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Introduction

General relativity has, so far, undoubtedly been the most successful theory describing the
phenomenon of gravity. Nevertheless, there are still solutions permitted by the theory
that one should probably not take too seriously. For example, the interior solution of the
Kerr black hole would allow for time travel to both future and past. One is therefore
tempted to simply discard the interior solution. This, however, is not ideal for the reason
that some trajectories in the exterior solution eventually enter the interior. We are thus
interested in a maximal solution of sorts, so arbitrarily cutting off a piece of spacetime
should not be permitted.

Traditionally, to reach ”all possible regions” allowed by the solution, one does an
”analytic extension”[l] It is this process that then leads to parallel universes and regions
that generally violate causality. But, it is not clear why one should analytically extend
anything - it is the Einstein equations that we are interested in, not analyticity.

A more satisfactory resolution to the problem is provided by the notion of global
hyperbolicity. This is, roughly speaking, the type of spacetime one can get by evolving
some initial data (via the Einstein equations). Here causality holds in its strongest form
and no time travel or parallel universes are allowed.

In globally hyperbolic spacetimes, one then proves the singularity theorems which
guarantee that some trajectories end in finite time (if certain energy conditions hold).
This is relevant to cosmology and black hole physics, as it guarantees that singularities
which form under very symmetric conditions remain there even under slight deviations
from that symmetry.

It is important to keep in mind that global hyperbolicity is one of the assumptions of
the singularity theorems, so trajectories may be extended past the singularities in certain
cases, but the extended spacetime then must fail to be globally hyperbolic. The key
point is the following: even though some trajectories might exit the globally hyperbolic
region (as in e.g. the Kerr solution), Einstein equations tell us nothing about their fate
afterwards. It would be nice then (for the theory) if, generically speaking (i.e. for most
initial data), the trajectories indeed just end like the singularity theorems tell us they do.
All other cases are then to be considered too special to be realistic. This is essentially the
philosophy behind the strong cosmic censorship conjecture.

We should mention though, that not all spacetimes a physicist might find useful are
covered by globally hyperbolic ones (anti-de Sitter space being one prominent example).
Nevertheless, one may take this as the most conservative starting point.

The thesis may be roughly divided into four parts; each culminates in some Hauptsatz:

Tt should immediately be mentioned that extensions are not necessarily unique (so ”all possible
regions” is really ill defined). Sometimes though, one can find the unique maximal analytic extension of
some spacetime, but that doesn’t mean it is unique among the smooth ones.



1. First part is concerned with symmetries and culminates in the proof of Birkhoft’s
theorem. This result shows that spherical symmetry restrict the possible set of
solutions drastically.

2. The second part is concerned with causality and global hyperbolicity. Here we prove
a characterization of global hyperbolicity due to Geroch.

3. The third part is concerned with incompleteness and singularities, which culminate
with Hawking’s and Penrose’s singularity theorems.

4. The fourth part is concerned with the so-called "no hair theorem”, but I have opted
to forgo the proofs here, as they tend to get quite involved.

Next, in order to make the main text more accessible and self-contained, let us intro-
duce some preliminary notions having to do with basic differential geometry.

Topology

A topology on a set X is a collection 7 of its subsets which are closed under unions
and finite intersections (i.e. for U; € 7, |J,;U; € 7 and for U,V € 7, UNV € 7). One
also requires that X and () be in 7. The idea is to capture a notion of an open set
(also called an open neighborhood). Since X is a priori only an amorphous collection of
points, designating certain sets as open allows us to establish which points are close to
each other. The smaller the open set which contains both points, the better we know the
relative position of those points.

Consider R™ with open balls B,(z) = {y € R" | |y — 2| < r}. Taking arbitrary
unions of such sets (for different x and ) gives a topology on R” - the standard euclidean
topology.

To illustrate how topology reflects relative nearness of points, take one point from
Bin(x) for each n € N. We thus get a sequence z,, with a following property: no matter
how small of an open set around x we take, we will always find all but finitely many
chosen points in there. We say x,, converges to z.

As another example take the notion of a limit point: x is a limit point of set A if
any open set containing x intersects A. x need not be in A, just very close to it (consider
some point of norm 1 and the open ball B;(0)).

One can also put a discrete topology on R™ by proclaiming every subset of R™ be
open. Now, this isn’t terribly interesting because sets containing only one point are open
as well, so we can perfectly distinguish points. Thus no sequence can converge to x but
the eventually constant ones (those equal to x after a certain point) and every limit point
of A must be contained within A.

A set is closed if it contains all of its limit points. It is not hard to show that closed
sets are precisely complements of open sets. One gets the closure of A, which we write as
A, by adding all limit points of A to A. Interior is the largest open set contained within
A, and we may define the boundary of A, denoted by 0A, as the difference between the
closure and the interior.

Every subset A of a topological space X becomes a topological space in its own right
by considering U N A to be open in A for any U open in X.

A map ¢ : X — Y between two topological spaces is continuous if it maps nearby
points in X to nearby points in Y. More precisely, if for any (no matter how small) open



neighborhood U around f(p), f~1(U) is open neighborhood of p. A continuous function
with a continuous inverse is called a homeomorphism.

Compactness and Connectedness

A subset K of a topological space is said to be compact if every open cover of K has a
finite subcover. Thus, for example, if one can prove some property P in a neighborhood
around any point of K, compactness guarantees the existence of a finite cover whose
open sets also satisfy P. It is not difficult to show that any infinite set in compact K
must have a limit point. Intuitively, infinitely many points in K cannot be spread out
homogeneously (they accumulate somewhere). It is also easy to see that a continuous
map sends compact sets to compact sets.

A topological space X is said to be disconnected if we can find two disjoint (nonempty)
open sets (U, V) whose union is X; if we cannot find such open sets, it is said to be
connected. Note that U and V are complements of each other so they must be open
and closed. Conversely, if the only open and closed sets are the trivial ones (namely X
and ), then it is easy to see that such a space must be connected. As an example, any
interval in R is connected.

Continuous function will again map connected sets to connected sets.

A space X is said to be path connected if any two points p, ¢ € X can be connected
by some continuous curve v : [a,b] — X. It is readily seen that a path connected set must
be connected (the interval is connected, so a separation (U, V') would also separate Im -~y
if v goes from p € U to ¢ € V, giving a contradiction).

For spaces we are interested in (namely manifolds) these two notions of connectedness
turn out to actually be equivalent.

Smooth Manifold

By a smooth manifold (of dimension n) we mean a space M equipped with charts, i.e.
bijective mappings ¢; : U; — R™, where U; C M cover M and ;(U;) is an open set in
R"™. We can then pull the topology from R", by proclaiming each ¢, Y(U) to be an open
set in M, thereby making each ¢; a continuous map. Furthermore, we require that any
transition map ¢; 0 ;"' : ¢;(U; N U;) = ¢;(U; N U;) be smooth.

This way, if one chart measures a curve 7 : [a,b] — M to be smooth (i.e. ¢ o~ is
smooth), then any other chart will do the same. A collection of such charts is (unsurpris-
ingly) called an atlas. We shall require our atlases to be maximal (w.r.t. inclusion).

Charts are usually written as an n-tuple of functions ¢ = (z!,...,z"), each providing
one coordinate to points in U C M.

We shall generally employ two more restrictions on the global topology of M:

1. M should be a Hausdorff space, meaning that any two points p,q € M, p # q
can be separated by some disjoint open sets p € U, ¢ € V. It is easy to show that
this condition guarantees the uniqueness of limits. Note that a euclidean space R™
is Hausdorff, so a manifold (locally homeomorphic to R™) will be locally Hausdorff,
but will generally fail to be globally Hausdorff. This assumption gets used when
proving the existence of maximal flows of vector fields.



2. M should be second-countable. This means that there should exist a countable
collection of open sets such that any other open set can be obtained as a union of
these.

This property gets used when proving the existence of partitions of unity.

Manifolds generalize surfaces and curves to higher dimensions, but notice that we use
an intrinsic definition; we chart the manifold, instead of describing it as an embedded
subset of some higher dimensional space.

Tangent Space

A tangent space to a manifold is intuitively obvious; it should generalize a tangent plane
at a point of some surface. Things become slightly more complex because we need a way
to intrinsically characterize tangent vectors. We do this by considering curves through p:

Let p € R™. We say two curves v and « starting at p (7(0) = p and «(0) = p) represent
the same direction at p if 4/(0) = o/(0) (note that magnitude, i.e. the length of the vector
matters as well).

For curves on a manifold M, we say v and « represent the same direction at p if they
represent the same direction on some chart ((pov)'(0) = (poa)’(0)). The equivalence class
of all curves representing the same direction at p is called a tangent vector. Collection
of all tangent vectors at p is called a tangent space at p, denoted 7,M. One then pulls
the vector structure from R™ and gets a vector space.

Derivative of a Function

Just as with curves, one can check whether a function is smooth by passing to charts:
f: M — N is smooth at p € M if we can find charts ¢ and ¢ around p and f(p)
respectively such that ¢ o foe™ : o(U) — ¥(U) is smooth (as a map between euclidean
spaces). A smooth bijection f: M — N with a smooth inverse is commonly known as a
diffeomorphism.

A derivative of a smooth function f : M — N between smooth manifolds, can now be
defined as follows. Since f maps curve v to curve f oy, the derivative of f at p should
map the tangent vector to v at p to the tangent vector to f o~ at f(p). In other words,
dfy : T,M — TN, df,(v'(0)) = (f ©7)'(0). One then checks this is well defined (i.e.
does not depend on the choice of curve v representing a tangent vector v € T,M).

In particular, if o = (z',...,2") is a chart containing p, there is a standard basis on
T,M induced by this chart. Note that, since ¢ is a bijection, dy is a bijection as well,
thus we can find a basis on T, M which dy, : T,M — R" maps to the standard basis
e; =(0,...,1,...0). These are coordinate vectors (or coordinate frame) of this chart.

Tangent Bundle

We can now collect the tangent spaces into one object called the tangent bundle TM =
Upenr TyM. It can be shown that T'M itself has the structure of a smooth manifold, its
charts being induced by the coordinate vectors of some chart on M: if e; € T,M denotes
the coordinate vectors and X, = > a'e;, then ¢(X,) = (p(p),a’,...a") defines a chart
for T'M.



Vector fields are sections of the tangent bundle, i.e. mappings X : M — TM, such
that X, = X(p) € T,M. The space of all vector fields on M will be denoted by I'(T'M),
or X(M).

Note that a vector field may be identified with a differential operator, namely with
f — df(X) (directional derivative of f in direction X). We often write just X f. One
can even define tangent vectors as differential operators on functions obeying linearity
and Leibniz rule; but to prove this gives the same construction requires some work. For
vector fields X and Y, by XY we shall mean the composition of X and Y as differential
operators and by [X,Y] = XY — Y X their commutator.

The coordinate vectors of some chart now simply become standard partial derivatives
on that chart: 0;.

An integral curve of vector field X is a curve v solving 7/(t) = X, ). A (local) flow
v : UxR — M of vector field X parametrizes the integral curves by their initial positions:
©t(p) = 7p(t), where v, is the integral curve through p.

Dual Space

Recall that a dual of a real vector space V' is the space of all of its linear functionals
f V. — R, which we denote by V*. If e; is a basis on V, we can define the dual
basis ¢' € V* by €'(e;) = 8}, in other words, if v = 37, v'e;, then ¢'(v) = v'. We write
coordinates of dual vectors in the basis e’ using lower indices: v = Y, v;¢’ € V*. This is
the essence of index notation. When the same index appears both as a subscript and a
superscript, we shall omit the summation sign. Thus, for example v = v’e;.

A vector in V may act on V* as well. Indeed, V** and V' are isomorphic: v(f) = f(v).

We can now form the dual bundle T*M = |J _,, TxM. Sections of this bundle are

pEM " p
called covector fields or, more commonly, 1-forms. The space of 1-forms is denoted by

D(T*M).

Notice that on a chart ¢ = (z',...,2"), dz’ map each p € M to dz), : T,M — R; thus
dx* are 1-forms. It is not difficult to check dx*(9;) = 0%, so da’ are dual to the standard
coordinate frame.

Metric Tensor

By taking tensor products TM @ T'M = UpeM T,M ® T,M we get even more objects.
A metric on M is a smooth mapping g : M — TM ® T M assigning to each point p
a scalar product on T,M. By this we mean a symmetric nondegenerate bilinear map
gp - T,M xT,M — R. By nondegenerate we mean that if g(X,,Y,) = 0 for all X, € T,M,
then Y, = 0.

Non degeneracy can be seen to amount to the map X, — g(X,, -) being an isomorphism
between T, M and Ty M (non degeneracy means precisely that this linear map is injective;
but V' and V* have the same dimension, so it is bijective).

We shall regularly write ds? for the quadratic form X — g(X, X).

By employing the metric we can lower or raise indices: for a vector field X, define
a 1-form X* = g(X,-). The inverse of b : X + X’ is denoted by #. We then have
X; = ¢;(X°) = X’(ej) = g(X'e;,e;) = X'g(ei,e;) = X'gij. Thus the matrix g;; maps
(X1,...,X,) to (X*,...,X™). Inverting this relation (and writing ¢ for the inverse
matrix) we get ¢¥ X; = X°.



Lorentzian Metric

One can generally prove (via Gram-Schmidt procedure) that any nondegenerate scalar
product admits an orthonormal basis, i.e. a basis e; for which g(e;,e;) = 0 if i # j and
g(e;,e;) = £1. In other words, the matrix of ¢ in this basis is just £1 on the diagonal.
In fact, a stronger result (so called Silvester’s law of inertia) shows that in any other
orthonormal basis g will have the same number of —1s on the diagonal. Thus the number
of —1s is an invariant called the signature of the metric (what Silvester called ”inertia”).
We shall be interested only in metrics of signature (—, +,...,+), i.e. with only one —1.
Such metrics are called Lorentzian.
For a Lorentzian metric g, we say a vector X € T,M is:

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

Since in orthonormal coordinates e; metric g is a diagonal matrix with +1 on the
diagonal, we see that (in Lorentzian signature) g(X, X) = —(X?)? + (X1)2 + ... (X")?,
so g(X, X) = 0 defines an hourglass shaped cone in 7,M. Null vectors lie on the cone,
while timelike vectors lie (strictly) within the cone. Since the interior of the cone consists
of two connected components, we may chose one and label it future. Thus future oriented
timelike vectors fall into that component and past oriented ones fall into the opposite
component.

Physically, particles/observers are constrained to move on trajectories v whose veloc-
ities 7'(¢) at each ¢ lie within the null cone of T )M, i.e. +'(t) are timelike or null and
future oriented. This constraint reflects the fact that no signal should travel faster than
light (or backwards in time). For a timelike curve fab |v|ds = f; V0g(,v')|ds is called
its proper time. The metric thus provides us with null cones, but also a way of measuring
the elapsed time for any given observer (as measured by that observer).

Levi-Civita Connection

Generally one cannot compare a vector X,, € T,M and a vector Y, € T, M; they do not live
in the same vector space. Nevertheless, it would be desirable if we could establish a way
of transporting vectors from one tangent space to the other. This is achieved by an affine
connection (or covariant derivative); this is a mapping V : X(M) x X(M) — X(M)
satisfying:

1. VxY is F-linear in X, a R-linear in Y. In other, words: V;xY = fVxY for all
smooth f: M — R and Vx(aY) = aVxY for all @ € R, we of course must also
have VX(Y + Y/) = VXY + VXy/ and Vx+X/Y = VXY -+ VXIY.

2. Leibniz rule holds for V in Y: Vx(fY) = (X[f)Y + fVxY for each smooth f :
M —R

We now say Y is parallel if VxY = 0 for all X.
Consider a vector field along curve v : [a,b] —, i.e. V : [a,b] — TM such that
V(t) € TyyM. We cannot directly apply V as V' is not defined on M. However, we can
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define a unique analogue induced by V. Indeed, one shows that there is a unique operator
% which is linear, satisfies the Leibniz rule and is also compatible with V in the following
sense: if X is a vector field on M, then X, (t) = X, is a vector field along v and we
must have %(t) = V., »X. A field V is parallel along v if 2% =0

Let V be some connection and v : [a,b] — M a smooth curve on M. For a given
v € Ty a)M there exists a parallel vector field V' : [a,b] — T'M along v with V' (a) = v. By
varying v we get a linear map 7 : Ty q)M — T, M, called the parallel transport map.

For a vector field X we can now show:

So the intuition is that the covariant derivative looks at how X changes during parallel
transport. Generally, we shall write V)X instead of %.

A celebrated theorem by Riemann states that given a nondegenerate metric g on M,
there exists a unique connection V, the so-called Riemann or Levi-Civita connection,
satisfying:

1. V is metrically compatible: Zg(X,Y) = g(VzX,Y)+ g(X,VzY) for all XY, 7 €

This is equivalent to parallel transport being an orthogonal transformation (pre-
serving the metric) between tangent spaces.

2. Torsion T(X,Y) = VxY — Vy X — [X,Y] of V vanishes.

Geodesics

By a geodesic v we always mean an affinely parameterized one, i.e. the solution to

D~/
0=
dt

=VxX,
where X = +/. Writing this out in some local coordinates, we get:

i+ Thi =0,
ij

where Ffj are Christoffel symbols defined by Vy,0; = Ffj(?k.
Denote by 7, a geodesic with initial velocity v € T,M. The exponential map at
p € M is a map defined on some open subset of 0 € T, M by

exp, (v) = 7 (1).

exp,, sends straight lines in 7, M to geodesics going through p. One actually proves this is
a diffeomorphism on a sufficiently small open neighborhood 0. If e; is a basis on 7, M and
r' are coordinates in that basis, then we may define normal coordinates: ' = T;0€exp,, L



Curvature Tensors
We define the Riemann curvature tensor as
R(X,Y)Z =VxVyZ —VyVxZ — Vixy 4.

Roughly speaking, if we parallel transport Z along some infinitesimal parallelogram
spanned by X,Y, thus going in a loop and returning to the initial tangent space, then
R(X,Y)Z is the difference between the transported vector and the original vector Z.
More precisely, we have:

512 _ pix v)z, = [RX,Y)Z] (),

lim
5,t—0 st
where T' = 2;;1@_ 112595,5 is the parallel transport along the flows ¢, and 1, of vector fields
X and Y.
Assume U C M is a neighborhood and e; € X(U) is a local frame on U, i.e. that (e;),
form a basis for T,M at each p € U. We write R}, = (R(e;, ¢;)er)*, i.e. Rfer = R(es, €;)e;.
Lowering an index gives R(W, Z, X,Y) = g(R(X,Y)Z, W), i.e. Ruij = gmrR[;-
The Ricci tensor is the a contraction of the Riemann tensor: R;; = Rfkj.
Intuitively, the Ricci tensor Ric(X, X) = R;; X' X7 measures the difference in volume
of a narrow cone of geodesics emanating from p going in the direction X and the volume
of the flat (euclidean) cone (in normal coordinates (z',...,z™)). More precisely, we have
the following formula for the volume form in normal coordinates:

1
w = /| det gij|dx' A+ Ada" = (1 ~3 Ric,(z, z) + O(\x|3)> dz' A - Ada™.

Spacetime

In what follows we will mostly deal with some 4-dimensional connected Lorentzian man-
ifold M with metric g of signature (—,+,+,+) and an induced Levi-Civita connection
V. We assume further the existence of a global nonvanishing timelike vector field, which
gives a smooth choice of future timecone at each 7,,M. As usual, we shall refer to M as
spacetime.

On M matter is represented by some symmetric 2-tensor 7}, called the stress-energy
tensor. The system evolves according to the Einstein field equations:

G = 81T,

where G, = R, — %ng, is the Einstein tensor and R = Rﬁj is the scalar curvature.
Alternatively, Einstein field equations may be written as R, = 87 (TW — %Tgw,), where
T'=Ty. In vacuum T),, = 0, so the Einstein equations reduce to R, = 0.



Chapter 1

Spacetime Symmetries

Since Einstein’s equations are so difficult to solve in general, to make the problem tractable
one either linearizesﬂ the theory or imposes certain symmetries. Symmetries, in particular,
allow us to simplify the metric before solving the Einstein equations. In this chapter we
review some elementary notions from group theory, define certain types of spacetime
symmetries and prove a result on the splitting of the metric under the action of some
(compact connected Lie) group.

1.1 Foliations

An immersion is a smooth function f : M — N whose derivative df, : T,M — Ty N is
injective at every point p € M. This allows one to embed the tangent space of one manifold
into the tangent space of the other. Immersion theorem then guarantees a coordinate
system ¢ around p and ¥ around f(p) so that f (or more accurately 1o f op™!) has form
(', .., 2") — (2, ...,2™,0,...,0) in these coordinates. One can think of f as embedding
sufficiently small pieces of M into N, where it will look like an n-dimensional plane in a
properly chosen coordinate system. We then say that M is an immersed submanifold
of N. Of course, one can additionally require that M be globally embedded in N, i.e.
that f also be a homeomorphism between M and its image so that, in particular, M
inherits the topology of N. In this case we will say that M is an embedded/regular
submanifold of N (or sometimes simply that M is a submanifold of N).

Definition 1 (Locally trivial collection). The definition given is the same one found in
e.g. Lee [15]. Let F be a collection of immersed k-dimensional submanifolds of M. If
every point p € M has a coordinate neighborhood (U, ¢) = (U, z', ..., ™) such that every
element of F either doesn’t intersect U or intersects it in a (at most) countable union of
manifolds of the form z*+! = c**1 . 2™ = ¢" for some constants ¢**1, ..., ¢* € R, then we
say that F is locally trivial.

In other words, in a appropriately chosen coordinate system, a locally trivial collection
F will look like a stack of k-dimensional planes, all of them parallel to R* x {0}. One can
think of each manifold F' € F as repeatedly going in and out of the neighborhood U (at
most a countable number of times), but looking like a set of (at most countably many)
parallel planes on U itself.

In general, one may use higher order perturbation theory.



Definition 2 (Foliation). Let M be a smooth n-dimensional manifold. A foliation par-
titions M into a (locally trivial) family of connected submanifolds. More precisely, a
k-dimensional foliation F is a collection of immersed k-dimensional submanifolds of M
(called leaves) that are disjoint, connected, locally trivial, and also cover M.

As a trivial example, one can foliate R® with planes (take for instance all planes
parallel to the XY plane). All 2-dimensional foliations of a 3-dimensional space are
locally modeled on this one. Less trivially (but only slightly less so), one can foliate
R3\ {0} with spheres (take all spheres centered at 0). In the next section we will give a
completely nontrivial example by foliating a 3-sphere with 2-spheres.

