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Preface

The discovery of the singularity theorems in the 20th century marks a break-
through in our understanding of General Relativity (GR). They form the
basis of our mathematical understanding of black holes and the Big Bang.
Singularity theorems were initiated by Roger Penrose, with significant later
contributions by Stephen Hawking, George Ellis and others. It was for his
work on singularity theorems and black holes that Penrose received the No-
bel Prize for Physics in 2020.

The term ”singularity theorem” refers to a set of results in Lorentzian geom-
etry that all roughly have the following form: If a spacetime (M, g) satisfies
a set of physically reasonable conditions (a causality condition, an energy
condition, and an initial/boundary condition), then there is an incomplete
causal geodesic. This is physically interpreted as the sudden end of an ob-
server or a light ray meant to signify a ”singularity”.

Singularity theorems are applicable in a variety of scenarios: The Hawk-
ing theorem is useful in cosmological spacetimes, where one mostly uses its
past version to conclude the existence of a Big Bang. The Penrose theorem
assumes the existence of trapped surfaces, which can arise due to a concen-
tration of matter or radiation (but also in a vacuum). The most refined
of the classical results, the Hawking—Penrose theorem, is applicable in a
plethora of situations under rather weak assumptions on the causality.

This thesis deals with the geometric underpinnings of the classical singu-
larity theorems. It is divided into three Chapters: In Chapter 1, we study
various aspects of semi-Riemannian submanifolds while putting an empha-
sis on their intrinsic and extrinsic curvature. In Chapter 2, we undertake
a thorough investigation of variations of curves, and develop all the tools
needed to understand them. The question we are interested in the most is
whether/when a given geodesic stops maximizing the Lorentzian distance.
These results will then be used in Chapter 3, where we prove the singularity
theorems of Hawking, Penrose, and Hawking-Penrose.

The prerequisites for reading this thesis are a solid understanding of smooth
manifolds as well as basic Riemannian and Lorentzian geometry. These re-
quirements are fully met by a thorough study of [I8, Ch. 1-16], as well as
[19, Ch. 1-7] and [22, Ch. 1-3, 5, 14.1-14.5]. The latter two will actually
serve as sources for many results we treat in this thesis. Most standard re-
sults, in particular those from smooth manifold theory, will be used without
reference.
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attended under his supervision. His welcoming attitude and the amount of
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Notation and Conventions

In this section, we fix the notation and the conventions that will be used
throughout the thesis. For the most part, we will be in adherence to stan-
dard modern differential geometry in the spirit of [I8], [19], [22] and [I].
Topological notions are in line with [I7]. Only the more nonstandard con-
ventions and/or those differing from the mentioned standard sources will be
addressed.

A manifold will always be a second countable Hausdorff space that is locally
Euclidean and that possesses a smooth (i.e. C*°) structure. More often than
not in this thesis (and generally in most global studies of Riemannian and
Lorentzian manifolds), connectedness will play no role and it will be assumed
even when not mentioned explicitly.

All maps (provided it is possible) will be assumed to be smooth (or piecewise
smooth in the context of curves) unless otherwise specified. Given a smooth
map f : M — N between manifolds, the tangent map at p € M will be
denoted T}, f.

If f: M — N is any smooth map between manifolds, then X(f) will denote
the vector fields over f, i.e. smooth maps M — T'N such that X (p) € Ty, N
for all p € M. The most important occurrence of this will be when f is a
curve, i.e. a smooth map from some interval into a manifold.

Submanifold without further specifiers will always mean embedded subman-
ifold (this will also be the case for more specialized notions, e.g. hypersur-
faces). A subtler differentiation between immersed and embedded subman-
ifolds will be explicitly made if necessary.

For a vector field X € X(M), FI* will denote its flow map, and FLX(p) :=
FlX(t,p), where t is a parameter and p € M.

Given a semi-Riemannian manifold (M, g), one has X(M) = QY(M) (simi-
larly for tensor spaces of higher valence T*(M)) via the g-musical isomor-
phisms. These will be denoted via X — X” and w — w! for X € X(M),
w € QY(M). Given a smooth function f : M — R, grad f € X(M) will
denote the vector field (df)f. If V denotes the Levi-Civita connection on
(M, g) (which it always will throughout the thesis), then df = Vf.

A geodesic in a semi-Riemannian manifold (M, g) is a smooth curve satis-
fying the geodesic equation V.7 = 0. Given an initial point and an initial
vector, such a solution exists locally and is unique. We say (M, g) is geodesi-
cally complete if all maximally extended solutions of the geodesic equation
exist on all of R.

For notions concerning semi-Riemannian submanifolds of a semi-Riemannian
manifold, we will stick to the notation in [22]. On the other hand, we will
adopt the conventions in [19] concerning curvature quantities, e.g. RxyZ =
VxVyvZ —-VyVxZ— V[ X7y}Z for the Riemannian curvature tensor, which
would be —Rxy Z in the convention of [22].



Given a two parameter map f : R> O D — M (i.e. a smooth map defined
on an open set D C R? such that vertical and horizontal lines intersect D
in intervals) and a vector field X(¢,s) over f, we will sometimes use the
notation VX (¢, s) to denote the covariant s-derivative, similarly VX (¢, s)
for the covariant t-derivative.

A Lorentzian metric will always be of signature (—,+,...,+). A spacetime
is a connected Lorentzian manifold that possesses a time orientation, i.e.
a timelike vector field X € X(M). X determines forward and backward
lightcones as follows: If v € T,M is causal, then v is (by definition) future-
directed if and only if g(v, X,) <O0.

We will assume knowledge of basic causality theory (following [22]) through-
out this work. Let us recall important notation: If U C M, we say © <y y
if there is a future directed timelike curve from x to y contained in U. If
U = M, we omit the index. Similarly, we say x <p y if either x = y or there
is a future directed causal curve from x to y entirely in U. We write x < y
if v #y and z < y. By Ig(:c) we denote all points y such that z <y y.
Similarly, J{} (x) are those points y such that x <y y. As before, we omit the
index if U = M. Past variants of these notions are denoted in an analogous
manner.

A conver set (or a convex neighborhood) U in a semi-Riemannian manifold
M 1is an open set that is a normal neighborhood of each of its points, i.e.
given any point p € U, it is diffeomorphic via exp, to some star-shaped
neighborhood of 0 in 7, M.

The notation K CC M means that K is compact and contained in M.
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Chapter 1

Submanifolds of
semi-Riemannian Manifolds

In this chapter, we aim to understand the theory of submanifolds of semi-
Riemannian manifolds. In the first (and longest) section, following the expo-
sitions in [22, Ch. 4], [19] Ch. 8] and [14] Sec. 4.4], we develop general results
about semi-Riemannian submanifolds. In particular, we try to get an un-
derstanding of the various notions of curvature for such submanifolds, both
intrinsic to the submanifold itself and extrinsic, i.e. with respect to the am-
bient space. Decomposing (via the Gauss formula) the ambient Levi-Civita
connection applied to vector fields tangent to a semi-Riemannian subman-
ifold, one can define the second fundamental form as its normal part, and
use this important object to understand the tangential part (cf. Gauss equa-
tion) and the normal part (cf. Codazzi equation) of the ambient Riemannian
curvature tensor. In the next couple of sections, several special classes of
submanifolds are treated and results that will be needed later are collected
(the references are the same except for the section on C°-hypersurfaces,
which is from [22] p. 413-415]). A treatment of Cauchy surfaces in space-
times is postponed until the theory of conjugate and focal points has been
developed in the next chapter.

1.1 General semi-Riemannian submanifolds

In this section, we develop some general notions for semi-Riemannian sub-
manifolds of semi-Riemannian manifolds following [22, Ch. 4], [19, Ch. §]
and [14} Sec. 4.4]. Throughout this section, let (M, §) be a semi-Riemannian
manifold of signature (k,1), with k + 1 = n = dim M.

Definition 1.1.1. (Semi-Riemannian submanifold)

An (embedded) submanifold M C M is called semi-Riemannian subman-
ifold of M if (M,.*j) is a semi-Riemannian manifold, i.e. 1*§ is a semi-
Riemannian metric on M, where ¢ : M < M denotes the inclusion. If i*g
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is a Riemannian metric on M, then M is called a Riemannian submanifold
of M.

Unless stated otherwise, the general dimension of M will always be denoted
dim M = m.

Remark 1.1.2. (On semi-Riemannian submanifolds)

(1) We mostly consider embedded submanifolds, as this will be the only
case that appears in the context of singularity theorems. In some
contexts, it may be important to look at immersed submanifolds (e.g.
images of certain types of curves). Most of the results we discuss in this
chapter will also hold for immersed semi-Riemannian submanifolds,
but some will not (e.g. the results on hypersurfaces where we choose
normals, which requires the hypersurface to be embedded).

(2) The condition in Definition is void if (M, §) is Riemannian, be-
cause in that case, any embedded submanifold of M is a Riemannian
submanifold with the induced metric. In the general semi-Riemannian
case, it can happen that (*g is degenerate (and is hence not a semi-
Riemannian metric).

(3) If (M, g) is a semi-Riemannian submanifold of (M, §) and (K, ') is its
signature, then ¥ < k and I’ <.
Example 1.1.3. (Trivial (non)examples)
Let M = R?, i.e. 2-dimensional Minkowski space with the Minkowski metric
n = —dt?>+dx?. Then {t = 0} is an example of a Riemannian submanifold of
M. On the other hand, {t = x} is a submanifold, but not a semi-Riemannian
one, because the pullback of  under the inclusion is identically zero.

