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Chapter 1

Preface

1.1 Various figures

The following figures are from Bicak gr-qc/0201010

There are some nice embedding figures in Ben-Dov gr-qc 0408066 on Penrose
inequality

There are some good Penrose diagrams for Schwarzschild in our encyclope-
dia paper with Beig, coming from Nicolas in Dissertationes [?] (in fact, they
are improved, as compared to the original ones).

1.2 Return to real stuff

This work is based on lectures given at the Levo¢a Summer School, August 2000,
and at the seminar “Géométrie de Lorentz et relativité générale: Examples”,
Avignon, March 2002, and at Tours University, March-June 2002, together
with the lectures given at the “Oberwolfach Seminar on Mathematical General
Relativity”, November 2002, and at the “Mini-course on Geometric Analysis
& Mathematical Aspects of General Relativity” at the National Center for
Theoretical Sciences, National Tsing-Hua University, Hsinchu, Taiwan, August
2004. It is intended as a textbook on selected topics in mathematical relativity,
designed for graduate students in mathematics which have some familiarity
with manifolds and Riemannian geometry. The book contains a fairly extensive
survey of several topics, and some of the results here might also be of interest
to mathematically minded researchers in general relativity.

Appendix A, the contents of which would usually be the topic of the first
lecture in a lecture course addressed to an audience of students of mathematics
at a graduate level, is included for the sake of those which are not used to
the index manipulations habits of general relativists. It might also be useful
to physics students which might be very familiar with index notations, but
are unfamiliar with the more abstract approach presented there. Chapter 2

Figure 1.1: The Penrose conformal diagram of an asymptotically flat spacetime.
The Cauchy hypersurface and the hyperboloidal hypersurface s are indicated.
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Figure 1.2: Two particles uniformly accelerated in opposite directions.

Figure 1.3: The Penrose compactified diagram of a boost-rotation symmetric
spacetime. Null infinity can admit smooth sections.

introduces the notion of a Lorentzian metric, establishes some elementary facts,
and summarizes the elementary differential geometric facts described in detail
in Appendix A. Chapter 3 has an illustrative character, aiming to give the
students an idea of a few important applications of general relativity. While it
may serve to make the material more attractive, it can be safely skipped when

o1.2.1; ptosthis lecturing to a mathematically minded audience. Chapter 4 is the core®!-21 of
descripti eeds . . . . . .
Capanding, and. the this book, in so far as it gives a new self-contained approach to the causality
ufglzmsﬁﬁid " theory. The expert will note that the definition of timelike and causal curves

given here is rather different from the usual ones from [16,58,89], and makes
the whole theory rather simpler.

It should be clear to the reader that most of the book is devoted to the
study of the Einstein equations. On the other hand, the title of the book does
not mention this. This is not an omission, as we believe that the main object
of studying Lorentzian geometry in the large is precisely the study of global

1.2.2: to be thought solutions of the Einstein equation. ®1-2-2
e Tours, spring semester 2002:

1. First lecture (2 h): Metrics, connections, curvature (Appendix)
2. Second lecture (1 h): Weak gravitational fields

3. Third lecture (1.75 h): Einstein equations, energy momentum tensors,
conservation law for dust and for null fluids, geodesic equations.

4. Fourth lecture (1.5 h): Newtonian equations of motion from Einstein
equations. Time orientability, normal coordinates.

5. Fifth lecture (1.5 h): construction and properties of normal coordinates,
definitions of futures and pasts, causality in Minkowski space-time.

6. Sixth lecture (1.75 h): local causality on general manifolds. End points
of causal curves.

7. Seventh lecture (1.5 h): accumulation curves, causality conditions with
examples up to, but not including, global hyperbolicity.

8. Eighth lecture (1.5 h): introduction to global hyperbolicity, closedness of
the causal futures.

9. Ninth lecture (2 h): domains of dependence, Cauchy surfaces, beginning
of Geroch’s theorem (I do not recommend proving in class that interiors
of domains of dependence are globally hyperbolic - very long)

10. 10th lecture (1h15): end of Geroch’s theorem (without all details), Ein-
stein equations in harmonic coordinates
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11. 11th lecture (1h45): Einstein equations in harmonic coordinates contin-
ued; geometry of spacelike hypersurfaces, Codazzi-Mainardi equations,
the scalar constraint

12. 12th lecture (1h): the vector constraint; the gauge character of the gj s,
K;; and time derivatives

13. 13th lecture (1h40): heuristics for a Riemannian definition of mass, cal-
culation of the divergence identity, mass for conformally flat metrics, in
particular for Schwarzschild in isotropic coordinates

14. 14th lecture (1h45): ADM mass for conformally symmetric metrics, for
spherically symmetric metrics, thus for Schwarzschild, most of the proof
of coordinate-independence

15. 15th lecture (1h30): end of the proof of coordinate independence, intro-
duction to moving frames

16. 16th lecture (1h30): end of moving frames, spherically symmetric positive
energy theorem, introduction to spinors

Throughout this work we use indented text, typeset in smaller font, for material
which plays secondary — informative or auxiliary — role, and may be skipped
without affecting the understanding of the main line of development of the subject.

ACKNOWLEDGEMENTS I am very grateful to the following persons for their
comments concerning mistakes in previous versions of these notes, or for dis-
cussions that helped me to better understand the material covered: A. Cabet,
E. Dumas, Leipzig student. Of course I am taking full responsibility for the
mistakes that remain.



10

CHAPTER 1. PREFACE

Mathematical Relativity, Oberwolfach

lectures by Robert A. Bartnik and Piotr T. Chrusciel

November 10-16, 2002
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Monday 9.00-10.30 | RAB: Formal aspects of the Initial Value
Problem (IVP)
10.50-12.20 | PTC: The conformal method for solving
the constraint equations I
14.00-16.30 | Study sessions (with a break of 30 minutes)
Tuesday 9.00-10.30 | RAB: Wave equations
10.50-12.20 | PTC: The conformal method for solving
the constraint equations II
14.00-16.30 | Study sessions (with a break of 30 minutes)
Wednesday | 9.00-10.30 | RAB: Local existence for the IVP
10.50-12.20 | PTC: The definition of mass
afternoon: | hike to Sankt Roman
Thursday 9.00-10.30 | RAB: Introduction to spinors and to the
Dirac equation
10.50-12.20 | PTC: Introduction to causality theory I
14.00-16.30 | Study sessions (with a break of 30 minutes)
Friday 9.00-10.30 | RAB: Witten’s proof of the positive mass theorem
10.50-12.20 | PTC: Introduction to causality theory II
14.00-15.30 | PTC: Introduction to causality theory III
16.00-16.20 | T. Jurke (AEI Golm): On future asymptotics of
polarised Gowdy space-times
16.20-16.40 | E. Czuchry (Warsaw): Constraint equations for
null matter
16.40-17.00 | S. Calogero (AEI Golm): A stellar dynamics
model in scalar gravity
17.00-17.20 | K. Schoebel (Iena): Highly accurate calculations
of rotating neutron stars
17.20-17.40 | K. Roszkowski (Cracow): Some aspects of wave

propagation on Schwarzschild space-time
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Tsin-Hua Lectures, August 2004, 1.5 h lectures

1. The definition of mass, the Witten-Bartnik positive energy theorem

2. Introduction to Lorentzian geometry, up to definition of futures and pasts

3. Futures and past, accumulation curves, causality conditions up to the
definition of global hyperbolicity

4. Global hyperbolicity, Lorentz distance function, Splitting theorems, Poor
man’s positive energy theorem (the timelike version)



Chapter 2

Basic notions

2.1 Conventions

All manifolds are Hausdorff and paracompact. The letter n usually denotes the
space dimension of the manifold under consideration; thus, to emphasize the
distinct character of the space and time variables, space-times will always have
dimension n+ 1. Greek indices «, 3, etc., correspond to space-time coordinates
% and take values 0,1,...,n, while latin indices ¢, j, etc., take values 1,...,n
and correspond to space-coordinates z¢. We shall use the summation convention
throughout, which means that every pair of indices with one index up and one
index down have to be summed over, e.g.

A6 X Yo = Y A5 X Yo, AXT=D AX'
~,8=0 i=1

If f is a function, then we will freely switch between the following notations to
denote its derivatives:

0
T;:auf:f,u:f;u:vuf:vauf'

2.2 Lorentzian manifolds

A couple (A, g) will be called a Lorentzian manifold if .Z is an n 4+ 1 dimen-
sional, differentiable, paracompact, Hausdorff, connected manifold, and ¢ is a
non-degenerate symmetric twice covariant continuous tensor field on .# of sig-
nature (—++...+). By an abuse of terminology g is often called a metric. We
will only consider differentiable manifolds with continuous metrics. By a theo-
rem of Whitney®22! there is no loss of generality to assume that the manifoldez.z.s: rese
is smooth, however such a restriction turns out to be inconvenient for many
purposes. For example, we will see below in Chapter 77 that the initial value
problem for general relativity leads naturally to manifolds with a Sobolev-type
differentiable structure!. Unless explicitly indicated otherwise we assume that

!Such structures are discussed in detail in [?].

13
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the metric is smooth; however, we will often indicate weaker differentiability
conditions which are sufficient for the specific problems at hand.

A vector X € T,.# is said to be timelike if g(X,X) < 0; null or lightlike
if g(X,X) =0 and X # 0; causal if g(X,X) < 0 and X # 0; spacelike if
g9(X,X) > 0. Given any basis of T, M with the first vector timelike, we can use
the standard Gram-Schmidt procedure to construct an ON-basis of T,,.# , that
is, vectors e, € Tp,.# such that

g(easep) = Nap

where 1, stands for the Minkowski metric diag(—1,+1,...,+1); indices a,b
run from 0 to n. If X = X%,, Y = Y%, (we use the summation convention,
i.e., repeated indices in different positions have to be summed over), then

g X,Y) = XY+ x'v 4. XY, (2.2.1)
g(X,X) = (X7 + (X2 +.. 4+ (X2, (2.2.2)

It follows that X is lightlike if and only if
X0 =4 [> (X2,

X0 > [ (X2

%

and timelike if and only if

(Throughout lower Latin indices i, j, etc. run from 1 to n.) Thus, in every
tangent space the sets of timelike, lightlike, etc., vectors are linearly isomorphic
to those of Minkowski space-time. In particular the set of timelike vectors is
the union of two disjoint open convex cones, the closures of which meet at the
origin.

We will say that a causal vector X is future pointing if X° > 0 (compare
Section 4.1 below).

We will often use the following elementary facts:

PROPOSITION 2.2.1 Let X be timelike future pointing, then
9(X,Y) <0

for all future pointing causal Y ’s.

PRrROOF: Choose an ON frame with

eo=X/vV-9(X,X) = X =X%,

the result is then obvious from (2.2.1). O

The scalar product of causal vectors satisfies the inverse Cauchy-Schwarz inequal-
ity
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PROPOSITION 2.2.2 Let X,Y be two causal vectors, then

9(X,Y)| 2 V—g(X, X)V—g(Y.Y) (2.2.3)

with equality holding if and only if X is proportional to 'Y .

PrOOF: For null X’s Equation (2.2.3) is trivial, assume thus that X is timelike. By
performing a Gram-Schmidt orthonormalisation we can construct an ON basis in

which €’ = X/\/—g¢(X, X), hence X = \/—g(X, X)e’. Since Y is causal we have
Y| > /SV)?, hence
(X, V) = [-XY

= V)
ZVwMJVWW—ZWW

= V-9(X, X)\/—g(Y,Y),

with equality holding if and only if >_,(Y%)? = 0, hence Y proportional to X. If Y is
null, and equality holds in (2.2.3), then g(X,Y) = 0. In this case a Gram-Schmidt
orthonormalisation starting from any timelike vector e as a first vector, and X as
a second vector, leads to a basis in which X = X%(eg + e1), so that

0=g(X,Y)=-X°Y°-Y").
Since X is non-zero we conclude that Y° = Y'!. Causality of Y gives

Yo=Y (V) =Y =Yer+e)~X.

As an immediate Corollary of Proposition 2.2.1 we obtain:
COROLLARY 2.2.3 Let X,Y be two null vectors satisfying
g(X,Y)=0.

Then X is proportional to Y .

2.3 The Levi-Civita connection, curvature

In this section we give a short overview of the properties of the Levi-Civita
connection for Lorentzian manifolds, and its curvature. The main point here
is to codify our notations and conventions for those readers who are already
familiar with those notions. Newcomers will find a complete exposition of the
results presented here in Appendix A.

Consider a Lorentzian manifold (.#,g); in a way completely analogous to
the Riemannian case, to any Lorentzian metric one can associate a connection
V which is uniquely defined by the requirements that a) V is g compatible,
that is, for all differentiable vector fields X,Y, Z on .# we have

X(9(YV,2) =9(VxY,Z)+g(Y,VxZ) ,



16 CHAPTER 2. BASIC NOTIONS

and b) V is torsion free:
VxY - VyX = [X,Y].

V is called the Levi-Civita connection associated with the metric g. Given any
connection V, its Riemann tensor is defined as follows:

R(X,Y)Z :=VxVyZ ~VyVxZ —VixyZ . (2.3.1)

Let 0o = 0/0x“ be a basis of T.# associated with a coordinate system =, and
let dz be the associated dual basis:

(dz®, D) = 65 , (2.3.2)

where (-,-) is the duality pairing ({¢, X) := ¢(X)) and 45 is the Kronecker
delta, equal to 1 when o = (3, and zero otherwise. One defines

9aB = 9(0a,03) = g = gopdz® ® da® ,
R%g.s5 == (dz®, R(0y, 05)03) - (2.3.3)

It would be logical to use the symbol R for the Riemann tensor, however, that
symbol is often used to denote the Ricci scalar defined in (2.3.12) below. For
this reason we will write “Riem” instead for the Riemann tensor, so that (2.3.3)
can be rewritten as

Riem = R%3,50, ® dz” @ dz" ® dz° . (2.3.4)

There are actually two ways of understanding objects with indices, such as
R, or gg, etc. The first refers to a given coordinate system {z*}, and then
(2.3.3) gives a definition of the collection of numbers { R*g+s}, associated with
the tensor Riem. This provides one practical way of computing things, and then
(2.3.4) tells us how to recover Riem out of the { R*3,5}’s. The second way, used
throughout this work, is to understand the indices in R, or in gg as markers
which indicate the tensor type, independently of any coordinate system. Those
markers are very useful when operations on tensors are performed, such as
taking contractions (e.g., B®5 — B%,) or traces (e.g., A% — A%, := A% g,3),
and is known as Penrose’s abstract index notation [90]. To summarise, the
notation such as W37, when referring to a tensor field W, provides a short-
hand for saying that W is a section of the bundle TM @ T*M @ TM (we will
write W e N(TM @ T*M @ TM), or W € T (TM @ T*M @ TM) to indicate
the CF differentiability class, etc.). This short-hand is consistent with the local
equations

W3 = W(dz®, d5,dz") = W =W%d,2d’20,,

when a local coordinate system {z*} has been given, but the reader should not
assume that some coordinate system has been singled out.

Returning to the Riemann tensor, it follows from (2.3.1) that R%g,s is an-
tisymmetric in its last two indices,

By = —R%psy -
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As in the Riemannian case we have

Raﬂyé = Rvﬁa,@ )

here and throughout we use the metric to raise and lower the indices,

Ropys = gar R ays -

This, and some other identities, are proved in Appendix A. Unless explicitly
indicated otherwise, we use the Einstein summation convention which requires
summing over all matching pairs of sub- and superscripts. We further have the
first Bianchi identity,

R%gys + R%53 + R%p,y = 0. (2.3.5)

We use the convention that adding a subscript “,” to a tensor field denotes
covariant differentiation in the direction 0,, e.g.

Raﬁ'y(s;cr = <dxa7 (VUR)(87’85)8,3> ’
where
Ve =V, .

In this notation the second Bianchi identity reads
R%gs5:0 + R 8501y + R%Boryis = 0 . (2.3.6)

A metric — whether Lorentzian or Riemannian — defines an isomorphism j, :

T# — T* 4 by the formula
X, (V) =9(X,Y).

If we write X in the coordinate basis d, as X“0, (hence X = (dz®, X)), we
then have
X, = gapXda’ =: Xgda® .

The operation which takes X to X, is sometimes called “the lowering of in-
dices” in the physics literature, while its inverse is called ”the raising of indices”.

We can use the map , and its inverse ! to define a metric ¢ on T*.#, by
transporting the metric ¢ from T.# to T*.#. If we let ¢®® denote the matrix
inverse to g.g, one easily finds

g (dx®, dzP) = g*P . (2.3.7)

In the physics literature it is customary to use the same symbol g both for g,
and g%, as well as for extensions of ¢ to tensor fields of any order, and we shall
sometimes do this.

The Christoffel symbols '3, are defined as

I3, = (dz®,Vg,0,) . (2.3.8)
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It follows that
VaX = (0, X° + T8 X)05 .

We have the classical formulae®?-3-1 02.3.1: pteirefer to
where it is worked out
in more detail

Fg»y = %gaa(aﬁga'y + a’ygg,@ - aagﬁ'y) > (2'3'9)
R%gys = 0,15 — 51, + T2, 19 — T4T5. . (2.3.10)

The Ricci tensor Ric = Rogdx® ® dz? is defined as
Ros =R o5 - (2.3.11)
The scalar curvature R defined as
R=g"R.s (2.3.12)

is also called the Ricci scalar in the physics literature. The FEinstein tensor
G = Gupdz® ® dz” is defined as

1
Gaop = Rop — §Rg“5 . (2.3.13)
The interest of this object stems from the divergence identity,
G’ 5=0, (2.3.14)

which is obtained as follows: contracting the second Bianchi identity (3.3.3)
over o and o gives
R%gy5.0. — Rgs:y + Ry =0 . (2.3.15)

Contracting this equation with ¢%7 yields
—R%.a—R'sy+Rs=0. (2.3.16)

which is, up to some renaming of indices, Equation (2.3.14).



Chapter 3

An introduction to the physics
of the Einstein equations

This chapter constitutes a short introduction to the physical aspects of the Ein-
stein equations. It is self-contained, and no material from here is needed in the
remaining parts of this work. It can be safely skipped by the mathematically-
minded reader.

3.1 Einstein equations

In 1915 Einstein proposed to describe the gravitational field using a Lorentzian
metric tensor g. He postulated the following set of equations:

1 G
Ry = 5 Ry + Mgy = 87T | (3.1.1)

Here R, is the Ricci tensor of the metric g, R is its trace, G is Newton’s
gravitational constant, A is a constant called the cosmological constant, T, is
the energy-momentum tensor of matter fields, and c¢ is the speed of light. From
now on we shall assume that a system of units has been chosen so that

c=1.

We will give examples of energy-momentum tensors in Section 3.2 below. The
simplest case is the vacuum one, where T}, vanishes identically. If one further
assumes that A vanishes as well, then (3.1.1) reads

1
Ry — 5 Ry = 0. (3.1.2)

Multiplying by g*” and summing over u and v one has, in space-time dimension
n+1,

n—1
2

1 1
0= g“y <Rul/ - §Rgp,z/) = g'uyR'u,z/ *iR g,LLl/ng/ = — R.

=R =0, =n+1

19
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This leads us to the more usual form of the vacuum Einstein equations:
R, =0. (3.1.3)

Here and throughout we assume that the space-dimension n is strictly larger
than one: this assumption is motivated by the fact that if n = 0 or 1, then
(3.1.2) is identically fulfilled for any metric.

One might try to justify the idea that the gravitational field should be described
by a metric tensor. The argument that is usually put forward in this context goes
as follows: Recall that in Newton’s theory of gravitation the key object is a function
¢ satisfying the Laplace equation in a flat space R3,

A¢p = —4nGu , (3.1.4)

where p is the density of mass of the matter fields. Equation (3.1.4) does not
seem to be compatible with special relativity in any simple way. Further, the naive
generalization, where A is replaced by the wave operator

0,6 = " 8,0,¢ = —4nGy1 | (3.1.5)

does not work: By Einstein’s famous formula E = mc?, the mass density can be
identified with the energy density carried by the fields:

p = puc? . (3.1.6)

The simplest description of energy density p in special relativity is using vector
fields: in this approach p is not a scalar, but the time-component of the momen-
tum four-vector field p#. But then Equations (3.1.5)-(3.1.6) do not have the right
covariance under Lorentz-transformations. Now, a correct behaviour could be re-
stored if gravitation were described by a vector field. Einstein tried to do that, and
convinced himself that such a theory would not be compatible with experiment.
The next simplest possibility is to consider a theory based on a tensor field, call it
guv- Since the Minkowski metric 7, is a tensor field playing a key role in special
relativity, it does not seem absurd to suppose that g,, could be a generalization of
the Minkowski metric. In particular it should be non-degenerate, with Lorentzian
signature.

Having decided that a description of gravity using a tensor field g,,,, could make
sense, one needs a field equation. Einstein’s idea that matter curves space leads
one to look for equations on the Riemann curvature tensor, or its contractions.
The fact that (3.1.1) is the right combination can be justified a posteriori in many
ways. Probably the simplest justification is the variational character of the operator
appearing there, see Section 77 for details. Another one is the divergence identity,
which we are about to derive. (However, we prefer to think of the divergence
identity (3.3.2) and its consequences as a consequence of Einstein equations, rather
than a justification for those.) Finally, one can adopt the following point of view:
we have the elegant geometric equation (3.1.1), let us study the properties of its
solutions. This leads to many difficult and fascinating mathematical problems,
which provide a sufficient reason to study this equation. As a bonus one obtains
various predictions, which have all turned out to be compatible with experiments
so far.
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3.2 Energy-momentum tensors

3.2.1 Dust, null fluids

The simplest possible energy-momentum tensor is that describing dust: one
considers a swarm of particles moving along a family of curves z(s), with tangent

vector field
B dz*

ds
One assumes that the particles fill a region of space-time, and that their space-
time trajectories do not cross each-other, so that (3.2.1) defines a vector field
u” on that region. One of the postulates of Einstein’s theory of gravity is
that physical bodies do not move faster than the speed of light. (This is a
requirement independent of the Einstein equations themselves, and one can in
principle consider those equations without imposing this restriction.) From a
purely mathematical point of view, the speed-of-light limit is encoded in the
equation

ut (3.2.1)

g(u,u) <0. (3.2.2)

The limiting case of equality is only allowed for objects which have zero rest
mass, such as photons. Thus, when modelling a star, or a galaxy, one assumes
that

g(u,u) <0. (3.2.3)

If we change the parameterization of the curve z(s) to xz(s(7)) we will obtain

dv _dsdz _ dv dv)  (ds Q(da: dx
dr ~ drds - g

Q(Ea ar i ds’ %) :
It is very convenient to choose the new parameterization 7 to be a solution of
the equation

dr dx dx
-5 = 9(77 7)
ds ds’ ds

Redefining u as dz/dr we will obtain

g(u,u) =—1. (3.2.4)
(In the case of a swarm of photons, which have the property that

g(u,u) =0, (3.2.5)

the freedom of changing the parameterization is not taken care of by the above,
and there is no canonical way of choosing that normalisation at this stage.) The
energy-momentum tensor for such a physical system is postulated to take the
form

Ty = puytly . (3.2.6)

We will talk about dust when (3.2.4) holds, and of null fluid when (3.2.5) holds.
In the case of dust the function p is called the energy density of the particles
in their rest frame. In the null fluid case the interpretation of p as an energy
density requires some care, because of the freedom left in rescaling u, but we
ignore this for the moment.



22CHAPTER 3. ANINTRODUCTION TO THE PHYSICS OF THE EINSTEIN EQUATIONS

3.2.2 Perfect fluids

The perfect fluid is the next simplest physical system. The situation is similar
to that of the previous section: one considers a swarm of particles moving along
space-time trajectories, with a field of tangents u normalized as in (3.2.4). The
fluid description requires the addition of a field p which describes the pressure

3.2.1: pteimake a within the fluid. The corresponding energy-momentum tensor is®3-2-1
comment about
en‘t‘halpyj refer to
Kijowski T,LLI/ = (p +p)u,uul/ —|—ng1/ s (327)

The simple form (3.2.7) is related to the fact that in a fluid the pressures are
the same in all space-directions. Clearly (3.2.6) is a special case of (3.2.7) with
p = 0. To complete the description one needs to add an equation of state,
typically this is done by prescribing p as a function of p:

p=p(p) .

3.2.3 Field theoretical models

Suppose that we want to describe a theory of matter fields, say ¢, interacting
with the gravitational field. The fields p* will of course satisfy their own set
of equations. In theoretical physics it is usual to consider equations which are
derived from a variational principle, with Lagrangean .#. In several cases of
interest the Lagrangean takes the simple form

L =2, 001 9) .

In such situations one defines the energy-momentum tensor of the fields ¢ as

Ty = ——2 921 (3.2.8)

_\/]detglag‘“'

This definition is related to the existence of a joint variational principle for the
gravitational field and the ¢?’s, see Section ??. As a simple example, consider
a theory of a scalar field ¢ with Lagrangean

/Tdet
& = —‘1;9’(9""3%@%@—‘/(%))

/| det
= VI (00050 - V() (3.2.9)

where V is a given function, called the potential function. Omne talks about
a massless scalar field when V' = 0 and about a a massive scalar field when
V = —m?. Here m is a constant, which is called the rest mass, or the bare rest
mass of the field. Other potentials are often considered, e.g. in the so-called
inflationary cosmological models.

To calculate the corresponding energy-momentum tensor we need to work

out
04/ | det g|

oghv 7
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this proceeds as follows: Fix an index pu, then the determinant of the matrix
Jap can be calculated by expanding in the p’th column:

det gop = Z G AP
14

(no summation over u), where A*” is the matrix of co-factors. Since A*” does
not involve the g,, entry of the matrix g, we have

0(det gop)

=AM,
09

Now, the matrix of co-factors is related to the matrix gt¥, inverse to g,., by
the formula:
AP = (det gag)g"" ,

so that
0(det gap)

= (det gng)g""” . 3.2.10
) = (det ) (3:2.10)

It then follows that

0+/|det gop| 1 "
—_— = 5\/|detga5|g . (3.2.11)

o
The identity
gaﬂgﬁv = 53
leads to the equation
0 0
Ggi — e g (3.2.12)

From (3.2.11) and (3.2.12) we finally obtain
8\/% 1
“agw o VIdetgaslgu (3.2.13)

(The above argument can be somewhat simplified if one considers det g"” to
begin with; we have organized the calculations as above because we will need
(3.2.11) later on.)

Returning to the calculation of T}, it immediately follows from Equa-
tions (3.2.8), (3.2.9) and (3.2.11) that the energy-momentum tensor for a scalar
field takes the form

1 1
Tow = 3 {Vusavycp - 5(9”5Va<pvﬁso - V(w))guu} :

3.3 The divergence identity, equations of motion

One of the objects appearing in (3.1.1) is the Einstein tensor G, defined as

1
Gy = R = 3Rgu - (3.3.1)
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This tensor satisfies an important identity, sometimes called the divergence

identity, which reads
\Zaen| 552

In order to establish this, recall the second Bianchi identity®3-3-1 3.3.1: ptesulat abou
R%gy5:0 + R 850y + R oryis = 0 . (3.3.3)
Contracting (3.3.3) over o and o gives
R%gys:0 — Rpsiy + Rpys =0 (3.3.4)
Contracting this equation with ¢%7 yields
—R%.o—R'sy+Rs5=0. (3.3.5)

This is, up to some renaming and raising of indices, identical with Equa-
tion (2.3.14).
Using the Einstein tensor we can rewrite the Einstein equation (3.1.1) as

G
G + Mg = Sm T (3.3.6)

(here, as everywhere else unless explicitly specified otherwise, the indices have
been raised using the inverse metric tensor g"”). Taking the divergence of both
sides we are led to the identity

VT =0. (3.3.7)

This equation necessarily holds for all solutions of (3.3.6).

While (3.3.7) appears as a trivial identity at first sight, it turns out to
contain useful information. We shall illustrate this in the case of the energy-
momentum tensor (3.2.6),

™ = put'u” | (3.3.8)
with
utu,, = const . (3.3.9)
Indeed, we calculate
0=V, T" =V, ,(pu")u” + pu"V ,u” . (3.3.10)

Let v#(s) be the flow lines of u*,

d~y*
o a2
Y i ds

In regions where p = 0 the equation (3.3.10) is not interesting, as no matter is
present there. However, at points at which p does not vanish (3.3.10) says that

. (3.3.11)
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This means, by definition, that v is a geodesic of the metric g. We have thus
obtained the conclusion that the flow lines of u* are geodesics in space-time.
Equivalently, dust particles move on timelike geodesics in space-time; null flu-
ids move on null geodesics in space-time. This is the precise meaning of the
statement that Finstein equations determine the motion of bodies in general
relativity .

When u,u* = —1, as considered in (3.2.4), we can actually obtain a stronger
conclusion from (3.3.10): first, we note that the normalization condition (3.3.9)
implies

0=V, (uu,) = V. (9*Puqug) = ¢°°(V yua)ug + ¢*Pua(Vug) = 20"V 4u, .
(3.3.12)
Multiplying (3.3.10) by u”, the second term there vanishes by (3.3.12) leading
to
Vu(put) . (3.3.13)

This equation is often called the continuity equation, and expresses the conser-
vation of the total energy contained in volumes which are comoving with the
fluid.

Inserting (3.3.13) into (3.3.10) we are finally led to

Vau =0, (3.3.14)

which shows that the integral curves of u are affinely parameterized geodesics.

3.3.1 Geometric optics in the Schwarzschild metric

In the case of a null fluid the argument leading to (3.3.14) breaks down because
u’u, = 0, and the multiplication of (3.3.10) by u* does not lead to any new in-
formation. This does, however, not affect the conclusion that a null fluid moves
along null geodesics, because the vanishing of utu, does not affect the deriva-
tion of (3.3.11). Now, the interest of null fluids arises from the fact that null
fluid energy-momentum tensors occur in the geometric optics limit of the Einstein-
Maxwell equations.! Thus Equation (3.3.11) shows that, in the geometric optics
limit, light propagates on null geodesics. This leads to various spectacular effects
which can be already seen in spherical symmetry. Recall that one of the simplest
non-trivial solutions of the vacuum Einstein equations is the Schwarzschild metric,
defined on {(t,7,6,¢) € R x (2m,c0) x S2} by the formula®3-3-2 3.3.2; ptesrefer to

where it is derived

Ydt* + dr?® + r2(d6? + sin? 0dp?) . (3.3.15)

2m
g=-(-"
r

1— 2m

I

This metric models the external gravitational field of a spherically symmetric body.
The parameter m is a constant which has the interpretation of the active gravita-
tional mass of the body (compare Section 7.1). In Figure 3.1 one can see how the
curvature of space-time affects the image of a picture of Einstein which has been
placed behind, and slightly sideways, of a spherically symmetric star. The curving
of geodesics by the geometry results in the existence of multiple images of a single
object under certain circumstances. Because of the characteristic arc-shaped form,
the resulting images are often called Einstein arcs. In Figure 3.2 one observes that

! An exact mathematical treatment of some of the issues arising here can be found in the
PhD Thesis of Jeanne [?].
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Figure 3.1: Gravitational lensing by a spherically symmetric star: Einstein arcs. The
mass parameter of the metric is M = 1.5 in geometrical units G = ¢ = 1. The
distance of Einstein to the gravitational lens is approximately equal to 25M; that of
the observer is approximately 70M. The dimensions of the picture are 8M x 12M.
Figures 3.1 and 3.2 have been obtained by Daniel Weisskopf and Hans Ruder at the
University of Tuebingen. The calculation consists of numerically tracing rays along
null geodesics in the Schwarzschild geometry.

Figure 3.2: Gravitational lensing by a spherically symmetric star: an Einstein ring.
The parameters are the same as in Figure 3.1, except that now the picture of Einstein
is directly behing the star.

same image, when placed directly behind the star. If space-time were flat, we would
not see an image at all, because the light rays would propagate along straight lines,
and the image would have been hidden by the star. In curved space-time we can
actually see what happens in a certain region directly behind the star, this results
in the formation of Einstein rings. Spectacular visualizations of how the image is
deformed when the picture is moved from right to left behind the star can be found
on http://www.tat.physik.uni-tuebingen.de/~tmueller.

The effects observed in Figures 3.1 and 3.2 are an example of a general phe-
nomenon referred to as gravitational lensing, an extensive treatment of the subject
can be found in [?,92,?]. One of the important effects that arise here is a magni-
fication of the image, allowing one to see objects which otherwise would have been
much too faint for observations. By now several Einstein arcs have been seen by

3.3.8: ptc: The Hubble astrophysicists, Figure 3.303-3.3 provide examples of two such observations made
image needs by the Hubble space telescope.

improvement

3.4 Weak gravitational fields

3.4.1 Small perturbations of Minkowski space-time

Consider R™t! with a metric which in the natural coordinates on R™t! takes
the form

Juv = Nuv + h’/U/ 5 (3'4'1)

and suppose that there exists a small constant € such that we have
|Pv| s 10chy s 1050phyuw| < €. (3.4.2)
It is then easy to check that
g = — b + O(€?) . (3.4.3)
Throughout this section we use the metric 1 to raise and lower indices, e.g.,

W = nhyg B = by = 0%
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Figure 3.3: Einstein arcs in the Galaxy Cluster Abbel 2218 (from the STScl
Public Archive [?]).

Further,
%, = %g“{aﬂgm + 0908 — o9y}
= %gw{aﬁhw + Oyhop — Oshpy}
_ %nw{aghm + 0yhop — Dshgy}t + O(2)
_ %{aﬁmW F O — 0%y} +O(2) = Oe) . (3.4.4)

The Ricci tensor is easily found from (A.5.3)
Rﬁg = 8(11“‘155 - &;Faga + O(€2>
1
= B [8a{agha5 + aghaﬁ — 0%hgs} — 85{85haa + 8ahaﬁ — 0%hga}] + 0(62)

1
= 3 10a{051% + 05h° 5 — O hss} — 505h"a] + O(e) (3.4.5)

3.4.2 Coordinate conditions, wave coordinates

The expression (3.4.5) for the Ricci tensor is still more complicated than desired:
we will be interested in solving, e.g., the vacuum equation R,, = 0, and it is
far from clear how that can be done using (3.4.5). It turns out that one can
obtain considerable simplifications if one imposes a set of coordinate conditions.
Recall that a tensor field g is represented by matrices g,,, in many different ways,
depending upon the coordinate system chosen: if a point p has coordinates y*
in a coordinate system {y*}, and coordinates £ in a second coordinate system
{z*}, then we have

oyt oYY
0o = G (V) gy’ = Gy () (;iﬁdxﬁ) <ydaﬂ)

oxY
o/ ayy OY" Oy¥
= gu(y’(z ))@%dfﬂﬂdﬁ,

= g (2%)da’da”

so that

o o/ ay OY" 0y”
gﬂv(l‘ ):g,uzz(y (w ))wax,y . (3.4.6)

One can make use of this transformation law to obtain a form of the matrix
guv which is convenient for the problem at hand. (This property is referred to
as “gauge freedom” in the physics literature.) For example, to show that the
Riemann tensor of the Minkowski metric vanishes it is best to use a coordinate
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system in which all the g,,’s are constants, hence the I'“g,’s vanish, which
obviously implies the result. On the other hand, the same result in spherical
coordinates requires a lengthy calculation.

A choice of coordinate system, which is useful for many purposes, is that
of wave coordinates, sometimes also referred to as harmonic coordinates; physi-
cists also talk of the de Donder gauge in this context: One requires that the
coordinate functions be solutions of the wave equation:

O,2% =0, (3.4.7)

where O, is the wave operator associated with the metric g; in (any) local
coordinates:
Ogf :=g""V,V.,f. (3.4.8)

For further purposes it is convenient to rewrite (3.4.8) as

1
O,f = Wap <\/|det gu,,|gp"80f) . (3.4.9)
v

In order to show that this formula is indeed correct, we calculate
\:\gf = g“y (8M8yf - F’Ylwavf>
1
= 9" (0u0uf = 597 Ouow + Do — o9y f )
1
= 9" (0u0uF = 3977 2090 = 059,0)0- f )

1
= go’yao_awf - (g;wg'yoaugay_ig'yo guuaagm/)a'yf' (3410)
—_——— ———
a b

Differentiating the identity
9" 9or =6,

we obtain
g’yaaug(n/ = _gouaug’yo . (3.4.11)

It follows that the function a of (3.4.10) equals
a=-9"95,0,9"" = =097 . (3.4.12)

Further, (3.2.11) gives

2
b=g""0r94 = ——=0, det gagl ) - 3.4.13
9" Onr = e /| det gos) (3.4.13)

Inserting all this into (3.4.10) we obtain
1
Dgf — 9073aavf + (809"/0 + g’wmag (q / | det ga,@‘)>ayf
@
1 /
= W@) ( | det gm,|gpaaaf> 5 (3414)
nv

as claimed.
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(Local) solutions of (3.4.8) are easily constructed as follows: one chooses any
spacelike hypersurface . C .# — by definition, this means that the metric v
induced on . from g is Riemannian; the explicit formula for v reads

VX, YET.Y ~(X,Y):=g(X,Y).

As g is Lorentzian, equation (3.4.8) is a second order hyperbolic equation.
The standard theory of hyperbolic PDE’s (cf., e.g. [103]) asserts that for any
functions k, h : ¥ — R and any vector field X defined along . and transverse
to . there exists a neighborhood of . and a unique solution of the wave
equation O, f = 0 satisfying

So, in order to construct wave coordinates around a point p one chooses any
spacelike . passing through p, together with a coordinate patch % on . with
coordinates {y'}. Replacing .# by % one can without loss of generality assume
that . = 2. Then one solves the Cauchy problem

0y =0, n@))s=1, (3.4.15)
=y,  n@))s=0 (3.4.15b)

where n is the field of unit-normals to .. Let & C .# denote the neigbhour-
hood of . on which the solution exists: (3.4.15) shows that for any coordinate
system y® around p the matrix dxz*/0y“ will be non-degenerate on .. It fol-
lows that, passing to a subset of & if necessary, the x*’s will form a coordinate
system on 0.

3.4.3 Linearized Einstein equations in wave coordinates

Let us return to metrics of the form (3.4.1) satisfying (3.4.2). As explained
in the previous section we can choose a coordinate system in which the coor-
dinate functions will satisfy the wave equation (3.4.7). We wish to show that
the expression (3.4.5) for the Ricci tensor simplifies considerably when wave
coordinates are chosen. Indeed, it then follows from (3.4.9) that we have

0 = Ogz°
1
= ———=0,( /| det gulg” 9" )
\deth| 14 | 9u |9

do

o

_ \/‘d;ma,, (mgm) . (3.4.16)

We need to calculate this expression up terms of order €2. In order to do this,
we first use (3.2.11) to obtain

\/|detg,“,| = \/|det9;w|

1
= 1+ 5n"‘ﬁhag + 0(€?)

N 0+/| det g |

hag + O(€
g=n 89045 g ( )

g=n

1
= 1+ 5h%+ O(é%) .
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This, together with (3.4.3) allows us to write
0 = 9(y/|detgunlo™)
= op((1+ 5P = 1)) + 0@
= %8%% — 9,k + O(é?) . (3.4.17)

Equivalently,
1
OphPy = 5(9&}1% +O(e?) . (3.4.18)

This allows us to rewrite (3.4.5) as

1
Rgg = B [8a{85h°‘5 + 85ha5 — 8ah55} - 8585/1%] + 0(62)
_ 1 a a _ feY _ a 2
= 3 ag Oah%s +05 Ouh 8 00 hﬁg 856gh a +O(€)
=—05h%a /2 :—aghﬁ‘a/Q
1
= —50a0%hgs + O()
= —%Dnhg(g—l—O(eQ). (3.4.19)

It follows that — up to higher order terms and a constant multiplicative factor
— the Ricci tensor is the Minkowski wave operator acting on h:

Rog = —30mhag |+ O(e?) . (3.4.20)

3.4.4 Gravitational radiation?
e3.4.1

03.4.1: ptciinclude some
photographs of
detectors It is well know that solutions of the scalar wave equation on Minkowski space-time
carry away energy. For instance, one can show [?,105] (see also Section ?77?) that a
solution ¢ of the wave equation on Minkowski space-time with smooth initial data

which are compactly supported at t = 0 will behave as, for r > 1, ¢t > 0,

C(t -7, 07 @)
T

¢= +0(r?), (3.4.21)

with O(r=2) here being understood as follows:

ft,r0,0) = O(T_Q) — sup (1 + r)2|f(t +r,r0,0) <oo. (3.4.22)
r,0,p

The behaviour (3.4.22) is further preserved under differentiation in the obvious
way. We emphasize that the time variable ¢ is shifted by r when increasing r in the
right-hand-side of (3.4.22) — this corresponds to moving along outgoing light cones
{t = w4+ r,r > 0} in Minkowski space-time with u fixed. Standard field-theoretic
considerations (cf., e.g. [34]) show then that the system radiates away energy along
those cones at a rate

dE 1 de ?
E(u) = 877r/52 (C,m(u,e,@)) sin 6dfdyp .
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Basing on this behaviour, one expects that there should exist a large class of solu-
tions of the vacuum Einstein equation which will be going to zero at large distances
as 1/r when tending with 7 to infinity along light cones. Then the small parameter
€ in (3.4.1) can be thought of as 1/r, and the terms O(e?) in (3.4.19) being thus
O(r=?). This suggests that the approximation done by neglecting the nonlinear
terms in (3.4.22) should be better and better when one moves away from the gravi-
tating system along light cones, so that the approximation of the gravitational field
as simply solving

Oyphay =0

should be a very good one at large distances. One then expects that isolated systems
radiate energy in the form of gravitational waves in a way roughly analogous to that
for scalar fields, or to Maxwell fields.

*342 Ope can develop approximation schemes which take into account thees.s.z: pte:side material
quadratic and higher terms in h, obtaining approximate solutions of the Einstein
equations describing, e.g., a system of two stars orbiting each other. Such a program
has been already undertaken by Einstein, and is still being pursued by several
researchers [?,?]. The mathematical status of the calculations which are done in
this context is far from satisfactory. Nevertheless the calculations along those lines
of Damour [?] have found a beautiful experimental confirmation in the observations
by Taylor and Hulse of the millisecond pulsar PSR 1913416, rewarded by a Nobel
price in 1993.2

The above heuristic discussion has a lot of ifs attached to it: First, it is easy to
construct initial data which satisfy the smallness hypotheses (3.4.2) on compact sets,
in which case (3.4.20) is perfectly justified. However, to obtain the wave behavior
described by (3.4.21) one needs to take limits » — oo, and it is not clear whether
there will be large classes of solutions which do satisfy (3.4.20) on the relevant
regions. Next, to obtain (3.4.27)-(3.4.22) we have assumed that the initial data for
the scalar field have compact support. This assumption is not compatible with the
relativistic constraint equations, discussed in detail in Chapter 6.7, at least if one
assumes that there are no singularities in the initial data set3. It is clear that there
will be large classes of initial data for the scalar field on the hypersurface {t = 0}
for which the asymptotic behavior (3.4.21)-(3.4.22) will be correct, but there are no
rigorous general results of this kind available in the literature for fields which are
not compactly supported. Further, the behavior of light-cones in a curved space-
time is different from that of cones in Minkowski space-time. This might imply
that the replacement of the wave operator by a flat one, which has been effectively
done in (3.4.20), is too drastic to be correct. Finally, one needs to show that
the non-linearities do indeed lead to lower order terms from a dynamical point of
view, assuming the light-cone problem has been appropriately taken care of. The
work of Friedrich [46], of Christodoulou and Klainerman [24], and of Klainerman
and Nicolo [71] shows that the naive linearized picture is close to being correct.
However, our understanding of all the mathematical issues that arise here is far from
being complete, and there is considerable ongoing effort in trying to understand the
properties of the gravitational field in the radiation regime, see [35,47,7, 7, 48] and
references therein.

2An excellent elementary description of the PSR 1913416 pulsar and of the Taylor-
Hulse observations can be found at http://astrosun.tn.cornell.edu/courses/astro201/
psr1913.htm.

31t follows from the positive energy theorem in Chapter 7 that the evolution of non-singular
initial data with fall-off faster than 1/r will — under the hypotheses of that theorem — be a
subset of Minkowski space-time.
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3.4.5 Newton’s equations of motion, and why 87G is 817G

Finstein’s theory is supposed to be a theory of gravitation. We already have
one such theory, due to Newton, which works pretty well in several situations.
It would thus be desirable if Einstein’s theory contained Newton’s theory in
some limit. This is indeed the case, and can be easily established using the
calculations done so far.

There are a few conditions which should obviously hold when trying to re-
cover Newton’s theory: since that last theory is a linear one, and Einstein’s is
not, the gravitational field should be sufficiently weak in order that the non-
linearities do not matter. This is taken care of by the parameter € in (3.4.1).
Next, the wave operator arising in equation (3.4.21) leads to radiation phenom-
ena when systems with bodies with large relative velocities are considered. On
the other hand, Newton’s equation

Asp = —4nGu , (3.4.23)

does not exhibit any wave behaviour. In (3.4.23) u is the matter density, ¢ is the
Newtonian potential, As is the Euclidean Laplace operator, and G is Newton’s
constant. This suggests that a regime in which approximate agreement can be
obtained is one where time derivatives are small:

Ohyy = O(€) ,  D10ahy, = O(e) . (3.4.24)

We consider thus a space-time containing a body made of dust with small
energy-density,
Ty = pupuy, ,  p=0O(e).

The body is assumed to be moving slowly,
updet =updt + O(e) = u; =O0(e) . (3.4.25)

We assume Einstein’s equation describing the equivalence of active gravitational
mass density — by definition, this is the function p which appears in (3.4.23)
— and of the energy density:

p=pct=p (3.4.26)

(recall that we are using units in which the speed of light ¢ equals one). We
note that in the calculations below it would suffice that (3.4.26) holds up to
terms O(e?). Systematically neglecting all €2’s one has, from (3.4.20),

1 1 1
R;w - §ngf = _§Dn (h;w - §hao¢77;w>
1 1
B S
reduces to Ag by (3.4.24)
1 1.,
e )

= Apuyu, . (3.4.27)
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Here we have written the Einstein equations as
1
R, — §Rgu,, =N , (3.4.28)

and one of the goals of our calculation will be to determine the constant .
Multiplying (3.4.27) by 2n*” we find (recall that u*u, = —14+O(e) and n**1n,, =
ot — 1)
1

5h%n,w) = Ash% = —2)p. (3.4.29)
If we consider a bounded body, so that p is compactly supported, then there ex-
ists a unique solution h®, of that equation which approaches 0 at large distance,
which is proportional to the Newtonian potential of p:

N

2\

h%, = —
4G

. (3.4.30)

Note that for compatibility we should have ¢ of order O(e).
Next, since u; = O(e) we have

Ashoi =0,  Ag (hij - %h“a(sij) ~0,

and if we consider only solutions h,, which approach zero as r goes to infinity,
then the maximum principle gives

hoi =0, hij = Sh%adij = —=90ij - (3.4.31)

Summing over ¢ and j gives

3
3\
hii = ——0¢,
; 47rG¢

so that

heo = —h +23:h--——h + 2y
a — 00 < i 00 Pve. .

Comparing with (3.4.30) leads to

A

h()() == R(b 5 (3432)

which together with (3.4.31) completes the solution of our problem. To be
consistent, in all the equations above the zeros should be replaced by O(€?).
When the configuration of the system is bounded in space and has finite

total mass M we have®3-43 3.4.9: ptesthis looks

strange, because it is

conformally flat
r

¢ = +0(r?)
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in the vacuum region, which leads to the following asymptotic form of the
gravitational field

oo (2) . wo((2)).
9ij = (1 - %)5@- +0 ((%) 2) : (3.4.33)

At this stage one should redo the whole calculation using (3.4.33) as a start-
ing point, to make sure that the final result is consistent with the remaining
calculations and hypotheses — this turns out to be the case.

‘We note that for static vacuum gravitational fields one can obtain complete asymp-
totic expansions by a recursive use of the Einstein equations, the reader is referred
to [18] for details.

3.4.6 Determining the coupling constant: the geodesic equation

In Section 3.3 we have shown that the integral curves x*(s) of the vector field
ut appearing in (3.4.25) are affinely parameterized timelike geodesics:

dz® o d?at dz® dz”

ds ’ ds? *Fds ds ( )
We wish to use this fact to derive the equations of motion of the dust particles
considered in the last section. In order to do that we calculate

d (6%
% = u® = g*ug = n*ug + O(e) = n*%ug + O(c) ,
leading to
d;[;o d$z
el = .
e +0(e) , 7 =00
This implies that
dz® dzP dz da®
o T TH =T#
ap ds ds oo ds ds +0(0) =T +0(e)

In order to calculate the space-acceleration d?z’/ds? of the particles it remains
to calculate I"qg:

) 1 . 1
Moo = 59” (200950 — Oog00) = _§aih00 + O(e) .

From (3.4.32) we thus obtain

: A
My = ——=0;¢ .
00 e o
It follows that }
RO A

-5 = 787TGal¢ : (3.4.35)
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which is identical with Newton’s equations of motion,

d*z’
= 0,0, 3.4.36
if and only if
A=8nG . (3.4.37)

We have thus shown that the choice (3.4.37) of the constant appearing in
(3.4.28) leads to a theory which reproduces Newtonian’s theory of gravitation,
in the limit of weak fields, for slowly moving low density bodies made of dust.

It should be borne in mind that all our arguments above have been carried
through at a somewhat heuristic level. The problem is that we have considered
metrics defined on a neighborhood of the hypersurface {t = 0} in R%. As already
pointed out in the gravitational radiation context, hypotheses (3.4.2) on non-
compact subsets of space-time need justification. A rigourous treatment would
require careful estimates, to show that the terms which we have neglected can
indeed be neglected. This can be done in some situations.

We close this section by noting the elegant framework of J. Ehlers [?] which
geometrizes the Newtonian limit of Einstein’s theory. This approach has been used
by Heilig [60] to construct general relativistic axially-symmetric stationary star
models, using the implicit function theorem in a neighborhood of the corresponding
Newtonian solutions of Lichtenstein. See also Rendall [?].
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Chapter 4

Causality

04.0.4

4.1 Time orientation

e/.0.4: ptec:do

something about
manifolds with
boundary??%?

*4.1.1 Recall that at each point p € . the set of timelike vectors in T}, M ej.1.1: pte:check

has precisely two components. A time-orientation of T,.# is the assignment
of the name “future pointing vectors” and “past pointing vectors” to each of
those components. The set of future pointing timelike, or causal, vectors, is
stable under addition and multiplication by positive numbers; similarly for past
pointing ones. (In particular this implies convexity.) In order to see this,
suppose that X = (X, )_f) and Y = (Y°, }7) are timelike future pointing, in an
ON-frame this is equivalent to

IX| <X, |Y|<Y?,

and the inequality
X +Y| < |X|+]Y]< X+ Y0

follows. Two timelike vectors X and Y have the same time orientation if and
only if
9(X,Y)<0; (4.1.1)

this follows immediately from (2.2.1) in an ON frame in which X is proportional
to ep.

A time-orientation of T,,.# can always be propagated to a neighborhood of
p by choosing any continuous vector field X defined around p which is timelike
and future pointing at p. By continuity of the metric and of X, the vector
field X will be timelike in a sufficiently small neighborhood &), of p, and for
q € 0, one can define future pointing vectors at ¢ as those lying in the same
component of the set of timelike vectors as X (q): for ¢ € &), the vector Y € T,.#
will be said to be timelike future pointing if and only if g(Y, X(¢q)) < 0. A
Lorentzian manifold is said to be time orientable if such locally defined time-
orientations can be defined globally in a consistent way; that is, we can cover
A by coordinate neighborhoods &), each equipped with a vector field X4 ,
such that g(X¢,, Xg,) <0 on 0,N 0.

37

Seifert’s approach to
causality; compare
defs; see if he can go
along with continuous
metrics?
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Figure 4.1: The M&bius strip, with the flat metric is —dt? + dx? (so that the
light cones are at 45°) provides an example of a two dimensional Lorentzian
manifold which is not time orientable.

Some manifolds will not be time orientable, as is shown by the flat metric!
on the Mobius strip, ¢f. Figure 4.1. On a time-orientable manifold there are
precisely two choices of time-orientation possible, and (., g) will be said time
oriented when such a choice has been done. This leads us to the fundamental
definition:

DEFINITION 4.1.1 A couple (A ,qg) will be called a space-time if (A ,g) is a
time-oriented Lorentzian manifold.

A Lorentzian manifold which is not time orientable has a double cover which
is, cf., e.g. [16]**12 for a proof.

On any space-time there always exists a globally defined future directed
timelike vector field — to show this, consider the locally defined timelike vector
fields X4, defined on neighborhoods &), as described above. One can choose a
locally finite covering of .# by such neighborhoods &), , i € N, and construct a
globally defined vector field X on .# by setting

X = Z¢iXﬁPi )
i

where the functions ¢; form a partition of unity associated to the covering
{0}, }ien. The resulting vector field will be timelike future pointing everywhere,
as follows from the fact that the sum of an arbitrary number of future pointing
timelike vectors is a future pointing timelike vector.

Now, non-compact manifolds always admit a nowhere vanishing vector field.
However, compact manifolds possess a nowhere vanishing vector field if and
only if [80]'4'1'3 they have vanishing Euler characteristic y, which provides a

'In two dimensions —¢ is a Lorentzian metric whenever g is, and the operation g — —g
has the effect of interchanging the role of space and of time. The reader will notice that
while the Mobius strip with the flat metric g of Figure 4.1 is not time-orientable, it becomes
time-orientable when equipped with —g.
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necessary condition of topological nature for a Lorentzian manifold to be time-
orientable. We actually have the following:

PROPOSITION 4.1.2 A manifold .# admits a space-time structure if and only if
there exists a nowhere vanishing vector field on A .

PrOOF: The necessity of the existence of a nowhere vanishing vector field on
A has already been established. Conversely, suppose that such a vector field
X exists, and let h be any Riemannian metric on .#. Then the formula

WY, X)h(Z, X)
WX, X)

9, 2) = h(Y, Z) - (1.1.2)
defines a Lorentzian metric on .. Finally, the existence of a globally de-
fined timelike vector field X on a Lorentzian manifold (.#,g) implies time-
orientability of .# in the obvious way — choose 0}, = .# and X5, = X. O

We note that simply connected four dimensional manifolds have, by Poincaré
duality, Euler characteristic larger than or equal to 2, and therefore do not admit
a space-time structure.

4.2 Normal coordinates

For p € .# the exponential map
exp, : Ty M — M

is defined as follows; if X is a vector in the tangent space T).#, then exp,(X) €
A is the point reached by following a geodesic with initial point p and initial
tangent vector X € T),.# for an affine distance one, provided that the geodesic
in question can be continued that far. Now an affinely parameterized geodesic
solves the equation

d?a u dz® da?

=0 = —=-I",—— 4.2.1
Vid ds? B ds ds ( )

where the Fg ﬁ’s are the Christoffel symbols of the metric g, defined as

1 agaoz agoﬁ aga,@
It .= —gh? — 4.2.2
ap = 99 <8xﬁ T o0 T a0 ) ( )
gh? = g (dat, dz”) , 9o = G(0n,0p) . (4.2.3)

We use sometimes use the symbol g7 to denote the “contravariant metric” o421

that is, the metric on T*.# constructed out from g in the canonical way (se€es.2.1: ptc:watch out
Section 6; the matrix ¢®® is thus the matrix inverse to 9ag)- However, it is usual P
in the literature to use the same symbol g for the metric g%, as well as for all
other metrics on Equations (4.2.2)-(4.2.3) show that when the metric is of C'!!
differentiability class, then the Christoffel symbols are Lipschitz continuous,

which guarantees local existence and uniqueness of solutions of (4.2.1). Due



®/.2.2: is this correct?
note Woolgar Sorkin
ref, and also Keye
Martin gr-qc/0408068

®/.2.3: de Sitter? ref?
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to the lack of uniqueness® of the Cauchy problem for (4.2.1) for metrics which
are not C11, it appears®®2-2 to be difficult to do causality theory on manifolds
with a metric with less regularity® than C!.

The domain %, of exp, is always the largest subset of T},.# on which the
exponential map is defined. By construction, and by homogeneity properties of
solutions of (4.2.1) under a linear change of parameterization (see (4.2.10)), the
set %, is star-shaped with respect to the origin (this means that if X € %, then
we also have AX € %, for all A € [0,1]). When the metric is C1!, continuity of
solutions of ODE’s upon initial values shows that %, is an open neighborhood
of the origin of T),.# .

The exponential map is neither surjective nor injective in general. For ex-
ample, on R x S! with the flat metric —dt? + da?, the “left-directed” null
geodesics T'_(s) = (s,—s mod 27) and the “right-directed” null geodesics
I'y(s) = (s,s mod 27) meet again after going each “half of the way around
S and injectivity fails. In anti-de-Sitter®*2-3 space-time all timelike geodesics
meet again at an “antipodal point”, which leads to lack of surjectivity of the
exponential map.

A Lorentzian manifold is said to be geodesically complete if all geodesics
can be defined for all real values of affine parameter; this is equivalent to the
requirement that for all p € .# the domain of the exponential map is T),.# .
One also talks about timelike geodesically complete space-times, future timelike
geodesically complete space-times, etc., with those notions defined in an obvious
way.

The fundamental Hopf-Rinow theorem? asserts that compact Riemannian mani-

folds are geodesically complete. There is no Lorentzian analogue of this, the standard
counter-example proceeds as follows:

EXAMPLE 4.2.1 Consider the following symmetric tensor field on R?:

_ 2dxdy (4.2.4)
7‘%2 T y2 . L.
We have
1 0 1 1
g,ul/ = m |: 10 :| — det ng = 7(3':2_‘_7yQ)2 5 (4.2.5)

which shows that g is indeed a Lorentzian metric. Note the for all A € R* the maps

R? 5 (z,y) — éa(z,y) == (Az, \y)

2Examples of C''® metrics with non-unique geodesics for 0 < a < 1 can be found in,
e.g., [28, Appendix F]. Here C** is the space of k times differentiable functions (or maps,
or sections — whichever is the case should be clear from the context), the k’th derivatives
of which satisfy, locally, a Holder condition of order «; no uniformity conditions are imposed
unless explicitly indicated otherwise.

3We will see in Section ?? that one can construct large classes of solutions to the Cauchy
problem for the vacuum Einstein equations which are not of C*?! differentiability class; see
also [9,72,73,102]. This leads to an unfortunate mismatch in differentiability between the
Cauchy problem and causality theory. It would be of interest to find how low one can go with
regularity of the metric, while retaining a reasonable theory of causality.