A distribution is simply a vector subbundle D C T'M (a smooth choice of subspace
D, C T,M for each p € M). We say that a distribution D is integrable if there exists a
submanifold N C M which is tangent to D, i.e. for which D, = T,N for all p € N. We
call N an integral manifold (for D).

The following result gives us a nice characterization of foliations:

Theorem 3 (Frobenius)

Let D C TM be a distribution, then D is integrable iff for any two X,Y € T'(D) (i.e.
X,,Y, € D, for allp € M) we also have [X,Y] € I'(D). Furthermore, the collection of
all maximal connected integral manifolds of D forms a foliation of M.

For a proof see Lee [15]. Conversely, for a foliation F, it is trivial that the collection of
all D, = T, F, forms an integrable distribution. Here F}, is the unique leaf which contains
p e M.

1.2 Group of Isometries

Let M be a smooth manifold and denote by diff (M) the set of all diffeomorphisms M —
M. diff (M) obviously forms a group under composition - this group, however, is infinite
dimensional. Assume that M comes equipped with a semi-Riemannian metric g (of a
given signature), then we can restrict our attention to isometries, i.e. diffeomorphisms
¢ : M — M which preserve the metric p*g = g. Again, collection of all isometries forms
a group under composition, which we denote by I(M).

We now recall some terminology from group theory. A Lie group G is simply a group
with a smooth manifold structure. In particular, this means that the multiplication map
p:GxG— G, (g,h) = gh must be smooth. One can show that the group of isometries
I(M) is a Lie group (see Kobayashi [13]).

Generally, a group G can act on a smooth manifold M via diffeomorphisms. In other
words, we can embed G into the group of all diffeomorphisms diff (M) via a (not necessarily
injective) homomorphism G — diff(M) so that every element g € G corresponds to a
diffeomorphism g : M — M. More specifically, one can require that G' act on M via
isometries.

Stabilizer (or isotropy group) at p of such a group action is the set of all group
elements that fix p:

Hy={9€G|gp=p}CG.

A stabilizer can act on T,M via derivatives because if ¢ fixes the point p € M, then
do, : T,M — T,M.
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Orbit at p is the set of all points that can be reached from p by some transformation
in G:
Op={9p|geG}cM.

For H C G we form the set of all left cosets G/H = {gH | g € G}. Orbit-stabilizer
theorem now guarantees that G/H, ~ O,, where we have the bijection j : aH, — ap.
An action is called transitive if O, = M for some (and therefore any) p € M. For a
transitive action we then have G/H, ~ M and, in fact, can guarantee that j is actually
a diffeomorphism (see Lee [15]).

As an application of these ideas, we have the following:

Example 4 (Hopf Fibration). The 3-dimensional rotation group SO(3) of linear operators
on R? preserves lengths of vectors and therefore (by restriction) acts transitively on the
2-sphere. To fix a point p on the sphere one can only use rotations that have p lying on
their axis of rotation and so must rotate in the plane orthogonal to that axis. Therefore,
the stabilizer of such action is isomorphic to SO(2) ~ S* and we have S? ~ SO(3)/S0O(2).

On the other hand, SO(3) has a double cover SO(3) ~ SU(2)/{%1} and that double
cover acts transitively on S? as well (with the same stabilizer). We thus conclude that
SU(2)/S0O(2) ~ S?. However, SU(2) is diffeomorphic to the 3-sphere so we get a projec-
tion map 7 : S* — S? whose fiber is diffeomorphic to SO(2) ~ S*. This partitions S*
into disjoint 2-spheres and furthermore gives S® the structure of a (principal) fiber bundle
that locally looks like a product of a piece of S? and S*. This proves that S® can indeed
be foliated by S2.

It is often easier to analyze not the Lie group G, but its algebra g. Let us recall that g
is simply the tangent space at identity 7,G, which represents infinitesimal transformations
(small deviations from the identity).

We should note that every X, € g generates a vector field on GG simply by translating,
ie. X, = dlgX.. Here l;(h) = gh is left multiplication that translates h by g¢, and
so dl, translates vectors in TG to T, M. This vector field is obviously left-invariant, i.e.
dly Xy = Xgp, and is, in fact, the only such vector field that agrees with X, at the identity.
One can thus conclude that g can be identified with the space of all left-invariant vector
fields and therefore comes equipped with a Lie bracket [X,Y] = XY — Y X defined for
any two vector fields X, Y.

Integral curves of left-invariant vector fields must run for all times ¢ € R and have a
specific property: c(t + s) = c(t)c(s). In other words, they are simply homomorphisms
between (R, +) and G and are consequently called 1-parameter groups. Conversely, every
I-parameter group must be an integral curve of some left-invariant field (by uniqueness
of solutions to ODE).

We are thus interested not only in isometries themselves, but also in infinitesimal
isometries.

Definition 5 (Killing field). A vector field on M is called Killing if its local flow ¢ :
U — M is an isometry (for all ¢ for which it is defined).

The flow of a complete Killing field is defined on all of M, ie. ¢, : M — M for all
t € R. Therefore, we get a 1-parameter group in I(M) through the identity ¢q = id. The
derivative of this curve at id is precisely the Killing field. We thus conclude that complete
Killing fields are in bijective correspondence with the algebra of group I(M).
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We finish this section with a couple of comments on the structure of the space of Killing
fields. It not too difficult to see that X is Killing iff Lxg = 0. This is precisely because the
Lie derivative Ly is defined by Lxg = lim;_,q %(gpjg —g). As we have [Lx, Ly] = Lixy],
it follows that for X and Y Killing, [X,Y] must be Killing as well. Thus the space of
Killing fields is an algebra.

One can relatively easily show that every isometry ¢ on a connected manifold is
determined by ¢(p) and dyp, at some point p € M (this is because isometries preserve
geodesics). Analogously, a Killing field X (on a connected manifold) is determined by X,
and (VX), at some point.

It is not too difficult to show (for a Levi-Civita connection) that Lxg = (V4 X|B) +
(AlVpX). Thus X is Killing iff VX : A — VX is antisymmetric with respect to metric
g = (-|). This is the so-called Killing equation.

Knowing that (V.X), must be antisymmetric with respect to metric g, we see that

it can have at most @ degrees of freedom. We thus see that the algebra of Killing

n(n—1) _ n(n+1)
2

vector fields (and consequently the group of isometries) can be at most n+ =%

dimensional.

1.3 Spacetime Symmetries

We can now define many different kinds of symmetric spacetimes.
Definition 6 (Time symmetries). Let M be a spacetime.

1. We say M is stationary if there exists a timelike Killing vector field (Wald [4]).
This field gives us (generally only locally defined) time translations. As these time
translations are isometries, we interpret this to mean the metric is time independent.

2. In a stationary spacetime, the timelike Killing field X induces the instantaneous
rest spaces D, = {v € T,M | (v|X) = 0}, which form a distribution D C TM. If D
is integrable in the sense of Frobenius, then we say M is static (Wald [4]). Math-
ematically, this means precisely that M can be foliated into (connected) manifolds
all tangential to the distribution D, i.e. orthogonal to X. Physically, this means
that the family of observers X can synchronize their clocks in such a way that the
space of simultaneity common to these observers is actually a 3-manifold.

We should comment on the definition of static spacetime. The Frobenius integrability
condition for D, namely that [A, B] € I'(D) whenever A, B € T'(D), can be equivalently
stated only in terms of the vector field X. Denote by & = X* = (X|-) the dual of X. Then
we have ker £ = D, i.e. D consists of precisely those vectors that & sends to 0 (as precisely
these are orthogonal to X'). On the other hand, by d¢(A, B) = A{(B) — B{(A) —€([A.B])
we have d¢(A, B) = —&([A, B]) for any A, B € ker{ = D. From here one concludes that
D is integrable iff d¢ = 0 on D.

We call d¢ the curl of X. In particular, we have curl X (A, B) = (VA X|B) — (VpX|A).
One can see this by going to normal coordinates where curl X(0;,0;) = (0,X|0;) —
(0,X)10; = 0;X; — 0;X; = dX"(0;,0;). Therefore, D is integrable iff curl X = 0 on D
so we can say that a static spacetime is one that has an irrotational timelike Killing field.

It is worth noting that "d( = 0 whenever ¢ = 0” can be written equivalently as
ENdE = 0. To see this simply compute the expression for £ A d§(A, B,C') on some
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orthogonal vectors A, B, C, noting that only one of them can be vertical, i.e. not in ker .
This kills all but one term (the one that contains the product of £ on the vertical vector
and d¢ on the remaining two horizontal ones). By writing £ A d§ = 0 out in coordinates
we get 0 = £,0,80) = £V, Where the brackets indicate that we are antisymmetrizing

over all three indices. The last equality follows from the fact that Levi-Civita connection
VX' = 0 X" + XIT}; is symmetric (I'}; = T'%).

Definition 7 (Space symmetries). Let M be a spacetime.

1. Call M spherically symmetric if /(M) contains SO(3) as a subgroup and orbits
of SO(3) are spacelike 2-spheres (Wald [4]). More generally, one may allow the
orbits to be any spacelike 2-manifold ¥ (Hawking & Ellis [3]) because one then
immediately has that ¥ must be locally isometric to a sphere (by having SO(3) in
its group of isometries - see theorem @

2. We say that M is axisymmetric if there exists a 1-parameter group of isometries
¢ whose orbits are closed spacelike curves (topologically speaking these are simply
circles). This implies the existence of a spacelike Killing field with closed integral
curves. In other words, /(M) contains SO(2), whose orbits are spacelike circles

(Wald [4]).
Some authors (Heusler [10]) require that the fixed point set of SO(2) be non empty
as well (so in particular it has an axis of rotation).

For a spacetime that is both stationary and axisymmetric, it is standard to require
that the two Killing fields commute (Wald, [4], Heusler [10]). In particular, this
guarantees that their flows will commute as well.

Definition 8 (Maximally symmetric space). We say that a semi-Riemannian manifold
M is maximally symmetric if its algebra of Killing fields has the highest possible
(n+1)

dimension, namely 5.

As far as maximally symmetric spacetimes are concerned, one can show the following:
Theorem 9

Let M be a pseudo-Riemannian manifold of dimension n and signature s. Then the
following are equivalent:

1. M is locally mazimally symmetric, i.e. every point p € M has a maximally sym-
metric neighborhood.

2. M 1is a space of constant curvature. This means that the sectional curvature

(R(X, Y)Y|X)

K(X,)Y) = 9(X, X)g(Y,Y) — g(X,Y)?

EI is equal to the same constant K € R for any X,Y € T,M and any p € M.

3. There exists a constant K such that the Riemann curvature tensor has the following
form in any coordinate system:

Rijri = K(gikgj1 — 9a9jk)-
2Note that here K is defined only for those X,Y for which g(X, X)g(Y,Y) —g(X,Y)? # 0, i.e. which

generate a plane IT on which ¢ is non degenerate (has non zero determinant). Also, one can prove that
K depends only on this plane IT and not on any specific choice of X and Y that generate II.
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4. M s locally isometric to one of the following spaces:

e pseudo-euclidean space R (this is just R™ with a metric of signature s).

If we denote Og(n) the group of all linear isometries of R?, then any isometry
of RY can be written as a 7, R, where R € O4(n) and 7, : p— p+x. As trans-
lations and orthogonal transformations do not commute, the isometry group of
R? is R™ x O4(n) - R™ denoting translations and x a semidirect product.

e pseudohyperbolic space H(r) = {p € Rt | g(p,p) = —r?}, that has Ogy1(n+

1) as its group of isometries whenever s > (ﬁ

e pseudosphere S™(r) = {p € R*! | g(p,p) = r?}, that has Os(n+1) as its group
of isometries whenever s < nff]

In particular, we get the classical theorem that all maximally symmetric Riemannian
manifolds are locally isometric either to a Euclidean space, a sphere, or a hyperbolic space.
On the other hand, for spaces of Lorentzian signature, we find that every maximally
symmetric spacetime must be locally isometric either to Minkowski space (RY), de Sitter
space (dS, = S7), or anti-de Sitter space (AdS, = H}).

Proof. Essentially the proof of all these statements can be found in O’Neill [I], if one is
willing to work through problem 14 of chapter 9. O

1.4 Splitting of the Metric Under Symmetries

Because the proof is so cute and instructive (and because I've seen so many people butcher
it), let us briefly discuss how one would go about decomposing the metric under a sym-
metry group. This is essentially taken from the lovely paper by B. Schmidt [21].

First we give a preliminary result:

Proposition 10

Assume that a Lie group G of dimension r acts on a smooth manifold M via diffeomor-
phisms. Assume that the orbits O, = {gp € M | g € G} of G are all connected smooth
manifolds of the same dimension k and assume further that O, are closed in M. Then
the orbits form a foliation of M.

For a compact connected group, we automatically get that the orbits O, must be
compact and connected as well (the group action G x M — M is smooth so sends the
compact connected set G x {p} to a compact connected set O,).

Proof. This is a relatively simple application of the Frobenius theorem. We should note
that it is not (a priori) entirely clear that the orbits form a locally trivial collection.

First we need to prove that D,, = T,,0,, defines a distribution (so that D, vary smoothly
with p). For this it is sufficient to prove that for any sufficiently small neighborhood

SHYP has O T(n+1)UO] (n +1) as its group of isometries, i.e. transformations that preserve time
orientation.

48" has Of+(n+ 1)U O, *(n+ 1) as its group of isometries, i.e. transformations that preserve space
orientation.
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U C M one can find vector fields Xi,..., X on U that constitute a basis on each D, for
all p € U. Indeed, we can choose a basis ey, ..., e, for g and define

d, .
(XZ)P = %‘tzo(et Zp)

X; generate D, because the action on each orbit is transitive, but are not necessarily
linearly independent. Now choose only those X; which are linearly independent at p and
thus form a basis for D,. It is clear (say by continuity of the determinant) that these
must be linearly independent in a sufficiently small neighborhood around p as well.

We therefore see that this is an integrable distribution (orbits are integral manifolds)
so by Frobenius the maximal integral manifolds F, form a foliation F of M. What
remains to be seen is that the orbits are the maximal integral manifolds. As each orbit is
connected, we have O, C F), (the maximal integral manifold must contain all connected
integral manifolds through p). Once we show that O, is open and closed in F),, we are
done.

When proving the Frobenius theorem, one proves that F,, C M is weakly embedded.
This means that every smooth map N — M whose image lies in Fj, is smooth as a map
N — F), as well. This has two consequences:

1. As orbits are closed in M by assumption, they must be closed in F, as well.
2. The inclusion O, — F,, must be a smooth map and therefore an immersion.

As O, and F, have the same dimension, O, — F, is a submersion as well and therefore
(by say the submersion theorem) an open map. So O, C F, must be open and closed,
from which it follows that O, = F},.

m

Now let us further assume that each orbit (i.e. leaf) is an embedded k-dimensional
semi-Riemannian submanifold of M. In particular, this means that for every F' € F and
p € F', the metric must be nondegenerate on the subspace T,/ C T}, M or, what amounts
to the same thing, the tangent space to M at p decomposes as T,M = T,F & T,F*+. We
now prove the two main results of this section:

Proposition 11

If the stabilizer G, of G leaves no tangent vector in T,0,, fized, i.e. (Vv € T,,0,\{0})(3g €
G)p)(gv # v), then one can find a family of n — k dimensional surfaces orthogonal to the
orbits.

Proof. Let T,0, be the normal space to O, at p so that we have T,M = T,0, ® T,0,.
Take an open ball U C T,,M to be such that exp is a diffeomorphism on U. Then exp maps
TpOj NU to some C' C M diffeomorphically so we get a (n — k)-dimensional submanifold
C' containing precisely all the geodesics going through p and being normal to O, at p. We
now show that C' is orthogonal to every orbit that it intersects (not just O,).

e We first show that G, fixes C. Note that, in a sufficiently small neighborhood U
around point p, M looks like a product UNO, x C' (this being a tubular neighborhood
of UNO,). Therefore a point ¢ # p sufficiently close to p which lies in C' cannot lie
in O,. In other words, (at least locally) orbits that go through two different points
of C' cannot have points in common.
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Now G, fixes every vector in TpO;. Otherwise, one could transform two distinct
vectors into one another, but then so could one transform the geodesics that these
vectors generate (isometries preserve geodesics) thereby giving distinct points in C'
that lie in the same orbit; a contradiction.

Finally, we see that C' must be fixed by G}, because every point on C lies on a
geodesic with initial velocity v € T,,O;, which is fixed by G,.

o Let ¢ € C and A € T,C. G, fixes vector A because it fixes the entirety of C.
Decompose A as A = A; + Ao, where \; € T,0, and Ay € Tqul. If we can show that
A1 =0, i.e. that A € TquL, we are done.

Note that Ay is fixed by G),. Certainly, it is fixed by G, by the previous argument.
On the other hand, G, = G, because all elements g € G that fix p also fix C' (and
vice-versa of course). As both A\; and A are fixed, \;y = A — Ay € 7,0, must also be
fixed, but by assumption no vector in 7,0, can be fixed (excluding the 0 of course).
We conclude therefore that Ay = 0, i.e. A = Xy € T,0,-.

]

Proposition 12

Assume that the orbits have orthogonal (n — k)-dimensional surfaces (as in the previous
theorem). Furthermore, assume that in each T,0, there ezists a basis B = {ey, ...,ex} on
which G, acts transitively, i.e. (Ve;, e; € B)(3g € Gp)(ge; = e;). Then the orthogonal
surfaces map the orbits conformally onto one another (i.e. by following the geodesic in
C', one reaches an orbit with a conformally transformed metric).

Proof.

e Let O, and O, be two different orbits with p and ¢ sufficiently close. We first show
that C' = Olf and O, intersect in exactly one point.

We have seen in the proof of the previous theorem that, for p and ¢ sufficiently
close, C' and O, can have at most one common point. To show their intersection is
not empty, we show that there exists a geodesic normal to O, intersecting O,. This
is obvious from the fact that orbits form a locally trivial collection - through any
point in C' there must pass some orbit, but by local triviality, these are precisely all
orbits around p.

e Now define f : p — f(p) where f(p) is the sole element in O, N O;. We obviously
have gf = fg for all g € G because g(f(p)) = g(Og N O,) = Oy N Ogl(p) = f(g9(p)),
as g0, = O, is of course fixed. It is clear now (by chain rule) that this must also
hold for the derivative of f (which we denote by the same symbol) when G, acts on
T,M (via derivatives).

e Take now ey, ...,e; to be a basis for 7,0, on which the isotropy group G, acts
transitively and let g; € G, be given by gie; = e;. As we have f(e;) = f(gie1) =
gif(e1), it is clear that all f(e;) are of same length (g; are isometries). Therefore, f
maps a basis of unit vectors in 7,0, to a basis of vectors in T, Oy, all of which
have the same length. In other words, f is a conformal map.

50f course, one does not need axiom of choice for this as one is not really making a choice. We are
picking the only possible element from each set. Explicitly, f(p) =JO4 N Of;.
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e Moreover, the conformal factor in constant on each O, because we can compose

h f h—1
TyOp = 1,0, = T50)Os0) — Tn-150)O50) = T5) O )
where h is an isometry in G that sends p € O, to p’ € O,,.

[]

A couple of comments are in order. Note that in a vector space of any signature, one
may find a basis e; all of whose vectors have equal g(e;, e;). It is intuitively clear that one
can focus all the vectors in one direction (say where the metric is positive g(v, v) > 0) and
spread the vectors out just enough as to make them linearly independen‘rﬂ. Therefore it
is possible that the isometry group act transitively on a basis even in a space of indefinite
signature (it cannot act transitively on an orthonormal basis of course)

The argument that showed the existence of a normal geodesic from O, to O, relies on
the fact that the orbits form a locally trivial collection (and is in that case obvious). It
is not clear (at least not to me) how one would prove this otherwise. Thus theorem [10}is
essential here. This is also not explicitly mentioned in [2I] or, for that matter, anywhere
in the physics literature (where I looked).

Assuming the conclusions of the previous two theorems are satisfied, the metric can
be put in a particularly neat form. First, one can choose a (local) coordinate system
(x*, 24), where « = 1,...,k and A =k + 1,...,n so that X* = const. describes the orbits
and x®* = const. describes the space orthogonal to the orbits. Note here that, locally
speaking, the space looks like a product O, x C so one can take the product chart. In
these coordinates the metric has the form:

g= BQ(xA)gaﬁ(ma)dxadxﬁ + gAB(xA)dxAda:B,

where the first term is a metric on the orbits and the second is a metric on the orthogonal
space C. The B? is the conformal factor that changes from orbit to orbit. In other words,
M is locally isometric to a warped product O, xg C.

Finally, applying the above general theorems to a special case of maximally symmetric
orbits, we get:

Corollary 13

Let M be a semi-Riemannian manifold and let Lie group G act on M wvia isometries.
Assume that the orbits are k-dimensional semi-Riemannian surfaces that foliate M. Let
dimG = @ so that the orbits are maximally symmetric spaces. Then the assumptions
of the previous two theorems are satisfied and the metric locally has the form

g = B*(x™)gap(x*)dzda’ + gap(z*)dz?da®,
where gos(x®)dz*dz? is a metric of constant curvature on the orbit x = const.

Proof. As orbits are maximally symmetric, they are locally either R”, ST or H!'. Because,
locally speaking, group G of isometries (of orbits) is maximal, the isotropy group G, is
maximal as well and, in particular, the orbits are locally isotropic. In other words, locally

6More precisely, take R™ with standard basis e; and metric g of signature s. Take v € R™ to have
g(v,v) > 0. Now v; = v+ ge; all have g(v;,v;) > 0 (for a sufficiently small €), but are also linearly
independent.
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speaking, its isotropy group acts transitively on all vectors of the same norm g(v,v) (i.e.
the pseudosphere).

This guarantees that no vector can remain fixed under the action of isotropy group
and that there exists a basis on which the isotropy group acts transitively (as we have
previously commented). It is now obvious that the results from the previous two theorems
apply as was to be demonstrated. O

Since spheres are maximally symmetric, it is now relatively straightforward to explic-
itly find the metric of a spherically symmetric spacetime. Indeed, we see that the metric
of such a spacetime must be of the form

ds* = dr*(t,r) + Y*(t,7)dQ* (0, ¢),

where dQ?(0,¢) = df* + sin® fd$? is the metric of the unit sphere and dr? is the indef-
inite metric (signature (—,+)) on the space orthogonal to the spheres parametrized by
coordinates t and r. Y2 > 0 is just the conformal factor.
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Chapter 2

Examples of Black Hole Spacetimes

Historically, one of the earliest known exact solutions to Einstein vacuum equations was
also a solution that contained a black hole. This is the Schwarzschild metric describing
a spherically symmetric vacuum. Here we prove a stronger result: any spherically sym-
metric spacetime must be (locally) isometric to Schwarzschild spacetime - a fact known
as Birkhoff’s theorem (so, modulo global topology, Schwarzschild metric is the spherically
symmetric vacuum solution).

