D
.
’0
4 *
- _
A ==
* ’.
.

Proof. For simplicity, we will prove this result only for metrics which take the form ([7.1))
for a general D. Consider the following ansatz

N =N"(r)T+ N"(r)Y
Then
KNW] =Fuy (Tw)Q + Fry (Y¢)2 + FW ‘W¢’2 + Fyr (TY) (YY),
where the coefficients are given by

(0rNT) - ﬁ - N™D'!
2 r 2

1 2N"
=—-(0,N"),Fy, =D (0,N") — ,
Fy=—5(0:N"), F, (0:N") = =

Fvv:(arNU)vFrr:D[

where D’ = 42 Note that since g (N, N) = —D (N")24+2N"N", g(N,T) = —DNV+N",
and so N” (r = M) can not be zero (otherwise the vector field N would not be timelike).

The crucial observation is the following: The surface gravity is given by xk = %D'
and, therefore, by assumption we must have D’ > 0.

We can thus take for » = ro+ (which is a root of D) N¥,0,N" to be very large, N"
negative and 9, N" negative. Then by Cauchy—Schwarz inequality we obtain the required
positivity of KV [¢)] on H* and thus, by stability considerations, on a neighborhood of H*
where r4+ <r <rg. We can then smoothly extend NV such that N =T for r > r; > ro.

O

We now have all tools in place in order to prove the boundedness of the non-degenerate
energy. Writing the energy identity for J IiV [¢] in region R(7/,T) we obtain

[ e+ [ oW+ [ K¥w= [ Qins,),
s, HE R S
where KV [¢)] = Div (Q(N,-)). Since

JRSCE PR [ KW

ro<r<ri
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and since the flux on H* is non-negative definite we obtain

QWns)+ [ KMl [ KM+ [ QWins,)
X r<rg ro<r<ry P
< C Q(T7 nZ) + Q(N7 nET/)'
ro<r<ri S

We can now add a big multiple of [ Q(T,ns). If f(7) = [5 Q(N,nsx,), in view of
the properties of N, the coarea formula and the boundedness of the degenerate energy
we obtain

£y +b [ St < O =) 10) + 1)
Rearranging terms, dividing by (7 — 7/) and taking the limit as 7/ — 7 tends

fi(r) +bf () < C£(0).

This implies

and so
f(r) < Bf(0)

for some uniform constant B > 0.

Remark 10.2.1. The positivity of the surface gravity is intimately related to the so-
called redshift effect that takes place along the horizon H™. For this reason, the vector
field N is sometimes referred to as the redshift vector field.

Remark 10.2.2. As in the Minkowksi case, the vector field N can be applied as a
multiplier as well as a commutator to give us higher order bounds.

Remark 10.2.3. For a special class of black holes, the surface gravity k vanishes. Such
black holes are called extremal. In these cases, the above construction for N does not
work. Relevant results for such black holes have been obtained by Aretakis.

Remark 10.2.4. Although for the general subextremal family of axisymmetric Kerr black
holes (see also Section the surface gravity is positive and so the above construction
for N applies, the Killing field T fails to be timelike (in fact causal) everywhere outside
the event horizon H™. This means that in Kerr one does not have the trivial estimate
. Of course, this implies that the above proof for the boundedness of the non-
degenerate energy fails. It turns out that for such backgrounds, in order to show any
boundedness estimate one must in fact show something stronger, i.e. a decay estimate.

10.3 Pointwise and Energy Decay

The discussion about energy decay on Minkowski in Section[9.4]suggests that one needs to
prove a local integrated energy decay and also show an appropriate hierarchy of estimates
in a neighborhood of infinity. It turns out, that the Dafermos—Rodnianski hierarchy still
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holds for Schwarzschild (and in fact more general) backgrounds. Hence, the problem
is reduced in obtaining estimate in the spatially compact region {ry+ <r < R}, for
(arbitrary but fixed) R > ry+. In fact, in view of the redshift construction presented in
Section [I0.2] it suffices to show a spacetime estimate in region B depicted below

In order to obtain spacetime estimates in region I3 we need to know specific properties
of the metric, and in particular, of the geodesic flow. Hence, the general assumptions 14
of Section which lead to boundedness do not suffice to yield decay too (in fact, one
does not expect to obtain decay using only assumptions). For this reason, we restrict
our attention to Schwarzschild and Kerr (see below) spacetimes.

Schwarzschild

Let us first consider Schwarzschild backgrounds. As in Minkowski spacetime, one
uses appropriately modified energy currents with multiplier 0,.. In fact, it turns out that
the multiplier

X =0y,

with respect to (¢,7*,6,¢) is more suitable. The constructions of the multipliers (first
presented by Dafermos and Rodnianski), although they are similar to the constructions
for Minkowski, arise several technical difficulties. For example, one needs to decompose
1 in angular frequencies; that is to say, one needs to consider the Fourier series of ¥ on
the spheres of symmetry and derive uniform estimates for every projection separately.
However, the most striking new feature of these constructions comes from the non-
trivial dynamics of the geodesic flow. The most relevant property of the geodesic flow
of Schwarzschild is that the three-dimensional timelike hypersurface r = 3M is spanned
by null geodesics, which orbit the black hole region (and hence are not orthogonal to
the spheres of symmetry). Indeed, the (continuity) principle that applies to satellites
orbiting the earth
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can be extended for Schwarzschild and thus obtain (trapped) null geodesics which neither
scatter to null infinity (where r = 4+00) nor cross the event horizon H*.