“There are various related theorems known under this name [62, 81], this statement is one
of several versions thereof.
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are isometries of g:

g = 2d(\x)d(Ny)  2dwdy
MO O T e

It follows that for any 1 % A > 0 the metric g passes to the quotient space
{R2\{0}} /or = {(z,9) ~ Az, \y)} =~ S' x §' =T%.

(Clearly the quotient spaces with A and 1/)\ are the same, so without loss of gen-
erality one can assume A > 1.) In order to show geodesic incompletess of g we will
use the following result:

PROPOSITION 4.2.2 Let [ be a function such that g(Vf,V f) is a constant. Then
the integral curves of V f are affinely parameterized geodesics.

PRrROOF: Let X := V[, we have
(VxX) = VfV,Vif=V'fViv,f
SVIVT) = 59V, ) =0,

Returning to the metric (4.2.4), let f =z, by (4.2.5) we have
_ 0 1
ny o yiiY 1 _ 2 2

so that
Vi=@*+y*9, = g(Vf,Vf)=0.

Proposition 4.2.2 shows that the integral curves of V f are null affinely parameterized
geodesics. Let v(s) = (z#(s)) be any such integral curve, thus

dxt dx dy

_ = H et L O _— = 2 2 .

ds Vi ds " ds (" +v)
It follows that z(s) = x(0) for all s. The equation for y is easily integrated; for
our purposes it is sufficient to consider that integral curve which passes through
(0,90) € R\ {0}, yo > 0 — we then have x(s) = 0 for all s and

dy 2 Yo
7Y y(s) = 1= o (4.2.6)
This shows that y(s) runs away to infinity as s approaches
1
Soo 1= —
Yo

It follows that v is indeed incomplete on R?\ {0}. To see that it is also incomplete
on the quotient torus {R? \ {0} } /@x, A > 1, note that the image of y(s) = (0,y(s))
under the equivalence relation ~ is a circle, and there exists a sequence s; — S
such that v(s;) passes again and again through its starting point:

y(s;)) =Ny = (0,y(s)) ~ (0,50) in {R*\{0}} /oy
By (4.2.6) we have

dy
ds

which shows that the sequence of tangents (dy/ds)(s;) at (0, yo) blows up as j tends
to infinity. This clearly implies that  cannot be extended beyond s, as a C'! curve.

(s5) = (W(s1))* = (Ajyo)? —s,—s0 0,
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When the metric is C2, *4-24 the inverse function theorem shows that therees.z.: can one use
exists a neighborhood 7, C %, of the origin in R 4% o1 which the exponential Clarke Jor @
map is a diffeomorphism between ¥, and its image

Op = expy(¥p) C M .
This allows one to define normal coordinates centred at p:

PROPOSITION 4.2.3 Let (#,g) be a C® Lorentzian manifold with C* metric g.
For everyp € . there exists an open coordinate neighborhood 0y, of p, in which
p is mapped to the origin of R"1, such that the coordinate rays s — sx* are
affinely parameterized geodesics. If the metric g is expressed in the resulting
coordinates (zt) = (29, %) € ¥, then

gMV(O) = N 8Ug;u/(0) =0, (4.2.7)

Further, if the function oy : 0, — R is defined by the formula

op(expy(at)) = nuats’ = —(2°)% + (), (4.2.8)
then

S past directed on {qlop(q) <0, 2°%q) < 0},
timelike {future directed  on {q|op(q) <0, 2%q) > 0},
Vo, is ull past directed on {qlop(q) =0, 2°%(q) < 0},
future directed  on {q|o,(q) =0, 2°(q) > 0},

spacelike on {q|op(q) >0}

(4.2.9)

REMARK 4.2.4 The coefficients of a Taylor expansion of g,, in normal coor-
dinates can be expressed in terms of the Riemann tensor and its covariant
e/.2.5: ptc:add ref to deriVatiVeS (Cf., €.g. [84]).425

appendix

PROOF: Let us start by justifying that the implicit function theorem can indeed
be applied: Let z* be any coordinate system around p, and let e, = e,"0, be
any ON frame at p. Let

X = X%, = X%, 0, € T,M

and let z#(s, X) denote the affinely parameterized geodesic passing by p at
s = 0, with tangent vector
dzt (s, X)
##0,X) = ————= = X% " .
( ) ds s=0 .

Homogeneity properties of the ODE (4.2.1) under the change of parameter
s — As together with uniqueness of solutions of ODE’s show that for any
constant a # 0 we have

zH(as, X/a) = 2#(s, X) .
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This, in turn, implies that there exist functions v* such that
(s, X) =~+*(sX) . (4.2.10)
From (4.2.1) and (4.2.10) we have
a'(s, X) = xh + sX %" + O((s| X])?) .

Here z{) are the coordinates of p, |X| denotes the norm of X with respect to
some auxiliary Riemannian metric on M, while the O((s|X|)?) term is justified
by (4.2.10). The usual considerations of the proof that solutions of ODE’s are
differentiable functions of their initial conditions show that
oxt(s,X)  O(xf +sX%,") 2
Toxe — 0 oxe PO
= se" +O0(s%)|X] .

At s = 1 one thus obtains

oxH(1,X)
0Xa
This shows that dz#/0X“ will be bijective at X = 0 provided that det e," #

0. But this last inequality can be obtained by taking the determinant of the
equation

= e" + O(|X]) . (4.2.11)

g(eq,ep) = guesey = —1=(detg,,)(det ea”)2 . (4.2.12)

This justifies the use of the implicit function theorem to obtain existence of the
neighborhood &), announced in the statement of the proposition. Clearly &,
can be chosen to be star-shaped with respect to p. Equation (4.2.11) and the
fact that e#, is an ON-frame show that

9(8(1, ab) Xa—g = guueaueg Xa—g = Tab »
which establishes the first claim in (4.2.7).
By construction the rays

s — y(s) = sX*
are affinely parameterized geodesics with tangent v = X®3,, which gives

\a d*(sX® a .
0= (V9" = (c152 ) +T% (s X XX
=0

= T%(sX")X°X°.

Differentiating this equation twice with respect to X? and X¢ and setting
X = 0 one obtains
IM4(0)=0.
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The equation
0 = Vagbe = Fagbe — T%agac — T%agba

evaluated at X = 0 gives the second equality in (4.2.7).

Let us pass now to the proof of the main point here, namely (4.2.9). From
now on we will denote by x* the normal coordinates obtained so far, and which
were denoted by X“ in the arguments just done. For x € &), define

f(x) == nuata”, (4.2.13)

and let 7 C 0 \ {p} be the level sets of f:

Hy={x: flx)=7, x#0}. (4.2.14)

We will show that
the vector field 20, is normal to the J7;’s. (4.2.15)
Now, z0, is tangent to the geodesic rays s — ~#(s) := sz#. As the causal

character of the field of tangents to a geodesic® is point-independent along the
geodesic, we have

zM0), is timelike at y(s) <= f(z) <0,
"0, is null at y(s) <= f(z)=0, 2#0, (4.2.16)
x"0,, is spacelike at y(s) <= f(z)>0.

This follows from the fact that the right-hand-side is precisely the condition
that the geodesic be timelike, spacelike, or null, at v(0). Since V[ is always
normal to the level sets of f, when (4.2.15) holds we will have

x"0,, is proportional to V# f. (4.2.17)

This shows that (4.2.9) will follow from (4.2.16) when (4.2.15) holds.
It remains to establish (4.2.15). In order to do that, consider any curve
z#(A) lying on .77;:

Nuwat Nzt (N) =7 = nua(N)oxa"(A\) =0. (4.2.18)
Let v#(, s) be the following one-parameter family of geodesic rays:
(A, s) == sxt(N) .
For any function f set
T(f)=0s(for(s,A) , X(f)=0x(for(s,N),
so that

T(A,s) = (337“()\, s))@u =at(\8)0,, X:= (8,\7“()\, s))@u .

SWithout loss of generality an affine parameterization of a geodesic v can be chosen, the
result follows then from the calculation d(g(%,%))/ds = 2g(V+%,%) = 0.
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For any fixed value of A the curves s — v#(\, s) are geodesics, which shows that
VT =0.

This gives
dg(T, T
(g(d;)) — QQ(VTT, T) =0,

hence
9(T,T)(s) = g(T,T)(0) = pua’(N)a"(A) =7

by (4.2.18), in particular g(7',T') is A-independent.
Next, for any twice-differentiable function g we have

[T, X](g9) == T(X(9)) — X(T'(g)) = 9s0x(9(+"(s5,A)) — O0s(9(7"(s,A)) =0,

because of the symmetry of the matrix of second partial derivatives. It follows
that

[T,X]=VrX-VxT=0.
Finally,

d(g(T, X))

= T, X T X
- 91T, X) + g(T. Y1 X)

0 =VxT

= G, VxT) = S X(¢(T,T)) = 50r(4(T, 7)) = 0.
This yields
9(T, X)(5,A) = g(T, X)(0,A) = 1™ (A)Drz#(\) = 0

again by (4.2.18). Thus T is normal to the level sets of f, which had to be
established. O

It should be pointed out that some regularity of the metric is lost when
going to normal coordinates; this can be avoided using coordinates which are
only approximately normal up to a required order (compare Proposition A.5.2)

— this is often sufficient for several purposes.
04.2.6

e,.2.6: ptc:add remark
about the section about
normal coordinates

It is sometimes useful to have a geodesic convexity property at our disposal. This
is made precise by the following proposition:

PROPOSITION 4.2.5 Let € be the domain of definition of a coordinate system {x*}.
Let p € O and let B,(r) C O denote an open coordinate ball of radius v centred at

p. There exists 7o > 0 such that every geodesic segment v : [a,b] — By(rg) C O
satisfying

V(a),¥(b) € By(r) , <o

is entirely contained in B,(r).
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PROOF: Let z#(s) be the coordinate representation of v, set

f(s) = (a" —af)?,

m

where 2/} is the coordinate representation of p. We have
% 2%2(@) +2Z ) d2xu
2%: (‘Z;) —2) (a* - zg)FZBC?—:% .

m

Compactness of B,(rg) implies that there exists a constant C' such that we have

< n Z (dx“)

It follows that d?f/ds? > 0 for ro small enough. This shows that f has no interior
maximum if g is small enough, whence the result. O

dz® dxP
F#
Z (2" = ) B ds ds

m

It is convenient to introduce the following notion:

DEFINITION 4.2.6 An elementary region is an open coordinate ball O within
the domain of a normal coordinate neighborhood %, such that

1. O has compact closure O in U, and

0/.2.7: add geodesic 2. YVt and O; are timelike on U . *4.2.7

convezity if needed?

Note that 0; is timelike if and only if
git = g(0, 0y < 0) ,
while Vt is timelike if and only if
gt = g7 (dt,dt) < 0.

Existence of elementary regions containing some point p € M follows immedi-

ately from Proposition 4.2.3: In normal coordinates centred at p one chooses &

be an open coordinate ball of sufficiently small radius. It follows from Propo-

sition 4.2.5 that, by choosing the radius even smaller if necessary, we can also

require that every two points in p,q € &' can be joined by a geodesic I'p, con-

tained in €. Further, I'y, may be required to be unique within the class of
o/.2.8: pte:might need  geOdesics entirely contained in 0. *4.2.8

elaborating upon
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4.3 Causal paths

04.3.1

e/.3.1: ptc:All that
follows has never been

globally proof-read Let (.#, g) be a space-time. The basic objects in causality theory are paths.
We shall always use parameterized paths: by definition, this are continuous maps
e/.5.2: ptesshoutd e from some interval to .#.**32 We will use interchangedly the terms “path”,
sk Jor injectivity? “parameterized path”, or “curve”.
Let v: 1 — A and let % C A, we will write

yCU

whenever the image (1) of I by v is a subset of % .*43-3 If 7(I)N% is connected, e;.5.5: pte:added,
cross-check for

we Wlll Write repetitiveness later
YOU

for the path obtained by removing from I those parameters s for which ~(s) ¢
Y. If v(I) N % is not connected, then v N % denotes the collection of the
connected components of v(I) N % .

Some authors define a path in .# as the image of a parameterized path; in this
approach one forgets about the parameterization of ~, and identifies two paths
which have the same image and differ only by a reparameterization. This leads to
various difficulties when considering end points of causal paths — cf. Section 4.5,
or limits of sequences of paths — c¢f. Section 4.6, and therefore we do not adopt
this approach.

If v: I — 4 where I = [a,b) or I = [a,b], then y(a) is called the starting
point of the path v, or of its image v(I). If I = (a,b] or I = [a,b], then (b)
is called the end point. (This definition will be extended in Section 4.5, but it
is sufficient for the purposes here.) We shall say that ~ : [a,b] — .# is a path
from p to q if v(a) = p and v(b) = q.

In the standard approach [16, 53, 58, 87,89, 105] to causality theory one defines®4-3-4
future directed timelike paths as those paths v which are piecewise differentiable,ey.3.4: pte:give a more
with 4 timelike and future directed wherever defined; at break points one further @ dscussion
assumes that both the left-sided and right-sided derivatives are timelike. This defi-
nition turns out to be quite inconvenient for several purposes. For instance, when
studying the global causal structure of space-times one needs to take limits of time-
like curves, obtaining thus — by definition — causal future directed paths. Such
limits will not be piecewise differentiable most of the time, which leads one to the
necessity of considering paths with poorer differentiability properties. One then
faces the unhandy situation in which timelike and causal paths have completely
different properties. In several theorems separate proofs have then to be given.
The approach we present avoids this, leading — we believe — to a considerable
simplification of the conceptual structure of the theory.

It is convenient to choose once and for all some auxiliary Riemannian metric
h on ., such that (.#,h) is complete — such a metric always exists®® 35 : letes.5.5: give construction
disty, denote the associated distance function. A parameterized path~: 1 — #
from an interval I C R to M is called locally Lipschitzian if for every compact

subset K of I there exists a constant C'(K) such that

Vo s1,82 € K distp(y(s1),7(s2)) < C(K)|s1 — s2] -
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It is of interest to enquire whether the class of paths so defined depends upon the
0/.3.6: pteinew result background metric h:*4-3.6

and proof, reread
PROPOSITION 4.3.1 Let hy and hg be two complete Riemannian metrics on A .
Then a path v : I — M is locally Lipschitzian with respect to hy if and only if it is
locally Lipschitzian with respect to ho.

PrOOF: Let K C I be a compact set, then v(K) is compact. Let L,, a = 1,2
denote the h,-length of v, set

Ha = Use1Bn, (7(s), La)

where By, (p,r) denotes a geodesic ball, with respect to the metric h,, centred at
p, of radius r. Then the J£;’s are compact. Likewise the sets

%A/GCT///,

defined as the sets of h,-unit vectors over %, , are compact. This implies that there
exists a constant C'x such that for all X € T,M, p € J,, we have

C}_(lhl(XaX) S h2(XaX) S OKhl(X7 X) .
Let vq,5,,5, denote any minimising h,-geodesic between v(s1) and ~(s2), then
V8175261 Ya,s1,52 C%.

This implies

dist, (1(51), 7(52)) /: Via(6,5)

Ot / hi(c,6)
0=72,s1,s9

Cx! inf/ Vhi(6,6)

= Cy' hi(&,0)

T=1,s1,s2

= Cxldisty, (7(s1),7(s2)) -

Y

Y

From symmetry with respect to the interchange of h; with hy we conclude that

v31732 €K CI_(ldiSthl (7(31)37(52)) < diSth2 (7(81%7(52)) < CKdiSth1 (7(81)/}/(52)) )

and the result easily follows. O

More generally, if (N, k) and (M, h) are Riemannian manifolds, then a map
¢ is called locally Lipschitzian, or locally Lipschitz, if for every compact subset
K of N there exists a constant C(K) such that

Vp,qge K distp(o(p), ¢(q)) < C(K)distr(p,q) -

A map is called Lipschitzian if the constant C'(K) above can be chosen inde-
pendently of K.

The following important theorem of Rademacher will play a key role in our
considerations:
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THEOREM 4.3.2 (Rademacher) Let ¢ : M — N be a locally Lipschitz map from
a manifold M to a manifold N. Then:

1. ¢ is classically differentiable almost everywhere, with “almost everywhere”

understood in the sense of the Lebesque measure in local coordinates on
M.

2. The distributional deriwatives of ¢ are in Ly, and are equal to the classical
ones almost everywhere.

3. Suppose that M is an open subset of R and N is an open subset of R™.
Then ¢ is the integral of its distributional derivative,

p(x) — ¢(y) = /x %dt : (4.3.1)

PRrROOF: Point 1. is actually the classical statement of Rademacher, the proof
can be found in [44, Theorem 2, p. 235]. Point 2. is Theorem 5 in [44, p. 131]
and Theorem 1 of [44, p. 235]. (In that last theorem the classical differentiability
a.e. is actually established for all VVliCp functions with p > n). Point 3. can be
established by approximating ¢ by C! functions as in [44, Theorem 1, p. 251],
and passing to the limit. O

Point 2. shows that the usual properties of the derivatives of continuously
differentiable functions — such as the Leibniz rule, or the chain rule — hold
almost everywhere for the derivatives of locally Lipschitzian functions. By point

3. those properties can be used freely whenever integration is involved.
04.3.7

0/.3.7: ptc:a comment
on integration on

We WIH use the Symbol non-compact sets
v

commented out

to denote the classical®*3-8 derivative of a path v, wherever defined. A param-e;.s.s: pte:classical

eterized path ~ will be called causal future directed if v is locally Lipschitzian, e wdea e

with 4 — causal and future directed almost everywhere®. Thus, 4 is defined
almost everywhere; and it is causal future directed almost everywhere on the
set on which it is defined. A parameterized path v will be called timelike future
directed if y is locally Lipschitzian, with ¥ — timelike future directed almost ev-
erywhere. Past directed parameterized paths are defined by changing “future”
to “past” in the definitions above.
*4.3.9 A useful property of locally Lischitzian paths is that they can bees.s.s: ptesmake a

. . formal statement; show
parameterized by h-distance. Let 7 : [a,b) — .# be a path, and suppose that inat this tcads to
equivalence of the

4 is non-zero almost everywhere — this is certainly the case for causal paths. notion of image and of
. th 173
By Rademacher’s theorem the integral p,liﬁeizszd path, so
that this is the same as
what geometers have
been doing, except for

t
S(t) — / ”Y‘h(u)du a choice of origin on
a

the path

5Some authors allow constant paths to be causal, in which case the sets Ji(%; 0) defined
below automatically contain %/. This leads to unnecessary discussions when concatenating
causal paths, so that we find it convenient not to allow such paths in our definition.
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®/.4.1: ptc:where?
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is well defined. Clearly s(t) is a continuous strictly increasing function of t,
so that the map t — s(t) is a bijection from [a,b) to its image. The new
path 4 := yos~! differs from « only by a reparametrization, so it has the same
image in .# . The reader will easily check that ”A)”h = 1 almost everywhere.**-3-10
Further, 4 is Lipschitz continuous with Lipschitz constant smaller than or equal
to 1. In order to seee that, let dist; be the associated distance function, we
then have

disty, (v(s),v(s") < |s—§'| . (4.3.2)

In order to see that, we calculate, for s > s':

S
s—s§ = /dt
S

= [ VAG A
s T

!

ziw[WMﬁwm:mmwwmw» (4.3.3)
T JA

where the infimum is taken over 4’s which start at y(s’) and finish at v(s).

4.4 Futures, pasts

Let % Cc © C .# . One sets

It (%;0) = {q¢€ O :there exists a timelike future directed path
from % to q contained in 0} ,
JY(%;0) := {q€ O :there exists a causal future directed path

from % to g contained in O} U % .

I=(%;0) and J~(%;0) are defined by replacing “future” by “past” in the
definitions above. The set IT(%;0) is called the timelike future of % in O,
while J* (% ; 0) is called the causal future of % in O, with similar terminology
for the timelike past and the causal past. We will write (%) for I*(% ;. #),
similarly for J*(% ), and one then omits the qualification “in .#” when talking
about the causal or timelike futures and pasts of %. We will write I* (p; O0) for
I*({p}; 0), I*(p) for I*({p}; ), etc.

Although our definition of causal curves does not coincide with the usual ones [16,
58,89, 105], it is equivalent to those. It immediately follows that our definition of
J* is identical to the standard one. On the other hand, the class of timelike curves
as defined here is quite wider then the standard one; nevertheless, the resulting sets
I* are again identical to the usual ones (compare Proposition 4.4.11).

It is legitimate to raise the question, why is it interesting to consider sets
such as Jt(&). The answer is two-fold: From a mathematical point of view,
those sets appear naturally when describing the finite speed of propagation prop-
erty of wave-type equations, such as Einstein’s equations, see Section 770441
for details. From a physical point of view, such constructs are related to the
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fundamental postulate of general relativity, that no signal can travel faster than
the speed of light. This is equivalent to the statement that the only events of
space-times that are influenced by an event p € .# are those which belong to

JH(A).

EXAMPLE 4.4.1 Let .# = S' x S! with the flat metric ¢ = —dt? + dy?.
Geodesics of g through (0,0) are of the form

v(s) = (as mod 27, Bs mod 27) , (4.4.1)

where o and (§ are constants; the remaining geodesics are obtained by a rigid
translation of (4.4.1). Clearly any two points of .# can be joined by a timelike
geodesic, which shows that for all p € .# we have

I'(p)=J%(p) =M .

It is of some interest to point out that for irrational 3/« in (4.4.1) the corre-
sponding geodesic is dense in .Z .

There is an obvious meta-rule in the theory of causality that whenever a
property involving I* or JT holds, then an identical property will be true with
I'" replaced by I~, and with J* replaced by J~, or both. This is proved by
changing the time-orientation of the manifold. Thus we will only make formal
statements for the futures.

Another useful meta-rule is the following: suppose that a property involving
IT(%) holds, and let ¥ be an open subset of .# containing %. Then one can
apply the result to the new space-time (¥, g|y ), where gy is the restriction of
g to ¥, obtaining an identical claim for IT(%; V).

Example 4.4.1 shows that in causally pathological space-times the notions of
futures and pasts need not to carry interesting information. On the other hand
those objects are useful tools to study the global structure of those space-times
which possess reasonable causal properties.

We start with some elementary properties of futures and pasts:

PROPOSITION 4.4.2

1. IV (%) cJ ().

2.pelf(q) < qel (p).

. VIt (%) = IT(¥V)cCI™(%).
Similar properties hold with I replaced by JT.

PrOOF: 1. A timelike curve is a causal curve.

2. If [0,1] 5 s — 7(s) is a future directed causal curve from ¢ to p, then
[0,1] 3 s — (1 — s) is a past directed causal curve from p to q.

3. Let us start by introducing some notation: consider =, : [0,1] — .Z,
a = 1,2, two causal curves such that v;(1) = 72(0). We define the concatenation
operation 1 U yy as follows:

(11 U2)(s) = {’”(5) ’

p(s—1), sell, ’ (4.4.2)



52 CHAPTER 4. CAUSALITY

There is an obvious extension of this definition when the ranges of parameters
of the ~,’s are not [0, 1], or when a finite number ¢ > 3 of paths is considered,
we leave the formal definition to the reader.

Let, now, r € I (¥), then there exists ¢ € ¥ and a future directed timelike
curve v, from ¢ to r. Since ¥ C I't(%) there exists a future directed timelike
curve 1 from some point p € % to gq. Then the curve v, U~ is a future directed
timelike curve from % to r. O

We have the following, intuitively obvious, description of futures and pasts
of points in Minkowski space-time; in Proposition 4.4.5 below we will shortly
prove a similar local result in general space-times, with a considerably more
complicated proof.

PROPOSITION 4.4.3 Let (A, qg) be the (n + 1)-dimensional Minkowski space-
time RL™ := (RY™" n), with Minkowskian coordinates (z*) = (2%, %) so that

n(Oy, 0,) = diag(—1,+1,...,+1) .
Then
1. IT(0) = {a# : pata” < 0,20 > 0},
2. JT(0) = {z" : nata” <0,2° > 0},

3. in particular the boundary J*(0) of JT(0) is the union of {0} together
with all null future directed geodesics with initial point at the origin.

PROOF: Let v(s) = (z#(s)) be a parameterized causal path in R™ with v(0) =
0. At points at which ~ is differentiable we have

(' ')—_ dixo 2_|_ @
no,v) = ds ds

2
>0.
0

0
<o, “s
5 ds

@’
ds

Now, similarly to a differentiable function, a locally Lipschitzian function is the
integral of its distributional derivative (see Theorem 4.3.2) hence

s iL'O

O(s) = /Odds(u)du (4.4.3a)
5| di

> /0 | o = ). (4.4.3b)

Here £(~s) is the length, with respect to the flat Riemannian metric d, of the
path -, defined as
[0,5] > u— Z(u) € R".

Let dists denote the distance function of the metric 4, thus

it is well known that

ls > dists(Z(s), 7(0)) = |Z(s) — Z(0)[s = [Z(s)]s -
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Therefore
z(s) > |Z(s)ls ,

and point 2. follows. For timelike curves the same proof applies, with all
inequalities becoming strict, establishing point 1. Point 3. is a straightforward
consequence of point 2. O

*4.4.2 There is a natural generalisation of Proposition 4.4.3 to the following classes.s.2: pte:added, to be
of metrics on R x .7 proofread

g=—pdt>+h, Op=0h=0, (4.4.4)

where h is a Riemannian metric on .. (Such metrics are sometimes called warped-
products, with warping function @.)

PROPOSITION 4.4.4 Let # =R x % with the metric (4.4.4), and let p € .#. Then
JT((0,p)) is the graph over .7 of the distance function dist;(p,-) of the optical
metric

h:=¢ 'h,
while I7((0,p)) is the epigraph of dist; (p,-),

I7((0,p)) = {(t,q) : t > dist;, (p,q)} -

PROOF: Since the causal character of a curve is invariant under conformal transfor-
mations, the causal and timelike futures with respect to the metric g coincide with
those with respect to the metric

o lg=—dt* + h.

Arguing as in the the proof of Proposition 4.4.3, (4.4.3) becomes

s fEO

2(s) = /Odd—s(u)du (4.4.5a)
*dz

> /0 | e =:40). (4.4.5b)

where /; (vs) denotes the length of v, with respect to fl, and one concludes as before.
O

The next result shows that, locally, causal behaviour is identical to that
of Minkowski space-time. The proof of this “obvious” fact turns out to be
surprisingly involved:

PROPOSITION 4.4.5 Let 0, be a domain of normal coordinates x" centered at
p € A as in Proposition 4.2.3. Let

0 cC o,

be any normal—coordinate ball such that Vx° is timelike on 0. Recall (compare
(4.2.8)) that the function oy, : 0, — R has been defined by the formula

op(exp,(z")) := nuatz” . (4.4.6)
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Then
IT(p;0) <= o0,(q) <0, 2°>0,
03 q=expy(at) € ¢ J"(p;0) = o0p(q) <0, >0, (4.4.7)
JHp: 0) = op(g) =0, 2" >0,

with the obvious analogues for pasts. In particular, a point ¢ = expp(x“) €
J*(p; Op) if and only if q lies on the null geodesic segment [0,1] 5 s — 7(s) =
exp,(szt) € JT(p; Op).

REMARK 4.4.6 Example 4.4.1 shows that I*(p; @), etc., cannot be replaced
by I*(p), because causal paths through p can exit 0, and reenter it; this can
actually happen again and again.

Before proving Proposition 4.4.5, we note the following straightforward im-
plication thereof:

PROPOSITION 4.4.7 Let O be as in Proposition 4.4.5, then I (p; O) is open.

g

PROOF OF PROPOSITION 4.4.5: As the coordinate rays are geodesics, the
implications “<” in (4.4.7) are obvious. It remains to prove “=”. We start
with a lemma:

o4.4.3: ptezdo not LEMMA 4.4.8 Let 7 be a time function, i.e., a diﬁerentiable'4'4‘3 function with
et PO Gimelike past-pointing gradient. For any 19, a future directed causal path ~y

cannot leave the set {q : T(q) > T0}; the same holds for sets of the form {q :
7(q¢) > 10}. In fact, T is non-decreasing along vy, strictly increasing if 7y is
timelike.

PROOF: Let v : I — .# be a future directed parameterized causal path, then
7o+ is a locally Lipschitzian function, hence equals the integral of its derivative
on any compact subset of its domain of definition, so that
2 d(r o)
) - ) = [ AP
s U

1

= [l

S1

_ / (V) w)du > 0, (4.4.8)

S1

since V is timelike past directed, while  is causal future directed or zero wher-
ever defined. The function s — 7(7(s)) is strictly increasing when = is timelike,
since then the integrand in (4.4.8) is strictly positive almost everywhere. O

Applying Lemma, 4.4.8 to the time function z° we obtain the claim about

2 in (4.4.7). To justify the remaining claims of Proposition 4.4.5, we recall
Equation (4.2.9)

. { timelike future directed on {q : o,(q) <
Vo, -

, 2%(q) > 0},
null future directed on {q: Jp(q) 20 (4.4.9)

0
0, z°(q) >0}
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Let v = (v*) : I — O be a parameterized future directed causal path with
v(0) = p, then o, oy is a locally Lipschitzian function, hence

ontt) = [ Aoy,

= /Og(Vap,"y)(s)ds. (4.4.10)

We note the following:

LEMMA 4.4.9 A future directed causal path v C O, cannot leave the set {q :
2%(q) > 0,0,(q) < 0}.

Proor: The time function x"” remains positive along v by Lemma 4.4.8. If -0,
were also a time function we would be done by the same argument. The problem
is that —op, is a time function only on the set where o, is negative, so some care
is needed; we proceed as follows: The vector field Vo, is causal future directed
on {z° > 0,m,2#z” < 0}, while 4 is causal future directed or zero wherever
defined, hence g(Vo,,7) < 0 as long as v stays in {20 > 0,n,2#2” < 0}. By
Equation (4.4.9) the function o, is non-increasing along « as long as vy stays in
{29 > 0,n,,2"2" < 0}. Suppose that o,(y(s1)) < 0 and let

0

s, =sup{u € I : 0p(7(s)) <0 on [s1,u]}.

If s, € I, then 0, 0(s«) = 0 and o), 0y is not non-increasing on [sy, s, ), which
is not possible since v(s) € {2 > 0,n2#z” < 0} for s € [s1,s.). It follows
that o, 0 v < 0, as desired. O

Proposition 4.4.5 immediately follows for those future direct causal paths
through p which do enter the set {n, a#z” < 0}. This is the case for v’s such
that 4(0) = (4#(0)) exists and is timelike: We then have

7 (s) = s7(0) + o(s) ,

hence
M (57" () = 80w A" (07" (0) + o(s?) < 0

for s small enough. It follows that -y enters the set {n,, 2"z < 0} = {q: 0p(q) <
0}, and remains there for |s| small enough. We conclude using Lemma 4.4.9.

We continue with arbitrary parameterized future directed timelike paths
v :[0,b) — A, with v(0) = p, thus 7 exists and is timelike future directed for
almost all s € [0,b). In particular there exists a sequence s; —;_.o 0 such that
4(s;) exists and is timelike.

Standard properties of solutions of ODE’s show that for each ¢ € &), there
exists a neighborhood %, 4 of p such that the function

Wpq 31— 0r(q)

is defined, continuous in r. For i large enough we will have ~(s;) € Wp(s); for
such i’s we have just shown that

Uv(si)(V(S)) <0.
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Passing to the limit ¢ — oo, by continuity one obtains
op(1(s)) <0, (4.4.11)

thus
v C {2° >0, nuatz” <0} . (4.4.12)

Since 7 is timelike future directed wherever defined, and Vo, is causal future
directed on {z° > 0,7, 2#2” < 0}, Equations (4.4.10) and (4.4.12) show that
the inequality in (4.4.11) must be strict.

To finish the proof, we reduce the general case to the last one by considering
perturbed metrics, as follows: let ey be any unit timelike vector field on & (eg

can, e.g., be chosen as Va?/\/—g(Vz9 Va0)), for ¢ > 0 define a family of

Lorentzian metrics g. on & by the formula
ge(X7 Y) - g(Xa Y) - 69(607 X)g(€07 Y) .
Consider any vector X which is causal for g, then

9((X, X) = g(X,X) — e(g(eo, X))*
< _E(Q(eﬁvX))Q <0,
so that X is timelike for g.. Let o(gc), be the associated functions defined as
in Equation (4.4.6), where the exponential map there is the one associated to
the metric g.. Standard properties of solutions of ODE’s imply that for any

compact subset K of 0, there exists an ex > 0 and a neighborhood &), i of K
such that for all € € [0, ex] the functions

Opx > q— 0(9e)p(q)

are defined, and depend continuously upon e. We take K to be ([0, s]), where
s is such that [0,s] C I, and consider any € in (0, €y(j0,5])). Since 7 is timelike
for ge, the results already established show that we have

(ge)p(7(5)) <0

Continuity in € implies
op(7(s)) < 0.

Since s is arbitrary in I, Proposition 4.4.5 is established. O

For certain considerations it is useful to have the following:

COROLLARY 4.4.10 Under the hypotheses of Proposition 4.4.5, let v C O be a causal
curve from p to
q = exp,(zt) € J*(p; 0) .

Then there exists a reparameterization s — r(s) of v so that

[0,1] 3 s — (r(s)) = exp,(sz") .
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PROOF: Proposition 4.4.5 shows that o,(¢) = 0. It follows that

0=o0,07(t) = /0 g(Vop,¥)(s)ds . (4.4.13)

Since Vo, and * are causal oppositely directed we have ¢g(Vo,,¥) > 0 almost
everywhere. It thus follows from (4.4.13) that

g(Vap, ¥) =0
almost everywhere. This is only possible if
Vo, ~%

¢ #4.4.4

O ®/.4.4: ptcineeds a
better justification

almost everywhere (see Proposition 2.2.2), which gives the resul

Penrose’s approach [89]'4'4‘5 to the theory of causality is based on the notion ofess.s: pte:move near
timelike or causal trips: by definition, a causal trip is a piecewise broken causal iﬁ;gffe"ﬁﬁ:;"{,mke "
geodesic. The following result can be used to show equivalence of the definitions of S ot

I, etc., given here, to those of Penrose: Seifert (took it up),
. ) . . 'roc;LDoD,BeemEh'rliBh
COROLLARY 4.4.11 Ifq € It (p), then there exists a future directed piecewise broken

future directed timelike geodesic from p to q. Similarly, if ¢ € JT(p), then there
exists a future directed piecewise broken future directed causal geodesic from p to q.

PROOF: Let v : [0,1] — .# be a parameterized future directed causal path with
~v(0) = p and ¥(1) = ¢. Continuity of v implies that for every s € [0, 1] there exists
€s > 0 such that

(u) € Oy

for all
u € (s — 2€e2, 5+ 2€2) N[0, 1] = [max(0, s — 2¢5), min(1, s + 2¢,)] ,

where O, is a normal-coordinates ball centred at r, and satisfying the require-
ments of Proposition 4.4.5. Compactness of [0,1] implies that from the cover-
ing {(s — €s,5 +€s)}sepo,1] @ finite covering {(s; — €s;,5i + €5,) }i=o,..., v can be ex-
tracted, with sg = 0, sy = 1. Reordering the s;’s if necessary we may assume that
s; < s; + 1. By definition we have

’Y|[Smsi+1] - ﬁ’v(si) )

and by Proposition 4.4.5 there exists a causal future directed geodesic segment from
Y(si) to y(sit1): if Y(sit1) = exp,(,)(2*), then the required geodesic segment is
given by

[0,1] 3 5 — exp () (s7") .
If + is timelike, then all the segments are timelike. Concatenating the segments
together provides the claimed piecewise broken geodesic. O

Proposition 4.4.3 shows that the sets IT(p) are open in Minkowski space-
time. Similarly it follows from Proposition 4.4.5 that the sets I*(p; 0,) are
open. This turns out to be true in general:

PROPOSITION 4.4.12 For all % C . the sets I (%) are open.



58 CHAPTER 4. CAUSALITY

PROOF: Let q € I'T(%), and let, as in the proof of Corollary 4.4.11, sy_1 be
such that ¢ € 0, _,). Then

ﬁ'Y(SNfl) a I+('Y(5N*1)§ ﬁ)

is an open neighborhood of ¢ by Corollary 4.4.7. Clearly
I (y(sn-1): ) € I (3 (sw-1)) -
Since y(sy—1) € I (%) we have
I (v(sn—1) € IH(%)
(see point 3. of Proposition 4.4.2). It follows that

%

Y(snN-1) N I+(’7(5N—1); ﬁ) - I+(02/) )

which implies our claim. O

In Minkowski space-time the sets J¥(p) are closed, with

I£(p) = JE(p) . (4.4.14)
We will show below (see Corollary 4.4.17) that we always have
I=(p) > J*(p) (4.4.15)

but this requires some work. Before proving (4.4.15), let us point out that
(4.4.14) does not need to be true in general:

EXAMPLE 4.4.13 Let (.#, g) be the two-dimensional Minkowski space-time R!:!
from which the set {#° = 1,2! < —1} has been removed. Then

JH0;.4) = T (0,RM)\ {2 = -2 2! € (-0, 1]},

cf. Figure 4.2, hence J*(0; .4 ) is neither open nor closed, and Equation (4.4.14)
does not hold.

We have the following:
LEMMA 4.4.14 (“Push-up Lemma 1”) For any Q C .# we have
IT(JH Q) =17(Q). (4.4.16)
PRrROOF: The obvious property
wcCVy = I (%) cI(¥)

provides inclusion of the right-hand-side of (4.4.16) into the left-hand-side. It
remains to prove that
IT(JT(Q) cIT(Q).
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Figure 4.2: J*(p) is not closed unless some global causal regularity conditions
are fulfilled by (4, g).

Let r € IT(JT(2)), thus there exists a past-directed timelike curve 7o from r
to a point ¢ € JT(Q). Since g € JT(Q), then either ¢ € ), and there is nothing
to prove, or there exists a past-directed causal curve v : I — .# from g to some
point p € 2. We want to show that there exists a past-directed timelike curve
4 starting at r and ending at p. The curve 4 can be obtained by “pushing-
up” « slightly, to make it timelike, the construction proceeds as follows: Using
compactness, we cover 7 by a finite collection %;, i = 0,---, N, of elementary
regions %; centered at p; € y(I), with

Po=¢q, Pi€UNUs, pit1CJ (i), pPN=0p.

Let 7o : [0, so] — # be the already mentioned causal curve from r to g € %4; let
s1 be close enough to sg so that vy(s1) € 1. By Proposition 4.2.3 together with
the definition of elementary regions there exists a past directed timelike curve
v : [0,1] — 2 from vy(s1) to p1 € %1 N %.. For s close enough to 1 the curve
~v1 enters %, choose an sy such that ~;(s2) € %, again by Proposition 4.2.3
there exists a a past directed timelike curve v2;[0,1] — % from ~v;(s2) to pa.
One repeats that construction iteratively obtaining a (finite) sequence of past-
directed timelike curves 7; C IT(v) N & such that the end point ~;(s;y1) of
Yil{0,s,,1) coincides with the starting point of v;41. Concatenating those curves
together gives the desired path 4. O

We have the following, slightly stronger, version of Lemma 4.4.14, which
gives a sufficient condition to be able to deform a causal curve to a timelike
one, keeping the deformation as small as desired:

COROLLARY 4.4.15 Consider a causal future directed curve v : [0,1] — 4 from
p to q. If there exist s1 < sz € [0,1] such that |j, s, is timelike, then in any
neighborhood O of v there exists a timelike future directed curve 4 from p to q.

REMARK 4.4.16 The so-called mazimizing causal geodesics can not be deformed
as above to timelike curves, whether locally or globally. For example, any causal
geodesic in Minkowski space-time has this property.
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PrROOF: : If s9 = 1, then Corollary 4.4.15 is essentially a special case of
Lemma 4.4.14: the only difference is the statement about the neighborhood
0. This last requirement can be satisfied by choosing the sets %; in the proof
of Lemma 4.4.14 so that % C €. If s; = 0 (and regardless of the value of s2)
the result is obtained by changing time-orientation, applying the result already
established to the path 7/(s) = v(1 — s), and changing-time orientation again.
The general case is reduced to the ones already covered by first deforming the
curve 7|(g,s,] to a new timelike curve 4 from p to y(sz2), and then applying the
result again to the curve 5 U7/, 11- O

As another straightforward corollary of Lemma 4.4.14 one obtains:

COROLLARY 4.4.17 For any p € .4 we have

Jt(p) c It(p) .

PROOF: Let ¢ € JT(p), and let r; € I't(q) be any sequence of points accumu-
lating at ¢, then r; € I't(p) by Lemma 4.4.14, hence q € I*+(p). O

4.5 Extendible and inextendible paths

A useful concept, when studying causality, is that of a causal path with cannot
be extended any further. Recall that, from a physical point of view, the image
in space-time of a timelike path is supposed to represent the history of some
observer, and it is sometimes useful to have at hand idealised observers which
do never stop to exist. Here it is important to have in mind the geometrical
picture in mind, where all that matters is the image in space-time of the path,
independently of any paramaterisation: if that image “stops”, then one can
sometimes continue the path by concatenating with a further one; continuing
in this way one hopes to be able to obtain paths which are inextendible.

In order to make things precise, let v : [a,b) — .#, be a parameterized,
causal, future directed path. A point p is called a future end point of v if
lim,_,y(s) = p. Past end points are defined in the obvious analogous way. An
end point is a point which is either a past end point or a future end point.

Given « as above, together with an end point p, one is tempted to extend
v to a new path 4 : [a,b] — .# defined as

i(s) = {;fs)’ °c [lff ). (4.5.1)

The first problem with this procedure is that the resulting curve might fail to be
locally Lipschitz in general. An example is given by the timelike future-directed
path

0,1) 3 1(s) = (—(1 - )/2,0) € RML,

which is locally Lipschitzian on [0, 1), but is not on [0,1]. (This follows from
the fact that the difference quotient (f(s) — f(s’))/(s—s’) blows up as s and s’
tend to one when f(s) = (1 — 5)'/2). Recall that in our definition of a causal
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curve 7, a prerequisite condition is the locally Lipschitz character, so that the
extension 4 fails to be causal even though 7 is.
The problem is even worse if b = oco: consider the timelike future-directed
curve
[1,00) 3 5 — 73(s) = (=1/s,0) € R,

Here there is no way to extend the curve to the future, as an application from
a subset of R to .#Z, because the range of parameters already covers all s > 1.
Now, the image of both ; and 72 is simply the interval [—1,0) x R, which can
be extended to a longer causal curve in Rb! in many ways if one thinks in terms
of images rather than of maps.
Both problems above can be taken care of by requiring that the parameter s
be the proper distance parameter of some auxiliary Riemannian metric h.*4-5-1
(At this stage h is not required to be complete). This might require reparame-e;.s.1: pte:wrong, since
terizing the path. From the point of view of our definition this means that we are iZi;ﬁ?éZJlZ‘;Z‘;iny
passing to a different path, but the image in space-time of the new path coincides "
with the previous one. If one thinks of timelike paths as describing observers,
the new observer will thus have experienced identical events, even though he
will be experiencing those events at different times on his time-measuring de-
vice. We note, moreover, that (locally Lipschitz) reparameterizations do not
change the timelike or causal character of paths.

We have already shown in Section 4.3 that a locally Lipschitzian path can always
be reparameterized by h-distance, leading to a uniformly Lipschitzian path, with
Lipschitz constant one. It should be clear from the examples given above, as well
as from the examples discussed at the beginning of Section 4.6, that it is sensible
to use such a parameterization, and it is tempting to build this requirement into
the definition of a causal path. One reason for not doing that is the existence of
affine parameterization for geodesics, which is geometrically significant, and which
is convenient for several purposes. Another reason is the arbitrariness related to the
choice of h. Last but not least, a limit curve for a sequence of dist,-parameterized
curves does not have to be distj,-parameterized. Therefore we will not assume a
priori an h-distance parameterization, but such a reparameterization will often be

used in the prOOfS..4'5'2 e/.5.2: ptciadded
VIII.2004, to reread

Returning to (4.5.1), we want to show that 4 will be uniformly Lipschitz if
disty-parameterization is used for . More generally, suppose that ~ is uniformly
Lipschitz with Lipschitz with constant L,

distp, (v(s),v(s")) < L|s — §| . (4.5.2)
Passing with s’ to b in that equation we obtain
dist(y(s),p) < Lls — 0] ,
and the Lipschitzian character of 4 easily follows. We have therefore proved:

LEMMA 4.5.1 Let 7 : [a,b) — A, b < o0, be a uniformly Lipschitzian path
with an end point p. Then =y can be extended to a uniformly Lipschitzian path
5 la,b] — A, with 4(b) = p.
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Let v: [a,b) — 4, b€ RU{oco} be a path, then p is said to be an w-limit
point of v if there exists a sequence s — b such that y(sx) — p. An end point
is always an w-limit point, but the inverse does not need to be true in general
(consider y(s) = exp(is) € C, then every point exp (iz) € S' C C! is an w-limit
point of v — set s = = + 2wk). For b < oo and for uniformly Lipschitz paths
the notions of end point and of w-limit point coincide:

LEMMA 4.5.2 Let v : [a,b) — A, b < 00, be a uniformly Lipschitzian path.
Then every w-limit point of v is an end point of v. In particular, v has at most
one w-limit point.

PRrROOF: By (4.5.2) we have

distp(7(si),7(s)) < Llsi — s/,

and since disty, is a continuous function of its arguments we obtain, passing to
the limit ¢ — oo
dista(p, ¥(s)) < Llb—s]

Thus p is an end point of 7. Since there can be at most one end point, the
result follows. O

A future directed causal curve 7 : [a,b) — .# will be said to be future
extendible if there exists b < ¢ € RU {oo} and a causal curve 7 : [a,c) — A
such that

Yiap) = - (4.5.3)

The path 7 is then said to be an extension of v. The curve v will be said future
inextendible if it is not future extendible. The notions of past extendibility, or
of extendibility, are defined in the obvious way.

Extendibility in the class of causal paths forces a causal 7 : [a,b) — .# to
be uniformly Lipschitzian: This follows from the fact that [a,b] is a compact
subset of the domain of definition of any extension 7, so that 7, 4 is uniformly
Lipschitzian there. But then 7|, 3) is also uniformly Lipschitzian, and the result
follows from (4.5.3).

Whenever a uniformly Lipschitzian path can be extended by adding an end
point, it can also be extended as a strictly longer path:

LEMMA 4.5.3 A uniformly Lipschitzian causal path v : [a,b) — A, b < oo is
extendible if and only if it has an end point.

PROOF: Let 4 be given by Proposition 4.5.1, and let 4 : [0, d) be any maximally
extended to the future, future directed causal geodesic starting at p, for an
appropriate d € (0,00). Then 4 U4 is an extension of +. O

It turns out that the paths considered in Lemma 4.5.3 are always extendible:
THEOREM 4.5.4 Let 7y : [a,b) — 4, b € RU {0}, be a future directed causal

path parameterized by h-distance, where h is any complete auxiliary Riemannian
metric. Then v is future inextendible if and only if b = oco.
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PROOF: Suppose that b < co. Let Bp(p,r) denote the open h-distance ball,
with respect to the metric h, of radius r, centred at p. Since «y is parameterized
by h-distance we have, by (4.3.2),

7([a7 b)) - Bh(’)/(a)vb - CL) :

The Hopf-Rinow theorem? asserts that Bj(y(a),b— a) is compact, therefore

there exists p € Bp(v(a),b — a) and a sequence s; such that
[aa b) D 8 —i—ooo b and 7(Sz> — D

Thus p is an w-limit point of . Clearly 7 is uniformly Lipschitzian (with
Lipschitz modulus one), and Lemma 4.5.2 shows that p is an end point of ~.
The result follows now from Lemma 4.5.3. O

4.5.1 Maximally extended geodesics

Consider the Cauchy problem for an affinely-parameterized geodesic «:
Viy=0, ~v0)=p, §(0)=X. (4.5.4)

This is a second-order ODE which, by the standard theory [?], for C!'! metrics,
has unique solutions defined on a maximal interval I = I(p, X) > 0. I is maxi-
mal in the sense that if I’ is another interval containing 0 on which a solution
of (4.5.4) is defined, then I’ C I. When I is maximal the geodesic will be called
mazimally extended. Now, it is not immediately obvious that a maximally ez-
tended geodesic is inextendible in the sense just defined: To start with, the
notion of inextendibility involves only the pointwise properties of a path, while
the notion of maximally extended geodesic involves the ODE (4.5.4), which
involves both the first and second derivatives of 7. Next, the inextendibility
criteria given above have been formulated in terms of uniformly Lipschitzian
parameterizations. While an affinely parameterized geodesic is certainly locally
Lipschitzian, there is no a priori reason why it should be uniformly so, when
maximally extended. All these issues turn out to be irrelevant, and we have the
following;:

PROPOSITION 4.5.5 A geodesic v : I — A is maximally extended as a geodesic
if and only if v is inextendible as a causal path.

PROOF: Suppose, for contradiction, that v is a maximally extended geodesic
which is extendible as a path, thus v can be extended to a path 4 by adding
its end point p as in (4.5.1). Working in a normal coordinate neighborhood &),
around p, 4N &), has a last component which is a geodesic segment which ends
at p. By construction of normal coordinates the component of 4 in question is
simply a half-ray through the origin, which can be clearly be continued through
p as a geodesic. This contradicts maximality of « as a geodesic. It follows that
a maximally extended geodesic is inextendible. Now, if « is inextendible as a
path, then ~ can clearly not be extended as a geodesic, which establishes the
reverse implication. O

A result often used in causality theory is the following:
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THEOREM 4.5.6 Let v, be a future directed causal, respectively timelike, path.
Then there exists an inextendible causal, respectively timelike, extension of .

PROOF: If vy : [a,b) — . is inextendible there is nothing to prove; otherwise
the path 4 U4, where 4 is given by Proposition 4.5.1, and 4 is any maximally
extended future directed causal geodesic as in the proof of Proposition 4.5.3,

provides an extension. This extension is inextendible by Proposition 4.5.5. O
e4.5.3

4.6 Limits of curves

A key tool in the analysis of global properties of space-times is the analysis of
sequences of curves. One typically wants to obtain a limiting curve, and study
its properties. The object of this section is to establish the existence of such
limiting curves.

We wish, first, to find the ingredients needed for a useful notion of a limit
of curves. It is enlightening to start with several examples. The first question
that arises is whether to consider a sequence of curves =, defined on a common
interval I, or whether one should allow different domains I,, for each ~,. To
illustrate that this last option is very unpractical, consider the family of curves

(—1/n,1/n) 3 5 — yu(s) = (s,0) € RLL . (4.6.1)

The only sensible geometric object to which the v, (s) converge is the constant
map
{0} 35— Yoo(s) =0 € RL (4.6.2)

which is quite reasonable, except that it takes us away from the class of causal
curves. To avoid such behavior we will therefore assume that all the curves ~,
have a common domain of definition I.

Next, there are various reasons why a sequence of curves might fail to have
an “accumulation curve”. First, the whole sequence might simply run to infinity.
(Consider, for example, the sequence

R3S s — y,(s) = (s,n) e RV )

This is avoided when one considers curves such that v,(0) converges to some
point p € .4 .

Further, there might be a problem with the way the curves are parameter-
ized. As an example, let 7, be defined as

(=1,1) 3 s = (s) = (s/n,0) e RV
As in (4.6.1), the v,(s) converge to the constant map
(=1,1) 3 5 = Y00(s) =0 € RD! | (4.6.3)

again not a causal curve. Another example of pathological parameterizations
is given by the family of curves

R 35— yu(s) = (ns,0) € R,
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In this case one is tempted to say that the ~,’s accumulate at the path, say ~1,
if parameterization is not taken into account. However, such a convergence is
extremely awkward to deal with when attempting to actually prove something.
This last behavior can be avoided by assuming that all the curves are uniformly
Lipschitz continuous, with the same Lipschitz constant. The simplest way of
ensuring this is to parameterize all the curves by a length parameter with respect
to our auxiliary complete Riemannian metric h.
Yet another problem arises when considering the family of Euclidean-distance-

parameterized causal curves

R 3> s — y(s) = (s +n,0) € Rb .

This can be gotten rid of by shifting the distance parameter so that the sequence
vn(80) stays in a compact set, or converges, for some sg in the domain 1.
The above discussion motivates the hypotheses of the following result:

PROPOSITION 4.6.1 Lety, : I — 4 be a sequence of uniformly Lipschitz future
directed causal curves, and suppose that there exist p € A such that

1n(0) = p . (4.6.4)

Then there exists a future directed causal curve v : I — A and a subsequence
Yn; converging to 7y in the topology of uniform convergence of compact subsets

of 1.
Proposition 4.6.1 provides the justification for the following definition:

DEFINITION 4.6.2 Let v, : I — A be a sequence of paths. We shall say that
v : 1 — A is an accumulation curve of the v, s, or that the v, ’s accumulate at
v, if there exists a subsequence 7, that converges to vy, uniformly on compact

S'U/bsets Of 1.461 e/.6.1: ptc:definition

In their treatment of causal theory, Hawking and Ellis [58] introduce a notion of
limit curve for paths, regardless of parameterization, which we find very awkward
to work with. A related but slightly more convenient notion of cluster curve is
considered in [75], where the name of “limit curve” is used for yet another notion of
convergence. As discussed in [16, 75], those definitions lead to pathological behavior
in some situations. We have found the above notion of “accumulation curve” the
most convenient to work with from several points of view.

A sensible terminology, in the context of Definition 4.6.2, could be “CIOO ~limits
of curves”, but we prefer not to use the term “limit” in this context, as limits are
usually unique, while Definition 4.6.2 allows for more than one accumulation curve.

PROOF OF PROPOSITION 4.6.1: The hypothesis that all the +,,’s are uniformly

Lipschitz reads
distp, (v (8), 1 (") < L|s — §| , (4.6.5)

for some constant L. This shows that the family {v,} is equicontinuous, and
(4.6.4) together with the Arzela-Ascoli theorem implies that for every compact
set K C I there exists a curve vy : K — .# and a subsequence +,, which
converges uniformly to vx on K. One can obtain a K-independent curve v by
a so-called diagonalisation procedure.

changed, should be
checked for consistency
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The diagonalisation procedure goes as follows: For ease of notation we consider
I = R, the same argument applies on any interval with obvious modifications.
Let vn(;,1) be the sequence which converges to 7;_11]; applying Arzela-Ascoli to
this sequence one can extract a subsequence v, (; 2) of ¥y(;,1) Which converges uni-
formly to some curve y[_g 9 on [=2,2]. Since 7,2 is a subsequence of v, 1),
and since 7, ;1) converges to 4y 1) on [—~1,1], one finds that y_s 9 restricted to
[—1,1] equals y_1 1. One continues iteratively: suppose that {7, k) }ien has been
defined for some k, and converges to a curve y[_j ;] on [k, k], then the sequence
{¥n(i,k+1) tien is defined as a subsequence of {7, x)}ien Which converges to some
curve Y—(g4+1),k+1] o0 [—(k + 1),k 4 1]. The curve v is finally defined as

v(s) = Y—k,k] (),

where k is any number such that s < k. The construction guarantees that yi_ »;(s)
does not depend upon k as long as s < k.

It remains to show that 7 is causal. Passing to the limit n — oo in (4.6.5)
one finds

disty (v(s),v(s")) < L|s — §'| . (4.6.6)

For ¢ € .# let 0, be an elementary neighborhood of ¢ as in Proposition 4.4.5,
and let o, be the associated function defined by (4.4.6). Let s € R and consider
any point y(s) € .#. Now, the size of the sets 0, can be controlled uniformly
when ¢ varies over compact subsets of .#. It follows that for all s’ close enough
to s and for all n large enough we have v,(s') € O, (5. Since the v,’s are
causal, Proposition 4.4.5 shows that we have

G () (m(s)) <0 . (4.6.7)

Since o4(p) depends continuously upon ¢ and p, passing to the limit in (4.6.7)
gives

0 (s)(7(s7)) 0. (4.6.8)

This is only possible if v is causal, which can be seen as follows: Suppose that
7 is differentiable at s. In normal coordinates on &) we have, by definition
of a derivative,

hence
0> 0y (5(5) = M (s)3* (5)(s' — 5)2 + o((' — 8)2) .
For s’ — s small enough this is only possible if
muA ()3 (5) < 0,
and ¥ is causal, as we desired to show. O

Let us address now the question of inextendibility of accumulation curves.
We note the following lemma:
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LEMMA 4.6.3 Let v, be a sequence of disty-parameterized inextendible causal
curves converging to v uniformly on compact subsets of R, then ~y is inextendible.*4-0-2
e,.6.2: ptcinew result,

to be proved, this is
claimed both in Beem

Bhrlich page 76 nd PRrooF: Note that the parameter range of v is R, and the result would follow
from Theorem 4.5.4 if v were disty-parameterized, but this might fail to be
the case (consider a sequence of null geodesics in R\ = (R g = —dt? +
dz?) threading back and forth a space-distance 1/n around the {z = 0} axis,
with h = dt? + dz? the limit curve is y(s) = (s/v/2,0) which is not disty-

pal“ametel”ized). *4.6.3 ®4.6.3: ptc:l am not

sure that this is true,
d and how to state it not
to make it trivial, and
whether this is needed

In summary, it follows from Lemmata 4.5.3 and 4.6.3 together with Propo- "%

sition 4.6.1 that:

THEOREM 4.6.4 FEvery sequence of future directed, inextendible, causal curves
which converges at one point accumulates at some future directed, inextendible,
causal curve. O

One is sometimes interested in sequences of maximally extended geodesics:

PROPOSITION 4.6.5 Let v, be a sequence of mazimally extended geodesics ac-
cumulating at v. Then ~ is a mazimally extended geodesic.®4-6-4 4.6.4: ptenew result,

to be crosschecked

PROOF: If we use a disty,-parameterization of the v,’s such that ~,(0) — ~(0),
then by Proposition 4.6.1 (passing to a subsequence if necessary) the 7,’s con-
verge to +, uniformly on compact subsets of R. Let % be a compact neigh-
borhood of v(0), compactness of Upe  Up# , where Up# C Ty, M is the set of
h-unit vectors tangent to .#, implies that there exists a subsequence such that
4n(0) converges to some vector X € Uy o4 C Tyy M. Let o : (a,b) — A,
a € RU{—o0}, b € RU{oo}, be an affinely parameterised maximally extended
geodesic through ~(0) with initial tangent vector X. By continuous dependence
of ODE’s upon initial values it follows that 1) for any a < o« < § < b all the
Yn's, except perhaps for a finite number, are defined on [«, 5] when affinely pa-
rameterized, and 2) they converge to 0|, g in uniform C*([a, 8], #) topology.
Thus 4, (s) — (s) uniformly on compact subsets of (a, b), which implies that a
disty-parameterization is preserved under taking limits. Hence the ~,’s, when
disty-parameterized, converge uniformly to a dist,-reparameterization of ¢ on
compact subsets of R, call it u. It follows that v = p, and ~ is a maximally
extended geodesic. O

4.6.1 Achronal causal curves
*4.6.5 A curve ~v: I — A is called achronal if 0.6.5: ptoinew section,

needs a global reread
Vs q(s) 17 (v(s)) -

Any spacelike geodesic in Minkowski space-time is achronal. More interestingly,
it follows from Proposition 4.4.3 that this is also true for null geodesics. How-
ever, null geodesics do not have to be achronal in general: consider, e.g., the
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two-dimensional space-time R x S with the flat metric —dt? + da?, where z is
an angle-type coordinate along S! with periodicity, say, 2. Then the points
(0,0) and (27,0) both lie on the null geodesic

s — (s,s mod27) ,

and are clearly timelike related to each other.
In this section we will be interested in causal curves that are achronal. We
start with the following:

PROPOSITION 4.6.6 Let~ be an achronal causal curve, then v is a null geodesic.