1.1.1 The normal bundle

In this subsection, we also follow [I9, Ch. 1] in addition to the aforemen-
tioned references.

It turns out that one can learn a lot about the geometry of a semi-Riemannian
submanifold by relating its tangent spaces and their complements in the tan-
gent spaces of the ambient manifold.

Definition 1.1.4. (Normal bundle)
If M C M is a semi-Riemannian submanifold, then for any p € M, we have
the orthogonal (with respect to g) direct sum decomposition

T,M = T,M & N,M,
with N,M := (T,M)+. We call

NM:= | | N,M
peEM
the normal bundle of M.
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Definition and Lemma 1.1.5. (Adapted orthonormal frames)

Let M C M be a semi-Riemannian submanifold. Then for any p € M there
exists an orthonormal frame (F1, ..., F,) defined in a neighborhood U of p
in M such that Erlunms - -+ Em|una are tangent to M. We call such an
orthonormal frame adapted to M.

Proof. By Gram-Schmidt, there always exist local orthonormal frames. So
let (E1,..., Epy) be alocal orthonormal frame around p in M, and consider
the FE; extended arbitrarily to local vector fields in a neighborhood of p
in M. Now complete the orthonormal vectors (Eilp, ..., Em|p) to a basis
(Erlps - Emlps Umgs - - -, Un) of TPM, and extend the v; arbitrarily to local
vector fields V; around p in M. Now we can use Gram-Schmidt on the local
frame (E1, ..., Em, Vint1, ..., Vy) to get an orthonormal frame (Er,...,Ep)
around p in M. Since the E; were tangent to M, so are the E,i=1,....,m.

O

Proposition 1.1.6. (The normal bundle is a vector bundle)

Let M C M be a semi-Riemannian submanifold of dimension m. Then the
normal bundle N M is a smooth rank-(n —m)-subbundle of the ambient tan-
gent bundle TM |ar, and we have the following Whitney sum decomposition:

TM|y =TM & NM.

Associated to this decomposition, we have the natural smooth projection
maps

tan : M|y — TM,
nor : TM |y — NM,

called tangential and normal projection, respectively. They restrict to or-
thogonal projections on each fiber.

Proof. Let (E, ..., E,) be a local orthonormal frame in M adapted to M.
Then the restrictions of (Epy41, . .., Ey) to M locally span N M, which shows
that NM is a subbundle of TM|y of rank n — m (cf. [I8, Lem. 10.32]).
Decomposing the restriction of (Ey,...,E,) to M into (E,..., E,) and
(Em+1, - .-, Ey) (also restricted to M) proves the claimed Whitney sum de-
composition. Since tan and nor are just the maps that project to the first
m and last n — m components with respect to the frame (F1,..., E,), re-
spectively, they are smooth maps by [18, Lem. 10.29]. O

Definition and Corollary 1.1.7. (Tangential and normal vector fields)
Associated to the vector bundle decomposition

TM|y =TM & NM

13



there is a decomposition of the space of sections
D(TM|y) = T(TM) & T(NM)
as C°°(M)-modules, where T'(TM) = X(M). We call the elements of
X(M) :=T(TM|y)

the M -vector fields on M, they are vector fields over the inclusion M < M.
Elements of X(M)* := T (NM) are called the vector fields normal to M.
For X € X(M), the decomposition amounts to

X =tan X +nor X = bl —G—XL.

Remark 1.1.8. (Reminder: linear connections on vector bundles)

It the following, we will encounter different connections on various vector
bundles, so let us recall the general definition: If (N, h) is a semi-Riemannian
manifold and ¥ — N is a vector bundle over N, then we call a map V :
X(N) xI'(E) — I'(E) a (linear) connection on E if V is C*°(N)-linear in
the first slot, R-linear in the second and it satisfies the usual product rule
Vx(fw) = X(flw+ fVxw for all f € C*(N),X € X(N) and w € I'(E).
Thus, affine connections on N (in particular, the Levi-Civita connection)
are connections on the tangent bundle TN — N.

1.1.2 The induced connection and the second fundamental
form

By considering the Levi-Civita connection on the ambient space M in direc-
tions tangent to the semi-Riemannian submanifold M, we gain information
about the way M curves in M.

Definition 1.1.9. (Induced connection) ) 3
Let (M, g) be a semi-Riemannian submanifold of (M, g). If V denotes the
Levi-Civita connection on (M, g), we denote by the same symbol the map

V:X(M) x X(M) — X(M)
(X,Y) — VxY,
where the expression VxV is defined at p € M via locally extending X,Y

around p to vector fields on M, applying the Levi-Civita connection, and
then evaluating at p. We call this map the induced connection on M.

Lemma 1.1.10. (The induced connection is well-defined)
The induced connection (X,Y) — VxY, X € X(M),Y € X(M), is a well-
defined map.

14



Proof. Clearly, VxY is smooth by construction. Hence VxY € (M) if we
can show that it is well-defined.

Let p € M and suppose X,Y are extensions of X € X(M), Y € X(M) to
local vector fields on M in an M -neighborhood U around p. We may assume
that U is a coordinate neighborhood with coordinates (). Write Y = f aii
on U. Then

0
oz’

0

X Ot

ViV =X(f)os + 'V

Now if g € M N U, then
X(fl)‘q = Xq(fi) = Xq(fi|M)7

-0 ~ 0
Vi ggilt = Vg

This shows that the value of V 5(17 at points of M only depends on X and
Y and is hence independent of the choice of local extension. O

The induced connection on M is a connection on the ambient tangent bundle
TM|yr — M. In a suitable sense, it inherits the torsion-free and the metric
property from the Levi-Civita connection on M, which is unsurprising from
its definition.

Proposition 1.1.11. (Properties of the induced connection) B
Let (M, g) be a semi-Riemannian submanifold of (M, g). Denote by V the
induced connection on M. Let V.W € X(M), X,Y € X(M). Then:

(1) The induced connection is a connection on the ambient tangent bundle
T M|y over M.

(2) [V,W]=VyW — Vi V.
(3) VIX,Y) = (VyX,Y) + (X, VyY).

Proof. All of these follow immediately from the corresponding properties of
the Levi-Civita connection on M, upon locally extending the given vector
fields to local vector fields on M. O

By uniqueness, the tangential projection of the induced connection, when
considered only on vector fields tangent to M, must necessarily agree with
the Levi-Civita connection on M.

Lemma 1.1.12. (Tangential part of the induced connection)
For VW € X(M), it holds that

tan Vy W = VW,

where V is the Levi-Civita connection on M.

15



Proof. By Proposition [1.1.11} (V, W) — tan Vv W is a torsion-free, metric
connection on M. Hence by uniqueness, it must coincide with the Levi-
Civita connection. O

For X,Y € X(M), VxY € X(M) is fully understood once its tangential and
normal parts are known. By the previous result, the tangential part is just
VxY, so no extrinsic information is necessary to understand it. The normal
part, however, provides insight into the extrinsic geometry of M in M.

Definition 1.1.13. (Second fundamental form)
The second fundamental form of M is the map

IT: X(M) x X(M) — X(M)*
(X, )= II1(X,Y),
where II(X,Y) :=nor VY.
Proposition 1.1.14. (Properties of I1)
(1) II is symmetric.
(2) II is C°°(M)-bilinear.
(3) II1(X,Y)|, only depends on X, and Y,
Proof.
(1) By Proposition [1.1.11]2), we have for X,Y € X(M) that
[X,Y]=VxY - VyX.
Applying the normal projection yields
0=norVyxY —norVyX = II(X,Y) - II(Y, X).
(2) By definition, [I(X,Y) is C*°(M)-linear in X, hence also in Y by
symmetry.

(3) This follows from the general proof of well-definedness in Lemma(l.1.10
and symmetry.
O

The following equation holds by definition, but we note it for convenience.

Corollary 1.1.15. (Gauss formula) .
Let (M, g) be a semi-Riemannian submanifold of (M, g). For X,Y € X(M),
we have

VxY =VxY +II(X,Y). (1.1)

16



At this point, let us introduce a notion that will become important only
later.

Definition 1.1.16. (Mean curvature vector field)

Let (M, g) be a semi-Riemannian submanifold of (M, g). The mean curva-
ture vector field of M is the normal vector field H € X(M)* defined locally
via

m

1
H=— > g(Ei, E)II(E;, Ey), (1.2)
i=1
where (Eq, ..., Epy) is a local orthonormal frame in M.

Note that H is well-defined by the properties of I1.

Let us now introduce the Weingarten map for general semi-Riemannian
submanifolds. While it does not necessarily provide more information than
the second fundamental form, it can be useful in computations, as we shall
see. Its importance will be more evident in the case of hypersurfaces later
on, where there are fewer choices for normal directions.

Definition 1.1.17. (Weingarten map) 3
Let (M, g) be a semi-Riemannian submanifold of (M, ). For N € X(M)*,
consider the map

Iy : X(M) x X(M) = C®(M),
IIN(X,Y) = (N, II(X,Y)).

Since IIy € TX(M), X +— IIN(X,.)¥ is a map X(M) — X(M). It is
denoted by Wiy and is called the Weingarten map of M in direction N.