The hypersurface r = 3M is known as the photon sphere.
Returning now to the integrated local energy decay estimate, the presence of the
photon sphere implies that the energy gets concentrated for long time around the photon

sphere.

This implies that an estimate in region B must either degenerate on the photon sphere
or lose derivatives. Specifically, one can only show the following

[ @0 40+ (= 3MP(@0R +170P) < [ QT s,
B %o

Note that it is in fact the tangential to the photon sphere derivatives that degenerate
above. Hence, commuting with the Killing 7' (and thus replacing 1 above by T) we

obtain

/B S (@) +02 < C [ QT + QTU(T s, ).
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This loss of derivatives is known as the trapping effect. One can now obtain the pointwise
and energy decay results (which also lose one more derivative compared to Minkowski).

Remark 10.3.1. The redshift effect, as already mentioned, degenerates for ertremal
black holes (k = 0). For this reason, one needs to derive separate estimates in region A.
Work of Aretakis has shown that, in the extremal case, the trapping effect takes place
along the horizon H™ too.

Kerr

The Kerr metric admits less Killing fields and this makes the proof of estimates on
such backgrounds more elaborate. Dafermos and Rodnianski (2010) have proved decay
for Kerr for all |a| < M. We next describe the main features that arise from passing
from Schwarzschild (M > 0, |a] = 0) to Kerr (M > 0, M > |a| > 0) and also sketch the
main points of the approach of Dafermos and Rodnianski.

Ergoregion and superradiance

If |a| # O then the Killing field T = d; = 0, is spacelike in a region £ outside H™
known as ergoregion. In the context of Oyt = 0, this means that the flux Q[¢|(T,,nx,)
fails to be non-negative definite. Hence, we can have

Q(T,nz+) > | Q(T,nx,).
T+ o

This phenomenon is called superradiance. Note that HT C & and supgr = 2M. As
we have already mentioned, the lack of the a priori degenerate (at H™) estimate for the
T-flux implies that one needs to show decay directly. One can prove decay for Minkowski
and Schwarzschild by constructing currents with positive definite divergence and using
the conservation of the T-flux to bound the future boundary terms. Hence, in Kerr one
needs to find an alternative approach in order to bound the boundary terms. This is in
fact done using a bootstrap argument (see below).

Remark 10.3.2. Superradiance is effectively absent if 1 is assumed to be azisymmetric.
Indeed, if 1 =0 then

JEn ~ (T9)? + D(r)(Y¥)? + |V

for r < R where the constants in ~ depend on M and R and D degenerates only on HT.

Trapping

In Schwarzschild, all trapped null geodesics either live on r = 3M or approach this
hypersurface. In Kerr, on the other hand, there are trapped null geodesics for an open
range of the radius coordinate r and therefore they can only be understood in phase
space (and not just in physical space). This implies that the trapping effect, which must
be taken into account for any dispersive estimate, is much more complicated than in the
Schwarzschild case.
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Remark 10.3.3. If ¥ is axisymmetric (P = 0), then it only “sees” the trapped null
geodesics which are orthogonal to the vector field ®. The behavior of the latter geodesics
is much more favorable since they all approach a unique r = r, v hypersurface.

The bootstrap

The desired estimates close in a bootstrap setting which makes use of the smooth
dependence of the Kerr metric on the angular momentum a. Specifically, given any
0 < ap < M and R sufficiently large, one considers the set S C [0, ag] such that |a| € S
if there exists a constant C' = C(a) which depends on M, a such that for all solutions 1)
to the wave equation we have

[ Sz <c [ Yo

=5 S0 G

2 2 2
[ Ywewrrvsc [ PO

N{r<R} 7,

for all 7 > 0, where x = x(r) > 0 and vanishes only in the physical space projection of
the trapped set.

Since [0, ap] is a connected set, it suffices to show that S is non-empty, open and
closed in [0, ag]. The non-emptiness follows from the Schwarzschild result (0 € S).

In order to show that S is open, it suffices to show that if « € S then (a—¢,a+¢€) C S
for some € > 0. Then, if a € §, the smooth dependence on the angular momentum of the
metric allows us to use Cauchy stability considerations. We note that these considerations
have to be localized away from the trapped set where the above estimate degenerates.
In the openness part of the proof, we expect to allow C'(a 4+ €) — +00 as e — .