Later we discuss the case of an axially symmetric, i.e. rotating black hole; this is the
Kerr solution. It is worth noting that an axially symmetric black hole solution was found
only relatively late in the game (Kerr 1963), with the help of Petrov types.

2.1 Schwarzschild metric and Birkhoff’s Theorem

The Schwarzschild metric is given by:

2mG
r

i 4 (1— 2mC

ds* = —(1 — ) rdr? 4+ r2dQ? (2.1)
and is obviously spherically symmetric. Here 7y = 2mG > 0 (the so-called Schwarzschild
radius) is just some number parametrizing the family of metrics. G = 7.41 - 10" 2kg~'m
is the universal gravitational constant, which guarantees that m will be in units of mass
(we are taking the speed of light ¢ to be 1; in ST units G = 6.67 - 10~ "'m3kg~1s72). Note
that r coordinate becomes timelike and ¢ coordinate spacelike for r < 2mG.

We also notice a break-down of coordinates at r = 2mG. This can be remedied by
passing to Eddington-Finkelstein coordinates. Indeed, if one draws the radial light
geodesics, it appears as though they fly off to infinity at » = 2mG and then come back
from infinity on the other side (r < 2mG). Let us therefore try to find coordinates in
which radial lightlike geodesics are straight lines (this way we control the behavior around
r = 2mG@). For a radial light geodesic we have:

2 2
MGy w2 (= 2 g

0=—(1—
(1-= ;

From here it follows that % = +(1 - %)*1 (— for ingoing and + for outgoing light
geodesics). This has a solution (easily checked by taking the derivative):

t = £r* + const,
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where r* = r +2Gm In| 54— — 1|. We see that the light geodesics would indeed be straight

lines if we had r* instead of r as a coordinate. Thus changing the r coordinate to r*, the
metric becomes:

2
ds? = (1 - 279 a2 4 (dr)?) + P02
T
Define v =t 4+ r*, then:
2
ds? = —(1 — 2™\ 02 4 2dudr + 12402,
T

Note that the determinant of the metric is —r*sin?#. We therefore see that the metric is
non degenerate at r = 2mG (even though one of its components vanishes there) and the
coordinate system has incorporated the event horizon r = 2mG.

We finally state the main theorem of this chapter:

Theorem 14 (Birkhoff)

Let M be a spherically symmetric spacetime so that in any case the orbits of SO(3) C
I(M) are locally isometric to a sphere. Assume M is Ricci flat, i.e. the metric g satisfies
the vacuum FEinstein equations R,, = 0, where Ry, is the Ricci tensor. Then (in any
sufficiently small neighborhood) the metric g must be given by the following expression:

2mG

ds* = —(1 — Ydv* + 2dvdr + r?dQ?.

r

It is beneficial to prove the theorem in Eddington-Finkelstein coordinates, instead of
the original (Schwarzschild) coordinates. Otherwise, we would have to treat the event
horizon as an exception and the expression for the metric would then split between the
interior and the exterior of the black hole, which complicates the discussion. In this regard
we more or less follow [52].

First, the metric ds* = d72(t,r) + Y?2(t,r)dQ*(0, ¢) can be further simplified:
Lemma 15
Fvery spherically symmetric metric can be brought into the following form:
ds* = F(v,r)dv* + 2X (v, r)dvdr + Y?(v,7)dQ?.
The metric is Lorentzian whenever X # 0 (while there are no restrictions on F ).

Proof. Indeed, we generally have 7(t,r) = —Adt* + 2Bdrdt + Cdr?. Note that this can
be written as:

7(t,r) = —A(dt + Ddr)* + 2(AD + B)(dT + Ddr)dr,

where C' — AD? — 2BD = 0. Now define a 1-form w = dt + Ddr and let p # 0 be its
integral factor, i.e. uw = dv for some function v = v(r,t). We then have:

AD+ B
7(v,r) = —(A/p?)dv? + 2—+dvdr,
i
which was to be proven.

The metric —Adt* + 2Bdrdt + Cdr? will be Lorentzian when AC + B? > 0 (i.e. when
it has a negative determinant) so Fdv? + 2Xdvdr will be Lorentzian for X% > 0, i.e.
X #0. O
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Let us comment on the existence of integral factors. Let w = Mdx + Ndy be some
general 1-form in two dimensions. We then have

M N N M
dw = _8 dy N dx + _8 dx N\ dy=—=dw = _(9 — _8 dx A dy.
dy ox dx dy

We therefore see that dw = 0 iff %—]\; = 98 Note that every closed form (dw = 0) is

locally exact (w = dh) because every sufficiently small neighborhood is diffeomorphic
to R”, whose de Rham cohomologies all vanish (this is the so-called Poincaré lemma).
Therefore, on a sufficiently small neighborhood, we have 24 = %—JX ifft w = dh for some
function h.

Finally, if w is not closed, multiply by some integral factor . Then pw will be closed
iff %(MN) = %(MM) ie. iff

dy

OypuM + pdyM = OppN + pOy N <= (0yp) M — (opt) N = p(0: N — 0, M).

This is a linear partial differential equation (of 1st order) so it will always have a (local)
solution. There is a geometric proof of this fact (using the language of 1-jet bundles - see
Arnol’d [16]).

We conclude that one can always choose an integral factor p # 0 in such a way that
pw is closed (and therefore exact).

Proof of theorem[14. The proof is now relatively simple. Denote by f* = 0, f the r deriva-
tive, by f = 9,f the v derivative and compute the Ricci tensor (using e.g. einsteinpy -

see appendix .

e First note that Y can be taken as a coordinate. Indeed, the rr component of the
Ricci tensor is:

2
Ry, = —(—XY"+ X'Y") =0.

XY
This implies 0 = % = (YY/)’ , from which we conclude that either Y’ = 0 or

X = £(v)Y for some function £ of v. If Y/ = 0, then we can calculate Rgy = 1, which
cannot satisfy the vacuum equations. Now from Y’ # 0 we get (locally) dY # 0 so
by submersion theorem, Y = const are (locally) embedded manifolds, represented
as hyperplanes in the adapted coordinate system Y, 22, ..2". As dY = Ydv + Y'dr
(and X = £Y”), we have:

ds? = (F — 26Y)dv? + EdvdY + Y?2d0?
Setting F' = (F — 2¢Y) and do = &dv, we get:
ds® = Fdv? 4 2dodY + Y?dQ?.

For convenience we rename the variables once more and write ds? = Fdv? 4 2dvdr +

r2dO2.

e We now compute the #6 component of the Ricci tensor. Note that X =1 and Y =r
soY'=1,Y"=Y =0. This gives

R99:F+1—|—7’F/:0.
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Separating the variables in the equation F' + 1 + rF’' = 0 we get:
dF dr
F+1  r
Integrating we get In(F 4+ 1) = —In7 4+ C' = In(r~!) + C where C depends only on
v. Taking the exponential:

F=mr ' —1,
where m = e > 0 depends only on v.

Therefore the metric is:
(mr~! — D)dv? + 2dvdr + r?dQ?
and we only need to show that m is constant.

e For this we compute the uu component of the Ricci tensor:

1 1 1.
Ry, =-FF'+-FF +-F=0.
2 T T
Substituting /' = mr~' — 1 into the above expression we get (F' = =% F" = 22)

and it is clear that m = 0, i.e. m = const.
m

Birkhoft’s theorem is only a local result. Globally, one looks for extensions. Gener-
ally, an extension of a (connected) spacetime M is a (connected) spacetime M for which
we can find an isometry i : M — M and i(M) # M. In other words, M can be iso-
metrically embedded as an open subset of M (as dimensions of M and M must be the
same, 1 is, in particular, a submersion and therefore an open map). One is most inter-
ested, of course, in maximal (or inextendible) spacetimes, namely those which do not
posses an extension. Let us note here that a given spacetime M may have many different
maximal extensions (so we cannot speak of the maximal extension)ﬂ. Birkhoft’s theorem
can now be stated much more eloquently: every spherically symmetric spacetime which
satisfies the vacuum equations is locally isometric to a piece of the maximally extended
Schwarzschild spacetime.

By extending the Schwarzschild spacetime to Eddington-Finkelstein coordinates, we
found that the apparent singularity at » = 2M G in the Schwarzschild metric disappears.
The singularity at r = 0, however, does not. Indeed, by calculating the tidal forces, we
see that they become infinite as r — 0. Alternatively, one can calculate the so-called

2772
Kretschmann scalar K = R™IR,.q = 486;—6M.

Indeed, as a counterexample we can take R? and the flat torus. Both are complete (and therefore
inextendible) as well as flat (so extend the same local geometry), but are not homeomorphic. One can
however prove that a simply connected analytic spacetime (under some condition on geodesics) has a
unique maximal analytic extension (see Chrusciel [6] theorem 4.4.4). This is not terribly useful for e.g.
Kerr spacetime as it is not simply connected. Nevertheless one can prove (see Chrusciel [6] theorem 7.3.3
and O’Neill [2]) the uniqueness of the maximal Kerr extension and, by extension, the uniqueness of the
maximal Schwarzschild extension - the Kruskal spacetime.
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2.2 Kerr Spacetime

We now discuss the 2-parameter family of spacetimes describing a rotating black hole.
This solution to the Einstein vacuum equations is also important because of the Hawking-

Carter-Robinson uniqueness theorem (see chapter [f). A lovely and thorough reference is
O’Neill [2].

The only reasonable place to start from is, of course, the metric:

2 o dr? 2 2 2\ 20 72 g, 2mr 2

ds* =p (K + dO%) + (r* + a*)sin“0d¢” — dt* + F(asm Odo — dt)*, (2.2)
where we have defined p? = r? + a%cos?f and A = 72 — 2mr + a®. We should note
that T% =1- 27m + ff—; generalizes the Schwarzschild horizon function r — 1 — sz The
parameter a can be interpreted as angular momentum (per unit mass). Then a = 0 means
simply that the black hole isn’t spinning (so we get the Schwarzschild metric). We also
mention that the electrovac solution to the uniqueness problem is the 3-parameter (m, a,
e) Kerr-Newman family of metrics. The metric has the same form, but we must take
A =12+ a%+ e? — 2mr. We don’t really expect to see black holes with large charge to
mass ratio e, though, since such a body would selectively attract particles of the opposite
charge. We may therefore neglect the electromagnetic contribution and assume e to be 0.

We can now define several regimes as determined by the roots of the function A:
1. a =0, i.e. Schwarzschild spacetime, then A has roots 0 and 2m.

2. 0 < a® < m?, the slowly rotating Kerr spacetime, then A has two roots 0 <

ry =m=E=+vm2—a?<2m.

3. a* = m?, the extreme Kerr spacetime, then A = (r — m)? has only one root
r=m.

4. a® > m?, the rapidly rotating Kerr spacetime, then A has no roots.

We call {A = 0} the horizon. Therefore, in the fast rotating case there is no horizon, in
the extreme case there is only one, and in the slow case we get two. It turns out that
the exterior horizon is the event horizon and the interior one is a Cauchy horizon (which
we define in the next chapter). Roughly, the causal structure becomes quite pathological
beneath the Cauchy horizon. In a bit more detail, given an initial data outside the black
hole, one can predict the future up to the second horizon. We can analytically extend
the Kerr solution beyond the Cauchy horizon, but this extension is not unique among all
smooth extensions.

The ¥ = {p = 0} can be shown to be a real singularity (not just a coordinate one as
with {A = 0}). Notice that the singularity is a ring or, more accurately, the set of all
points on the chart for which p = 0, has topology S' x R (because p = 0 iff » = 0 and
cosf = 0). This is to be contrasted with the Schwarzschild case where we get a single
point or rather a line R.

We now define the following regions (all of which are connected Lorentzian 4-manifolds):

1. For slow Kerr:

o [:r>nry

23



o [ r_<r<ry
o [II: r<r_

2. For extreme Kerr:

e [:r>m

o J[II:r<m

3. Fast Kerr has no horizon so can be regarded as a single region I /1 = [ homeomorphic
to (R? x S?)\ 2.

One can then, for instance, find a maximal analytic extension of Kerr spacetime by
gluing these regions in the appropriate way (in particular, the topology of the slow case
is most interesting and turns out to be a bundle - see [2]).

As a preparation for the next chapter, we now discuss causality in Kerr spacetime. We
shall say M is causal if there exist no timelike nor lightlike (i.e. no nonspacelike) curves
which are closed. If this condition is broken, then by traveling along such a (timelike)
curve, one can travel into the past, or (using lightlike curves) one could send signals into
the past. We first examine the exterior region I and region between the two horizons I1:

Proposition 16
Blocks I and I are causal.

Proof. See proposition 2.4.6 in [2]. In fact, as we will mention later on, a more general
statement holds: these regions are globally hyperbolic (for proof see [54]) O]

However, the region below the second horizon /11 is very pathological. Note that J,
becomes timelike in region /1 near the singularity. Since the integral curves of 04 are
closed, this region is not causal. The set on which g4, < 0 is usually called Carter time
machine.

In fact, causality fails in quite a spectacular manner:

Proposition 17
Block I11 s vicious, i.e. given any events p,q € I11, there exists a timelike curve in 11
from p to q.

Proof. (for proof see proposition 2.4.7 in [2]) ]

From the point of view of Einstein equations, such spacetimes are pathological, so
instead of worrying about time paradoxes, let us return to a physically meaningful dis-
cussion by explaining how one might extract energy from a Kerr black hole (or any black
hole with an ergoregion).

The idea is due to Penrose ([50]) and is known as the Penrose process. The region
S in blocks I and II1 where X = 0, is spacelike is called the ergosphere. These form
enveloping zones around block I that becomes thinner at higher latitudes, leaving the
poles uncovered. The idea here is that it is impossible for a particle to follow the integral
curves of the field 0y, i.e. to remain at rest when viewed from infinity. More precisely, it
is impossible for (approximately inertial) observers at infinity, which follow the timelike
integral curves of the Killing field X = 0;, to synchronize their clocks with particles in
the ergosphere.
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We can now throw a particle from the infinity into the ergosphere. Since the particle
follows a geodesic and X is a Killing field, £ = —p*X,, > 0 is a conserved along its
worldline, where p = mu is the 4-momentum (tangent to the worldline). Assume now
that the particle splits into two particles with momenta p; and ps, where p = p; + po.
Since X is spacelike on the ergosphere, we can chose p; to be a future-pointing timelike
vector such that By = —p{'X,, < 0. Then E; = —ph Xy must be greater than E. But this
means that the second particle can escape to infinity, where it will have more energy than
we gave the original particle, so we have effectively extracted energy from the black hole.

Lastly, we should mention that one can discuss relativistic jets and accretion disks
in the context of spinning black holes as described by the Kerr solution. This is an
interesting topic, which fits mostly in the domain of numerical simulations (and which
I do not intend to treat here). The usual approach treats the Kerr metric as a fixed
background on which some (charged) fluid is moving as prescribed by the equation of
motion V - T = 0 and conservation of matter V - (nu) = 0, where n is particle number
density and wu 4-velocity of matter. In the simplest case, we can take the stress-energy
tensor 7, to be the sum of a perfect fluid part Th,. = (p + p)utur + pg"” and an
electromagnetic part Thy, FF*EFY — }lg*“’F *PF,5. For more information on these kinds of
models see e.g. Gammie et al. [48] and [49)].
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Chapter 3

Causality and Global Hyperbolicity

Causality theory was instrumental in proving certain theorems about black holes (see
chapter and providing a language in which a general theory could then be devel-
oped systematically. It is therefore crucial that we introduce some elementary notions of
causality theory, of which the most important are: causal and chronological future/past,
causality conditions (causal, strongly causal and especially globally hyperbolic), achronal
sets, Cauchy surfaces, Cauchy developments and Cauchy horizons. As a main result, we
prove a characterization theorem for globally hyperbolic spacetimes.

3.1 Causality Conditions

Definition 18.

1. We write p < ¢ if there exists a (future-pointing) timelike curve from p to ¢ and say
that p and ¢q are chronologically connected (they can be experienced in succession
by some observer). For a subset A C M we write [T(A)={¢e M | (Fpe A)p <
q)} and call I7(A) the chronological future of A.

2. Similarly, we write p < ¢ if there exists a (future-pointing) causal curve (i.e. lightlike
or timelike) from p to ¢ and say p and ¢ are causally connected (an observer can
send a signal at event p that will be received by another observer at ¢ thereby
influencing that observer). As usual we write p < ¢ to mean either p < ¢ or p = q.
For a subset A C M we define J*(A) ={qge M | (3p € A)(p < ¢)}, which we call
the causal future of A.

We can, of course, completely analogously define chronological and causal pasts (de-
noted by I~ (A) and J~(A) respectively). There are some reasonable restrictions one can
impose on chronology and causality on M:

Definition 19. We say that M satisfies the chronology condition if M contains no
closed timelike curves, so that an observer cannot return to his past. In particular, this
means that < must be irreflexive (p < ¢==—(¢ < p)) so that (M, <) is a partially
ordered set. Similarly, we say that M satisfies the causality condition (or is causal) if
there are no closed causal curves, so that an observer cannot signal anyone in the past.

It is interesting to note that compact spacetimes necessarily have closed timelike loops,
i.e. violate both the chronology and causality conditions. This is easy to see:
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Lemma 20
I (p) are open.

Proof. Choose q € I™(p). We show that ¢ is contained in an open set, which itself is
contained in I*(p). We first take a timelike curve from p to ¢ and follow it until we reach
a point r sufficiently close to ¢ so that ¢ is in a normal neighborhood of r. ¢ can now be
reached by a timelike geodesic from r (a straight line from r to ¢ in normal coordinates).
The exponential function at r, exp,., sends a small open cone (focused around a line joining
q and r) with vertex at r (i.e. 0 € T,.M) diffeomorphically to an open set in M, which
contains ¢q. This open set is contained in I (p).

O

Proposition 21
Let M be a compact spacetime, then M is not causal.

Proof. {I"(p) | p € M} is an open cover, which, by compactness, must have a finite
subcover I*(p1),...,I7(p,). We can assume that I7(p;) is not contained in any other
I*t(p;) (otherwise we can just discard it and still have an open subcover) so no other
It (p;) can contain p; (for then we would have I (p;) C I (p;)). But now we must have
p1 € I7(p1) and so there is a closed timelike loop from p; back to p;. ]

One can impose some even stronger conditions on M:

Definition 22.

1. We say M satisfies the strong causality condition at p if given any neighborhood
U C M of p, there is a neighborhood V' C U of p such that no causal curve intersects
V' more than once. In other words, any causal curve with endpoints in V' lies in V.

2. We say M is stably causal if there exists a continuous nonvanishing timelike vector
field X such that the metric ¢ — X* ® X contains no closed timelike loops.

Intuitively, the strong causality condition is saying that causal curves which start
arbitrarily close to p and leave some neighborhood of p cannot return arbitrarily close to
p, i.e. there are no "almost” closed timelike curves at p.

On the other hand, stably causal spacetimes are precisely those whose metric is causal
even after a small perturbation. To see this let ¢ be a metric on M, p € M and X
a timelike vector at p, whose dual is X* = g¢(X,-). Define a new metric on T,M by
G — Xb® X°. The light cone of § is strictly larger than the lightcone of g (every timelike
and null vector of g is a timelike vector of §). Therefore if we ”open up” the lightcone at
every point and still do not find a closed timelike curve, we have a stably causal spacetime.
There is an alternative characterization of stable causality, which we state, but will not
use (or provide proof of):

Proposition 23
M s stably causal iff there exists a globally defined continuous function f : M — R, which
is (strictly) increasing along every future-directed causal curve.

Proof. See Hawking & Ellis [3] (proposition 6.4.9) O

We call such an f a global time function.
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3.2 Convex Sets

We should first note a couple of things. An open neighborhood C' is called convex if it
is an a normal neighborhood of all of its points. So for any p € C' the exponential map
is a diffeomorphism from some open U, C T,M to C. It is well known that around any
p € M convex neighborhoods exist (see e.g. [14]).

It is useful to introduce the following notation: If v is a geodesic from p = ~(0) and
(1) = q, then P is a vector 7' (0) € T,M. Defineamap A: CxC —TM, (p,q) — 4.
Note that it is the inverse of £ : A(C'x C) = Cx C, v~ (7(v),exp(v)) = (p, exp,(v)).
Since E is a diffeomorphism, A is smooth.

Convex neighborhoods have particularly nice causal properties:

Lemma 24
Let C be a convex neighborhood and put IZ(p) = I*(p) N C (similarly for JZ(p)) then:

1. For p # q in C, we have q € JZ(p) iﬁm s a future-pointing causal vector. A
complete analogue holds for It (replacing the word "causal” with ”chronological”).

2. Closure of 1Z(p) in C is JZ(p).

3. Causality relation < is closed in C: if p, = p and ¢, = q (Pn,Gn,D,q € C), then
G0 < Do (G0 € J&(pn)) holding for all n implies ¢ < p (q € J&(p))

4. A causal curve in a compact subset of a convex neighborhood C is continuously
extendible.

Note that 1 shows C' to be causal. If p € J}(q) and ¢ € JZ(p), then p¢ is both
past-pointing and future-pointing; a contradiction.

Proof.

e 1 follows because if ¢ € J/;(p), then we can connect p and q with a geodesic starting
at p. This geodesic is generated by some unique ﬁ € T, which therefore must be
causal. Conversely, if }ﬁ € T is a causal future-pointing vector, then it generates a
causal geodesic connecting p and q.

e 2 follows because the closure of I%(p) is indeed J*(p) in Minkowski space T,M. On
the other hand, exp is a diffomorphism and sends I*(p) N U to IZ(p) and J*(p)NU
to JZ(p) (where U is the domain of exp, on T, M).

e 3 follows from 1 and the fact that (p, q) — p¢ is a continuous map (which therefore
must preserve limits).

e Finally, we prove 4. Let 7 be a curve contained in a compact set K C C. We
assume 7 is defined on [0,b), b < 0o and cannot be further extended. In particular,
given a sequence of points s; — b and t; — b we cannot consistently assign a value
to b, i.e. lim; y(s;) # lim; y(¢;). We now show this is false. First note that, since K
is compact, we can find a sequence s; — b such that v(s;) converges to some p € K.
Let now t; — b be a set of points converging to b with v(¢;) — ¢ # ¢. By 3, this
must mean that ¢ € J3(p) and p € J}(q), which is impossible.