The Weingarten map Wy is characterized by

for all X,Y € X(M). In particular, Wy defines a bundle homomorphism
TM — TM.

Proposition 1.1.18. (Weingarten equation)
For all X € X(M), N € X(M)*, it holds that

tan Vy N = —Wy(X). (1.4)

Proof. Since both sides are in X(M), it suffices to show that their inner
products with an arbitrary Y € X(M) agree. Using the properties of the
induced connection (cf. Proposition|1.1.11)), the definition of the Weingarten
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map (cf. Definition|1.1.17)), the Gauss formula (cf. Corollary|1.1.15]), and the
fact that (N,Y) = 0, we calculate

0=X(N,Y)=(VxN,Y)+ (N,VxY)
= (VxN,Y)+ (N, VxY +II(X,Y))
<tanVXN Y)+ (N, II(X,Y))
= (tan VxN,Y) + (Wy(X),Y),
which proves the claim. O

If R denotes the Riemannian curvature tensor of M, then it can be defined
for M-vector fields on M by applying the definition of R and understanding
the appearing connections as induced connections on M. The following
result relates the tangential part of the extrinsic curvature of M in M with
its intrinsic curvature. It turns out that their difference is given by terms
involving the second fundamental form.

Theorem 1.1.19. (Gauss equation)
Let V,X,Y,Z € X(M). Then

(RyxY, Z) = (RyxY, Z) — (II(V, Z),11(X,Y)) + (II(V,Y), II1(X, Z)).

Proof. We need to relate V to V via the Gauss equation and keep track of
the appearing second fundamental forms and their derivatives. This is done
by a simple (if lengthy) calculation, using the fact that I7 is always normal
to M and we may use its associated Weingarten map. The Weingarten
equation (cf. ) is then used to simplify the terms:

(RyxY,Z) = (VyVxY —VxVyY — V4V, 2)

= (Vy(VxY + I1(X,Y))
—Vx(VWY +II(V,Y)) - Viyx Y, Z)

= (Vv VxY, Z) = (Wixy)(V), Z)
—(Vx VWY, Z) + Wiy (X), Z) = (Vvx Y, Z)

= (Vy VxVY, Z) — II(X,Y),I1(V, Z))
— (Vx VWY, 2) +(II(V,Y),1I(X,Z)) — (Vy.x Y, Z)

= (VvVxY,Z) — (VxVvY,Z) — (Vy.x]Y, Z)
—(II(X,Y),1I(V,2)) + (II(V,Y),II(X, Z))

= (RyxY,Z) — (II(V, Z),II(X,Y)) + (II(V,Y),11(X, Z)).

O]
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1.1.3 The normal connection and the Codazzi equation

Having derived a formula that gives us concrete information about the tan-
gential part of the ambient curvature tensor, we aim to do something similar
for its normal part. To do this, it is important to consider the following con-
nection on the normal bundle.

Definition 1.1.20. (Normal connection) 3
Let (M, g) be a semi-Riemannian submanifold of (M, §). The normal con-
nection on M is the map

VL xX(M) x X(M)*T = (M),
VN :=norVy N.

By the Weingarten equation we have that
Vx N =-Wy(X)+ V%N (1.5)
for all X € X(M), N € X(M)*.

Lemma 1.1.21. (Properties of the normal connection)
V1 is a connection on the normal bundle NM of M. Moreover, it is a metric
connection in the sense that for all N1, No € X(M)+, we have

X<N1,N2> = <V§(N1,N2> + (Nl,V§N2>.

Proof. By definition, V%N € X(M)*. Tt then follows from the properties of
the induced connection that V1 is a connection on N M: C°(M)-linearity in
X is clear, and the product rule follows from that of the induced connection
and the fact that the normal projection restricted to X(M )+ is the identity:
V% (fN) =nor(Vx fN) = nor(X(f)N) 4 nor(f Vx N)
= X(f)N + fVxN,

for all f € C®(M), X € X(M), N € X(M)* The metric property is also
an easy consequence of the corresponding property of V (cf. Proposition
T.1.110):

X(N1,Ng) = (Vx N1, No) + (N1, Vx Na)

= (nor Vx N1, N3) + (Ny,nor Vx Ny)

(Vi N1, No) + (N1, Vi No)

for all X € X(M), N1, Ny € X(M)*. O

Consider now the vector bundle F' := Hom(TM & TM,NM) over M.
Its smooth sections correspond precisely to C°°(M )-bilinear maps X (M) x
X(M) — X(M)*, so in particular IT € T'(F).
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Definition and Lemma 1.1.22. (A connection on F')
Let B € T'(F). Then VI : X(M) x T'(F) — T'(F), defined via

(VEB)(Y.Z) == Vx(B(Y,2)) - B(VxY,Z) - B(Y,VxZ),
where X,Y,Z € X(M), is a connection on the vector bundle F' over M.

Proof. Let B, X,Y, Z be as above. Clearly, (VL B)(Y, Z) € X(M)* because
all of the individual terms in the definition are themselves in X(M)*. More-
over, (V& B)(Y, Z) is C°°(M)-linear in X for the same reason. As for the
product rule, observe that for f € C°(M), we have (using the fact that V+
satisfies the product rule, cf. Lemma that

(VRIB)(Y.2) = VE(fB(Y.Z)) - [B(VxY.Z) — [B(Y,VxZ)
= X(NB(Y.2) + [Vx(B(Y. 2))
- [B(VxY,Z) - fB(Y,VxZ)
= X(NB(Y.2) + [(VXB)(Y, 2).
It remains to show that VLB € I'(F), i.e. that it is C*-bilinear in its
arguments. R-bilinearity is trivial, so we only need to consider the case where
the arguments are multiplied by an arbitrary C°°(M )-element f. Using the
C°°(M)-bilinearity of B, we have
(VXB)(fY,2) = Vx(fB(Y.2)) - B(Vx [Y,Z) - fB(Y,VxZ)
= X(NB(Y.2) + [VxB(Y,Z) - X(/)B(Y, Z)
- [B(VxY,Z) - fB(Y,VxZ)
= F(VXB)(Y, 2),
proving C'°°(M)-linearity in the first argument. An analogous calculation

then shows the C'°° (M )-linearity in the second argument, finishing the proof.
O

With all of this notation, we can now express the normal part of the ambient
curvature tensor in terms of V¥'-derivatives of the second fundamental form.

Theorem 1.1.23. (Codazzi equation)
Let W, X,Y € X(M). Then

nor Ry xY = (VI IN(X,Y) — (VEID)(W,Y). (1.6)

Proof. Since both sides of the claimed formula are in X(M)L, it suffices to
show that their inner products with an arbitrary N € X(M)+ agree. Clearly,

(RwxY,N) = (nor Ry xY, N),
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so we can use the Gauss formula (see Corollaryfl.1.15) to calculate as follows:
(mor RyyxY,N) = (Vi (VxY + II(X,Y)) = Vx(VwY + II(W,Y))
—Viwx Y, N)
= (II(W,VxY) + Vi; (I1(X,Y))
— II(X,VwY) = Vx(II(W,Y)) — II([W, X],Y), N).
We now express the terms using the definition of V', e.g. Vi (I1(X,Y)) —

II(X,VwY) = (VEIN(X,Y) + II(VwX,Y). Inserting these into the
above calculation gives

(nor Ry xY,N) = (VEIN(X,Y) + I[I(VyX,Y)
— (VXID(W,Y) = II(VxW,Y)
- II([W>X]7Y)3N>
= (Vi ID)(X,Y) = (VXIT)(W,Y), N),
where the last equality is due to vanishing torsion. O

Remark 1.1.24. (The tangent second fundamental form)
Recall from ([1.5) that for X € X(M), N € X(M)*, we have that

VxN = -Wnx(X)+ VEN.

By definition, the Weingarten map satisfies (Wn(X),Y) = (N, I[I(X,Y))
for Y € X(M). Interpreting the Weingarten map Wy (X) as a map in both
its entries, we get the tangent second fundamental form

It (M) x X(M)* — x(M),
I (X, N) := —Wx(X).

Hence
Vx N = IT'**(X,N) + VxN. (1.7)

The tangent second fundamental form yields no new information, but it can
sometimes be notationally useful. We note that, by definition,

(IT'"™(X,N),Y) = —(Wn(X),Y) = —(N, [I(X,Y)). (1.8)

1.1.4 Curves in semi-Riemannian submanifolds

Next, we shall consider curves in M. We want to understand their behavior
when considered in M and when considered in the ambient space M. Before
we go on, let us fix some notation: If (N, h) is a semi-Riemannian manifold,
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«v is a smooth curve in N and X € X(v), we denote the covariant derivative
of X along 7 (cf. [22, Prop. 3.18]) by
\Y

—X =V X
dt t<dy

where t is the parameter of the curve.