In order to show that S is closed in [0, ag], it suffices to prove that if (a —€,a+¢€) C S
then a — €,a + € € S. The way to show this is the following: Since (a — €,a+¢€) C S
we have that C(a) < oo for a € (a — €,a + €). It, therefore, suffices to improve the
boundedness of the constants C(a), that is to say, it suffices to prove that

Ca) <oo Vae (a—ea+e) = C(a) <C(ag) Yae (a—e€,a+e).

Appealing again to the smooth dependence of the metric on the angular momentum, we
obtain that C(a —€) < C(ap) and C(a + €) < C(ap).

Frequency localization

As we mentioned above, one needs to understand the the properties of the geodesic
flow, and in particular, of the trapped null geodesics. In Schwarzschild, on top of the
stationary Killing field T', one has a complete set of spherical Killing fields traditionally
denoted €21, Qs, 3. These Killing fields provide enough conserved quantities to deduce
that the Hamilton—Jacobi equations separate. In Kerr, although the only Killing vector
fields are T' and ®, the Hamilton—Jacobi equations still separate in view of a third non-
trivial conserved quantity discovered by Carter. Penrose and Walker showed that the
complete integrability of the geodesic flow has its fundamental origin in the existence of
an irreducible Killing tensor.
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A Killing 2-tensor is a symmetric 2-tensor K which satisfies V(, K g,y= 0. For ex-
ample, the metric is always a Killing tensor. A Killing tensor will be called irreducible if
it can not be constructed from the metric and other Killing vector fields.

A Killing tensor K yields a conserved quantity for geodesics. Indeed, if «y is a geodesic
then Kama#yﬁ is a constant of the motion. It turns out that in Ricci flat spacetimes the
separability of Hamilton—Jacobi, the separability of the wave equation and the existence
of an irreducible Killing tensor are equivalent. Moverover, a Killing tensor gives rise to
a symmetry operator K = V, (Kaﬂvﬂ) with the property [K,0y] = 0. In the Kerr
spacetime the symmetry operator K associated to Carter’s irreducible Killing 2-tensor
takes the form

Ktp = Agptp — ©*¢ + (a® sin® ) T2 (10.2)
One of the main insights of the approach of Dafermos and Rodnianski is the use of
the separability of the wave equation (in (¢,7,6, ¢) coordinates) as a way to frequency
(micro-)localize the energy currents. This now allows us to construct multipliers for each
frequency separately and thus capture trapping.

We have the following frequency decomposition of solutions ¥ to the wave equation

in Kerr:
Fourier Expansion

¢(t77“797¢>) / RZ meﬂ ( )(9,¢) . e_i”tdw.
we -

™, Oblate Spheroidal Expansion

The functions ST(ZZJ) (0,¢), m,l € Z,1 > |m|, are the eigenfunctions of the elliptic operator
Plawy = =g — (aw)? cos® b,
If )\7(;:?) are the corresponding eigenvalues, then we define the following angular frequency

Ala) — )\gz‘;) + (aw)? > 0.

ml

If we also define u' é = /(r? 4+ a?) - Ry m(r) then by suppressing the indices, the
function u = u(r*) satlsﬁes the Carter’s equatlon

u” + (W = V(r))u =0,

where V is a potential function.
In view of Parseval’s identity we have

oo 2,2 oo (aw) 2
/_ /Sgw r d9s2dtN/_ Z‘uml (r)‘ dw
/ / Zw2|u )|? dw,

/IW\ / ZA““” (r = o) dw,

r

+o0
| @i~ [ > [

d 2

e u(r = c)

+ |u(r = c)|2] dw.
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Hence, in order to derive spacetime estimates, it suffices to construct microlocal currents

fo ) [u] such that for r4+ < 19 < Ry there exists a uniform in frequencies constant b
such that

Ro
b/ (1l + 2 4 [A + w?] uf2]dr* < Jlul(r = Ro) = T[u](r = 7o)
To

for all frequencies (w, A), where A is an angular frequency.

Major technical difficulty: This frequency decomposition of ¢ requires taking the
Fourier transform in time which in turn requires knowing some decay in time. Since
this is not known a priori when proving the openness part of the bootstrap, we need to
cut off in time as follows: Let & be a cut-off function such that & (7) = 0 for 7 < 0
and 7 > 7 and £ (7) = 1 for 1 < 7 < 7 — 1. Then the support of V&, is the region
Se={0<7<1}u{r-1<7< 7}

\OZ‘O

Let Y=< = &9 be the compactly supported in time function which arises from the
cut-off & multiplied to the solution 1 of the wave equation. This cut-off version of
then satisfies the following inhomogeneous wave equation

Dg¢3>< :F7

where

F = 2VHE. V) + (D) . (10.3)

It turns out that one can still frequency localize 1< and thus try to apply the above
framework. The only difference is that the cut-off creates error terms that need to be
estimated. For closeness, since we have established estimates from the openness part of
the proof, we can remove the future cut-off and thus try to prove quantitative estimates
with precise control on the constants C'(a). For details of the constructions see the work
of Dafermos and Rodnianski.
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