]
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Lemma 25
Generally, we have IT(J*(p)) = I (p).

This means that, if we can reach r by first going from p to ¢ via some causal curve,
followed by going from q to r via some chronological curve, then we can reach r from p by

a curve that is chronological all the way. We now see that J*(p) C I*t(p). Indeed, take
q € J*(p) and a sequence ¢, € I7(q) converging to ¢; then g, € I™(p) so g € I*(p).

Proof. Let us thus consider the simplest (nontrivial) situation. We have a causal curve
from p to ¢ (¢ € J*(p)) lying inside a convex set V and then a chronological curve
from ¢ to r (r € I7(q)) also lying inside a convex set U. Now we go from r to ¢ via
the (past-directed) chronological curve 7. We stop as soon as we are inside set V' - at
some point y(s) = z. Point ¢ is in J(p), but, at least inside convex neighborhoods, this
means that any neighborhood of ¢ must intersect I*(p). In particular, I~ (x) for some x
slightly in the future of ¢ must intersect /™ (p) and so we can go via some chronological
(past-directed) from r to x to, finally, p.

Generally, for r € I7(q) and g € J(p), we take first a causal trip from p to ¢, then
a chronological one from ¢ to r. Since the whole trip is some curve [a,b] — M, we may
(by compactness) cover this curve by finitely many convex neighborhoods Uy (around gq),
U, (around some p; € J7(q)), ..., Uy (around p). The argument then goes the same as
before: first take a chronological (past-directed) trip from r to g, but stop when you enter
Uy N IT(py) - this is event z1. Then take a chronological (past-directed) trip from z; to
pa, but again stop after entering Us N I 7 (py), and so on. Eventually we get to p via some
past-directed chronological trip. O

An analogous argument shows that we also have J*(I7(p)) = I (p). Intuitively, by
taking a causal path from p to ¢ to r that starts as a timelike segment (from p to ¢), we
cannot reach any other event other than those already available to timelike paths from p
in the first place. In other words, that timelike segment ruins the whole path.

Note the following: if ¢ € J(p) \ I (p), then any causal curve connecting p with ¢ is
a null geodesic. This certainly holds in convex neighborhoods E], but now we may cover
the curve with finitely many convex nieghborhoods and conclude it is a null geodesic (up
to reparametrization).

3.3 Limits of Causal Paths: a Couple of Technical
Lemmata

We say ¢ is an endpoint of curve ~ if v enters and stays inside every neighborhood of q.
More precisely, ¢ is a future endpoint if for every open neighborhood U of ¢ we can find
some t such that for s > t we have v(s) € U. A past endpoint is defined analogously.
~ is future (reps. past) inextendible if it has no future (resp. past) endpoint. An
inextendible curve v : (a,b) — M is therefore one for which there exists no limit when ¢
goes to a or b (else one could extend the curve to include that limit as well).

We approximate a causal curve with some discrete points:

1Since we cannot reach ¢ by a causal curve from points in I7(p) (because J*(I*(p)) = I (p)), any
curve connecting p with ¢ must lie on the light cone J*(p) \ I*(p). The light cone is a null hypersurface
so a causal curve lying on this hypersurface will be a null geodesic up to reparametrization.
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Definition 26. Let C be a covering of M with convex neighborhoods and ~, a sequence
of future-directed causal curves in M. A limit sequence for 7, relative to C is a (finite or
infinite) sequence of points py < p; < p2 < ... in M, which satisfy the following:

° F(‘o)r eac(h) Di we car} )ﬁnd a subsequence 7,,, and for each m we can find numbers
0 1 i j

m < tm <--- <ty such that lim,, . 'ym(t%)) =p; forall j=0,...1.
e Lor each j < 1, the points p;, p;11 and the segments 7m|[t(j> (4] are contained in a
single C; € C

e If the sequence p; is infinite, it must not converge. If it is finite, it must have more
than one point and be maximal in the sense that no sequence that is strictly longer
should satisfy the previous two points.

Connecting points p; with geodesics we get the quasi-limit of ~,. This is a broken
geodesic which can be treated as an approximate limit (the finer the convex covering, the
better the approximation).

Lemma 27
Let 7y, be a sequence of future-pointing causal curves which satisfy ,(0) — p, but v, do
not accumulate around p (there is a neighborhood of p which contains only finitely many
curves Y, ).

Proof. As M is paracompact, C has a locally finite refinement. In other words, we can find
a covering C' of M with open sets B (we can assume B is so small that B is compact), such
that each B is contained in some member of C and any point © € M has a neighborhood
which intersects only finitely many B € C’. The assumptions of this proposition guarantee
that C' contains (or can be made to contain) a By such that infinitely many curves -,
start in By and leave By. Call these curves 'y,(@l).

Let 7,(11)(15”) be points at which %(11) intersect 0B, for the first time. since 0By is

compact, we may pass to a subsequence of ’yy(Ll) (tsll)), which converges to some p; € 0B,.

We now choose B; € C’ containing p;. If again infinitely many %(11) leave B;, we repeat
the argument and find a subsequence 7,(12) whose earliest intersections with 0B converge
to some point py € B;. We repeat this as many times as possible, but with the following
condition: if it possible to chose multiple elements of C' as B; (i.e. multiple elements
contain p;), then pick the one which has been chosen the fewest times before.

In such a way we have obviously constructed a sequence of points p; such that
lim,,, 00 fym(t%)) = p; and the segments ’Ym’[t%)7t%+1>] are contained in a single C; € C,
where C; is any member of C that contains B;. Since relation < is closed on C; (and
yﬁf) (t,(f)) < w(fﬂ)( %H))), we have p; < p;y1. But the construction guarantees p; # piy1,
SO Pi < Pit1-

If the sequence p; is infinite, we must show that it is not convergent. Assume to the
contrary that p; — ¢ and pick a b € C’ containing ¢, then p; € B for all but finitely many
i > 0. Since B has compact closure and C’ is locally finite, only finitely members of C’
intersect B. Thus only finitely many members of C’ cover the tail of the sequence p;, so
one set must have been chosen as B; for infinitely many ¢. This is impossible because B
was the candidate infinitely many times but was chosen only finitely many times. Indeed,
because it contains the tail of the sequence p;, only finitely many can be in the 0B.

If, on the other hand, the sequence is some finite set p = py < -+ < pg, then we
must show it is maximal, i.e. cannot be extended while satisfying the first two points in
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the definition of a limit sequence. In fact, this may not be the case, but the extension
can have at most one more point. Since the sequence ends after k£ steps, only a finite
number of curves fy?(lk) leave Bj. Let v, be those curves trapped in By, then by lemma
they are extendible. We thus may assume -, are defined on [0, b,,,] (where 7, (b,,) is the
future endpoint of v,,), but then we can find a subsequence for which ~,,(b,,) converge
to some q € By. If ¢ = py, then p = py < -+ < p; is maximal and if ¢ # p, then
pP=1po <...pr <qis maximal. O

Lemma 28

Let K C M be a compact set on which strong causality holds. If v is a future-inextendible
causal curve starting in K, then v eventually leaves K and doesn’t return. More precisely,
there ezists s > 0 such that v(t) ¢ K for all t > s.

Proof. Aiming for a contradiction, let us assume that the conclusion is false. Then either
~ remains in K for all times, or leaves but persistently returns. Assume the domain of ~
is [0,b), where b < co.

We thus conclude that there is a sequence of numbers ¢; € [0,b) such that t;, — b and
~v(t;) € K. As K is compact, the sequence 7(t;) has a subsequence which converges to
some p € K. As 7 is future-inextendible, there must exist a sequence s; — b such that
v(s;) does not converge to p (otherwise we would be able to extend v to include b).

We can suppose that some neighborhood U of p contains no «(s;); take a subsequence
of s; if needed, which converges to some ¢ € K. Since both s; and ¢; converge to b, we
can find subsequences that alternate: t; < s; < t3 < s < .... But now we see that the
. tis,] Must exit neighborhood U (to reach 7(s;)) and return (to reach 7y(t;41)).
These curves are therefore almost closed at p, but this contradicts strong causality on
K. O

Lemma 29

Let K C M be a compact subset on which strong causality holds. Let 7y, be a sequence of
future-pointing causal curves in K for which 7,(0) — p and v,(1) — q # p. Then there
exists a future-pointing broken causal geodesic v from p to q and a subsequence ¥, of Yy

for which lim,, o 1(7,) < (7).

Proof. By applying lemma [27] to sequence 7,, we get a limit sequence p; starting at p.
Assume for the moment p; to be infinite, then the corresponding quasi-limit, the broken
geodesic v, is a future inextendible causal curve starting at p. It thus must leave K never
to return. This means, in particular, that some p; is not in K, which implies that ~,, leave
K, which is contrary to the assumptions of the theorem.

Thus p; is a finite sequence, which starts at p and ends at ¢ = lim,, v,. The quasi-
limit v which passes through p; is thus a broken geodesic from p to q. Now restrict to a
particular convex set C;, where the i-th segments of v, live. T he length of these segments
are bounded by the separation vectors between the pfn) = ’ym(tm ) in C; (because geodesics
give maximal length):

(1+1

(%|[ (@) <z+1) ) < !pmpm

Summing over ¢ we get:

zk: () z+1;|
=0
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Since p§ depends continuously on (p, q), the norm \]ﬁ| does as well. Thus [,, converges
to Zf:o |pipivi| = U(7y). Taking a subsequence if needed, we get the result. O

So far, for a given convex covering, we have managed to find a set of points p; which
give a quasi-limit of some sequence of curves. It turns out one can even find a continuous
curve all of whose points behave as p; do.

To explain this, though, we must extend the notion of being causal or timelike to
continuous curves as well. We say a continuous curve + is causal (resp. timelike), if any
two sufficiently close points on = can be connected by a causal (resp. timelike) smooth
curve. More precisely, we say + is future-directed causal (resp. timelike) if for any p € Im~
there exists an open neighborhood U of p such that if y(¢1),v(t2) € U and t; < to, then
there exists a future-directed causal (resp. timelike) smooth curve from (1) to y(t2).

Thus by allowing continuous curves we do not change our notion of causality (if there
exists a continuous causal curve between p and ¢, then there also exists a smooth one).

Definition 30. A point p is a limit point of v, if every open neighborhood of p intersects
infinitely many v,,. We say v is a limit curve of v, if each p € v is a limit point.

We now have:

Lemma 31
Let v, be a sequence of future-inextendible causal curves with limit point p. Then there
exists a causal future-inextendible limit curve v passing through p.

In fact, from this proposition we get our previous one: Cover the limit curve by a finite
set of convex neighborhoods, then chose some set of points on the limit curve within each
one of those neighborhoods and connect them with geodesics; this gives a quasi-limit.

Proof. We follow Hawking & Ellis [3], but the argument is quite similar to the proof of
27

Let C4 be a convex neighborhood around p with compact closure and By(r) C C a
ball (in normal coordinates at p) with radius r and center p. We chose some subsequence
Ym converging to p and, as before, pick a further subsequence converging to some point
x11 > p in OB,(r).

We have thus found a limit point in the future of p as in the proof of lemma 27, Now,
we wish for an entire limit curve, rather than just a discrete set of points which may serve
as a quasi-limit. Here, instead of going farther into the future (as we did before), we must
build the limit points between p and ;.

Indeed, consider balls whose radii are rational multiples of r, i.e. B,(ir/j), where

i, € N={1,2/3...} are relatively prime and i < j.
At each step (7,7) = (1,2),(1,3),(2,3),(1,4),(2,4),(3,4),... we extract a limit z;; €
0B, (ir/j) of some subsequence 7,,. In the next step we extract a further sub-subsequence
and so on. We can therefore define a curve v : [0,1] N Q — (i, % — x;;. It is obvious
that for a,b € [0,1]NQ and a < b we have v(a) < ~(b), so the curve is causal.

Note that, by the above construction, v is continuous. Finally, we can take the closure
of this curve v : [0, 1] — Cy: for z € [0, 1] take some sequence of rational numbers a; — «
and set y(z) = lim; y(a;). Continuity of v guarantees that v(z) does not depend on the
sequence a; chosen. It is also obvious that each point on ~ is a limit point of ~,.

We may continue now by choosing some C5 around z1; = p; and doing the same
thing all over again. Continuing inductively for ps,ps... we get a limit curve which is
inextendible. O
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3.4 Achronal Sets

We start off with a couple of definitions:

Definition 32. We call a set A C M achronal if p < ¢ never holds for any p,q € A, i.e.
if no two points in A are comparable in the relation <. Similarly, A is acausal if p < ¢
never holds for any p,q € A.

We note here that the closure of an achronal set is achronal. If that were not the case,
we would have p,q € A with p < ¢, but then I=(g) is an open neighborhood of p and so
must intersect A - let z € AN I (q). We now have ¢ € I*(z), but then I (x) is an open
neighborhood around ¢, which intersects A, contradicting the achronality of A.

Definition 33. For (an achronal) A C M we define the future Cauchy development
DT (A) as the set of all points p € M such that every past inextendible causal curve
through p meets A. Similarly, define the past Cauchy development of A, D~ (A).
Then D(A) = DT(A) U D~ (A) is called simply the Cauchy development of A.

Intuitively, D% (A) is the part of causal future of A that is predictable from A (as no
past-inextendible causal curve can reach ¢ € D' (A) without first going through A).

Definition 34. For a (closed achronal) set A, the future Cauchy horizon is H*(A) =
DH(A)\ I (DT (A)).

In other words, H*(A) contains precisely those p € D+(A) for which I (p) does not
meet D1 (A), i.e. from which we cannot reach (via a timelike curve) any point predictable
from A. This separates D™ (A) from the rest of J(A). H~(A) is defined completely
analogously.

Note that for an open U, we have U C I~ (U) (p € U implies ¢ € I (p) for some
q € U; we see this using normal neighborhoods). This means that the interior of DT (A)
does not intersect H*(A); in other words H*(A) is contained in DT (A).

In fact, we shall see that H*(A) is more or less the boundary of D" (A) (excluding A
itself).

Figure 3.1: Cauchy development of some achronal set A (blue). Note that A is not acausal
(a piece of it is contained in the null cone)

Lemma 35

Let C C M be a closed set and v a past-inextendible causal curve starting at p that does
not meet C ImyNC =0). If g € IT(p) N M\ C, then there exists a past-inextendible
timelike curve starting at q that does not meet C.
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Proof. We work inside the open set (submanifold) M \ C. The idea is to push = slightly
into the future. As « is past inextendible, we may take its domain to be (—oo, 0] and
that the sequence y(n), n € N does not converge. Put py = ¢. Since ~y(t) is past directed
and po = ¢ € I(p), we have y(1) < v(0) < po, but we have seen that I(J*(y(1))) =
FH(4(1), 50 1(1) < po.

We now find a point p; between (1) and pg. Inductively, we find a sequence p,, such
that y(n) < pn < pn—1. We chose p,, so close to v(n) so that p, do not Convergeﬂ

Now we just connect the events p,, to get a past inextendible timelike curve ov in M\ C'
with a(0) = py = ¢. O

Some authors (e.g. [32]) use timelike curves in the definition of D™ (A). The following
result shows that (at least for closed sets) the two definitions are essentially equivalent:

Proposition 36
Let A be a closed achronal set. Then p € D+(A) iff every past-inextendible timelike curve
from p passes through A.

Proof. Assume every past-inextendible timelike curve from g passes through A, then either
g€ IT(A) or pe A. We must show that every open neighborhood of ¢ intersects DT (A).
If g € A C D+ (A), there is nothing to prove, so assume ¢ € I7(A).

Let p € I7(q) N IT(A) and suppose p ¢ DT(A), i.e. suppose some past inextendible
causal curve v starting at p does not meet A. Then lemma [35| gives us an inextendible
timelike curve through ¢ that does not meet A. But this contradicts our assumption, so we
must have p € DT (A). As every open neighborhood of ¢ € I (A) intersects I~ (¢)NIT(A),
we have that every open neighborhood if ¢ intersects DT (A), i.e. ¢ € D+(A).

Conversely, let ¢ € D*(A). To arrive at a contradiction let us further assume that
there exists a past-inextendible timelike curve v through ¢ which does not meet A. We
then have ¢ ¢ A and, as A is closed, ¢ has a convex neighborhood C' disjoint from A. We
now move from ¢ in the past direction on v to z € C. Then I/ (z) contains ¢ and some
point p € D*(A) (¢ is assumed to be in the closure). Following a geodesic from p to z
and then curve v, gives a past-inextendible timelike curve through p that does not meet
A (contradicting p € D1 (A)). O

Proposition 37
If A is a closed achronal set, then HM(A)U A =0D*(A)

Proof. We have seen that in general H*(A)UA C D1 (A), so we only need to prove the
converse. If p € 9DT(A)\ A C D*(A), then the preceding proposition gives p € I7(A).
If we assume p ¢ HT(A), i.e. p € I~ (D*(A)), then there is a point ¢ € I (p) N DT (A

This however means that IT(A) N I~ (q) is a neighborhood of p contained in DT (A
contradicting the fact that p is a boundary point. O]

Y

).
)

Definition 38. The edge of an achronal set A is the set of all points p € A such that
every neighborhood U of p contains a timelike curve going from Ij; (p) to I;7(p) that does
not meet A.

More precisely, for every neighborhood U of p there exist x € Ij;(p) and y € I} (p)
and a timelike curve v from x to y contained in U that does not meet A.

2Choose a metric d on M and choose p,, so as to satisfy d(p,,v(n)) < L.
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Let X be a topological manifold. Recall that S C X is a topological hypersurface if
around any p € S we can find a neighborhood U in X and a homeomorphism ¢ from U
to an open set in R™ such that ¢(U N S) = ¢(U) N 11, where I is a hyperplane in R".

Proposition 39
An achronal set A is a topological hypersurface iff A and the edge of A are disjoint (that
is A does not contain any of its edge points).

Proof. Let A be a topological hypersurface and p € A. We show p cannot be an edge
point. Take a neighborhood U so small as to be connected and U \ A has 2 components.
I (p) are open connected sets that do not meet A (as A is achronal), so they must be
contained in different components of U \ A (this certainly holds if we take U to be convex,
by making it smaller if needed). This shows p cannot be an edge point, as any curve in
U must cross A going from one component to the other.

Conversely assume A contains none of its edge points. Take p € A and take some
(smooth) coordinate system ¢ = (2%, x', 2% 2®) on U around p with 9/0x° timelike and
future-pointing. We can now find (a possibly smaller) neighborhood V' such that ¢(V)
has the form (a —e,b+¢) x N C R! x R® = R*, where {z° = a} NV is in I;;(p) and
{z° =0} NV isin I (p).

For a sufficiently small neighborhood U and y € N, the z° curve t — ¢~ (t,y) (t €
(a,b)) must meet A, as p is not an edge point. As A is achronal this meeting point must
be unique; we call its 2° coordinate f(y).

We shall show f: N — (a,b) is continuous; it then immediately follows that

(u(),ul’UQ’ US) — w _ (IEO - f(lEl, x2,$3),[171, ZBQ, 333)

is a homeomorphism which carries ANV to {u” = 0}Ny(V) C R*. Thus, A is a topological
surface.

Let y, — v, it is sufficient to prove f(y,) — f(y). Assume to the contrary, f(y,) does
not converge to f(y), then some subsequence f(y,) converges to some r # f(y) (values of
f are bounded). We now see that either time r is (strictly) bigger than f(y), or (strictly)
smaller. In other words, ¢~ (y, r) is either in the (chronological) future of ¢ = ¢~ (y, f(y))
or in the past, so ¢~ !(y,r) lands in the open set I}, (q) U I{7 (q). Therefore, the same must
be true for some ¢ (Y, f(ym)) € A, contradicting the achronality of A.

In fact, f, i.e. the time coordinate of y, is actually a Lipschitz continuous map of
', 2, 23, since no two points on A have a timelike separation. Indeed, for any z = (20, ')
and y = (y°, 7) on A, x must lie outside the lightcone of y, so the Minkowski norm is
20 —° 24+ |Z = Y2 >0, ie. |2° —y°| < |7 — Y|, where the norm on the right is 3D
euclidean. O

Corollary 40
An achronal set A is a closed topological hypersurface iff the edge of A is empty.

Proof. If A is a closed hypersurface, then by the preceding proposition A and the edge of
A are disjoint, but A C A = A, so the edge is actually empty.

Suppose conversely that the edge is empty, then A is a topological hypersurface by
the preceding proposition. We only need to show A is closed, and this follows from the
fact that all boundary points in A\ A must be edge points. Indeed, as A is achronal, if
q € A\ A, then no timelike curve through ¢ can meet A. O

We call F C M a future set if IT(F) C F. For example, J(S) is a future set for
any S C M. If F is a future set, then M \ F' is a past set (I-(M \ F)C M\ F).
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Corollary 41
Boundary of a future set F' is a closed achronal topological surface.

Thus, in particular, J%(S) = 0I*(9) is a topological surface.

Proof. Take p € OF. If ¢ € I*(p), then I~ (q) is an open neighborhood of p so must
contain some point in F. Thus, ¢ € IT(F) C F, from which we conclude I*(p) C F and
by a completely analogous argument, we also get I~ (p) C M \ F. We thus see IT(JOF)
and [~ (OF) are disjoint, so OF must be achronal. We also see that OF must have empty
edge, since I (p) (as an open set) is actually contained in the interior of F', and I~ (p) in
the exterior of F'. The result thus follows from the previous corollary. O

3.5 Cauchy Surfaces

Definition 42 (Cauchy surface). A Cauchy surface is a subset S C M that is met
exactly once by every maximally extended (i.e. inextendable) timelike curve in M.

Example 43.

1. A most trivial example one can immediately think of is any spacelike plane in
Minkowski space.

2. In Schwarzschild spacetime as well, one can immediately (in the exterior solution)
see that taking the t = 0 slice gives a Cauchy surface. However, it is not entirely
clear that one can find a surface spanning the interior as well. One sees that this

is the case by considering the maximally extended Kruskal spacetime and taking a
t = 0 slice ([32]).

3. In Kerr region I, again the ¢ = const are Cauchy surfaces; However, here it is even
less obvious that there is a Cauchy surface for the region I U I1. For a construction
see [54] proposition C.11. By considering the Cauchy development of such a Cauchy
surface, we see that the interior horizon is a Cauchy horizon.

Proposition 44
Cauchy surface S (if it exists) must be a closed achronal topological hypersurface (a 3-
manifold) and, in fact, it is met by every inextendible causal curve.