Corollary 1.1.25. (Gauss formula along a curve)
Let (M, g) be a semi-Riemannian submanifold of (M, g), and let v: I — M
be a smooth curve in M. If X € X(v) is everywhere tangent to M, then

V., V

—X=—-X+1I+, X). 1.9

VX =YX 1(,X) (19)
Proof. Let tg € I and let (Ey,. .., E;,) be an orthonormal frame around 7(to)
in M adapted to M. Write X (t) = X7 (t)Ej|,) for ¢ near to, j = 1,...,m.
Then the Gauss formula yields

V4 » o
%Xh:to = X7 (t0) Ejlyto) + X7 (t0) (Vo Ej)ry(te)
= X7 (t0) Ejly o) + X7 (t0) Voy(t0) Ej + X7 (t0) I1( (t0), Ejly(s0))

\V4
= %X’t:to + 11(+'(to), X (to))-

O]

Corollary 1.1.26. (Comparing accelerations)
If v is a smooth curve in M, then the accelerations of v with respect to M
and with respect to M satisfy

v
—~' ==~ +TI(¥,~). 1.10
7= Y, (1.10)

Proof. Set X =+ in (1.9). O

Note that the first derivative, 7/, only depends on the differentiable structure
and is hence independent of any notions of curvature in M or in M.

In the rest of this subsection, we want to discuss normal covariant derivatives
along curves and obtain results on how to transport normal vectors along
curves in a way that they stay normal throughout.

Definition 1.1.27. (Normal covariant derivative)

Let v be a smooth curve in M and N a smooth vector field along v in M

that is everywhere normal to M. Then its normal covariant derivative is
vL

v
YN = nor —N.
dt Nt
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Similarly to the Gauss formula along curves, it can be derived that

v L
YN:HmeW+%;

N 1.11
> , (111)

cf. Remark [1.1.24!

Definition 1.1.28. (Normal parallel vector fields)
Let v be a smooth curve in M and N a vector field along v that is everywhere
normal to M. Then N is called normal parallel if

vL

—N =0.

dt
Proposition 1.1.29. (Normal parallel transport)
Let v: I — M C M be a smooth curve in M. If y € Ny,)M, a € I, then
there is a unique normal parallel vector field N along 7 such that Y (a) = .

Proof. Let (Ei(t),...,E,(t)) be an orthonormal frame along « such that
(En-m(t),..., En(t)) span N,y M for all t € I. Make the ansatz Y = Y'E;,
i=n—m,...,n, and write y = y'F;(a), i = n —m,...,n. Then, since the
normal covariant derivative satisfies a product rule that it inherits from the
normal connection, we have

v+t - o
EY = (Y +Y'Z])E;,
where Zij are smooth functions on I, i,5 = n —m,...,n. So the problem
reduces to solving the initial value problem

Y +YZ =0, Yi(a)=4.

As this is a system of linear ODEs, there is a unique solution Y that is the
normal parallel vector field we were looking for. O

Remark 1.1.30. (Normal parallel transport is an isometry)
Normal parallel transport induces an isometry of normal spaces: Let v :
I — M with a,b € I, a < b. Consider the map

L
Pgb : Nv(a)M — Nv(b)Ma Y — Y(b),

where Y is the unique normal parallel vector field along v satisfying Y (a) =

y. Since Y was found as the solution of a linear system of ODEs, Pgb’l isa
linear map. It is an isometry because (cf. (1.11)))

d vt
ZV (.Y (1) = 2(~—-Y (1), Y (1) = 0.
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1.1.5 Totally geodesic and totally umbilic submanifolds

We now turn to a brief discussion of submanifolds whose external geometry
agrees with that of the ambient manifold.

Definition 1.1.31. (Totally geodesic submanifolds) )

Let (M,g) be a semi-Riemannian submanifold of (M, g). Then (M,g) is
called totally geodesic if 11 = 0.

Proposition 1.1.32. (Characterization of totally geodesic submanifolds)
For a semi-Riemannian submanifold (M, g) of (M, ) the following are equiv-
alent:

(1) (M,g) is totally geodesic.
(2) A smooth curve in M is a g-geodesic if and only if it is a g-geodesic.

(3) Ifv € T,M C T, M, then the unique §-geodesic 79 with 7Z(0) = p and
(7)) (0) = v lies initially in M.

(4) If « is a smooth curve in M (defined on an interval I with 0 € I), and
v € To0)M, then the g-parallel translate and the g-parallel translate
of v agree.

Proof. (1) = (2): If y is a smooth curve in M, then the assumption I/ = 0
and Corollary [1.1.26] give

No_V
at’ arl”
proving (2).
(2) = (1): Given any p € M and any v € T,M, let 4 be the unique g-

geodesic with 47 (0) = p, (72)'(0) = v. By assumption, it is also a g-geodesic,
hence Corollary [1.1.26] yields

II(v,v) =0.

Since v was arbitrary, it follows that I = 0 by polarization.
(2) = (3): Let v € T,M, then the assumption and uniqueness give that
v (t) = i (t) as long as the left hand side is defined.
(3) = (1): Let v € T,M. Then Corollary [I.1.26| yields

vV v

0= %7{?“:0 = %75‘15:0 + 11(v,v),

and since this is an orthogonal decomposition into tangent and normal part,
both have to be equal to 0, thus I1(v,v) =0 and IT = 0 by polarization.
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(1) = (4): Let V be the unique g-parallel vector field along « in M satisfying
V(0) = v. By Corollary V is also g-parallel, hence the claim follows
by uniqueness.

(4) = (2): If v is a smooth curve in M, then the assumption yields that ~/
is g-parallel along ~ if and only if it is g-parallel, which means precisely that
v is a g-geodesic if and only if it is a g-geodesic. O

Geodesically complete totally geodesic submanifolds are rather special and
are in a way already determined by one of their tangent spaces, as the
following result shows.

Proposition 1.1.33. ("Rigidity” of totally geodesic submanifolds)

Let M, N C M be connected, geodesically complete, totally geodesic semi-
Riemannian submanifolds. Suppose there is a point p € M N N such that
T,M =T,N. Then M = N.

Proof. Suppose first that M is connected and N is complete. We will show
that M C N. Since both M and N are connected and geodesically complete
by assumption, this will yield M = N.

Let o be a geodesic segment in M from p to ¢ € M. Since M is totally
geodesic, o is an M-geodesic by Proposition and 0’(0) € T,M =T, N.
Again by Proposition [[.1.32] ¢ is initially in N and o N N is an N-geodesic.
By geodesic completeness, o C N, in particular ¢ € N. Parallel translation
along o, which is independent of whether it is done in M, N or M, yields
TyM = TN, hence the same arguments apply to geodesic segments in M
starting at ¢. Since M is connected, any two points can be connected via
a broken geodesic (cf. [22, Lem. 3.32]), so by the arguments above we get
M C N. By the comments at the beginning of the proof, we are done. [

To close off this section, let us introduce a type of submanifold whose ex-
trinsic curvature points in a specific normal direction. We will have more to
say on these when we discuss hypersurfaces.

Definition 1.1.34. (Totally umbilic submanifolds)
Let (M, g) be a semi-Riemannian submanifold of (M, g).

(1) A point p € M is called umbilic if there exists z € N,M such that
II(v,w) = (v,w)z for all v,w e T,M.
In this case, z is called the normal curvature vector of M at p.

(2) M is called totally umbilic if every point is umbilic. In other words,
M is totally umbilic if and only if there exists Z € X(M)* such that

II(V,W) = (V,W)Z for all V,IV € X(M).

In particular, totally geodesic submanifolds are totally umbilic with Z = 0.
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1.2 Semi-Riemannian hypersurfaces

In this section, we are interested in semi-Riemannian hypersurfaces in a
semi-Riemannian manifold (M, §), i.e. semi-Riemannian submanifolds of
codimension 1. Let (M, g) be such a semi-Riemannian hypersurface. Then
its normal spaces N,M are l-dimensional, hence the restriction of g, to
NpM x N,M is either positive or negative definite. In particular, any (lo-
cal) normal field N satisfies (IV, N) > 0 or (N, N) < 0. If M is obtained as a
regular level set of some function f, then grad f spans N M and g restricted
to the normal spaces is entirely determined by its value on grad f.

After this initial discussion, the following result is a trivial consequence
of the regular level set theorem ([I8, Cor. 5.14]) and the definition of the
gradient.

Proposition 1.2.1. (Hypersurfaces as level sets)

Let (M,§) be a semi-Riemannian manifold of signature (k,1). Let f :
M — R be smooth and let ¢ € R be a regular value of f. Then M :=
f~(c) is a semi-Riemannian hypersurface of M. Its signature is (k — 1,1) if
(grad f,grad f) <0 on M and it is (k,l — 1) is (grad f,grad f) > 0 on M.

Definition 1.2.2. (Hypersurfaces in Lorentzian manifolds)

If (M,§) is Lorentzian (of dimension n + 1), i.e. (k,1) = (1,n), then hy-
persurfaces of signature (0,n) are called spacelike and those of signature
(1,n — 1) are called timelike.

From now on, we assume throughout this section that (M,g) is an n-
dimensional semi-Riemannian hypersurface of an (n + 1)-dimensional semi-
Riemannian manifold (M, §).

Locally, we may always choose a unit normal field N for M (since M is
a hypersurface, there are precisely two such (local) choices, namely N and
—N). Having made this choice, we consider the Weingarten map of M (in
direction N), X — Wy (X), characterized by

(Wn(X),Y) = (N,II(X,Y)) forall X,Y € X(M).

Definition 1.2.3. (Scalar second fundamental form)
The symmetric (0,2)-tensor h : X(M) x X(M) — C*°(M), defined by

h(X,Y):= (Wn(X),Y)=(N,II(X,Y)),
is called the scalar second fundamental form of M.
Note that if —N instead of N is chosen as unit normal, then A switches sign.