PROOF: Let & be any elementary neighborhood, then any connected component
of yN & is a null geodesic by Corollary 4.4.10. O

THEOREM 4.6.7 Let v, : [ — .# be a sequence of achronal causal curves accu-
mulating at v, then v is achronal.

REMARK 4.6.8 It follows from Propositions 4.6.6 and 4.6.5 that v is inex-
tendible if the v,’s are.

PRrOOF: Changing time-orientation if necessary we can without loss of generality
assume that all the ~,’s are future directed, for n large enough. It follows
from Proposition 4.6.1 that passing to a subsequence and reparameterizing if
necessary, the 7,’s converge to « uniformly on compact subsets of R. Suppose
7 is not achronal, then there exist s1,s2 € I such that y(s2) € I (v(s1)), thus
there exists a timelike curve 4 : [s1, 2] — 4 from ~(s1) to v(s2). Choose
some § € (s1,52). We have v(s2) € IT(4(8)), and since I (¥(8)) is open there
exists an open neighborhood & of (s3) such that 0y C I (4(8)). Similarly
there exists an open neighborhood &) of v(s1) such that &3 C I~ (%(8)). This
shows that any point py € 05 lies in the timelike future of any point p; € 0;:
indeed, one can go from p; along some timelike path to 4($), and continue along
another timelike path from 4($) to ps.

By Proposition 4.6.1, passing to a subsequence if necessary, v, (s1) converges
to y(s1) and 7, (s2) converges to y(s2). Then 7,(s1) € 01 and ~,(s2) € O for
n large enough, leading to v, (s2) € I (7,(s1)), contradicting achronality of ~,,.
O

04.6.6

4.7 Causality conditions

Space-times can exhibit various causal pathologies, most of which are undesir-
able from a physical point of view. The simplest example of unwanted causal
behaviour is the existence of closed timelike curves. A space-time is said to be
chronological if no such curves exist. An example of a space-time which is not
chronological is provided by S' x R with the flat metric —dt? + da?, where t is
a local coordinate defined modulo 27 on S'. Then every circle z = const is a
closed timelike curve.
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The class of compact manifolds is a very convenient one from the point of view of
Riemannian geometry. The following result of Geroch shows that such manifolds
are always pathological from a Lorentzian perspective:

PROPOSITION 4.7.1 (Geroch [?]) Every compact space-time (M, g) contains a closed
timelike curve.

PrOOF: Consider the covering of .# by the collection of open sets {I~(p)}pe.a»
by compactness a finite covering {I~(p;)}i=1,..,r can be chosen. The possibility
p1 € I~ (p1) yields immediately a closed timelike curve through p;, otherwise there
exists p;(1) such that py € I7(p;1)). Again if p;1) € I~ (p;1)) we are done, otherwise
there exists p;(2) such that p;) € I~ (pi(g)). Continuing in this way we obtain a —
finite or infinite — sequence of points p;(;) such that

Pij) € I~ (Pigj+1)) - (4.7.1)

If the sequence is finite we are done. Now, we have only a finite number of p;’s at
our disposal, therefore if the sequence is finite it has to contain repetitions:

Di(j+e) = Pi(j)

for some j, and some ¢ > 0. It should be clear from (4.7.1) that there exists a closed
timelike curve through p;;). O

REMARK 4.7.2 Galloway [?] has shown that in compact space-times (., g) there
exist closed timelike curves through any two points p and ¢, under the supplementary
condition that the Ricci tensor Ric satisfies the following energy condition:

Ric(X, X) > 0 for all causal vectors X. (4.7.2)

The chronology condition excludes closed timelike curves, but it just fails
to exclude the possibility of occurrence of closed causal curves. A space-time is
said to be causal if no such curves can be found. The existence of space-times
which are chronological but not causal requires a little work:

EXAMPLE 4.7.3 Let .# =R x S with the metric
g = 2dtdx + f(t)dz?,
where f is any function satisfying
f>0, with f(¢t)=0iff t=0.

(The function f(t) = t* will do.) Here t runs over the R factor of .#, while x
is a coordinate defined modulo 27 on S!. In matrix notation we have

e[ 1],

which leads to the following inverse metric

9] = [ _1f (1) }
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It follows that
g(Vt,Vt) = —f <0, with g(Vt,Vt) =0iff t =0 (4.7.3)

Recall, now, that a function 7 is called a time function if V7 is timelike,
past-pointing. Equation (4.7.3) shows that ¢ is a time function on the set
{t # 0}. Since a time-function is strictly increasing on any causal curve (see
Lemma 4.4.8), one easily concludes that no closed causal curve in .# can in-
tersect the set {¢t # 0}. In other words, closed causal curves — if they do exist
— must be entirely contained in the set {¢ = 0}. Now, any curve - contained
in this last set is of the form

Y(s) = (0,z(s)) ,
with tangent vector
v = 20y = 9(777) = (i')zg(aaca aac) = (-f)Zgacac =0.
This shows in particular that

e ./ does contain closed causal curves: an example is given by z(s) =
s mod 2.

e All closed causal curves are null.

It follows that (., g) is indeed chronological, but not causal, as claimed.

It is desirable to have a condition of causality which is stable under small
changes of the metric. By way of example, consider a space-time which contains
a family of causal curves v, with both ~,(0) and ~,(1) converging to p. Such
curves can be thought of as being “almost closed”. Further, it is clear that
one can produce an arbitrarily small deformation of the metric which will allow
one to obtain a closed causal curve in the deformed space-time. The object of
our next causality condition is to exclude this behaviour. A space-time will be
said to be strongly causal if every neighborhood & of a point p € .# contains
a neighborhood % such that for every causal curve v : I — .# the set

{sel:v(s)ew}cClI

is a connected subset of I. In other words, v does not re-enter % once it has
left it.

Clearly, a strongly causal space-time is necessarily causal. However, the
inverse does not always hold. An example is given in Figure 4.7

The definition of strong causality appears, at first sight, somewhat unwieldy
to verify, so simpler conditions are desirable. The following provides a useful
criterion: A space-time (., g) is said to be stably causal if there exists a time
function t globally defined on .#. Recall — see Lemma 4.4.8 — that time
functions are strictly increasing on causal curves. It then easily follows that
stable causality implies strong causality:

PROPOSITION 4.7.4 If (M, g) is stably causal, then it is strongly causal.
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Figure 4.3: A causal space-time which is not strongly causal. Here the metric
is the flat one —dt? + dz?, so that the light cones are at 45°. It should be clear
that no matter how small the neighborhood % of p is, there will exist a causal
curve as drawn in the figure which will intersect this neighborhood twice. In
order to show that (., g) is causal one can proceed as follows: suppose that
~ is any closed causal curve in .#, then v has to intersect the hypersurfaces
{t = £1} at some points x4, with z_ > 1 and x4 < —1. If we parameterize ~y
so that y(s) = (s, z(s)) we obtain =2 > x4 —z_ = f_ll ‘é—ids , hence there must
exist s, € [—1, 1] such that dz/ds < —1, contradicting causality of .

PrROOF: Let & be a connected open neighborhood of p € .#, and let ¢ be
a nonegative smooth function such that ¢(p) # 0 and such that the support
suppyp of ¢ is a compact set contained in &. Let 7 be a time function on .,
for a € R set

Te =T+ ap.

As V7 is timelike, the function ¢g(V7, V1) is bounded away from zero on the
compact set suppyp, which implies that there exists ¢ > 0 small enough so that
T4 are time functions on suppy. Now, 71, coincides with 7 away from suppy,
so that the 74’s are actually time functions on .# as well. We set

U :={q:7-(q) <7(p) <71(q)} -
We have:
e p € U, therefore % is not emptys;
e 7/ is open because the 7,’s are continuous;
e 9/ C O because @ vanishes outside of .

Consider any causal curve v the image of which intersects %, v can enter or
leave 7% only through

OU C{q:7-(q) =7} U{q:7(p) = 71(q)} - (4.7.4)
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At a point s_ at which v(s_) € {q: 7—<(q) = 7(p)} we have

7(p) =7-c(V(s-)) =7(7(s5-)) —ep(r(s-)) = 7T(v(s-)) > 7(p) -

Similarly at a point sy at which y(s+) € {q: 71<(¢) = 7(p)} we have

7(p) = Te(v(s4)) = T(v(s4)) +ep(v(s1)) = 7(v(s4)) <7(p) .

As 7 is increasing along -, we conclude that v can enter % only through
{q: 7+e(q) = 7(p)}, and leave % only through {q : 7_c(¢) = 7(p)}. Lemma 4.4.8
shows that v can intersect each of the two sets at the right-hand-side of (4.7.4)
at most once. Those facts obviously imply connectedness of the intersection of
(the image of) v with % . ]

The strongest causality condition is that of global hyperbolicity, considered
in the next section.

4.8 Global hyperbolicity

A space-time (., g) said to be globally hyperbolic if it is strongly causal, and if
for every p,q € M the sets J*(p) N J~(q) are compact.

It is sometimes useful to consider space-times with boundary — i.e., 4 is a
manifold with boundary, with g extending differentiably to 0.#. We will allow
such space-times throughout this section.®4-8-1

It is not too difficult to show that Minkowski space-time R!" is globally
hyperbolic: first, the Minkowski time z° provides a time-function on R™! —
this implies strong causality. Compactness of JT(p)NJ ™ (q) for all p’s and ¢’s is
easily checked by drawing pictures; it is also easy to write a formal proof using
Proposition 4.4.3, this is left as an exercise to the reader.

The notion of globally hyperbolicity provides excellent control over causal
properties of (.#,g). This will be made clear at several other places in this
work. Anticipating, let us list a few of those:

1. Let (4, g) be globally hyperbolic. If JT(p)NJ~(q) # 0, then there exists
a causal geodesic from p to ¢. Similarly if I (p) NI~ (q) # 0, then there
exists a timelike geodesic from p to q.

2. The Cauchy problem for linear wave equations is globally solvable on
globally hyperbolic space-times.

3. A key theorem of Choquet-Bruhat and Geroch asserts that mazimal glob-
ally hyperbolic solutions of the Cauchy problem for Einstein’s equations
are unique up to diffeomorphism.

We start our study of globally hyperbolic space-times with the following
property:

PROPOSITION 4.8.1 Let (., g) be globally hyperbolic, and let v, be a family of
causal curves accumulating both at p and q. Then there exists a causal curve
v, accumulation curve of the (perhaps reparameterized) -y, ’s, which passes both
through p and q.
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REMARK 4.8.2 The stably-causal space-time in Figure 7?7 shows that the result
is wrong without the hypothesis of global hyperbolicity.

Proor: Extending the ,’s to inextendible curves, and reparameterizing if
necessary, we can assume that the v,’s are dist;,-parameterized, with common
domain of definition I = R, and with 7, (0) converging to p. If p = ¢ the result
has already been established in Proposition 4.6.1, so we assume that p # gq.
Consider the compact set

A= (JT(p)NJT () U (T (@) N T (p) (4.8.1)

(since a globally hyperbolic space-time is causal, one of those sets is, of course,
necessarily empty). J# can be covered by a finite number of elementary domains
U,i=1,---,N. Strong causality allows us to choose the %;’s small enough so
that for every n the image of =, is a connected subset in %;. We can choose a
parameterization of the =,’s by h-length so that, passing to a subsequence of
the v,’s if necessary, we have 7,(0) — p. Extending the ~,’s if necessary we
can assume that all the 7,’s are defined on R. We note the following:

LEMMA 4.8.3 Let % be an elementary neighborhood, as defined in Definition 4.2.6.
There exists a constant £ such that for any causal curve v : I — % the h-length
|v|n of v is bounded by £.

To prove Lemma 4.8.3 we need the following variation of the inverse Cauchy-
Schwarz inequality (compare Proposition 2.2.2):

LEMMA 4.8.4 Let K be a compact set and let X be a continuous timelike vector
field defined there, then there exists a strictly positive constant C such that for
all ¢ € K and for all causal vectors Y € Ty, we have

9(X,Y)[ = CY]p . (4.8.2)

PROOF: By homogeneity it is sufficient to establish (4.8.2) for causal Y € T,.#
such that Y|, = 1; let us denote by U(h), this last set. The result follows then
by continuity of the strictly positive function

UgeU(h)g 2 Y — |g(X,Y)

on the compact set UgegU(h)q. O

Returning to the proof of Lemma 4.8.3, let 2 be the local time coordinate
on %, since Va is timelike we can use Lemma 4.8.4 with K = % to conclude
that there exists a constant C' such that for any causal curve v C % we have

l9(X,9)] >C >0

at all points at which ~ is differentiable. This implies, for so > s1,

2%(s2) — 2%(s1)] > / 19V, 4)ds

S1

52
> C/ ds = Cls2 — s1] .
51
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It follows that )
Iv|p < €:= =sup |z’ < oo, (4.8.3)
C u

as desired. O

Returning to the proof of Proposition 4.8.1, Lemma 4.8.3 shows that there
exists a constant L; — independent of n — such that the h-length |y, N %]
is bounded by L;. Consequently the h-length |y, N |, with £ as in (4.8.1),
is bounded by

”ynﬁ%’hSLZ:Ll—l—LQ—l-...—}—L[. (484)

By hypothesis the ~v,,’s accumulate at ¢, therefore there exists a sequence s,
(passing again to a subsequence if necessary) such that

Yn(Sn) — q -

Equation (4.8.4) shows that the sequence s, is bounded, hence — perhaps
passing to a subsequence — we have s, — s, for some s, € R.

At this stage we could use Proposition 4.6.1, but one might as well argue
directly: by our choice of parametrization we have

disty (Y (s), (s)) < |s — 5| (4.8.5)

(see (4.3.2)-(4.3.3)). This shows that the family {v,} is equicontinuous, and
(4.8.5) together with the Arzela-Ascoli theorem (on the compact set [—L, L])
implies existence of a curve v : [-L,L] — .# and a subsequence ~y,, which
converges uniformly to v on [—L, L]. As ~y,,(s,,) converges both to (s.) and
to ¢ we have

V(se) =q.
This shows that ~ is the desired causal curve joining p with q. O

As a straightforward corollary of Proposition 4.8.1 we obtain:
COROLLARY 4.8.5 Let (A ,g) be globally hyperbolic, then
E(p) = J*(p) -

PROOF: Let ¢, € IT(p) be a sequence of points accumulating at ¢, thus there
exists a sequence 7y, of causal curves from p to ¢, then ¢ € J*(p) by Proposi-
tion 4.8.1. 0

As already mentioned, global hyperbolicity gives us control over causal
geodesics (see Section 4.12 for a proof):

THEOREM 4.8.6 Let (. ,g) be globally hyperbolic, if ¢ € I (p), respectively q €
JT(p), then there exists a timelike, respectively causal, future directed geodesic
®.8.2: ptciwatch out if from p tO q.482

with boundary
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4.9 Domains of dependence

A set % C A is said to be achronal if
(NI~ (%)=10.

There is an obvious analogous definition of an acausal set
JHu)nJ (%)=0.

Let . be an achronal topological hypersurface in a space-time (.#,g).
(By a hypersurface we mean an embedded submanifold of codimension one.)
The future domain of dependence 97 () of . is defined as the set of points
p € # with the property that every past-directed past-inextendible timelike
curve starting at p meets . precisely once. The past domain of dependence
2~ (<) is defined by changing past-directed past-inextendible to future-directed
future-inextendible above. Finally one sets

DS) =TS )YUD (F). (4.9.1)

The “precisely” in “precisely once” above follows of course already from achronal-
ity of . — the repetitiveness in our definition is deliberate, to emphasize this
property. We always have

S C D).

We have found it useful to build in the fact that . is a topological hypersurface
in the definition of 21 (.%). Some authors do not impose this restriction [53], which
can lead to various pathologies. From the point of view of differential equations the
only interesting case is that of a hypersurface anyway.

Hawking and Ellis [58] define the domain of dependence using causal curves
instead of timelike ones (on the other hand timelike curves are used by Geroch [53]
and by Penrose [89]). The definition with causal curves has the advantage that
the resulting 2(.) is an open set when . is an acausal topological hypersurface.
However, this excludes piecewise null hypersurfaces as Cauchy surfaces, and this is
the reason why we prefer the definition above.

The following examples are instructive; they are left as exercices to the
reader:

EXAMPLE 4.9.1 Let . = {2 = 0} in Minkowski space-time R™, where 20 is
the usual time coordinate on RM™. Then 2(.) = R'™. Thus both 27 (.%)
and 27 () are non-trivial, and their union covers the whole space-time.

EXAMPLE 4.9.2 Let . = {2° — 2! = 0} in Minkowski space-time, where the
xM’s are the usual Minkowskian coordinates on R1"™. Then 27 (.%) = 27 () =
2() = ., which makes the objects uninteresting.

EXAMPLE 4.9.3 Let . = {2" = |2!|} in Minkowski space-time. Then 2~ (.%) =
S, 97(S) = {2° > |z!|}. Thus 2~ () = ., which is not very useful. On
the other hand 27 () covers the whole future of ..
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EXAMPLE 4.9.4 Let . = {nua*z” = —1 ,2° > 0} be the upper connected
component of the unit spacelike hyperboloid in Minkowski space-time. Then
P() = JT(0) . Thus both 27 () and 21() are non-trivial, however
2~ () does not cover the whole past of .7.

As a warm-up, let us prove the following elementary property of domains
of dependence:

PROPOSITION 4.9.5 Let p € 91(), then
I~ (p)NJT(F) Cc 9H().

PROOF: Let g € I~ (p)NJT(.7), thus there exists a past-directed timelike curve
~o from p to q. Let «1 be a past-inextendible timelike curve ~y; starting at q. The
curve v := g U~y is a past-inextendible past-directed timelike curve starting at
p, thus it meets . precisely once at some point r € .. Suppose that v passes
through r before passing through ¢, as ¢ € J7(.%) Lemma 4.4.14 shows that
r € I'T(Y), contradicting achronality of .. This shows that v must meet .
after passing through ¢, hence v; meets .% precisely once. O

Let . be achronal, we shall say that a set ¢ forms a one-sided future
neighborhood of p € . if there exists an open set % C .# such that %
contains p and

wnJHS)co.

As I~ (p) is open, Proposition 4.9.5 immediately implies:

COROLLARY 4.9.6 Suppose that 97 () # ., consider any point p € D7 () \
. For any q € SNI~(p) the set 2T () forms a one-sided future neighborhood

of q. O

Local coordinate considerations near .# should make it clear that 2(.%)
forms a neighborhood of ., for .#’s — achronal, smooth, spacelike hypersurfaces.
o4.9.1: pte:this shoud  Fixample 4.9.2 shows that this will not be the case for more general .#’s. Let
e done us show that things are well behaved for acausal topological hypersurfaces .7,
regardless of their differentiability properties:

04.9.1

PROPOSITION 4.9.7 If . is an acausal topological hypersurface, then 2(%)
forms a neighborhood of ..

e4.9.2: Warning: I am PROOF *4.9.2 O

not sure this is correct;
proof missing anyway

The next theorem shows that achronal topological hypersurfaces can be used
to produce globally hyperbolic space-times:

THEOREM 4.9.8 Let . be an achronal hypersurface in (A ,g), and suppose
that the interior .@(5’) of the domain of dependence P() of & is not empty.
Then @(5’) equipped with the metric obtained by restriction from g is globally
hyperbolic.
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PROOF: We need first to show that a causal curve can be pushed-up by an
amount as small as desired to yield a timelike curve:

LEMMA 4.9.9 (“Push-up lemma”) Let~y be a past-inextendible past-directed causal
04.0.5: ptesg here is  curve starting at p,*493 and let € be a neighborhood of (the image of ) v. Then
z;agbfﬁfni};;;?d?wmt for every r € IT(q) N O there exists a past-inextendible past-directed timelike

curve 4 starting at r such that
ycIt(y)no.

PROOF: The construction is essentially identical to that of the proof of Lemma 4.4.14,
except that we will have to deal with a countable collection of curves, rather
than a finite one. One also needs to make sure that the final curve is inex-
tendible. As always, we parameterize v by h—distance as measured from p.
Using an exhaustion of [0, c0) by compact intervals [m, m + 1] we cover v by a
countable collection %; C @, i € N of elementary regions %; centered at

pi = (ri)

with

P=p, pi€UNUi1, piv1 CJ (pi).
We can further require impose the following condition on the %;’s: if r; € [j,j+
1), then the corresponding %; is contained in a h-distance ball By, (p;, 1/(j+1)).
Let 7o : [0, so] — -# be a past directed causal curve from r to p € 24 N U; let
s1 be close enough to sg so that

’}/0(81) c %2 .

Proposition 4.2.3 together with the definition of elementary regions shows that
there exists a past directed timelike curve ~; : [0,1] — %4 C O from q to ps.
(In particular 1 \ {p} C I'"(p) C I"(y)). Similarly, for any s € [0, 1] there
exists a a past directed timelike curve vo 5 : [0,1] — % C O from ~v:(s) to pa.
We choose s =: so small enough so that

’71(82) S 02/3 .

One repeats that construction iteratively, obtaining a sequence of past-directed
timelike curves v; C I (y)N%; C I ()N O such that the end point of v; lies in
%;+1 and coincides with the starting point of ;1. Concatenating those curves
together gives the desired path 4. Since every path +; lies in I (y) N &, so does
their union.

Since v; C % C Byp(pi,1/(j + 1)) when r; € [j,7 + 1) we obtain, for

relj,j+1),
. . . . 2
disty (y(r), ) < disty, (y(r), y(rs)) + distp (v(r:), vi) < 1

where we have ensured that disty, (y(r),vy(r;)) < 1/(j + 1) by choosing r; appro-
priately. It follows that

(4.9.2)

<IN

distp (v(r), %) <
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To finish the proof, suppose that ¥ : [0, s.) — .# is extendible, call p be the
end point of 4. By (4.9.2)

lim disty,(y(r),p) =0.

T—00
Thus p is an end point of v, which together withTheorem 4.5.4, contradicts
inextendibility of ~. O

By the definition of domains of dependence, inextendible timelike curves
through p € 27 () intersect all the sets .7, I'T(#), and I~ (.%). This is wrong
in general for inextendible causal curves through points in 2 (.%) \ 21 (%),
as shown on Figure 77.°494 Nevertheless we have:

LEMMA 4.9.10 Ifp € .@(5”), then every inextendible causal curve v through p
intersects S, I~ () and I ().

REMARK 4.9.11 In contradistinction with the timelike case, for causal curves
the intersection of v with . does not have to be a point. An example is given
by the hypersurface .7 of Figure 77.

PROOF: Changing time-orientation if necessary we may suppose that p € 27 (.%).
Let v : I — .4 be any past-directed inextendible causal curve through p. Since
p is an interior point of 2 (.%) there exists ¢ € I (p) N 27 (7). By the push-
up Lemma 4.9.9 (with & = #) there exists a past-inextendible past-directed
timelike curve 4 starting at ¢ which lies to the future of 4. Since ¢ € 27 (.%)
the curve 4 enters I~ (.¥), and since 7 lies to the past of 4 it must enter I~ (.¥)
as well.

Suppose, first, that p € ., then we can repeat the argument above with
the time-orientation changed, showing that v enters I () as well, and we are
done.

Consider, finally, the possibility that p € ., then p is necessarily in I (),
hence v meets (). Now, each of the two disjoint sets

Ii :={sel:v(s) e [T(L)}CR

is open in the connected interval I. They cover I if v does not meet ., which
implies that either I, or I_ must be empty when v N . = (). But we have
shown that both I, and I_ are not empty, which implies that v has to meet
&, as desired. O

Returning to the proof of Theorem 4.9.8, suppose that 9 (.) is not strongly
causal. Then there exists p € Z(.) and a sequence 7, : R — Z(.%) of
inextendible past directed causal curves which exit the h-distance geodesic ball
By (p,1/n) (centred at p and of radius 1/n) and renter Bj(p,1/n) again. (As
usual we assume that the 7,,’s are parameterized by h—distance, with ~,(0) €
B(p,1/n)). Thus there exists a strictly increasing sequence s, > 0 such that
Yn(sn) € Bp(p,1/n), with each point 7,(s,) lying on a different connected
component of 4 N By(p, €) for some € > 0.°49% Changing time-orientation if
necessary, without loss of generality we may assume that p € .@+(<5” )U <.
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Let v be an accumulation curve of the ~,’s passing through p. The curve ~
is causal and p is either in the interior of 27 (.%) or on ., we can therefore
use Lemma 4.9.10 to conclude that v enters I~ (.%). Since I~ (.¥) is open, and
since the 7,,’s accumulate at -, the ~,,’s have to enter I~ () for n large enough
(passing again to a subsequence if necessary).

Suppose that s, is bounded, then (passing to a subsequence if necessary) we
have s, — S«, Yn(S+) — p, which shows that 7 is a closed causal curve through
p when restricted to [0, s.]. We have s, > 0 so that v is non-trivial. We can
obtain an inextendible (periodic) causal curve by circling 7|( 5,] over and over
again. By Lemma 4.9.10 the curve so obtained meets periodically It () and
I~ (), so there exist points g+ € vN I*(.#). We then have ¢, € J~(p), with
I7(qg) N # 0, and Lemma 4.4.14 implies that I~ (p) N . # . Following
v backwards we find ¢_ € JT(p), with I (¢_) N # 0, and Lemma 4.4.14
implies that I (p) N.% # (). This contradicts achronality of .%.

It follows that s, — 0o. Let s, be such that vy(s.) € I~ (%), since the 7,’s
accumulate at vy we will have that v, (s.) € I~ () for n large enough. Since
sp, — oo for n large enough we will have s, > s., which shows that v, has
visited I=(.%) at s = s, before meeting By,(p,1/n) C 9T() at s = s,. If
p € IT(Y), this contradicts again achronality of ..

The only case left therefore is that in which p € . and s, — o0o. In that
case we will obtain a violation of strong causality at y(s.) € I~ () by following
Yn, from 0 to sy, and then following a causal curve which remains close to v ...
*4.96  This establishes strong causality of .@*(Y ). *4..6: Warning: this

isn’t complete, there is

To finish the proof we need to prove compactness of all the sets of the form o gap in the proof here,
to be filled in

Jtp)NJI (q), paeP(S).

If p and g are such that this is set is empty there is nothing to prove; otherwise,
consider a sequence 1, € Jt(p) N J(q), thus there exists a future directed
causal curve 4,, from p to g which passes through r,,

Changing time-orientation and passing to a subsequence if necessary we may
without loss of generality assume that p € I~ () U .. Replacing p by ¢
and passing again to a subsequence if necessary we may further assume that
rn € I7(L)US. Let 4, be any distj-parameterized, inextendible causal curve
extending 4, with v,(0) = p. Let v be an inextendible accumulation curve of
the 7,,’s, then ~ is a future inextendible causal curve through p € 27 (.)U.%,
so that by Lemma 4.9.10 there exists sy such that y(sy) € I (.¥). Passing to
a subsequence, the ~,’s converge uniformly to v on [0, s;], which implies that
for n large enough the ~,’s do have to enter I (.%) at some time s < s,. This,
together with achronality of ., shows that the sequence s,, defined by (4.9.3)
is bounded; eventually passing to a subsequence we thus have s,, — So. This
implies
= Y(s00) € JT(p) NI (q)

which had to be established. O



e/.9.7: Warning: |
have not done that in
class; the proof is
incomplete and needs
finishing
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We have the following characterisation of interiors of domains of depen-
dence:

THEOREM 4.9.12 A point p € A is in 9+ (%) if and only if

the set 1=(p) N is non-empty, and compact as a subset of #. (4.9.4)

0/.9.7

REMARK 4.9.13 The reader is warned that condition (4.9.4) cannot be replaced
by the requirement that J—(p) ....

PROOF: For p € 91(.%) compactness of I~ (p) N.7 can be established by an ar-
gument very similar to that given in the last part of the proof of Theorem 4.9.8,
the details are left to the reader.

In order to prove the reverse implication assume that (4.9.4) holds, then
there exists a future directed causal curve 7 : [0,1] — .# from some point
q € .7 top. Set

[:={te[0,1]:7(s) € Z2*(F) forall s <t} cC[0,1].

Then I is not empty, as the fact that ¥ is a topological hypersurface implies
that 27 (%) contains a neighborhood of .#. Clearly I is open in [0, 1], in order
to show that it equals [0, 1] set

ty :=supl .

Consider any past-inextendible past-directed causal curve 4 starting at ~(t.).
For t < t, let 4 be a family of past-inextendible causal push-downs of 4 which
start at y(t), and which have the property that

distr, (74(s), 7(s) < 1/(t — t.)for0 < s < 1/(t — 1.) .

Then 4; intersects . at some point ¢; € J~ (p). Compactness of J~ (p) N .
implies that the curve t — ¢; € % accumulates at some point g, € ., which
clearly is the point of intersection of v with .. This shows that every causal
curve ~y through ~(t.) meets ., in particular v(t.) € 27 (). O

4.10 Cauchy surfaces
A topological hypersurface .7 is said to be a Cauchy surface if
IS ) =M .

Theorem 4.9.8 shows that a necessary condition for this equality is that .# be
globally hyperbolic. A celebrated theorem due independently to Geroch and
Seifert shows that this condition is also sufficient:
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THEOREM 4.10.1 (Geroch [53], Seifert [97]) A space-time (A, g) is globally hy-
perbolic if and only if there exists on 4 a time function T with the property
that all its level sets are Cauchy surfaces. T can be chosen to be smooth if g is

e/.10.1: ptc: What is the SmOOth..4'10'1

differentiability
threshold for T here?

PROOF: The proof uses volume functions, defined as follows: let ¢;, i € N, be
any partition of unity on .#, set

Vé:—/ pidp
M

where du is, say, the Riemannian measure associated to the auxiliary Rieman-
nian metric h on .#. Define

1
V= Z ﬁ@z .
1€N

Then v is smooth, positive, nowhere vanishing, with

/ vdpu=1.
M
Following Geroch, we define
Vi(p) == / vdp .
JE(p)

Vpe#t 0<Vi(p)<l.

We clearly have

The functions Vi may fail to be continuous in general, an example is given
in Figure ?7. It turns out that such behavior cannot occur under the current
conditions:

LEMMA 4.10.2 On globally hyperbolic space-times the functions Vi are contin-
UOUS.

PROOF: Let p; be any sequence converging to p, and let the symbol ¢q denote
the characteristic function of a set . Let ¢ be any point such that ¢ € I~ (p) <
p € I™(q), since I (q) forms a neighborhood of p we have p; € I (q) < q €
I~ (p;) for i large enough. Equivalently,

Vi>io  pr-(p)(@) =1 =r-»(q) - (4.10.1)

Since the right-hand-side of (4.10.1) is zero for ¢ & I~ (p) we obtain

Vg o liminfeor-g,)(9) = or-)(9) - (4.10.2)
By Corollary 4.8.5 J~(p) differs from I~ (p) by a topological hypersurface®?-10-2
5 SO that 04:1[)..2‘: pt?c:th,is needs
lim inf ¢ - ) > Q- () a-e. (4.10.3) T

1— 00
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To obtain the inverse inequality, let ¢ be such that

limsup ¢ j-(,,)(¢) =1,

1—00

hence there exists a sequence «y; of future directed, disth—parameterised°4'10'3

causal curves from ¢ to p;;. By Proposition 4.8.1 there exists a future directedes.10.5: pte:addca
because of change of

accumulation curve of the ;’s from ¢ to p. We have thus shown the implication acsinitions, check

limsupp-)(@) =1 = ¢rpl@)=1.

—

Since the function appearing at the left-hand-side of the implication above can
only take values zero or one, it follows that

lim sup ¢ 7- (p,) < Py-(p) - (4.10.4)

1—00
Equations (4.10.1)-(4.10.4) show that

li ~(ps ists a.e., and 1 - €.
Lim ¢ (p,) exists ae., and equals ¢ -¢) a.e

Since
0<¢sp <1leL (vdu),

the Lebesgue dominated convergence theorem gives

Vo(p) = / Pr-pvdp = lim [ ¢ vdp= lim V_(p;).
V% V%

1— 00 71— 00

Changing time orientation one also obtains continuity of V.. O

We continue with the following observation:

LEMMA 4.10.3 V_ tends to zero along any past-inextendible causal curve ~ :
[a,b) — A .

PrOOF: Let X; be any partition of .# by sets with compact closure, the dom-
inated convergence theorem shows that

lim Z/ vdp=0. (4.10.5)
>k Xi

k—o0
Suppose that there exists k < oo such that
Vs J(y(s)n (U X0) # 0.
Equivalently, there exists a sequence s; — b such that
v(si) € K = @ .

Compactness of K implies that there exists (passing to a subsequence if nec-
essary) a point goo € K such that v(s;) — ¢oo. Strong causality of .Z implies
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that there exists an elementary neighborhood & of g such that v N & is con-
nected, and Lemma 4.8.3 shows that vyN & has finite h-length, which contradicts
inextendibility of 7 (compare Theorem 4.5.4). This implies that for any k we
have

I~ () N (Ukaxs) =0

for s large enough, say s > si. In particular

§> 58, — vdu=20.
J=(y(s)N(Uh, Xi)

This implies

Vs > s V_(’y(s)):/ vdp < Z / vdu ,
T~ NN(U32 41 Xi) i>k+17 Xi

which, in view of (4.10.5), can be made as small as desired by choosing k
sufficiently large. |

We are ready now to pass to the proof of Theorem 4.10.1. Set

LT
v

Then 7 is continuous by Lemma 4.10.2. Let v : (a,b) — .# be any inextendible
future-directed causal curve. By Lemma 4.10.3
lim 7(y(s)) = o0, lim 7(vy(s)) = 0.
s—b s—a
Thus 7 runs from 0 to co on any such curves, in particular v intersects every
level set of 7 at least once. *410-4 From the definition of the measure v dp ites.10.4: ptesnceds petter
should be clear that 7 is actually strictly increasing on any causal curve, hence Justification
the level sets of 7 are met by causal curves precisely once.
The differentiability properties of 7 constructed above are not completely
clear. It thus remains to show that for smooth metrics 7 can be modified,
if necessary, so that it is actually smooth. This is done by a localisation-

convolution procedure, as follows:*4-10-5 O ey.10.5: Warning: to

be finished

An important corollary of Theorem 4.10.1 is:

COROLLARY 4.10.4 A globally hyperbolic space-time is necessarily diffeomor-
phic to R x ., with the coordinate along the R factor having timelike gradient.

PROOF: Let X by any smooth timelike vector field on X — if the time function 7
of Theorem 4.10.1 is smooth then V7 will do, but any other choice works equally
well. Choose any number 7y in the range of 7. Define a bijection ¢ : # — R.¥
as follows: for p € M let q(p) be the point on the level set S = {r € A : 7(r) =
7o} which lies on the integral curve of X through p. Such a point exists because
any inextendible timelike curve in .# meets .%; it is unique by achronality of
- The map ¢ is continuous by continuous dependence of ODFE’s upon initial
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values. If 7 is merely continuous, one can invoque the invariance of domain
theorem®*10-6 to prove that © is a homeomorphism; if 7 is differentiable, itSes.10.6: pte:give ref
level sets are differentiable, X meets those level sets transversely, and the fact
that ¢ is a diffeomorphism follows from the implicit function theorem. ]

It is not easy to decide whether or not a hypersurface .% is a Cauchy hy-
persurface, except in spatially compact space-times:

THEOREM 4.10.5 (Budi¢ et al. [?,?] Galloway [52]) Let (#,qg) be globally hy-
perbolic and suppose that 4 contains a smooth, compact, connected spacelike
«/.10.7 ptesgive proof  hypersurface .. Then .7 is a Cauchy surface for 4 24107

REMARK 4.10.6 Some further results concerning Cauchy surface criteria can be
found in [52, 57].

04.10.8

®/.10.8: ptc:add the
new guys reference,
with their Cauch
suifai}e eriterion, ane. 'THEOREM 4.10.7 Let .7 be a spacelike hypersurface in a space-time (A ,q).
smoothing argument
o Then the Cauchy problem for the wave equation has a unique globally defined
solution for all smooth initial data if and only if .¥ is a Cauchy surface for

0/.10.9: ptc: This result 5”'4109

certainly needs a proof,
if true

4.11 Some applications

Any formalism is only useful to something if it leads to interesting applications.
In this section we will list some of those.
o4.11.1

e/.11.1: ptc:start with
Chogquet-Bruhat . . . . e . .
Geroch We say that (#,g) satisfies the timelike focussing condition, or timelike

convergence condition, if the Ricci tensor satisfies
R,,n'n” >0 for all timelike vectors n' . (4.11.1)

By continuity, the inequality in (4.11.1) will also hold for causal vectors. Con-
dition (4.11.1) can of course be rewritten as a condition on the matter fields
using the Einstein equation, and is satisfied in many cases of interest, includ-
ing vacuum general relativity, or the Einstein-Maxwell theory, or the Einstein-
Yang-Mills theory. This last two examples actually have the property that the
corresponding energy-momentum tensor is trace-free; whenever this happens,
(4.11.1) is simply the requirement that the energy density of the matter fields
is non-negative for all observers:
1
8T ntn” = (Ru, — 5 \}E/
=0 if g*8T,3=0

Gu)nt'n” = Rntn” . (4.11.2)

We say that (.#, g) satisfies the null energy condition if
R, n'n” >0 for all null vectors n' . (4.11.3)

Clearly, the timelike focussing condition implies the null energy condition. Be-
cause g,,n*n” = 0 for all null vectors, the R term in the calculation (4.11.2)
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drops out regardless of whether or not 7}, is traceless, so the null energy con-
dition is equivalent to positivity of energy density of matter fields without any
provisos.
The simplest geodesic incompleteness theorem jg;*4-11.2 #4.11.2: po: Hauking

theorem too?

THEOREM 4.11.1 (Geroch’s geodesic incompleteness theorem [?]) Let (.#,g) be
a globally hyperbolic satisfying the timelike focussing condition, and suppose that
M contains a Cauchy surface . with strictly negative mean curvature:

trp K <0,

where (h, K) are the usual Cauchy data induced on % by g. Then (M ,g) is
future timelike geodesically incomplete.

Let .7 be a spacelike hypersurface in (.#,g), and a consider a surface S C
.. We shall also assume that S is two-sided in .¥, this means that there exists
a globally defined field m of unit normals to S within .. There are actually two
such fields, m and —m, we arbitrarily choose one and way call it outer pointing.
In situations where S does actually bound a compact region, the outer-pointing
one should of course be chosen to point away from the compact region. We let
H denote the mean extrinsic curvature of S within .#:

H := D;m’, (4.11.4)
where D is the covariant extrinsic of the metric h induced on .. We say that
S is outer-future-trapped if**11-3 ¢4.11.3: pte:crosscheck
sign
0, = H+ K, gm*m®? <0, (4.11.5)

with an obvious symmetric definition for inner-future-trapped:
0. :=—H+ K pm™m®? >0, (4.11.6)

(One also has the obvious past version thereof, where the sign in front of the
K term should be changed.) A celebrated theorem of Penrose” reads:

THEOREM 4.11.2 (Penrose’s geodesic incompleteness theorem [?]) Let (4, g) be
a globally hyperbolic space-time satisfying the null energy condition, and suppose
that 4 contains a non-compact Cauchy surface .. If there exists a compact
trapped surface within S which is both inner-future-trapped and outer-future-
trapped, then (. ,g) is geodesically incomplete.

Future-trapped surfaces signal the existence of black holes — a formal state-

ment requires the introduction of the notion of a black hole, as well as several

global regularity conditions, and will therefore not be given here.**11-4 o/.11.4: pte:should be

done in the black holes

Another example of application of the causality theory developed so far is section
the area theorem:

"Penrose’s theorem is slightly more general; this requires a definition of #+ which involves
a discussion of null geometry which we prefer to avoid here. This is the reason why we have
stated this theorem in the current form.
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THEOREM 4.11.3 ([30,58]) Let & be a future geodesically complete acausal null
hypersurface, and let .1, S be two spacelike acausal hypersurfaces. If

(a@ﬂylcgff(@(dﬁyz),

then
Area(8 N A1) < Area(E N ) .

e4.11.5

e/.11.5: ptcishow
existence of
mazimising geodesics
in globally hyperbolic
space-times
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4.12 The Lorentzian length functional

Let v be a causal path, we define the Lorentzian length of v with respect to the

metric g as
ty(7) =/ —9(%,%) - (4.12.1)
¥

We will write £() when no ambiguities concerning the metric can arise.

A key property is the upper semi-continuity of £ with respect to uniform conver-

1 1 111 . e/.12.1: pte:I probably
ence on compact sets 4.12.1

don’t need that, do I?
remowve the coco

PROPOSITION 4.12.1 (Penrose [89], Eschenburg and Galloway [43]) Let a sequence environment if
of causal curves vy, : I — M converge to ~y : I — A, uniformly on compact subsets eventually needed
of I. Then

£(y) > limsup (yn) -

PROOF: Suppose, first, that (.#,g) is strongly causal, and that I is compact.

Then..... 04.12.2 0/.12.2: ptcito be
In general, we can partition I using a countable sequence t; € I, t; < tipy, ook thisisn

i € Z, such that v|, +,,,) is contained in an elementary neighborhood &;. Each of

the 0;’s with the induced metric g is strongly causal (since 2% is a time function

there). By uniform convergence we have 7y, +,.,] C O; for i large enough, so that

we can use the result already established to show that

E(’Y|[ti,ti+1]) Z limsup€(7n|[ti7ti+1]) .

Summing over i proves the proposition. O

4.13 The Lorentzian distance function

Let 2(p, ¢) be the set of all future directed causal curves from p to g. We define
the Lorentzian distance function d : M x M — [0, 00| as follows:

d(p.q) :{ (S)tlp{f(v) 1y € Qpa)}, Ztie{:m(fe) (4.13.1)

where sup is understood in R U {oo}. We shall sometimes write d, for d when
the need to indicate explicitly the metric arises.

It is tempting to define d(p,q) = —oo for ¢ € J*(p), but this leads to a function
d which is never continuous (compare Proposition 4.13.12), which is the reason for
using (4.13.1).

It is legitimate to ask the question, what would happen if one took the infi-
mum rather than the supremum in (4.13.1). The result is not very interesting,
the reader should easily convince himself that one can approach a C° curve
as close as desired by threading back and forth near v along null geodesics, each
of which has zero Lorentzian length. So taking the infimum in (4.13.1) always
gives zero.

In any case the calculation of ¢ in Minkowski space-time, which we are about
to do, should make it clear that the right thing to do is to take the supremum:
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EXAMPLE 4.13.1 Let ¢ = (z#) = (2%, %) € RY™ be in the timelike future of
the origin, thus z° > |Z|s by Proposition 4.4.3. Let us make a Gram-Schmidt
orthonormalization starting from (z*), viewed as a vector tangent to R'™ at

0, thus zte, = 4/(2°)%? — |Z|?¢9. Using normal coordinates based on the new

basis e, one obtains a Minkowskian coordinate system in which ¢ = (t, 6), with

t=/(20)2 — |22 . (4.13.2)

Consider, now any causal curve v(s) = (7%(s),7(s)), from the origin to g,
causality gives .
501> s

with |[49| without zeros (since the inequality is strict for timelike vectors, and if
it is an equality than neither side can vanish, otherwise 4 would vanish, which
is not allowed for causal vectors). This shows that we can reparameterize v so
that

Vs)=s, secl0,t].

In this parameterization we have

)= [Vi-E.

and this formula makes it clear that the supremum is attained on the path

It follows that

dy(p,q) = { V2= 2@, g €T ), (4.13.3)

0, otherwise.

We note that (4.13.3) follows also from Proposition 4.13.9 below.

EXAMPLE 4.13.2 The two-dimensional space-time .# = S! x S! with the flat
metric —dt? + dx?, where t is a mod 2m—coordinate on the first S! factor,
and x is a similar coordinate on the second factor, provides an example where
d(p,q) = oo for all p,q € .#. This is seen by noting that if v is a timelike curve
from p = (tg,x¢) to g, then one can obtain a causal curve of length 27n + ¢(~)
be going n times around the timelike circle x = x¢, and then following v from

p to q.

It follows immediately from its definition that the Lorentzian distance func-
tion obeys the reverse triangle inequality: for p € J7(q) and ¢ € J~(r) it holds
that

d(p,r) > d(p,q) +d(g,r). (4.13.4)

Indeed, if p € J (q) and ¢ € J(r), then the class Q(p,r) of future directed
causal curves from p to r contains the class Q(p, ¢) UQ(q, r), where the union U
is understood as the concatenation operation on paths. It follows that the sup
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Figure 4.4: The space-time of Example 4.13.3.

of ¢ over Q(p, q) is greater than or equal to the sup of ¢ over Q(p,q) U Q(p,r),
which implies (4.13.4)

The function d needs not to be continuous in general, as seen in the following
example:

EXAMPLE 4.13.3 ([16, p. 141]) Let .# be
{t,z):0<t<2}\{(l,z): -1 <z <1},

with the identifications (x,0) ~ (z,2) (see Figure 4.4)**13-1 equipped withe; 15.1: ptetmake figure
the flat metric ¢ = —dt? + dz?. Let p be the origin and let ¢ = (0,1/2), set

pn = (0,1/n) — p. Clearly p, € I'"(p,) which implies d(p,, pn) = oo, and also

d(pn,q) = oo for n > 2. By Proposition 4.13.9 we have d(p,q) = 1/2, so that

the function d(-, q) is not continuous at p.

Let us show that d is lower semi-continuous:

PRrorosITION 4.13.4 If p, — p and q, — q then
d(p,q) < liminf d(pn, qn) - (4.13.5)
(This implies in particular that d is continuous on d~*({cc}).)

PRrOOF: If d(p,q) = 0 there is nothing to prove. Otherwise let v : [0,1] — .#
be any causal curve from p to ¢ with non-zero Lorentzian length. Let us start
by showing that we can always deform 7 to a new causal curve %, which is
timelike near p and q, reducing the length by less than €/2 (if at all). Indeed,
let s, > 0 be the last point on v such that v(s) & I™(p), then s < 1, and
by Proposition 4.6.6 7o, is a null geodesic, in particular £(ylj,,)) = 0. By
definition of s, there exists a sequence s; \, s. such that vy(s;) € I'T(y(s4)).
Since

() =)

by choosing i large enough we will have £(7|(, 1) > () —€/4. One can use the
path constructed in the proof of Lemma 4.4.14 to replace 7|, by a timelike
curve from p to (s;), leading to a new curve from p to ¢ which is timelike near
p and which has length not less than ¢(vy) — €/4. A similar construction near g
leads to a causal path 7 : [0,1] — .# from p to ¢, timelike near p and ¢, such
that

() = L(7) —€/2.
Let, now, s_ > 0 be small enough so that
Aljo,s_1) < €/4.

Since 7 is timelike near p the set I~ (y(s—)) is an open neighborhood of p and
therefore, for n large enough, there exists a timelike curve from p,, to vy(s_).
Similarly we can find s close to ¢ so that

Ay 1)) < €/4,
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and there exists a timelike curve from ~(s4) to ¢, for n large enough. Concate-
nating those curves results in a causal curve from p, to g, with length not less
than /() — e. Taking a supremum over 7’s proves (4.13.5) except for —e at the
left-hand-side. However, as € is arbitrary, (4.13.5) follows.

If d(p,q) = oo, then (4.13.5) gives liminf d(pn,¢,) = oo, which clearly
implies lim d(py,, ¢,) = 00, as desired. O

We shall say that a future directed causal path v : I — # is mazimising if
Vs,sel,s<s d(7(s),7(s")) = €(V|[s,51) - (4.13.6)
We have the following simple observation:

PROPOSITION 4.13.5 d(p,q) is attained on v : [0,1] — .# if and only if v is
mazrimising.

PRrOOF: The triangle inequality gives

d(p,q) = d(p,(s1)) +d(v(s1),7(s2)) + d(7(s2),9) - (4.13.7)

Since d(p, q) is attained on -y we have

1
d(p.q) = /0 Va3 (s)ds
S1 59 1
_ /0 VI (s)ds + / VG A (s)ds + / Ve (s)ds

:g("}/‘[sl,sg])

If v were not maximising, then there would exist si,s2 € [0,1] and a causal
curve o from 7(s1) to y(s2) with Lorentzian length larger than (7|, s,]). One
would then obtain a causal path longer than « by following ~ from p to vy(s1),
then following o, and then following 7 from 7(s2) to ¢. This contradicts the
fact that d(p, q) is attained on . It follows that £(v|[s, s,)) = d(7(s1),7(s2)) for
all 51,89 € [O, 1]. O

We also note:

PROPOSITION 4.13.6 A null geodesic v is mazimising if and only if it is achronal.

PROOF: =: From the definition of d we have d(v(s1),7v(s2)) > 0 whenever
v(s2) € I (y(s1)), therefore all the terms at the right-hand-side of (4.13.7) are
zero if d(p, q) vanishes. It follows that ~ is achronal, and the fact that v is a
null geodesic follows from Proposition 4.6.6.

<—: Since + is achronal the inequality in (4.13.7) is an inequality, with all
terms vanishing. O

A Jacobi field along a geodesic + is a solution of Jacobi equation:
D*Z
ds?

The point ~(s2) is said to be conjugate to y(s1) if there exists a non-trivial

solution of (4.13.8) which vanishes at both points.
A key result concerning maximising curves is:

(s) = R(¥,Z)7 . (4.13.8)
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THEOREM 4.13.7 If v is maximising, then v is a geodesic without conjugate

®/.13.2: ptc:ithe proof of points. .4132

the theorem to be

finished
PROOF: Proposition 4.13.5 reduces the problem to showing that if d(p,q) is
attained on +, then v is a geodesic without conjugate points. This is proved by

variational arguments, as follows. We start with a Lemma;*%13-3 e4.13.3: pteiwatch out

for differentiability of
the metric, here we

LEMMA 4.13.8 Let g € IT(p), and let Qc11(p,q) denote the class of CH! time- gosume that it s o,
like paths from p to q. Then

sup £(y) = sup  £(v).
¥EQUp,q) ¥EQ 1,1 (p,q)

|

It follows from Proposition A.5.14 in Appendix A.5.5 that the exponential
map ceases to be a local diffeomorphism at conjugate points. This implies,
by definition, that there are no points conjugate to the origin in elementary

neighborhoods, leading to:*413-4 o/.15.4: ptesthis does

not need the conjugate
points story and can be

PROPOSITION 4.13.9 Let O be an elementary neighborhood centred at p. For rroved using Gauss

coordinates on a

q € O the geodesic segment from p to q is the longest causal curve from p to q mnormal neighborhood

so it could be used in
entirely contained in €. Equivalently, the distance function o(p,-) within the the proof of the
previous theorem

space-time (0, gle) coincides with \/—a, on J*(p, 0), and vanishes elsewhere.
a

Let us show that accumulation curves of maximising paths are maximising:

PROPOSITION 4.13.10 Let v, be a sequence of mazximising curves accumulating
at vy, then v is a maximising geodesic.

PrOOF: By Theorem 4.13.7 the ~,’s are geodesics, so that ~ is a geodesic
by Proposition 4.6.5. Reparameterizing if necessary, we can assume that the
vn's are affinely parameterised and defined on a common compact interval I.
Passing to a subsequence if necessary, the v,’s converge to v in C'(I,.#), so
that ¢(v,) — 4(y). Suppose that v is not maximising between p = lim v,(s1)
and ¢ = lim v, (s2), then there exists a causal curve 4 from p to ¢ with

ri=LY) = £(V]isy,55)) >0,

in particular ¢ € I'"(p). Since £(v,) — £(v) we have £(vy,) < €(y) — r/2 for
n large enough. However, the construction in the proof of Proposition 4.13.4
provides, for n large enough, a causal curve from 7, (s1) to v, (s2) strictly longer
than £(y) — r/2 if we choose € there to be smaller than r/2, contradicting the
maximising property of 7. O

We are almost ready to show that d is continuous on globally hyperbolic
space-times. We start with the proof of a slightly stronger version of Theo-
rem 4.8.6:
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THEOREM 4.13.11 Let (A ,g) be globally hyperbolic, if ¢ € I (p), respectively
q € JT(p), then there exists a timelike, respectively causal, future directed,

mazximising geodesic from p to q, on which d(p,q) is attained.®4-13-5 ¢/.13.5: pteiwatch out

if with boundary

PROOF: Let 7, be any sequence of distp-parameterized causal paths from p to
g such that £(vy,) — dist4(p, ¢). By Proposition 4.8.1 there exists a causal curve
~ through p and ¢ which is an accumulation curve of the v,,’s. With some work
one shows that v has to be a geodesic — this uses the fact that v is the longest
causal curve from p to ¢. If ¢ € I (p) then disty(p,¢q) > 0 and the resulting

«/.15.6: ptesthe detaits geodesic has to be timelike,®4-13-6 ]
of this should be filled

PROPOSITION 4.13.12 On globally hyperbolic space-times d is continuous, ev-
erywhere finite.

PROOF: Let g, € I'*(p,) and suppose that (pn,g,) converge to (p,q). Let v,
be any maximising geodesic from p,, to ¢,, then (passing to a subsequence if
necessary), by Proposition 4.13.10, ,, converges to a maximising geodesic from
p to q in C? topology. This implies that £(v,) — £(v), proving the result. O



Chapter 5

Splitting theorems

5.1 The geometry of C? null hypersurfaces

Null hypersurfaces, which we will define shortly, provide an important tool in
the study of Lorentzian manifolds. Generic null hypersurfaces arising naturally
in general relativity will typically not be C?; however, it is convenient to start
the analysis with C¥ surfaces, with k& > 2. Our exposition follows that in [50],
as expanded in [30].

It is convenient to start with some elementary algebra. Let W be a linear
space equipped with a Lorentzian scalar product g. Recall that a hyperplane
V in W is a vector subspace of codimension one. Let

VOi={aeW*:a(w)=0 forall veV}cW*.

Then VO is one-dimensional, choose some 0 # o € VY. Recall that W* is
equipped with a natural Lorentzian metric g"; V is called spacelike if « is
timelike, timelike if « is spacelike, and null if « is null. In the first two cases

the restriction of g is non-degenerate (with signature (+...+) for spacelike
hyperplanes and (— + ...+) for the timelike ones). On the other hand, for

null hyperplanes the scalar product restricted to V' is necessarily degenerate:

indeed, let K = ¢’(a, ) € (W*)* = W, then K € V since a(K) = ¢’(a, ) = 0.

Next, K is isotropic since ¢’(a, a) = g(K, K) = 0. Thus, g|y has at least one
isotropic direction, and it follows from non-degeneracy of g that there is only

one such direction. It should be clear that the condition of degeneracy of g|y

is equivalent to that of & being isotropic. *>-1-1 5.1.1: ptesto be

Let (M, g) be a spacetime of dimension n41 > 3. We denote the Lorentzian "™

metric on M by g or {,). A C? null hypersurface in M is a C? embedded
submanifold H of M, of co-dimension one, such that the pullback of the metric

g to H is degenerate. The signature of the restriction of g to TH is thus
(0,1,---,1), and by standard results on quadratic forms for every p € H there

exists a unique one dimensional subspace K, C T, )H such that

g(K,X) =0 foreach K € K, and X € T, H.

Clearly we can choose a vector K(p) € K, in a way as differentiable as the
hypersurface allows (C*~1 if 3 is C*), which shows that a C? hypersurface H

93
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admits a C! non-vanishing future directed null vector field K € I'TH. Clearly,
K is unique up to a positive scale factor. K has the property that the normal
space of K at a point p € H coincides with the tangent space of H at p, i.e.,

K,y =T,H forall pe¥. (5.1.1)

As the signature of the restriction of ¢ to TH is (0,1,---,1), those tangent
vectors to H which are not parallel to K are spacelike.
We have:

PROPOSITION 5.1.1 The integral curves of K are null geodesics.

PRrROOF: Let ¢ be any defining function for H, i.e., H is the zero level set of
@, with dp nowhere vanishing on H. Then dy annihilates TH, so does K’ =
g9(K,-), and since TH has codimension one we obtain that K, is proportional
to dy. Since g(K, K) = 0 we have g(Vy, V) = 0 on H, and Proposition 4.2.2
shows that the integral curves of ¢ intersecting 3 are null geodesics'. But
the integral curves of K differ from those of Vi only by a reparametrization?,
whence the result. O

These integral curves are called the null geodesic generators of H.

As K is orthogonal to H, one can introduce the null Weingarten map
and null second fundamental form of H with respect K in a manner roughly
analogous to what is done for spacelike hypersurfaces (see Section ?7), as fol-
lows: We start by introducing an equivalence relation on tangent vectors: for
X, X' e T,H,

X' = X mod K if and only if X' — X = \K
for some A € R. Let X denote the equivalence class of X. We have

PROPOSITION 5.1.2 Let X,Y € T,H{. If X' = X mod K andY' =Y mod K
then

1. (XY = (X,Y), and
2. (VxK,Y') = (VyK,Y).

PROOF: 1. (X + AK,Y + puK) = (X,Y) + pu (X, K) + M (K, Y + uK) .
~—— \_2,_/

=0 =0
2. Since the integral curves of K are null geodesics we have Vi K = vK for
some function . This gives

(Vxprx K, Y + pK) = (Vx K, Y) + A(Vk K, Y + uK) +1(Vx K, K) .

=0

1Strictly speaking, one should argue as follows: since K is tangent to H, so is Vi, hence
the integral curves of Vi are tangent to H. Thus g(Vp, V) = 0 along those integral curves,
and the argument of the proof of Proposition 4.2.2 applies.