Proof. Immediately from definition we have that S must be achronal and that M must
be the disjoint union of I(S), S and I7(S). A timelike curve passing through S must
intersect both I7(S) and I7(S5), so S is the common boundary of the future sets I1(.5)
and I~(.S). At this point corollary [41| guarantees that S is a topological hypersurface.
Now, we only need to show that S is met by every inextendible causal curve . Assume
to the contrary, v does not meet S. Then either v(0) € I7(S) or v(0) € I~ (M) - we
assume (0) € I7(S). Lemma [35 now gives a past-inextendible curve « starting in I*(S)
that does not meet S; a contradiction. O

Note that an achronal set S is a Cauchy surface iff D(S) = M. Thus, one can think
of D(A) as the largest subset for which A plays the role of a Cauchy surface.

Proposition 45
Any two Cauchy surfaces (if they exist) must be homeomorphic. Additionally, any Cauchy
surface of a connected spacetime M 1is itself connected.
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Proof. Since we assume M to be time orientable, let X be a global (nowhere vanishing)
timelike vector field on M ﬂ Then a maximal integral curve through p € M of X meets
S at a unique point ¥ (p). We claim ¢ : M — S is a continuous surjective open mapping
leaving S fixed. Indeed, maximal integral curves of X must be inextendible. Let now
¢ : D — M be the (maximally extended) flow of X. D is an open set in M x R and S
is a hypersurface in M, so Ds = (S x R) N D must be a topological hypersurface in D.
If we now restrict ¢ to ps : Dg — M, then pg must be continuous and bijective (S is a
Cauchy surface after all).

A continuous bijection need not have a continuous inverse, but recall the following
famous result of Brouwer’s: if U C R™ is an open subset, f : U — R" an injective
continuous map, then V' = f(U) is open, and f a homeomorphism between U and V.

Since, pg is a mapping between two manifolds of the same dimension, we may apply
the above result locally and conclude that ¢g has a continuous inverse, i.e. is a homeo-
morphism between Dg and M. Note that ¢(ps(p,t)) = ¥ (7,(t)) = 7,(0) = p, where ~, is
the integral curve of X through p € S. This shows ¥ opg = 7, where 7 : S xR — S is the
projection mapping. As 7 is open, continuous and surjective, ) = 7 o gogl M — S is as
well. Clearly ¥(S) = S so S is fixed under ¢. In other words, 1 is a retraction mapping
from the manifold M onto S.

In particular, if M is connected, the Cauchy surface must be as well. Finally, let S
and ¥ be two Cauchy surfaces in M. Then the restrictions ¢g|s and vx|s are obviously
mutual inverses. O

3.6 Globally Hyperbolic Spacetime

Definition 46. If strong causality condition holds on M and each causal diamond J(p, q) =
JT(p) N J~(q) is compact, we say M is globally hyperbolic.

Note that J(p, q) contains all causal curves from p to ¢. Roughly speaking, the com-
pactness of the causal diamonds J(p, ¢) then guarantees that no naked singularities can
occur (otherwise a ”visible hole” in spacetime would make J(p, ¢) noncompact as one can
take a sequence of points in J(p, q) ”converging” to the singularity; such a sequence does
not have a limit point in J(p, q)).

Later we shall see alternative characterizations of global hyperbolicity, but this seems
to be the most popular definition and is the one given in O’Neill [1], Hawking & Ellis [3]
and Chrusciel [6].

In fact, we can replace strongly causal by causal (or even distinguishing) as shown by
Bernal and Sénchez in [24]. That it has taken so long to realize this, what amounts to
essentially an elementary result, is quite surprising. We therefore give a proof here:

Lemma 47

3We should note the following: if M has a nowhere vanishing globally defined vector field X, then
there exists a time-orientable Lorentzian metric on M (i.e. a metric which admits a nonvanishing globally
defined timelike vector field). Indeed, g — X ® @ X" is again a Lorentzian metric, but in this metric X
becomes timelike.

On the other hand, if M admits a Lorentzian metric, it must have a nonvanishing (globally defined)
vector field. Topologically, M has a global nonvanishing vector field iff M is noncompact or M is compact
and has Euler characteristic 0. On the other hand this is precisely the obstruction for the existence of a
Lorentzian metric (see [I]). Thus, there is no additional obstruction for the existence of a time-orientable
Lorentzian metric.
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If all causal diamonds J(p,q) = J*(p) N J~(q) are compact, then J*(p) must be closed
for all p.

Note that, when the conclusion of this lemma is satisfied, we have J*(p) = I%(p).

Proof. Suppose to the contrary, J*(p) is not closed, then one can find a sequence x, €
J*(p) converging to a point € J*(p) \ J*(p). Take some g € I*(z), then I~ (g) is an
open neighborhood of x. Therefore, for sufficiently large n, we have x,, € JT(p)NI~(q) C
Jt(p) N J (q). As Jt(p) N J (q) is compact, the limit of x,, namely x, should be in

Jt(p) N J~(q), but this is not the case as per our choice of x - a contradiction. O

Proposition 48
Let M be a spacetime in which all causal diamonds J(p,q) = J*(p) N J~(q) are compact
(when nonempty). Then the following are equivalent:

1. M is distinguishing, i.e. I*(q) # I*(p) for any p # q.
2. M s causal.
3. M 1is strongly causal.

Proof. Following [6], we divide the proof into 3 statements:

e First note that any distinguishing spacetime is causal.

If M were not causal, then we have some closed causal future-directed curve y. We
now take p and ¢ to be two distinct points on this curve. If = € I'*(p), then we can
ride v from ¢ to p and then some timelike curve from p to x. We therefore have
It(p) C I'(q). The other inclusion follows by a completely analogous argument, so
we get IT(q) = I(p) and M cannot be distinguishing.

e If all causal diamonds J(p,q) = J*(p) N J (q) are compact and M is causal, then
M must be distinguishing.

If M were not distinguishing, then there would exist two points p # g with I*(p) =
I (q). This then gives ¢ € I7(q) = I'*t(p) = J*(p) (where the last equality follows
from the fact that J*(p) C IT(p); the other inclusion is trivial ). Now ¢ € J*(p) =
Jt(p) as J*(p) are closed. By a completely symmetric argument we have p € J*(q)
as well and, since p # ¢, M is not causal.

e Causal spacetime in which all J*(p) are closed must be strongly causal.

We prove the contrapositive. Suppose that there is a point p at which strong causal-
ity is violated. Let C be a convex neighborhood around p. For any open U C C
around p, we can therefore find a future-directed causal curve 7 intersecting U more
than once.

Note that this curve must exit C, i.e. it cannot turn around inside C. Indeed, C'
has a very nice causal structure, given by normal coordinates, which foliate C'. If
we only allow curves that completely lie inside of C', then C' is strongly causal. This
means that the curve v cannot intersect U more than once, but at the same time
remain in C.

We may therefore construct a sequence of curves 7; each of which exits C' at some
q; € 0C, enters C' again and ends at some point p; near p, where p; — p. Taking
some subsequence, we can assume that ¢; — ¢ € 9C.
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Taking the limit of some subsequence of v;, we get a continuous causal curve from
p to q. We thus have ¢ € J*(p).

Take some sequence x, € I~ (q) (i.e. ¢ € I (x,)) converging to g. We now construct
a future-directed causal curve going from z,, to p; by following some timelike curve
from x, to ¢; (for i large enough this is possible since ¢; are near ¢ and so will
eventually be in I (z,)) and then ~; from ¢; to p;. We now see that p; € J*(x,)
(for i large enough). Since J*(x,) is closed, we get p € J*(z,,) (p; — p). In other
words, we have x,, € J (p) and as J~(p) is closed as well, we have ¢ € J(p)
(X — q).

Finally, note that obviously ¢ # p because p is in the interior of C' (and ¢ is in the
boundary) and, since ¢ € J"(p) N J~(p), M cannot be causal.

O

It has only recently been shown by Hounnonkpe and Minguzzi in [26] that, for non-
compact spacetimes (which in any case cannot be causal) of dimension > 2, we can even
drop the causality condition. The proof of this fact is also given in Chrusciel [6].

The crucial fact about globally hyperbolic spacetimes is that they are foliated by
Cauchy surfaces:

Theorem 49 (Geroch)
A globally hyperbolic spacetime M must have a Cauchy surface. If fact, it must have a
globally defined time function, whose level sets are Cauchy surfaces.

We should note here that if M admits a global time function, then M admits a smooth
global time function (see Bernal and Sénchez [23] or [25]). Of course, a smooth f will be
increasing along causal curves iff its gradient V f is a past-directed timelike vector field.

Proof. As the proof uses some analytic machinery (involving measure theory), we relegate
this to appendix [B] O

Let C'(p,q) be the space of all continuous future-directed causal curves from p to q.
We endow C(p, q) with the following topology. Every sufficiently small neighborhood in
C(p, q) will contain precisely those curves that are sufficiently close in M. More rigorously,
for an open U C M we define sets Oy = {a € C(p,q) | Ima C U}. It is now clear that
Ou N Oy = Opyny so these sets are a topological base (an open set is a union of Oy).

Note that, as M is second-countable, C'(p, q) is as well. Indeed, we can find a countable
basis for C'(p, ¢) by finding a countable basis U; for M and just taking Oy, .

Proposition 50
Assume M has a Cauchy surface S, then C(p,q) is compact.

Proof. Since C(p,q) is second-countable, it is sufficient to show that an infinite set of
points must have a limit point in C(p, q)ﬁ
Considering the topology on C(p, ¢), we can use the lemma [31| for this purpose.

4Take a second-countable topological space X and a cover U; of X. We can immediately see that
second-countability allows us to take a countable subcover. Now if every infinite set of X has a limit
point, we can actually take a finite subcover. Indeed, suppose this is not the case and consider the rising
open sets V,, = U:L U;. As there is no finite subcover X \ V;, are nonempty so we may choose countably
many points z, € X \ V,,. As the set {z,,} has a limit point z, we have that V;, for a sufficiently large
n > N must contain x and therefore all z,,, n > N; a contradiction.
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First consider the case p,q € D~(S) (where p and ¢ are in the past to the Cauchy
surface S). Let 7; be a sequence in C(p,q). If we now remove point ¢ from M, we find
that 7; are inextendible curves in M \ {¢} starting at p, so they have a limiting curve ~ -
this curve is inextendible in M \ {q} as well. Since no curve =y enters the open set I7(95),
~v doesn’t either. Note that 4 cannot remain inextendible when we put the point ¢ back.
Indeed, since M has a Cauchy surface, an inextendible curve must intersect S and enter
I7(S). Therefore, we may take the point ¢ to be an endpoint of the curve 7. We thus get
the desired limit point and C(p, q) is compact.

By a completely analogous argument we get the same result when p,q € DT(S).

Finally, the only remaining case is p € D~ (S) and ¢ € I7(S) (p and ¢ are on opposite
sides of the Cauchy surface). Take again a sequence of curves 7, in C(p,q). An identical
argument to one before gives us a limit curve ~ starting at p and going through S into
I*(S) (though not necessarily ending at ¢). Choose a point x € Im~ N I*(S) and take a
subsequence 7,, so that points on v between p and x are convergence points. This gives
us one half of the desired curve.

To get the other half, invert the argument: consider the sequence of past-inextendible
curves ¥, in M \ {p} starting at q. Same as before, we get a limit curve 4 starting at
q and entering [~ (S). Since x was is convergence point of subsequence 7,,, we find that
4 must pass through z. Thus, by following v from p to x and 7 from x to ¢, we get the
desired limit curve from p to q. O

Proposition 51
If C(p,q) is compact, then J*(p) N J~(q) is as well.

Proof. We need to prove J(p) N J~(q) is compact. To do this, it is sufficient to show
that any infinite set of points z, € J™(p) N J~(¢) has a limit point in J*(p) N J (q). Tt
is obvious how to proceed.

Take a sequence of causal curves ~, from p to ¢ such that each ~, passes through x,,.
Since C(p, q) is compact, we get a subsequence 7, converging to some continuous causal
v € C(p,q). Since Im~ is compact, we can cover it with finitely many neighborhoods B;
with compact closure (take some small open coordinate balls, then B; is compact) and
taking the union of B; we find an neighborhood U of Im~ with compact closure.

From the definition of topology on C(p, q), it follows that Im~; € U for infinitely many
i€ I C N. Since z; € Im~; we get an infinite set of points {z;};c; contained in U. This
set of points must therefore have a limit point in U, which is also a limit point of the
original set {x, }nen- O

Note that if M has a Cauchy surface, then M is causal. Indeed, if we have some
closed timelike curve, it can be extended by repeatedly going around, but now this is
an inextendible curve and it must therefore intersect each Cauchy surface precisely once.
This is of course a contradiction, since the curve is closed.

We can summarize these results as follows:

Theorem 52 (Characterization of Global Hyperbolicity)
Let M be a spacetime. Then the following are equivalent:

1. M s globally hyperbolic.
2. M has a Cauchy surface (this is the definition in Wald [J)]).
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3. M 1is stably causal and level sets of its time function are Cauchy surfaces. (this is
more-or-less the definition in Godinho and Natdrio [7]).

4. M is (strongly) causal and C(p, q) is compact (this seems to be the original definition
by Leray).
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Chapter 4

Theorems of Penrose and Hawking

One might expect that the unusual breakdown of the metric and curvature at r = 0 in
the Schwarzschild solution is somehow due to high degree of symmetry. A similar thing
also happens in the highly symmetric FRW spacetime. Celebrated theorems of Penrose
and Hawking tell us that this situation is in some sense actually generic.

In proving these results, the outline we follow is roughly that of Godinho and Natario
[7]. The central definition is the following;:

Definition 53. A spacetime M is called singular if it is not geodesically complete, i.e.
there exist maximally extended geodesics v : I — M defined on some open interval I # R
(allowed to be infinite).

Intuitively, a singular spacetime has a point beyond which no timelike or lightlike
curve can be continued (e.g. 7 = 0 in Schwarzschild coordinates). Though, this ”point”
(the singularity) is not a part of spacetime so the only way one can test for its presence
is to trace out maximally extended geodesics and see if any of them ends abruptly.

Note that we do not mention ”curvature blowing up”, or "matter density becoming
infinite”. Certainly, if the curvature blows up, one cannot extend the geodesics past that
point, but this behavior is not necessary for a singularity to occur. It is this definition of
singularity that is used when proving the singularity theorems.

4.1 Geodesic Congruence
We shall give conditions under which singularities will arise, but to do that we first must
discuss geodesic congruence.

Let v be a timelike geodesic so that the metric is positive definite on the instantaneous
rest space y. Geodesic deviation (or Jacobi) equation states that J = R(¥,J)y = FyJ,
where we define the tidal force operator:

Fyiit = 4% Je R, )

We also define B; : 4= — 4+, J +— V%, which is valid along v. Note that, if we put
N = 4 for the normal vector to the space on which B is defined, then B : X — VxN. In
a local frame B is simply B} = (V,7)". We then have ByJ = V4 = V3.J = J.

By simply substituting B into the the geodesic deviation equation we get

FyJ = (ByJ) = ByJ + ByJ = ByJ + B2 J.
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From this it follows that (on 4*):
B; + B: = F;.
Taking the trace we get the Raychadhuri equation.

To get an explicit expression, split the tensor B = B, according to symmetries (i.e.
irreducible representations) of SO(3) - that is to say, the symmetries of the positive
definite metric on 4*:

1 1 1 1 1
B = 5(B - BT+ §(B+BT) - §(trB)I +§(trB)I =w+o+ 0L
—_—— T Npe——

e lor

3
Here w is the antisymmetric part of B, o is the trace-free symmetric part, and 6 is the
trace.

Taking the trace, it is not too difficult to show that:

. 1
0 =trww’ —troo’ — §92 — Ric(4, 7).

As we generally have tr X X7 = X;; X% > 0, in index notation the formula becomes:
; ij i 1 cisg
0= Wi W™ — 04,0~ — 5(9 — RU’}/ Y. (41)

We now give an intuitive interpretation of B and its trace 6. Recall that for a sub-
manifold S C M we can decompose the connection as VxY = (VxY)Il + (VxY)t. The
second fundamental form is then defined by I1(X,Y) = (VxY)* for any X and Y tan-
gent to S. If S is a hypersurface with the (unique up to orientation) unit normal vector
field N, then we can define a symmetric 2-tensor containing precisely all the information
of the 2. fundamental form K(X,Y) = —([I(X,Y)|N). For a hypersurface, we therefore
do not distinguish between the two and simply call K the second fundamental form (or
extrinsic curvature). Let us note that most mathematicians take K to have the opposite
sign (e.g. O’Neill [I]); for some reason our convention seems to be prevalent in the physics
community (Wald [4], Hawking & Ellis [3], Sean Carroll [19], Baez and Muniain [20]). The
associated linear operator L of K is defined by (LX|Y) = K(X,Y) (raise one index) and
called the shape operator. In fact, one can show the Weingarten formula L(X) = VxN.

Let S be a spacelike hypersurface in M orthogonal to some congruence (i.e. family)
of geodesics. Let K be its extrinsic curvature (the second fundamental form). We then
have K, = V,N,, where N is the normal unit vector field on S (NN is therefore tangent
to the congruence of geodesics). Now it is clear that K, is simply the tensor B for this
congruence, so its trace is #. Note that K must be symmetric (i.e. w = 0) as the second
fundamental form is symmetric (an easy consequence of zero torsion). One could also
argue that, since the congruence is orthogonal to some surface, it must be irrotational by
the Frobenius integrability condition.

Note that K can be written as a Lie derivative. Indeed as already mentioned, for a
Levi-Civita connection we have:

Lyg(X,Y) =g(VxN,Y)+g(VyN, X) = K(X,Y) + K(Y, X) = 2K(X,Y),
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so we see that:

1
K =-Lxg.
5 Ng

Now, if h is the metric on S, then h and g agree on all vectors tangent to S. Also, K is
only defined on vectors tangent to S so we have K = %E ~Nh.

We now simplify this expression even further by a convenient choice of coordinates

Definition 54. Let S C M be a spacelike hypersurface and denote by N,S = T,S* the
orthogonal complement of 7,5 in M. Let exp : D C T'M — M be the exponential map
of M (mapping each v € D to ¢,(1), where ¢, is the geodesic with initial velocity v).
We may now restrict exp to the normal bundle NS = UpE s NS of S to get the normal
exponential map exp : U C NS — M (U = DN NS) which traces out (timelike)
geodesics normal to S.

Definition 55 (Conjugate points). Let v € U be in the domain of the normal exponential
map exp and let ¢ = exp(v) € M. We say ¢ is conjugate to S (or a focal point of 5) if
v i8 a critical point of exp, i.e. exp is not of full rank at v.

Intuitively, the exponential maps a family of vectors orthogonal to S to a congruence
of geodesics covering some open neighborhood of M. When we go too far out, however,
the geodesics can converge and exp will then no longer have full rank (the image will
become lower dimensional). One can show that g will be conjugate to S iff one can find
a nonzero Jacobi field along a geodesic connecting S to ¢, vanishing at both ¢ and S.

Let S be a spacelike hypersurface and ¢ = (2!, 22, %) be coordinates in some neigh-

borhood U C S. Now take a unit normal vector field N on that neighborhood (providing
U with orientation in the process) - generally one would take a basis to N, S at each point
p € U. This gives us coordinates on NS, defined by (¢, z', 2%, 23) — (z,tN,).

Assuming that (p € S) ¢ = exp,(to/N,) is not conjugate to S, we may then construct
the so-called synchronized coordinates in some neighborhood V' of ¢ in the following
manner. First, as ¢ is not conjugate, exp will be a diffeomorphism on V ~V c NS if we
take V to be small enough. Now it is clear that one can transfer the coordinate system
on NS to M via the exp map.

Intuitively, each r € V' lies on some geodesic r = exp,(tNV,) and the coordinates of r

are (t,z', 2% %), where (2!, 2%, %) are coordinates of x on S.

We should note that the metric splits in these coordinates. First, on S we certainly
have go; = 0 as in these coordinates d/0t is normal to S. On the other hand:

1
8t90z‘ = at<at|8i> = <at|vtai> = <at|viat> = §8i<at|at> =0,

where we have used the fact that torsion vanishes as well that coordinate vector fields
commute. We conclude that surfaces of constant ¢ remain orthogonal to the geodesics
and the metric must be of the form ¢ = —dt ® dt + h.

In synchronized coordinates B is the extrinsic curvature for each surface of constant
t (in particular for ¢ = 0 it is the extrinsic curvature K of S). Now the formula for B
simply becomes B = %ﬁath = %@h.

Finally, it is clear that
1 .. 1 1 T
f=trB= §h”8thij = Etr((hlj)*lat(hw)) = 58,5 log(det hl]) = at IOg( det hw‘),
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where we have used the fact that for any curve A : R — GL(n) the following holds:
tr(A71A") = (log(det A))' [[] This shows that the expansion gives the variation of the
3-volume element as measured by synchronized observers.

In particular, when the determinant det h;; vanishes (i.e. the expansion 6 blows up),
the synchronous coordinate system breaks down (i.e. J, 0y, 02,05 fail to be linearly inde-
pendent) in which case we must have a conjugate point.

4.2 Time Separation Function

For a causal curve v : [a,b] — M, denote by () = [;"[7/(t)|d¢ its length. Define the
time separation of two points p,q € M by

7(p, q) = sup{l(y) | v is a future-pointing causal curve from p to ¢}.

Here if ¢ ¢ J*(p) (i.e. p £ q), we set 7(p,q) =0 E] Then one has the following result:

Proposition 56

Assume that p < q and that the set J(p,q) = J(p) N J~(q) is compact. Assume further
that strong causality holds on J(p,q), then there is a causal geodesic of length 7(p,q)
connecting p and q.

Proof. By definition of supremum, we can find future-directed causal curves 7, from p to
q, whose lengths converge to 7(p, q). These curves are all in J(p, q), so by [29| we can find
a broken geodesic « from p to ¢ with length [(a)) > lim,, oo [(7,) = 7(p,q). Since 7(p, q)
is supremum, we actually have [(«) = 7(p, q). Therefore, 7(p, q) is finite.

We now show that the breaks on the geodesic must all be trivial. Indeed, first note
that on each smooth segment we have consistently either a timelike or a null geodesic. A
break cannot go from timelike to null for it would shorten the length of the total curve
(this certainly holds on convex neighborhoods). Therefore, either p and ¢ cannot be
connected by a timelike curve or p and ¢ can be connected by a timelike broken geodesic.
In the former case we have seen that the only curve connecting p and ¢ is a null geodesic,
and in the latter case the first variation formula (see the next section) gives the desired
result. O]

Lemma 57
T: M x M — [0,00] is lower semi-continuous.