Remark 1.2.4. (On the scalar second fundamental form)

(1) Note that by the Gauss formula,

h(X,Y)=(N,VxY). (1.12)
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(2) Since N spans N M, we have
II(X,Y)=(N,N)(N,II(X,Y))N = (N,N)h(X,Y)N, (1.13)
where (N, N) = £1.

(3) h is the quantity that is often referred to as the second fundamental
form by physicists (in physics literature, the letter k is often used to
denote it).

Once N has been chosen, it is customary to refer to the Weingarten map
Wi simply as S and call it the shape operator of M. In this notation, ((1.13])
reads

II(X,Y) = (N, NY(Wx(X),Y)N = (N, N)(S(X),Y)N. (1.14)

Lemma 1.2.5. (Form of the shape operator)
Let M be a semi-Riemannian hypersurface in M, and let S be the shape
operator of M associated to some choice of unit normal N. Then

S=-VN. (1.15)
Proof. As was noted in Definition [1.1.20} for any X € X(M) we have
Vx N =—5(X)+V%N.

We claim that N is parallel with respect to the normal connection: Since
(N,N) = £1 = const., we have

0= X(N, N) L= v N, ).
Because N spans the normal bundle, it follows that V%N = 0. Thus
Vx N =-5(X),
as was claimed. O

Next, we want to characterize totally umbilic hypersurfaces (recall the notion
of totally umbilic submanifold from Definition . The following result
shows that a hypersurface is totally umbilic if and only if the shape operator
applied to any vector field is proportional to that vector field.

Proposition 1.2.6. (Characterizing totally umbilic hypersurfaces)

Let M be a semi-Riemannian hypersurface in M. M is totally umbilic if
and only if its shape operator is scalar, i.e. there is an open covering {U;}
of M and smooth functions f; € C*°(U;) such that in Uj,

S(X)=f;X forall X € X(M).
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Proof. Suppose M is totally umbilic, II(X,Y) = (X,Y)Z for all XY €
X(M), where Z € X(M)* is its normal curvature vector field. Let N be a

choice of local unit normal and let S be the corresponding shape operator.
Then for all X|Y € X(M),

<S(X)7Y> = <N7[I(X7Y)> = <X7Y><N7 Z> = <<N7 Z>X7Y>7

which implies S(X) = (N, Z)X. Hence S is scalar with f = (N, Z).

To prove the converse direction, suppose that for any choice of local unit
normal N the corresponding shape operator S is scalar, so S(X) = fnvX
where fy is a locally defined smooth function depending on N. Observe

now that by Remark

Since the shape operator changes sign if N — — N, we have that f_y = — fn.
Hence we may around each point choose a local unit normal N and define a
global normal vector field Z € X(M)* locally via Z := (N, N) fxyN. Since,
locally, the only choices are N or —N and Z is unaffected by these choices,
it is indeed a well defined global normal vector field that is the normal
curvature vector field of M. Hence, M is totally umbilic. O

Remark 1.2.7. (Various notions of curvature)

There are several important notions of curvature for Riemannian hypersur-
faces which we now briefly discuss. Let (M, g) be a Riemannian hypersurface
of a Riemannian or Lorentzian manifold (M ,g), with dimM = n+1. Re-
call that the shape operator S : X(M) — X(M) is self-adjoint because the
second fundamental form is symmetric (cf. Proposition [1.1.14|1)):

(S(X),Y)=(N,II(X,Y)) =(N,II(Y, X)) =(X,S5(Y))

for all X,Y € X(M). Considering individual tangent spaces, for each p €
M, S, : T,M — T,M is a self-adjoint endormorphism (with respect to
the positive definite inner product g,) of a finite-dimensional vector space,
so S, is orthogonally diagonalizable with real eigenvalues k1,...,k,. Let
(b1,...,by,) be an orthonormal basis of T, M such that Spb; = k;b;. Since
the scalar second fundamental form is defined via h(X,Y) = (S(X),Y) for
X,Y € X(M), one has for v,w € T,M

hyp(v,w) = Z Kigp(v, bi)gp(w, b;).
=1

The k1, ..., Kk, are called principal curvatures of M at p, and the b; are the
corresponding principal directions. The principal curvatures depend on N
only up to sign, just like h.
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The determinant of S,, K := detS, = Ki...ky, is called the Gaussian
curvature of M at p. It is multiplied by (—1)™ if one changes the normal
from N to —N.

The famous Gauss-Bonnet Theorem says that if (M, g) is a smoothly tri-
angulated compact Riemannian 2-manifold, then the integral over K is a
purely topological quantity (cf. [19, Thm. 9.7]).

The object H;C“l := (Hp, Np) is called the mean curvature of M at p, where
H, is the mean curvature vector field of M at p, cf. Definition One
sees that H3¢! = (1/n)tr(Sp) = (1/n) (k1 + -+ + kn).

Remark 1.2.8. (Sectional curvature)

For the sake of completeneness, we briefly discuss the notion of sectional
curvature. It will not play a role in the singularity theorems, but sectional
curvature bounds are a crucial ingredient of many important results.

Let (M, g) be a semi-Riemannian manifold, and let IT be a nondegenerate
(with respect to gp,) 2-dimensional vector subspace of T,M (a "section”),
p € M. Then the sectional curvature of Il at p is

(Rypw, v)

K(I) = K(v,w) := (v, v)(w,w) — (v, w)?’

where {v, w} is a basis of II. One can show that K does not depend on the
choice of basis of IT ([22, Lem. 3.39]). K is easily seen to define a smooth map
on the subbundle G(M)™"4€9 of the 2-Grassmannian bundle consisting of
nondegenerate 2-planes. Important basic results on the sectional curvature
and its relation to the curvature tensor can be found in e.g. [22, p. 77-80],
[19, p. 250-255] (for the Riemannian case) and [14], p. 184-186].

We can use the Gauss equation (cf. Theorem to derive a formula for
the sectional curvature of a semi-Riemannian submanifold (M, g) in relation
to that of the ambient space (M ,g): If T,M D II is a nondegenerate 2-plane
spanned by {v,w}, then

R (v, w) = K(v,w) — (IT(v,v), [I(w,w)) — (II(v,w),U(U,w»

(v, w){w,w) — (v, w)?

If (M, g) is a hypersurface with shape operator S corresponding to a normal
N, then this formula simplifies (using the representation of I as given in

Remark [1.2.4)) to

K v),v w),w) — v), w)?
R (w,w) = K(v,w) — (N, N,) 20 015p(w). w) = (5, (v), w)”

(v, v)(w,w) — (v, w)?

These formulas are very helpful in calculating sectional curvatures of sub-
manifolds, especially those embedded in some (pseudo-)Euclidean space,
since there K = 0.
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Let us demonstrate this for the sphere S™(r) of radius r in Euclidean space.
Namely, this space is of constant sectional curvature with

0 =1
K=, "7

The case n = 1 is immediate since any 1-dimensional semi-Riemannian
manifold is flat (by the antisymmetry properties of the curvature tensor).
For n > 2, consider on R™*! the position vector field

This is everywhere normal to S™(r) (as can be seen by considering S™(r) as
a level set of the function = — ||z]|? and then calculating the differential of
that map). By Lemma the shape operator of S™(r) corresponding to
this normal satisfies (V is the flat connection on R"*1)

n+1
= 1 0 1
= VP=— > v@) s = v,
S(v) \Y e v(x )8301 v

for any tangent vector v € T'S™(r), where we suppressed basepoints in the
notation. We may w.l.o.g. assume that a given tangent plane is spanned by
orthogonal vectors v and w. Using all of this, the formula derived above
with K = 0 gives the claim.

S™(r) is the prototypical example of a Riemannian manifold with constant
positive sectional curvature. The Riemannian manifolds with constant van-
ishing and constant negative sectional curvature are R™ and hyperbolic space
H"™, respectively. In the Lorentzian case, the corresponding constant curva-
ture spaces are de-Sitter space, Minkowksi space and anti-de Sitter space.
See [19, Ch. 3] and [22], Ch. 4] for much more on these model manifolds.

1.3 Topological hypersurfaces in spacetimes

In this final section of the first chapter, we will focus exclusively on space-
times (M, g), i.e. connected, time-oriented Lorentzian manifolds. We will
consider subsets of M whose points are not timelike/causally related and we
will give criteria for these sets to be topological hypersurfaces in M.

The reference for this section is [22], p. 413-415]. Throughout this section,
let (M, g) be a spacetime of dimension (n + 1).

Definition 1.3.1. (Achronal, acausal and future/past sets)
Let A C M.

(1) A is called achronal if there are no points p,q € A such that p < gq.
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(2) A is called acausal if there are no points p # ¢ in A such that p < gq.
(3) Ais called a future set if [T (A) C A. Past sets are defined analogously.

Definition 1.3.2. (Edge of an achronal set)

Let A C M be achronal. The edge of A, denoted edge(A), is the set of all
p € A such that for any neighborhood U of p there is a timelike curve from
I;(p) to It (p) that does not meet A.

Lemma 1.3.3. (Achronal identity)
Let A C M be an achronal set. Then

A\ A C edge(A).