2Let x(s) satisfy de/ds = K (x(s)), let ¢ be any positive function, and let ds/ds’ = p(xz(s)).
Then z(s(s")) satisfies the equation dz/ds’ = ds/ds’ - dx/ds = o(x(s))K (z(s)). It follows
indeed that the integral curves of K coincide, as point sets, with those of K.
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Now, since X is tangent to H,

(VxK, K) = %X((K, K)=0.
=0

a

Proposition 5.1.2 shows that components along K are irrelevant for some
objects of interest. For this reason it is convenient to work with the tangent
space of H modded out by K:

T,H/K = {X | X € T,} and TH/K = UpesT,H/K .

When the space-time M has dimension n+1, then TH /K is a rank n— 1 vector
bundle over H. This vector bundle does not depend on the particular choice
of null vector field K. There is a natural positive definite metric h in TH/K
induced from g: For each p € 3, define h : T, H/K x T,7{/K — R by

h(X,Y)=(X,Y). (5.1.2)

Point 1 of Proposition 5.1.2 shows that h is indeed well-defined.
The null Weingarten map b = by of H with respect to K is, for each point
p € H, a linear map b : T, H/K — T,3{/K defined by

b(X) = VK . (5.1.3)

Point 2. of Proposition 5.1.2 shows that b is well-defined. As b involves taking
a derivative of K, which is C!, the tensor b will be C°, but no more regularity
can be expected in general. Note that if

K = fK , (5.1.4)

with f € CY(H), is any other future directed null vector field tangent to J,
then B
VxK = fVxK mod K .

This shows that
bk = fbi . (5.1.5)

It follows that the Weingarten map b of H is unique up to a scale factor ¢, with
 positive once a time-orientation of K has been chosen.
Let us show that b is self-adjoint with respect to h:

h(b(X),Y) = h(X,b(Y)) . (5.1.6)

Indeed,
h(b(X),Y) = (VxK,Y) = X((K,Y)) - (K, VxY).
=0

Now, since the torsion vanishes we have
(K,VxY) = (K,VyX+[X,Y])=(K,VyX)=Y({(K,X)—(VyK,z)
~——

~——
cKL =0

— —h(X.H(Y)),
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whence (5.1.6).
The null second fundamental form B = By of H with respect to K is the
bilinear form associated to b via h: For each p € H,

B:T,%/K x T,5/K — R

is defined by
B(X,Y)=h((X),Y) = (VxK,Y). (5.1.7)

Since b is self-adjoint, B is symmetric,
B(X,Y)=B(Y,X). (5.1.8)

Recall that a submanifold N is called totally geodesic if any geodesic initially
tangent to N remains entirely in N. In a manner analogous to the second
fundamental form for non-characteristic hypersurfaces, B measure deviation
from geodeticity:

PROPOSITION 5.1.3 ([76, Theorem 30]) A null hypersurface H is totally geodesic
if and only if B vanishes identically.

PrOOF: The following simple proof has been shown to us by J. Jezierski: Let
X and Y be vector fields tangent to H, by (5.1.1) the vector field VxY will be
tangent to H if and only if the scalar product (VxY, K) vanishes. Now,

——
=0
which shows that V defines a connection on H in a natural way when B vanishes.
Let us denote by V this connection, and let v be a geodesic of V, thus v is a
curve lying on H such that V4% is proportional to 7. Since V¥ = V44, the
vector V57 is also proportional to -y, thus v is also a geodesic of V. Uniqueness
of the Cauchy problem for the geodesic equation yields the result. O

The null mean curvature of H with respect to K is the continuous scalar
field 6 € C°(3H) defined by
0=trb; (5.1.9)

in the general relativity literature 6 is often referred to as the convergence or
divergence of the horizon. Let eq,es,...,e,-1 be n — 1 orthonormal spacelike
vectors (with respect to (,)) tangent to H at p. Then {e;,e,...,€,-1} is an
orthonormal basis (with respect to h) of T,J{/K. Hence at p,

0 =trb=>1"hb(e)e)
=Y (Ve K, e5). (5.1.10)

REMARK 5.1.4 A more direct, equivalent way of introducing 0 is as follows: Let K
be any vector field along H tangent to the null generators of H, and let, as above,
€1,€2,...,en_1 be n—1 orthonormal spacelike vectors (with respect to (,)) tangent
to H at p. Then one can use the second line in (5.1.10) to define §. The calculations
above show that the definition is independent of the choice of the e;’s.
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Let ¥ be the intersection, transverse to K, of a hypersurface in M with J.
Then ¥ is a C? (n — 1) dimensional spacelike submanifold of M contained in
H which meets K orthogonally. From Equation (5.1.10),%5-1-2

Oy, = divg K

and hence the null mean curvature gives a measure of the divergence of the null
generators of H. Note that

if[?:fK then 5:f(9.

Thus the null mean curvature inequalities 8 > 0, 8 < 0, are invariant under
positive scaling of K. In Minkowski space, a future null cone H = dI*(p) — {p}
(respectively, past null cone H = 91~ (p)—{p}) has positive null mean curvature,
0 > 0 (respectively, negative null mean curvature, § < 0); this is most easily
seen using (5.1.27) below.

The null second fundamental form of a null hypersurface obeys a well-defined com-
parison theory roughly similar to the comparison theory satisfied by the second fun-
damental forms of a family of parallel spacelike hypersurfaces (c¢f. Eschenburg [41]).

Let 1 (a,b) — M, s — n(s), be a future directed affinely parameterized null
geodesic generator of H. For each s € (a,b), let

b(s) = bn’(s) : Tn(s)g{/n/(s) - n(s)g{/n,(s)

be the Weingarten map based at 7(s) with respect to the null vector K = 1/(s).
We wish to derive the equation satisfied by b, this needs an appropriate notion
of covariant derivative. Let s — V(s) be a TH /K —vector field along n, i.e., for
each s, V(s) is an element of T, H/K. Say s — V(s) is smooth if (at least
locally) there is a smooth — in the usual sense — vector field s — Y'(s) along

n such that V(s) = Y (s) for each s. Then the covariant derivative of s — V(s)
along 7 can be defined by setting

where Y’ is the usual covariant derivative. Since VK is proportional to K,
and 7 is also proportional to K, we have

VT'](Y—F[LK) == VﬁY InOdK s

so that that V' so defined is independent of the choice of Y. This definition
applies in particular to the equivalence class of vector fields b(X).

We want to show that the null Weingarten map b of a smooth® null hyper-
surface H satisfies a Ricatti equation (cf. [16, p. 431]):

W+ +R=0.]| (5.1.11)

3In Proposition 5.1.5 below we will show that Equation (5.1.11) still holds for C* hyper-
surfaces.
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Here’ denotes covariant differentiation in the direction n’(s), with  — an affinely
parameterized null geodesic generator of H; more precisely, if X = X (s) is a
vector field along n tangent to 3, then, as required by Leibniz’s rule,

V(X) =b(X) —b(X). (5.1.12)

Finally
R: Tn(s)g{/n/(s) - Tn(s)g{/n/(s)

is the curvature endomorphism defined by

R(X) = R(X,1/(s))n'(s)

where (X,Y,Z) — R(X,Y)Z is the Riemann curvature tensor of M (recall, in
our conventions, R(X,Y)Z =VxVyZ —VyVxZ — V[X7Y]Z).

We pass now to the proof of Equation (5.1.11). Fix a point p = n(so),
s0 € (a,b), on n. On a neighborhood U of p in H we can scale the null vector
field K so that K is a geodesic vector field, VK = 0, and so that K, restricted
to 0, is the velocity vector field to 7, i.e., for each s near so, K5 = 1'(s). Let
X € T,M. Shrinking U if necessary, we can extend X to a smooth vector field
on U so that

(X, K] =VxK-VgX=0.

Then,
R(X,K)K =VxVgK —-VgVxK — Vix,x]K = -VgVgX.

Hence along 11 we have,
X/I — _R(X, 77/)77/

(which implies that X, restricted to 7, is a Jacobi field along 1, compare Sec-
tion ??). Thus, from Equation (5.1.12), at the point p we have,

V(X) = VxK'—-b(VgX)=VgX' -b(VxK)
X7 = b(b(X)) = —R(X, )y — b*(X)
= —R(X)-p(X), (5.1.13)

which establishes Equation (5.1.11).

Equation (5.1.11) leads to the so-called Raychaudhuri equation: by taking
the trace of (5.1.11) we obtain the following formula for the derivative of the
null mean curvature 6 = 6(s) along 7,

¢’ = —Ric(n/,n') — 0? — 167, (5.1.14)

where o, the shear scalar, is the trace of the square of the trace free part of b.
This equation shows how the Ricci curvature of spacetime influences the null
mean curvature of a null hypersurface.
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Some readers might find the above derivation of the Raychaudhuri equation too
abstract. A direct way, without invoking quotient spaces, proceeds as follows: Let
e; be as in Remark 5.1.4. The space Vect{e;}* is a two dimensional Lorentzian
space, let fo and fi; be an ON basis there. Replacing f1 by —f1 if necessary, the
null vector K can be written as

K =a(fo+ f1),
for some a > 0. Set

L=a'(fo— f1),
then

Whenever needed, we will extend K and L to any vector fields defined in a neigh-
borhood of H, and we will check what objects in the final formulae are independent
of the extensions chosen.

We also note the following formula for the contravariant metric g*:

n—1
¢ = —f0®f0+f1®f1+zei®€i

i=1
1 1 =
= —Z(a_lK + aL) ® (a‘lK + aL) + Z(a_lK — aL) ® (a_lK — aL) + Z e ®e;
i=1

n—1

1 1
= —§K®L—§L®K+;ei®ei. (5.1.16)

Next, suppose that we use the normalisation K, = V¢, where ¢ is a defining
function for H (compare the proof of Proposition 5.1.1). We then have

V;LKV = vﬂvu()o = vuvu(p = VI/KM ;

so that the tensor of first covariant derivatives of K is symmetric. In general we
will have K,, = fV ¢, for some function f, so that
VoK, = V,(fVee)=fV, Voo +V, Vo= fV.,Vo+V,.fV,0
= VV(fV;LQD) - Vufv/ﬁp +VufVue
= VLK, +2V,fV, 0.
Equivalently,
VHKV = VVKM + 2[)[#](1,] (5.1.17)

with b, = V,In f. (This equation is equivalent to symmetry of VK modulo K,
that is, symmetry of the null second fundamental form B.) In what follows we will
use the geodesic gauge,

K'V,K,=0. (5.1.18)

This implies, in view of (5.1.17),
0=K"V,K,= K'V,K, —2K"b,K,=—K'b,K,,
————
=1V, (KYK,)=0

showing that
K", =0. (5.1.19)
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Set
1
a = LHLVVMKV = L“LVV(#KV) , Ay = LUV(#KV) + §(LKV s (5120)

which implies

1
a, K" =a, " =0, L'"V,K,=a,— §aKV . (5.1.21)
Finally we define
1
Bl“’ = V(#Kl,) — ZG’KHKV + a(HKV) . (5.1.22)
We claim that
B, K"=DB,,L"=0. (5.1.23)

Indeed, all contractions of B, with K vanish because of (5.1.18) and (5.1.19).
Further,

1 1 1

"B, = L'V ,K,—-al"K,K,+~L'a,K,+~L'K,a, =0,
“ W Tt e 2L 2L
=2 =0 =—2

:a,,—%aKu

as claimed. B, is of course closely related to the abstract Weingarten tensor B
previously defined.
From (5.1.17) and (5.1.22) one is led to

1
VHKV = b[uKu] + B, + ZGKHKV - a(MKZ,) R (5124)

with (see (5.1.19), (5.1.21) and (5.1.23))
By = B K" = B, LV = b, K" = a, K" = a,[* =0 . (5.1.25)

All vector fields that we have been using so far, except L*, are tangent to J.
Thus, the only part of V, K, in the decomposition above which depends upon the
extension of K off 3 is L#V ,K,. From (5.1.25) and (5.1.24) we find

1
LV, = L', K,) — jaK,

which shows that neither B,,, nor a, depend upon the extension of K chosen.
Let us relate the calculations here to the quotient space description. By defini-
tion of the metric h we have

h(éi,éj) = g(ei,ej) = (Sij .
Consider, next, the Weingarten map B defined in (5.1.7): we have
B(éi,éj) = g(ViK, Ej) = Bij ,

with By, as in (5.1.22), because all the remaining factors in (5.1.24) give zero con-
tribution when contracted with two vectors tangent to H. This shows consistency
of notation between (5.1.7) and (5.1.22).

It is often convenient to decompose B into a trace-free part o, and into its
trace 6, using h:

0
Ouv ‘= B,uy - mh,uu y (5126)



5.1. THE GEOMETRY OF C? NULL HYPERSURFACES 101

where h,,, is the space-time counterpart of the metric h defined in (5.1.2)
1 1
hl“’ = Guv + §K/ALV + §KVLV .

(Note that h,, K" = h,L" = 0 by (5.1.15), similarly hej'e} = gu.eje =
g(ei,e;) = d0;5, which shows that h,, is indeed closely related to h.) The tensor
field 0, is sometimes called the shear tensor of JH.

Now, it follows from (5.1.24) that
VNK'U _ g,uuBMV

by (5.1.25). Further, by (5.1.16),

gl“/Bm, = — K“LVBHV + ZB“ s
—_——— 7
=0 ——
=6
which gives an alternative formula for 6, in any* affine gauge:

0 =V,K". (5.1.27)

This equation provides a convenient starting point for the derivation of the Ray-
chaudhuri equation:

db

75 = KTVeVuKY
S
= K“(V,V,K"+R',,, K)
N——
=—Ro,
= V.(K"V,K")~V,K"V,K" — Ry, KYK° .
=0

From (5.1.24) and (5.1.26)

2 02
_ 2
_|U|h+n_1a

0
VK"V, K" = B, B" = 0,,0"" + T
n—

recovering (5.1.14).

4Tt should be pointed out that for a timelike or spacelike geodesic v there is a natural
affine parameterization arising from the normalisation g(¥,4) € {£1}. For null geodesics
there is no natural way of getting rid of the freedom of replacing an affine parameter s by as,
where « is a non-zero constant. Therefore there is a one-parameter family of affine gauges on
each generator of H. This leads to a family of rescalings K — aK, where « is any function
on H satisfying K*V,«a = 0, and therefore a family of affine gauges parameterized by such
functions.
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The above calculations were done assuming that H is smooth. Now, when
H is only C2, all we know is that b is a C° tensor field so that there is no
reason a priori that the derivative b’ should exist. We shall show now that this
derivative does exist, and that b satisfies the expected differential equation. As
the function s — R, is C° then the Riccati equation implies that actually
the dependence of by () on s is C>°. This will be clear from the proof below for

other reasons:®?-1-3

PROPOSITION 5.1.5 Let 3 be a C? null hypersurface in the (n+1) dimensional
spacetime (M, g) and let b be the one parameter family of Weingarten maps
along an affine parameterized null generator n. Then the covariant derivative
b defined by Equation (5.1.12) exists and satisfies Equation (5.1.11). Similarly,
(5.1.14) holds.

PRrROOF: Let 1 (a,b) — H be an affinely parameterized null generator of H.
To simplify notation we assume that 0 € (a,b) and choose a C* spacelike
hypersurface ¥ of M that passes through p = n(0) and let N = HNX. Then N
is a C2 hypersurface in . Now let N be a C° hypersurface in ¥ so that N has
second order contact with N at p. Let K be a smooth null normal vector field
along N such that at p, K = 1/(0). Consider the hypersurface H obtained by
exponentiating normally along N in the direction K; by Lemma ?7? there are no
focal points along 7 as long as 1 stays on H. Passing to a subset of N if necessary
to avoid cut points, H will then be a C° null hypersurface in a neighborhood
of 1. Let B(s) and B(s) be the null second fundamental forms of H and K,
respectively, at 7(s) in the direction 7(s). We claim that B(s) = B(s) for all
s € (a,b). Since the null Weingarten maps b = b(s) associated to B = B(s)
satisfy Equation (5.1.11), this is sufficient to establish the lemma.

We first show that B(s) = B(s) for all s € [0, ¢] for some ¢ € (0,b). By re-
stricting to a suitable neighborhood of p we can assume without loss of general-
ity that M is globally hyperbolic. Let X € T,X be the projection of /(0) € T,M
onto T,X. By an arbitrarily small second order deformation of Ncyx (depend-
ing on a parameter € in a fashion similar to Equation (?7)) we obtain a C*°
hypersurface Nj in ¥ which meets N only in the point p and lies to the side

of N into which X points. Similarly, we obtain a C°° hypersurface N in ¥
which meets N only in the point p and lies to the side of N into which —X
points. Let ffﬁi be a smooth null normal vector field along Nei which agrees
with 7/(0) at p. By exponentiating normally along ]\73: in the direction K, * we

obtain, as before, in a neighborhood of 77|[07 g @ C® null hypersurface Jifét, for

some ¢ € (0,b). Let B (s) be the null second fundamental form of HF at 7(s)
in the direction 7/(s).

By restricting the size of ¥ if necessary we find open sets W, W= in X,
with W~ € W € W2, such that N C 9sW and NF C dgW2E. Restricting to

a sufficiently small neighborhood of 7|y, 4, we have N J* () C 9J*(W) and
FENTH(E) C 9JH(WE). Since JH(WE) € J&H(W) € JHWE), it follows that
H_ is to the future of H near 7(s) and H is to the future of HJ near n(s), s €

[0, ¢]. Now if two null hypersurfaces H; and Hy are tangent at a point p, and Hy
is to the future of Hj, then the difference of the null second fundamental forms
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By — By is positive semidefinite at p. We thus obtain B (s) > B(s) > Bt (s).
Letting € — 0, (i.e., letting the deformations go to zero), we obtain B(s) = B(s)
for all s € [0,¢]. A straightforward continuation argument implies, in fact, that
B(s) = B(s) for all s € [0,b). A similar argument establishes equality for
s € (a,0]. O

In the last result above the hypersurface H had to be of at least C? differ-
entiability class. Now, in our applications we have to consider hypersurfaces H
obtained as a collection of null geodesics normal to a C? surface. A naive in-
spection of the problem at hand shows that such H’s could in principle be of C!
differentiability only. Let us show that one does indeed have C? differentiability
of the resulting hypersurface:

PROPOSITION 5.1.6 Consider a C**1 spacelike submanifold N C M of co-
dimension two in an (n + 1) dimensional spacetime (M, g), with k > 1. Let k
be a non-vanishing C* null vector field along N, and let U C R x N — M be
the set of points where the function

f(t,p) := exp,(tk(p))

is defined. If f(, po)« 15 injective then there is an open neighborhood O of (to, po)
s0 that the image f[O] is a C**' embedded hypersurface in M.

REMARK 5.1.7 In our application we only need the case k = 1. This result
is somewhat surprising as the function p +— k(p) used in the definition of f
is only C*. We emphasize that we are not assuming that f is injective. We
note that f will not be of C**1 differentiability class in general, which can be
seen as follows: Let t — r(t) be a C*+1 curve in the 2-y plane of Minkowski 3-
space which is not of C**+2 differentiability class. Let ¢ — n(t) be the spacelike
unit normal field along the curve in the z-y plane, then t — n(t) is C* and
is not C**1. Let T = (0,0,1) be the unit normal to the x-y plane. Then
K(t) = n(t)+T is a C* normal null field along ¢ — r(¢). The normal exponential
map f R? — R3 in the direction K is given by f(s,t) = r(t) + s[n(t) + T}, and
hence df /dt = r'(t) + sn'(t), showing explicitly that the regularity of f can be
no greater than the regularity of n(t), and hence no greater than the regularity
of r'(t).

PrOOF: This result is local in N about pg so there is no loss of generality,
by possibly replacing N by a neighborhood of pg in IV, in assuming that N is
a embedded submanifold of M. The map f is of class C* and the derivative
f(to,po)« 18 injective so the implicit function theorem implies f[U] is a C* hy-
persurface near f(tg,po). Let n be any nonzero timelike C*° vector field on M
defined near py (some restrictions to be put on 7 shortly) and let ®; be the flow
of 7. Then for sufficiently small € the map f (—e,e) x N — M given by

f(s,p) = @s(p)

is injective and of class C*+1, Extend k to any Cck vector field k along f. (Tt
is not assumed that the extension k is null.) That is k (—e,e) x N — T'M is
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a C* map and k(s,p) € T]g(s p)M. Note that we can choose k(s,p) so that the

covariant derivative %(O,po) has any value we wish at the one point (0, po).
Define a map F (tg —e,tp +¢) X (—e,&) x N — M by

F(t,s,p) = exp(tf{(s,p)).

We now show that F' can be chosen to be a local diffeomorphism near (tg, 0, pg).
Note that F'(t,0,p) = f(t,p) and by assumption f,, p,) is injective. Therefore
the restriction of F ) 0.pe) t0 T(tg,pe) (R X N) C Ti4,,0,p0) (R x R x N) is injective.
Thus by the inverse function theorem it is enough to show that F, ) (9/0s)
is linearly independent of the subspace F (4, 0.po)[L{to,p0) (R X N)]. Let

OF
V(t) = —-(t s,p0)
0s s=0

Then V (to) = Fi(ty,0,p0)(0/0s) and our claim that F' is a local diffeomorphism
follows if V'(to) & Fi(to,0,p0) [T (to,p0) (R X N)]. For each s, p the map ¢ — F(s,t,p)
is a geodesic and therefore V' is a Jacobi field along ¢ — F(0,%,pg). (Those

geodesics might change type as s is varied at fixed pg, but this is irrelevant for
our purposes.) The initial conditions of this geodesic are

| .
= —F = —@S
V(0) s (0,5, p0) > (o) - n(po)
and
vV vV V VvV V Vk
2 0) = — —F(t t == .
0t (0) at 68 ( 75ap0) 040 88 @t ( ’57p0) 040 68 (03p0)

From our set up we can choose 1(pg) to be any timelike vector and ¥ (O Do)
to be any vector. As the linear map from T,,) M x T,y M — Tf(tmpo)M which

maps the initial conditions V'(0), %(0) of a Jacobi field V' to its value V (tg)

is surjective® it is an open map. Therefore we can choose 7(pg) and %(0, Do)
so that V/(fo) is not in the nowhere dense set Fi (1 0.po)[T(to,po) (R X N)]. Thus
we can assume F is a local C* diffeomorphism on some small neighborhood A
of (to,0,po) onto a small neighborhood B := F|[A] of F(to,0,po) as claimed.
Consider the vector field Fi(0/0t) = OF/0t along F. Then the integral
curves of this vector field are the geodesics ¢ — F(t, s, p) = exp(tk(s,p)). (This
is true even when F' is not injective on its entire domain.) These geodesics and
their velocity vectors depend smoothly on the initial data. In the case at hand
the initial data is C* so OF /0t is a C* vector field along F. Therefore the one
form « defined by a(X) := (X, 0F/9t) on the neighborhood B of qo is C*. The
definition of F' implies that f(¢,p) = F(t,0,p) and therefore the vector field
OF /0t is tangent to f[O] and the null geodesics t — f(t,p) = F(t,0,p) rule
f1O] so that f[O] is a null hypersurface. Therefore for any vector X tangent

PIf v € Ty(1y,po) N there is a Jacobi field with V(to) = v and %{(to) = 0, which implies
subjectivity.
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to f]O] we have a(X) = (X,0F/0t) = 0. Thus f[O] is an integral submanifold
for the distribution {X | a(X) = 0} defined by «. But, as is easily seen by
writing out the definitions in local coordinates, an integral submanifold of a C*
distribution is a C**! submanifold. (Note that in general there is no reason
to believe that the distribution defined by « is integrable. However, we have
shown directly that f[O] is an integral submanifold of that distribution.) O

We shall close this appendix with a calculation, needed in the main body
of the paper, concerning Jacobians. Let us start by recalling the definition
of the Jacobian needed in our context. Let ¢ M — N be a C' map between
Riemannian manifolds, with dim M < dim N. Let n = dim M and let ey, ..., e,
be an orthonormal basic of T,M then the Jacobian of ¢ at p is J(¢)(p) =
|psper A dspea A -+ A dupep|. When dimM = dim N and both M and N
are oriented with wys being the volume form on M, and wy being the volume
form on N, then J(¢) can also be described as the positive scalar satisfying:
" (wn) = £J () wis.

Let S be a C? co-dimension two acausal spacelike submanifold of a smooth
spacetime M, and let K be a past directed C! null vector field along S. Consider
the normal exponential map in the direction K, ® R x § — M, defined by
O (s,x) = exp, sK. (P need not be defined on all of R x S.) Suppose the null
geodesic 77 s — ®(s,p) meets a given acausal spacelike hypersurface ¥ at n(1).
Then there is a neighborhood W of p in S such that each geodesic s — ®(s, z),
x € W meets X, and so determines a C' map ¢ W — X, which is the projection
into ¥ along these geodesics. Let J(¢) denote the Jacobian determinant of ¢ at
p. J(¢) may be computed as follows. Let {X1, Xo,..., X} be an orthonormal
basis for the tangent space 7},S. Then ,

J(¢) = ||¢*pX1 A ¢*pX2 ARRRNA ¢*pXk||~

Suppose there are no focal points to S along 7|y 1. Then by shrinking W and
rescaling K if necessary, ® [0,1] x W — M is a C'! embedded null hypersurface
N such that ®({1} x W) C . Extend K to be the C! past directed null vector
field, K = Q*(%) on N. Let 6 = 6(s) be the null mean curvature of N with
respect to —K along 1. For completeness let us give a proof of the following,
well known result:

PROPOSITION 5.1.8 With 6 = 6(s) as described above,

1. If there are no focal points to S along 77|[071], then

1
J(¢) = exp < —/ 0(8)d$> . (5.1.28)
0
2. If n(1) is the first focal point to S along 1o 1), then
J(6)=0.

REMARK 5.1.9 In particular, if N has nonnegative null mean curvature with
respect to the future pointing null normal, i.e., if § > 0, we obtain that J(¢) < 1.
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REMARK 5.1.10 Recall that 6 was only defined when a normalization of K has
been chosen. We stress that in (5.1.28) that normalization is so that K is
tangent to an affinely parameterized geodesic, with s being an affine distance
along 7, and with p corresponding to s = 0 and ¢(p) corresponding to s = 1.

Proor: 1. To relate J(¢) to the null mean curvature of N, extend the
orthonormal basis {Xi, Xo,..., Xx} to Lie parallel vector fields s — X;(s),
i=1,...,k, along n, Lx X; = 0 along 1. Then by a standard computation,

J(¢) = H¢*pX1 A¢*pX2A“’A¢*pXk||
= [Xa()AXo() A AXe(D)]
= \/§ ,

s=1
where g = det[g;;], and g;; = g4j(s) = (Xi(s), X;(s)). We claim that along 7,

1 d
f=———

V9 ds g

The computation is standard. Set b;; = B (Yi,yj), where B is the null second
fundamental form of N with respect to —K, h;; = h(X;, X;) = gi;, and let g%
be the 4, jth entry of the inverse matrix [g;;]~'. Then § = g/b;;. Differentiating
gij along n we obtain,

d

259 = K(X;,X;) = (VkXi, Xj)+ (Xi, VK Xj)
= (Vx, K, X)) +(X;, Vx, K)
= —(bij + bﬂ) = _2bij .

+

Thus,
1 ..d 11dg 1 d

0 =g = —=g" - =
g i g V9 ds

29 4s"1 T T2 gds
as claimed. Integrating along 7 from s = 0 to s = 1 we obtain,

1 1
-exp</ Gds):exp</ Gds).
s=0 0 0

2. Suppose now that 7(1) is a focal point to S along 1, but that there are no
focal points to S along 7 prior to that. Then we can still construct the C* map
®[0,1] x W — M, with ({1} x W) C X, such that ® is an embedding when
restricted to a sufficiently small open set in [0,1] x W containing [0,1) x {p}.
The vector fields s — X;(s), s € [0,1), 7 = 1, .., k, may be constructed as above,
and are Jacobi fields along 7||g 1), which extend smoothly to n(1). Since n(1) is
a focal point, the vectors ¢.X1 = Xi1(1), ..., ¢+ X = Xi(1) must be linearly
dependent, which implies that J(¢) = 0. O

V9,

J(9) = Vg

12\/5

S=
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5.2 Galloway’s null splitting theorem

5.3 Timelike splitting theorems

In Riemannian geometry a line is defined to be a complete geodesic which is
minimising between each pair of its points. A milestone theorem of Cheeger
and Gromoll [21] asserts that a complete Riemannian manifold (M,g), with
non-negative Ricci curvature, which contains a line splits as a metric product

M=RxN, g=dz*+h, (5.3.1)

where z is a coordinate along the R factor, while A is an (z-independent) com-
plete metric on N. This result is known under the name of Cheeger-Gromoll
splitting theorem.

It turns out that there is a corresponding result in Lorentzian geometry,
with obvious modifications: First, a line is defined by changing “minimising”
to “maximising” in the definition above. Next, in the definition of “splitting”
one replaces (5.3.1) with

M=RxN, g=—dt’* +h, (5.3.2)

where we use now t to denote the coordinate along the R factor. One has the
following;:

THEOREM 5.3.1 Let (#,g) be a space-time satisfying the timelike focusing con-
dition,
Ric(X,X) >0 V X timelike . (5.3.3)

Suppose that # contains a line and either
1. (A ,g) is globally hyperbolic, or
2. (M, g) is timelike geodesically complete.

Then (A ,g) splits as in (5.3.2), for some complete metric h on N.

REMARK 5.3.2 The “geodesically complete version” of Theorem 5.3.1 was known
as Yau’s splitting conjecture before its proof by Newman [86]. The globally hy-
perbolic version was proved by Galloway [51]. The result assuming both timelike
geodesic completeness and global hyperbolicity had previously been established by
Eschenburg [42]. The proof*>-3-1 below is a simplified version pointed out to us byes.s.1: pte:proof or
Galloway, based on the analysis in [?] and the results in [5]. outline of the proof?

PROOF *5.3.2 05.5.2: ptc:give proof
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Chapter 6

The Einstein equations

6.1 The nature of the Einstein equations
The vacuum FEinstein equations with cosmological constant A read
Gap+Agop =0, (6.1.1)

where G, is the Einstein tensor defined in (2.3.13). We will sometimes refer to

those equations as the vacuum FEinstein equations, regardless of whether or not

the cosmological constant vanishes, in situations in which the non-vanishing of

A is irrelevant for the discussion at hand.®6-1! Taking the trace of (6.1.1) onees 1.1 cos tu jest bes

obtains e

2(n+1)
n—1

R= A, (6.1.2)

where, as elsewhere, n + 1 is the dimension of space-time. This leads to the
following equivalent version of (6.1.1):

2A

n—1

Ric =

g. (6.1.3)

Thus the Ricci tensor of the metric is proportional to the metric. Pseudo-
Lorentzian manifolds the metric of which satisfies Equation (6.1.3) are called
Einstein manifolds in the mathematical literature.

Given a manifold .#, Equation (6.1.1) or, equivalently, Equation (6.1.3)
forms a system of partial differential equations for the metric; more precisely,
it follows from Equations (2.3.11) and (2.3.1) that the Ricci tensor is an object
built out of the Christoffel symbols and their first derivatives, while Equa-
tion (2.3.8) shows that the Christoffel symbols are built out of the metric and
its first derivatives. The same equations show that the Ricci tensor is linear
in the second derivatives of the metric, with coeflicients which are rational
functions of the g,g’s, and quadratic in the first derivatives of g, again with
coefficients rational in g. Equations linear in the highest order derivatives are
called quasi-linear, hence the vacuum Einstein equations constitute a second
order system of quasi-linear partial differential equations for the metric g.

In the discussion above we have assumed that the manifold .#Z has been
given. Such a point of view might seem to be too restrictive, and sometimes it

109



110 CHAPTER 6. THE EINSTEIN EQUATIONS

is argued that the Einstein equations should be interpreted as equations both
for the metric and the manifold. The sense of such a statement is far from
being clear, one possibility of understanding that is that the manifold arises
as a result of the evolution of the metric g. We are going to discuss in detail
the evolution point of view below, let us, however, anticipate somewhat and
mention the following: vacuum space-times constructed by evolution of initial
data all have topology R x .%, where .# is the n-dimensional manifold on which
the initial data have been prescribed. Thus, from the Cauchy problem point of
view the resulting space-times (as defined precisely by Theorem ?? below) have
topology and differential structure which are determined by the initial data. As
will be discussed in more detail in Section 6.11, the space-times obtained by
evolution of the data are sometimes extendible; now, the author is not aware
of any conditions which would guarantee uniqueness of the extensions which
arise in this way, and therefore it does not seem useful to consider the Einstein
equations as equations determining the manifold in those cases. We conclude
that in the evolutionary point of view the manifold can be also thought as being
given a priori — namely .# = R x . — even though there is no a priori known
natural time coordinate which can be constructed by evolutionary methods, and
which leads to the decomposition .#Z = R x ..

Let us pass now to the derivation of a somewhat more explicit form of the
Einstein equations. In index notation Equation (2.3.1) takes the form

V.V, X~ V,V, X% =R, X" (6.1.4)
A contraction over v and p gives
VoV X® =V, Vo X = Rg, X" . (6.1.5)
Suppose that X is the gradient of a function ¢, X = V¢, then we have
VoXP =VaVP=VV,0,
because of the symmetry of second partial derivatives. Further
Vo X% =040,

where we use the symbol
Dk = VMV“

to denote the wave operator associated with a Lorentzian metric k; e.g., for a
scalar field we have

1
\/—det gag

For such vector fields Equation (6.1.5) can be rewritten as

Orp =V, Vip = Ou(y/—det gpe 9" 0, 9) . (6.1.6)

VoV, 6 — V,VaV% = R, V76 |

or, equivalently,
04d6 — d(0y6) = Ric(V,-) | (6.1.7)
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where d denotes exterior differentiation. Consider Equation (6.1.7) with ¢ re-
placed by y*, where y# is any collection of functions,

Ogdy? = d\* + Ric(Vy4, ) , (6.1.8)
M= DgyA .
6.1.2 Set 06.1.2: nie y}iem
g8 = g(dy”, dy®) ; (6.1.10) Znats Zaeeydomac sie

jak pisac metryke
odwrotna

this is consistent with Equation (2.3.7) except that we haven’t assumed yet that
the y*’s form a coordinate system. By the chain rule we have

Oy9*" = V. V*(g(dy”, dy"))

Vul(g(VFdy?, dy®) + g(dy?, V*dy®))

9(Dgdy™, dy®) + g(dy™, Oydy®) + 29(V udy™, V*dy")

= g(d\*,dy®) + g(dy™,d\P) + 29(V .y, VFdyP)
+2Ric(Vyt, vyP) . (6.1.11)

Let us suppose that the functions y* solve the homogeneous wave equation:
M=0omy1=0. (6.1.12)

The Einstein equation (2.3.13) implies then

4A
EAB = DggAB—2g(VudyA,V“dyB)—mgAB (6.1.13a)

= 0. (6.1.13b)
Now,

Vuldya) = Vu(0y” dav)
(0,0,y™ — 17,0,y )da” . (6.1.14)

Suppose that the dp“’s are linearly independent and form a basis of T*.#, then
Equation (6.1.13b) is equivalent to (2.3.13). Further we can choose the y’s as
coordinates, at least on some open subset of ./; in this case we have

day” =%, 9adcy” =0,
so that Equation (6.1.14) reads
Vedy? = —THpcdy© .
This, together with (6.1.13b), leads to

4A

0,948 — 2g¢PgBFTA,TE . — — 4B — 0, (6.1.15)
Here the Féc’s should be calculated in terms of the g4p’s and their derivatives
as in Equation (2.3.8), and the wave operator O, is understood as acting on



06.1.3: cos z tym trzeba
zrobic, albo np dac
referencje?

06.1.4: ptc:all this needs
cleaning up

06.2.1: ptc:is there not
a sign wrong in front
of the E piece?

06.2.2: ptc:give ref
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scalars. We have thus shown that in “wave coordinates” the Einstein equation
forms a second-order quasi-linear wave-type system of equations (6.1.15) for the
metric functions ¢gAZ. This establishes the hyperbolic, evolutionary character of
the Einstein equations.

It turns out that (6.1.13b) allows one also to construct solutions of Einstein
equations [45], this will be done in the following sections.

Before analyzing the existence question, it is natural to ask the following question:
given a solution of the Einstein equations, can one always find local coordinate sys-
tems y* satisfying the wave condition (6.1.12)? The answer is yes, the standard
way of obtaining such functions proceeds as follows: Let . be any spacelike hy-
persurface in .Z; by definition, the restriction of the metric g to T.% is positive
non-degenerate. Let & C . be any open subset of ., and let X be any smooth
vector field on .#, defined along &, which is transverse to .; by definition, this
means that for each p € & the tangent space T,,.# is the direct sum of 7, and
of the linear space RX (p) spanned by X (p). (Any timelike vector X would do —
e.g., the unit normal to . — but transversality is sufficient for our purposes here.)
The following result is standard:®6-1-3

THEOREM 6.1.1 For any smooth functions f, g on O C . there exists a unique
smooth solution ¢ defined on (0 of the problem

Oy,0=0, dlo=f, X(@)le=9-

Once a hypersurface . has been chosen, local wave coordinates adapted to &
may be constructed as follows: Let & be any coordinate patch on . with coordinate
functions 2%, i = 1,...,n, and let €® be the field of unit future pointing normals to
0. On 9(0) define the y“’s to be the unique solutions of the problem

DgyA:O,
le=0, W)e=1, (6.1.16)
v09e=2", y)e=0, i=1...,n. (6.1.17)

We note that there is a considerable freedom in the construction of the y*’s (because
of the freedom of choice of the x%’s), but the function y° is defined uniquely by .7.
Since the z'’s form a coordinate system on &, a simple application of the implicit
function theorem shows that there exists a neighborhood % C 2(0) of € which is
coordinatized by the yA’s.'6’1'4

6.2 Existence local in time in wave coordinates

Let us return to (6.1.11). Assume again that the y?’s form a local coordinate
system, but do not assume for the moment that the y*’s solve the wave equa-

tion. In that case (6.1.11) together with the definition (6.1.13a) of E4P lead
t0.6'2'1

2A
gAB

1
RAB:*EAB—VA)\B—VB)\A-F
2 n—1

(6.2.1)
The idea, due to Yvonne Choquet-Bruhat [45], is to use the hyperbolic character
of the equation EAB = 0 to construct a metric g. If we manage to make sure
that A\* vanishes as well, it will then follow from (6.2.1) then g will also solve
the Einstein equation. The following result is again standard:®6-2-2
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THEOREM 6.2.1 For any initial data
gByi0) e H | 95g*B(y,0) € HF | kE>n/2, (6.2.2)

prescribed on an open subset 0 C {0} x R™ C R x R" there exists a unique
solution g*B defined on an open neighborhood % C R x R™ of O, satisfying

EAB =0 . (6.2.3)

The set % can be chosen so that g2B defines a Lorentzian metric, with (% ,g)
— globally hyperbolic with Cauchy surface O.

REMARK 6.2.2 The recent results of [?,102] allow one to reduce the differentiabil-
ity threshold above.®6-2-3 06.2.9: pteido

something about it
It remains to find out how to ensure the conditions (6.1.12). The key ob-
servation of Yvonne Choquet-Bruhat is that (6.2.3) and the Bianchi identities
imply a wave equation for A4’s. In order to see that, recall that it follows from
the Bianchi identities that the Ricci tensor of the metric g necessarily satisfies
a divergence identity:

VA<RAB — §9A3> =0.

Assuming that (6.2.3) holds, (6.2.1) implies then
0 = —V,4 (VAAB L VB Vc)\CgAB>
= (DA £ VLVEN - VAV

_ —(D)\B +RBA)\A> .

This shows that A\* necessarily satisfies the second order hyperbolic system of
equations
oA+ RE N =0.

Now, it is a standard fact in the theory of hyperbolic equations that we will
have

M =0

on the domain of dependence 2(&) provided that both A and its derivatives
vanish at 0.

From now on we shall assume that 3" is the coordinate along the R factor
of R x R™, so that the initial data surface {0} x & is given by the equation
yY = 0. We have

1
Oyt = —— 9 det g|gZ€ 0oy
y e B< |det glg”" Ocy )
1
= 783< ]detg[gBA>.

V| detyg|
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Clearly a necessary condition for the vanishing of Oy# is that it vanishes at
y? = 0, and this allows us to calculate some time derivatives of the metric in
terms of space ones:

80<\/|detg|go‘4> = —ai( |detg\gm) . (6.2.4)

This implies that the initial data (6.2.2) for the equation (6.2.3) cannot be
chosen arbitrarily if we want both (6.2.3) and the Einstein equation to be si-
multaneously satisfied. It turns out that further constraints arise from the
requirement of the vanishing of the derivatives of A\. Supposing that (6.2.4)
holds at ¢ = 0 — equivalently, supposing that A\ vanishes on {y° = 0}, we then
have

0N =0

on {y° = 0}, where the index i is used to denote tangential derivatives. In order
that all derivatives vanish initially it remains to ensure that some transverse
derivative does. A convenient transverse direction is provided by the field n of
unit timelike normals to {y° = 0}, and the vanishing of V,\ is conveniently
expressed as

(G + Mg ) = 0. (6.2.5)

In order to see that it is most convenient to use an ON frame e, with eg = n.
It follows from the equation Eap = 0 and (6.2.1) that®6-24

G + Agy = — (V,,)\V VA — vaxag,w) :
which gives

- (Guu + Ag,w) ntn” = 2Volo — V¥4 goo
=1
= 2VoAo + (—V()/\o + VZ‘)\Z')
=0
= Voo, (6.2.6)

which shows that the vanishing of Vo)A is equivalent to the vanishing of the
i = 0 component in (6.2.5). Finally

- (Gz‘O + Agio) = Vido+Voli — VA4 gio
-0 =0
= VoA, (6.2.7)

as desired. Equations (6.2.5) are called the general relativistic constraint equa-
tions. We will shortly see that (6.2.4) has quite a different character from
(6.2.5); the former will be referred to as a gauge equation.

In conclusion, in the wave gauge A = 0 the Cauchy data for the vacuum
Einstein equations consist of

1. An open subset & of R™,
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2. together with matrix-valued functions ¢4Z, 9yg*Z prescribed there, so
that 4P is symmetric with signature (—, +,---,+) at each point.

3. The constraint equations (6.2.5) hold, and

4. the algebraic gauge equation (6.2.4) holds.

6.3 The geometry of spacelike submanifolds

Let . be a hypersurface in a space-time (.#, g), we want to analyze the geom-
etry of such hypersurfaces. Set

hi=glry . (6.3.1)

More precisely,
VX, YeTl? h(X,Y):=g(X,Y).

The tensor field A is called the first fundamental form of .; when non-degenerate,
it is also called the metric induced by g on h. If . is considered as an abstract
manifold with embedding i : ./ — ., then h is simply the pull-back i*g.

A hypersurface . will be said to be spacelike at p € . if h is Riemannian
at p, timelike at p if h is Lorentzian at p, and finally null or isotropic or lightlike
at p if h is degenerate at p. . will be called spacelike if it spacelike at all p € .,
etc. An example of null hypersurface is given by J(p) for any p € .#, wherever
J(p) is differentiable.

When ¢ is Riemannian, then h is always a Riemannian metric on ./, and
then 7.7 is in direct sum with (7.%)*. Whatever the signature of g, in this
section we will always assume that this is the case:

TSN (TS)={0) = TH=TSa(TS)". (6.3.2)

Recall that (6.3.2) fails precisely at those points p € . at which h is degener-
ate. Hence, in this section we consider hypersurfaces which are either timelike
throughout, or spacelike throughout. Depending upon the character of .% we
will then have

e:=g(n,n) ==+1, (6.3.3)

where n is the field of unit normals to .¥.
Forpe T let P: T, # — T,.# be defined as

Tyt 5 X — P(X)=X —eg(X,n)n . (6.3.4)

REMARK 6.3.1 The formalism developed in this section applies with minor changes
to the following setup [?]: Let K be a Killing vector field on .#, at those points at
which g(K, K) does not vanish one then sets

K

VIg(E, K[

n =
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Let P be given again by (6.3.4), and suppose that K is transverse to T.¥. One can
then define a scalar product on T.¥ by the formula

T935X,Y — hX,Y)=g(P(X),P(Y)). (6.3.5)

If n is orthogonal to . then we recover the definition (6.3.1). The modifications
needed to cover this situation will be indicated as we go along.l'G'?"1 The metric h
is called the orbit-space metric. Since . is transverse to the orbits of X, the space
of those orbits of X which meet .# can often be locally identified with . (passing
to a subset of . and . if necessary). When this is the case, then h coincides with
the natural metric on the space of orbits at those points at which the space of orbits
is a smooth manifold.

We note the following properties of P:

e P annihilates n:

P(n) = P(n — eg(n,n)n) = P(n) — €P(n) = 0.

e P is a projection operator:

P(P(X)) = P(X — cg(X,n)n)
= P(X)—eg(X,n)P(n)=P(X).

e P restricted to n' is the identity:

g(X,n)=0 = PX)=X.

e P is symmetric:
9(P(X),Y) = g(X,Y) = eg(X,n)g(Y,n) = g(X, P(Y)) .

The Weingarten map B : T. — T.% is defined by the equation
TY>X — B(X):=P(NVxn)eTsCTH. (6.3.6)

Here, and in other formulae involving differentiation, one should in principle
choose an extension of n off .%; however, (6.3.6) involves only derivatives in
directions tangent to ., so that the result will not depend upon that extension.

REMARK 6.3.1 CONTINUED: In the set-up of remark 6.3.1 there is a natural iden-
tification between T.% and the space H of vector fields defined in a neighborhood
of . and satisfying the conditions

H:={%xX =0, g(K,n)=0}. (6.3.7)

This follows from the fact that n is transverse to 7,,.%’, which in turn implies that
the map
T, € X — P(X)eT,#

is bijective. Equation (6.3.6) should then be understood as
TY~H>X — B(X)=PNVxn)eH~TY. (6.3.8)

This applies to all further equations in this section.

T am grateful to xxx for pointing out errors in a previous version of the notes about that
issue.
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The map B is closely related to the second fundamental form K of ., also
called the extrinsic curvature tensor in the physics literature:

T 5X,Y — K(X,Y):=¢(P(Vxn),Y) (6.3.9a)
—¢(B(X),Y) . (6.3.9b)

It is often convenient to have at our disposal index formulae, for this purpose

let us consider a local ON frame {e,} such that ey = n along .. We then

have.6.3.2 ©6.3.2: ptc:this is not

. coherent, there should
g/“/ = dl&g(—l,—i—l,,-ﬁ-l) be an € for gog, and
the signature should be

allowed to be

REMARK 6.3.1 CONTINUED: Here the e,’s should be chosen so that ey = n, while Ricmannian
e; € H.

Using the properties of P listed above,

Kij = Klei,ej) = ( (Ven),e5) = g(P(P(Ve,n)), ;)

= g(P(Ven), P(e))) = h(P(Ve,n), e5) = h(B¥ier, e5)

= ;B (6.3.10)
B*, = ©*B(e)), (6.3.11)

where {¢*} is a basis of T*.7 dual to the basis {P(e;)} of T.7.
Let us show that K is symmetric: first,

K(X,)Y) = g(Vxn,Y)
= X(g(n,Y))—g(n,VxY). (6.3.12)
—

=0
Now, V has no torsion, which implies
VxY =VyX - [X,Y].

Further, the commutator of vector fields tangent to .# is a vector field tangent
to &, which implies

VX YeTl? g(n,[X,Y])=0.
Returning to (6.3.12), it follows that
K(X> Y) = _g(na VyX — [Xa Y]) = _g(nv va) )

and the equation
K(X,Y) = K(Y, X)
immediately follows from (6.3.12).

REMARK 6.3.1 CONTINUED: The only essential difference in this section arises
here: K will not necessarily be symmetric, instead we will have

K(X,Y)=K(Y,X)+g(X,Y],n) .
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To continue, for X,Y — sections of T.¥ we set
DxY := P(VxY). (6.3.13)

First, we claim that D is a connection: Linearity with respect to addition in all
variables, and with respect to multiplication of X by a function, is straightfor-
ward. It remains to check the Leibniz rule:

Dx(aY) = P(Vx(aY))
= P(X(a)Y +aVyxY)
= X(a)P(Y)+aP(VxY)
= X(a)Y +aDxY .
It follows that all the axioms of a covariant derivative on vector fields are
fulfilled, as desired. It turns out that D is actually the Levi-Civita connection
of the metric h. Recall that the Levi-Civita connection is determined uniquely

by the requirement of vanishing torsion, and that of metric-compatibility. Both
results are straightforward:

DxY — DyX = P(VxY — VyX) = P([X,Y]) = [X,Y]

in the last step we have again used the fact that the commutator of two vector
fields tangent to .7 is a vector field tangent to .#.*6-33 In order to establish
metric-compatibility, we calculate for all vector fields X,Y, Z tangent to .7:

X(hY,2) = X(g(Y,2))

= 9(VxY,Z) +g(Y,VxZ)

— (VxY, P(2)) + g(P(Y),VxZ)
X

= g(P(VxY),Z)+g(Y,P(VxZ))
P is symmetric

= 9(DxY,Z)+g(Y,DxZ)

= h(DxY,Z)+h(Y,DxZ) .

Equation (6.3.13) turns out to be very convenient when trying to express the
curvature of h in terms of that of g. To distinguish between both curvatures let
us use the symbol p for the curvature tensor of h; by definition, for all vector
fields tangential to .%,

p(X,Y)Z = DxDyZ— DyDxZ— Dixy\Z
— P(Vx(P(Vy2)) = Vy (P(VxZ)) = VixyZ) .

Now, for any vector field W (not necessarily tangent to .#) we have

P(Vx(PW) = P(Vx(W ~eg(n, Wn))
= P(VXW—GX(g(n, W))n —eg(n, W)Vxn)

P(n)=0
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- P(VXW) — eg(n, W)P(Vxn)
= P(VXW> —eg(n,W)B(X) .
Applying this equation to W = Vy Z we obtain

P(Vx(P(VyZ)) = P(VxVyZ)-eg(n, VyZ)B(X)
= P(VxVyZ)+eK(Y,Z)B(X),

and in the last step we have used (6.3.12). It now immediately follows that
p(X,Y)Z = P(R(X,Y)Z) + e(K(Y, Z)B(X) — K(X, Z)B(Y)) . (6.3.14)

In an adapted ON frame as discussed above this reads

Pine = Rijre + (K Kjo — K1 Kyp) | (6.3.15)

Here K'j is the tensor field K;; with an index raised using the contravariant
form h# of the metric h, compare (6.3.10).

We are ready now to derive the general relativistic scalar constraint equation:
Let p;; denote the Ricci tensor of the metric h, we then have

P = pijié
= szig +€(Kling — KZZKji)
=RFje—R0j0e

= Rj — Rojog + E(trhKKjg — Kingi) .

Defining R(h) to be the scalar curvature of h, it follows that®6-3-4 #6.3.4: ptesthis is only
R(h) = Sraniae at thts stage
- J
=  Rj  — RYy +e(tr, KK7; — KYK};)
~ SN——
—RM,—R%  =RO%y,
= R(g)—2 R +e((tnnk)? ~ |KT})
(9) =2 R el (trnK)” — K]},

=—Roo
— 167Tho + 2A + 6((trhK)2 - |K|,2l> ,

and we have used the Einstein equation

1 G
R, — §Rg,“, +Agu = 8776—4TW (6.3.16)
with G = ¢ = 1. Assuming that e = —1 we obtain the desired scalar constraint:
R(h) = 167T,ntn” +2A + | K| — (trp K)?|. (6.3.17)

In particular in vacuum, with A = 0, one obtains

R(h) = |K|? — (tr,K)?% . (6.3.18)
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The vector constraint equation carries the remaining information contained
in the equation G,,n* = 0. In order to understand that equation let Y be
tangent to ., we then have

1
uwyvoo . uy v
Gun'Y” = (RW 2R(g)g,w)nY
1
Y)

We calculate

Ric(Y,n) = ¢"g(eu, R(Y,e,)n)
9" g(en; VyVe,n — Ve, Vyn — Viyen)
= —9(n,VyVun —V,Vyn — Viy,n)
+979(ei, VyVe,n — Ve, Vyn — Viyn) . (6.3.19)

Since g(n,n) is constant (recall that we have extended n to have norm equal to
plus or minus one in a neighborhood of .) we have, for any vector field Z,

1
g(n,Vzn) = §Z(g(n,n)) =0. (6.3.20)
It follows that

g(na vyvnn) = Y(g(nv vnn)) - g(VY’I’L, Vnn) ;
=0
9(n, Vo,Vyn) =n(g(n, Vyn)) — g(Vyn,Van),
=0
g(nv V[Y,n]) =0.

Those three equations show that the first term in the before-last line in (6.3.19)
cancels the second one there, while the third one gives no contribution. Equa-
tion (6.3.20) further implies that for any vector field Z the vector field Vzn is
tangent to .#:

P(Vzn)=Vzn.
Using P(e;) = e; together with symmetry of P we can thus rewrite (6.3.19) as
Ric(Y;n) = gg(ei, P(VyVe,n— Ve, Vyn = Vi, n))
= gg(eis P(Vy(B(e;)) = Ve, (BOV)) = BV, e5)))

= (e DY(Blep) - D (BO) - BDye; ~ D))
(6.3.21)

By the Leibniz rule under pairings we have

(DxB)(Y) = Dx (B(Y)) = B(DxY) .
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which allows us to rewrite (6.3.21) in the form
Ric(Y,n) = gijg(ei, (Dy B)(e;) — (DeJB)(Y)) . (6.3.22)

06.9.5: ptesis the sign 1N index notation this can be rewritten as®6-35

right here?

Grunt' = gijg(eiaDszjee_DszkW)

= ¢9g(DpK*; — D;K*%) (6.3.23)
o
=5

= DyK’; — D;K’} . (6.3.24)

Using the Einstein equation (6.3.16) we obtain the vector constraint equation:

Dkij — DjKjk = 87rTw,n“h”k . (6325)

06.3.6

06.3.6: ptec:for
completeness one
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other embedding
equations here

6.4 Cauchy data, gauge freedom

Let us return to the discussion of the end of Section 6.1. We shall adopt a
slightly general point of view than that presented there, where we assumed
that the initial data were given on an open subset & of the zero-level set of the
function y°. A correct geometric picture here is to start with an n dimensional
hypersurface ., and prescribe initial data there; the case where . is @ is thus
a special case of this construction. At this stage there are two attitudes one
may wish to adopt: the first is that . is a subset of the space-time .# — this
is essentially what we assumed in Section 6.3. Another way of looking at this
is to consider . as a hypersurface of its own, equipped with an embedding

1:. — M.

The most convenient approach is to go back and forth between those points of
view, and this is the strategy that we will follow.

As made clear by the results in Section 6.3, the metric h is uniquely de-
fined by the space-time metric g once that . C .4 (or i(¥) C .#') has been
prescribed; the same applies to the extrinsic curvature tensor K. A vacuum
initial data set (%, h, K) is a triple where .# is an n—dimensional manifold, h
is a Riemannian metric on ., and K is a symmetric two-covariant tensor field
on .. Further (h, K) are supposed to satisfy the vacuum constraint equations
(??7), perhaps (but not necessarily so) with a non-zero cosmological constant A.

Let us start by showing that specyfing K is equivalent to prescribing the
time-derivatives of the space-part g;; of the resulting space-time metric g. Sup-
pose, indeed, that a space-time (M, g) has been constructed (not necessarily
vacuum) such that K is the extrinsic curvature tensor of . in (., g). Con-
sider any domain of coordinates & C . and construct coordinates y* in some
M —neighborhood of % such that . N% = C’; those coordinates could be wave-
coordinates, as described at the end of Section 6.1, but this is not necessary at
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this stage. Since 3° is constant on . the one-form dy° annihilates 7.7, so does
the one form g(n, -), and since .¥ has codimension one it follows that dy® must
be proportional to g(n,-):

n AdyA = nody’

on ¢. The normalisation
—1=g(n,n) = g"nun, = g”(ng)?
gives
1
7(@0
/| det g|

nAdyA =

We then have, using (77),
Ki‘ = g(VZ-n, aj) = Vinj
= amj — F“jm“

1
= _5900 (8]'9072 + 8@'90]’ - 8Ugij>n[) . (641)

This shows that the knowledge of g,,, and 0yg;; at y° = 0 allows one to calculate
K;j. Reciprocally, (6.4.1) can be rewritten as

2
dgij = m K;;+ terms determined by the g,,’s and their space-derivatives ,

so that the knowledge of the g,,’s and of the Kj;;’s at y? = 0 allows one to
calculate dpg;;. Thus, K;; is the geometric counterpart of the dyg;;’s.

To continue, we wish to show the gauge character of the gga’s. By this it
is usually meant that the objects under consideration do not have any intrinsic
meaning, and their values can be changed using the action of some family of
transformations, relevant to the problem at hand, without changing the geomet-
ric, or physical, information carried by those objects. In our case the relevant
transformations are the coordinate ones, and things are made precise by the
following proposition:

PROPOSITION 6.4.1 Let gap, gap be two metrics such that
gij‘{yozo} = gij|{y0:0} , Kz’j‘{yO:o} = Kij|{y0:0} . (6.4.2)
Then there exists a coordinate transformation ¢ defined in a neighborhood of
{y" = 0} which preserves (6.4.2) such that
goalgyo—o1 = (9*7)oalgyo=0} - (6.4.3)

In fact, for any metric g there exist local coordinate systems {y*} such that
{° = 0} = {5° = 0} and, if we write ¢ = gapdy?dy® etc. in the barred
coordinate system, then

9ijl tyo=0y = Gijlgo=oy »  Kijlyo—oy = Kijlggo—oy
goolfyo—0y = =1, Goilgyo—0y = 0. (6.4.4)
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REMARK 6.4.2 We can actually always achieve gog = —1, go; = 0 in a whole
neighborhood of .%: this is done by shooting geodesics normally to ., choos-
ing y° to be the affine parameter along those geodesics, and by transporting
the coordinates 3’ from .# by requiring them to be constant along the nor-
mal geodesics. The coordinate system will break down wherever the normal
geodesics start intersecting, but the implicit function theorem guarantees that
there will exist a neighborhood of . on which this does not happen. The re-
sulting coordinates are called Gauss coordinates. While those coordinates are
geometrically natural, in this coordinate system the Einstein equations do not
have any good properties from the PDE point of view.