Proof. For q ¢ I*(p), we have 7(p,q) = 0, and there is nothing to prove. We therefore
assume 7(p,q) > 0 and ¢ € I'T(p). Given a ¢ > 0 we must find open neighborhoods U of
p and V of ¢ such that for all p’ € U and ¢’ € V' we have 7(p/,¢") > 7(p,q) — . Take a
timelike curve v from p to g with I(y) > 7(p, q) —e. Let C be a convex neighborhood of ¢
and take x to be a point on 7 slightly to the past of ¢ in C. Since the length of geodesic
segments depends continuously on its endpoints, we can find a neighborhood V' of ¢ such
that, for any ¢’ € V, the segment x — ¢’ is causal (we can take V' so small as to satisfy

Indeed, the derivative of determinant at X in direction Y is (ddet)x(Y) = det X tr(X~1Y)).
Therefore, a curve going through A with velocity A’ will have %det A(t) = det Atr(A—tA), ie.
(log(det A)) = L (det A)' = tr(A~14").

20ne should note that, precisely because we incorporate time orientation, 7 will be symmetric only in
trivial instances.
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V C I (x)) and strictly longer than [(z — ¢) —e. Since the segment = — ¢ is a geodesic,
it must be at least as long as the segment of curve v going from z to g.

We now do the same thing at the endpoint p, which gives a neighborhood U such that
any p’ € U and ¢’ € V can be joined by a causal curve of length [ > I(y)—2¢ > 7(p, q) —3¢.
Since ¢ is arbitrary, this gives the desired result.

If by any chance we have 7(p,q) = oo, the same argument actually shows that for
any M > 0, we get neighborhoods U and V such that 7(p’,¢") > M for any p’ € U and
qgev. ]

In fact, when M is globally hyperbolic, we get a stronger result:

Lemma 58
T is continuous on M x M for a globally hyperbolic spacetime M.

Proof. The previous result shows lower semi-continuity and we also know 7(p, ¢) is finite
in globally hyperbolic spaces. We therefore only need to show upper semi-continuity, i.e.
for any (p,q) € M x M and € > 0 there exist an open neighborhoods U x V' such that
for any (p',¢') € U x V we have 7(p', ¢') < 7(p, q) + . We assume to the contrary that 7
is not upper semi-continuous at some (p,q) € M x M. We can therefore find £ > 0 and
sequences p, — p and ¢, — ¢, for which 7(p,, ¢,) > 7(p,q) + € for all n.

As 7(pn,qn) > 0, there exists a causal curve 7, from p, to ¢, satisfying I(v,) >
T(Pn, ¢n) — 1/n. Take some point p~ in the chronological past of p and ¢ in the chrono-
logical future of ¢q. By looking only at sufficiently large n, we may assume p,, and ¢, are
contained in I™(p~) and I~ (q") respectively. Now ~, are all in J(p~,q"). As J(p~,q")
is compact, we apply lemma to get a causal curve a from p to ¢, which satisfies
[(a) > 7(p,q) + ¢. This is a contradiction as 7 is a supremum. O

Proposition 59
Let M be globally hyperbolic and S a Cauchy surface and g € M. Then J*(S)NJ~(q) is

compact.
In particular, SN J~(q) is compact.

Proof. First define C'(.S, q) to be all continuous future-directed causal curves from S to q.
Then, analogously to proposition , one can prove C(S,q) is compact. Again, a proof
analogous to one used to prove proposition 51| gives the result. O

For subsets A, B C M define 7(A, B) = sup{7(a,b) | a € A, b € B}. Then we have:

Proposition 60
Let S C M be a Cauchy surface. If ¢ € DT(S), then there exists a geodesic from S to q
of length 7(S,q). This geodesic must be timelike (except in the trivial case ¢ € S).

Proof. As J~(q)NS is compact and 7 continuous on J~(¢)N.S, it must achieve a maximum
at some p € J~(q)NS. Obviously we have 7(p, q) = 7(S, ¢), but now proposition |56| gives
a geodesic v from p to ¢ of length 7(p,q). Let now g ¢ S, then there certainly exists a
timelike curve from S to ¢, so 7(p,q) > 0 and q € I (p), therefore v is timelike. ]
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4.3 Hawking’s Singularity Theorem

To prove Hawking’s singularity theorem, we must work with a Cauchy surface that is also
a smooth manifold (so that second fundamental form and various other quantities are well
defined). As we have previously mentioned, a globally hyperbolic space will always have
a smooth Cauchy surface, thus we actually require no additional assumptions, other than
M being globally hyperbolic. We also must assume a certain condition on the energy
tensor:

Definition 61 (Strong energy condition). We say M satisfies the strong energy con-
dition if Ric(X, X) > 0 for all timelike vector fields X € X(M).

Intuitively this just means that ”gravity attracts” as the volume of a free-falling ball
of particles will shrink when the condition is satisfied. We can now show:

Lemma 62

Let M be a globally hyperbolic spacetime satisfying the strong energy condition, S C M a
(smooth) Cauchy hypersurface, and p € S a point where 6 = 6y < 0. Then the geodesic v
through p contains a point conjugate to S, at a distance of at most —3 /0y to the future of
S (assuming that it can be extended that far).

The lemma simply states that if the surface S is curved in such a way to focus the
geodesics at p € 9, then the geodesics will eventually meet above p.

Proof. Since the antisymmetric part w vanishes as the congruence is irrotational, the
Raychaudhuri equation becomes:

.1 g o
0+ 502 = —0i07 — Ri4'4 <0,

where by the strong energy condition R34’ > 0. Integrating the inequality 0+ %«92 <0
(ie. L6071 > 1) we get:
1 S 1 N t
0~ 6, 3

It is clear that  now must blow up at ¢ no greater than —3/6. O

Let us recall the first and second variation formulae. Let 75 be a (regular, i.e. non
null) family of geodesics - a variation of v = ~y. Suppose 7 is parametrized by arclength
and denote by € = (7/|7') = %1 the sign of 7. Now let L(s) the length of 75 s0o L : R — R.
Finally, we let V(¢) = & o)s(t) and A(t) = % ._o7s(t) denote the transverse velocity
and acceleration and V' and A’ their (0/0t) derivatives.

We then have the first variation formula:

b

L(0) = —¢ / VY ey V)

b
If v is a geodesic (7" = 0), then L'(0) = e(’y’]‘@‘ .

a

For a piecewise variation we let t; < --- < tZ be the times at which V is not differ-
entiable, and write AV = V(') — V/(¢;) for the jump at ¢;. Applying the first variation
formula to each smooth segment and summing, gives:
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i} (4.2)

a

L) =~ [ (1V)dt = e SV (E) + ey V)

)

So a curve which is stationary for piecewise smooth variations with fixed endpoints
(V(a) = V(b) = 0) must in fact be smooth (i.e. the jumps are trivial).

We also have Synge’s formula:

b

b
L(0) = ¢ / (VS IV + (ROVAVIYY) di + (7| A)

a

Fixing the end points, one gets:

b
(0) = ¢ / (VY I(VEY) + (ROVA)WVIY) de.

This can be regarded as a quadratic form on the space of all piecewise differentiable vector
fields along . The corresponding bilinear form is then the so-called Morse index (or index
form):

L) =& [ (VY0 + ROV W) e

Of course, symmetries of the Riemann tensor guarantee that I, is symmetric. If AV =
V(t}) — V(t;7) is a jump at ¢;, then integration by parts then gives:

b
L) = = [ (A4 RV W= e SAW I @), (@43)

Lemma 63

Let M be globally hyperbolic and S a Cauchy surface. Let 7 : a,b] — M be a geodesic
from S to g € M parametrized by arclength (so in particular v #0). If v mazimizes the
length L'(0) = 0, then v is orthogonal to S.

Proof. We are trying to find which endpoint v(a) € S extremizes the length of the
geodesic, provided we fix the point ¢ = 7(b). Therefore, we take the variation field

V() to be tangent to S at y(a) and zero at (b). Then the conclusion is obvious from the
b

first variation formula, when 7 is a geodesic: 0 = L'(0) = ¢(|V)| = (v/(a)|V (a)). O
It is a well known fact that geodesics do not minimize (or in the case of timelike curves
maximize) length past conjugate points. In our case this means:

Lemma 64

Let M be a globally hyperbolic spacetime, S a Cauchy hypersurface, ¢ € M and v a
timelike geodesic through q orthogonal to S. If there exists a conjugate point between S
and q, then v does not mazimize length (among the timelike curves connecting S to q).

We shall give two proofs of this fact.
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Proof 1. Certainly, this can be checked by calculating the index form. We follow Sternberg
[14] (chapter 8).

It is sufficient to find a vector field X normal to 7 that has I,(X, X) > 0, for then v
cannot be a local maximum by the second variation formula.

We are given a geodesic v : [a,b] — M starting orthogonally at S and ending at g.
Let r = ~y(ty) be the first conjugate point between S and ¢ along 7. We can thus find a
(nonzero) Jacobi field J along the restriction of v to [a, o] vanishing at both ¢ = a and
t = ty. We now extend J to a field

At ty field Y must have a jump AY’ #£ 0 since, if the jump were to be 0, we would have
(V:J)(b) =0 and J(b) = 0 so J would have to be 0.

Plugging Y into the formula for I, we see that the integral vanishes (as Y satisfies the
Jacobi equation and is orthogonal to 7). So with € = 1 (7 is timelike) we get I, (Y, Z) =
—(AY"|Z+)(ty) for any vector field Z along . In particular (Y, Y) = 0 because Y (t) =
0. Now take W to be any vector field along v with W (ty) = AY"(to) # 0, then I(Y, W) <
0. Now it is clear (from bilinearity and symmetry of I,) that for sufficiently small § > 0
we get:

LY +0W,Y +6W) = —20L,(Y,W) — 8*L(W,W) < 0,
which was to be proven. O

One doesn’t have to rely on the second variation formula to prove this result. Indeed,
for null geodesics, we cannot apply the variation formulae, so it will be beneficial to see
how this is done. Roughly the argument goes as follows:

Proof 2 (heuristic). Let r be the first conjugate point on - between p € S and gq. We
can then use synchronized coordinates around ~ in the portion between p and r. Since r
is conjugate to S (r is a critical point of exp), we can find another (distinct) geodesic «
orthogonal to S with same length as « (up to r), which approximately (up to first order
as far dexp is concerned) intersects ~y at .

Now, if v and « really intersected at r (exactly), we could get a broken curve by
following « from S to r and then + from r to ¢. Since a broken geodesic does not
extremize length (twin paradox), this would actually give the result.

However, v and « do not intersect exactly, so some care is needed. Take some small
convex neighborhood C' around r and let 2/ € C' be a point along « between in the
chronological past of r (since a comes close to «y this is possible) and w be a point along
~ between r and ¢ (thus w is in the chronological future of r). By following « from S to
2’ and then the unique timelike geodesic from 2’ to w and then v from w ro ¢, we get a
curve with strictly greater length than . To make this rigorous one can refer to Penrose
[8] theorem 7.27. O

Finally, we can now with relative ease show the following:

Theorem 65 (Hawking)

Let M be a globally hyperbolic spacetime satisfying the strong energy condition, and sup-
pose that the expansion satisfies 0 < 6y < 0 on a Cauchy hypersurface S, then M 1is
singular.
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Proof. 1t is sufficient to show that no future-directed geodesic orthogonal to S can be
extended to proper time greater than 79 = —3/6y (to the future of S). Assuming to the
contrary that this is not so, we could find a future-directed timelike geodesic o orthogonal
to S and parameterized by proper time defined on some interval [0, 79 + €] for € > 0. So
let ¢ = a(1p + €), then according to proposition [60| we could find a timelike geodesic v of
maximal length connecting S and ¢, which by lemma [63| must be orthogonal to S. Thus
the proper time of v necessarily exceeds 7y + . Now lemmata |62 and [64] guarantee that ~
would develop a conjugate point at a distance of at most 7y and that it would then cease
to be maximizing beyond this point. This is clearly absurd and the statement follows. [

4.4 Null Hypersurface

To deal with null hypersurfaces, it will be beneficial to first explain null hyperplanes in
Lorentzian vector spaces.

Let V be a vector space with a nondegenerate scalar product g. If W C V is a
vector subspace, we set Wt = {v € V | g(v,w) = 0 (Vw € W)}. One then shows
dimW + dim W+ = dimV = n. This, however, does not mean V. =W @& W+, as W
can, for instance, contain W+. V = W @ W+ will hold precisely when ¢ is nondegenerate
on W. We say W is null if g is degenerate on W. We can also show that, generally,
(WhHt =w.

If W is a hyperplane, so that dimW = dimV — 1, then dim W+ = 1. We can thus
find a vector N € V that generates W+, i.e. Wt =RN.

Note that a hyperplane W is null iff N is a null vector, i.e. g(N, N) = 0. Indeed, if N
is spacelike or timelike, we can use Gram-Schmidt procedure to build an orthogonal basis
N, vy, ...v, for V. This means that g(v;,v;) # 0 and since v; span W, we get that W is
nondegenerate.

Note also that the normal vector N is null precisely when W+ C W. Indeed, N is
orthogonal to W by definition, so if W+ C W, then N must be orthogonal to W+ as
well, meaning g(N, N) =0 (as N € W). Conversely, if g(N, N) = 0, then in particular
g(N,cN) for any ¢ € R, so N is perpendicular to W+, ie. N € (W+)+ = W. This implies
cN eW forallc € R, ie. Wt cCW.

Since no timelike vector is orthogonal to a (nonzero) null vector, we see that W contains
only null and spacelike vectors. Indeed, assume t is timelike g(¢,t) < 0 (in particular
t #0), uis null g(u,u) =0 and g(u,t) = 0; then a simple calculation shows that u = 0.
Take an orthonormal basis with a multiple of ¢ as its timelike member (so that ¢ = (¢°,0)).
g(t,u) = 0 then gives t%u® = 0= = 0 but now 0 = g(u,u) = —(u®)2 + | |? = ||
Since || is the euclidean norm, this gives @ = 0, i.e. u = (u°, ) = 0.

We say a submanifold S C M is a null hypersurface if 7,5 C T),M are null hyperplanes
for all p € S. Such hypersurfaces have the peculiar property that their normal vector
fields IV are also tangent. At least locally, we can find a nonvanishing future-pointing null
smooth vector field N. Now N generates T,,5* (at each p € S on which N is defined).

In fact, in a time orientable Lorentzian spacetime, the null field N on S is globally
defined. To see this, first note that we have a globally defined timelike vector field X;
restricting X to S we get a globally defined (on S) transverse vector field.
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Thus b = X” ® X’ + i*g is a Riemann metric on S (where i*g is the pullback of g
on S via the inclusion). To see b is positive definite, note that g(Y,Y’) > 0 on spacelike
Y and (X°(Y))2 > 0 on null Y. We can now take the dual vector field N in the metric
b of the 1-form X” on S and normalize it (in b norm). In other words, N is the unique
vector field in T'S satisfying b(N,-) = X’ and b(N,N) = X°(N) = 1. This N field is
a null vector field tangent to S. Indeed, computing the b norm gives us 1 = b(N, N) =
(X’(N))2 +g(N,N) =1+ g(N,N), so g(N,N) = 0. Since X was nowhere zero and
globally defined, so must N be as well.

Even though it is very simple and elegant in hindsight, the idea of taking duals twice
(in different metrics) is (at least to the author) entirely nonobvious. I have come across
this in [53].

Lemma 66
Integral curves of N are null geodesics (up to parametrization).

Before the proof note that, for a smooth function f, we have V,V,f = V,V,f.
As is often the case, the index notation here is a bit more subtle than one would like.
First, we have (Vf), = ¢(Vf,0,) = df(0,) = 0,f = V,f. Next, as usual, V,X,
means (V,X), = ¢(V,X,0,), thus V,V,f = V,.(Vf), = (V.(Vf)),. The statement
now becomes (V,(Vf)), = (V,(Vf)),, which is not entirely obvious, but holds for any
Levi-Civita connection and is not difficult to provd?|

Proof. Since g(N,N) = 0, we have Xg(N, N) for all vector fields X tangent to S. This
means that d(g(N, N)) annihilates T'S € TM. Thus V(g(N,N)) must be normal to
S, because g(V(g(N,N)),X) = d(g(N,N))(X) = 0 for all X tangent to S. In other
words, V(g(N, N)) is proportional to N. Let f be a function that locally defines S, i.e.
S = {f = 0}, then df annihilates S, therefore V f must be proportional to N.

It is sufficient to prove the theorem for N = Vf (as any normal field is proportional
to any other normal field). Now we get

N ~ V,(9(N,N)) = 29(V,N,N) = 2N*V,N, = 2N"V,V, f = 2N*V,V,.f = 2VyN,

Thus, parallel transporting N along its integral curve again gives some vector that is tan-
gent to the curve. In other words, the integral curve is a geodesic (up to reparametriza-
tion).

O

As a corollary, we have that every point p € S lies on some (unique) future inextendible
null geodesic, which in turn lies on S. S is thus foliated by inextendible null geodesics,
which are called its null generators.

We may thus generalize the notion of a null hypersurface from smooth to topological
hypersurfaces, by requiring they be foliated by null geodesics in this mannelﬂ This

3Indeed, since V is compatible with the metric, we get Xg(Vf,Y) = g(VxVf,Y)+g(Vf, VxY),
and since torsion vanishes VxY — Vy X = [X,Y]. Thus, ¢(VxV/f,Y) - g(VyVf, X) = Xg(V[,Y) —
(VI VXY) = Yg(V,X)+g(Vf,VyX) = Xdf (V) = Ydf (X) ~ g(Vf.VxY ~VyX) = XY~ YXf~
gV, [X,Y]) = (XY - YX)f —df([X,Y]) = 0. The special case X = 9, and Y = 0, now proves the
statement.

4Though, a smooth hypersurface S foliated by null geodesics is not necessarily a null hypersurface as
previously defined - take for instance a timelike plane in Minkowski space. However, the result does hold
for all achronal planes in Minkowski space. Thus, if we require S to be locally achronal, it will hold on
S as well.
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weakening is necessary when discussing black hole event horizons in full generality (as
they need not be smooth).

The following shows that for a closed subset C', the boundary of J*(C'), which is a
topological hypersurface, comes quite close to being a null hypersurface:

Proposition 67

Let C' be a closed subset of the spacetime M. Then every point p € 0J(C) (except
perhaps p € C') lies on some null geodesic 7y, which in turn lies entirely in 0J(C). ~ is
either inextendible or has a past endpoint in C

Of course, an analogous statement holds for J~(C') by flipping time orientation.

Proof. Let p € 9J7(C) = 0I™(C) and choose a sequence p, € I"(C') which converges to
p. For each p, we find a past directed timelike curve ~, connecting p, and some point in
C'. Since, C'is closed, M \ C'is an open subset of M and therefore a manifold in its own
right. On M \ C each v becomes past inextendible, so we may use lemma [31| to obtain
a limit curve 7, which passes through p and is past inextendible (in M \ C). 7 being
inextendible in M \ C' means that in M, 7 either remains past inextendible, or has a past
endpoint in C.

As each point on 7 is a limit sequence of points on 7, (and v, lie in I*(C)), v must lie
in I+(C). If any point on v by any chance landed in I*(C'), we could make the ~ timelike
by changing it slightly (lemma [25)), so we would have p € I7(C). We thus see that v is
completely contained in 9.J(C'). Finally, since 0J7(C) is achronal (no two points can
be connected by a timelike curve), any curve connecting two points on 9J7(C') must be
a null geodesic. O]

We now turn to analyzing the structure of the tangent space of a smooth null hypersur-
face S. Since on 7,5 the metric g is degenerate, consider the quotient 7,,S/N. In T,,S/N
we identify X € 7,5 and X +cN € T,S for any ¢ € R. If [X] denotes the equivalence class
of X, then can define a metric on 7,,S/N by h([X],[Y]) = ¢(X,Y). This is indeed well
defined, as g(X +aN,Y +bN) = g(X,Y) +ag(N,Y) +bg(X, N)+abg(N,N) = g(X,Y).

Note that h must be positive definite on the quotient space 1,,S/N, because vectors
which live in 7,5, but not in RN must be spacelike.

Finally, we can introduce the Weingarten map as before and prove the Raychadhuri’s
equation. We define the null Weingarten map L, : T,5/N — T,S/N by L,([X]) = [VxN].
This is well defined as VxionN = VxN + aVyN. But we have seen that VyN is
proportional to N, thus Vy,,nN indeed lies in the equivalence class [V x N].

On the other hand, if we take some other null vector field fN, then Vx(fN) =
fVxN+ (X f)N, which is in the equivalence class of fVxN. Thus the L depends on the
choice of field N (but only up to scalar multiples).

The second fundamental form is now K([X],[Y]) = h(L([X]),[Y]) = ¢(VxN,Y) and
the expansion is 6 = tr L.

We must further define the covariant derivative of a field Y along some null curve. This
is defined in the obvious way Vx[Y] = [VnY], and the usual computation: V(Y +aN) =
VNY +Vn(aN) = VNY +aV(N) 4+ (Na)N shows that the definition is valid.

Consider now a null curve « : [a,b] — S and a vector field V' : [a, b] — T'S/N along «;
we assume V' is smooth in the sense V' (s) = [X(s)] for some smooth X along a. We then
have V.V = [V X]. More briefly, [X]" = [X]
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Let now L be a Weingarten map for the null vectors o/, then its derivative along « is
defined in the usual way: (L')([X]) = (L([X]))" = L([X"]) = [VxN]' = L([X]), where X
is along « and tangent to S.

We also pull back the tidal operator: F : T,)S/N — T,4S/N, via F([X]) =
[F(X)] = [R(c/(s), X)a'(s)].

Raychadhuri’s equation L' + L? = F can now be proven with ease (the argument
being basically the same as before). Indeed, by scaling N, we may assume that « is
a geodesic, i.e. VNN = 0. We work in a neighborhood around p = «(s), and may
assume N is extended to a vector field on a neighborhood near p. Furthermore, assume
X € T,5 comes from a vector field commuting with N, so that VX = VxN. Then
R(X,N)N = VxVyN = VyVxN — Vix nqN = =VxVxX, so we get the usual Jacobi
equation X” = R(a/, X)a/. From here:

L'([X]) = [VxN]' = L([Vx X]) = [VNX] — L([VxN])
= [X"] = L(L([X])) = [R(c/, X)a'] = L*([X]).
Taking the trace, as before, we get:

1
62, (4.4)

9 = —Ri /’ AN

ic(o/,a) — o —
where n is the dimension of S (so n — 1 is the dimension of 7,,5/N) and o is the traceless
symmetric part of L.