Proof. Note first that if A is achronal, then so is A: Because if p,q € A
such that p < ¢ and A > p, — p, A 3 g, — ¢, then the openness of the
<-relation (cf. [22] Lem. 14.3]) implies p, < ¢, for large n, contradicting
achronality of A.

Let now ¢ € A\ A and let v be any timelike curve through ¢. By achronality,
~ does not meet A at any other point, in particular it does not meet A. Hence
q € edge(A). O

Definition 1.3.4. (C°-hypersurface)

A subset S C M is called C°-hypersurface (or topological hypersurface) if
for any p € M there is a neighborhood U of p in M and a homeomorphism
¢ :U — ¢(U) C R™ onto an open subset of R"™ such that ¢(U N S) is the
intersection of ¢(U) with some hyperplane in R™.

Theorem 1.3.5. (Achronal sets as C%-hypersurfaces)
An achronal set A C M is a C%-hypersurface if and only if ANedge(A) = 0.

Proof. Suppose first that A is a CO-hypersurface. Let p € A. We will
show that p ¢ edge(A). To this end, let U be a neighborhood of p as in
Definition |1.3.4] Upon shrinking U, we may assume that U is connected
and that U \ A has exactly two connected components (this is possible
because a ball without a plane in R™ has this property). Consider the
relative timelike futures I;; (p) and I, (J]r (p). These are open, disjoint sets that
do not meet A by achronality. They are easily seen to be connected. Now,
any timelike curve through p must meet both sets by definition, hence they
are in different components of U \ A. Hence any timelike curve from I, (p)
to 17 (p) must meet A by connectedness. This shows that p ¢ edge(A4) and
thus A Nedge(A) = 0.

To prove the converse direction, suppose A is achronal and ANedge(A) = (.
Let p € M and let (U,¢ = (2°,...,2" 1)) be a chart around p such that
% is future-directed timelike. We may find a smaller neighborhood V C U
of p such that ¢(V) = (e —§,b+6) x N C R", {2° = a} C I;(p) and

31



{2° = b} C I}/ (p). Shrinking U further, due to p ¢ edge(A) we may assume
that s — ¢~ !(s,y), s € [a,b] and y € N arbitrary, meets A. By achronality,
this meeting point is unique. Denote by h(y) the 2°-coordinate of this point.
We will now show that A : N — (a,b) is continuous. The claim then follows
from this, because ® := (z° — ho (z!,...,2" 1), 2!,... 2" 1) is clearly a
homeomorphism that takes ANV to {z = 0} N ¢(V).

To show the continuity of h, let y,, € N, y, — y € N and assume h(y,) 4
h(y). Since the values of h are bounded, there exists a subsequence of h(y;)
that converges to some r # h(y). Then ¢~*(r,y) € I}, (q) U I;7(g), where
q := ¢~ (h(y),y) € A. Since the union of these timelike futures is an open
set, it contains all ¢! (h(yn),yn) € A for n large due to convergence. But
this contradicts achronality of A. O

Corollary 1.3.6. (Closed achronal sets)
An achronal set A C M is a (topologically) closed C%-hypersurface if and
only if edge(A) = 0.

Proof. Suppose A is a closed CY-hypersurface. By Theorem AN
edge(A) = (. Since A is closed and by definition edge(A) is contained
in the closure of A, it must be empty.

Suppose now that edge(4) = 0. Again by Theorem Ais a O
hypersurface. By Lemma A\ A Cedge(A) =0, hence A = A. O

Corollary 1.3.7. (Boundaries of future/past sets)
Let F' C M be a future or past set. Then either OF = () or OF is an achronal
set and a closed CO-hypersurface.

Proof. We may assume F to be a future set and OF # (). We first show
achronality: Let p € OF. For ¢ € I (p), I~ (q) is a neighborhood of p and
hence I~ (q) N F # (), which means q € I (F) C F because F is a future
set. This shows that I*(p) C F. Analogously, I~ (p) C M \ F (because the
complement of a future set is a past set). In particular, we have shown that
I (0F) NI (0F) = 0, implying achronality of OF.

Note that OF is trivially closed. It has no edge points because for any
p € OF the arguments above show I (p) C F° and I~ (p) C (M \ F)°, hence
any timelike curve from I~ (p) to I (p) must meet OF, thus p ¢ edge(OF).
So edge(0F) = () and the result follows from Corollary O
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Chapter 2

Variational Theory of Curves

In this chapter, we want to study clusters of curves (called variations) in
spacetimes and understand their focusing and defocusing behavior. This
analysis is done by way of Jacobi fields which arise as transversal derivative
vector fields of geodesic variations. Whether or not nearby curves focus is
determined by the existence of conjugate points. It turns out that maximal-
ity properties of causal curves are intimately linked with the (non)existence
of conjugate points.

We will separate the case of timelike and the case of null geodesics in order
to better see the differences that arise in their treatments.

Our main reference for this chapter is [I, Ch. 10], while also some elements
from [22, Ch. 10], [19, Ch. 6, 10] (especially for the treatment of variations
and Jacobi fields) have been used. Several general results are (in my opinion)
written down most elegantly in [I5] and will be used in that form.

2.1 Jacobi fields and geodesic variations

In this section, we introduce the formalism behind variations of curves and
give a treatment of Jacobi fields. These notions will be used later to un-
derstand conjugate points along timelike and null geodesics in spacetimes.
Unless otherwise stated, let (M, g) be a semi-Riemannian manifold of sig-
nature (k,1) with &+ 1 =n = dim M.

Definition 2.1.1. (Variations)
Let ¢g : [a,b] — M be a smooth curve in M.

(1) A smooth map ¢ : [a,b] x J — M, where J is an open interval with
0 € J, is called a variation of c if ¢(t,0) = co(t) for all ¢ € [a,b]. If
c(a, s) = c(b, s) for all s € J, then c is called a fized endpoint variation
(or FEP-variation). If ¢y is a geodesic and each longitudinal curve
(., s) is as well, then c is called a geodesic variation.
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Variations for piecewise smooth curves are defined analogously: in-
stead of smoothness one demands piecewise smoothness in the sense
that ¢ is continuous and smooth on subrectangles [a;, a;+1] X J. In that
case the transverse curves s — c¢(t, s) are smooth but the longitudinal
curves t — c(t, s) are only piecewise smooth.

(2) Let ¢ be a variation of ¢y as above. The wvariation vector field of c is
the vector field V' € X(co) defined by

V(t) = acg;s)

s=0

If ¢ is only piecewise smooth, then V' is also piecewise smooth. In this
case we understand V' to be defined everywhere via left limits.

One may in general consider curves ¢y defined on an open interval I, a
variation of ¢y will then be a smooth map ¢: I x J — M as above.

Lemma 2.1.2. (Any vector field is a variation vector field)

Let co : [a,b] — M be piecewise smooth and let V' be a piecewise smooth
vector field along ¢g. Then there exists a variation ¢ of ¢y with variation
vector field V. If V(a) = 0 and V(b) = 0, then ¢ can be chosen to be an
FE P-variation.

Proof. Let c(t,s) := exp,)(sV(t)). By compactness of [a,b], c is defined
on [a,b] x (—¢,¢e) for € small. Clearly, if a = ap < a1 < -+ <a, =>is a
subdivision of [a, b] such that both ¢y and V' are smooth on each [a;, ait1],
then ¢ is smooth on each [a;, aj+1] X (—&,&). Moreover,

oc(t, s)
0s |

= Ty exp,y(V () = V(1)

If V vanishes at a and b, then c satisfies c¢(a, s) = v(a) and ¢(b, s) = y(b) for
all s € (—¢,¢), hence ¢ is an FEP-variation. O

We present two general results on covariant derivatives that will be used
throughout.

Lemma 2.1.3. (Symmetry of second derivatives)
Let ¢ : [a,b] x J — M be a variation of a piecewise smooth curve ¢y = ¢(.,0).
Then

Voc Voc

otds  0Osot’
where the above covariant derivatives are the ones along the longitudinal
and transversal curves, respectively.
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Proof. Fix a point c(tg, o) and consider coordinates (z7) around it. It holds
that

dc _ O(xloc) O dc _ d(xloc) O

ot 0ot 023 9s  0s O
Hence
V Oc 0*(zFoc) O(xioc)(0z7oc) 0
o5l < gt T ot o5 Lai® C)> P
Voc (0*aFoc) O(aioc)(dxioc), 0
s < aos T os o Lai° C)> P

cf. [19, Thm. 4.24] for the local coordinate formula of a covariant derivative.
The result follows from the symmetry of the Christoffel symbols. 0

Lemma 2.1.4. (Exchanging two covariant derivatives)
Let f: I x J — M be a smooth map, denote the points in I x J by (¢, s)
and let X € X(f). Then

V.V X — ViV, X = R(O:f, 0, f) X.

Proof. Fix (t,s) € I x J and consider coordinates ¢ = (z*) around f(t,s).
Write i :=a'o f and X = X7 0;. Then by the usual formula for covariant
derivation we get

X' ,
ViX = %ﬁai + X'V,0;,

where (V10;)(t,s) = Vi, 7,50 Now taking the covariant derivative with
respect to s, we get

92X oOX? oOX'?
V.V, X = 0 + —V30; +

— m at thal +X VSVtai.