PRrOOF: It suffices to prove the second claim: for if ¢ is the transformation that
brings g to the form (6.4.4), and  is the corresponding transformation for g,
then ¢ := ¢ o ¢~ will satisfy (6.4.3).

Let us start by calculating the change of the metric coefficients under a
transformation of the form

W=01", Y=g +¢. (6.4.5)

If ¢ > 0 then clearly
{y’=0}={g"=0}.

Further, one has

_ 042 A0 i g
9100y (goo(dy )7+ 2g0idy"dy" + gijdy'dy )) (0=0}

= (900(8"p + d5)? + 200:(5 i + oz (g + Fdv’ + pidy)
(g’ + P+ )+ P )|
= (900(spd5)? + 2901505 (df" + ")
+gij{dg + v'dg")(dif + v dg")) |
= ((900@2 + 290" + gij 'y ) (dy°)?
+2(goisp + 9i97 ) dy’dy’ + gijd?jid?jj> ’

= gudy'dy” .

{y°=0}

{y0=0}

We shall apply the above transformation twice: first we choose p = 1 and
P =hYgo5

where h% is the matrix inverse to gij; this leads to a metric with go; = 0. We
then apply a second transformation of the form (6.4.5) to the new metric, now
with the new ¥* = 0, and with a ¢ chosen so that the final gog equals minus
one. O

In Proposition 6.4.1 we have not assumed that the vacuum Einstein equa-
tions hold, or that the metrics g and g are isometric away from .. Now, our
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discussion in Section 6.1 shows that we can always find a solution of the vacuum

Einstein equations for any prescribed values go4| {(yo=0}- Let us show that two

solutions differing only by the values goal0—gy are (locally) isometric:®6-4-1

6.5 3+ 1 evolution equations (to be done)
6.6 Existence: global in space (to be done)

6.7 Constraint equations: the conformal method

A set (M, g, K), where (M, g) is a Riemannian manifold, and K is a symmet-
ric tensor field on M, will be called a vacuum initial data set if the vacuum
constraint equations (6.3.17), (6.3.25) hold:

D;K’), = DiK; , (6.7.1a)
R(g) = 2A + |K|? — (tryK)? . (6.7.1Db)

Here, as before, A is a constant. The object of this section is to present the
conformal method for constructing solutions of (6.7.1). This method requires
try K to be constant over M:

di(trgK) =0 . (6.7.2)

(We shall see shortly that (6.7.2) leads to a decoupling of the equations (6.7.1),
in a sense which will be made precise below.) Hypersurfaces M in a space-times
M satistying (6.7.2) are known as constant mean curvature (CMC) surfaces.
Equation (6.7.2) is sometimes viewed as a “gauge condition”, in the following
sense: if we require that (6.7.2) be satisfied by all hypersurfaces M, within
a family of hypersurfaces in the space-time, then this condition restricts the
freedom of choice of the associated time function ¢ which labels those hypersur-
faces. Unfortunately there exist space-times in which no CMC hypersurfaces
exist [12,67]. Now, the conformal method is the only method known which pro-
duces all solutions satisfying a reasonably mild “gauge condition”, it is therefore
unfortunate that condition (6.7.2) is a restrictive one.

The conformal method seems to go back to Lichnerowicz [78], except that Lich-
nerowicz proposes a different treatment of the vector constraint there.*6-7-1 The
associated analytical aspects have been implemented in various contexts: asymp-
totically flat [25, ?], asymptotically hyperbolic [2-4], or spatially compact [64]; see
also [23,65, 109, ?]. There exist a few other methods for constructing solutions of the
constraint equations which do not require constant mean curvature: the “thin sand-
wich approach” of Baierlain, Sharp and Wheeler [?], further studied in [?, 15, ?]; the
gluing approach of Corvino and Schoen [29, 37, 38]; the conformal gluing technique of
Joyce [70], as extended by Isenberg, Mazzeo and Pollack [66,67]; the quasi-spherical
construction of Bartnik [13,?] and its extension due to Smith and Weinstein [101].
One can also use the implicit function theorem, or variations thereof [22, 68, 69], to
constré1c7t2solutions of the constraint equations for which (6.7.2) does not necessarily
hold.*°- /-



06.7.3: ptc:look up Tam
and Shi [98] on
positivity of York
Brown mass of convex
bodies

6.7. CONSTRAINT EQUATIONS: THE CONFORMAL METHOD 125

6.7.3

As is made clear by the name, the method exploits the properties of (6.7.1)
under conformal transformations: consider a metric g related to g by a confor-
mal rescaling:

Gij =g, = g§l=9¢"g"7. (6.7.3)
It is straightforward to derive

4 1. _ B _
e = 59" (i 9km + OGjm — Omgjk)
1 m ~ ~
= 507" (05(6"Gkm) + Ok(&'Gjm) — Om (¢ gj1)
. 0 . .
= I'jp+ %(5,@8@ + 030k — g D" 9) (6.7.4)

where, as before, D denotes the covariant derivative of g. Let us start by
analysing what happens with (6.7.1a). Let D denote the covariant derivative
operator of the metric g, and consider any trace-free symmetric tensor field L%,
we have

DLV = ;L + 'Lk + 19, Lk
Now, from (6.7.4) we obtain

. , v . .
Mg = T+ —(0,0i¢0 + 0,00 — g D' 9)

2¢
T + " ) (6.7.5)
ik 2¢ k¥ <l
and we are assuming that we are in dimension n. As L is traceless we obtain
o . 2 . o
DL = DiL 4+ L 0uoLM + o (8]0i6 + 8]0k — g D) L*
2¢ 2¢ =
~gir LiF=0
o NG~ .
= DLV + Mak(ﬂ/kj
2¢
_ ¢7(n+2)£/2Di(¢(n+2)£/2zij) _ (6.7.6)
It follows that
DiLY =0 <= D¢ty =0, (6.7.7)

This observation leads to the following: suppose that the CMC condition (6.7.2)

holds, set
trg K

LY .= K9 — g . (6.7.8)

Then LY is symmetric and trace-free whenever K% satisfies the vector con-
straint equation (6.7.1a). Reciprocally, let 7 be any constant, and let L¥ be
symmetric, trace-free, and g—divergence free: by definition, this means that

D;LY =0.
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Set
LU = 2L (6.7.9a)
KU = LU +%g“, (6.7.9b)
then K% satisfies (6.7.1a).

To analyse the scalar constraint equation (6.7.1b) we shall use the following

©6.7.4: ptc:to be done formula, deriVed in AppendiX C7.674
_ ~ (n—1)¢ n—1){(n-2){+4
T - S R CXAT)
where R is the scalar curvature of g. Clearly it is convenient to choose
4
(b= ——— 711
h_9" (6.7.11)

as then the last term in (6.7.4) drops out. In order to continue we use (6.7.9)
to calculate

K2 — (trgK)? = giggKIKM — 12
.. T .. T
= gangu(LY + ggw)(Lkl + ggkl) -7’

y 1
L LM —21--)
—~ n

= gik  Gjl
~ -
=p(n/2+1)ETij

=" gin

. 1
= ¢"GugplLF - 21— ),
n

giving thus

~ ~1
K2~ ()2 = ¢™|LE - "7 (6.7.12)

n
Equations (6.7.1b), (6.7.4) and (6.7.12) with ¢ given by (6.7.11) finally yield

A§¢ B n—2 E(ﬁ _ _0_2¢(2—3n)/(n—2) + ﬁ¢(TL+2)/(n—2) , (6713)
4(n—1)
©6.7.5: ptc:Jim says Where.6'7'5
that the coefficient of
sigmq square shoyld be n — 2 ~ n — 2 n — 2
1/8 in dim 3, which 2 = L g — 2 _ A . 6714
does not agree here g 2(n _ 1) | ’g ’ 6 4n T 2(” — 1) ( )

In dimension n = 3 this equation is known as the Lichnerowicz equation:

Ngb— B = —027T 4 ggb . (6.7.15)

We note that o2 is positive, as the notation suggests, while 3 is a constant,
non-negative if A =0, or in fact if A <0.

The strategy is now the following: let g be a given Riemannian metric on
M, and let LY be any symmetric transverse g-divergence free tensor field. We
then solve (if possible) (6.7.13) for ¢, and obtain a vacuum initial data set by
calculating ¢ using (6.7.3), and by calculating K using (6.7.9).
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6.7.1 The vector constraint equation on compact manifolds

The starting point of the conformal method is the tensor field E, and to obtain
a complete prescription we have to provide such tensors. A prescription how to
do that has been given by York: here one starts with an arbitrary symmetric

traceless tensor field B, which will be referred to as the seed field. One then
(.7.6

writes ©6.7.6: pte:it could be
T 11 117 that all such L’s are
L J = B 7 + C(Y) J ) (6716) zero, one should talk
about the York
where C'(Y') is the conformal Killing operator: splitting somewhere

here; the fact that the
space of tt tensors is
infinite dimensional in

.. ~. . ~. . 2 ~ .
C(Y)” = DZY] + Dj YZ - *Dkyk?'j . (6717) dimension larger than
n two is claimed in [19]

The requirement that L be divergence free becomes then an equation for the
vector field Y:

o~ ~.. . -~ o~ o~ 92 .‘ ~
DL =0 <= L) :=DyDYV’ + DY~ ZDY*g) = —D;BY .
n
(6.7.18)

While (6.7.18) looks complicated at first sight, it is rather natural: we want to
produce transverse traceless tensors by solving an elliptic differential equation. Since
the condition of being divergence-free is already a first order equation, and it is not
elliptic, then the lowest possible order of such an equation will be two. Now, the
divergence operation produces vector fields, so the most straightforward way of
ensuring ellipticity is to seek an equation for a vector field. The simplest object
that we obtain by differentiating a vector field is the tensor field D?Y7; in order to
achieve the correct symmetries we need to symmetrise and remove the trace, which
leads to the conformal Killing operator (6.7.17).

The operator L defined in (6.7.18) is known as the conformal vector Lapla-
cian. It is a second order linear partial differential equation for Y, the solvability
of which can be easily analysed. In this section we shall consider spatially com-
pact manifolds M. We will give an existence proof for (6.7.18), this requires a
few analytical ingredients. The main ingredients of the existence proof which
we will present shortly are the following;:

1. Function spaces: one uses the spaces Hy, k € N, defined as the completion
of the space of smooth tensor fields on M with respect to the norm

fulli= [ > [ IDfuau. (6.7.19)
M

0<e<k

where Dy is the tensor of /-th covariant derivatives of u with respect
to some covariant derivative operator D. For compact manifolds? this
space is identical with that of fields in L? such that their distributional
derivatives of order less than or equal to k are also in L2. Again for
compact manifolds, different choices of measure du (as long as it remains
absolutely continuous with respect to the coordinate one), of the tensor
norm |- |, or of the connection D, lead to the same space, with equivalent
norm.

2For non-compact manifolds this is not always the case, compare [7].
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Recall that if v € L? then d;u = p; in a distributional sense if for every
smooth compactly supported vector field we have

lez = / D;X'u

More generally, let A be a linear differential operator of order m and let A*
be its formal L? adjoint, which is the operator obtained by differentiating by

parts:
/ (u, LTv) ::/ (Lu,v) , wu,veCl
M M

the above formula defines L uniquely if it holds for all u, v in the space
C™ of C™ compactly supported fields. (Incidentally, the reader will note by
comparing the last two equations that the formal adjoint of the derivative
operator is minus the divergence operator.) Then, for u € L11OC (this is the
space of measurable fields u which are Lebesgue-integrable on any compact
subset of the manifold), the distributional equation Lu = p is said to hold if
for all smooth compactly supported v’s we have

| wriv=[ .

One sometimes talks about weak solutions rather than distributional ones.

The spaces Hy, are Hilbert spaces with the obvious scalar product:
=¥ [0ty
0<e<k

The Sobolev embedding theorem [8] asserts that Hy functions are, locally,
of C*¥ differentiability class, where k' is the largest integer satisfying

K <k—n/2. (6.7.20)
On a compact manifold the result is true globally,
Hy c C* | (6.7.21)
with the inclusion map being continuous:

ullgrr < Cllullm, - (6.7.22)

. Orthogonal complements in Hilbert spaces: Let H be a Hilbert space, and

let E be a closed linear subspace of H. Then (see, e.g., [106]) we have the
direct sum
H=EoE*. (6.7.23)

This result is sometimes called the projection theorem.

3. Rellich-Kondrashov compactness: we have the obvious inclusion

H,C Hy if k>k .
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The Rellich-Kondrashov theorem (see, e.g., [1,8,56,74]) asserts that this
inclusion is compact. Equivalently,? if u,, is any sequence satisfying ||uy, ||x <
C, and if ¥’ < k, then there exists a subsequence u,, and us, € Hj such
that wu,, converges to us in Hy topology as ¢ tends to infinity.

4. Elliptic reqularity: If Y € L? satisfies LY € H}, in a distributional sense,
with L — an elliptic operator of order m with smooth coefficients, then
Y € Hyynm, and Y satisfies the equation in the classical sense. Further
for every k there exists a constant Cj, such that

Y N[km < Cr(ILY [l + [[Yl0) - (6.7.24)

Our aim is to show that solvability of (6.7.18) can be easily studied using the
above basic facts. We start by verifying ellipticity of L. Recall that the symbol
o of a linear partial differential operator L of the form

L= Y a"¥D;...D,,

0<l<m

where the a’¥’s are linear maps from fibers of a bundle E to fibers of a bundle
F', is defined as the map

T*M > p s o(p) == a"mp; ...p; .
Thus, every derivative D; is replaced by p;, and all terms other than the top
order ones are ignored. An operator is said to be elliptic if the symbol is an

isomorphism of fibers for all p # 0. In our case (6.7.18) the operator L acts on
vector fields and produces vector fields, with

.y ) .
TM>Y — o(p)(Y) =p(p'Y? +pY" — Epkykgfﬂ)aj eTM.  (6.7.25)

(The indices on p’ have been raised with the metric §.) To prove bijectivity
of o(p), p # 0, it suffices to verify that o(p) has trivial kernel. Assuming
o(p)(Y') =0, a contraction with p; gives

9 - . 9
pipi(P'Y? +p’Y" — Epkykgm) = |p|*p; Y7 (2 — ﬁ) =0,

hence p;Y7 = 0 for n > 1 since p # 0. Contracting instead with Y; and using
the last equality we obtain

o 9 -
Vipi(0'Y? +p'Y" = ~ppY ¥ g7) = [p]?|Y]* =0,

and o(p) has no kernel, as desired.

3In this statement we have also made use of the Tichonov-Alaogly theorem, which asserts
that bounded sets in Hilbert spaces are weakly compact; cf., e.g. [106].
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To gain some more insight into the conformal vector Laplacian L let us
calculate its formal L?-adjoint: let thus X and Y be smooth, or C?, we write

. -~ o~ o~ 9
/X,L(Y)Zdﬂ§ = /XZ-DJ»(D’YJ + DY — ZGIDLYR) dpg
M M n
~ _ o~ 9
- _/ Din(DZYJ+D9Yl—5§UDkY’f)du§
M

1 _ R S
_ _2/ (DiX; + DiXi) (DY + DY = ZGI D™ dyg
M

symmetric in 7 and j

1 ~ ~ 2 ~ _ ~. . ~. . 2 .~
= -3 / (D;X; + DjX; — =Dy X*3;;) (D'Y? + DIY' — =G DiY'*) dyg
M n n
trace free
- ~ D o
= — /M(D]XZ + Din — EDkagij)D Y d,u'g
~ ~ 2~
= /M D (DjXZ‘ + Din — ﬁDkagij)Yj dug
_ / LX)'Y; dys . (6.7.26)
M

Recall that the formal adjoint L' of L is defined by integration by parts:

/ (u, Lv) = / (Ltu, v)

for all smooth compactly supported fields u, v. (Recall that the definition of a
self-adjoint operator further requires an equality of domains, an issue which is,
fortunately, completely ignored in the formal definition.) We have thus shown
that the conformal vector Laplacian is formally self adjoint:

L'=1L. (6.7.27)

We further note that the fourth line in (6.7.26) implies
, 1
| vLwy == [ iemp, (6.7.28)
M 2 Jm

in particular if Y is C? then
LY)=0 <= CY)=0. (6.7.29)
This implies that manifolds for which L has a non-trivial kernel are very special.

REMARK 6.7.1 In fact, solutions of the equation C(Y) = 0 are called conformal

Killing vectors. The existence of non-trivial conformal Killing vectors implies the

existence of conformal isometries of (M, g). A famous theorem of Obata [77]’6’7’7

6.7.7: pteifind a ref to implies that either there is a conformal rescaling such that Y is a Killing vector,
Obata or (M, g) is conformally isometric to S™ with a round metric. In the former case
(M, g) has a non-trivial isometry group, which imposes restrictions on the topology

of M, and forces g to be very special. For instance, the existence of non-trivial
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Lie group of isometries implies that M admits an S! action, which is a serious
topological restriction, and in fact is not possible for “most” topologies°6'7'8 . It is
also true that even if M admits S! actions, then there exists an open and dense set
of metrics, in a C® topology, or in a H> topology, for which no nontrivial solutions
of the over-determined system of equations C'(Y') = 0 exist.

In order to continue we shall need a somewhat stronger version of (6.7.24):

PROPOSITION 6.7.2 Let L be a second order elliptic operator and suppose that
there are mo non-trivial smooth solutions of the equation L(Y) = 0. Then
(6.7.24) can be strengthened to

1Y |2 < CRlILY) [l - (6.7.30)

REMARK 6.7.3 Equation (6.7.30) implies that L has trivial kernel, which shows
that the condition on the kernel is necessary.

PROOF: Suppose that the result does not hold, then for every n € N there exists
Y, € Hy.9 such that
1Yollk+2 > nllL(Yo) |k - (6.7.31)

Multiplying Y;, by an appropriate constant if necessary we can suppose that
Y2 =1. (6.7.32)

The basic elliptic inequality (6.7.24) gives

C
Yallkte < Co([[LYn|k + [[Yallo) < fHYnHmz +Ca,

so that for n such that Cy/n < 1/2 we obtain
1Yol ke < 20, .

It follows that Y, is bounded in Hjo; further (6.7.31) gives

20
L)l < =2 - (6.7.33)

By the Rellich-Kondrashov compactness we can extract a subsequence, still
denoted by Y,,, such that Y;, converges in L? to Y, € Hj,o. Continuity of the
norm together with L? convergence implies that

[Yillp2 =1, (6.7.34)

so that Y, # 0. One would like to conclude from (6.7.33) that L(Y;) = 0, but
that is not completely clear because we do not know whether or not

LY, = lim LY, .

n—oo

Instead we write the distributional equation: for every smooth X we have

| amx = [ o).

M

.06.7.9

06.7.9: ptcisecond order
not needed here, and in
the next theorem
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Now, L(Y;) tends to zero in L? by (6.7.33), and Y,, tends to Y in L2, so that
passing to the limit we obtain

_ T
0= /Mm,L (X)) .

It follows that Y, satisfies L(Y,) = 0 in a distributional sense. Elliptic regularity
implies that Y is a smooth solution of LY, = 0, it is non-trivial by (6.7.34), a
contradiction. O

We are ready to prove now:

THEOREM 6.7.4 Let L be any elliptic partial differential operator on a compact
manifold and suppose that the equations Lu = 0, LTv = 0 have no non-trivial
smooth solutions, where L' is the formal adjoint of L. Then for any k > 0 the
map

L: Hygyo — Hy,

s an isomorphism.

PROOF: An element of the kernel is necessarily smooth by elliptic regularity, it
remains thus to show surjectivity. We start by showing that the image of L is
closed: let Z, be a Cauchy sequence in Im L, then there exists Z,, € L? and
Y, € Hyo such that

12
LY, =27,— Z .

Applying (6.7.30) to Y,, — Y, we find that Y, is Cauchy in Hy,o, therefore
converges in Hi o to some element Yo, € Hyio. By continuity of L we have
that LY,, converges to LY in L%, hence Zo, = LY4o, as desired.

Consider, first, the case k = 0. By the orthogonal decomposition theorem
we have now

L?=Tm L@ (ImL)*,

and if we show that (Im L)+ = {0} we are done. Let, thus, Z € (Im L), this
means that

/(sz»:o (6.7.35)
M

for all Y € H,,12. In particular (6.7.35) holds for all smooth Y, which implies
that LT(Z) = 0 in a distributional sense. Now, the symbol of LT is the transpose
of the symbol of L, which shows that L is also elliptic. We can thus use elliptic
regularity to conclude that Z is smooth, and Z = 0 follows.

The result in L? together with elliptic regularity immediately imply the
result in Hy. O

¢6.7.10

6.7.2 The scalar constraint equation on compact manifolds

Theorem 6.7.4, together with Equation (6.7.29) and Remark 6.7.1, gives a rea-
sonably complete description of the solvability of (6.7.18). We simply note
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that if BY there is smooth, then the associated solution will be smooth by el-
liptic regularity. To finish the presentation of the conformal method we need
to address the question of existence of solutions of the Lichnerowicz equation

(6.7.13). We will assume that A = 0 so that we have®0-7-11 #6.7.11; ptesit does not
make sense to assume
n 2 n 2 vanishing lambda,
- ~ _ _ - _ ather replace T by T
A§¢ - 7R¢ == _02¢(2 3n)/(n 2) + 77—2(?(”—"_2)/(71 2) . (6736) :n t}.L; ;q’ll:at’ion, UﬁL‘CT{;
4(71 - 1) 4n TA is redefined as in

We note that the case 0 = 0 corresponds to the so-called Yamabe equation; its
solutions produce metrics with constant scalar curvature (n — 1)72. We shall
shortly give a complete answer to the question of solvability of (6.7.36), due to
Isenberg [64], based on the known results about the Yamabe problem. Before
doing that let us show that (6.7.36) cannot always be solved: this is seen by
multiplying (6.7.36) by ¢ and integrating by parts

n—2 =~ ~ n—2 =~
Azp— ————— = — Dol2+ = Re?
| olao— =5 Re) = — [ 1Dof+ iR
_ / o223/ (=241 P 2T2¢(n+2)/(n—2)+1
M 4n,

It then immediately follows:

PROPOSITION 6.7.5 If n > 3, R >0 and 0 = 0, then (6.7.36) has no positive
solutions unless R = ™ = 0, in which case all solutions are constants.

We emphasize that this is not a failure of the conformal method to produce

(6.7.14), except that of
course Jim’s analysis
only allows positive tau
square

).

solutions, but a no-go result; we will return to this issue shortly.'6'7'12 Ones.7.12: ptezis this

the positive side, we shall construct solutions of (6.7.36) under several circum-
stances, using the monotone iteration scheme, which we are going to describe
now. For completeness we start by proving a simple version of the mazimum
principle:

PROPOSITION 6.7.6 Let (M, qg) be compact, suppose that ¢ < 0 and let u €
C*(M). If
Au+cu>0, (6.7.37)

then u < 0. If equality in (6.7.37) holds then u = 0.

PROOF: Suppose that u has a strictly positive maximum at p. In local coordi-
nates around p we then have

gijﬁz@ju — gijI‘kijaku > —cu .

The second term on the left-hand-side vanishes at p because du vanishes at p,
the first term is non-positive because at a maximum the matrix of second partial
derivatives is non-positive definite. On the other hand the right-hand-side is
strictly positive, which gives a contradiction. If equality holds in (6.7.37) then
both v and minus v are non-positive, hence the result. O

Consider, now, the operator

L:Ag—kc

true? think it over
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for some ¢ < 0. The symbol of L reads
or(p) = g"pip; #0 if p#0,

which shows that L is elliptic. It is well-known that Az is formally self-adjoint
(with respect to the measure dug), and Proposition 6.7.6 allows us to apply
Theorem 6.7.4 to conclude existence of Hy o solutions of the equation

Lu=p

for any p € Hj, u smooth if p is smooth.
Returning to the Lichnerowicz equation (?7), let us rewrite this equation in
the form
Azp = F(¢,z) . (6.7.38)

A C? function ¢ is called a super-solution of (6.7.38) if

Aoy < F(dy,m) . (6.7.39)
Similarly a C? function ¢_ is called a sub-solution of (6.7.38) if

Agp_ > F(p_,x) . (6.7.40)

A solution is both a sub-solution and a super-solution. This shows that a
necessary condition for existence of solutions is the existence of sub- and super-
solutions. It turns out that this condition is also sufficient, modulo an obvious
inequality between ¢_ and ¢ :

THEOREM 6.7.7 Suppose that (6.7.38) admits a sub-solution ¢_ and a super-
solution ¢4 satisfying
o— < o4 .
If F is differentiable in ¢, then there exists a C? solution ¢ of (6.7.38) such
that
- <P <y
(¢ is smooth if F is.)

PrOOF: The argument is known as the monotone iteration scheme, or the
method of sub- and super-solutions. We set

¢0 = (rb-‘r )
and our aim is to construct a sequence of functions such that
6 < bn < by (6.7.41a)
Ont1 < Gn - (6.7.41b)

We start by chosing ¢ to be a positive constant large enough so that the function

¢ = Fe(9,x) = F(¢,x) — c¢
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is monotone decreasing for ¢_ < ¢ < . This can clearly be done on a compact
manifold. By what has been said we can solve the equation

(A§ - C)¢n+1 = Fc(¢n7 .%') .

Clearly (6.7.41a) holds with n = 0. Suppose that (6.7.41a) holds for some n,
then

(A§ - C)(¢n+l - ¢+) = Fc(¢na x) - A§¢+ _C¢+
~——
SF(¢+7$)

> Fe(¢n,z) = Fe(p4,2) >0,

by monotonicity of F,.. The maximum principle gives

Gnr1 < O,

and induction establishes the second inequality in (6.7.41a). Similarly we have

(A§ - C)(¢— - an—i-l) = A§¢— _C¢— - Fc(¢n7 -T)
——
>F(¢-,x)
> Fc(qbf,l‘) - Fc(¢n7x) >0,

and (6.7.41a) is established. Next, we note that (6.7.41a) implies (6.7.41b) with
n = 0. To continue the induction, suppose that (6.7.41b) holds for some n > 0,
then

(Ag = ) (Pn+2 — Pnt1) = Fe(dntr,2) = —Fe(dn,2) 20,

again by monotonicity of Fy, and (6.7.41b) is proved.
Since ¢y, is monotone decreasing and bounded there exists ¢ such that ¢,
tends pointwise to ¢ as n tends to infinity. Continuity of F' gives

Fy :F(¢n’$)_> oo:F(QZ)"r)v

again pointwise. By the Lebesgue dominated theorem F;, converges to Fi, in
L?, and the elliptic inequality (6.7.24) gives

[P — dmllp2 < 02(||(A§ —)(dn — o)Lz + |60 — Pmllr2 -

Completeness of H? implies that there exists ¢oo € H? such that ¢, — ¢oo
in H?. Recall that from any sequence converging in L? we can extract a sub-
sequence converging pointwise almost everywhere, which shows that ¢ = ¢
almost everywhere, hence ¢ € H2. Continuity of Ag+con H 2 shows that

(A —c)¢p = lim (Ay — ¢)pn = Fe(h,x) = F(p,x) — co ,

1
n—0o0

so that ¢ satisfies the equation, as desired. The remaining claims follow from
the elliptic regularity theory. O
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In order to apply Theorem 6.7.7 to the Lichnerowicz equation (??) we need
appropriate sub- and super-solutions. We will seek those in the form of con-

stants. Setting ¢_ = €, we need to show that
-2 ~ -2
0=Agze>F(e,x) = h]{e — o 2e(23n)/(n=2) 4 %7’26(”4_2)/(”_2)

(6.7.42)
for € small enough. Since 2 — 3n is negative this inequality will clearly hold if
R is strictly negative and e is sufficiently small. Next, we set ¢ = M, with M
again a constant, and we need to check that

n—2 23 r(2—3n)/(n—2) n—2 23 r(n+2)/(n—2)
P _ - .

Here we see that a sufficiently large constant will do as soon as 7 # 0. It follows
that:

(6.7.43)

PROPOSITION 6.7.8 The Lichnerowicz equation can always be solved if R is
strictly negative and T # 0.

A complete analysis of the Lichnerowicz equation can be carried through
using the celebrated solution of the Yamabe problem. Recall that this is the
problem of conformally rescaling a given metric so that the resulting new metric
has constant scalar curvature. It should be recognised that making use of
the solution of this problem sweeps the real difficulties under the carpet: as
already mentioned, the Lichnerowicz equation with ¢ = 0 is nothing else but
the Yamabe equation. Nevertheless, there remains some analysis to do even
after the Yamabe part of the problem has been solved. *6-7-13

Before proceeding further let us classify the metrics on M as follows: we
shall say that g € T if g can be conformally rescaled to achieve positive scalar
curvature. We shall say that g € ¥ if g can be conformally rescaled to achieve
zero scalar curvature®®714 but ¢ ¢ #+. Finally, we let '~ be the collection
of the remaining metrics. It is easily seen that a manifold which is not in the
positive Yamabe class can not have®6-7-15

One then has the following result of Isenberg [64]:

THEOREM 6.7.9 The following table summarizes whether or not the Lichnerow-
icz equation (?7) can be solved:

2=0,7=01]02=0,7#0|02#0,7=0|02#0,7#0
gewt no no yes yes
gew" yes no no yes
ge X~ no yes no yes
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For initial data in the class (#°,0 = 0,7 = 0) all solutions are constants, and
any positive constant is a solution. In all other cases the solutions are unique.

As a Corollary of this theorem one obtains:

THEOREM 6.7.10 Any compact manifold M carries some vacuum initial data
set.

PROOF: Let g be any metric on M which does not have any non-trivial discrete
conformal isometries, then we can construct non-trivial solutions of the vector
constraint equation using the method of Section 6.7.1. Choosing any 7 # 0 we
can then solve the Lichnerowicz equation whatever the Yamabe type of g by
Theorem 6.7.9. O

As already pointed out, we have the following:

PROPOSITION 6.7.11 All CMC solutions of the vacuum constraint equation can
be constructed by the conformal method.

PROOF: A trivial, but not very enlightening proof goes as follows: if (M, g, K)
be a vacuum initial data set, then the result is established by setting ¥ = 0,
=1, LY = K4,

The following proof seems to convey more information: fix a manifold M,
and a conformal class of metric [g]. Using the method of Section 6.7.1 we obtain
all symmetric, g-transverse, traceless tensor fields by varying the seed field B¥.
The conformal covariance of the vector constraint equation with dtrg K = 0
shows that we will have also obtained all tensors which are symmetric, g—

transverse, traceless, for any metric ¢ which is in the conformal class of g.
©(.7.16 O

Proposition 6.7.11 highlights the importance of Isenberg’s theorem 6.7.4.

6.7.3 The thin sandwich (to be done)

6.7.17

6.7.4 The conformal thin sandwich (to be done)

©6.7.18

06.7.16: ptcineeds a
thought, and finishing:
there is an issue with
the kernel here

06.7.17: ptc:this can be
more or less cut and
pasted from Isenberg
Bartnik

06.7.18: ptc:this can be
more or less cut and
pasted from Isenberg
Bartnik
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6.7.5 Asymptotically hyperboloidal initial data (to be done)

6.8 Penrose-Newman-Christodoulou-Klainerman con-
formal equations (to be done)

6.9 Anderson’s conformal equations (to be done)

6.10 Maximal globally hyperbolic developments (to
be done)

6.11 Strong cosmic censorship? (to be done)



Chapter 7

Positive energy theorems

139
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7.1 The mass of asymptotically Euclidean manifolds

e7.1.1: ptc:add the Li o7.1.1
Tam theorem, and the . . . . . .
riemann curvature There exist various approaches to the definition of mass in general relativity,
stimates of Finster . . . . . .
and friends  the first one being due to Einstein [40] himself. In Section 7.13 below we will

outline two geometric Hamiltonian approaches to that question. However, those
approaches require some background knowledge in symplectic field theory, and
it appears useful to present an elementary approach which quickly leads to the
correct definition for asymptotically flat Riemannian manifolds without any
prerequisites.

In the remainder in this chapter we will restrict ourselves to dimensions greater
than or equal to three, as the situation turns out to be completely different in
dimension two: Indeed, it should be clear from the considerations below that the
mass is an object which is related to the integral of the scalar curvature over the
manifold. Now, in dimension two, that integral is a topological invariant for compact
manifolds, while it is related to a “deficit angle” in the non-compact case. This
angle, which will be discussed in detail in Remark 7.1.3 below, appears thus to be
the natural two-dimensional equivalent of the notion of mass.

The Newtonian approximation provides the simplest situation in which it
is natural to assign a mass to a Riemannian metric: recall that in this case the
space-part of the metric takes the form

9i5 = (1+2¢)di; , (7.1.1)
where ¢ is the Newtonian potential,
Asp = —4dmp , (7.1.2)

with g — the energy density; compare Section 3.4.5. When p has compact
support supp p C B(0, R) we have

¢ = g + O(T*Z) , (7.1.3)

where M is the total Newtonian mass of the sources:

M = /,ud‘gx
R3

N / Vi dS; . (7.1.4)
S(0,R)

Here dS; denotes the usual coordinate surface element,

dS; = 0;|dx Ndy N dz (7.1.5)
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with | denoting contraction. Then the number M appearing in (7.1.3) or,
equivalently, given by (7.1.4), will be called the mass of the metric (7.1.1).

In Newtonian theory it is natural to suppose that > 0. We then obtain
the simplest possible version of the positive mass theorem:

THEOREM 7.1.1 (Conformally flat positive mass theorem) Consider a C? met-
ric on R3 of the form (7.1.1) with a strictly positive function 1+ 2¢ satisfying

—Amp = Asp <0, @ —r—o0 0.
Then )
O<m——hm/ Vi dS; < oo,
R—oo0 4T S(0,R)

with m vanishing if and only if g;; is flat.

PROOF: The result follows from (7.1.4); we simply note that m will be finite if
and only if p is in L!(R3). O

Somewhat more generally, suppose that

gij = Vo5 +o(r™1), Ok(gij — ¥dij) = o(r?), (7.1.6)

with v tending to 1 as r tends to infinity. Then a natural generalisation of
(7.1.4) is

1 .
m:= — lim / Vi dS; , (7.1.7)
5(0,R)
provided that the limit exists.

Let us see whether Definition (7.1.7) can be applied to the Schwarzschild
metric:

dr?
4 2 2 792
=—(1-2 dt* + — ds2 1.
9= (L= 2m/rde? + Ty et (7138)
where

dQ? = db? + sin? Od? . (7.1.9)

Here we have decorated *g with a subscript four, emphasising its four dimen-
sional character, and we shall be using the symbol g for its three dimensional
space-part. Now, every spherically symmetric metric is conformally flat, so that
the space-part of the Schwarzschild metric can be brought to the form (7.1.6)
without the error term, as follows: We want to find p such that

dr?

2 702 2 2 702
= 0% = Q%) . 1.1
1_2m/r+rd ¥ (dp® + p°dQ?) (7.1.10)

g:
Let us check that the answer is

m 4
o=(143)

Comparing the coefficients in front of df?, or in front of dy?, in (7.1.10) yields

2
m
=14+ — . .11
r < +2p> p (7 )
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To finish verifying (7.1.10) it suffices to check the g, term. Differentiating we
have

m m m m m
dr=(1+2)(2x (=22 1+ 2 Vap=(1+2) (1= 4
" <+2p><x< 2p2>Xp+ +2p>p <+2p>< 2p> -

(7.1.12)
while
2m 2m
-2 = 1-
: i+ 5%
2
RS s
(1+3,)?
m m 2 2m
_ T (5) -
(i+5P
_a-py
A+ &)
and (7.1.10) readily follows. Hence
m O\ 4
g= 1+4> 5, (7.1.13
( 2|91 )

where § denotes the flat Euclidean metric in the coordinate system (y*). From
the asymptotic development

m \* 2m 9

(1+35) =1+ +oun™
we find that the space-part of the Schwarzschild metric has mass m, as desired.
More precisely, one finds a mass m in the coordinate system in which g takes
the form (7.1.13). This raises immediately the question, whether the number
so obtained does, or does not, depend upon the coordinate system chosen to
calculate it. We will shortly see that m is coordinate-independent, and indeed
a geometric invariant.

For further reference we note that we have also obtained

1—m 2 4
49 = _Mdtz + (1 + ;;) (dp* + p*(d6? + sin® Ody?)) . (7.1.14)
2p

Actually, (7.1.12) shows that the map which to p assigns r is not a diffeomorphism,
since dr/dp vanishes at

r=2m<=p=m/2.
A closer inspection of (7.1.11)-(7.1.12) shows that the manifold R; x {p > 0} x S?

contains the Schwarzschild manifold R; x {r > 2m} x S? twice, once for p > m/2,
and one more copy for p < m/2; we will return to this later, in Section ??.
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A hint how to proceed in general is given by the conformally flat positive
energy theorem 7.1.1, where we have used positivity properties of the “mass
density p := As¢/(—4m)” to obtain information about the asymptotic behavior
of the metric. Recall that the general relativistic correspondent of the mass
density p is the energy density p, see (3.4.26). Thus, we need an equation
which involves p. A candidate here is the scalar constraint equation (6.3.17),

R(g) = 8mp+ |K|* — (tr,K)?, p = T,n'n". (7.1.15)

(Recall that we are working in the asymptotically flat context here, which re-
quires A = 0.) Here n* is the field of unit normals to the spacelike initial
data hypersurface .¥ C M, with space metric g induced from the space-time
metric *g. Further, T, is the energy-momentum tensor, so that p has the
interpretation of energy-per-unit-volume of matter fields on .#.

Now, R contains a linear combination of second derivatives of g, which is
vaguely reminiscent of (7.1.2), however there are also terms which are quadratic
in the Christoffel symbols, and it is not completely clear that this is the right
equation. We shall, however, hope for the best, manipulate the equation in-
volving R(g), and see what comes out of that. Thus, we isolate all the second
derivatives terms in R(g) and we reexpress them as the divergence of a certain
object:

R(9) = g¢"Ricy
g7 RF ;i
= g” <8krkij — ;T + Q> ;

where ¢ denotes an object which is quadratic in the first derivatives of g;; with
coefficients which are rational functions of gg;. Now,

1
¥y = 59]% (0j90i + 0ige; — Oegij)
hence

1 1
% = 59“ (Okgei + Oiger, — Ougir) = 59“@‘9& .

It follows that

1
R(g) = 59”9kZ (0k0j90i + 0r0ig0; — Ok0vgij — 050iger + q)
= 99" (9x0;g0; — 0;0igur) + %

= 0 (gijg'“f (Okgei — igék))"‘q/»

with a different quadratic remainder term. We will need to integrate this ex-
pression, so we multiply everything by +/det g, obtaining finally

V/det gR(g) = 0,17 +¢" , (7.1.16)
with ¢” yet another quadratic expression in dg, and
U/ = ydetg 9" g* (Orgei — Oiger.) - (7.1.17)

This is the object needed for the definition of mass:
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DEFINITION 7.1.2 Let g be a I/Vlicoo metric defined on R3\ B(0, Ry), we set

m = lim 1/ U’ds
R—oo 167 S(0,R)
1 g
= lim / g”gu (Okgei — Oiger,) \/det g dS; , (7.1.18)
R—oo 167 S(0,R)

whenever the limit exists.

We emphasize that we do not assume that the metric is globally defined on
R3, as that would exclude many cases of interest, including the Schwarzschild
metric.

REMARK 7.1.3 In dimension two the scalar curvature is always, locally, a total
divergence, so that there is no remainder term in (7.1.16), which considerably sim-
plifies the subsequent analysis. We shall say that a two-dimensional manifold M
is finitely connected if M is diffeomorphic to a compact boundaryless manifold N
from which a finite non-zero number of points has been removed. Equivalently, M is
diffeomorphic to the union of a compact set with a finite number of exterior regions
diffeomorphic to R? \ B(0, R;). Let p be any point in M and let S,(t) and B,(t) be
the geodesic sphere and ball around p:

Sp(t) :={q € M :dy(p,q) =t}, By(t)={qe M:dy(p,q) <t} .

We will denote by L,(t) the length of S,(t) and by Ay(t) the area of B,(t). We

have the following theorem of Shiohama [99]:*7-1-2

THEOREM 7.1.4 Let (M,g) be a complete, non-compact, finitely connected two di-

mensional manifold. If
R(g) € L'(M)

then

lim 7Lp(t) = lim Ap(t)

t—oo t—oo 2

=2mx(M) — /M Rdpg . (7.1.19)

There are several interesting consequences of this result. First, one notices that
the right-hand-side of (7.1.18) does not depend upon p, so that the first two terms
are also p-independent. Next, since the left-hand-side (7.1.18) is non-negative, if ¢
is a complete metric on R? we obtain the Cohn-Vossen inequality [?]

/ Rdug < 2m,
M

with equality if and only if the metric is flat. In order to gain more insight into
(7.1.19), consider metrics which are asymptotically Euclidean on a finite number of
ends M;, i =1,...,I, with each of the M;’s diffeomorphic to [R;,c0) x S', and with
the metric asymptotically approaching a flat metric on a cone on M;:

2
g(w;) = dr? +r? (;}—;) dgo2

for some positive constant w;. Here we parameterize S' by an angular variable
¢ € [0,27], so that the circles » =const have g(w;)-length equal to w;. Under very
mild conditions on the convergence of g to g(w;) we will have

A(S(t) N M;) = wit? + o(t?)



7.1. THE MASS OF ASYMPTOTICALLY EUCLIDEAN MANIFOLDS 145

for ¢ large. In the simplest case M = R? we then obtain

/ Rdpg=2r—w,
" ‘

with w = wi1. Hence, the integral of R equals the deficit angle 2mr — w. This leads
to the two dimensional positive energy theorem: for asymptotically flat metrics on
R? the deficit angle is strictly positive when R > 0.
More generally, if I is the number of ends, then we have the following relation
between the deficit angles and the integral of scalar curvature®’-1-3 7.1.5: pte: does the

first term have a sign?

I

/M Rdpg = 2r(x(M) = I) + > (27 — w;) .

i=1

It would be of interest to enquire whether the individual deficit angles do have a

Slgl’l.714 e7.1.4: ptcian

interesting exercise?

The first question we address is that of convergence of the integral (7.1.18):

PROPOSITION 7.1.5 ([10,27,85]) Let g be a Wlifo metric defined on R3\ B(0, Ry)
such that

1 10f
R(g) e L',

then m exists, and is finite.

2. [INFINITE POSITIVE ENERGY THEOREM] If R(g) is a non-negative mea-
surable function which is not in L', then the limit in (7.1.18) exists with

m =00 .

PROOF: The result follows immediately from the divergence theorem: we write

/ Wds; — / Wds;, = / o U dPx
S(0,Rp) 5(0,R B(0,R)\B(0,Ro)

(v/det gR — ¢")dz

/B(O,R)\B(O,Ro)

with ¢” € L' since the dyg;;’s are in L?. If R(g) is in L!, or if R(g) is measurable
and positive, the monotone convergence theorem gives

lim Wds; = / Vdet gR d*x
R3\B(0,Ro)

R—0c0 J5(0,R)
_/ q”d?’x—i—/ Uids; , (7.1.21)
R3\ B(0,Ro) S(0,Ro)

with the last two terms being finite, and the result follows. O
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Since the arguments of this section have a purely Riemannian character, the ex-
trinsic curvature tensor K, which would be present if a whole initial data set were
considered, is irrelevant for the current purposes. However, it is worthwhile point-
ing out that similar manipulations can be done with the vector constraint equation,
leading to the definition of the ADM momentum of an initial data set, as follows:
For notational convenience let us set

P = tryKg¥ — K'Y, (7.1.22)
JIo= Tt (7.1.23)

so that the vector constraint equation (6.3.25) can be rewritten as
D;P'; =8nJ; . (7.1.24)

The vector field J is usually called the matter momentum vector. Similarly to
(7.1.16), we want to obtain a divergence identity involving J. Now, divergence
identities involve vector fields, while (7.1.24) involves the divergence of a tensor;
this is easily taken care of by choosing some arbitrary vector field X and writing

Di(P';X7) = D;P"; X"+ P';D; X7 = 8rJ; X"+ P';D; X7 . (7.1.25)
Integrating over large spheres gives

/ P';X7dS; = lim P X7
> f=oo Js(R)

= / 8rJ'X; + P';D; X7 | (7.1.26)
M

provided that the last integral converges. Let X! be any set of constants, the ADM
momentum vector p is the set of numbers p; defined using the boundary integrand
above:

pi XL = 1 P';X7.dS; . (7.1.27)

8w Soo
To analyse convergence, let X be any differentiable vector field which coincides with
X for r large, and which is zero outside of the asymptotic region. It is natural to
assume that the total momentum of the fields other than the gravitational one is
finite:
J e Ll(Mext) )

this ensures convergence of the J integral in (7.1.26). The convergence of the second
term there is usually taken care of by requiring that

P 0.gij € L*(Mexs) - (7.1.28)
For then we have, for r large,
PYD;X; = P'D;X7 = P';(0; X1, +T7 5 XE) < CIP| > 0ig;nl -
~; gk
Integrating over M and using 2ab < a2 + b? gives

PUD; X :‘/ PID;X:| <C 1P+ [0ignl?) ,
‘/M ! Me ! Mext ( Z ’ )

ext xt i’j,k;

and convergence follows. We have thus proved
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PROPOSITION 7.1.6 Suppose that
J e Ll(MeXt) ) PU ) 81@91] € LQ(Mext) .

Then the ADM momentum (7.1.27) is finite.

It seems sensible to test our definition on a few examples. First, if g is the
flat Euclidean metric on R3, and we use the standard Euclidean coordinates,
then m = 0, which appears quite reasonable. Consider, next, the space-part
of the Schwarzschild metric: whether in the form (7.1.10) or (7.1.13) it can be
written as

9ij = (Sij + 0(7“_1) , with 8kgij = O(’I"_z) (7.1.29)

(for (7.1.13) this is straightforward; for (7.1.10) one should introduce the ob-
vious pseudo-Euclidean coordinates x! associated to the spherical coordinates
(r,0,9). We will use the scalar constraint equation to calculate R(g); this
requires calculating the extrinsic curvature tensor K;;. Recall that (see (6.3.9))

K(X, Y) = g(P(VXn),Y) s

where P is the orthogonal projection on the space tangent to the hypersurface
in consideration; in our case these are the hypersurfaces ¢ = const. From (7.1.8)
the field of unit conormals n,dz" to those hypersurfaces takes the form

nydet = /1 —2m/rdt .

Further, ‘
P(X*0,) = X"0; .

Let X = P(X) so that X = X'9;, we calculate

Vxnk = X( ng )—PZkTLVXa
=0
= —noljX". (7.1.30)
Further
1
ng = 5490“(31‘4\99_134-% *90i —3u4gik) (7.1.31a)
=0 =0
1
= 59" g =0, (7.1.31b)
hence
K;j=0.

The scalar constraint equation (7.1.15) gives now
R(g)=0.

This is obviously in L', while 772 is in L? on R3\ B(0,1) (since r~% is in
LY(R3\ B(0,1))), and convergence of m follows from Proposition 7.1.5. In
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order to calculate the value of m it is convenient to derive a somewhat simpler
form of (7.1.18): generalising somewhat (7.1.29), suppose that

9ij = 0ij + 0(7‘71/2) ,  with Opgij = O(T*B/Z) . (7.1.32)

This choice of powers is motivated by the fact that the power r~3/2 is the
borderline power to be in L2(R3\ B(0,1)): the function »~° with o > 3/2 will
be in L?, while if o = 3/2 it will not. Under (7.1.32) we have

16mm(R) := /S(O o 97 ¢* (Opgsi — Digen) \/det g das;

= / (5” + o(r’1/2)> ((5“ + 0(7"*1/2)) (Okge;i — Oigar) /detg dS;
S(0,R) —_— Y—
O(r—3/2) 14+o(r—1/2)

— / 5 5* (Orge; — Oigex) dS; +o(1)
5(0,R)
so that

1
m = mappy = lim / (Oegei — 0igee) \/det g dS; . (7.1.33)
R—oo 167 S(0,R)

This formula is known as the Arnowitt—Deser—Misner (ADM) expression for
the mass of the gravitational field at spatial infinity.

Returning to the Schwarzschild metric consider, first, (7.1.13), or — more
generally — metrics which are conformally flat:

gij = (1 +20)0i; = 0pgei — 0igee = 2(0ppde; — 8@\6@/@) = —40;¢, (7.1.34)
=3

and (7.1.33) reduces to (7.1.4), as desired. The original form given by the left-
hand-side of (7.1.10) requires some more work. Again generalising somewhat,
we consider general spherically symmetric metrics

g = o(r)dr® + x(r)r?dQ? (7.1.35)

with ¢, x differentiable, tending to one as r goes to infinity at rates compatible
with (7.1.32):

o—1=o(r"?), x—1=0(""%), 8¢=00"""), gx=00"""?).

(7.1.36)
We need to reexpress the metric in the pseudo-Cartesian coordinate system
associate to the spherical coordinate system (r,0, ¢):

x=rsinfcosp, y=rsinfsing, z=rcosh . (7.1.37)
We have
g = ¢dr?+ x(dr® 4 r2dQ?) — x dr?
= X0+ (¢ —x)dr?

= X+ (-0 Ty,
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so that ( ) o
6= x)a's)
9ij = X0ij + ) )

The contribution of the first term to the ADM integral (7.1.33) is obtained from
the calculation in (7.1.34), while the second one gives

[813 ((925—7?(2)9%90@') 5, <(¢—£<2)xew)] fj

i

= (¢ =)+ [(6 =00 (25) — trto — 0] =
=¢—x’

B 3zt + o' — 22"\ ' p—x

oo () 2 g,

Summing it all up, we obtain the following expression for the ADM mass of a
spherically symmetric metric (7.1.35) satisfying (7.1.36):

1
m = lim / —2r2x" + 2r(¢ — x)) d2S
R—oo 167 S(0,R) ( ( ))
1
= Jlim o (=r*X +r(p—x)) - (7.1.38)

For the original form of the Schwarzschild metric we have y = 1 and ¢ =
1/(1 — 2m/r), yielding again the value m for the ADM mass of g.

As another example of calculation of the ADM mass, consider the Kasner
metrics on {t > 0} x R3:

tg = —dt? + 1?1 da® 4+ t%P2dy? + P2 d2? (7.1.39)
The metric (7.1.39) is vacuum provided that
pit+patps=pi+ps+pi=1. (7.1.40)

All slices t = const are flat, each of them has thus vanishing ADM mass. This
seems to be extremely counter-intuitive, because the metric is highly dynamical.
In fact, one would be tempted to say that it has infinite kinetic energy: Indeed,
let us calculate the extrinsic curvature tensor of the ¢ = const slices: from
(7.1.30)—(7.1.31a) we have

K = Ving da'tdz”
1 .
= Eatgik dr'dz®
= pit?Pr 7 da? 4 pot®P2 L dy? + pat?P3T1dR? (7.1.41)

At each value of ¢t we obtain thus a tensor field with entries which are constant in
space. The problem here is that while the space slices of the Kasner space-time
are asymptotically Euclidean, the space-time metric itself is not asymptotically
flat in any sensible way. This example suggests that a physically meaningful
notion of total mass can only be obtained for metrics which satisfy asymptotic
flatness conditions in a space-time sense; we will return to this question in
Section 77 below.
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7.2 Coordinate independence

The next example is due to Denissov and Solovyev [39]: let 0 be the Euclidean
metric on R? and introduce a new coordinate system (p,#, ¢) by changing the
radial variable r to

r=p+cpT?, (7.2.1)

with some constants o > 0, ¢ € R. This gives
dr? +12d0? = (14 (1 — a)ep™®)2dp? + (1 4 cp~*)?p2dQ? .
This is of the form (7.1.35) with
¢(p) = (L+ (1 —a)ep ™), x(p) = (L+ep™)?,
so we can apply (7.1.38):
X +plo=x) = 2eap T (A+ep ) +p((1+(L—a)ep™®)? = (1+ep™%)?)
= 2cap T (1+cp™ ) +p((L+cp™* —acp ®)? — (1+cp™*)?)
= 2cap T (1+cp™®) +p(—2acp™ (1 +cp™®) + a’cPp %)

— a?2pl2
It follows that
o1
mapyu = lim = (=p*X' +p(¢ — X))
p—0o0 2
o0 , a<l1/2,
= {28, a=1/2, (7.2.2)
0, a>1/2.

Let 3* denote the coordinate system associated to the angular variables (p, 0, ©)
by replacing r with p in (7.1.37). Then the exponent « in (7.2.1) dictates the
rate at which the metric components approach d;;:

(5z‘jd3;idxj — gijdyidyj , with gij — 5ij _ O(pfa) 7 8kgz‘j _ O(pfafl) .

Note that above we have calculated the ADM mass integral (7.1.33), rather
than the original integral (7.1.18). We have already seen that both integrals
coincide if a@ > 1/2 (compare (7.1.32)), but they do not necessarily do that
for a < 1/2. One can similarly calculate the mass m of (7.1.18) obtaining an
identical conclusion: the mass m of the flat metric in the coordinate system
y' is infinite if & < 1/2, can have an arbitrary positive value depending upon
c if @« = 1/2, and vanishes for a > 1/2. The lesson of this is that the mass
appears to depend upon the coordinate system chosen, even within the class of
coordinate systems in which the metric tends to a constant coefficients matrix
as r tends to infinity.

The reader will notice that for & = 1/2 the metric does not satisfy the conditions
of Proposition 7.1.5, as the derivatives of g;; in the new coordinate system will
not be in L2. It follows that the conditions of Proposition 7.1.5 are not necessary
for the existence of those limits, though they seem to be very close to be optimal,
since — as shown above — allowing a’s smaller than 1/2 leads to infinite mass
representations for Euclidean space.
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In order to clarify the question of dependence of the mass upon coordinates
it is useful to include those coordinate systems explicitly in the notation (we
follow the approach of [27]). Consider, thus, a pair (g, ¢), where

1. g is a Riemannian metric on a three dimensional manifold N, N diffeo-
morphic to R?\ B(R), where B(R) is a closed ball. N should be thought
of as one of (possible many) “asymptotic ends” of M.*7-21 o7.2.1: ptesthis should

be done on R™
2. ¢ is a coordinate system on the complement of a compact set K of N
such that, in local coordinates ¢'(p) = x* the metric takes the following
form:

Gij = 0ij + hij , (7.2.3)
with h;; satisfying

8hij

ik |hij] < c(r+1)7%, |8xk

| < e(r+ 1), (7.2.4)

for some constant ¢ € R, where r(z) = (3 (2%)? )V/2.

3. Finally, g;; is uniformly equivalent to the flat metric §: there exists a
constant C' such that

VXTERP TN (X <gi; XIXT <O (X2 (7.2.5)

Such a pair (g, ¢) will be called a—admissible.

We note that (7.2.5) is equivalent to the requirement that all the g;;’s and
¢"’s are uniformly bounded: indeed, at any point we can diagonalise gij using
a rotation; arranging the resulting eigenvalues A; in increasing order we have

MDD < M (X R (X)? (X2 <A Y (XD, (7.2.6)

=gi; X'XJ

where we have used the symbol X' to denote the components of X in the
diagonalising frame. Since the X*’s differ from the X*’s by a rotation we have

Y2 =S"(x?,

leading to
C =max(\[ 1, \3) .

In order to prove that uniform boundedness of g;;’s leads to the second inequal-
ity in (7.2.5) we note that in an arbitrary, not necessarily diagonalising, frame
we have
95 X' X7 < suplgij(w)] Y| XTX]

1,7,% 27_]

= sup gy (@) (X1 + (X2)2 + (X%)2 4+ 21X X2| + 2/ X2X3] + 21 X3X7))

Z7]7x

IN

2sup|gi; ()| (X1)? + (X*)? + (X*)%)

17.771:
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with a similar calculation for ¢g¥/, leading to (recall that, after diagonalisation,
the largest eigenvalue of g% is )\1_1)

A3 < 2sup |gi; ()], At < 2sup |gY ()] - (7.2.7)

i, 1,5,
We thus have the following estimate for the best possible constant C' in (7.2.5):

C < 2max(sup |gi; ()|, sup [¢" ()]) - (7.2.8)

Z7‘77'1, 7’7]7$

To finish the proof of equivalence, we note that (7.2.5) gives directly
l9ij] = 19(8;,05)| <223 <2C,  similarly |g¥] < 2C . (7.2.9)

We have the following result, we follow the proof in [27]; an indepen-
dent, completely different proof, under slightly weaker conditions, can be found
in [10]:

THEOREM 7.2.1 (Coordinate-independence of m [10,27]) Consider two a—admissible
coordinate systems ¢1 and ¢2, with some o > 1/2, and suppose that

R(g) € LY(N).

Let S(R) be any one-parameter family of differentiable spheres, such thatr(S(R)) =
mingcg(p) 7(7) tends to infinity, as R does. For ¢ = ¢1 and ¢ = ¢z define

. 1
m(g, ) = ngréoﬁ /S(R)(gzk’,z — 9iie)dSk (7.2.10)

with each of the integrals calculated in the respective local a—admissible coordi-
nates ¢o. Then

m(g, $1) = m(g, p2) .

The example of Denissov and Solovyev presented above shows that the
condition o > 1/2 in Theorem 7.2.1 is sharp.

PrRooOF: We start with a lemma:

LEMMA 7.2.2 (Asymptotic symmetries of asymptotically Euclidean manifolds)
Let (g, $1) and (g, ¢2) be a1 and as—admissible, respectively, with any ag > 0.
Let ¢1 o ¢2—1 : RA\Ky — R3\K; be a twice differentiable diffeomorphism, for
some compact sets K1 and Ky C R3. Then there exists an O(3) matriz w';
such that, in local coordinates

$ip)=2",  dhp) =y,
the diffeomorphisms ¢1 o gb;l and ¢9 o (;5{1 take the form

dy)=wiy+n'y),  Y)=w ) + (),
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¢t and 1’ satisfy, for some constant C € R,
) £ Cot+ 1 el < { G
il <oty el { ol et

r(z) = (@))%, r(y) = (ZEHHY2,

with o = min(ay, ag, 1).

PROOF: Let us first note that both (g, ¢1) and (g, ¢2) are a—admissible, so that
we do not have to worry about two constants «; and as. Let gl-lj and gfj be the
representatives of ¢ in local coordinates ¢ and ¢o:

g = gi;(x)da’da’ = giy(y)dy*dy" .