4.5 Penrose’s Theorem

We now prove Penrose’s version of the singularity theorem.

Definition 68 (Trapped surface). Let M be a globally hyperbolic spacetime, S a Cauchy
hypersurface with future-pointing unit normal vector field n and let ¥ C S be compact
2-dimensional with unit normal vector field v in S (thus, for instance, n+ v are lightlike).
Y is said to be trapped if the expansions " and 6~ of the null geodesics with initial
velocities n 4+ v and n — v are both negative everywhere on ..

Intuitively, this means that lightlike geodesics converge on both sides of ¥. As an
example, take a sphere inside the Schwarzschild event horizon and emit a light impulse
on both sides. As light cannot escape from the black hole, both impulses will converge
and fall towards the singularity (recall that inside the event horizon r is the timelike
coordinate.). Let a, be null geodesics through p € ¥ with initial velocity n + v, then we
may take exp : (—¢,e) x ¥ = M, (p,t) — a,(t), which traces out a null hypersurface
in M. Here, instead of synchronous coordinates, exp gives null coordinates.

Example 69. Take a sphere of fixed radius r < 2GM in the Schwarzschild solution [2.1]
Since r is timelike in the region r < 2G M, this defines a compact 2-dimensional spacelike
surface. It is then not difficult to see that light geodesics emanating from such a sphere
must evolve to a smaller r coordinate; thus the divergences are negative.

Definition 70 (Null energy condition). We say that M satisfies the null energy con-
dition if the Ricci tensor satisfies Ric(X, X) > for all lightlike X.
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Lemma 71

Let M be a globally hyperbolic spacetime satisfying the null energy condition, S C M
a (smooth) Cauchy hypersurface with unit normal n, ¥ C S a compact 2-dimensional
manifold with unit normal vector field v in S. Let p € ¥ be a point where 6 = 6, < 0.
Then the null geodesic o through p with initial velocity n + v contains a point conjugate
to S, at an affine parameter distance of at most —2/0q to the future of ¥ (assuming that
it can be extended that far).

Proof. In the case of 4-dim spacetime, we have ¢/ = — Ric(a/, o) — 0 — £6%. Thus
/ 1 2 : o 2
9—1—50 = — Ric(a/, ) —0* <0,

where Ric(a/,a’) > 0 by the null energy condition. Integrating we get, as before,

1 S 1 N t
0~ 6, 2
so # must blow up at ¢ no greater that —2/6,. O]

Lemma 72

Let M be a globally hyperbolic spacetime satisfying the null energy condition, S C M
a (smooth) Cauchy hypersurface with unit normal n, ¥ C S a compact 2-dimensional
manifold with unit normal vector field v in S. Let vy, be the null geodesic through p with
initial velocity n + v and q = v,(to) for some ty. If there exists a conjugate point between
p and q, then ¢ € IT(X).

Proof. 1t is sufficient to show that the existence of a conjugate point guarantees that a
non geodesic causal curve connects p and ¢. Then it is not true that ¢ € J™(p) \ I7(p),
as in that case only a null geodesic would connect p and gq.

To see roughly why the above statement is correct, let r be the first conjugate point
between p and ¢. Since dexp vanishes at r, up to first order, there is another (distinct)
null geodesic o which intersects ¢ at r. We now obtain a piecewise smooth curve (that is
not a geodesic) by first following « from p to r and then ~ from 7 to ¢. Again, some care is
needed here as v and a do not intersect exactly, but the argument is almost identical to the
second proof of lemma |63 (where we use null coordinates along v instead of synchronous
coordinates). We thus omit the rigorous proof (it can be found in [§] as theorem 7.27 for
instance). Another rigorous proof is given in O’Neill [1] as proposition 10.48. ]

Finally, we arrive at:

Theorem 73 (Penrose)

Let M be a connected globally hyperbolic spacetime with a noncompact Cauchy hypersurface
S, satisfying the null energy condition. If S contains a trapped surface X, then M is
singular.

Proof. We roughly follow Godinho and Natério [7] and O’Neill [1].

e Assume M is (future) null complete. The key point then is that, for a compact
trapped surface ¥, 91 (X) must be compact. Indeed, since 6 and 6~ are negative
everywhere on Y, there exists a maximum 6, < 0 such that 61,6~ < 6. Consider a
null geodesic going out from ¥ (with initial velocity n4v), then lemmal[71|guarantees
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that a conjugate point can be found at affine parameter value not exceeding uy =
—2/6y to the future of ¥. By lemma [72] this means that the null geodesic enters
I(Y) after affine parameter value of no more than ug. Consequently, I (X) is a
closed subset of the compact set exp™ ([0, ug] x X) U exp~ ([0, up] x ¥), where exp™
refers to null geodesics with initial velocity n + v and exp™ to null geodesics with
initial velocity n — v. Note that we use future null completeness in this last step, as
we need these null geodesics to go at least as far as wuy.

e Thus, assuming M is null complete, I (X) must be a compact topological hyper-
surface (by corollary . As in , let ¢ : M — S be a retraction projecting M to
S. We restrict to 7 : IT(X) — S. Intuitively, we follow a timelike integral curve
(of some nonvanishing vector field) from S until we hit 977 (X). Once we enter
I7(X), we must stay within this set, so an integral curve cannot cross the boundary
of I'(X) more than once.

Note that 7 must be injective, because if 7(p) = 7(¢), then p and ¢ lie on the same
integral curve, which intersects 91" (X). Since the intersection is a unique point, we
have p = gq.

Immediately from definition (and proposition 7 is continuous. Since, 7 is an
injective continuous mapping, between topological manifolds of the same dimension,
Brouwer’s invariance of domain guarantees 7 is actually a homeomorphism onto
some open subset Im 7 of S. Thus, Im 7 is open and since 9I*(X) is closed, Im 7 is
closed as well. This means that Im 7 must be the whole of S, as S is connected.

This is impossible, because Im 7 is actually a compact set (OI7(X) being compact)
and S is not compact by assumption. We must conclude M is not null complete,
i.e. it is singular on null geodesics.

]

A particular corollary is that the Schwarzschild spacetime will remain singular even if
we slightly perturb its initial conditions. One should not forget that global hyperbolicity
is in the assumptions. Therefore, the existence of a ”singularity” (more precisely incom-
pleteness) should really be thought of primarily as a breakdown of global hyperbolicity,
i.e. determinism. In other words, it may so happen that M can be extended, but it
cannot be extended as a globally hyperbolic manifold. We shall discuss in more detail the
Cauchy problem and time evolution in the next chapter.
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Chapter 5

Black Holes in General

In this chapter we give the definition of a black hole and formulate (in modern terms)
the cosmic censorship hypotheses. The so-called weak and strong cosmic censorship con-
jectures were originally formulated by Penrose in 1969 and 1972. respectively. It is
important to note that, in their modern formulation, the strong and weak cosmic censor-
ship hypotheses are independent. In particular, the strong hypothesis does not imply the
weak one, contrary to what one might expect simply based on the names alone.

5.1 Asymptotically Flat Spacetimes

In physics we often use methods such as multipole moments when the system is isolated
and we are sufficiently far away. In general relativity we would thus like to formulate
what an isolated system is, meaning it is in some sense flat at infinity.

The idea is to embed the spacetime into some larger manifold which will serve as a
boundary. This can be demonstrated in the case of Minkowski space. Take the metric in
polar coordinates:

ds = —dt* + dr® + r*(d6® + sin® 0d¢?)

and make a change in coordinates u =t +1r, v =t — r, giving:
1
ds = —dudv + Z(u — v)?(d6* + sin® 0dp?)

These new u and v coordinates are null. Now we ”compactify” by making the image of u
and v bounded (using one’s favorite diffeomorphism between R and some finite interval,
say v/ = tan"'u, v’ = tan~'v). Finally, take T = v/ + ¢ and R = v/ — v. In these new
coordinates, the metric becomes:

ds = Q2 (—dT2 + dR? + sin® Rd#* + sin® R sin® 9d¢2) ,

where Q72 = 4(1 +4?)(1+v?). We have thus preserved the null cones (by only compacti-
fying along the null directions), but the spacetime is now contained within some compact
set. To see this, one must carefully note the ranges of any such coordinates; in this case
—nm<T+R<mand —mn<T — R <, as well as R > 0.

(R, T) = (0,—m) gives the lower vertex point, the past timelike infinity =. This is
a 2-dim surface (a point in (R,T') plane is actually a sphere in Minkowski 4-dim space).
Likewise the top vertex i+ at (R,T) = (0,7) is called the future null infinity. © at
(R,T) = (m,0) is the spacelike infinity. Finally, we have the 3-dim surfaces Z~ given by
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_’Z'-‘r

Figure 5.1: Conformal compactification of Minkowski spacetime. The angular coordinates
have been suppressed. In 2 + 1 dimensions this becomes a double cone. Removing the
spacelike infinity i (in this case a circle identified to a point) transforms the boundary
into two pointed connected surfaces. Removing the timelike infinities i* these surfaces
become smooth.

T =7n—Rfor 0 < R < (future null infinity) and Z* given by T=R—7mfor 0 < R <7
(past null infinity).

The null infinities thus have the topology S? x R. We note that the boundary is not
smooth at the vertices i* and °. In giving a general definition, we shall focus only on the
null infinities. Thus the boundary will be smooth, but now the larger manifold need not
be compact. This is the reason why we avoid using the term ” conformal compactification”
when referring to the general construction outlined below. For a unified treatment of null
and spatial infinities see Ashtekar and Hansen [29] or Wald [4].

Definition 74 (Conformal equivalence). Let g and § be two Lonrentzian metrics on
spacetime M. We say g; and g, are conformally equivalent if there exists a smooth
Q: M — R, Q+ 0 such that go = Q2¢;. A smooth mapping f : M — M is conformal if
the pullback of the metric on M is conformally equivalent to the one on M, i.e. f*§ = Q2g.

Conformal mappings may change the lengths, but preserve the causal structure. In
fact, two Lorentzian metrics (scalar products) g1, go on some vector space V' will have the
same light cone (the set of all vectors v € V' for which g(v,v) = 0) iff g; = C'gs for some
constant C' # 0.

Definition 75 (Asympto‘gically simple, Penrqse). We say M is asymptotically simple
if there exists a manifold M with boundary M, on which a Lorentzian metric g is defined
and into which M embeds via some diffeomorphism ¢ : M — M such that:

1. M\ OM = p(M), i.e. M embeds precisely into the interior of M.

2. There exists a smooth function {2 on M such that on ¢(M) we have ¢*§ = Q2g, i.e.
¢ conformally embeds M into M.

3. On OM we have 2 = 0 and df) # 0.

4. Every null geodesic in M has two endpoints in OM.
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If in addition the Ricci tensor vanishes in the neighborhood of dM, we say M is asymp-
totically empty. We shall regularly assume that M is strongly causal.

We sometimes say M is a physical, while M is an unphysical spacetime. dS2 # 0 in
particular ensures that {2 can be used as a coordinate in a neighborhood of the boundary
OM. By Taylor expanding in 2 we can then control the falloff towards infinity (0M) of
various physical fields. One can prove that the boundary of an asymptotically simple and
empty space has a particularly nice topology:

Proposition 76
In an asymptotically simple and empty space M, the boundary T = OM is a null surface
(i.e. its normal vector is null).

Proof. We follow Hawking & Ellis [3].

We first show that OM is null. This follows from the fact that Ricci tensor of the
unphysical metric g is related to the Ricci tensor of the physical metric g in the following
manner:

Ry = Q2R = 20713V, Vol + (—Q7IVa V50 4 3072V, 0V,0) 57
This is a standard result one gets when computing how Riemann curvature changes under
conformal transformations.

Simplifying we get:

R=072R - 6Q7'5°V,VsQ + 307 25°°V,QV Q.

Since we require that Ricci curvature be smooth at M (at least C1), where Q = 0,
we get that (on OM) §**V,QVQ = 0. This means that V is a null vector and, since
dS2 # 0, it must be a nonzero null vector, whose integral curves are null generators of 9M .

O

Proposition 77
Z = 0M has two components:

e The future null infinity ZT, i.e. the set of future endpoints of light geodesics (the
set of boundary points where the future light geodesics are outward-pointing). This
means for each point p € I, the past null cone lies in M.

e The past null infinity T~ , i.e. the set of past endpoints of light geodesics (the set
of boundary points where the past light geodesics are outward-pointing ). This means
for each point p € T~ the future null cone lies in M.

Proof.

e To show OM has at least two components, we proceed as follows.

Let p € Z. Since 7 is the boundary of M, we can find some chart on a neighborhood
U (in M ) around p such that Z N U looks like a hyperplane, where M N U is on
one side of that hyperplane. As Z is null, either I*(p) or I~ (p) do not intersect M.
But if the open set, say, I7(p) does not intersect the open set M, then the same
holds if we take the closure I*(p). Since J*(p) is contained in that closure, we see
that causal curves ending at p must all be future-pointing or all be past-pointing.
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In other words, a point in Z can’t be both a past and a future endpoint at the same
time.

If p € T is a future endpoint of some geodesic, then so too must be all points in
some neighborhood of p. Indeed, one can could otherwise construct a sequence of
curves with past endpoints p, — p; but then the limit must have a past endpoint
at p.

Therefore, we can cover Z with sufficiently small open sets which consist entirely of
either future endpoints or past endpoints. U+ which have future endpoints in Z are
mutually disjoint with U~ having past endpoints in Z. Taking the union of all U™
and U~ we get two open sets whose union is dM; OM is thus not connected.

For spacetime of dimension > 2 there can be only 2 components (for dimension 2
Minkowski space gives a counterexample; there are two future and two past null
infinities). The proof hinges on the fact that in dimension > 2, the space of future
null directions at p is connected (this is not the case in 2-dim case as it is a two
point set).

If say Z* were disconnected consisting of some two components C7 and Cy, then we
will show that one can find a point p € M through which some future null geodesics
go into (', and others go into Cs. Now, a null geodesic at p can be identified with
its (unique) endpoint in Z%. This mapping p : 7, — e,, is continuous (if a,, — «
then the endpoints e, of a,, converge to the endpoint e of ). Thus, the set of null
directions at p has at least two components - a contradiction.

We now show the existence of point p. Assume to the contrary that for all p € M
all future null geodesics go exclusively into one component but not the other. Then
we can show that around any p € M one can find an open set such that any future
null geodesic through that set goes into the same component as p.

Indeed, assume this fails at p, whose future null geodesics go into C';. Then we can
construct a sequence p, converging to p such that future null geodesics «,, going
through p,, all go into Cy. But now take the limit of those geodesics and get a causal
curve a going through p and reaching C5. This causal curve is actually a geodesic,
which gives a contradiction.

To see that the curve indeed is a geodesic, we must show that no two points on
a can be connected by a timelike curve. This is true because if ¢ € Ima and
q € I"(p)NC is a point in some small convex neighborhood around p, then ¢ being
a limit point of the sequence o, implies that ¢, € I (p) N C for n sufficiently large,
where ¢, € Ima,. One can then repeat the argument for p as well to conclude
pn € J(g,) NC. This is impossible because «;, are null and we can take C' so small
as to make some «, not have conjugate points between p, and ¢,. Thus we can
cover v with neighborhoods on which « is a null geodesic; so it must be globally a
null geodesic (up to reparametrization).

Thus we can cover M with open sets through which null geodesics go exclusively
into one component or the other. But the union of all open sets which go into C] is
disjoint with the union of all open sets which go into C5 thereby showing that M is
not connected.

]
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We should note that, in particular, 4 is too strong as it requires that every null
geodesic reach infinity so will generally exclude black holes (which contain bound orbits).
For example, the Schwarzschild spacetime does not satisfy this criterion. Asymptotically
simple spaces are not just simple in the asymptotic region; in fact we can show:

Proposition 78
An asymptotically simple and empty spacetime must be globally hyperbolic.

One can further show that M will be topologically equal (homeomorphic) to R* and
% to R x 52 (see Geroch [33] or Hawking & Ellis [3] or the appendix of Penrose [51]).

Proof. We break the proof into two parts:

e M is causally simple, i.e. J(p) are closed. For this we use the fact that every null
geodesic has two endpoints in dM. Take a sequence of points ¢, € J*(p) which
converge to some q. We show that ¢ must be in J(p), i.e. that J"(p) is closed.

Indeed, let «,, be some causal curves from p to ¢,. Continue these curves all the
way up to future null infinity by following some null geodesics, so that they become
future inextendible. Therefore, there must exist a future inextendible causal limit
curve «, which goes from p and passes through gq.

e M is globally hyperbolic. We use results from [Bl First put a measure vdu on
M with total volume | yvdp = 1. Since M is causally simple by the previous
point, the functions Vi (p) = [ T+ (p) vdu are continuous. We must prove that V'
decreases to 0 along any future directed causal curve 7 (since we don’t yet have
global hyperbolicity, lemma [99| doesn’t directly apply).

To do this, consider F' = (1, J *(p); if it is empty for every future-inextendible
causal curve, we get out result. Assuming it is not empty, we get that all points
p € Im~ can then be connected via causal curves to some ¢ € M, i.e. Im~y C J(q).

This means that v cannot have an future endpoint in M. Indeed, if e € M is an
endpoint, consider a limit of points p, = 7y(t,) — e and a sequence of curves «,
going along ~ until p,, then following some causal curve to ¢ and finally some null
geodesic to ZT. «a,, has a limit curve « passing through e and ¢, but then v can be
future extended; a contradiction.

Thus ~ goes all the way up to Z*. On the other hand, this means that it must exit
J~(K) for any compact K (as causal curves in J~(K) do not reach Z%). Now the

proof of lemma [99] actually applies, so we get the result. As in appendix[B] the level
V—(p)
V+(p)

sets of 7(p) = are now Cauchy surfaces, so M is globally hyperbolic.

]

We therefore give a weaker definition:

Definition 79 (Weakly asymptotically simple, Penrose). We say M is weakly asymp-
totically simple there is a piece of M isometric to the boundary of an asymptotically
simple space. More precisely, if there exists an open set U C M and an asymptotically
simple space M’ with an open neighborhood of the boundary U’ © dM’ such that U'N M’
is isometric to U.

The idea is that a weakly asymptotically simple spacetime possesses the conformal
infinity of an asymptotically simple spacetime, but may possess other infinities as well.
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5.2 Black Holes

Finally, we can define black holes in general:

Definition 80 (Black hole). Let M be a weakly asymptotically simple spacetime and
let Z* be its future null infinity. If the (causal) past of Z*, J~(Z"), does not cover M,
then we say M contains a black hole region B = M \ J~(Z). We call the topological
boundary H = 9B = (0J(Z1)) N M the event horizon of the black hole.

Intuitively, a black hole region is the set of events from which no lightlike geodesic can
escape to infinity. Analogously, one may define a white hole region as W = M \ J"(Z7).

Actually, we still have a problem with the definition of asymptotic simplicity - the
weak asymptotic simplicity is now too weak! In particular, the notion of a weakly asymp-
totically simple spacetime does not capture the global asymptotic structure of Minkowski
spacetime. Consider the following:

Example 81 (Geroch & Horowitz [31]). Consider Minkowski space-time with the causal
future of the origin removed (i.e., retain the region given, in the usual coordinates, by
t < /22 +y? + 22). This space-time is weakly asymptotically simple.

Thus, Minkowski spacetime with only a portion of its usual boundary (the portion
that lies outside outside the causal future of 0) is weakly asymptotically simple.

Now an immediate problem arises: the Z" in the definition of weakly asymptotically
simple space is not unique. It is therefore not clear exactly which Z* (that makes M into
a weakly asymptotically simple space) one should take in the definition of a black hole.

If we require that for at least one Z7 its past J~(ZT) does not cover M, then Minkowski
space has a black hole. On the other hand, if we require that it hold for all possible ZV its
past J~(ZT) does not cover M, then Minkowski space-time with an asymptotic portion
of the null cone of the origin removed possesses a black hole.

Therefore, when discussing black holes it is preferable to use the following more re-
strictive definition:

Definition 82 (Asymptotically flat, Geroch & Horowitz [31]). Weakly asymptotically
simple spacetime is said to be asymptotically flat if in addition its null infinities Z* are
both topologically R x S? and Z is completd!] Of course, we shall assume that such a
spacetime is asymptotically empty as well (otherwise using the term ”flat” doesn’t make
much sense).

Notice that the previous example does not have a complete Z.

So far we have only defined a ”black hole region” as a collection of events. To talk
about ”black hole at time 7”7, we need some additional assumptions. Following Wald [4],
we say:

Definition 83. M is strongly asymptotically predictable if in M there exists an
open region V with M N J=(Z*) C V such that (V, g) is globally hyperbolic.

1One can formulate completeness in terms of the generators of the null surface Z. In particular the
normal V() is also tangent to Z. Therefore, its integral curves (the generators) are contained in Z and
we have seen these must be null geodesics. Z is complete precisely when these geodesics can be extended
indefinitely, i.e. when the normal field is complete.
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This is essentially the same definition as in Hawking & Ellis [3], if we take into con-
sideration proposition 9.2.3.

In particular, since we now have some family of Cauchy hypersurfaces S(7) foliating
V and hence the exterior of the Black hole, we can define a black hole at some time 7
as a component of the set B(r) = S(7) \ J (Z*) = BN S(7). This is just the region of
Cauchy surface S(7) from which light cannot escape to null infinity.

Note that the assumption of the exterior being globally hyperbolic has certain impli-
cations. Namely, there cannot be any "naked” singularities. If ¢ € M NV and if S (1)
is in the past of ¢ (¢ € J*(S(7))), then, by virtue of S(7) being a Cauchy surface, all
inextendible past-directed causal curves must intersect S(7). This means no singularities
are visible to an observer outside the black hole, i.e. we cannot have any past-directed
causal geodesics just ending (a naked singularity in the past of some observer); they must
go as far back as there are Cauchy surfaces.

The event horizon H = 0B = (0J(Z")) N M, being the boundary of a past set, is a
closed achronal topological hypersurface. We note first that /= must be closed in M, as
OM is closed, and components of closed sets are closed. Thus (by proposition every
point in 0J~(Z7) lies on some null geodesic, which must be contained in 9.J~(Z*), which
is past inextendible or has a past endpoint in Z". Since we are working in the physical
spacetime M, both cases amount to the same thing.