If we interchange s and t and subtract, we get
V. ViX — ViV X = X{(V,V,0; — ViV0i). (%)

Note that 0; f = 0;f'0; and similarly for 0, f. Extending 0, f and 9; f locally

in an arbitrary way, we may write
Vi = Vo, 10; = 0,17V 5,0;
and hence

VVi0; = 050, [V 9,05 + 0 [V sV ,0;
= 050117V 0,05 + 0,105 f*V 5,V 9,0
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Again, we exchange s and ¢ and subtract to get

VVi0i — VVid; = 0 105 f¥(V 9, V,0; — Vo, Vo, )
= atfjasfkR(ak7 8])81 = R(asfa atf)az

Inserting this into (*) gives the claim. O

Now we come to the definition of Jacobi fields along geodesics. They arise
as variation vector fields of geodesic variations, as will be discussed further
below.

Definition 2.1.5. (Jacobi field)
Let v : I — M be a geodesic. A vector field J € X(v) is called a Jacobi field
along -, if it satisfies the Jacobi equation on I:

J" + RJy’VI =0.

Proposition 2.1.6. (Variation fields of geodesic variations are Jacobi fields)
Let v : I x J — M be a geodesic variation of the geodesic 79 = v(.,0). Then
the variation vector field J of v is a Jacobi field along ~p.

Proof. Let us abbreviate T'(t,s) = 0yy(t,s) and S(t,s) = 0s7y(t,s). Thus
t — S(t,0) is the variation field of . Since each ~(.,s) is a geodesic, we
have

\% \AAY

aT =0, hence trivially %QT = 0.

Since exchanging two covariant derivatives yields a Riemann tensor (cf.
Lemma [2.1.4), we may calculate as follows:

0=V.V,T = V,V.T + Res T2 V,v,5 + Ry T.

Evaluating this at s = 0 and using that S(¢,0) = J(¢) and T'(¢,0) = ~{(¢)
gives the claim. O

Recall that our convention for the indices of the curvature tensor is
R(E;, E;)Ey = R.jklEl for a given local frame (E;).

)

Proposition 2.1.7. (Generating Jacobi fields from data)

Let v : I — M be a geodesic, p := v(a). Then for any two vectors v, w €
T,M (initial values), there is a unique Jacobi field J along v satisfying
J(a) =v and V,J(a) = w.

Proof. Let (E;) be a parallel orthonormal frame along 7 (obtained by choos-
ing an ONB at a point and then parallel transporting along ). Write
v =v'Ei(a), w = w'E;(a), v (t) = 2*(t)E;(t). Now let J € X(v), J(t) =
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JU(t)E;(t). Since the E; are parallel, J”(t) = VVJ(t) = (J)'(t)Ei(t).
Moreover,

R(J(t),7' ()Y (t) = R (J' (1) Ei(t), 2/ (1) E;(1)) 2" (1) Ex(1)
= J'(t)2 (1)2"(t) Ry, (v () Ea(),

where R, !(4(t)) are the components of the curvature tensor w.r.t. arbitrary
local frames that extend the (E;) around points of «y (since we only consider
their values on v, everything is well-defined). Hence the Jacobi equation for
an unknown J reduces to the following equation in coordinates:

(J)"(8) + Rygp' (v(1) T (8)27 ()" (¢).

This is a system of n linear second-order ODEs in J’. Let us convert this
into a first order system via an auxiliary vector field W (t) = W*(¢t) E;(¢):

(J7)(t) = W'(t),
WH(t) = =R (1(8) ' (1) (£) 2" (2).

Specifying the initial conditions J%(a) = v¢, W¥(a) = w® thus gives a unique
solution J on all of I by usual linear ODE theory. Noting that V;J(a) =
(J9) (a)Ei(a) = W¥(a)E;(a) = w finishes the proof. O

Corollary 2.1.8. (Dimension of the space of Jacobi fields)
Let v be a geodesic in M. The space Jac(y) C X(v) of all Jacobi fields along
« is a 2n-dimensional vector subspace of X(7).

Proof. First of all, Jac(~y) is a vector space because the Jacobi equation is
linear. Its dimension is 2n by Proposition After fixing a parameter
value a € I, where v : I — M, any Jacobi field is uniquely determined by
J(a), ViJ(a) € TyoyM, thus J — (J(a),ViJ(a)) is a linear isomorphism
Jac(y) — T,Y(a)M S T,y(a)M. O

The next result gives a partial converse to Proposition and shows that,
under suitable circumstances, any Jacobi field is the variation field of some
geodesic variation.

Proposition 2.1.9. (Jacobi fields come from geodesic variations)

Let v : I — M be a geodesic. Suppose that [ is a compact interval or that
M is geodesically complete. Then every J € Jac(7y) is the variation field of
some geodesic variation of ~.

Proof. We may assume that 0 € I. Let p := v(0), v = 4/(0). Hence, v(t) =
exp,(tv) for all t € I (by either of the assumptions). Let o:(—ge) > M
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be a smooth curve with o(0) = p, ¢/(0) = J(0), and let V' € X(0) satisfying
V(0) = v, V'(0) = J'(0). Let

Y(t,5) = expy(s)(tV (s))-

If M is complete, 7 is certainly defined on all of I x (—e&,¢). If I is compact,
then we may choose a minimal global € > 0. Note that

A(t,0) = exp,(tv) = (t).

Thus 7 is a variation of . Fixing s, t — exp,5)(tV(s)) is clearly a geodesic
by the definition of the exponential map. Thus 7 is a geodesic variation. By
Proposition [2.1.6] its variation vector field W (t) := 95%(t, s)|s=o is a Jacobi
field along v = 4(.,0). Since

3(0,8) = C€XPg(s) (0) = a(s),

it follows that
0 .
W(0) = £3(0,8)lsm0 = 0'(0) = J(0).

If we show that W’(0) = J’(0), then Proposition implies W = J on all
of I, thus yielding the claim.
By elementary properties of the exponential map,

O(t, 8)t=0 = Or expy(s)(tV (8))|t=0 = V(s), (%)
and V0,7 = V07 by Lemma Finally, due to our choice of V', the

claim above follows from

ViW (t)|i=0 = Vi(0sY(t, 8)|s=0) |t=0 = Vs(07(t, 5)|¢=0)]s=0

© TV ()0 = Ve (1)]1-0-

Example 2.1.10. (Trivial examples)
Let v : I — M be a geodesic.

(1) Ji(t) :=~'(t) is a Jacobi field along v, because Ji(t) = 4" (t) = 0 and
thus J{(t) = 0, and also R(Ji(t),~'(¢))7'(t) = R(v'(t),7'(t))Y'(t) =0
by the properties of the curvature tensor. If M is geodesically complete
or I is compact, then we may follow the proof of Proposition
to construct the geodesic variation of which J; is the variation field:
Clearly, o(s) = 7(s), and V may be chosen as V(s) = +/(s), thus the
desired geodesic variation is

Y(t, 8) = exp, ) (17 (s)) = y(t + 5).
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(2) Jao(t) :=t4/(¢) is also a Jacobi field along v by similarly easy arguments
as above. We calculate the corresponding geodesic variation if the
assumptions in Proposition are met: Since o(0) = v(0), ¢’(0) =
J2(0) = 0, we have o(s) = v(0) for all s. As for a choice of V: We
require V(0) = +/(0) and V'(0) = (J2)'(0) = ~/(0), so we may choose
V(s) = (14 s)7/(0). Thus,

Y(t, 5) = expy(s)(tV (s)) = exp, o) (tH(1 + 5)7(0)) = ¥((1 + 5)t).

These are examples of Jacobi fields that are everywhere tangent to y. As
we shall discuss below, the space of such Jacobi fields is 2-dimensional and
spanned by J; and Jy. Every curve in a variation defined by such a Jacobi
field is simply the original curve in a different parametrization, hence there
is no new insight to be gained.

We are now interested in Jacobi fields tangential or normal to the veloc-
ity vector at each point. For simplicity, let us introduce the following
notation: For a curve v : I — M with nowhere vanishing +/, we write
T,YT(t)M := span{y/(t)} C Tyy»M and let szt)M C Ty yM denote its or-
thogonal complement. The notions tangential and normal for vector fields
along v are defined with respect to these subspaces of the tangent space. We
will write X7 (y) and X+ () for tangential and normal vector fields along 7,
respectively. Moreover, if ~ is a geodesic, we denote the tangential and
normal Jacobi fields along v by Jac' () and Jact (7).

The following result gives several characterizations of normal Jacobi fields.

Proposition 2.1.11. (Characterizing normal Jacobi fields)
Let v : I — M be a geodesic and let J € Jac(y). Then the following are
equivalent:

(1) J € Jact(v).
(2) There are ty # t; € I such that J(tg) L v/ (to) and J(t1) L ~'(¢1).
(3) There is t € I such that J(t) L ~/(t) and J'(t) L /().
(4) J,J" € X*(y).
Proof. Let f: 1 — R, f(t) := (J(t),7(t)). Then by the Jacobi equation and
using that v = 0, we get
F() = (J"(1),7 (1)) = =(R(J (), () (£),7' (1)) = O,

where the vanishing is due to the symmetries of the curvature tensor. Hence,
f(t) = at +b. Note that f/(t) = (J'(t),~(t)) = a is a constant.