In the proof that follows the letters C, C’, etc., will denote constants which may
vary from line to line, their exact values can be estimated at each step but are
irrelevant for further purposes. Let us write down the equations following from
the transformation properties of the metric

ozF ozt

gy = gie(w(y))fayi R (7.2.11a)
ay* ay'

g5(r) = Guly@) s 5 (7.2.11b)

Contracting (7.2.11a) with gij (x(y)), where gij denotes the inverse matrix to
gilj, one obtains

ij oxk 9zt

9 (x(y) g (y) = g (w(y))giz(w(y))afyi 5 (7.2.12)

Now, the function appearing on the right-hand-side above is a strictly positive
quadratic form in dx?/dy’, and uniform ellipticity of g}’ gives

o N * Ot ok
c—lz@f < g () abla ) 25 5 < o3 (2L g2
k,i ki

oyt Oyl oy’

In order to see this, we let A’; be the tensor field dz?/dz7; in a frame diagonalising
gij» as in (7.2.6), we have

g1 (x(y))ghe(x(y) A% A = Z)\ (A7)
and we conclude with (7.2.7)

Since the function appearing at the left-hand-side of (7.2.12) is uniformly

bounded we obtain
Z|a’”k|<o (7.2.13)
oy <€ 2.
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Similar manipulations using (7.2.11b) give

k
Z!gii\ <C. (7.2.14)

Inequalities (7.2.13)—(7.2.14) show that all the derivatives of z(y) and y(x) are
uniformly bounded. Let I';, be the ray joining z and K, and let y(z) be the
image by ¢9 o qSl_l of the intersection point of Ky with I'; (if there is more than
one, choose the one which is closest to x). We have, in virtue of (7.2.14),

ay’
= <
@) —sbo)l = | [ G| < € i),
so that
r(y(z)) < Cr(z)+C . (7.2.15)
A similar reasoning shows
r(z(y)) < C r(y)+Cy . (7.2.16)

Equations (7.2.15) and (7.2.16) can be combined into a single inequality
r(y(x))/C —Cy <r(z) <Cr(y(x))+C . (7.2.17)

This equation shows that any quantity which is' O(r(x)~™?) (O(r(y) ")) is also
O(r(y)™?) (O(r(z)~")), when composed with ¢ 0 ¢ (¢1 0 Py 1).
Let us introduce

i i Y
A]_awj’ Bj_ayj’
aAZ . 8ym aQyé
_oam. 2 EN 2
Cijk = A" igme ek~ It T Saionk
OB,
Dijk = B™igiy o

Differentiating (7.2.11b) with respect to z, taking into account (7.2.4), (7.2.14)
and (7.2.17) leads to
Ciji + Cjir = O(r*71) .

We perform the usual cyclic permutation calculation:
Cijk + Cjik = O(?”_a_l) .
—Cjgi — Crjs = O(r—*71)..
Ckz‘j + Cikj = O(T_a_l) .

Adding the three equations and using the symmetry of Cjj; in the last two
indices yields
Cijk = O(Tﬁail) .

1f(s) = O(s") is used here to denote a function satisfying |f(s)] < C(s + 1) for some
positive constant C.
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This equality together with (7.2.13) and the definition of Cjj;), imply

82 yi

—a—1
, = . 2.1
927 Ok O(r ) (7.2.18)
In a similar way one establishes
0%t
—— =0(r ). 7.2.19

We need a lemma:

LEMMA 7.2.3 Let o > 0 and let f € CL(R™\ B(R)) satisfy
oif =071,

Then there exists a constant foo such that

f - foo = O(T_G> :
PRrROOF: Integrating along a ray we have
T1 af T1
flrii) — f(rem) = E(Tﬁ)dr = / O(r=° Hdr = O(ry7) . (7.2.20)
72 T2

It follows that the sequence f(i77) is Cauchy, therefore the limit

Jfoo(i) = lim f(ifT)

1—00
exists. Letting 7 = 4 in (7.2.20) and passing with 4 to infinity we obtain
S z o
1@~ Dy = 0677

Integrating over an arc of circle I" connecting the vectors r7i; and rii; we have

i) = flrin)| = \ / df‘ < suplaflI

where |I'| denotes the Euclidean length of I". Since |I'| < 27r we obtain
|f(rity) — f(rry)| < 27Cr~7 .
Passing with r to infinity we find
foolit1) = foo(it1)

so that f. is i-independent, as desired. O

Lemma 7.2.3 shows that the limits

Al = lim A%(rit)

T—00

éi]’ = hm BIJ(Tﬁ) 5

T—00
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(7 — any vector satisfying >_(n')? = 1) exist and are n’ independent matrices,
with A = B~!. Define

(o) =y'x) = A5 27, oy =2"(y) - B ¢ .
Equation (7.2.19) leads to

) a?xi

Aly(rofl) = Ay(risi) = | ooy

(rit) nk dr = O(r;®)
T1
for ro > r;. We have Aij = AZJ + (iyj, so that passing with ry to infinity one
finds
¢"i(x) =0(™").

Integrating along rays one obtains

i v Ot 0<a<1,
C(%)_{O(lnr), a=1,

with a similar calculation for 7.
Equations (7.2.4) and (7.2.17) allow us to write (7.2.11) in the following
form

oy~ oy* o
k

oxk oxk
E - A = 6ij+0(r_a) . (7221b)
p oyt oyl

Passing to the limit 7 — oo one obtains that AZJ and B”] are rotation matrices,
which finishes the proof. O

Let us return to the proof of Theorem 7.2.1. We start by noting that the
limit in (7.2.10) does not depend upon the family of spheres chosen — this
follows immediately from the identity (7.1.21).

Next, let us show that the integrand of the mass has tensorial properties
under rotations: if 3’ = wij:zj , then

Ay~ 0y’
so that
1 1
89@'(?) B 39jj('$) _ 093, (wx) o b wzj _ eriwkj wej ‘
0z’ Oz oy" oy"

(7.2.22)
Now, a rotation matrix satisfies

wriwsi == (5; 5 (7223)
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so that (7.2.22) can be rewritten as

dg,;(x) B dgj;(x) _ 891%4(“195)(’0& _ 9gjy(wx) o

oxJ oxt oyt ! oy" !

g2, (wz) g (wz)\
= — i .2.24
( oy’ oy )” (7:2.24)

Finally, the surface forms dS; also undergo a rotation:

0 1 n __ .S. 0 Ox 1 n __ .S, 0 1 n
8xijdaz A AdT" = w Z@st (det ay) dy A...ANdy" = w Zastdy A Ady™ .

=1
This, together with (7.2.24) and (7.2.23) leads to

9al. dg}
( gz](x> o g]J<$)> 8 Jd(])l/\/\dxn

oxJ oz’ Oz
0¢2,(wr 0¢?,(wx 0

- ( g%if ) _ gg;k )) wkiwsiaysjdyl A ANdy"
892@(“}55) 89?@(“}55) 0 1 n

It follows that the mass will not change if a rigid coordinate rotation is per-
formed.

In particular, replacing the coordinate y* by (w™1);y/ will preserve the
mass, and to finish the proof it remains to consider coordinate transformations
such that the matrix w in Lemma 7.2.2 is the identity. We then have

hi; = g5 — i = hij(x(y)) + 1" (y) + 0’ j(y) + O(r—>) (7.2.25)
where
hzlj = gilj — 0ij -
Therefore
0g;(y)  9g3;(y) _ Ohi;(x(y))  Ohj;(x(y))
oyJ oy’ Oxd oxi
o (on B on? 91

While integrated over the sphere r(y) = const, the last term in (7.2.26) will
give no contribution in the limit 7(y) — oo since 2a+ 1 > 2 by hypothesis. The
next to last term in (7.2.26) will give no contribution being the divergence of
an antisymmetric quantity: indeed, we have

o (ont o\ 0O
oxI <8xj B 8xi> oz’

on' 90

Oxd Oz J oxJ

del/\.../\d:r”—d< del/\.../\dm”>,
and Stokes’ theorem shows that the integral of that term over S(R) vanishes.
Finally, the first term in (7.2.26) reproduces the ADM mass of the metric gilj.
O
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7.3 The Bartnik-Witten rigidity theorem

e7.5.1; ptesnew section, * 151 A simple proof of positivity of mass can be given when one assumes that
needs proofreading . . . .
the Ricci tensor of (M, g) is non-negative:

THEOREM 7.3.1 (“Non-existence of gravitational instantons” (Witten [107], Bartnik [10]))
Let (M, g) be a complete Riemannian manifold with an asymptotically flat end,

in the sense of (7.2.3)-(7.2.4) with decay rate o« > 1/2, and suppose that the

Ricci tensor of g is non-negative definite:

vV X Ric(X,X) >0. (7.3.1)
Then
0<m< oo,
with m = 0 if and only if (M, g) = (R™,0).
PrOOF: If R(g) ¢ L'(M), the result follows from point 2 of Theorem 7.1.5.
From now on we therefore assume that the Ricci scalar of g is integrable over

M.
We start by deriving the so-called Bochner identity. Suppose that

Af=0, (7.3.2)
set
p:=|Df>=D*fDif .
We have
Ap = D'Dy(D*fDyf)
- 2@7DWDJ%f+DW? D'D; Dy f )
———
=DiDy,D; f=DyAf+R;71,D; f
- QQH%sﬂ2+RmunyDn>. (7.3.3)

This shows that Ay > 0 when (7.3.1) holds.

We shall for simplicity assume that (M, g) has only one asymptotic end,
the general case requires some technicalities which are not interesting from the
point of view of this work. We will use (7.3.3) with f = 3%, where y* is a solution
of the Laplace equation (7.3.2) with the asymptotic condition

y'— a2t = 0. (7.3.4)

The existence of such functions is plausible, but a complete proof requires some
amount of work, we refer the reader to [10] for details. The results there also
show that the functions y* form an admissible coordinate system, at least for
large r, and Theorem 7.2.1 implies that we can use those coordinates to calculate
the mass. We denote by ¢’ the corresponding ¢ function, ¢* = |Dy¢|?.

In the y—coordinate system we have

o' = g"oytayt = g™ (no summation over ),
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so that
DFQl = gM91g" = —0p,95 + O(r~2%"1)  (no summation over i). (7.3.5)

Integrating (7.3.3) with ¢ replaced by ¢’ over (M, g) one has
/ DFoidS, = / Ayt = 2/ (|Hess y'| + Ric(Dg', De')) >0,  (7.3.6)
Soo M M

and (7.3.5) gives
- Z/ O0rgiidSk > 0 . (7.3.7)
i S

It remains to relate this to the ADM mass. Since the coordinates y' are har-
monic we have

1 1

0=Ay = O (v/det gg" Oy’ = O (+/det gg*
y @k( et gg™ Oy") \/(mk( et gg™') ,
so that
ki 1 —1-2a
0 = Op(\/det gg™) = —Qaigjj — Okgri + O(r )
Wthh 1eads t0.732 07.5.2: ptciverify the
normalising factor
1 3
m= — (0igix — Orgii)dSy = ——— 0r9:idSk > 0
dwy s, 8wn Js..

by (7.3.7). This establishes non-negativity of m. Now, if the mass vanishes, then
(7.3.6) enforces Hessy’ = 0 for all i. Tt follows that the one forms Y := dy’
are covariantly constant,

DY = Ddy* = Hessy' =0 .

This implies
1
0= D[Z-Dj]Y(k) = ngkijag

so that the Riemann tensor vanishes. Let M be the universal covering space
of M with the metric obtained by pull-back from the projection map, the
Hadamard-Cartan theorem (see, e.g., [87, Theorem 22, p. 278|) shows that
the exponential map of any point p € M is a global diffeomorphism from M to
R™. It follows that M is a quotient of Euclidean R™ by a subgroup G of the
Euclidean group. The existence of an asymptotically flat region in M, diffeo-

morphic to R™ \ B(R), shows that G must be trivial, and the result follows. O

7.4 Some space-time formulae

In this section we review some space-time expressions for the total energy.
Let XA be a set of constants, and let X be any vector field on M such that
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X = XK0, in a coordinate system z* on the asymptotic region such that .7 is

given by the equation z° = 0, and such that on . we have®’41 o7.4.1: pteithe second

derivatives restriction
is actually only needed

gy,y — nlu,y + O(T—OZ) , 60'9“” — O(,,,,—Oé—l) , 8Uapg'u,1/ _ O(T—O(—2) , (741) for the alternative

invariance proof

with, as usual, &« > 1/2. A calculation leads to

i 3 B v, A
puXoe = Hm Teo /S(R) O X1 1o Opg”H dSap - (7.4.2)
Here X
63517 = 5[0;\5553] ) dSaﬂ = §€aﬂ75d.’1}’y A d$6 s

o742 proserosseneck With €g123 = /| det g], ete.®” 42 Expression (7.4.2) is well suitable for the proof
for consistency that p, is invariant under a certain class of coordinate changes, somewhat
similar to that considered in Section ?77: Indeed, suppose that the z*’s have

been replaced by new coordinates y* such that

g= ot
with (# satisfying fall-off conditions analogous to those of Lemma 7.2.2:

[¢F (@) < C(r(z) +1)7,  [¢Fup(@)] < Cr(z) +1)771,  (7.4.3)
Clnr(x)+1), a=1,

¢H(2)] < {C(T(x) C1)e otherwise, (7.4.4)

This leads to a change of the metric as in (7.2.25),

Guv — Guv + Cu,u + Cu,,u + O(T_2a_1) s

with ¢, = 1,,¢". Further, up to terms which obviously do not contribute in
the limit,

3
Y — i 2 aBy y v Ap _
as the integral of a total divergence integrates out to zero.
With some effort one finds the identity, essentially due to Ashtekar and
«7.4.3 ptesthis formuta Hansen [6] (compare also [26])7-4-3

does not agree with the
one in the printed

version of the paper, it X,U« 1 1 X,U, y Oéﬁ P o
might coincide because — 1m R

of some double star p‘u S R—00 327T ( El’ujaﬁ x R pgdx A dx
identity, but it is not S(R)

clear

+2 / Aepas X" 2" g T, da?) )
S(R)

. 1 v
= Jlim oo /S - uvapX'a" R poda? Ndx® ,  (7.4.6)

since the integral of the exterior derivative of a one form gives zero by Stokes’
theorem.
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The expression (7.4.6) looks somewhat more geometric than the more famil-
iar Freud formula (??). However it should be remembered that the coordinate
functions z* appearing there do not transform as a vector field under coor-
dinate changes so that one still needs to appeal to Lemma 7.2.2 to establish
the geometric character of (7.4.6). On the other hand, the proof of coordinate
invariance under transformations (7.4.3)-(7.4.4) is immediate,

Formula (7.4.6) can be rewritten in a 3+ 1 form, as follows: let, first X5 =
&h. Recalling that . is given by the formula 2° = 0 and that py is the ADM
mass m we find

1 . .
m= lim — eiinx’ ORI, dzt A dz™ . 7.4.7
oo 327 /S(R) ijk m ( )
Here we have decorated the space-time Riemann curvature tensor with a sub-
script four to emphasise its four-dimensional nature. Supposing that the ex-
trinsic curvature tensor K;; falls—off as r=®~1, with a > 1/2 (which will be the
case under (7.4.1)), we then find by the Gauss-Codazzi constraint equation (?7)

WRik, = ORIk, +O@Fr 272, (7.4.8)

where ®)RI¥,, denotes the curvature tensor of the space-metric h induced on
. by g. Since o > 1/2 the error terms in (7.4.8) will give no contribution in
the limit » — oo so that we finally obtain the purely three-dimensional formula

— i 3)pik g A gom
m:Rh_r)réom/S(R) €ijkT (3)RJ rmdx A dx™ . (7.4.9)

7.5 Energy in stationary space-times

Yet another way of rewriting (7.4.6) is given by®7-5-1 7.5.1: ptesjustify the
double dual identity
) 1
puXh, = Rh—rgo T6n /S(R) X”xVleagdSaﬂ . (7.5.1)
This is particularly convenient when X is a Killing vector as then we have the
identity'7’5'2 ©7.5.2:
tc:cross-reference to
R“yaﬁX“ — VVVQXB . Bl,e appropr?ﬁ{zte place
When X is asymptotic to a translation, inserting this into (7.5.1) one obtains
1
XE = I (7 xBa] _7vas
Putoo RE;I;O 16w /S(R) e of
1 . .
= lim — (2 xBlqs, 5 +3 / (X[O"ﬁxV]).vdSM;)
R—o0 167 S(R) S(R) ’
1
= lim — XPlgs, g, 7.5.2
Aim /S " op (7.5.2)

This last integral is known as the Komar integral; the equality of the ADM
mass and of the Komar mass for stationary space-times has been first proved
by Beig [17].
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7.6 Moving hypersurfaces in space-time

By way of example, we consider a family of hypersurfaces .# in Minkowski
space-time given by the equation

S ={t=f(r,©)},
with
f(r)y=71+ art/?
for r large. We then have
n = —dt* +dr® + r?dQ?
= (dr+ gr_l/er)Q + dr? + r2dQ?
2
= drt+arVdrdr+ (1 - Z—)er +r2dQ2 .
r
This shows that, for r large, the metric induced on the % ’s reads
a*
4r
At leading order this is the same as a Schwarzschild metric with mass parameter
—a?/8, so that the ADM mass of the slices .7, is negative and equals

(1 — —)dr? +r2dQ?* . (7.6.1)

a?

mapm = —§ .

This example shows that deforming a hypersurface in space-time might lead
to a change of mass. The fact that this can happen should already have been
clear from the Kasner example (7.1.39), where the space-time itself does not
satisfy any asymptotic flatness conditions. But this might seem a little more
surprising in Minkowski space-time, which is flat. It should be emphasised that
the (strictly negative) mass of the .#;’s is not an artifact of a funny coordinate
system chosen on .%7: indeed, Theorem 7.2.1 shows that m is a geometric
invariant of the geometry of ... Further, one could suspect that negativity of
m arises from singularities of the .#;’s arising from the singular behaviour of
r~Y2 at r = 0. However, this is not the case, since we are free to modify f
at will for r smaller than some constant R to obtain globally smooth spacelike
hypersurfaces.

*7.6.1 A somewhat similar behavior can be seen when Lemaitre coordinates (1,p,0, )
are used in Schwarzschild space-time: in this coordinate system the Schwarzschild
metric takes the form [?]

oy \?
i () v 62

— 2/3
Y = (31 / 57‘ + p3/2) .

On any fixed hypersurface 7 = const we can replace p by a new radial coordinate
Y; Equation (7.6.2) shows then that the slices 7 = const are flat, hence have zero
mass.

with
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All the foliations we have been considering above have mass which does not
depend upon the slice ... This is not true in general, consider a new time 7
in Minkowski space-time which, for r large, is given by the formula

t
T=—
1+ arl/?
We then have

2
no= —d<T(1 + ar1/2)) + dr? + r?dQ?
2.2
= —(1+ar®2d® — (a+r~Y?)ar drdr + (1 - 7742 )dﬂ +r2d0?

It follows that the ADM mass of the slices 7 = const is well defined, equal to
2 2

TQ
] )

MADM = —

which clearly changes when going from one slice to another.

7.7 Spherically symmetric positive energy theorem

07.7.1

07.7.1: ptc:I don’t know
where to put this thing

THEOREM 7.7.1 Consider a complete asymptotically flat spherically symmetric
metric g on a
with
R(g) = 0.

If M contains no compact minimal surfaces, then
m >0

with equality if and only if M = R3 with g — the Fuclidean metric.

°7.7.2 PROOF ©7.7.2: ptcione needs to
. . define spherical
... We can therefore choose a new radial variable p so that symmetry, discuss the

possible manifolds,
’Y(T) discuss the most
e = p general metrics,
discuss minimal
surfaces...

Assuming that this has been done, we rewrite the metric in the new coordinate
system (p,0,¢), and call r again the new variable, keeping the same symbol
(G for the new function § appearing in the metric. It is convenient to define a
function m(r) by the equation

e P =1/1-

2
) ) = L — e
r 2
It is remarkable that this seemingly complicated formula, together with (A.6.19),
leads to a very simple formula for R:
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so that
1 o 2
m(rg) = - / redr
4 Jo
It fOllOWS that.773 07.7.3: ptcineeds
1 0 2 expanding, and
m = / RT dr Z O , conditions
4 Jo
with equality if and only if m(r) = 0 for all r, so that § = 0, and g is the
Fuclidean metric, as claimed. O

7.8 Lohkamp’s positive energy theorem

07.8.1: ptesis there o A deep result of Gromov and Lawson asserts that .... 7.8.1

simple procf of that? It has been shown by Lohkamp [79] that the positive energy theorem for
metrics on an asymptotically flat manifold with compact interior, with one
asymptotically flat end?, and with scalar curvature satisfying

R>0,

can be reduced to the Gromov-Lawson theorem.
07.8.2
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7.9 Li-Tam’s proof of positivity of the Brown-York
quasi-local mass

7.10 The Riemannian Penrose inequality

7.11 A poor man’s positive energy theorem

The positivity results proved so far do not appear to have anything to do with
Lorentzian geometry. In this section, based on [31], we prove energy positivity
using purely Lorentzian techniques, albeit for a rather restricted class of ge-
ometries; it seems that in practice our proof only applies to stationary (with or
without black holes) space-times. This is a much weaker statement than the the-
orems in [96, 108] and their various extensions [14, 20,54, 61, 63] (some of which
are presented here), but the proof below is of interest because the techniques
involved are completely different and of a quite elementary nature. Using argu-
ments rather similar in spirit to those of the classical singularity theorems [58],
the proof here is a very simple reduction of the problem to the Lorentzian split-
ting theorem [49] of Section ??. (In lieu of the Lorentzian splitting theorem,
one can impose the “generic condition” [58, p. 101}, thereby making the proof
completely elementary. However, it is not clear how “generic” the generic con-
dition is, when, e.g., vacuum equations are imposed, so it is desirable to have

2The argument presented here does not exclude configurations with two ends, with the
mass being positive in one end and negative in the second. The full positive energy theorem
does exclude such configurations.
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results without that condition.) The approach taken here bares some relation
to the Penrose-Sorkin-Woolgar [91] argument for positivity of mass, and indeed
arose out of an interest in understanding their work.

For m € R, let g,,, denote the n+1 dimensional, n > 3, Schwarzschild metric
with mass parameter m; in isotropic coordinates [88],

_4 n 2
m n—2 1 —m/2|z|"2
m= |1+ 7—7= de? | — | —L=—— ) dt*. 1.1
o= (1+ g7-3) (; ) (Tt (r1L1)
We shall say that a metric g on R x (R” \ B(0, R)), R"~2 > m/2, is uniformly
Schwarzchildian if, in the coordinates of (7.11.1),

9= gm = o(jm|r="DY | 8, (g — gm) = o(|m|r~ "V (7.11.2)

(Here o is meant at fixed g and m, uniformly in ¢ and in angular variables, with
r going to infinity.) It is a flagrant abuse of terminology to allow m = 0 in this
definition, and we will happily abuse; what is meant in this case is that g = gy,
i.e., gis flat 3, for r > R.

Some comments about this notion are in order. First, metrics as above
have constant Trautman-Bondi mass and therefore do not contain gravitational
radiation; one expects such metrics to be stationary if physically reasonable
field equations are imposed. Next, every metric in space-time dimension four
which is stationary, asymptotically flat and vacuum or electro-vacuum in the
asymptotically flat region is uniformly Schwarzschildian there when m # 0 (cf.,
e.g., [100]).

The hypotheses of our theorem below are compatible with stationary black
hole space-times with non-degenerate Killing horizons.

We say that the matter fields satisfy the timelike convergence condition if
the Ricci tensor Ry, as expressed in terms of the matter energy-momentum

tensor T}, satisfies the condition

R, X" X" >0 for all timelike vectors X*. (7.11.3)

We define the domain of outer communications of .4 as the intersection of
the past J~ (Aext) of the asymptotic region ey = R x (R™\ B(0, R)) with its
future J*(Mext)-

We need a version of weak asymptotic simplicity [58] for uniformly Schwarzschildian
spacetimes. We shall say that such a spacetime (.#, g) is weakly asymptotically
regular if every null line starting in the domain of outer communications (DOC)
either crosses an event horizon (if any), or reaches arbitrarily large values of r
in the asymptotically flat region. By definition, a null line in (.#, g) is an inex-
tendible null geodesic that is globally achronal; a timelike line is an inextendible
timelike geodesic, each segment of which is maximal. Finally, we shall say that
the DOC is timelike geodesically regular if every timelike line in .# which is
entirely contained in the DOC, and along which r is bounded, is complete.

The main result in this section is the following;:

3The asymptotic conditions for the case m = 0 of our theorem are way too strong for a
rigidity statement of real interest, even within a stationary context. So it is fair to say that
our result only excludes m < 0 for stationary space-times.
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THEOREM 7.11.1 Let (A" = #,g) be an (n + 1)-dimensional space-time
with matter fields satisfying the timelike convergence condition (7.11.3), and
suppose that .# contains a uniformly Schwarzschildian region Mexy = R X
(R™\ B(0,R)) . Assume that (A, q) is weakly asymptotically reqular and that
the domain of outer communications is timelike geodesically regular. If the
domain of outer communications of # has a Cauchy surface .7, the closure
of which is the union of one asymptotic end and of a compact interior region
(with a smooth boundary lying at the intersection of the future and past event
horizons, if any), then
m >0

unless (M , g) isometrically splits as Rx.% with metric g = —dm?+vy, L5 v = 0,
and (,7) geodesically complete. Furthermore, the last case does not occur if
event horizons are present.

Before passing to the proof, we note the following Corollary:

COROLLARY 7.11.2 In addition to the hypotheses of Theorem 7.11.1, assume
that

T, € L' R"\B(O,R)),  0,0,9=0(0"), a>1+ g . (7.11.4)
Then m > 0 unless . is the Minkowski space-time.

ProOF OF THEOREM 7.11.1: The idea is to show that for m < 0 the domain
of outer communications contains a timelike line, and the result then follows
from Galloway’s splitting theorem [49], see Section ??. A somewhat lengthy
but straightforward computation®”- -1 shows that the Hessian Hessr = Vdr of
r is given by

((n—2)dt* —dr* +r*h) +rh+ o(r~(=Vy | (7.11.5)

Hessr = e
where h is the canonical metric on S™, and the size of the error terms refers
to the components of the metric in the coordinates of (7.11.1). Note that
when m < 0, Hessr, when restricted to the hypersurfaces of constant r, is
strictly positive definite for r > R;, for some sufficiently large R;. Increasing
Ry if necessary, we can obtain that 0; is timelike for r > Ry. If m = 0 we
set Ry = R. Let piy denote the points t = +k, & = (0,0, R1); by global
hyperbolicity there exists a maximal future directed timelike geodesic segment
o from p_g to p+k.'7'11'2 We note, first, that the o;’s are obviously contained
in the domain of outer communications and therefore cannot cross the event
horizons, if any. If m = 0 then oy, clearly cannot enter {r > R;}, since timelike
geodesics in that region are straight lines which never leave that region once
they have entered it. It turns out that the same occurs for m < 0: suppose
that o enters {r > R;}, then the function r o o} has a maximum. However, if
s is an affine parameter along o, we have

d2(7‘00'k)

PR Hessr (6, 0%) >0
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at the maximum if m < 0, since dr(dx) = 0 there, which is impossible. It
follows that all the oy’s (for k sufficiently large) intersect the Cauchy surface .
in the compact set . \ {r > R;}. A standard argument®’-13 shows then that
the 0},’s accumulate to a timelike or null line ¢ through a point p € .. Let
{pr} = o1 N7 suppose that p € 0.7, then the portions of o to the past of py
accumulate at a generator of the past event horizon Jt (AMoxt), and the portions
of o1 to the future of p; accumulate at a generator of the future event horizon
J- (Mext). This would result in o being non-differentiable at p, contradicting
the fact that o is a geodesic. Thus the py’s stay away from 9.7, and p € .. By
our “weak asymptotic regularity” hypothesis o cannot be null (as it does not
cross the event horizons, nor does it extend arbitrarily far into the asymptotic
region). It follows that o is a timelike line in .# entirely contained in the
globally hyperbolic domain of outer communications 2, with r o ¢ bounded,
and hence is complete by the assumed timelike geodesic regularity of . Thus,
one may apply [49] to conclude that (2, g|g) is a metric product,

g=—dr’+7, (7.11.6)

for some T—independent complete Riemannian metric v. The completeness of
this metric product implies 2 = .# (and in particular excludes the existence
of event horizons). O

PRrROOF OF COROLLARY 7.11.2: The lapse function NV associated with a Killing
vector field on a totally geodesic hypersurface . with induced metric v and
unit normal n satisfies the elliptic equation

AN — Ric(n,n)N =0.

The vector field 0; is a static Killing vector in .#cy, and the usual analysis of
groups of isometries of asymptotically flat space-times shows that the metric
v in (7.11.6) is asymptotically flat. Again in (7.11.6) we have N = 1 hence
Ric(n,n) = 0, and the Komar mass of . vanishes. By a theorem of Beig [17]
(originally proved in dimension four, but the result generalises to any dimensions
under (7.11.4)) this implies the vanishing of the ADM mass. Let e,, a =
0,...,n, be an orthonormal frame with eg = d;. The metric product structure
implies that Rg; = 0. Thus, by the energy condition, for any fixed i we have

0 < Ric(eo + €;,e0 + €;) = Roo + Rii = Ry; .

But again by the product structure, the components R;; of the space-time Ricci
tensor equal those of the Ricci tensor Rics of 7. It follows that Rice >
0. A generalisation by Bartnik [11] of an argument of Witten [108] shows
that (#,7) is isometric to Euclidean space; we reproduce the proof to make
clear its elementary character: Let y* be global harmonic functions forming an
asymptotically rectangular coordinate system near infinity. Let K = Vy; then
by Bochner’s formula,

A|K'? = 2|[VK'|* 4+ 2Ric»(K', K .



168 CHAPTER 7. POSITIVE ENERGY THEOREMS

Integrating the sum over ¢ = 1,...,n of this gives the ADM mass as boundary
term at infinity, and the Vy* are all parallel. Since .¥ is simply connected at
infinity, it must be Euclidean space. O

We close this note by showing that the conditions on geodesics in Theo-
rem 7.11.1 are always satisfied in stationary domains of outer communications.

PROPOSITION 7.11.3 Let the domain of outer communications 9 of (M ,g) be
globally hyperbolic, with a Cauchy surface . such that .7 is the union of a finite
number of asymptotically flat regions and of a compact set (with a boundary
lying at the intersection of the future and past event horizons, if any). Suppose
that there exists on M o Killing vector field X with complete orbits which is
timelike, or stationary-rotating® in the asymptotically flat regions. Then the
weak asymptotic reqularity and the timelike regularity conditions hold.

REMARK 7.11.4 We note that there might exist maximally extended null geodesics
in (2,q9) which are trapped in space within a compact set (as happens for the
Schwarzschild metric), but those geodesics will not be achronal.

PRrROOF: By [36, Propositions 4.1 and 4.2] we have 2 = R x ., with the flow
of X consisting of translations along the R axis:

g=odr*+20dr+~, X=0,, (7.11.7)

where 7 is a Riemannian metric on . and [ is a one-form on .. (We emphasise
that we do not assume X to be timelike, so that o = ¢g(X, X) can change sign.)
Let ¢: denote the flow of X and let o(s) = (7(s),p(s)) € R x .7 be an affinely
parameterized causal line in &, then for each t € R the curve ¢y(o(s)) =
(1(s) +t,p(s)) is also an affinely parameterized causal line in 2. Suppose that
there exists a sequence s; such that p(s;) — 0.7, setting t; = —7(s;) we have
7(¢¢;(0(s;i)) = 0, then the points {pg, } = ¢+, (0) N accumulate at 0., which
is not possible as in the proof of Theorem 7.11.1. Therefore there exists an
open neighborhood % of 9. such that o N (R x #7) = (). This implies in turn
that o meets all the level sets of 7. Standard considerations using the fact that
2 is a stationary, or stationary-rotating domain of outer communications (cf.,
e.g., [36]) show that for every p,q € . there exists T' > 0 and a timelike curve
from (0,p) to (T, q). The constant T' can be chosen independently of p and ¢
within the compact set .7\ (¢ U {r > R1}), with Ry = sup, r. It follows that
an inextendible null geodesic which is bounded in space within a compact set
cannot be achronal, so that ¢ has to reach arbitrarily large values of r, and
weak asymptotic regularity follows. Similarly, if o is a timelike line bounded
in space within a compact set, then there exists s; > 0 such that for any point
(7(s),p(s)) with s = s + u, u > 0 one can find a timelike curve from (0, p(0))
to (7(s),p(s)) by going to the asymptotic region, staying there for a time u,
and coming back. The resulting curve will have Lorentzian length larger than
u/2 if one went sufficiently far into the asymptotic region, and since o is length-
maximising it must be complete. O

4See [36] for the definition.
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The key point in the proof of Proposition 7.11.3 is non-existence of observer
horizons contained in the DOC. Somewhat more generally, we have the following
result, which does not assume existence of a Killing vector:

PRrROPOSITION 7.11.5 Suppose that causal lines o, with roo bounded, and which
are contained entirely in &, do not have observer horizons extending to the
asymptotic region Mex (see (77)):

JE0; D) N Mo =0 . (7.11.8)
Then the weak asymptotic regularity and the timelike regularity conditions hold.

PrOOF: It follows from (7.11.8) that for any u > 0 and for any s; there exists
s and a timelike curve Iy, 4, from o(s1) to o(s2) which is obtained by following
a timelike curve from o(s1) to the asymptotic region, then staying there at
fixed space coordinate for a coordinate time u, and returning back to ¢ along
a timelike curve. One concludes as in the proof of Proposition 7.11.3. O
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7.12 Small data positive energy theorem

07.12.1
07.12.2

7.13 The definition of mass: a Hamiltonian approach

So far we have been considering the mass of various hypersurfaces in Lorentzian
space-times. Now, from a physical point of view it is desirable to be able to
assign a mass to a space-time; for example, one would like to say that Minkowski
space-time has zero mass, while the Schwarzschild space-time has mass m. One
way of doing this would be to select a preferred family of hypersurfaces in
M, calculate the mass for those hypersurfaces, and check that the resulting
number is hypersurface-independent within the family of allowed hypersurfaces.
The above discussed examples show that some restrictions on the family of
hypersurfaces need to be imposed for such a program to succeed. We shall
see in Section 7?7 that such a procedure can indeed be carried through. Before
doing that, it is useful to develop a four-dimensional formalism for discussing

the notion of mass. This is the object of the next®”13-1 section.
7.13.2



7.14. SOME BACKGROUND ON SPINORS 171

7.14 Some background on spinors

The positive mass theorem asserts that the mass of an asymptotically Euclidean
Riemannian manifold with non-negative scalar curvature is non-negative. There
exist by now at least four different proofs of this result, the first one due to
Schoen and Yau [95], shortly followed by a spinor-based proof by Witten [107].
More recently, a new argument has been given by Lohkamp [79], while positivity
of mass can also be obtained from the proof of the Penrose inequality of Huisken
and Ilmanen [63]. From those proofs the simplest one by far is that of Witten,
and this is the one which we will present here. An advantage thereof is that it
is easy to adapt it to obtain further global inequalities; some such inequalities
will be presented in Section ?7.

e7.14.1

07.14.1: ptec:outline the
existing literature

We start by presenting the background information on spinor fields neces-
sary to carry the argument through. We will adapt a naive calculational ap-
proach, renouncing to a proper geometrical treatment which would yield insight
into the structures involved, but would complicate considerable the presenta-
tion.



172 CHAPTER 7. POSITIVE ENERGY THEOREMS

7.14.2

07.14.2: ptcibeginning
of trick.tex

07.14.3: pte:first bug °7.14.3

I propose to add, just before the definition of H, the sentence: ”Sup-
pose that (M, g) is not the hyperbolic space, otherwise there is noth-
ing to prove.” The reason is that the abstract completion of smooth
compactly supported spinors with respect to the norm (??) (by the
way, there is a square missing at the Lh.s. of this equation) does
NOT give you a space of spinors in dimension two on hyperbolic
space. There are a few ways out:

First possibility: let H be defined as in the paper so far, so H is
an abstract Hilbertian completion of smooth compactly supported
spinor fields, and ASSUME FURTHER that there are no imaginary
spinors on M. The argument in the third possibility below shows
that you do get a space of spinors then.

Second possibility: proceed as we suggest in the paper, but ignore
whether or not you get a space of spinors. There are then a few
things to take care of, like justifying that elliptic estimates give
regularity - whatever this means for objects which are not spinors
(we are not dealing any more with objects to which the usual theory
applies directly), and also justifying that the solution of the second
order equation does actually give a solution of the first order one.
It is not clear to me that everything can be pushed through, though
perhaps it might.

Third possibility: One can show [?] that in dimension larger than
or equal to three there exists a strictly positive Ly function w on
M such that for all Hﬁ)c spinor fields ¢ with compact support we
have

/ ol Pwdyey < / 1Byl 2dug - (7.14.1)
M M

The function w can be chosen to be constant in the asymptotically
hyperbolic end. In dimension two I can only prove (7.14.1) if I
assume further that there are no imaginary Killing spinors (without
any control of w in the asymptotic region, but such control is not
needed in the proof) - but if there exists a Killing spinor then, by
Baum, there is nothing to prove, so one might as well suppose that
there are no such spinors. Let . be the space of measurable spinor
fields on M such that

1 ~
91 = [ 1300 + 1Ry = nln = 1)dug + [ 1Dl < oc
(7.14.2)
Whereo the derivative is understood in the distributional sense. De-
fine 7 C S as the completion of C°, in JZ, with respect to the
|| - || sz norm. It is then easy to verify
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PROPOSITION 7.14.1 The inequality (7.14.1) remains true for all
P e .

PROOF: Both sides of (7.14.1) are continuous on (7, | - || #). O

PROPOSITION 7.14.2 If (M, g) is complete then € = A

PROOF: If ¢ € S then the sequence y;¢ converges to ¢ in (S, || -
|2#), where xi(p) = x(dp,(p)/7), where d,, is the distance to some
chosen point pg € M, while x : R — [0, 1] is a smooth function such

that X|[0,1] =1, X|[1,oo) =1 -

PROPOSITION 7.14.3 If (M, g) is complete then there is a natural
continuous bijection between (J, | - ||») and (H,| - ||g) which is
the identity on CL; in particular, elements of H can be identified
with spinor fields on M which are in €.

Proor: By Proposition 7.14.2 both spaces are Hilbert spaces con-
taining C! as a dense subspace, with the norms being equivalent
when restricted to C} by Proposition 7.14.1. O

The bottom line is: I know how to justify things if we assume dimen-
sion larger than three, while in dimension two we need to assume

that we are not in hyperbolic space. *7.144 7.14.4: pteiend of first
bug

*7.145 et F(¢)) denote the left-hand-side of Equation (??) with o7.14.5: ptetsecond fiz:

®, = xpy + ¥ there, let 9); converge to ¢ in H, we have 272";1?5525,‘;‘2?0‘2’&?%2)

F) = F() = I1YlE — [l
2 / (D(xew). Dl — )
M

—2/ <m(xg0u),m(¢ — ;)
M

[ (Ro = nln = 1) (vt = ).

M

It should be clear from the fact that D(xg,) € L2(M) that all the
terms above converge to zero as i tends to infinity, except perhaps
for the last one (recall that we are only assuming that 0 < (R, —
n(n —1))|V] € LY (Mext)); the convergence of that last term can be
justified as follows:

o rto= o] < (/M<Rg—n<n—1>>ux¢uu§>w
h </M (Bg —n(n—1) [ - Mg)l/ i
< lxeullallY = dilla -

Now, F(1;) = F(0), and we have shown that ...
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7.15 (Local) Schrédinger-Lichnerowicz identities

*7.15.1 We use the hypotheses and conventions of Appendix 7.16. Although an
explicit representation of the ~-matrices is never used, we shall give one for
four-dimensional Minkowski space-time to convince the uninitiated reader that
our requirements can indeed be met. For ¢ = 1,2,3 let the hermitian Pauli
matrices o; be defined as

0 1 0 —2 1 0
01:(1 0), 02:<i Ol), 03:<0 1), (7.15.1)

with ¢’ := ;. One readily checks
oio; = 0ij +ieno” = {05,0;} == 0405+ 0jo0; =26;; . (7.15.2)

Let the 4 x 4 complex valued matrices be defined as

0 _ C - _ e g = At
7= ( idez 0 ) =—%, % < o, 0 ) 7. (7.15.3)

Clearly 7p is hermitian, while the 7;’s are anti-hermitian with respect to the
canonical hermitian scalar product (-,-)c on C*. From Equation (7.15.2) one
immediately finds

{7, v} = < _{06’ %i} 0 > ;o vl =0, (=1,

*{Uho-j}

and (7.15.3) leads to (7.16.1), as desired. A real representation of the commu-
tation relations (7.16.1) on R® can be obtained by viewing C* as a vector space
over R, so that 1) each 1 above is replaced by idg2, and 2) each i is replaced by
the antisymmetric 2 x 2 matrix
0 —1
(v )

More precisely, let us define the 4 x 4 symmetric matrices &; by

A 0 idge . [ idge 0
aL= ( idgz 0 ) R ( 0 —idge ) ’ (7.15.4)
0 -1
. 0 _< 1 0 )
02 = 0 —1 0 )
1 0
which are clearly symmetric, and the new ~’s by

It should be clear that the +’s satisfy (7.16.1), with vy symmetric, and ~;’s -
antisymmetric, as desired.

(7.15.5)
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Consider, now, a connection V; of the form

Vi=D;+ A,

175

(7.15.7)

where D; is the standard spin connection for spinor fields which, locally, are
represented by fields with values in V. We shall also use the symbol D; for the
usual Levi-Civita derivative associated to the metric g acting on tensors, etc.
The matrices 7, stand for ¢, (e,,), with ¢, — the canonical injection of T'M into
the representation under consideration on V of the Clifford algebra associated
with the metric (??), and are D-covariantly constant,®?-15-2

Di’yﬂ =0.
Setting
MFD :=~+'V;,  MTD :=~'D; ,
we calculate
Di(g,V'e) = [Vo|*+ (¢, DiD'¢)
' +(o, Di'(AlQﬁ» — (A", (Di + Ay o) ,
Di(¢,v'MFD¢) = Di(p,v'v'V;o)
= —|MFD¢|* + (¢, MTD?¢)

+(¢, 7" Di(A;9)) +

Adding we obtain

(V' Aip, 7 (

(7.15.8)

Dj + A;)$)(7.15.9)

D" = Di(¢,(V'+~+'MFD) ¢) (7.15.10a)
= |V¢|* — IMFDg/? (7.15.10b)

+(¢, (Di DZ+MTD2)¢>> (7.15.10c)

+{(g, [A" — (A + 4"+ Aj + (v/ A;)'~'] D) (7.15.10d)

+{o, [DiA! +’y ’YJDA ] ) 7.15.10e)

+o, [(v'A — (A)'A;] ¢) . 7.15.10f)

The term (7.15.10c) is independent of the A;’s, and is the one that arises in the

original Schrédinger-Lichnerowicz identity:

(¢, (D;D" + MTD?)¢) =

1 2
TRIOP

*7.15.3 Let us start by justifying (7.15.11): we have

(D; D' + MTD?)¢

(9" DiD; + 7' Dy’ D) ¢

(9 +~'+)D;D;j¢

(97 + 7' (DDjy + DDy
Yy DDy .

(7.15.11)

(7.15.12)

07.15.2: ptciin an

exhaustive treatment
this should also be
Justified; in particular
p = 0 might not be
completely clear

07.15.3: ptciproof of the
original identity added
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From the definitions

]. i N
Drop = er(d) — Wik Yo,

wljk = g(eivvekej) ’
VekXi = ek<XZ> —l—wiijk ,
RiypX' = Ve,V X' = Ve, Ve, X' = Vi, ey X',
one readily finds
1
DyDj¢ = —gRUm’w% (7.15.13)
and to calculate (7.15.12) we need to find Rijkmivj'yk'yg. Now
Rije' ¥V *yt = (Rigryey' v + Rijie Yy vt
N——
=1 (Rijue—Rinje)=4% (Rijiet+Rine;)=—% Riojk
o 1 o
= Rigey' 19y = S Riiy' v
o 1 o
= —Rigner'e™ " = 5 Rigey' v

. 1 o
= R’y — *RizijJVk’Ye

2
1 i jokt
= —R- iRifjk’Y AR (7.15.14)
Next,
Riepy' Y = Ry’ (=29 = 7'4")

—2Rijy'y = Rigjiy' v/ 7"

2R — Rijey' (—29°° =)y
2R — 2Riy'y" + R’y 777"
= 4R+ Rijrev' """

Inserting this in (7.15.14) and rearranging terms one obtains
Rijrey' 7"y = —2R,

and (7.15.11) follows from (7.15.12)-(7.15.13).

In order to work out the remaining terms in (7.15.10), an explicit form of
the A;’s is needed. Suppose, first, that V is the space-time spin connection as
defined in Equation (??):

1 .
Ai = iK]i'yj'yo N (7.15.15)

A; is then symmetric and we have, by symmetry of Ky,

A — (A + 4"y A+ (VA = 5 <7"W7’Wo+707k'ﬁv’)

1 ) )
= —gtrgK (V70 +707") = 0(7.15.16)
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so that there is no contribution from (7.15.10d). Next,

D'Ai+v'7'DjAi = 35 (DZKij'YJ + DjKik’Y]’YZ’Yk> Y0
1, . , ,
= 5 (DZKij’y] — Djtl‘gK’y]) Yo
1.
= Zujvjfyo , (7.15.17)

with v as in Equation (?7); this gives the contribution from (7.15.10e). Using
symmetry of K;;K";, we further have

—(AY4A; = %KininWoWk%
= —iKiniwjvk
= *%Kinik(vjvkvak’Vj)
= LK.
Using
YA = —trgKy0/2 = (v A;)' (7.15.18)

one obtains

1

(Y A) 'Y Aj — (AN Ay = = (IK|Z = (trgK)?) .

W~ |

Collecting all this we are led to
. . 1 .
Di{¢, (V' +7'MFD) ¢) = |Vo|* — [MFD@|* + (¢, (1 + v7"70)¢) , (7-15.19)

where p is given by Equation (?77).
Consider, now, the vector field % ¢ defined by (7.15.10a):

U' = (¢, (V' +~'MFD) ¢) = (¢, (D' + 7' MTD) ¢) + (¢, (A" +7"17 4;) ¢) .
We have
) o 1 . )
A+ 4'yA; = §(Kiﬂ” —trg Kv")v0
1 - -
= i(tl‘gng — K"y ,

which integrated upon a coordinate sphere Si in Mgy gives

lim (oos (A" + 77 A;) $oo)dSi
R—oo S(R)
o1 ij ij
=1 lim j{ (trgK g — K")dS; | (¢oos 107 Poo)
R—o0 2 S(R)

= 47" (Poor V0Vioo) = 4TPi (D0 V'Y Pos) (7.15.20)
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with p’ — the ADM momentum of Mey (recall that 4/ = —7g). Here ¢oo
is a covariantly constant spinor field of the euclidean metric associated to the

natural coordinates on My, as described in Section ?7?7. A classical calculation

then giVeS.7'15'4 e7.15.4: ptc:A complete

treatment would also
require doing this

R—o0

lim 7{ U'dS; = 47Tpu<qboo,’y“'yo¢oo> . (7.15.21)
S(R)

Consider, next the full connection (77),

11 1
Ai = S Ky —5 B wino —eineB/ Y (7.15.22)

Ai(K) Ai(E) Ai(B)

The contribution of K to the linear terms (7.15.10d) and (7.15.10e) has already
been worked out, so it remains to evaluate those of ' and B. We have:

1 1 1
Ai(B) = —§Ek’yo'mk = —§Ek%%% = —§E’“ (=% — 29ki) Y0
= —Ai(E)+ En, (7.15.23a)
. 1 . 1 4 . 1
VA (E) = —§Ek7J’Yk’Yﬂo = —§Ek (-%’Yj - 25%) Yivo = —§Ek (37, — 27%) Y0
1
(Y A;(E) = +Aj(E) . (7.15.23¢c)
This gives
AYE) — (A(E)' + 7'+ Aj(E) + (v A;(E))Y
1 Lo i 1 i ; i
= —E"wy' - 37+ 51 )0 — Eto = —§Ek(7 Ve + 7Y+ 261) 70
=0. (7.15.24)
We note that
1
A(B) = =5 [B'* + B + By

1
— _5 [Bl’)’l”)/2"}/3 _ BZ’YS +B372j|

1 )
= =5 [Bi' —anBit| | (7.15.25)
so, since the ey direction can be chosen at will,

1 .
A(B) = i{eijkBﬂy’f—Bwlfy?ﬂ. (7.15.26)

Now

(Y123t = (V) (2) (A1) = =324t = —429193 = 414293 (7.15.27)

Y 3eikeBINYt = Biyly?y + 9k By (7.15.29)
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where the last two equations have been obtained by a calculation similar to
that of Equation (7.15.25). This leads to

1
4B = =3 [e”kBj’y + Biyla? 3} , (7.15.30a)
. 1 o 3
v'Ai(B) = 2[EijkBJ717k+26”kBi’7j'Yk]
1 i ik
= _ZeijkB Nyt (7.15.30b)
(Y A;(B) = —A;(B), (7.15.30c)
. 1 i i
Y A;(B) = -5 [B 717273+67’“Bm}
_ (AZ(B)) (7.15.30d)

(Y 4;(B)'y' = —A(B). (7.15.30¢)

(
Here (7.15.30d) follows from (7.15.29) and (7.15.30b), while (7.15.30e) is ob-
tained by comparing minus (7.15.30b) multiplied from the right by +*, as justi-
fied by (7.15.30c), with the definition (7.15.22) of A;(B). Using (7.15.30d) and
(7.15.30e) we conclude that

~ (AUB)) 77 A5 (B) + (7 4;(B))''
A(B) — (A'(B))' + (A'(B))' — A'(B)
0

AY(B

~—

(7.15.31)

which shows that the contribution (7.15.10d) to (7.15.10) vanishes. We consider
next (7.15.10e):

. o 1 S
DAYE) + 9" Didj(B) = =D EMyn? + 9wt
1 .
= 5 DiE e’ + (=77 = 20" )mrido

1 A A . .
= 5D E = =+ (=’ = 200)7}0
1 . . .
= —QDjEk{—’VWJ =377 + 297 v 10
= —DjFEyy = —div(E)7 . (7.15.32)

To analyze the contribution of A;(B) to (7.15.10e) it is convenient to use
(7.15.26), which gives

D;A'(B) + 'Y D;iAj(B) = §Dz‘Bk[6W(5§W + %70 — (6% + YY)
(7.15.33)

Fortunately it is not necessary to evaluate this expression in detail, because
any antisymmetric matrix appearing above will give a zero contribution after
insertion into (7.15.10e). Another way of seeing that is that for any linear map
F we have

(6,F6) = (6, F'6) = (6, 5(F + F)g) . (7.15.31)
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Now, by Clifford algebra rules, the right-hand-side of (7.15.33) will be a linear
combination of v%’s and of y!9?~3; the 4*’s are antisymmetric and can thus be
ignored, and it remains to work out the coefficient in front of the symmetric
matrix y'92y3. The first term gives no such contribution, the second one will
give one when i equals k, producing then a contribution —2g¢*~y1~v2+43, while
the only possible contribution from the last two terms could occur when i = k,

but then they cancel out each other. We are thus led to
D;AY(B) + ’yi’ijiAj(B) = —D;B'y'y?y3 + antisymmetric
=: —div(B)y'y%y® 4 antisymmetri¢7.15.35)

Let us, finally, consider the quadratic term (7.15.10f); from Equations (7.15.18),
(7.15.23b) and (7.15.30b) together with (7.15.28) we have

pAL = f%(trgK + E'y)v0 — ifijkBi'Yj'Vk
- _% [(trg K + E'i)vo — By 7] - (7.15.36)
It follows that
(v ADE = —% [(trgK + E"v)v0 + B'viv'v*7%] | (7.15.37)
and
(1 ANy AT = % [(trgK + E'yi)v0 + Bviv'v*7°] [(trgK + E ;)0 — Bl ]

1 ) , o
= 1{(%}( + E'y)y0(trg K + EVv;)v0 — B'BIvy vy yv %3
—E'B? [vivouiv' VY — v i) }

1 . . y
- f{(trgK + E')(trg K — E'v;) — B'Blyivi(v'9°°)?