It must be said, however, that an event horizon is not generally a smooth manifold
(actually a nowhere C' example can be constructed; see [6]). Many authors (Wald [4]
and Hawking & Ellis [3]) assume differentiability when proving certain theorems about
horizons, in particular, the area theorem. For nowhere differentiable horizons it is not
clear that area is even well defined, but in this case it has been shown (see [0] again) that
any differentiability assumption can be dispensed with.

5.3 Cosmic Censorship

From a modern point of view, the cosmic censorship hypotheses are conjectures about the
nature of maximal Cauchy developments. We therefore first discuss the Cauchy problem
in general relativity.

Definition 84 (Cauchy problem). We follow Choquet-Bruhat [5] (as one should) in these
matters.

e An initial data set is a triple (X, h, K), where (X, h) is a Riemannian 3-manifold
and K a symmetric 2-tensor on .

e A development of the initial data (X, h, K) is a spacetime M for which there exists
an embedding ¢ : ¥ — M having the following properties:

1. The metric h is the pullback of g by ¢, h = ¢*h, or equivalently, if we identify
Y with its image ¢(X) in M, then h is simply the induced metric. Since h is
Riemannian, ¢(3) is spacelike.

2. The tensor K is the pullback by ¢ of the second fundamental form (extrinsic
curvature) of ¢(3) as a submanifold of M.

e We call the development (M, g) Einsteinian if the metric g satisfies the Einstein
equations. Of course, here the initial data is just a set of initial conditions for
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Einstein equations (so is not completely arbitrary and must satisfy any relations
imposed by the Einstein equations).

e A development is called globally hyperbolic if M is globally hyperbolic with ()
as a Cauchy surface.

e A development is called maximal (or inextendible) if it cannot be extended (i.e.
isometrically embedded) to another development. Note this does not say that it is
inextendible as a Lorentzian manifold.

Theorem 85 (Choquet-Bruhat, Geroch)

For a given initial data set (X, h, K) to the vacuum FEinstein equations (or for a suit-
able matter system) there exists a unique (up to isometry) mazximal globally hyperbolic
FEinsteinian development of (X, h, K).

Here the fact that the development is unique and maximal, guarantees that every
other (Einsteinian, globally hyperbolic) development can be isometrically embedded into
the maximal one.

Proof. See the original paper by Choquet-Bruhat and Geroch [22] or Ringstrom [9] (the-
orem 16.6.) Let us note here that the original proof uses Zorn’s lemma, but this can be
avoided (i.e. a constructive proof can be given) if one wishes (see Sbierski [28]). O

We can now understand the following modern formulation of the famous strong cen-
sorship conjecture:

Conjecture 86 (Strong cosmic censorship)

For "generic” (i.e. not “finely tuned’ﬂ) wmitial data for the vacuum equations or for
suitable Einstein—matter systems, the mazimal Cauchy development is inextendible (as a
Lorentzian manifold).

Roughly speaking, this conjecture asserts that general relativity is a deterministic
theory in the sense that motions of all observers for all times should be determinable
from initial conditions. In particular, one should not be able follow a geodesic outside the
maximal development. In fact, if we can extend the maximal development, the extension
will usually be severely non-unique. One can therefore think about this conjecture as a
statement on uniqueness of the global solution.

Example 87. For a Kerr spacetime take some Cauchy slice in the regions I U I1.
This slice is taken to be the initial condition for the maximal Cauchy development. The
maximal development then generates the Kerr spacetime, but only up to the interior
horizon (i.e. Cauchy horizon) of the Kerr black hole. We have seen that in the interior
horizon causality breaks down. The solution inside the Cauchy horizon is usually given as

2This is not really precisely defined, as a precise notion of ”generic” would require a better under-
standing of the counterexamples. One could interpret this topologically to mean dense (and open) in
the set of all possible initial data in some relevant topology. Alternatively, one could interpret it in a
probabilistic sense and introduce some probability measure in the space of all possible initial data for
which the exceptional set is of measure zero. Though, constructing such a measure (or topology) does
not seem to have a bearing on the problem. On a much more elementary level, a Kerr solution is, as we
will see, parameterized by two numbers - ¢ and M. Schwarzschild spacetime is then exceptional in that
family for it is given by a specific choice of a = 0. In particular, it is more symmetric than the rest (by
having full spherical symmetry).
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a part of the unique analytic extension. But generally there are multiple (smooth) ways
one could extend the spacetime beyond the Cauchy horizon and from the perspective of
dynamics and Einstein equations, no way is better than the other.

Therefore, the hope is, one shouldn’t be able to cross the second horizon in any mean-
ingful sense. Given that no black hole is completely isolated from the rest of the universe,
the initial data will not be exactly that of the Kerr solution (say a gravitational wave
passes by), so Cauchy horizons should not be stable under generic small perturbations.
In fact, there are more direct physical reasons (having to do with the infinite blueshift on
the Cauchy horizon) why we believe it to be unstable.

Actually, in [27] Dafermos and Luk show that a C° formulation of the strong censorship
hypothesis is not true - specifically in the case of Kerr spacetime (under the assumption of
stability of the exterior of Kerr spacetime). This, in particular, means that under generic
conditions, one can go beyond the Cauchy horizon if one is permitted in using a C° metric
there.

Though, one may take this formulation to be too strong. If we require Christoffel
symbols to be locally square integrable ﬂ (or metric C? for that matter), then it seems
the problem is still open. In particular, the Christoffel symbols should not blow up at the
Cauchy horizon.

We now turn to the (confusingly named) weak cosmic censorship conjecture. We
mention again that the "weak” conjecture is not logically weaker; it does not follow from
the strong cosmic censorship. For asymptotically flat initial data one can show (see again
Geroch & Horowitz [31]) that the maximal evolution is weakly asymptotically simple (and
empty). The question remains, though - is the null infinity complete?

Conjecture 88 (Weak cosmic censorship)
For a generic asymptotically flat vacuum initial data, the mazimal Cauchy development
has a complete null infinity .

This can be stated roughly as ”faraway observers live forever”.

The conjecture posits that there can be no "naked singularities” visible from the
infinity, i.e. all singularities have to be hidden beyond event horizon{’} The conjecture
would fail, for instance, if the Cauchy horizon cuts off the null infinity at some finite
parameter value. That the word ”generic” is necessary can be seen from the discussion
in Christodoulou [34].

5.4 Stationary Black Holes

It turns out that black hole solutions of the Einstein equations have a very restrictive
form under some additional hypotheses which guarantee that the black hole has ”settled
down” (i.e. is stationary). This is the celebrated no hair theorem. We should immediately

3With square integrable Christoffel symbols, even though one does not have the Riemann curvature
tensor in the usual sense, one can write down the Einstein equations and study their weak solutions.
Thus inextendibility here means we can rule out any reasonable notion of weak solution to the Einstein
equations.

4This is not entirely correct, as one can construct examples where the null infinity is complete, but
there is no black hole region. It is really the fact that observers on the null infinity exist for all times
that is the essence of the conjecture.
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note that the problem has not been completely solved as it rests on certain hard to justify
assumptions that have yet to be completely removed.

The no hair theorem can be broken into two pieces - the uniqueness theorem for station-
ary axisymmetric spacetimes and the rigidity theorem which guarantees axial symmetry.

5.4.1 Uniqueness theorem

We first extend the definition of stationary and axisymmetric spacetime in the asymptotic
case:

Definition 89.

e We call M asymptotically stationary (or pseudo-stationary by Carter’s termi-
nology) if there exists a 1-parameter group of isometries g; acting on M, whose
Killing field X is timelike near Z and Z~.

e We will say an asymptotically stationary M is axisymmetric if there is a one-
parameter cyclic isometry group g4, (0 < ¢ < 2m) of M which commutes with g,,
and whose Killing field Y is spacelike near Z* and Z—. We further assume that the
axis of symmetry is non-empty.

We now define Killing horizons and surface gravity:

Definition 90 (Killing horizon). Killing horizon is a null hypersurface, whose gener-
ators are given by some Killing field. It is usually required that the Killing horizon be
connected.

Thus on a Killing horizon we can choose the normal vector field to be Killing. Let X
be a Killing field and consider the set {g(X,X) =0 | X # 0}, then a Killing horizon is a
null hypersurface coinciding with a connected component of that set.

Definition 91 (Surface gravity). Surface gravity « of a Killing horizon H defined by
some Killing field X is given by the formula d(g(X, X))|g = —2kX".

Since X is normal to the null hypersurface H, we have seen that d(g(X, X)) must be
proportional to X. Indeed, from g(X, X)) = 0 we have Yg(X, X) = 0,1i.e. d(g(X,X))(Y) =
0 for all Y tangent to H. On the other hand, the normal space (and therefore its dual) is
at each point of H one dimensional.

The terminology stems from the fact that x measures acceleration of integral curves
of the Killing field. This can be seen as follows:

If ~ solves the equation 4(t) = X, then the acceleration can be found as a = 24,
so we have:

D . Y
ay, = Evﬂ =Vyy, = VxX, =X"V, X,

Since X is Killing, V, X,, = =V, X,. Thus on the horizon:

1 1
4, = X'V, X, = ~X"V,X, = —2Vu(X'X,) = —50,9(X, X)

- —%dg(X, X)(0,) = kX"(9,) = kX,
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By a nondegenerate Killing horizon (with Killing field X ), we mean that g(X, X) =
X*X, has non zero gradient on the Horizon. Equivalently, the surface gravity x of the
horizon must be non zero.

The first theorem on uniqueness of black holes (in the static vacuum case) was due to
W. Israel (1967). It gave conditions (not assuming spherical symmetry) under which the
only solution was the Schwarzschild spacetime.

In the '70s it became clear that one could obtain a result of similar nature for an
axisymmetric spacetime. Indeed, it was the work of Carter in '72 (and later Robinson in
'75) that gave birth to the following result:

Theorem 92 (Robinson and Carter uniqueness theorem)

Let M be a (i) strongly asymptotically predictable (ii) stationary axisymmetric spacetime
which (i) satisfies the Einstein vacuum equations. Assume further that the event horizon
is a non-degenerate Killing horizon that is topologically a 2-sphere (in particular it is
connected). Then M is uniquely specified by two parameters - the mass m and the angular
momentum a. More precisely, the family of solutions is the two-parameter Kerr family of
metrics [2.2.

Proof. The (general electrova(ﬂ) problem reduces to a boundary value problem on some
2-manifold (see e.g. the original paper [36] or a more in-depth discussion [35] by Carter).
Uniqueness of the solution was then proven only in the vacuum case by Robinson in [39)].
However, the divergence identity on which the proof hinges was only understood later by
Mazur ([38]), who then gave the proof in the general electrovac case (See e.g. Mazur [37]).
Alternatively, the proof is also given in Heusler [10]. O

On the other hand, Hawking had proven (1972) that, assuming analyticity, the space-
time must necessarily be axisymmetric and event horizon must be a Killing horizon.

5.4.2 Rigidity theorem

Let us define the ergosphere of a stationary regular predictable spacetime as a region of
J=(Z*)NJ*(Z~) on which the Killing field X is spacelike. Intuitively, it is impossible for
a particle to follow the integral curves of the field X, i.e. to remain at rest when viewed
from infinity.

We now give a description of the Rigidity theorem as can be found in Hawking & Ellis
[3].
Definition 93. We say a spacetime M is regular predictable if M is strongly asymp-
totically predictable with Cauchy surface S and the following holds:

1. SNJ~(Z*) is homeomorphic to R*\ V', where V is an open set with compact closure.

2. S is simply connected

3. For large enough 7, S(7) N J=(Z%) is contained in J*(Z7).

The condition 3 just says that we can actually fall into the black hole; in particular
for large enough 7, 9B(7) C J"(Z~) so that we can "see” the event horizon from past
infinity. If 1 and 2 are satisfied, the boundary of the black hole will be compact and
connected (Hawking & Ellis [3] proposition 9.2.6). In fact, we have:

5We mention that in the electrovac case there are 3 parameters (mass, angular momentum and charge);
the solution is given by the so-called Kerr-Newman metric.
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Theorem 94
For a stationary reqularly predictable M, each component of the event horizon OB(T) in
JH(Z™) will be homeomorphic to a 2-sphere.

Proof. See Hawking & Ellis [3] proposition 9.3.2. O

Theorem 95

Let M be a stationary non-static reqular, predictable spacetime in which the ergosphere
intersects the domain of outer communications J—(ZT) N JH(Z7). Assume further that
M is an analytic manifold (and the metric analytic as well), then M is axisymmetric.

Note that the static case is covered by Israel’s theorem (and later extensions thereof).
Proof. See Hawking & Ellis [3] theorem 9.3.6. O

One therefore sees that a single black hole in vacuum will eventually settle down into
the Kerr family - this is the so-called no hair theorem.

Not so fast!

5.4.3 Issues and later developments

There are a couple of issues with the previous analysis (in particular with theorems
and [95). Let us first comment on theorem [94] (i.e. theorem 9.3.2 in [3]). There appears
to be a problem with the proof of theorem 9.3.2 as given in [3]. Namely, the argument
given does not rule out a toroidal topology. This was more or less settled by Wald and
Chrusciel in [43].

There appears to have been a hole in the proof of theorem (95| (theorem 9.3.6 in [3])
as well. In fact, as it is currently formulated, theorem [95|is simply wrong - Chrusciel has
constructed a counterexample in [46]. The problem is in actually globally extending the
group of isometries g; initially (and correctly) defined only near the event horizon. The
whole issue has, fortunately, been solved in Chrusciel [47], providing us with the desired
axial symmetry. See also [44] and [45].

Removing the analyticity assumption is still an open problem. We should mention,
though, that there has been some notable progress. For instance, assuming some scalar
identity Ionescu and Klainerman [40] prove the rigidity theorem without analyticity.
Moreover, in [41] Alexakis, Ionescu and Klainerman prove rigidity holds provided that
the spacetime is close to Kerr; this result in particular suggests the conjecture about the
nonlinear stability of the Kerr exterior (whose veracity would, as we have mentioned, dis-
prove the C° version of the strong cosmic censorship conjecture). Additionally, the same
authors prove rigidity for small angular momenta in [42].

Thus, the conclusion that the purported proof of theorem [95] allows us to make is:
Theorem 96 (Hawking Rigidity Theorem)
Under the assumptions of theorem@ (analyticity being crucial), there ezists a Killing field

X defined near the event horizon H, such that on H the integral curves of X coincide
with the null generators of H. Simply stated, the event horizon is a Killing horizon.

67



Conclusion

The main focus of this thesis have been the classical results from the ’60s and '70s period.
We have covered some basic causality theory, the celebrated singularity (incompleteness)
theorems, and equally celebrated "no hair theorem”. Notably however, I have not touched
upon the subject of black hole thermodynamics, which was first developed geometrically
by Bekenstein, Carter, Bardeen, and Hawking (and again cleaned up by Chrusciel). Here
it became apparent that black hole mechanics had striking similarities to thermodynamics
(surface gravity acting as temperature and area of a black hole horizon acting as entropy).

Later Hawking applied QFT to black holes and discovered Hawking radiation, thereby
establishing that the link between black holes and thermodynamics is not merely an
analogy but something more exact (the temperature of Hawking radiation being exactly
proportional to surface gravity). On the other hand, this discovery led to the black hole
information paradox, the complete resolution of which is still an ongoing area of research.
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Appendix A

Ricci Tensor of a Spherically
Symmetric Metric

Assume a metric of the form
ds®> = F(v,r)dv* 4+ 2X (v, r)dvdr + Y?*(v,r)d2*

and denote by f’ = 8, and f = 9, f the respective partial derivatives. Then we have:

1 . .
FXYF' —2FXYX' +2FXFY —AFXXY' — FYF'X'
X7y * (A1)

+2FY XX —4X3Y +2X?°FY’ — 2X%F'Y 4+ 2X°*XY)

Ruu =

Ry, XY+ X'Y') (A.2)

:in;(

1 . .
Rgg = F(FXYY”—}— FX(Y')? - FYXY' +X?-2X%Y' —2X?YY'+ XYF'Y') (A.3)

We also have two more nonzero components Ry = Rggsin® 6 and R, = #(—YF "X+
Y XX' + XYF' —2XY X' —4X?Y' +2XF'Y) for which we have no use. To calculate
the components of the Ricci tensor I used einsteinpy. Then the following python code

does the job:

import sympy

from einsteinpy.symbolic import RicciTensor, RicciScalar, metric
from sympy import Function, Symbol, sin

from einsteinpy.symbolic.predefined import AntiDeSitter

v = Symbol(’v’

r = Symbol(’r’)

theta = Symbol(’theta’)
phi = Symbol(’phi’)

F = Function(’F’) (v,r)
X = Function(’X’) (v,r)
Y = Function(’Y’) (v,r)

69



arr=[[F, X,0,0], [X,0,0,0], [0,0,Y**2,0], [0,0,0,Y**x2%sin(theta)**2]]
syms=[v,r,theta,phi]

g=metric.MetricTensor(arr, syms)
g.tensor() #display metric

Ric = RicciTensor.from_metric(themetric)
Ric.tensor() #display Ricci tensor

70



Appendix B

Proof of Geroch’s Theorem

We follow [6]. Let us state once more what is to be proven:

Theorem 97 (Geroch)
A globally hyperbolic spacetime M must have a globally defined time function T, whose
level sets are Cauchy surfaces.

Proof. Let ; be a partition of unity on M subordinate to some convex cover. Let h be
some complete Riemann metric on M with volume form dV" and p the unique Radon mea-
sure induced by the form dV. More precisely, p is induced (via the Riesz representation
theorem - see [17] or [I8]) by the positive linear functional f ~ [,, fdV defined on the
space of continuous maps f : M — R with compact support.

We put V; = fM w;dp < oo to be the volume of M as measured by the i-th partition of
unity. Next, set v = > 2%%%, then vdyu is a finite measure: [, vdy = 1. Now define
Vi(p) = fJi(p) vdp. Since J*(p) contains the open set I*(p), it is clear that V =+ (p) > 0,
and since M \ J*(p) contains open sets as well, we have V*(p) < 1.

We shall later show that, when J*(p) are closed (as in globally hyperbolic spaces), the
functions V* are continuous. We also show that V= tends to 0 along any past directed
causal curve, while VT tends to 0 along any future-directed causal curve.
=1
inextendible future-directed causal curve, then lim;_,;, 7(y(¢)) = oo and limy_,, 7((t)) = 0.
Thus 7 runs from 0 to oo on all inextendible future-directed curves ~.

In particular, v intersects every level set of 7 at least once. Furthermore, 7 is strictly
increasing on future-directed curves, so 7 intersects every level set exactly once; the level
sets are thus Cauchy surfaces. Indeed, J*(q) C J*(p) and J (q) D J (p) whenever
p < ¢, but in globally hyperbolic spaces we have I=(p) # I*(q) for ¢ # p. Now, since
OI%(p) is a Lipschitz topological hypersurface, it has measure 0 (Lipschitz maps preserve
sets of measure 0), so I= and J* have the same measure. Thus, along any future-directed
causal curve v, V' must be strictly decreasing and V'~ strictly increasing, so 7 must be
strictly increasing. O]

Now we set 7(p) = then it is clear that 7 is continuous. If v : (a,b) — M is an

To actually finish the proof we need to show V* are continuous and have the appro-
priate asymptotic behavior:

Lemma 98
Suppose M is causally simple, i.e. that J*(p) are all closed sets, then V* are continuous.
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Proof. Let p; be some sequence converging to p. We prove V*(p;) — VE(p). Denote by
Xa the characteristic function of set A (equaling 1 on A and 0 outside A). Let ¢ be any
point in the past of p: p € I't(q) (i.e. ¢ € I (p)). Since I*(q) is a neighborhood of p,
for large enough 4, all p; fall into I*(q) (i.e. q must be in the past of p;). Thus, for large
enough i, X7-p,)(q) = 1 = X1-(»(q). Since x;-)(q) = 0 for ¢ ¢ I~ (p), we get generally
XI-(ps) = Xi-(p) (on M), so iminf; oo X7- (1) (@) > X1-(»)(q) for all ¢ € M. Since OIF is a
topological Lipschitz surface, it has measure 0, so we get:

lim inf x - () () = X7-() (9),

which holds almost everywhere (everywhere except for, perhaps, a set of measure 0).
We now must prove the converse inequality:

lim sup xr- ) (9) < X0 (@)
To establish this, it is sufficient to show that, whenever lim sup;_, .. X7~ (»:)(¢) is 1, XJ- () (@)
must be as well (note that lim sup;_, ., X.j-(p,)(¢) can only take values 1 or 0 as x can only
take those values). Let ¢ be any point for which lim sup; xj-(,)(¢) = 1, then there exists
a subsequence p; such that x;-¢,)(¢q) > 0, i.e. p; € J*(g). But since J*(g) is closed and
p; — p, we also must have p € J*(q).
Finally, we have:

Hminf X - () (q) > Hmsup X - (q),
=00 i—00
which holds almost everywhere (a.e.). This means that lim; o Xj-(,)(¢q) exists a.e. and
must be equal to x;-,)(q) a.e.
Since the (nonnegative) functions x;-(,(¢) are bounded by 1 above and constant
functions are integrable in measure vdu, the Lebesgue dominated convergence theorem
gives:

V=(p) :/ XJ-(pyvdp = 1im/ XJ-(poVdp = Hm V™ (p;).
M L ¢

Continuity of V' follows analogously (just change the time orientation everywhere in
the argument). O

Lemma 99

Let M be globally hyperbolic. V'~ tends to 0 along any past-directed inextendible causal
curve 7y : [0,b). Similarly, V™ tends to 0 along any future-directed inextendible causal
curve.

Proof. Partition the manifold M using some sets X; with compact closure; thus yx, +
Xx; < 1fori# j. Using the dominated convergence theorem (twice), we get:

i3 [ va=Jim 3 [ o= i [ 5 v

= lim qug;kxivduz /M Jim xype, x,vdp

But this just means
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oo

> [ vin=o0

i=k

Now K,, = J,X; are compact sets, but since strong causality holds on each K,
lemma guarantees that v must exit each K, never to return. Since M is globally
hyperbolic, this means that for each n, there exists some ¢,, such that J~(v(¢)) N\, Xi =
) for all t > ¢, (so in particular fJ*(v(t))ﬂU?:o X, vdp = 0). Indeed, for a compact K,
J=(y(t)) N JT(K,) is compact as well, so v must leave it at some t/, > t,,.

This finally gives

vt = [ vaws [ vin= > [ v
J=(yO)NUZ 41 X a1 X X

i=n41 0 i=n41 0 i=n-+1

but the right side can be made as small as we wish, provided we choose n large enough.
O
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