1
+E'B? [yiv; — 5% 71727370}
1 .
- Z{(trgK)Q +|E]2+ |BJ? - 26ijkEZBJ7k70} . (7.15.38)

Next, from the definition (7.15.22) together with (7.15.23a) and (7.15.30a) we
obtain

1 - .
(A)' = 5 [(Kiﬂj +2E; + E*yvi)v0 — e B/A* — BN17273] . (7.15.39)
Using the form (7.15.26) of A;(B) one has
, 1 , ,
(A4)'A = 1 [(Kiﬂj + 2E; + E*ypvi)vo — e B)y* — BWI’YQ’Yﬂ
x | (K577 = E*r')n0 + €75 By — Biy'y*y?| (7.15.40)

Again, we do not need to calculate all the terms above, only the symmetric part
matters. It is straightforward to check that the following symmetry properties
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hold:

symmetric: Yo, Y0, Y2, (7.15.41a)
antisymmetric :  y;, 7y; and vy for @ # 7, Y12 340(7.15.41b)

For example,

(P 70) = () = 07" Y = -, (7.15.42)

the remaining claims in (7.15.41) being proved similarly, c¢f. also (7.15.27).
Using (7.15.41), Equation (7.15.40) can be manipulated® as follows

o1
(A)' A" = Z{(Kime +2E; + E'vvi) 70
x| (K77 = B )0 + € By — Biyta?y?|
—€im By {(Kiﬂj — E" v )0 + €7 By — Bi’Yl’YQ’YB}
~Biy' 2y (K7 = B* ey )0 + €7 By, — Biy'y™?] }
1
= Z{(Kiﬂe +2E; + E'yy)
x| =Ky — Bry = € Bimoo + Byt yPy )
—€itm B (K177 — E* 90 + eim B'€ 7™ B;

—Biy'y?y? [—E’“W% - Bivlfy?fyﬂ } + antisymmetric

= %{(Kw’ye {—Kiﬂj — Efyy’ — GijkBﬂWo}
+2E; [—Ek’mi - GijkBﬂk’Yo}
+E [—K v = E'un’ — €75 B + By 0
+€emB K™+ B'EFen, (=™} — 08'v") o0 + 2| B2

0 antisym. in i, m sym. in 7, m

0
+€ie B EF~ 0 + \B|§} + antisymmetric
1 ) L
= 1{|K’§ — Ky Epe™ 41423 + 9P Ky By
0 0
+2|E|2 — 269 E; Bjyo

—E EFyy (=291 — mvi)Y —€9% Bi EY(—guivk + grevi)vo — €iuBEEIY 0

Vi
+2|B|§

®The calculation here can be somewhat simplified by noting at the outset that there is no
symmetric nonzero matrix which can be built by contraction with K, F, and the y-matrices
with no indices left, similarly for K and B, hence the contributions from A;(K) and that of
A;(E) + A;(B) can be computed separately.
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—eijk B I 0 + IB@} + antisymmetric
1 )
= Z{|K|§ +3|E[; +3|B[; - GGUkEiBj’Vk'YD} : (7.15.43)

where the last equality is justified by the fact that all the antisymmetric matrices
have to cancel out, since the matrix at the left-hand-side of the first line of
(7.15.43) is symmetric. Subtracting (7.15.43) from (7.15.38) we thus find the
following formula for the term (7.15.10f):

(6, {(v'4i)'+ Aj — (A)' A; } ¢) =
1 ’
1'% {\K|§ — (trgK)? +2|E[7 + 2| BJ; — 46”kEiBj’yk’y()}¢)]{7.15.44)

Summarizing, Equations (7.15.10), (7.15.11), (7.15.16), (7.15.17), (7.15.24),
(7.15.31), (7.15.32), (7.15.35) and (7.15.44) lead to

Di{¢, (V' +7'47V;)¢) = [Vo|* — [MFDg|*

+i<¢, {u + (' — div(E))yo — div(B)fyl’yQ'y:s}@ . (7.15.45)

where
pi=R—|K[>+ (tryK)* = 2|E|2 — 2|B[> (7.15.46a)
vj = 2D;(K" — trKg") + de;r E* B . (7.15.46b)

We turn now our attention to the electromagnetic field contribution to the
boundary integrand (¢, (V! + 447V ;)¢):

AYE) +~"yAj(E) = FE'y + antisymmetric , (7.15.47a)
. o 1. 1 o
A'(B)+~+'7y7A;(B) = —§B"y172’y?’ — ZejkgB]’y”yk'yg + antisymmetric
= —B'y'42+? 4+ antisymmetric , (7.15.47Db)

and Equation (7.15.21) gives

Jim U'dS; = AT (boo, [P’ + Q10 — PY Y] deo) - (7.15.48)
— JS(R)

Let us turn our attention now to the hyperbolic case: let a € R, we set

Ay =Ai + ——; Vi =D; + 4, (7.15.49)

with A; as in Equation (7.15.22). (This is the standard way of taking into
account a cosmological constant when no Maxwell field is present [54].) Here
v—1:V — V is any map satisfying

(V-1 =—idy, V-Iy=v/-1, (V-D)i=-v=1.  (7.15.50)
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(If V is a complex vector space understood as a vector space over R, with the

real scalar product (-,-) arising from a sesquilinear form (-, )¢, then v/—1 can

be taken as multiplication by i. On the other hand, if no such map v/—1 exists

on V', one can always replace V by its complexification V¢ := V ® C, with new

matrices v, ® idc, and use multiplication by idy ® (i idc) on V¢ as the desired

o7.15.5: pte:this map.)®*7 155 We consider again Equation (7.15.10), with A there replaced by
i vttt smee we 7. Now, the terms (7.15.10d) and (7.15.10¢) are linear in «, and they have
e, ssfaecvee_f;zif:;m already been shown to vanish when « = 0; thus, to show that they vanish for
con be made et o =£ () it suffices to show that they do so when A; = A;(a). This is obvious for

(7.15.10e), while for (7.15.10d) we have
(Ai(@)" = Ai(a)

ay—1
2 )

(07

) = 3T (i A) =3

A= (@) Ay @+ ) = 0 (4 0= 30t 5 <o,

It follows that the only new terms that can perhaps occur in Equations (7.15.10c)-
(7.15.10f) arise from (7.15.10f). We calculate

(v Ai + 7' Ail@)" (4 + 77 45() = <(’YiAi)t + 30“?) (%‘b‘ - 30[\?)
= (YA)'H A+ 92‘2
+3a\? (VA; — (VA ,  (1.15.51)
(41 a@) i+ i) = (a4 ) (44 2L
= (AY)'A; + ?’f
e RO A= ATES

—(A) (v == (v A)
so that

7 1 i i ; i 30[2
()il — (oYt = (A4 — (A A+ 20

tav=1 (Y A; — (Y A)Y) . (7.15.53)
Equations (7.15.36)-(7.15.37) show that
V=1 (77 4; = (4'A)') = aV=1B"3iv'7** (7.15.54)
so that we obtain
Di(6, (Vi +~147V;)¢) = |V¢|? — [MFD|?
0. {1+ 60+ (1 — (B0 -+ (o ZTB, — div(B) 11171}
(7.15.55)
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where p,v is as in (7.15.46), div(E) is the divergence of E and div(B) that
of B. Somewhat surprisingly, the term Biy;v'9?73 occurring above does not
seem to combine in any obvious way with the remaining ones to yield a use-
ful identity except when B vanishes. ®7-15-6 ®715.7 Tp) any case the identity
(7.15.55) can then be used to prove a mass-charge inequality in an asymptoti-
cally hyperboloidal setting, in the spirit of Theorem ?? with B = 0 there, both
in the boundaryless and in the trapped-boundary cases.*”-15-8 It turns out that
a slightly different approach can be used to handle the negative cosmological
constant with a general Maxwell field provided that try K is constant, as follows:
let a € R and consider the connection (7.15.22) with K;; replaced by

Kij = Kij + agij - (71556)

The identity (7.15.45) will then hold with the current v unchanged, as follows
from (7.15.46b), while p given by (7.15.46a) will be replaced by

po= R—|K[2+ (tryK)* —2|E|2 - 2|B[]
= R—|K[2+ (trgK)* + datrgK + 6a® — 2|E|2 — 2|B|2 (7.15.57)

We will then recover Equation (7.15.55) provided that a is chosen as either one
of the following roots

try K try K 2
_ + gt 2
3 \/( 3 +

Let us turn our attention now to the problem of boundary conditions which one
imposes in the asymptotically hyperboloidal case: consider ....*7159 As shown
in [32], when

a+ =

Y=+ X, (7.15.58)
with y € H and with 1, satisfying®’-15-10
Dy, := dip, — Vi Y h, = —3%® 07 1y ; (7.15.59)
here {67} is a co-frame dual to {é;}, while u is any parameter *7-1>-11 parameterizing
the solutions of (7.15.59). Then we have
1 .
lim ¢ (v, cg(n)cg(eM)(Da + iya)) = 1 im [ U (7.15.60)

T—00 S,
T

Sr

To be able to carry through the positivity argument one needs to be able to
solve the equation
MFDx = ~MFD(¢t),)

for a x € 'H, where ¢ is a cutoff function supported in Mey, With ¢ equal to
one for large distances. This will be possible when MFD1,, € L?(Mey;), which
in turn will be guaranteed by

VtryK , VE, VB € L*(Mey) (7.15.61)
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where

V =V (u) = (thy, ) - (7.15.62)

It is rather clear that Equation (7.15.61) forces the total electric and magnetic
charge to vanish, so that under (7.15.61) the addition of A;(E) and A;(B) to
the connection V does not lead to any new information, while complicating
considerably the argument.®”1512 When Equation (7.15.61) holds we might ase7.15.12: pte:This is

. . . . not clear? I need to
well take A; = A;(K). Now, the boundary contribution from K is obtained think this over; what is

the correct definition

from (7.15.20), except that the part of the integrand which arises from ), is of g

not constant over the boundary at infinity in general:*7-15-13 o7.15.13: pteimaybe this
vanishes?
lim (1, (Ai + 'yifyjAj) y)dS;
R—oo S(R)
1 y y
= Jim 5 f (oK — K, 076) dS)
R—o0 2 S(R)
1 i i j
= ]?}Ego 5 fg(}a ((trgKéj - K j)Y]) ds; , (71563)
where ' '
Y7 = (u, Y07 Yu) - (7.15.64)
*7-15.14 Collecting (7.15.60) and (7.15.63) we obtain 715,14 ptesls
A; = A;(K),
lim U'dS; = AnH(X) , (7.15.65)

where H(X) is the Hamiltonian energy associated with the space-time vector
field X such that its normal component to the initial data hypersurface equals
n, and its tangential component equals Y [?];'7'15'15 recall that % is the vectorer.1s5.15: pte:To jest
field defined in Equation (7.15.10a). ity de Sitera to ¢ tak
Fall-off conditions weaker than those of (7.15.61) can be obtained if we T aenar !
consider comparison spinor fields v,, which, instead of (7.15.59), satisfy
D, = —%»yj ® & Py — A; @& 1y | (7.15.66)

with

1
2
Ai(K) Ai(E) Ai(B)

° ° o, 1. .
A= AZ & 0" = (*Kij"yj’}/o —

o 1 o . o
: Eryino —qeme B ) @ 0. (7.15.67)

for some background fields K,E,B; in (7.15.67) the indices on [O(, E and B

are frame indices with respect to the background ON-frame {é;}. This leads

to the need of reexamining the calculations of [32] for the contribution of the

new fields introduced...®”15-16 In the case of the connection (7.15.22) with thee7.15.16: ptesto be done
replacement (7.15.56), the asymptotic spinors one needs to consider are not

solutions of (7.15.66) anymore, this equation has to be replaced by

o Qa °
Ditpu = =57i70%u — Aithy - (7.15.68)
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In the simplest case A = 0 there is a one-to-one correspondence between solu-
tions of (7.15.66) (which coincides then with (7.15.59)) and those of (7.15.68),
obtained as follows: Let ¢, satisfy (7.15.59), and set

1 1
w = —=(1 %14 v = w = —=(1F1i w - 7.15.69
(0 \/5( iv0)® ¢ \/5( Fivo)y ( )
We then have
o 7 .
Déﬂbu - (1 + Z70)7i¢u

22
= 2%/5%'(1 T i70) du

7
2\/5%

) .
= —Y; 7
2\/5%70 (Y0 F 1) du
Fi(1&ivo)

(70)*(1 F iv0) du

= i%7i70¢u :
In the hyperboloidal case, there are still issues about the boundary
integrals which I do not understand at all when K does not vanish;
so, for the while, I am leaving things as they are. We can finish off
the paper without having to expand the cosmological constant case.
I will come back to this when I have more time

o7.15.17: ptes This 71517 I fact, Equation (7.15.55) will always hold when the offending term
75.’5%553&‘;2‘?’ o i (??) vanishes, there is an important case when this happens. Namely, suppose

}:eef;c’zfnrge :fiza@s that V' is the real form of a complex vector space, still denoted by V', with

\/j:lldv s <7> :%(<7>(C) ,

where R denotes the real part, and (-, -)c is a sesquilinear scalar product on V.
Suppose further that the 4*’s are anti-Hermitian, and -y is Hermitian. Then
all the calculations performed so far remain correct with trivial modifications,
such as the replacement of
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7.16 Eigenvalues of certain matrices

In the proofs of the energy-momentum inequalities of Section 7?7 the positivity
properties of several matrices acting on the space of spinors have to be analyzed.
It is sufficient to make a pointwise analysis, so we consider a real vector space
V' equipped with a scalar product (-,-) together with matrices v,, p =0,1,2,3
satisfying

Yu Vv + TV = _277,ul/ y (7161)

where n = diag(—1,1,1,1). We further suppose that the matrices ’yz, trans-
posed with respect to (-, -), satisfy

W=, %=
where the index ¢ runs from one to three. Let us start with
o = a¥+atvoys, (@) = (a%d) = (a°, (a)) .
The matrix a’yy7; is symmetric and satisfies
(a'707:)? = a'a 07707 = —a'al v = lal;

so that its eigenvalues belong to the set {£|d|s}. Since 7y anticommutes with
a'y0v:, it interchanges the eigenspaces with positive and negative eigenvalues.
Let v;, i = 1,-, N be an ON basis of the |d|s eigenspace of a’yoy;, set

G2i-1 =i, P2 =YV .

It follows that {¢;}2%] forms an ON basis of V (in particular dimV = 2N), and
in that basis a7y, is diagonal with entries a® £ |@|;. We have thus proved

PROPOSITION 7.16.1 The quadratic form (1, a*~yoy,1)) is non-negative if and
only if a® > |ds.

Let us consider, next, the symmetric matrix
A = a"yoyu + byo + ev1y273 - (7.16.2)
Let v1 be an eigenvecteur of a’yg7y; with eigenvalue |ds, set

G1=1vY1, P2="0Y1, ¢3=717273Y1, G4=717273%%1 -

From the commutation relations (7.16.1) one easily finds

a'voyigr = |dlsd1 ,  avovige = —ldlspa,  aYovids = —|dlsds . a“ovids = |@lsda

Yob1=¢2, Vo2 =01, YP3=—04, YoPs=—¢3,

MY2V3P1 = @3, V1V23P2 = P4, V1V2V303 = P1,  V1V2)3Ps = P2 .



188 CHAPTER 7. POSITIVE ENERGY THEOREMS

It is simple to check that the ¢;’s so defined are ON; proceeding by induction

one constructs an ON-basis {¢; 222]1 of V' (in particular dimV is a multiple of

4) in which A is block-diagonal, built-out of blocks of the form

a’ + |d|s b c 0
b a® — |d|s 0 c
c 0 a® — |als —b
0 c —b a® + |d|s

The eigenvalues of this matrix are easily found to be a® & /|@|3 + b2 + 2. We
thus have:

PROPOSITION 7.16.2 We have the sharp inequality

(¥, (" vovu + byo — ey1v2y3) ¥) > (ao — /a3 + v + 62) 1v|*,

in particular the quadratic form (¢, Av), with A defined in (7.16.2), is non-

negative if and only if
a’ > \/]@Z + b2 +c2.



Chapter 8

Black holes

3.0.1

Figure 8.1: A Schwarzschild-Kruskal space-time in a conformal Gauss gauge.
This is not a schematic picture but quantitatively correct. In Schwarzschild
coordinates ¢ and r the lower horizontal line, the initial hypersurface S ~ S3,
corresponds for 7/2 < x < 7 to the hypersurface {t = 0} of a Schwarzschild
space-time. On S the coordinate x satisfies r = tan(x/2), takes the value /2 at
the throat and the value 7 at one of the asymptotically flat ends. The parameter
7 on the conformal geodesics vanishes on S. With = sin? /2 (1 + sin x) the
physical metric induced on S is h = Q2 dw? with dw? the standard line element
on S3. The initial conditions of section ?? are satisfied with x = siny so that
O =k 1 Q{1 —72[cos x(2+sinx)/2 (1 +sin x)]?}. The rescaled space-time and
the conformal Gauss gauge extend smoothly through null infinity, where © = 0.
The expression for © stops being meaningful when the conformal geodesics hit
the singularity. The behaviour of the hypersurfaces of constant retarded and
advanced time w and v shows that along curves which approach the cylinder 7
the null cones collapse. Along curves on J ™ which approach the critical set Z+
this behaviour does not occur. This indicates a degeneracy at Z* of the set of
characteristics.

8.0.2
¢8.0.3
8.0.4

Figure 8.9: bipolar coordinates
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08.0.1: ptc:A figure by
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Figure 8.2: The Kruskal-Szekeres extension of the Schwarzschild solution.!

Figure 8.3: The Carter-Penrose diagram of the Schwarzschild-Kruskal-Szekeres
space-time.””

Figure 8.4: One black hole

Figure 8.5: Two black holes well separated

Figure 8.6: Two black holes after merging

Figure 8.7: Multi-Schwarzschild Figure 8.8: Einstein-Rosen manifold

Figure 8.10: The Misner Wormhole representing two black holes



Appendix A

Some elementary facts in
differential geometry

A.1 Vector fields

Let M be an n-dimensional manifold. Physicists often think of vector fields in
terms of coordinate systems: a vector field X is an object which in a coordinate
system {z'} is represented by a collection of functions X*. In a new coordinate
system {3} the field X is represented by a new set of functions:
oy’

Oxd

(The summation convention is used throughout, so that the index j has to be
summed over.) In modern differential geometry a different approach is taken:
one identifies vector fields with homogeneous first order differential operators
acting on real valued functions f : M — R. In local coordinates {z'} a vector
field X will be written as X?0;, where the X%’s are the “physicists’s functions”
just mentioned. This means that the action of X on functions is given by the
formula

XZ(:L‘) — Xj(y) = Xj(x(y)) (A.1.1)

X(f) = X'0;f (A.1.2)

(recall that 0; is the partial derivative with respect to the coordinate z*). Con-
versely, given some abstract derivative operator X, the (perhaps locally defined)
functions X? in (A.1.2) can be found by acting on the coordinate functions:

X(z") = X", (A.1.3)
One justification for the differential operator approach is the fact that the tan-
gent 4 to a curve v can be calculated — in a way independent of the coordinate
system {xl} chosen to represent v — using the equation

() = 2220

i

Indeed, if ~ is represented as y(t) = {2’ = ~*(t)} within a coordinate patch,
then we have

Ui o)) _ MOON _ O 5

dt dt

191
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recovering the usual coordinate formula 4 = (dv'/dt). An alternative justifica-
tion is that this approach does encode the transformation law in a natural way:
indeed, from (A.1.3) and (A.1.2) we have

oy’

oz’

X(y') = X7

reproducing (A.1.1).
Covector fields are fields dual to vector fields. It is convenient to define

dr'(X) == X',

where X? is as in (A.1.2). With this definition the (locally defined) bases

{0:}iz1....aimm of TM and {dz7};—1 _qimn of T*M are dual to each other:
(dwi, (9]> = da:’(aj) = (5; y

where 5; is the Kronecker delta, equal to one when ¢ = j and zero otherwise.

Vector fields can be added and multiplied by functions in the obvious way.
Another useful operation is the Lie bracket, or commutator, defined as

X, Y)(f) = X(Y(f) - Y(X(f))]. (A.1.4)

One needs to check that this does indeed define a new vector field: the simplest
way is to use local coordinates,
X YI() = XI0;(Y'0:f) = YI0;(X"0:f)
XT(0;(Y") 0 f + Y'0;0:if) — Y7 (0;( X0 f + X'0;0; f)
= (XV9;Y'" — Y90, X0 f + X'Y'0,0:f — Y'X'0,0; f
_xivi (90, f — 00, f)
—_———

0

= (XI9;Y'—Y79,X")0;f , (A.1.5)

which is indeed a homogeneous first order differential operator. Here we have
used the symmetry of the matrix of second derivatives of twice differentiable
functions. We note that the last line of (A.1.5) also gives an explicit coordinate
expression for the commutator of two differentiable vector fields.

A.2 Raising and lowering of indices

Let g be a symmetric two-covariant tensor field on M, by definition such an
object is the assignment to each point p € M of a bilinear map g(p) from
T,M x T,M to R, with the additional property

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

In this work the symbol g will be reserved to non-degenerate symmetric two-
covariant tensor fields. It is usual to simply write g for g(p), the point p being
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implicitly understood. We will sometimes write g, for g(p) when referencing p
will be useful.

The usual Sylvester’s inertia theorem tells us that at each p the map g will
have a well defined signature; clearly this signature will be point-independent
on a connected manifold when ¢ is non-degenerate. A pair (M, g) is said to be a
Riemannian manifold when the signature of ¢ is (dim M, 0); equivalently, when
g is a positive definite bilinear form on every product T, M xT,M. A pair (M, g)
is said to be a Lorentzian manifold when the signature of g is (dim M — 1,1).
One talks about pseudo-Riemannian manifolds whatever the signature of g,
as long as ¢ is non-degenerate, but we will only encounter Riemannian and
Lorentzian metrics in this work.

Since ¢ is non-degenerate it induces an isomorphism

b:TpM—>T;M

by the formula

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

In local coordinates this gives
X, = g;; X'd2? =: X;da? . (A.2.1)

This last equality defines X; — “the vector X J with the index j lowered”:

X, =g X7 |. (A.2.2)

The operation (A.2.2) is called the lowering of indices in the physics literature
and, again in the physics literature, one does not make a distinction between
the one-form X, and the vector X.

The inverse map will be denoted by § and is called the raising of indices;
from (A.2.1) we obviously have

af = gijaiaj = a’@- <= da:i(aﬁ) = 7
where g% is the matrix inverse to g;;. For example,
(da')* = g™, .

Clearly ¢*/, understood as the matrix of a bilinear form on Ty M, has the same
signature as ¢, and can be used to define a scalar product g* on Ty (M):

ga.f) = g(of, ) = e’ da’) = g7 .
This last equality is justified as follows:
Ydat, da?) = g((dz®)?, (da?)?) = g(g* oy, ¢7° D) = ¢'* 3= it = 41
9% ) = g((dz"), (dz?)*) = g(g" O, g e)gg(ceg 9" =g
=i

It is convenient to use the same letter ¢ for g¥ — physicists do it all the time
— or for scalar products induced by g on all the remaining tensor bundles, and
we will sometimes do so.
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A.3 Lie derivatives (to be done)

A.4 Covariant derivatives

When dealing with R™, or subsets thereof, there exists an obvious prescription
how to differentiate tensor fields: we have then at our disposal the canonical
trivialization {; }i=1, ., of TR", together with its dual trivialization {dz’},—1
of T*R™. We can expand a tensor field T" of valence (k, £) in terms of those bases,

T = Til"'ikjl._.jzail X...R 8% () dzt ®X...® dazlt
<~ 712’1"'7;16]'1‘_.]‘Z = T(dl’il, RN dl‘ik, 8]-1, R ,8]»4) , (A41)
and differentiate each component 7% jr1...jo of T separately:
X(T) := X0;(T"%, ;)0 @...00;, ®dr’" @...®dx'" . (A.4.2)

The resulting object does, however, not behave as a tensor under coordinate
transformations: as an example, consider the one-form 7' = dx on R"™, which
has vanishing derivative as defined by (A.4.2). When expressed in spherical
coordinates we have

T = d(pcosp) = psin pdp + cos pdp

the partial derivatives of which are non-zero, both with respect to the original
cartesian coordinates (z,y) and to the new spherical ones (p, ¢). The notion of
a covariant derivative, sometimes also referred to as a connection, is introduced
precisely to obtain a notion of derivative which has tensorial properties. By
definition, a covariant derivative is a map which to a vector field X and a
tensor field T assigns a tensor field of the same type as T, denoted by VxT,
with the following properties:

1. VxT is linear with respect to addition both with respect to X and T"

VxivT =VxT+VyT, Vx(T-f—Y):VxT-f—VXs, (A.4.3)

2. VxT is linear with respect to multiplication of X by functions f,

VixT = fVxT, (A.4.4)

3. and, finally, Vx T satisfies the Leibniz rule under multiplication of T by
a differentiable function f:

Vx(fT) = fVxT + X(f)T . (A.4.5)

It is natural to ask whether covariant derivatives do exist at all in general and,
if so, how many of them can there be. First, it immediately follows from the
axioms above that if D and V are two covariant derivatives, then

A(X,T) = DxT — VxT
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is multi-linear both with respect to addition and multiplication by functions
— the non-homogeneous terms X (f)7T in (A.4.5) cancel out — and is thus a
tensor field. Reciprocally, if D is a covariant derivative and A(X,T") is bilinear
with respect to addition and multiplication by functions, then

VxT := DxT + A(X,T) (A.4.6)

is a new covariant derivative.

We note that the sum of two covariant derivatives is not a covariant deriva-
tive. However, conver combinations of covariant derivatives, with coeflicients
which may vary from point to point, are again covariant derivatives. This re-
mark allows one to construct covariant derivatives using partitions of unity:
Let, indeed, {0;};en be an open covering of M by coordinate patches and let
; be an associated partition of unity. In each of those coordinate patches we
can decompose a tensor field 7" as in (A.4.1), and define

DxT .= Z<pin8j(Til'“ikjl,,,jl)ai ®...Q alk (%9 dait R...Q® dae (A47)

This procedure, which depends upon the choice of the coordinate patches and
the choice of the partition of unity, defines one covariant derivative; all other
covariant derivatives are then obtained from D using (A.4.6). Note that (A.4.2)
is a special case of (A.4.7) when there exists a global coordinate system on
M. Thus (A.4.2) does define a covariant derivative. However, the associated
operation on tensor fields will not take the simple form (A.4.2) when we go to
a different coordinate system {y'} in general.

As an illustration, let us describe all possible covariant derivatives on func-
tions: first, it is straightforward to check that the assignment

(X, f) — X(f) (A.4.8)

is a covariant derivative. It then follows that prescribing a covariant derivative
on functions is equivalent to prescribing a field v of one-forms with

Vxf=X(f)+rX)f. (A.4.9)

Clearly, any one-form
Y(X) =Vx1

determines a unique covariant derivative on functions by (A.4.9). We are free
to choose ~ arbitrarily, and each covariant derivative on functions is uniquely
determined by some . For functions the generalization obtained by adding a
~ piece is not very useful, and throughout this work only the covariant deriva-
tive (A.4.8) will be used for functions. The addition of a lower order term
in V becomes, however, a necessity when one wishes to construct tensors by
differentiation of tensors other than functions.

The simplest next possibility is that of a covariant derivative of vector fields.
We will first assume that we are working on a set {2 C M over which we have a
global trivialization of the tangent bundle T'M; by definition, this means that
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there exist vector fields e,, a = 1,...,dim M, such that at every point p € €2 the
fields e, (p) € T,M form a basis of T,M.? Let 0 denote the dual trivialization
of T* M — by definition the 6%’s satisfy

0a(eb) = (Sg .

Given a covariant derivative V on vector fields we set

I (X) :=0"(Vxer) <= Vxep= I'}(X)eq, (A.4.10a)
]Fabc = T%(e.) = 04(V,,ep) \ — Vye,=T%X,. (A.4.10b)

The (locally) defined) functions I'%,. are called connection coefficients. If {es}
is the coordinate basis {9, } we shall write

¥y i= dzt(Vg,00) ( — V0, = rf’uuag) , (A4.11)

ete. In this particular case the connection coefficients are usually called Christof-
fel symbols. We will sometimes write I'} instead of I',,. By using the Leibniz
rule (A.4.5) we find

VxY = Vx(Y,)
= X(Y%e, +Y*Vxe,
= X(Y%eq+ YT (X)ey
(X (V) +T%(X)Y")eq
(X(Y?) +T%Y X e, , (A.4.12)

which gives various equivalent ways of writing VxY. The (perhaps only locally
defined) I'%)’s are linear in X, and the collection (I'%)q p=1,....dim M 1S sometimes
referred to as the connection one-form. The one-covariant, one-contravariant
tensor field VY is defined as

VY := V., Y07 ® ey <= V,Y? := 0°(V,,Y) <= |V, Y = ¢, (YY) + Tb, V.
(A.4.13)
We will sometimes write V, for V. Further, V,.Y? will sometimes be written
as Yb;a. It should be stressed that the notation V,Y? does not mean the action
of a derivative operator V, on a component Y of a vector field (as would have
been the case if the Y%’s were treated as functions, as in (A.4.9)), but represents
the tensor field VY as in (A.4.13).
Suppose that we are given a covariant derivative on vector fields, there is
a natural way of inducing a covariant derivative on one-forms by imposing the
condition that the duality operation be compatible with the Leibniz rule: given
two vector fields X and Y together with a field of one-forms « one sets

[(Vxa)(Y) = X(a(Y)) — a(VxY)]. (A.4.14)

!This is the case when € is a coordinate patch with coordinates (z'), then the
{€a}ta=1,....dim M can be chosen to be equal to {0;}q=1,.. dimm. Recall that a manifold is
said to be parallelizable if a basis of TM can be chosen globally over M — in such a case 2
can be taken equal to M. We emphasize that we are not assuming that M is parallelizable,
so that equations such as (A.4.10) have only a local character in general.
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Let us, first, check that (A.4.14) defines indeed a field of one-forms. The lin-
earity, in the Y variable, with respect to addition is obvious. Next, for any
function f we have

(Vxa)(fY) = X(a(fY)) —a(Vx(fY))
= X(NaY) + X (aY)) - a(X(f)Y + [VxY)
= f(Vxa)(Y),

as should be the case for one-forms. Next, we need to check that V defined by
(A.4.14) does satisfy the remaining axioms imposed on covariant derivatives.
Again multi-linearity with respect to additions is obvious, as well as linearity
with respect to multiplication of X by a function. Finally,

Vx(fa)(Y) = X(faY)) = fa(VxY)
= X(Na¥)+ f(Vxa)(Y),

as desired.
The duality pairing

TiM x T,M 3 (o, X) — a(X) €R

is sometimes called contraction. As already pointed out, the operation V on
one forms has been defined in (A.4.14) so as to satisfy the Leibniz rule under
duality pairing:

X)) =(Vxa)(Y)+ a(VxY); (A.4.15)
this follows directly from (A.4.14). This should not be confused with the Leib-
niz rule under multiplication by functions, which is part of the definition of
a covariant derivative, and therefore always holds. It should be kept in mind
that (A.4.15) does not necessarily hold for all covariant derivatives: if "V is
some covariant derivative on vectors, and /V is some covariant derivative on
one-forms, in general one will have

X(a(Y)) # (Vx)a(Y) + a("VxY) .

Using the basis-expression (A.4.12) of VxY and the definition (A.4.14) we
have
Vxa = X%V, ap6° ,

with
- (V)@
= ea(a(er)) — a(Ve,e)

eq(ap) — TChq0c| .

It should now be clear how to extend V to tensors of arbitrary valence: if
T is r covariant and s contravariant one sets

(VD) (X1, Xy ur, . ag) = X<T(X1, X an,. ..as))
—T(VXXl,... ,XT,OQ,...O(S) — .. —T(Xl,...,VXXT,Oél,...CYS)
—T(Xl,...,XT,VXal,...as) e —T(Xl,...,Xr,al,...VonS) .

(A.4.16)
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The verification that this defines a covariant derivative proceeds in a way iden-
tical to that for one-forms. In a basis we have

VxT = XVoTu. 0,20 @ ... 00 Qep, @... e, ,
and (A.4.16) gives
Valu,..a 0 = (Ve,T)(€ay, -, ea.,0,...,0%)
_ bi..bs\ _ TC bibs T bi...bs
= 6a(Ta1...aT ) T alaTc...ar ...—T araTal..‘c
s L L R, L (A.4.17)

Carrying over the last two lines of (A.4.16) to the left-hand-side of that equation
one obtains the Leibniz rule for V under pairings of tensors with vectors or
forms. It should be clear from (A.4.16) that V defined by that equation is
the only covariant derivative which agrees with the original one on wvectors,
and which satisfies the Leibniz rule under the pairing operation. We will only
consider such covariant derivatives in this work.

A.4.1 Torsion

Let V be a covariant derivative defined for vector fields, the torsion tensor T
is defined by the formula

T(X,Y):=VxY - VyX - [X,Y]], (A.4.18)
where [X,Y7] is the Lie bracket defined in (A.1.4). We obviously have
T(X,Y) = -T(Y, X). (A.4.19)

Let us check that T is actually a tensor field: multi-linearity with respect to
addition is obvious. To check what happens under multiplication by functions,
in view of (A.4.19) it is sufficient to do the calculation for the first slot of 7'
We then have

T(fX,Y) = VixY —Vy(fX)—-[fX,Y]
_ f(VXY—VyX> —Y(H)X - [fX,Y]. (A.4.20)

To work out the last commutator term we compute, for any function g,

[fX,Y](g) =fX(Y(9)— Y(fX(9) =/[fIX.Yl(9)-Y()X(9),
—_———
=Y (f)X(9)+fY(X(9))
hence
[FX,Y] = [IX.Y] - V()X . (A4.21)

and the last term here cancels the undesirable before-last term in (A.4.20), as
required.
In a coordinate basis 0, we have [0,,0,] = 0 and one finds from (A.4.11)

Ty :=T(0u,00) = T, —T9)05 |, (A.4.22)

which shows that — in coordinate frames — T is determined by twice the
antisymmetrization of the I'?,,,’s over the lower indices. In particular that last
antisymmetrization produces a tensor field.
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A.5 Curvature

Let V be a covariant derivative defined for vector fields, the curvature tensor
is defined by the formula

R(X,Y)Z :=VxVyZ - VyVxZ - VixyZ|, (A.5.1)

where, as elsewhere, [X,Y] is the Lie bracket defined in (A.1.4). We note the

anti-symmetry

R(X,Y)Z = —R(Y,X)Z . (A.5.2)

Multi-linearity with respect to addition is obvious, as before; multiplications by
functions require more work. First, we have (see (A.4.21))

R(fX,Y)Z

Next,

R(X,Y)(f2) =

VvaYZ — VYVfXZ - V[fX,Y}Z
= fVXVYZ - Vy(fVxZ) = Vixy-v(HxZ

=fVixyv)Z-Y(f)VxZ

= fR(X,Y)Z.

VxVy(fZ) = VyVx(fZ) = Vixy|(fZ)
(er(rinr e} (-
—[X,YI()Z - fVixy)Z

{X(Y(f))Z+Y(f)VxZ iX(f)VyZ -l—fVXVyZ} - { .. }
b

XY

XY

—[X,YI(N)Z ~fVixyZ -
————

C

Now, a together with its counterpart with X and Y interchanged cancel out
with ¢, while b is symmetric with respect to X and Y and therefore cancels out
with its counterpart with X and Y interchanged, leading to the desired equality

R(X,Y)(fZ) = fR(X,Y)Z.

In a coordinate basis {e,} = {8,} we find? (recall that [9,,d,] = 0)

Raﬂ%

(dz®, R(Dy,05)0p)
= (dz®,V,Vs05) — (- )sry
(dz®, V(T 8505)) — (- )y
= (dx®,0,(1735)05 + P65, 17 350,) — (- )50y
= {015 + %8s} — {- - }sey

2The reader is warned that certain authors use a different sign convention either for
R(X,Y)Z, or for R*,s, or both. A useful table that lists the sign conventions for a se-
ries of standard GR references can be found on the backside of the front cover of [83].
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leading finally to

’Raﬁ,y(s = a’yraﬂé — 85Fa57 + 1%, 1785 — I'5617 g4 ‘ . (A.5.3)

In a general frame some supplementary commutator terms will appear in the
formula for R%p.q.

Equation (A.5.1) is most frequently used “upside-down”, not as a definition
of the Riemann tensor, but as a tool for calculating what happens when one
changes the order of covariant derivatives. Recall that for partial derivatives
we have

0,0,2° = 8,0,2° ,

but this is not true in general if partial derivatives are replaced by covariant
ones:

V.V, 27 £V, N, Z7 .

To find the correct formula let us consider the tensor field S defined as
Y — SY):=VyZ.

In local coordinates, S takes the form
S=V,2"da" ® 0, .

It follows from the Leibniz rule — or, equivalently, from the definitions in
Section A.4 — that we have

(Vx9HY) = Vx(5(Y)) - S(VxY)
= VxVyZ— VvaZ .

The commutator of the derivatives can then be calculated as

(Vx9S (Y) = (Vy9S)(X) = VxVvZ-VyVxZ—-VvwwZ+Vv,xZ
= VxVyZ -VyVxZ— V[Xy]Z
+V[X7Y]Z —VyyvZ +Vy,x2Z
= R(X,Y)Z - VT(X,Y)Z . (A.5.4)

Writing VS in the usual form
VS =V,S8,"dz’ @ da" ® 0, = VsV, 2" dz @ da' ® 0, ,
we are thus led to
V.V, 2% -V, NV, Z% = R, Z° =T W Z" . (A.5.5)

In the important case of vanishing torsion, the coordinate-component equivalent
of (A.5.1) is thus

V.V, X*—V,V,X* = R%,,X°]. (A.5.6)
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An identical calculation gives, still for torsionless connections,
V.Vyaq —V,Vyaa = =R gt - (A.5.7)

For a general tensor ¢ and torsion-free connection each tensor index comes with
a corresponding Riemann tensor term:

ViViltar. a5 = V¥ utay o0 Ps =

—Rgalwtgmarﬁl“ﬂs —-...

R ton 0T 4 Rt (A.5.8)



202APPENDIX A. SOME ELEMENTARY FACTS IN DIFFERENTIAL GEOMETRY

A.5.1 Bianchi identities

We have already seen the anti-symmetry property of the Riemann tensor, which
in the index notation corresponds to the equation

R%gys = —R%35 - (A.5.9)

There are a few other identities satisfied by the Riemann tensor, we start with
the first Bianchi identity. Let A(X,Y,Z) be any expression depending upon
three vector fields X, Y, Z which is antisymmetric in X and Y, we set

Y AX)Y,Z):=AX,Y,Z)+ A(Y, Z,X) + A(Z,X,Y) , (A.5.10)

(XY Z]
thus Z[ XY 2] is a sum over cyclic permutations of the vectors X,Y, Z. Clearly,
Y AXY,Z)= > AY.Z,X)= Y AZX)Y). (A.5.11)

(XY Z] (XY Z] (XY Z]

Suppose, first, that X, ¥ and Z commute. Using (A.5.11) together with the
definition (??) of the torsion tensor T we calculate

S RXY)Z = Y (VvaZ—VYsz)
(XY Z] (XY Z]
> (vayZ ~Vy  (VzX +T(X, 2)) )
(XY Z]

we have used [X,Z]=0, see (77?)

= Y VxWZ- ) WVzX— Y Vy(T(X,2))

(XY Z] (XY Z] XY Z] — 1 zx)
=0 (see (A.5.11))
= Z Vx(T(Y,2))

(XY Z]

and in the last step we have again used (A.5.11). This can be somewhat re-
arranged by using the definition of the covariant derivative of a higher or-
der tensor (compare (A.4.16)) — equivalently, using the Leibniz rule rewritten
upside-down:

(VXT)(Y, Z) = Vx(T(Y, Z)) ~ T(VxY, Z) — T(Y,VxZ) .

e A.5.1: ptc:there is a ThlS leads tO.A51

sign wrong in the

whole calculation Z VX (T(K Z)) — Z ((VXT) (}/’ Z) - T(VXK Z) - T(K VXZ ))
(XY 2] (XY Z) =T(X,2)+V zX
— Z ((VXT)(Y, Z)+T(T(X, Z)vY))
7 =
- Y T(VxY,Z2)- Y T(Y,V;X)
(XY Z] XYZl __pv,x,v)

=0 (see (A.5.11))
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= 3 (vxnv2) -1, 2)
(XY Z]

Summarizing, we have obtained the first Bianchi identity:

Y RxY)Z=Y ((VXT)(Y, Z) — T(T(X, Y),Z)) . (A5.12)
(XY Z] (XY Z]

under the hypothesis that X, Y and Z commute. However, both sides of this
equation are tensorial with respect to X, Y and Z, so that they remain correct
without the commutation hypothesis.

We are mostly interested in connections with vanishing torsion, in which
case (A.5.12) can be rewritten as

R%5 + R 58 + R%3,6 = 0. (A.5.13)

Our next goal is the second Bianchi identity. We consider four vector fields
X.,Y, Z and W and we assume again that everybody commutes with everybody
else. We calculate

S VkRM W) = 3 (0 TxW VW -VxV VW)
—_——
(XY Z] XYZ]  —R(X,Y)VzW+VyVxVzW

= > R(X,Y)VzW

(XY Z]
+ Y VyVxVaW = > VxVzVyW
(XY Z] (XY Z]
-0
(A.5.14)
Next,
S (VxR ZW = 3 (Vx(R(Y, Z)W) — R(VxY, )W
XY Z] XY Z]
“R(Y, VxZ )W —R(Y. Z)VXW)
—~—
=VzX+T(X,Z)
= > Vx(R(Y,2)W)
(XY Z]
= Y R(VxY,Z)W - > R(Y,VzX)W
(XY Z] XY 2] pwaxy)w

=0
-y (R(Y, T(X,Z))W + R(Y, Z)VXW)
(XY Z]
- ¥ (VX(R(Y, ZYW) — R(T(X,Y), Z)W — R(Y, Z)VXW) .
(XY Z]
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It follows now from (A.5.14) that the first term cancels out the third one, leading
to
ST (VxR)(Y,2)W =~ > R(I(X,Y),2)W, (A.5.15)
(XY Z] (XY Z]

which is the desired second Bianchi identity for commuting vector fields. As
before, because both sides are multi-linear with respect to addition and multi-
plication by functions, the result remains valid for arbitrary vector fields.

For torsionless connections the components equivalent of (A.5.15) reads

R gy + B pysip + R upyis = 0‘ : (A.5.16)

A.5.2 The Levi-Civita connection

One of the fundamental results in pseudo-Riemannian geometry is that of ex-
istence of a torsion-free connection which preserves the metric:

THEOREM A.5.1 Let g be a two-covariant symmetric non-degenerate tensor
field on a manifold M. Then there exists a unique connection V such that

1. Vg=0,
2. the torsion tensor T of V wvanishes.

PROOF: Let us start with uniqueness. Suppose, thus, that a connection satis-
fying the above is given, by the Leibniz rule we then have for any vector fields
X,Y and Z,

0=(Vxg)(Y.2) = X(9(Y,2)) —g(VxY,Z) = g(Y,VxZ) . (A.5.17)

One then rewrites the same equation applying cyclic permutations to X, Y,
and Z, with a minus sign for the last equation:

+9(VxY, Z)+9(Y,VxZ) = X(g(Y,2)),
+9(VyZ,X)+9(Z,VyX) = Y(9(Z X)),
—9(VzX,Y)—g(X,VzY) = —Z(g9(X, Y)) . (A.5.18)

As the torsion tensor vanishes, the sum of the left-hand-sides of these equations
can be manipulated as follows:

9(VxY,2) +g(Y,VxZ)+ g(VyZ,X) + g(Z,VyX) = g(V2zX,Y) — g(X,VzY)
=g(VxY+Vy X, Z)+g(Y,VxZ —VzX)+g(X,VyZ - VzY)

=g(2VxY - [X,Y], Z) + g(Y,[X, Z]) + (X, [Y, Z])

=29(VxY,Z) — g([X,Y], Z) + g(Y, [X, Z]) + g(X,[Y, Z]) .

This shows that the sum of the three equations (A.5.18) can be rewritten as

QQ(VXKZ) = g([X,Y],Z)—g(Y,[X,Z])—g(X,[KZ])
+X (Y, 2)+Y(9(Z, X)) — Z(g(X,Y)) . (A.5.19)
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Since Z is arbitrary and g is non-degenerate, the left-hand-side of this equation
determines the vector field VxY uniquely, and uniqueness of V follows.

To prove existence, let S(X,Y)(Z) be defined as one half of the right-hand-
side of (A.5.19),

SXYNZ) = (X0, 2) + Y (9(Z, X)) ~ Z(a(X.Y))
+9(2,[X,Y]) = g(Y, [X, Z]) - g(X, [, Z])) (A.5.20)

Clearly S is linear with respect to addition in all fields involved. It is straightfor-
ward to check that it is linear with respect to multiplication of Z by a function,
and since g is non-degenerate there exists a unique vector field W(X,Y) such
that

S(X,Y)(Z) = g(W(X,Y), 2).

One readily checks that the assignment
(X,Y) - W(X,Y)
satisfies all the requirements imposed on a covariant derivative VxY. O
Consider (A.5.19) with X = 0,, Y = 0g and Z = 0,
29(V105,05) = 29(I"p,0p,05)

= 29ps1" sy

= a“/gﬁcr + 8ﬂgva - acrgﬁ'y
Multiplying this equation by g“?/2 we then obtain

%5y = 59°7{08907 + 01908 — Orgr} |- (A.5.21)

There is one more identity satisfied by the curvature tensor which is specific
to the curvature tensor associated with the Levi-Civita connection, namely

9(X, R(Y, )W) = g(Y, R(X, W) Z) . (A.5.22)
If one sets
’Rabcd = GaeR%cd |, (A.5.23)
then (A.5.22) is equivalent to
Rabcd = Rcdab . (A524)

In order to prove (A.5.22) it is convenient to first establish some preliminary
results, which are of interest on their own:

PRrROPOSITION A.5.2 1. Let g be a continuous Lorentzian metric, for every p €
M there exists a neighborhood thereof with a coordinate system such that g, =
N = diag(—=1,4+1,---,+1) at p.

2. If g is differentiable, then the coordinates can be further chosen so that

Oap =0 (A.5.25)

at p, while preserving the degree of differentiability of g.
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REMARK A.5.3 The properties spelled-out above do of course hold in the nor-
mal coordinates discussed in Section 4.2. However, the introduction of normal
coordinates does lead to a loss of differentiability of the metric.

PROOF: 1. Let y* be any coordinate system around p, and let e, = e,*9/Iy*
be any frame at p such that g(eq,ep) = 14, — such frames can be found by,
e.g., a Gram-Schmidt orthogonalisation. Calculating the determinant of both
sides of the equation

g,uuezzueby = Tab
we obtain

det(g,) det(eg")? = -1,

which shows that det(e,*) is non-vanishing. It follows that the formula
y,u =el'ga”

defines a (linear) diffeomorphism. In the new coordinates we have at p

g<52a’ £gb) = e“ae”bg<a§w (9?8!”) = Nap - (A.5.26)

2. Let xz* be the coordinates described in point 1., shifting by a constant
if necessary one can without loss of generality assume that p lies at the origin
of those coordinates. The new coordinates z® will be implicitly defined by the
equations

1
oh = 21 iAuaﬁzaZﬂ ,

where A* .3 is a set of constants, symmetric with respect to the interchange of
o and 3. Set

0 8),

g;g::g(@,@ o 9 )

Gap = g(f?xa’ 928
Recall the transformation law

ox® 9P
/ oy P 0
.gp,y(z ) gaﬁ(x (Z )) 82“ 821/ :

By differentiation one obtains at «# = z# = 0,

aglu 89 v a o
TL0) = S(0) + g (0) (A0 + 6747, )
o
- 8;;) (0) + AVMP + Aul/p ) (A527)

where
Aaﬁv = gaa(O)AUﬁv :

It remains to show that we can choose A%g, so that the left-hand-side can
be made to vanish at p. An explicit formula for A;3, can be obtained from
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(A.5.27) by a cyclic permutation calculation similar to that in (A.5.18). After
raising the first index, the final result is

o _ 1 ., [098y Ogsp 0Ogpy .
AﬁV_Qgp{GxP_BxV_axﬁ ©0);

the reader may wish to check directly that this does indeed lead to a vanishing
right-hand-side of (A.5.27). O

We are ready now to pass to the proof of (A.5.24). We suppose that the
metric is twice-differentiable, by point 2. of Proposition A.5.2 in a neighborhood
of any point p € M there exists a coordinate system in which the connection
coefficients I'* g, vanish at p. Equation (A.5.3) evaluated at p therefore reads

Raﬁwé = 87F°‘/35—85F°‘57

1
= = {90‘037(35905 + 08956 — 0s985)

2
_gaaaé(avgaﬁ + 06907 - 80957)}
1
= 590‘0 {(%%Qaa — 0405985 — 050890y + 050593~ } :
Equivalently,
1
Ropy5(0) = 5{3785905 — 0405985 — 050390~ + 8580%}(0) (A.5.28)

This last expression is obviously symmetric under the exchange of o3 with ~d,
and (A.5.24) follows.

A.5.3 Further algebraic identities?

*A5.2 A natural question is whether there are any further identities satisfiedea.s.2: pte:new

by the curvature tensor, or by its derivatives, in addition to those that we have
established so far. We start with the following?:

PROPOSITION A.5.4 Letp € M and let py 0 be a tensor at p with all the sym-
metries of the Riemann tensor, then there exists a pseudo-Riemannian metric
g for which p,,s equals the curvature tensor of g at p.

PROOF: Let g be given by the formula
Juv = M + A;wpaxpxg . (A.5.29)

Here 7, is a diagonal matrix with entries plus or minus on the diagonal, as
appropriate for the signature at hand, while A is a set of constants. We clearly
want A to be symmetric in its first two and in its last two indices. Formula
(A.5.28) applies and gives

Ry316(0) = Agsys — Agsyo — Aoryép + Apyéo - (A.5.30)

30ur treatment of the problems that arise here is based on results that can be found in
[104] and [84].

material, to be paper
reread
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It turns out to be convenient to impose a further condition as follows: define

= {Aaprs | Aappye = Aappye] = Aa(aye) = 0} - (A.5.31)

At this stage the reader might think of the last condition in the definition of
o as of an ansatz; its origin will become clear in Section A.5.4 below, cf. the
comments following Proposition A.5.13. In order to establish Proposition A.5.4
we need to prove that any tensor with the symmetries of the Riemann tensor
can be obtained from some A € . So define

Ko = {paprs | Papys = Pap(x6) = Palts] = Papys — Pyoap =0} . (A.5.32)

Let @y denote the map defined by the right-hand-side of (A.5.30), we have the
following;:

LEMMA A.5.5 The map
ah > A — (I)()(A)ag,},g = Aa&ﬁ’y — Aa755 + Ag,yag — Agga.y (A.5.33)

is a bijection from <ty to Xo. Its inverse is given by

1
\Ijo(p)aﬂvé = _g(po«yﬁé + pa(sm) . (A.5.34)

REMARK A.5.6 For further purposes it is useful to derive a somewhat simpler
form of (A.5.33). We start by noting that the identity A, g5 = 0 is, in view
of the symmetry of A in its last two indices, equivalent to

Aapns + Aarss + Aasiy = 0, (A.5.35)
which can also be written as
Aapys = —240(v6)8 - (A.5.36)
It follows that the first two terms in (A.5.33) can be rewritten as

Aaspy  —Aayss = —2A0r58 — Aapys -
——

=—Aaysp—Aapys
An identical calculation for the last two terms in (A.5.33) gives
Apyas — Apsay = —2Agsay — Apasy -
Adding one obtains an alternative formula, where only additions are performed:
Do (A)apys = —2(Agsay + Agasy + Aavss) - (A.5.37)

Equation (A.5.35) shows that the first two terms add up to minus Ag, 4, leading
to an equation which only involves two terms

q)O(A)aB'yé = 2(1467504 - Aowéﬁ) . (A'5'38)
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PrROOF OF LEMMA A.5.5: We will work directly with (A.5.33), we leave it

as an exercise to the reader to obtain a simpler proof based on (A.5.38).°A'5'3

eA.5.3 pte:Tamnot  Lhe property that &y maps o into %y follows immediately from the facts
s sense ™ that a) (A.5.28) has been obtained by calculating the curvature tensor of some
metric, and b) that Z, has been defined precisely by using the symmetries of

the Riemann tensor that we have derived so far. (It is in any case a simple

exercice to verify directly that ®(%) C Zy.) To prove bijectivity we need to

verify that the map ¥o of (A.5.91) equals ;. Indeed:
1. Wo(p)apys is clearly symmetric in v and §;

2. It is also symmetric in o and 3:

1
Vo(P)agys = =5 (Parss + passy) = Yo(p)sars

=PpBryas

3. The symmetrisation constraint holds because p is anti-symmetric in its
last two indices:

1
Vo (p)a(sys) = _6(/)04(7,85) + Pa(spy)) = 0.

=0 =0
AS for (bo ¢} ‘IIO7 we have.A'5'4 e A.5.4: ptc:the proof
would be simpler with
1 the new form?
(00 Wo)(Papys = _6{(004&57 + Pays + Ppons T Ppoya) =7 < 0 }
—— =
=PaBsy =Pa~spB
1
= _g{(paﬁéﬁ/ + payéﬁ) - 5}
1
= _§(2Poaﬁ§v + Parsp = PasyB ) - (A.5.39)
——

=—PadéBy

Using the cyclic identity the last two terms add up to pagsy, Wwhich shows
that W is a right inverse for ®g. We note that this suffices for the proof of
Proposition A.5.4. However, to finish the proof of the current lemma it remains
to show that the composition in the reverse order also produces the identity.
This could be done by counting dimensions; instead, we calculate directly. We
will need an identity which is derived as follows: applying (A.5.35) twice we

have
Aﬂ&l’}’ = - Aﬁcwé _Aﬂ'yéa
——
:Aaﬁ'yé
= Ao,ygﬁ + Aaéﬂ’y — Aﬁfwa (A.5.40)
It follows that
1
(T o ®p)(A)arss = _g{(Aaéﬁv — Aayss + Apyas — ABsary )+ B0 }
——

replace using (A.5.40)
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1

= —6{(_2Aa756 +2A48ya5) + 8 < 5}

1
=~ ("4 ayss + 44 (5)0) = Aarps -

=—24,,35
a

Proposition A.5.4 follows now by taking g to be of the form (A.5.29) with
A= Ty(p). U

The bijectivity part of Lemma A.5.5 gives the following result:

eA.5.5: ptesis this up o PROPOSITION A.5.7 For any p € %o there ewists a unique®3-9-5 metric of
something? the form (A.5.29) with A € <, where < is defined by (A.5.31), such that
Riem(0) = p.

We shall say that a tensor X, calculated out of the metric and its derivatives,
is freely prescribable at a point if there exists a metric g such that for any value
of X there exists a metric g such that X = ¢(0). Proposition A.5.4 can be
restated as

PROPOSITION A.5.8 (Thomas [104]) Any p € Zy is freely prescribable at a
point.

In Thomas’s terminology [104], Proposition A.5.8 is phrased as the property
that the identities appearing in the definition of %y form a complete set of
identities.

To get further insight into the structure of the Riemann tensor, let us start
by observing that

PRrROPOSITION A.5.9 The collection of components
{Ragap (no summation )}a<p (A.5.41)
is freely prescribable at a point.

ProOOF: Clearly no non-trivial permutation of o and 3 can take one element
from this collection into another, similarly for symmetry under the exchange of
the first pair with the second pair. Finally the cyclic identity for such elements
reads
Raﬂa,@ + Raaﬁﬁ +Ra,35a =0 )
——
=0
which simply reflects the anti-symmetry of the Riemann tensor in the last two

indices, and therefore does not impose any constraint on the collection (A.5.41).
O

In dimension one the Ricci scalar vanishes, as well as the whole curvature
tensor. In higher dimensions we have:

PrROPOSITION A.5.10 In dimensions n > 1 the Ricci scalar is freely prescribable
at a point.
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Proor: We have

R=> R¥.5=2> R4, (A.5.42)
afl a<f

thus R is a linear combination of independent objects freely prescribable at a
point, and hence also freely prescribable at a point. O

Consider, next the Ricci tensor. In dimension two it is not freely prescrib-
able: indeed, in this dimension the only non-trivial component of the Riemann
tensor is

€
Rio12 = iR (A.5.43)

(which has actually already been shown to be freely prescribable at a point),
with ¢ = +1 depending upon the signature of g; to obtain (A.5.43) we are
assuming that the metric g is diagonal with entries +1 on the diagonal. In
other words, the symmetry properties of elements of % in dimension two imply
that every other component of the Riemann tensor is proportional to Ri212, or
vanishes. Define, then, a tensor field D by the formula

R
Dijri = Rijii — E(gz‘kgjl — Gigjk) -

It has all the symmetries of the Riemann tensor, with D19 = 0. It follows
that D vanishes, which shows that in dimension two we necessarily have

R
Rijin = 3 (9ingjt — 9irgin) - (A.5.44)
This implies
R
Rij = 5 9ij (A.5.45)

which is of rather special form, clearly not freely specifiable.
In order to analyse the Ricci tensor in dimensions n > 2 it is convenient to
define the following tensor:

1

R
Pop = —" (Raﬁ - mgoﬁ) : (A.5.46)

One then defines the Weyl tensor by the formula
Casys = Rapys — 9oy Pss + 9as Py — 985 Pary + 98y FPas - (A.5.47)
The definition of P has been tailored so that
C%Bay =0, (A.5.48)

which can be checked by a straightforward calculation. (For the purpose for
this calculation it is useful to work out first the trace of (A.5.46), obtaining

o R

The Weyl tensor has useful covariance properties under conformal transfor-
mations, discussed in Section 7?7, which are of no concern to us here.
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It follows directly from (A.5.47) that the Weyl tensor has all the symmetries
of the Riemann one: the anti-symmetry in o and 3, and the symmetry under
the exchange of a8 with «d are clear. Finally each of the last four terms is
symmetric under the permutation of some pair of the indices in the set 54, so
an anti-symmetrisation upon those will necessarily give zero, as desired.

Equation (A.5.46) can be inverted using (A.5.49),

RCVIB = (n - 2)Pa,6 + trnga,B ) (A550)

which shows that the correspondence P < Ric is a bijection. This implies that
P is freely prescribably at a point if and only if the Ricci tensor is.
We are ready now to prove

PROPOSITION A.5.11 In dimensions n > 3 the Ricci tensor is freely prescribable
at a point. The same holds for the Einstein tensor or for the P tensor (A.5.46).

PRrROOF: For any symmetric P consider the tensor

Papys = goz'yPBS - gaépﬁv + gﬁ5Pa’Y - gﬂ'YPa‘s :

As already pointed out it has all the symmetries of the Riemann tensor, p € %y,
and the result follows from Proposition A.5.8. (We note that this argument does
not work in dimension two because of the (n — 2) factor in (A.5.46).) O

The argument just given naturally leads to the question whether the Weyl
tensor is freely prescribable at a point. Let, then, %) be the collection of “Weyl-
tensor-candidates”:

G0 = {Kapys | K(aB)rs = KaB(8) = Kalpys] = Kabys — Frsaf = K" gay = 0} .
(A.5.51)
We have

PRrROPOSITION A.5.12 1. In dimension n = 3 the Weyl tensor vanishes.

2. In dimensions n > 4 both the Weyl tensor and P are freely prescribable
at a point.

PRrROOF: 1. Multiplying g by —1 if necessary, we may without loss of generality
assume that there exists an ON frame such that g;; = € = £1, goo = g33 = 1.
We then have

0=C%a1 = C2121 + C3131
0 = C%q2 = €Ca121 + C3232
0= C%qa3 = €C3131 + C3232 .

This can be written as a matrix equation,
Ci212

1 01
e 1 0 02323 =0.
0 1 € 01313
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The determinant of the matrix above is 2¢, hence all components of the Weyl
tensor which involve only two different indices vanish. Next

0=C%a2=0C3132,

and one similarly shows that all other components of C' that involve three
different indices vanish. Since in dimension three there cannot be four different
indices, the result follows.

2. Let k € 6y and let P by an arbitrary symmetric tensor, repeat the proof
of Proposition (A.5.11) with

Papys = Kapys + JayPss — 9as Pay + 956 Pory — 98y Pas -
0

This gives a rather exhaustive treatment of the properties of the possible
forms of the Riemann tensor at a point.
As promised we pass now to the origin of the last restriction in the definition
of o/, (A.5.31). This will be discussed in the next section.**->-6 *A.5.6: ptesthis remark

might have to be
discarded after
rearrangements

A.5.4 How to recognise that coordinates are normal
e A.5.7

0 A.5.7: pte:Move this
subsection to the

The purpose of this section is to give a few simple necessary and sufficient normai coordinates one
condition for a coordinate system to be normal:

PROPOSITION A.5.13 (Thomas [104]) Let {z*} be a local coordinate system de-
fined on a star shaped domain containing the origin. The following conditions
are equivalent:

1. For every a* € R™ the rays s — sa* are geodesics;
2. TH,5(x)z%aP = 0;

09va
Ozb

4. gaﬂ(l‘)lﬂ = gaﬁ(o)xﬁ'

3. ()2’ = 0;

*A.5.8 Before we pass to the proof of Proposition A.5.13, let us apply it tOea.s.s: pte:this shoutd
the metric (A.5.29): we will have g, 2" = .« if and only if A, ,ca”2Px’ = gz;z’;?fz:zblZef’qun
0. Differentiating three times this is equivalent to A, ). Thus, point 4 of
Proposition A.5.13 shows that the last condition in (A.5.31) is equivalent to the
statement that the coordinates z in (A.5.29) are normal. We emphasise that
while the formula (A.5.30) does not require the normality condition, bijectivity

of the map ®q will be lost if normality is not assumed.
PROOF OF PROPOSITION A.5.13: 1. < 2.: The rays v#(s) = sa* are geodesics
if and only if

dy® dvP

+I" o 5(sa”)
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multiplying by s% and setting z* = sa* the result follows.
3. &4

Gua(27)2% = gua(0)2® = gua(sa”)a® = gua(0)a”

© (ga(sa7)a) = 0
89ua (z7) a..B_
W.’E T = .
2. = 4.: From the formula for the Christoffel symbols in terms of the metric
we have

—

a Ogua 0908\
THog(z)z®a’ =0 (é&;&j>xxﬂzo. (A.5.52)

Multiplying by x* we obtain

09ua(z?) Gon 0gpua(sa”)

d lea «
= o Gua(sa”)a“at) =0

a®aPat =0

Gua(sa®)aa" = gua(0)a®a”
o)z = g0 (0)x“at .
Differentiating it follows that
Ogua(z?)
oxY

Substituting this into the last term in (A.5.52) one obtains

a2 + 2¢y0(27)x = 2¢10(0) .

9940
Oz

This implies that

(27)2%2 + gua(27)2* — gua(0)z® =0 . (A.5.53)

d o o
% (gua(sau)sa - gua(o)sa ) =0,

and the result follows by integration.
3.&4. = 2.: Point 4. implies

gag(:ﬂ)a:axﬁ = gag(O):L‘o‘x’g .

Differentiating one obtains

99ap(27)
oxH

The last two terms are equal by point 4. so that

%P + 29gau(x7)x® = 2g0u(0)z™ .

) 2l
99as(a?) ):L‘O‘:Lﬁ =0.
OxH

This shows that the last term in (A.5.52) vanishes, so does the next-to-last by
point 3., and the proof is complete. O
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A.5.5 Taylor expansions of the metric in normal coordinates

®A.I.
0 A.5.9: ptcithis should A 5.9

go as a subsection of oA .5.10
the normal coordinates :

p g Consider any coordinate system 4 defined around a point p € M. Let x
J{’;fﬁ;iﬁjﬁswme denote the normal coordinates around p, and let e; = Gkiayk- be an ON-frame
equations help here? gt p. On an appropriate subset of the intersection of the domains of definition
of both coordinate systems, the exponential map y(z*) is obtained by solving

the system of ODE’s

d?z (s, z7) ; ¢ L dz™(s,27) dz2" (s, 27)
GET) i (s, 2 : 2 A.5.54
152 (z°(s, 7)) — I ( )
with initial values
: dz"(0, z
2(0,2") =0, z c(ls’x ) _ et (A.5.55)

and then setting
y'(2¥) = 2'(1,2") .

It is a standard fact in the theory of ODE’s that the derivatives dy’/0x* are
obtained by solving the system of equations

292 (s) d » - dz™(s,27) dz2" (s, 27)
Oxk i 14 ) )
= T3z an ) J
ds? axk{ ((s,27)) ds ds }
) A i 07" (s, ) d2"™ (s, 27) dz"(s,27)
B oy" (2 (s, 27)) Ozk ds ds
, %) dz"(s,x7)
—20 (2 (s, 7)) —9= ’ A5,
(= (s, 27)) —° P (A.5.56)
with initial values
, 92 (0,29)
02'(0, z") d=—75
Ok 0, ds €k, ( i) 57)

and then setting
oy’ (z")  0z'(1,a")
oxk — oxzk
Equation (A.5.56) has a natural geometric interpretation which we now derive.
Let (s) be any curve and let Z(s) be any vector field defined along that curve:
by definition, this means that we have Z(s) € T, ;)M . (The collection

UsT (9 M

is sometimes denoted by v*T'M, or by y!'T'M, and is called the pull-back by ~
of the bundle TM.)*A-511 For such vector fields one sets eA.5.11; pte:discard

and/or reword those
comments if pull back

DZZ dZZ i i lfundles a,re discussed
ds (8) = E + P Jk(f)/(s))”yj (S)Zk(s) c T’y(s)M , (A558) somewhere
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giving again a vector field defined along . Equation (A.5.58) looks formally
like V4 Z, but recall that the operation VxY requires ¥ to be a vector field
defined over M, while Z is only defined over ~y; this is the reason why we did not
write it in this way. (The operation D/ds is actually the pull-back to v*T'M
of the connection V, and is a connection acting on sections of the pulled-back
bundle.)

Suppose, now, that we have a one parameter family of geodesics (s, A),
where s is the parameter along the geodesic, and A is a parameter which distin-
guishes the geodesics. (In (A.5.54)-(A.5.55) we actually have an n-parameter
family of geodesics, which reduces to the case here by taking as A any one of
the coordinates x%.) Set

Oy (s, \)

o %

Z = v,0y (equivalently, Z(s,\) =

for each A this defines a vector field Z along (). The vector fields 4 and Z
defined over Ug yv(s, \) commute:

N L S L B _
[Z, 'Y] - |:a)\akv asaz:| - [’y*a)\a’}/*as} = Vx [a>u as] =0.

=0

Since V has no torsion this implies

ViZ =Vz%,
leading to
D?*Z . . . o
—2 (5) = V3V5Z = V5Vzd = V5 V29 = V2 Vs = R(3, 2)5 .
——

=0

We have obtained an equation known as the Jacobi equation, or as the geodesic
deviation equation:

D%z
ds?

(s) = R(¥, 2)7|- (A.5.59)

Solutions of (A.5.59) are called Jacobi fields along .
Now, (A.5.56) coincides with (A.5.59) in a coordinate system in which the
e.5.12: ptesone shoutd Christoffel symbols vanish along ~.*4-5-12 Since (A.5.59) is coordinate indepen-

Justify existence of

such systems dent, lt fOllOWS that the ﬁeldS

B 8zi(57$j)

Zy(s,2%) = ok O (A.5.60)

appearing in (A.5.56), are Jacobi field defined along the geodesics s — sx®.

While the above geometric considerations settle the question, they leave one won-
dering by what magic a single derivative of the Christoffel symbols appearing in
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(A.5.56) has turned into a Riemann tensor. The answer is that the missing deriva-
tive of T' is hidden in the D?/ds? symbol, which may be seen as follows: Iterating
(A.5.58) and assuming that - is a geodesic one finds

D27 D /dZ? i L &
=) = (T AT (9)25(s)
d dZ?

= (T AT (924 ()
azm

T (V)™ () (T + T (1 ()7 (5)24(9))

ds
dQZi 8Fijk 0 . & . v
= _— FZ‘ ’
o7 gy Y (9)25(5) + T (x(s)) ¥(s)
=T (1) ()40 (5)

T ((5))47 () (2%

When Z is one of the fields Z, of (A.5.60) one can use (A.5.56) to replace d>Z*/ds?
in the last line above, and it then suffices to check that all the OI' and I'T" terms
combine to a Riemann tensor as in (A.5.59).

We note that for any X = X'e; € T,M the vector
oy (z")
Oxk

is, by definition of the push-forward operation, the coordinate-equivalent of

(expp(x)> «X .

M

k
X0 €Ty

=capy(z)

We have thus proved:
PRrROPOSITION A.5.14 The fields Y; := (expp(:c)>*ei are given by
Y = Z;(1), (A.5.62)

where the Zi(s)’s are Jacobi fields Z(s) along the geodesic s — sz with initial
values Z;(0) =0, Z;(0) = e;.

As a straightforward corollary we obtain:

PROPOSITION A.5.15 The coordinate components g;; of the metric tensor in a
normal coordinate systems are given by the formula

9ij(x) = 9(Z:i(1), Z;(1)) ,
where Zi(s)‘ is a Jacobi field along the geodesic s — sx' with initial values

PROOF: By definition,
gi(@) = ((expy(@))"9) (@i, 0)
= ((expy@)79) erney)
g ( ( expp(x)> «€is ( expp(x)> *ei>
= 9(Yi,Yj),
and the result follows from Proposition A.5.14.

Z"(s)

T (()3 (5)25(s)) - (A.5.61)
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In coordinate notation the above calculation runs as follows: let g,:,; denote the
coordinate components of the metric tensor in the normal coordinate system z?,
and let g,:,; denote those in the coordinate system y®. In normal coordinates we
have e;(0) = 0,:, and Proposition A.5.14 gives

i 0zF oy*
Yi(z) = Y*;(2)0 = e (1,2)0yr = e (2)0yr (A.5.63)
so that
oy* oy*
Goizi (&) = Gyrye(Y(@)) 55 575 = Gyrye (y(@)Y* Y5 = g(Yi,Y5)

as desired. By the way, (A.5.63) shows that the matrix formed out of the vectors
(Y1,---,Y}) is simply the Jacobi matrix of the exponential map in the coordinate

system {y'}.
O

oA.5.13: pte:the *A5.13 We continue by deriving the Taylor coefficients of the Jacobi fields
evavaion s thas one Zi in a frame f; which is parallel propagated along the radial geodesics s —

obtains an expansion

of the Jacots fietds m o Yok (8) = {s2*}. More precisely, we take
wrong basis, not very
helpful, is it? while the

MSV guys seem to ( ) L.
have the right one fl 0 - el 9

directly?

and we propagate the f;’s along each of the v,’s using the equation
v"sz fi=0. (A.5.64)

Let V;k denote the components of 4, in the basis f;, we have

0=V; Yo = Vi, (Ipn fi) = ¥ Ay R Vi fis

S ~——
=0
so that
Yor(8) = Vou(0) =2 = Y =2"f; . (A.5.65)
For any vector field along v, we have
DZ D(Zif) dzZt . Df; az’
ds ds ds fit ds ds f

~—~—

=V , fi=0
This shows that if we decompose the Z,’s in the {f;} basis,
Zp(s,2%) = Z%,(s, 2" fi
then the Jacobi equation (?7) reads

NENAR
ds?

(s,2%) = (R("}/Ik, ZT)"yxk)i = R jpn(s2)adam 728 (s,2%) . (A.5.66)
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We wish to derive the coefficients of a Taylor expansion of the Z,’s. Recall that
(see Proposition A.5.14)
Z.(0,2")=0.

Equation (A.5.66) gives thus

RVAN
ds?

(0,2%) = 0. (A.5.67)
NeXt’ . . . . .
er = Z,(0,2%) = Z%,(0,2%) £.(0) = Z°,.(0, 2%)ey ,

which yields N ‘
Z4H0,2%) = 6L . (A.5.68)

In order to continue, recall that for any function ¢ we have

d ip
%@Zxﬁ(@)-

Differentiating (A.5.66) one thus obtains

RAN d (. : m
ds3 (Saxk) = %(ijm(sxk)x]x Zer(svxk))
l k
= fml (Rijémxsxk)xjajmxmler(saxk) +Rij€m(sxk)xjxmdz TC(ZS’$ ) )
S
(A.5.69)
leading to

37,

One more derivative of (A.5.69) gives

d4Zi"“ k _ 7 Jm,mi
W(O,x ) = 2fm (R jrm)(0)2l ™2™ .
Let us show that the partial derivative above can be replaced by a covariant
one. In order to do that, let ¢’ be a basis dual to the f;’s, and let wij = wijkgok
be the connection one-forms associated with the frame f;, as discussed*?-5-14
in Appendix A.6, it follows from (A.6.2) that 0 A.5.1/: pteithis should

be after Appendiz A.6?
or somewhere in the

wljk$k — O . (A571) main text? or as an

appendiz to the
relevant chapter?

This implies that for any tensor field 7% j1..j, We have

"V, T jige = " fm(T groge) 2O i TG G+
=0
Mg i1k
"W im T GoGe = v o+
—
=0

_ -Tmfm(TilmikjL..jg) .



0 A.5.15: pte:fiz the first

lines; the = dependence
of S needs justification

0 A.5.16: ptc:this needs
finishing; the point is
to derive an identity
between Riemann and
A

0A.5.17: ptc:add on,
make sure that the
relevant information is
there

e A.5.18: ptc:this is not
quite complete, what

about the volume form?

why do they have to be
contractions; there is
an analysis of that by
G.B. Gurevich,
Foundations of the
Theory of Algebraic
invariants, Noordhoff,

Groningen 1964 : from

an email by Malcom:
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It follows that

2Rijrm;m1 (0)ad z™ ™

m, . mj

= 2R (jjrjmsmy) (0)27 2™z (A.5.72)

More generally, the formula

d*(fg) _d'f A"t f dg
ds d8n9+nd8n71 ds +--
leads to®A-5-15
d3+nzir . N N
— g (0.2%) = nfo, (Rjpm) (0)a7 2™ + 5]

NR" jrmim, (0)2d 2™ ™

_ ) ) mi,.ma . . Mnt2
= (nR (ma|rlmasmg-mpy2)(0) + 5 Tml"'mn+2)$ x T,

(A.5.73)

where the coefficients S*;...m,,,, are polynomials in the Riemann tensor and

its derivatives of order less than or equal to n — 2.
oA .5.16

As a corollary of the results derived so far, we obtain the follovving:’A'5'17
PRrROPOSITION A.5.16 Let @ be a polynomial in the inverse metric, the metric,
and a finite number of their partial derivatives, with the property that the nu-
merical value of () does not depend upon the coordinate system chosen. Then
Q is obtained by contractions of g, ¢*, the volume tensor v/det g €ay..a, (Where
€ay...a, 1S totally anti-symmetric and equals the sign of (1...n) — (a1 ...ay,) for
permutations), the Riemann tensor and its covariant derivatives.

PROOF: In normal coordinates centred at p all partial derivatives of the metric

at p are polynomials in the Riemann tensor and a finite number of its derivatives.
eA.5.18

{ No I don’t have a quick fix for that - it’s

exactly why the ’I think’ appeared. Even contracting with the
(raised) metric is not so clear because it involves, in the metric
itself, something of order n-1 (in n dimensions) divided by
something of order n in the components, so the result may be
rational rather than polynomial in the components. In fact
classical invariant theory tends to be couched in terms of
rational rather than polynomial invariants, possibly for this
reason. The invariants people take in GR are usually polynomial in
the Riemann tensor and its derivatives but not in the metric
components (for the same reason?). But every polynomial is
rational of course...

\\

A quick further look however turned up what is needed to complete
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the proof - in the sense of where to look. From a secondary
source (Siklos’ thesis) Gurevich gives as the Fundamental Theorem
a theorem that every rational invariant of a system of arbitrary
tensors is a linear combination of terms each of which is obtained
from the tensors with the aid of outer multiplication, total
alternation (i.e. using the volume form) and contraction. I would
guess the reason for the limitation on contractions in our case
can be understood as follows: the objects giving the coefficients
have to be tensors to get the invariance, and have to depend
solely on the metric and its derivatives (to be
polynomial/rational). The derivatives could be replaced by
derivatives with indices down multiplied by metric terms so we can
forget them as coefficients. So one needs only to ask what tensors
can one form solely from polynomials in the metric? But I don’t
know if the full proof runs on that sort of line.

Regards, Malcolm }

A.5.6 Further first-order differential identities?

At the end of Section A.5.1 we have derived a differential identity satisfied by
the Riemann tensor — the second Bianchi identity (A.5.16) — and again one
would like to know whether any more first order differential identities exist.
This turns out not to be the case. Similarly to (A.5.29), the idea now is to
prescribe two terms in a Taylor expansion of the metric in normal coordinates.
In the next section we will consider expansions with an arbitrary number of
terms, so it is convenient to set-up an appropriate general formalism now.
eA.5.19

0A.5.19: ptc:this should
. . be moved to a separate
COIlSldel” a metl”lC Of the fOI"m section on linearised

equations in the body

Jap = gaﬁ + haﬁ s (A.5.74)

here one should think of h as a perturbation. Let ¢y be a parameter which
measures the size of h, and for ¢ > 0 let ¢; > 0 be a parameter which measures
the size of the i — th **-5-20 derivatives of h. By increasing the parameters ifea.s.20: pte:should his

be partial or covariant?

necessary one can without loss of generality assume that I think here is partial,
but covariant would be
more elegant? or this
. . does not matter?
0 S € S 61+1 I (A575) should be said in the

calculation

and this assumption will be made throughout. For example, when h is the
f-th term from a Taylor expansion in normal coordinates together with the
accompanying remainder, then for a smooth metric g one has

€ — C’ola:\f y €1 — Cﬂx‘gil y cee g €1 — Cg,1‘$| s €, — Cz for 4 > l.
(A.5.76)
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Assuming the metric to be C, to calculate the Christoffel symbols of ¢ one
can proceed as follows: choose a coordinate system? so that

§(0) = n and 95§, (0) = 0, which gives faﬁ.y =o(1), (A.5.77)
hence
(6% 1 Qo
My = 59%10890y + 01905 — Oogpn}

1 jXe702

= 597+ O(e0){0hoy + Oyhos — Olipy +0(1)}
1,00 . . .

= L7+ Ol {Vshor + Vo — Vohgy +o(1+0)}

At £ = 0 we thus obtain
T, = T%, —T%,
1, . . .
= 59°{Vshoy + Vyhop = Vohgy} + Olcoer) -

The reader should note that it follows immediately from the axioms for a con-
nection in Section 7?7 that the difference of two connections is a tensor, so that
regardless of the coordinate system we have

. 1,0y e . .
C%y i =1%, —T%, = §g {Vghoy+Vyhog —Vohgy} +O(eger) . (A.5.78)

To calculate the curvature we continue in coordinates satisfying (A.5.77). Cal-
culating directly at x = 0 we have

Ripys = 031%p5 — 051 gy + 1051755 — 5517
= (%5 + C%s) = 0s(I" gy + C%py) + %6y C% 35 — C%556C7 gy
= R%y5+ V4 C%s = VsC%y + C%y %5 — C%4sC7 s, .

The object that appears at the left of this string of equalities is a tensor, and
so is the one on the right, so that we obtain in all coordinate systems

Rgy5 = Raﬂ% + %vcaﬁé - %60(157 +C%%C%85 — C%55C%3, . (A.5.79)

We emphasise that this is an exact formula when C is defined by the first

equality in (A.5.78), no error terms have been neglected. In the calculations

that follow we will assume that terms which are O(eper) are also O(e;); recall

that we are thinking about a situation in which the €’s are small, in which case
eA.5.21: pte:T have no  this property holds. The second equality in (A.5.78) gives then®#-5-21

idea where the first
term comes from

C%gy = O(eo + €1 + €oe1) = Oen) (A.5.80)

“For smooth metrics normal coordinates for § could be used. Since those require more
differentiability than C*, and further lead to a loss of differentiability of the metric, it is
more convenient to use an approximate normal coordinate system adapted to ¢ as in Propo-
sition A.5.2.
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and
Rugys = guaRpys
= (Jna + hya) (133%5 +V,C%; — VsC%, + O(ef))
= éuﬁ% + hwéaﬁ% + %v(guaoaﬁé) - %é(éuaca,@v) + O(er€2)

o

. 1. . . .
= Rupys + huaRaﬁvé + ivv{vﬂhué + Vshug — Vuhﬁé}

1. . . .
_§V6{Vﬂh/w +Vyhus = Vihsy} + O(ere2) .

Similarly,

o

1. o o o
Rﬂg,ﬂ; = R“g—ws + ivfy{V5h‘u5 —|—V§h”5 — V”hﬁg}
1. o o o
—§V5{V5h#7 + V»Yhﬂg — V#h@fy} + 0(6162) , (A.5.81)
where h®g := g% hs3.

Rewriting a commutator of derivatives in terms of the Riemann tensor one
finally obtains

o | o o o o o o
Rapes = Rags+ 5{vyvghm; — V3 Vahgs = VaVhay + VsVah, |
. 1. 1.
+R0575ha0 — iRaowého/B — §R5075h060 + O(er1€2) . (A.5.82)
For further reference we note
Ray = Ray+ §{V7Vﬁho¢g — Vo Val(§®hs) — VOV ghay + vﬂvahm}

R o 1 . 1.
—Ro"°hgs + R hoo — §Ra0ﬁh03 + iRU”h“ + O(e1€2)

o 1o o o o o o o Ho
= Rayt §{vaﬁha6 = Vo Val§®hss) = VOV shay + Vﬁvahﬂv}
3
2
where we have used

. 3.
Ry Phos + 317 yhas +O(are) , (A.5.83)

9*7 =% = 547 hsy + O(eo) -
Moreover,
R = R—VVa(§%hss) + VVPhas — RPhes + O(ere3) . (A.5.84)

An alternative, equivalent, expression for the Ricci tensor can be obtained working
directly with (A.5.81)

o 1. o o o 1. o
Rﬁg = R55 + ivy{vlghwg + V(;hfyg — nyhgg} — ivthgh'Y—y + 0(6162) .
(A.5.85)

If we denote by Ric’ the derivative of the Ricci tensor with respect to the metric,
(A.5.85) implies the formula

(RIC/ . h)gg = B (—VWVWhﬁ(; — V(;v,@tl"gh) + VVV(gh'Y(;)
1 o e 1
= —EAhﬁg + V([;V.Y (hn";) — itréh 53/))

+Rg(5h,y)o — R@ag’yhryy . (A586)
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0A.5.22

0 A.5.22: ptcisome
useful formulae in
formules.tex by erwann

To continue, we introduce the set %, of candidates for a first derivative of
the Riemann tensor:

P = {paﬁwﬁu | PlaB)yop = Pap(yd)p = Pa[Bydlu = PaByéu ™ PvyéaBu = paﬁ[’)&&u] = Oif :
A.5.87

We write the following ansatz for the new metric
. 2
9op = Gag T+ ?Aaﬂfyé,ux'yxéxu ) (A588)

so that the tensor h of (A.5.74) is a third-order polynomial in z. We assume
that A lives in a space @4 of tensors satisfying

= {Aaprop | Alaglvon = Aaprop = Aaprin) = Aa(syew =0} - (A5.89)

The coordinates x might, but do not have to, be chosen to be normal for
g; if they are, then point 4. of Proposition A.5.13 shows that they remain
normal for g, though this plays no role in the considerations that follow. The
associated sequence of ¢;’s satisfies (A.5.76) with £ = 3. Noting that €jey =
C|z]3, Equation (A.5.82) gives

o

Roprs(0) = Rapys(0)

o

Raﬁvé;u(o) = Raﬂv&u(o) + AaMﬂu - A,@Mau - Aavéﬁu + Aﬁvéau :
(A.5.90)

As before, the right-hand-side of (A.5.90) defines a map ®; from </ to %;:
LEMMA A.5.17 The map

q)l(A)aﬁw?u = Aoahﬁu - Aﬁévau - Aavéﬁu + Aﬁ%w :
is a bijection from <) to % .

PROOF: As in the proof of Lemma A.5.5, we check that the map

U1 (P)aprép = —Pa(~|5|51) - (A.5.91)

which clearly has the right symmetries to take values in ¢/ (compare the be-
ginning of proof of Lemma A.5.5), equals <I>1_1. In order to do this we write
Ui (p) in detail,

1
\Ijl(p)ocﬁ'y&p, = *g{pavﬁéu + PadByu + Parypusd + PauBys + PauBsy + PadBury } .
B C

The first two terms have the same form as in the definition of ¥ in (A.5.91)
except for a supplementary index p added at the end, while ®; leaves the last in-
dex alone, and those terms can therefore be handled as in (A.5.39), reproducing
Paprysu- 1t is convenient to rewrite @y as

D1 (A)apyon = {Aa5ﬁw + Aﬁ'yaéu} —y 0,
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which says: translate the fourth index to the second slot by jumping over the
previous ones, in the result exchange the first pair of indices with the second,
and then anti-symmetrise the result over the original third and fourth indices.
Applying this rule to calculate the contribution of B to ®1(¥1(p)) gives

B — {(pawLﬂS + Pypops) — < 5} =+ {(Pawﬂz? + Pupans) =7 < ﬂ}
—— ——

=PapyBs =PavyuBs
Q(pau'yﬁﬁ — PaByusé + PayuBs — paﬂu*ﬁ)
= Q(pau’yﬁts - QPocﬁwui + powuﬁé) . (A.5.92)

C coincides with B except for a symmetrisation in v and ¢, so that

B+C — 2(pau756 - 2po¢ﬂ'y;u5 + Payu 36 + PaudBy — 2paﬁ5u'y + poasuﬂ’y) .
eA.5.23

PROPOSITION A.5.18 Any p € %1 is freely prescribable at a point.

oA .5.24

As shown in Proposition A.5.12, in dimension three the Riemann tensor
is determined uniquely by the Ricci one. It follows that the second Bianchi
identity can be rewritten as an identity for the derivatives of the Ricci tensor.
Now, in the identity R,g(s,:,) = 0 in dimension three the only values of dyu that
possibly lead to a non-trivial equation are — up to permutation — éyu = 123.
Consider, for example, this identity with af = 12:

Ri912;3 + Ri223;1 + Ri231,2 = 0. (A.5.93)
In an ON frame with g;; = € = 1, g22 = g33 = 1 Equation (A.5.47) gives
Rig1g = €Pog + P11, Rizes = —Pig, Rios1 = —€bPag
which inserted into (A.5.93) gives
0= 6((P22 +€P11);3 — €Pi3 — Pz ) = 6<trgP;3 - P3a;o¢> .
— ——
=tryP—Ps3 =P3l,; =P32p

It should be clear, or can be checked by similar calculations, that the two
remaining non-trivial identities combine together to the identity

troPg — Pg%.o =0, A.5.94
gt8 B

equivalent to the second Bianchi identity in dimension three. Using (A.5.46)
and (A.5.49) this is further equivalent to the usual divergence identity

(Raﬁ - g(sg);ﬁ ~0. (A.5.95)

This leads to

0A.5.23: ptc:help, 1

couldn’t finish this

0A.5.24: pte:do I want

to say anything about
the Einstein tensor in
dimension three and /
or higher dimensions?
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PrOPOSITION A.5.19 In dimension three, the first derivatives of the Ricci ten-

sor satisfying (A.5.95) are freely prescribable. *A.5.25 *A.5.25: pteiwhat about

higher dimensions?

PrOOF: The proof of Corollary A.5.12 shows that in dimension three a tensor
field pagysu will satisfy all but the last equation in (A.5.87) if and only if pagys,
is of the form

Pafryép = ga’yPﬁdu - gaépﬂ'yu + gﬁdpa'yu - gﬁvpozéu s

for some P which is symmetric in the first two indices. The calculation leading
to (A.5.92) shows that the last condition in (A.5.87) will hold if and only if

Paaﬁ:Pﬁaa>

which is equivalent to (A.5.95) when p is interpreted as the derivative of the
Riemann tensor. O

A.5.7 Higher differential identities?
For a,b € T, # set

Aag,y(;(a, b) = aaagbyb(; + bab5a7a5 — aabga(vb(;) — baaga(vb(;)

aaa[gbﬂb(; + aaamb(ﬂm + bab[ﬁaﬂa(; + bo[b[/ga(;]a7 .
(A.5.96)

The first line shows that A has the right symmetries both in the first pair of
indices and in the last one, while the second immediately implies that the cyclic
identity holds — remember that a symmetrisation of an anti-symmetrisation
gives zero.

This generalises to more indices as follows:

Aoé,ﬁ'ul,uzm,un (a, b) = aaagbuleQ - b,un + boébfg(l(mCLMQbM3 ce b#n)
—(aabg + boé(l/@)a(ulbu2 ... bun) . (A597)

In order to verify the only not-entirely obvious symmetry it suffices to rewrite
(A.5.97) as

Aaﬁm#z...un (CL, b) = aaagbulbw e b,un — aabga(mb,m e b#n)
+babpa(u, pusbpg - - by — baapag by, - by

and symmetrisation over all but the first index clearly gives zero on each of the
lines above.

The next question we wish to address is whether there exist any differential
identities involving more than one derivative which are satisfied by the Riemann
tensor. Clearly, there are the obvious identities which result from differentiating
the Bianchi identities; those can hardly be considered as new conditions. Next,
there are identities which arise when one exchanges the order of two covariant
derivatives, leading to contractions with the Riemann tensor. Those are of
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course trivial, and to get rid of those it is natural in our context to focus
attention to completely symmetrised derivatives of the Riemann tensor. We
shall use the symbol S for such derivatives:

Sapyopn.pue = Raprs;(us...pe) - (A.5.98)
We have:

PROPOSITION A.5.20 The symmetrised derivatives of the Riemann tensor sat-
1sfying the Bianchi identities are freely prescribable at a pomt.'A'5'26 *4.5.26: pte:I have no

idea whether this is

true
Here the space .% of candidate S tensors is the Space‘A"r"27 0A.5.27: ptesthe last

condition seems wrong,
and it seems to scary

Fr = {Sapyopurpe | SaByou.e = SaBys(un.ae) = S(@B)yyop..up = o write it down
= SaB(yo) ..y = SalBydlpa..uy = SaBydpr .. T Sydafui..pe =

= Saﬁ[w?,uﬂug...p,g = 0} . (A599)

The proofs are rather obvious generalisations of those in the preceding sections.
We proceed by induction on ¢, writing the metric in the form

R 2
JoB = Gap + ?Aaﬁ'yéul...wlﬁfvéiﬂul egh , (A.5.100)

so that the tensor h of (A.5.74) is an £’th order polynomial in z. We assume
that A lives in a space @ of tensors satisfying

oy = {Aaprsps...us | Afaplysp..ie = Aapyspn..ie—Aap(voun i) = Aa(Brop ) = 0} .
(A.5.101)

As before the coordinates x might be chosen to be normal for g; and they
will be normal for ¢ if and only if they are normal for § by point 4. of
Proposition A.5.13. The associated sequence of ¢;’s satisfies (A.5.76). As
e1e2 = Clz|?* =3, Equation (A.5.82) gives

o

Rapys(0) = Rapys(0)

(A.5.102)
Raﬁvé;m...wfl(o) = éaﬁwésmnwfl(o)
Raﬂvé;m---ue(o) = éaﬂv&m---uz(o) + Aaﬁﬂm---ue - Aﬁﬁam---ue
—AcrsBur.pe + Abysapn .. (A.5.103)

As before, the right-hand-side of (A.5.103) defines a map ®, from % to .7;:
LEMMA A.5.21 The map

CI’L’(A)aﬁvém--.w = AasyBur.me — Asyapn..ne — Aavydpur.pe T Apydaps .. -
is a bijection from <ty to 7.
PROOF: The formula for <I)Zl is

A

)
aBydpr...pe = Paly|Bour ... )

(this should follow by abstract arguments from [84] if they are correct). O
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A.6 Moving frames

A formalism which is very convenient for practical calculations is that of moving
frames; it also plays a key role when considering spinors, compare Section ?7.
By definition, a moving frame is a (locally defined) field of bases {e,} of T M
such that the scalar products

ab = g(€as €p) (A.6.1)

are point independent. In most standard applications one assumes that the e,;’s
form an orthonormal basis, so that g, is a diagonal matrix with plus and minus
ones on the diagonal. However, it is sometimes convenient to allow other such
frames, e.g. with isotropic vectors being members of the frame.

It is customary to denote by w®,. the associated connection coefficients:

wabc = Ha(Veceb) <~ Vxe, = wachcea , (A.6.2)

where, as elsewhere, {0%(p)} is a basis of Ty M dual to {e.(p)} C T,M. The
connection one forms w®, are defined as

wab(X) = Qa(VXeb) <~ Vxe, = wab(X)ea . (A.6.3)
As always we use the metric to raise and lower indices, so that
Wabe = gadwebc y  Wab = gadweb . (A64)

When V is metric compatible, the wyp’s are anti-antisymmetric: indeed, as the
Jab’s are point independent, for any vector field X we have

0=X(gar) = X(g9(ea,e)) = 9(Vxea )+ glea, Vxep)
9(wea(X)ec, ) + glea, ws(X)eq)
9eb°a(X) + gaaw’y(X)

= wpe(X) + wap(X) .

Hence

Wah = —Wha <~ Wabe = —Whae - ‘ (A.6.5)

If the connection is the Levi-Civita connection of g, this equation will allow us
to algebraically express the wg’s in terms of the Lie brackets of the vector fields
eq. In order to see this, we note that

g(em veceb) = 9(%, wdbced) = gadwdbc = Wabc -

Rewritten the other way round this gives an alternative equation for the w’s
with all indices down:

Wabe = g(€a, Ve ep) <= wap(X) = gleq, Vxep) . (A.6.6)
If V has no torsion we find

Wabe — Wach = g(ea, veceb - vebec) = g(eaa [607 eb]) .
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We can now do the usual cyclic permutation calculation to obtain

Wabe — Wach = g(eaa [667 eb]) )
_(wbca - wbac) = _g(eba [ecw ec]) )
_(wcab - wcba) = _g(eca [eba ea]) .

Summing the three equations and using (A.6.5) we obtain

wabe = §(9(cas ecs ea]) = glevs [eas ec]) = glees ens al)) - (A.6.7)

Equation (A.6.7) provides an explicit expression for the w’s. While it is useful to
know that there is one, and while this expression is useful to estimate things, it
is rarely used for practical calculations; see Example A.6.1 for more comments
about that last issue.

It turns out that one can obtain a simple expression for the torsion of w
using exterior differentiation. Recall that if « is a one-form, then its exterior
derivative da can be defined using the formula

do(X,Y)=X(aY)) - Y(a(X)) —a([X,Y]) . (A.6.8)

We set
TYX,Y) :=04(T(X,Y)),
and using (A.6.8) together with the definition (A.4.18) of the torsion tensor T
we calculate as follows:
T(X,Y) = 0(VxY —-VyX —[X,Y))
= XY +w%(X)YP - V(X9 —w% (V)X - 04X, Y]
X(04(Y)) = Y(0*(X)) — 0°([X, Y]) + w(X)0°(Y) — w*(Y)8(X)
= d9*(X,Y) + (w A ") (X,Y) .
It follows that
T = df®* +w A O . (A.6.9)

In particular when the torsion vanishes we obtain the so-called Cartan’s first
structure equation

do® 4wy ANO° = 0. (A.6.10)

EXAMPLE A.6.1 As an example of the moving frame technique we consider (the
most general) three-dimensional spherically symmetric metric

g=ePMdr? + 2 gp? 4 27 sin? fdp? . (A.6.11)

There is an obvious choice of ON co-frame®A-6-1 for g given by eA.6.1: pte:should this
be frame or coframe;
watch out for

0' =ePMdr, 0> =e"dg, 6° = e sinbdyp (A.6.12) consistency throughout
the section, and
elsewhere

leading to
g=0'® 0 +6°2 ?+0°x 6,
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so that the frame e, dual to the 8*’s will be ON, as desired:

gab = g(€a, ep) = diag(1,1,1) .

The idea of the calculation which we are about to do is the following: there is only
one connection which is compatible with the metric, and which is torsion free. If
we find a set of one forms w,; which exhibit the properties just mentioned, then
they have to be the connection forms of the Levi-Civita connection. As shown in
the calculation leading to (A.6.5), the compatibility with the metric will be ensured
if we require

wil = w2 = w3z =0,

Wiz = —W21, W13 = —W31, W23 = —W32.
Next, we have the equations for the vanishing of torsion:
O:d91 = —wll 91 —w1292 —w1393
~—~

=0
— _w1292 _ w1393 ,

d9> = Aevdrnd) =~'e POt NG
= — CL)21 91 — (,U22 02 - w2303
~— ~—
=—wly =0
= wlgel — w2393 5
do® = ~esinfdr Adp+ e cosfdf Ade =~'e POt NGO + eV cot 6% A 63
= - w31 91 — w32 92 — w33 93
~— ~— ~~
=—wly =—w?3 =0

= w1391 +w2392 .

Summarising,
—w1292 - w1393 = 0 5
whob? —w?30® = ’y'e*ﬁﬁl A6,

wisft +w?30% = e POLANGP +e T cot 002 NG .

It should be clear from the first and second line that an w's proportional to #2 should
do the job; similarly from the first and third line one sees that an w23 proportional
to 63 should work. It is then easy to find the relevant coefficient, as well as to find

w23:
why = —e P2 =—vePHap (A.6.13a)
why = —e P03 = —y'e P sinbdy (A.6.13b)
w?3 = —e Ycotff® = —cosfdp . (A.6.13c)

It is convenient to define curvature two-forms:
a 1 a c d
Q% = iR bedd N O° . (A.6.14)

The second Cartan structure equation then reads

Q% = dw? + w AW . (A.6.15)
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This identity is easily verified using (A.6.8):

Q% (X,Y) = %Rabcd 0° A OY(X,Y)
—xecyd_xdye
= R%aXY!
= 0(VxVye, — VyVxey, — Vixyie)
= 0(Vx(WB(Yec) = Vy (w(X)ee) — wb([X, Y])ec)
= 0" (X (@ (V))ec +w(Y)Vxe

Y (w%(X))e. — wp(X)Vye. — w5 ([X, Y])ec)
= X(W"(Y)) +w(Y)w(X)
=Y (W% (X)) = w(X)we(Y) — w([X,Y])
= X(w"(Y)) = Y(w"(X)) — w%([X,Y])
=dwa,(X,Y)
Fw (X)w(Y) — w?(Y)w(X)
= (dw'% 4w Aw%)(X,Y).

Equation (A.6.15) provides an efficient way of calculating the curvature tensor
of any metric.

EXAMPLE A.6.1 CONTINUED: From (A.6.13) we find:

ng = dw12+ (.011 /\w12 +w12/\ w22 +w13/\w32
~—~ ~N N——
=0 =0 ~03N03=0

= —d(y'e PTde)

= —(ye P)drndb

= —(ye ) e P9t A G2
= > Rt A6,

a<b

which shows that the only non-trivial coefficient (up to permutations) with the pair
12 in the first two slots is

Rlyis = —(y/e Pty e P71, (A.6.16)

A similar calculation, or arguing by symmetry, leads to

Rl = —(y/e ) e P77, (A.6.17)
Finally,
923 = dw23 +w21 /\w13+ w22 /\w23+w23/\ w33
=0 =0
= —d(cosOdp) + (v e P0%) A (—'eP0%)
_ (672’7 _ (7/)2672,8)92 A 03 ,
yielding

R2323 = 672"/ - (’}/)2672ﬁ . (A618)
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The curvature scalar can easily be calculated now to be

R=R";; = 2(R%2+ R"™13+ R*33)
—4(y' e P e BT 1 2(e727 — (v)%e7%) . (A.6.19)



Appendix B

Some interesting space-times

B.1 Minkowski space-time

The simplest example possible of a Lorentzian metric is that of Minkowski
space-time: by definition, this is R®*! with the metric

n = nudatds” = —(dz®)? + (dz')* + - (da™)? . (B.1.1)

The symbol 7, will be used throughout this work as above, and the coordinates
x# in (B.1.1) will be referred to as Minkowskian; we will sometimes write ¢ for
20, The inverse metric n”*¥ coincides with n:

n" = diag(—1,+1,---,+1) . (B.1.2)

In the Minkowskian coordinates the connection coefficients, as given by (A.5.21),
vanish, which implies the vanishing of the Riemann tensor.

B.2 further examples (Schwarzschild, Kerr)...

233
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B.3 Taub-NUT space-times

st ptetamnoe *B31 The Taub-NUT metrics are solutions of vacuum Einstein equations on
sure that this is proof . .
read, in final form, in Space—tlme manlfOldS %I Of the fOl“Hl

any case one could add

here some results about 3
non-equivalent %I K I X S )
extensions,

non-equivalent scris,
and so on

where I an interval. They take the form [82]

U~ tdt? + (20)*Uc? + (t* + L*) (03 + 03), (B.3.1)
m 2
Ut) = -1+ 28 (B.3.2)

Here L and m are real numbers with L > 0. Further, the one-forms o1, o9 and
o3 are left invariant one—forms on SU(2) ~ S3: If

igs 1 8% — R?

is the standard embedding of S into R?, then

o = 2ig(rdw—wdr+ydz—zdy),
oy = 2ig(zdr —xdz+ydw—wdy),
o3 = 2ig(xdy —ydr+zdw—wdz) .
The function U always has two zeros,
v - =D =t)
2112

where
ty:=mE+\Vm2+L2%.

It follows that I has to be chosen so that t1 & I.
It is convenient to parameterize S3 with Euler angles

(1,0, ) € [0,27] x [0,2x] x [0, 7] ,
so that
. (O iu—e)/2 : O ituro)/2
x + iy = sin 5)e ,  Z+1iw = cos 5 e"\H . (B.3.3)
This leads to the following form of the metric
g =—U~1dt?> + (2L)2U (dp + cos 8dp)? + (12 + L?)(d0? + sin? 0dp?[B.3.4)
There is a natural action of S! on circles obtained by varying p at fixed ¢, 6
and (:
w— 4+ 2.
It follows from (B.3.3) that this corresponds to the following action of S on R*

(z + iy, 2z + iw) — e“(z + iy, z + iw) .

This shows that the circles with fixed ¢, § and ¢ form the Hopf fibration of S3
©B.3.2: ptc:I'm note by SI,S..B.3'2

completely sure; have

to crosscheck Cleaﬂy
gt (dt,dt) = g' = —U , (B.3.5)

which shows that the level sets of ¢ are
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e spacelike for t € (t_,t4), and
e timelike for t <t_ ort > t;.
Equation (B.3.5) further shows that
Vt =g, =-U0d,,

so that
g(Vt,Vt)=-U(t) <0 for te (t_,t4).

Equivalently, t is a time function in that range of t’'s. Theorem ?7? implies that
(A;_4+.),9) is globally hyperbolic .
From (B.3.4) we further find
9(0,,0,) = 2L°U ,
so that the Hopf circles — to which 9, is tangent — are
e spacelike for t € (¢_,t4), and
e timelike for t <t_ ort > t;.
In particular
(M (—soy_y,9) and (A, ~),9) contain closed timelike curves .
Let « be the metric induced by ¢ on the level sets of ¢,
v = (2L)*Uoi + (£ + L*)(03 + 03) .

Again in the t-range (t_, ¢4 ), the volume || of the level sets .7, of t equals

B _ U(t)(t2 4+ L?)
B —/54 dpy = W’yo“

Here dp is the volume element of the metric v — in local coordinates

dpy = +/det ;5 A

This is a typical “big-bang — big-crunch” behaviour, where the volume of
the space-slices of the universe “starts” at zero, expands to a maximum, and
collapses again to a zero value.

The standard way of performing extensions across the Cauchy horizons ¢t
is to introduce new coordinates

t
(t11.0,9) = (s [ LU ds,6,0). (B.3.6)
to

which gives

g+ = =4L(du+ cosfOdy)dt
+(2L)2U (dp + cos 0d)? + (t* 4+ L*)(d6? + sin® 0dy?) . (B.3.7)
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Somewhat surprisingly, the metrics g4+ are non-singular for all ¢ € R. In order
to see that, let

M =R xS,
and on .# consider the one-forms 6%, a =0, ..., 3, defined as
0° = dt,
0' = 2eL(dp + cosfdp) = 2Leos ,

0> = 2+ 1240,
63 = 12+ L2 sinfdy .

6° and @' are smooth everywhere on .#, while #? and 63 are smooth except for
the usual spherical coordinates singularity at the south and north poles of S3.
In this frame the metrics g. take the form

g = 0°20'+0'260°+U0' 00" + 6?20 +60°x06°
= guf* @6, (B.3.8)

Each of the metrics g+ can be smoothly conformally extended to the bound-
ary at infinity “¢ = co” by introducing

x=1/t,
so that (B.3.7) becomes

g+ = x*2< F 4L(dp + cos 0dy)dz

+(2L)222U (dp + cos 0d)? + (1 + L*x?)(d6* + sin® 0d<,02))(B.3.9)

In each case this leads to a Scri diffeomorphic to S. There is a simple isometry
between g4 and g_ given by

(1:7 M, 07 90) - (1)37 — K, 6) _90)

(this does correspond to a smooth map of the region t € (t4,00) into itself,
cf. [33]), so that the two Scri’s so obtained are isometric. However, in addition
to the two ways of attaching Scri to the region ¢ € (¢4,00) there are the two
corresponding ways of extending this region across the Cauchy horizon t =
t4+, leading to four possible manifolds with boundary. It can then be seen,
using e.g. the arguments of [33], that the four possible manifolds split into two
pairs, each of the manifolds from one pair not being isometric to one from
the other. Taking into account the corresponding completion at “t = —o0”,
and the two extensions across the Cauchy horizon ¢ = ¢_, one is led to four
inequivalent conformal completions of each of the two inequivalent [33] time-
oriented, maximally extended, standard Taub-NUT space-times.
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Conformal rescalings of the
metric

Consider a metric g related to g by a conformal rescaling:

~ ~; —l_ij

gii=¥'95 = g7 =97, (C.0.1)

This gives the following transformation law for the Christoffel symbols:

_ 1. N N
'y, = §?m(3jgkm + OkGjm — OmYjk)
L im ~ ~
= 599" (O5(# Gem) + Ok (2" Gjm) — Om(P'gjt))
4 s . .
= I"jk+ 5—(0,0;¢ + ;00 — gjrD'¢) , (C.0.2)

2¢

where D denotes the covariant derivative of g. Equation (C.0.2) can be rewrit-
ten as

DxY = DxY +C(X,Y), (C.0.3)

with
C(X,Y) = 2‘1 (Y(gp)X +X(9)Y — g(X, Y)Dcp) (C.0.4a)
- i (Y(go)X + X(9)Y — (X, Y)Ego) . (C.0.4b)

C.1 The curvature

Further,*C-1-1

Rij = Ric(g)y
(n—2)¢ (n—2)0(£+2) i
Rijj— ~——-D;Djp+ ——"——"DjpDjo — — A0 gi;
g 20 ’ 4p? o2t
n—2)0? — 20
_(zl)gﬂDk@Dk(pgij . (C'l'l)
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e(C.1.1: ptc:these are
formulae from Mielke,
checked by Walter, but
perhaps a derivation
would make sense,
especially since we
don’t have riemann
here; one should also
introduce the schouten
tensor, the conformal
geodesics, etc
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By contraction one obtains

R = §YRi=¢'g" Ry
n—1)¢ n—1)0{(n—-2)(—-4}
N D)

4
(C.1.2)

Clearly a very convenient choice is
(n—2)=4,

leading to

- 4 ~ 4in—1
gij =929y, R=¢" (R - Mi%@) - (C.1.3)

C.2 Non-characteristic hypersurfaces

Let . be a non-characteristic hypersurface in .2, under (C.0.1) the unit normal
to . transforms as

;. (C.2.1)

Rt = go_e/Qni = n;i=¢
The projection tensor P defined in (6.3.4) is invariant under (C.0.1),
P=r.
From the definition (6.3.6) of the Weingarten map we obtain, for X € 7.7,
B(X) = P(Dxi)=P(Dx(p™*n) + C(X,7))

= P(X( Pt PDxn+ 2‘; ()X + X(0)i ~ g(X.7) D)

l
= P(gpfz/QDXn—F%n(go)X)
0 .
- go*’f/2B(X)+%n(go)X.

The definition (6.3.9) of the extrinsic curvature tensor (second fundamental
form) K leads to, for X,Y € T.,

K(X,Y) = g(B(X),Y) - N(QO—WB(X) n ;ip'ﬁ(go)X, Y) ,

which can be rewritten in the following three equivalent forms

n(p) .
20 9(X,Y) (C.2.2a)

K(X,Y)="?K(X,Y)+

L2 n(p)

= ¢ PK(X,Y) + 5

GX,Y)  (C.2.2b)
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=2 n(p)

= PEXY) +

9(X,Y). (C.2.2c)

(C.2.3)

(C.2.4)
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D.1 Weighted Sobolev spaces on manifolds

*D-L1 1) ¢his section we shall recall the main elements of the construction of
Sobolev spaces on manifolds. The material here is well known to most re-
searchers; however, in other works assumptions on completeness or on radius of
injectivity of the manifold are made — those ensure some further properties of
the spaces constructed. Our point here is to make it clear that no supplemen-
tary properties are needed for the claims below. We will actually be slightly
more general and construct weighted Sobolev spaces, the standard ones are ob-
tained by setting to one the functions ¢ and ¢ in Equation (D.1.2). The reader
is referred to [7, 8, 59] for a discussion of further properties of the usual Sobolev
spaces on Riemannian manifolds.

Let, then, M be a differentiable manifold!; by definition, M is paracompact
and Hausdorff. The metric g on M will be assumed to be Riemannian and con-
tinuous, higher differentiability of g will be indicated whenever needed. Para-
compactness of M implies that there exists a (countable) covering &;, i € N, of
M with open sets on which local coordinate systems ®; : €; — R” are defined.
Let ¢; be a partition of unity subordinate to that covering. Let Z(M) be the
o-algebra of Borel sets of M, for Q2 € B(M) we set

Hi(Q):/ o (xa¢i) o @; ' y/det g;j da'
(bi 7

where yqo denotes the characteristic function of the set . By standard theory?
on R™ the p;’s are measures on Z(M ), and thus so is

f= Z i -

€N
Let A(M,g) be the o-algebra obtained by Caratheodory completion [93] of
(AB(M), [v), and let p1y denote the resulting extension of /i to A(M, g); A(M, g)
does actually not depend upon g, but we shall keep ¢ in its argument to empha-
size that the metric has been used in its construction®P-22 . For any 1 < p < oo
and any non-negative A(M, g)-measurable function o on M the spaces LP(ag)
are then obtained by the usual construction of Lebesgue, starting from the
measured space (M, A(M, g),opg). Here

avpg () = /M xoadpg -

The Fischer-Riesz [94, Thm. 3.11] theorem shows that the LP(apu4)’s are com-
plete Banach spaces when equipped with the norm

1/p
T ( / \f!padug> | (d.11)

1We use the analysts’ convention that a manifold M is always open; thus a manifold M
with non-empty boundary M does not contain its boundary; instead, M := M U M is a
manifold with boundary in the differential geometric sense.

2The elementary facts from measure theory which we use here can be found e.g. in [94]
and [93].
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(Throughout this section we shall freely mix the notions of functions and of
equivalence classes of functions, depending upon the context, where two func-
tions are equivalent if they are equal ai, almost everywhere.) A function f is
in LP(apg) if and only if f is A(M, g)-measurable with the right-hand-side of
(D.1.1) being finite. All continuous functions on M are A(M, g)-measurable,
and all compactly supported continuous functions are in LP(aug).

Let u be a section of the tensor bundle

T'M =TM® - @ TMT*M® - @ T*M ;

~—
r times S times

u will be said to be measurable if for all collections X1, Xo, ..., X, of continuous
vector fields and all collections aq, g, ..., «, of continuous one-forms the
function u(a, ..., ar, X1, ..., X;) is measurable. v will be said to be in L”(avfig)
if u is measurable and if the g-Riemannian norm |u|y of wis in LP(ay). A tensor
field u will be said to be in L{. (apg) if for every compact K the tensor field
XK wisin LP(apug). All continuous tensor fields are measurable; pointwise limits
of measurable tensor fields are measurable tensor fields.

For ¢ in N and for i-times differentiable tensor fields u we shall denote
by V@u the section of the tensor bundle T' 51 M obtained by covariantly dif-
ferentiating ¢ times the tensor field u using the Levi-Civita connection of g,
V() .= V...V u, where V is the Levi-Civita covariant derivative of g; this re-
quires gltgn%)ez i times differentiable when r + s > 0; ¢ — 1 differentiability of ¢
suffices if u is a function. In local coordinates, if

U = uil'“”jl...js 0i, ® - ®0;, ® dz?t - @ das |
then
VOu =V, - Va5, 0, @20, @de? - @debi @ dat - @ das
Let us denote by (-, -) the pairing between T7 M and T.°M tensors:
(v uy =TIy T

recall that the summation convention is used throughout, which means that
repeated indices, one up and one down, have to be summed over. Let (V(l))t
denote the formal adjoint of V() obtained by integrating i-times by parts:

[ v iy = [ (0.9 Ouidny
here we have assumed that both v and v are i-times differentiable and that

at least one of them has compact support. For example, if u is a compactly
supported differentiable field of one forms, then for differentiable v’s we have

/U”Vﬂﬁj = —/Ujvivw y

(V(l))tv == —Vﬂ)ijaj .

so that
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Similarly one checks that whatever the rank of u, in our conventions above the
operator (V1) is minus the divergence on the first slot of v. The higher order
operators (V) are obtained by iteration of the formula for (V)%

Let u and K be two tensor fields in L{ (du,) and suppose that for any

smooth compactly supported v we have
/((V(i))tv,fu)d,ug = /(v,K>d,ug .

(This equation is well posed for metrics which are in C*=b! = T/Vfogo) We then
say that K is the ¢-th covariant derivative of u in the sense of distributions, and
we set

vy =K.

Let ¢ and v be two strictly positive A(M, g)-measurable functions on M.
Let u be a tensor field in LllOC such that its distributional derivatives V@,

i=1,...,k are also in L} , we shall say that u € ng if the norm

loc?

k
’ i=0

is finite. We will write ng (g) for W¢ if ambiguities are likely to occur.
We claim that W(f;z with the above norm is a Banach space. Indeed, let

uy, be a Cauchy sequence in W¢ ’i, thus for 0 < ¢ < k the sequences VWu,, are

Cauchy in LP(¢PPdu,). The Fischer-Riesz theorem implies that there exist
tensor fields K such that the V¥u,’s converge to K@) in LP(¢™PyPdp,). Tt
then follows by elementary considerations (using L'-continuity of the integral
together with Holder’s inequality if p > 1) that for any smooth compactly
supported v’s we have

n—oo

/ (VYo KO)dpay = lim (VD) 0, u)dpg

= lim | (v, V®u,)dpu,

n—oo

= [0 Ky,

This Shows that K is the i-th distributional derivative of K so that K(©
is in Wy ’5, as desired, with u,, converging to K in Wk’p

When p = 2 the W k.p ’s are Hilbert spaces with the 0bv1ous scalar product
associated to the norm (D 1.2).

We denote by 4% 5) the closure in W ’5 of the space of W f; functions or
tensors which are compactly (up to a neghglble set) supported in M, with the
norm induced from qu; it is easily seen that smooth compactly supported

tensor fields are dense in ng
*D.1.3 For k = 0 the spaces Wg’i and I;Vg’i coincide: indeed, let X,, C M be
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any family of open relatively compact sets exhausting M, it is easily seen from
the Lebesgue dominated convergence theorem that for u € Wg’i the family of

tensor fields x x, u converges to u in Wg:i. We shall often use the notation LZ}
for this space.

The interesting question whether or not 1% ’;Z coincides with W ’p for k > 1
is irrelevant for our purposes, but we mention that if there exists a compact set
J C M and a constant C such that we have

$»<Co

on M \ J, where o denotes the distance from, say, some point xy € M,

then®P-14 the set C2° of compactly supported smooth functions or tensor fieldsep.s.4: pte:justify,

. . 1 . . tually th ight b

is dense in W, 2. The reader is referred to [7,8,59] for further results concerning fm%fpmﬁﬁ;gwanf
. ’ . € A ; what about

the density question when ¢ =y = 1. completencss,

injectivity radius?
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Appendix F

A pot-pourri of formulae

*F.0-5 Here are some formulae for the commutation of derivatives: eF.0.5: ptesthese are
formulae by Erwann, I
haven’t checked them

Vi Vitic = ViVitie = RPpumtip + RPimtep
ViV;Vt—v;V;V! = Ry, VE,
VEVLIdf)? = 2(V VIV LS + Rie(Vf, V) + [VV ),
VAV, f = ViV, VRV f — R VAV f — RVEV, f 4 2R, VIV f
= (ViRk;j + Viji — VkRij)ka .
The Bianchi identities for a Levi-Civita connection:
R'jj+ R'yji+ R'gj =0,
ViR jk + ViR'y; + ViR =0,
ViR'ijk + ViRij — ViR, =0,
1
V¥R — SVER=0.
Linearisations for various objects of interest:
1
DyTij(g)h = 5 (Vih + Vihi = Vohij) |
2[DyRiem(g)h|skim = ViVihsm—ViVshim+VmVshuy—VuVihg+RE ymhbps+RP smihpr
2[DgRiem(g) ]y, = ViVihly, =iV B+ Vi V iy =V Vihi+9" RP gt hpe— R g b
1
Dy Ric(g)h = 5ALh — div*div(Gh) |
Aph = —V*Vhi; + Rych + Rjh% — 2Ry b

1 1
Gh=h— ST hg, (divh); = —=VFhy,, diviw = §(viwj + V,wi) ,

DyR(g)h = —=V*Vy(tr h) + V*V'hy — R*hyy

[D,R(9)]*f = —V*Vifg+VVf — f Ric(g) .

249
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Warped products: Let (M,g), V :=Vg4, f: M — R and
(M =M x;I,g=—f%dt*+g),
then for X, Y tangent to M and V, W tangent to I, we have
RZC(?)(X, Y) = ch(g)(Xa Y) - fﬁlvvf(X7 Y) y
Ric(9)(X,V)=0=g(X,V),
Ric(g)(V,W) = —f V¥V fg(V, W) .
Let (M,g),V:=Vg, f: M — Randlet (M = Mx;I,g=ef?dt*+g), e = £1.
0= (2" =t 2" = (2, ... 2")).
Too=T% =Tk =0, T, = f'0;f, T4 =—efVFf, T}, =T},
Rk = Rije, Rlojo = —€fViV'f, Rlyjo=f'V,;Vif,
R%jx = Rlijo = Rlgj, = R0, = R%jo =0,
Runijie = Rimiji, Roije =0, Roijo = efV;Vif
Riy, = Ry, — [7'ViVif, Ror =0, Rog=—¢fV'V;f,
R=R-2f'VV,f.
Hypersurfaces: Let M be a non-isotropic hypersurface in M , with v normal,
and u, v tangent to M at m, we have

I1(u,v) = (VyV = VgV = (VoV)i = 1 (v,u) = —1(u, 0) v, .
Setting S(u) = Vv € T, M, one has

< S(u),v >=< Vv, v >=< —1, V,V >= l(u,v) .

e F.0.6: ptc:there are If .’E, y, U, v are tangent tO _1\47 then.FO6

bound to be sign
problems here ~

R(z,y,u,0) = R(z,y,u,v) + (2, u)l(y,v) = U(z,0)l(y, u) -

The Gauss-Codazzi equations read

R(z,y,u,v) = Vyl(z,u) — Vil(y,u) .
The Ricci tensor can be decomposed as:
R(y,v) = R(y,v) + IT o II(y,v) — trII I1(y,v) + R(v,y,v,v)
R(y,v) = =V trIl +/V'I1,; |
R=R+|1I? - (trII)® + 2R(v,v) .

The Weyl tensor:

1
Wikt = Rijr———

R
— 2(Rikzgjl_Rilgjk+legik_Rjkgil)+m(gjlgik_gjk:gil) :
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We have ' 4
Wi kel g) = Wil hi(g) -

The Schouten tensor

1 R
Sij = —5[2Rij — ——gij] -

n—2 n—1
Under a conformal transformation ¢’ = el g, we have
1
1 = Loy + b0y — v

n—2 n—2 1 n—2
Ri; = Rij — Tviv]’f + Tvifvjf - §(Vkka + T|df|2)gi]’

R =e¢/[R—(n-1)VV,f - Vifvif] .

(n—1)(n—-2)
4
Specialising to ¢’ = eﬁug’

1 1

2
In the notation ¢’ = vn-2g,

Rj; = Rij —v 'V;Vju+

-1 1
n — 211_2Vivvjv — 2U_1(kakU)gij .

n n—

If we write instead ¢’ = ¢*/("=2)g, then
_ 2n  _ 2 _ _
Rjj; = Rij=207'ViVo+ —— 6 VigVio— —— ¢~ (V'Vip+07 [dol*)gi;

R/ (n=2) _ _

A= Dorg, 61 Ro .
n—2

When we have two metrics g and ¢’ at our disposal, then
1
TS =T =T = 59" (Vigl; + Vigh = Vigiy) -

Riem’iklm - Riemiklm = VlT]im - VmT]il + T;lTIgm — TjimTIgl .

Under ¢ = ef g, the Laplacian acting on functions becomes®¥-0-7 eF.0.7: pte:quelle signe

pour le laplacien

-2
VY0 = e~ (VY + "?v’f FV) .
For symmetric tensors we have instead

—6
V’kvgulj = ¢ f V’“Vkul-j + nTkaVkuij — (Vikaukj + ijvkuki)

3—n
A A

(VP fViurj + VP V) + (

n 1 1
= (Vif VE fury + ViV furi) + SVif Vi fui + S giun VAV f |
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Laplacians : For symmetric v’s and arbitrary 7T’s let

1
(Du)yij = ﬁ(vkuz’j — Vjuir),

then

, 1 k k k k

(D*T)i5 = Tﬂ(_v Trij — Vi + VT + ViT)

Further 1

D*Dujj = =V*Vjui + §(VkV¢Ujk + VAV uir)
and .

div*divu = —§(vivkujk + V,; VEug)

thus

1
(D*D + diV*diV)uij = —V’“Vkuij + i(Rkjuf + Rkiuf — 2Rqﬂiuql) .

Stationary metrics : (M,~) Riemannian, in dimension three, let A : M — R,
E:M—T*M, (N =1x M,g) with

(e
9“’”‘(5 AT E )

Let w = —A2 %, d(A\"L¢). V =V, E' = 4*E,. Then

) = Mdt + A" 1da")? — Ny datda?

) 1 _ _ ) ) c
Ric(7y)i; = 5)\ VAV A + wiw;) + A2 (Ric(9)ij — Ric(9)eaé6™is)
ViVl = A H([dA? — [w]?) — 2A 7 Ric(g)ap€*E
vi()\_2wi) =0 )

A(xydw)' = —207'T(g)i€°,  Ric(g) = G(T(g)) -
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