Let us prove the equivalence of the claims above: Trivially (4) implies (1)
and (1) implies (2). Since an affine function with two zeros is identically
zero (and so is its derivative), (2) implies (3), while (3) implies that f above
is the zero function, yielding (4) as a consequence. O
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Corollary 2.1.12. (Orthogonal decomposition of Jacobi fields)
Let v : I — M be a nonconstant, nonnull geodesic. Then Jac’(y) C Jac(y)
is a (2n — 2)-dimensional vector subspace of the 2n-dimensional space of
Jacobi fields along 7, and Jac' () C Jac(y) is a 2-dimensional vector sub-
space. Moreover, every Jacobi field J € Jac(«y) has a unique decomposition
of the form J = J + J* with JT € Jac' (y) and J*- € Jact (7).

Proof. Observe that by Corollary for t € I we have that J — (J(t), J'(t))
is an isomorphism Jac(y) — Ty M @ T, M. By Proposition [2.1.11{3),
Jact(v) is thus isomorphic to the (2n — 2)-dimensional subspace T, Wl( WM @

szt)M of T,y M & T, M. (Note that, up to here, we did not need =y to be
nonnull.)

By Example JT () contains /() and t/(t), so its dimension is at
least 2. Since  is nonnull, Jac' (y) N Jact(y) = {0}, hence the dimension
of Jac' (v) must be 2. The claims about the direct sum decomposition now

follow from linear algebra. O

Remark 2.1.13. (The case of null geodesics in [2.1.12))

If ~ is null, then 4/ is both a tangential and a normal Jacobi field, hence
the claim in Corollary about the direct sum decomposition does not
go through. However, even if + is null, the dimension of Jac' () can still
be seen to be exactly 2 and not higher: If J is a tangential Jacobi field,
then J(t) = f(t)7/(t) for some smooth function f on the interval I. Then
J"(t) = f"(t)¥(t) and the Jacobi equation (using the symmetries of the
curvature tensor) implies that J”(f) = 0, and since v is assumed to be
nonconstant, this means f” =0, so f(t) = at + b, proving that Ji(t) = ~/(¢)
and Jy(t) = t7/(t) span Jac' (7).

We will now consider Jacobi fields that vanish at a point. This will become
important later in the context of conjugate points.

Proposition 2.1.14. (Jacobi fields vanishing at a point)

Let v : I — M be a geodesic, 0 € I, and let p = v(0), v = +/(0). For any
w € T,M, the (unique) Jacobi field J € Jac(y) with J(0) =0, J'(0) = w is
given by

J(t) = Thw exp (tw).
The corresponding geodesic variation is given by
3t 5) = expy(t(v + sw)).

Proof. We begin by proving the latter formula, which we will then use to
derive the former. Suppose therefore that J € Jac(y) is the unique Jacobi
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field with J(0) = 0, J'(0) = w. Then by the proof of Proposition the
corresponding geodesic variation is given by

:Y(t7 S) = €XPg(s) (tV(S)),

where o is any smooth curve satisfying o(0) = p, ¢/(0) = J(0) =0, and V is
a smooth vector field along v satisfying V(0) = v, V'(0) = J'(0) = w. Here,
the constant curve o(s) = p meets these conditions and V' can be chosen as
V(s) = v + sw. Thus, the formula for 4 is proven.

Since we know that J is the variation field of 4, we may use the chain rule
to derive its explicit form:

= ﬂv epr (tw) °

O]

Remark 2.1.15. (Jacobi fields vanishing at a point in RNC)
If $ = (27) are normal coordinates, then the formula in Proposition [2.1.14
for the variation reads

poA(t,s) = (t(v! + swh), ... " + sw")),

because the exponential map in normal coordinates is the identity. Hence,
the Jacobi field J takes the form
0

J(t) =tw’ —| .
0% |,z

This also shows that, in a normal neighborhood U of p, for any point ¢ €
U\ {p}, any vector w € T,M can be obtained as the value of a Jacobi field
along a radial geodesic from p to ¢ in U vanishing at p.

2.2 Variational formulas

In this section, we want to collect a number of results on derivatives of length
and energy functionals that will be of great use in this thesis. Throughout
this section, let (M, g) be a semi-Riemannian manifold of dimension n > 2.
Denote by Xpw(7) the space of piecewise smooth vector fields along the curve
v, and denote by f{gw(v) those piecewise smooth vector fields along v that
vanish at the endpoints (if «y is defined on a compact interval). As we noted
before, we understand derivatives of piecewise smooth objects to be defined
everywhere via left limits.
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Proposition 2.2.1. (First variation of arclength)

Let « : [a,b] x (—€,e) — M be a piecewise smooth variation of a nowhere
null curve ¢ : [a,b] — M. Then the first derivative of the arclength function
s+ L(t— a(t,s)) is

b (D, V0h)
L/ _ < (ASS) sUt
(5) = o / Do,

where |[v| = \/|g(v,v)| and o = sgn(¢/, ). In particular, since ¢ = «f.,0),
we have

L'(0) = a/b VD

|
where V' = 95a|s— is the variation field of a.

Proof. Note that, by continuity, we may assume that
o = sgn(dia(t, s), dra(t,s)) for any s (see [I, Lem. 10.7] for details). The
formulas follow from simple calculations:
d [* 1
L'(s) = ds/ Vo (O, Opar)dt = / 5(0(@0[,3,5&))_1/2 - 20 (0rar, VsOpar)dt

. /b (Do, V s0par)
a |8ta| .

Thus the general formula is proven. Since Vi 0;a = V:0sa, the formula for
L'(0) also follows. O

Remark 2.2.2. (Alternative formulas for L'(0))
Consider the same situation as above and suppose |c/| is constant (e.g. if ¢
is a geodesic). Then

oy =2 / b<c’ V't
G ’
Let now a = tg < t; < --- < tx = b be a subdivision of [a,b] such that c

is smooth on the subintervals, and ti,...,¢x1 are precisely the points of
discontinuity of ¢’. Then

tit1 ' tit1
[ v =@l = [T,
ti t;

Adding from ¢ = 0 to k, we get

b k-1 b
[ v =@ vl = S, vie) - [ v,
a i—1 a
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where §¢(t;) = limyy, ¢/ (t) — limyy, ¢/(t) because ¢ was assumed to only be
piecewise smooth. (Note that V' is everywhere continuous). Thus

o b k—1
L'(0) = 7 (—/ (" V)ydt =Y (8¢ (), V(t:)) + (CCVHZ) :

i=1

Let us now consider the special case that (M, g) is Lorentzian, ¢ : [a,b] — M
is a piecewise smooth unit-speed timelike curve and « : [a, b] X (—¢,e) = M
is a piecewise smooth variation of ¢ by timelike curves. In this case, 0 = —1,
|| =1, and we may combine the boundary terms to get

b k
£(0) = / (Ve + 3 (66 (), V (1)), (2.1)
@ i=0

where §c/(a) := ¢/(a) and 6¢/(b) := —/(b). If we specialize even further and
assume that c is a timelike unit-speed geodesic, then we get

L'(0) = —(V. ). (2.2)

Proposition 2.2.3. (Geodesics are extrema of L)

Let ¢ : [a,b] = M be a piecewise smooth curve of constant speed || # 0.
Then ¢ is a (smooth) geodesic if and only if L'(0) = 0 for any piecewise
smooth F EP-variation « : [a,b] X (—¢,e) — M.

Proof. 1f ¢ is a geodesic, then L'(0) = 0 follows immediately from the formula
derived in Remark [2.2.2] since ¢’ = 0, dc(t;) = 0, and V(a) =0, V(b) = 0 if
the variation fixes the endpoints.

Conversely, suppose L'(0) = 0 for any piecewise smooth FEP-variation of c.
Let a = tg < --- < t, = b be a subdivision of [a, b] such that ¢ is smooth
on each subinterval. We first show that each ¢, ;. ) is a geodesic. To this
end, fix t € [t;,t;y1] and let f : [a,b] — [0,1] be a bump function with
f(t) =1 and supp(f) C [t — 6,t + 6] S [ti,tiv1]. Let y € T,4)M arbitrary,
and let Y € X(c) be the parallel translate of y along c¢. Set V := fY. By
construction V(a) = 0 and V(b) = 0, hence by Lemma [2.1.2

a(t, s) = exp.y (sV (1))

is an FEP-variation of ¢ with variation field V. By assumption L'(0) = 0,
and moreover V (t) = 0 outside of [t — 9, t+J]. Hence, the formula in Remark
2.2.2 reduces to

b t+d
0— / (' V)dt — / (', fY)t.
a t

—0

Taking 6 — 0 gives (c"(t),y) = 0, but y € T, ;M was arbitrary, hence
’(t) = 0. This shows that c|, ,,,] is a geodesic.
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It remains to show that there are no break points, i.e. d¢(t;) = 0 for every i.
For this, suppose y € T,;,)M is arbitrary, let Y be its parallel translate, and
let f : [a,b] — [0,1] be a bump function with f(¢;) = 1 and with support
contained in [t; — 0, t; + 0] C [ti—1, ti+1]. Consider again the formula derived
in Remark the first term vanishes since we have shown that ¢”’(t) =0
almost everywhere, and the last term vanishes since V' is the variation field
of an FEP-variation. Using L'(0) = 0, what remains is

0= (5¢/(t:), y).

Since y was arbitrary, it follows that dc¢/(¢;) = 0, which shows that ¢ is
everywhere smooth. O

Definition 2.2.4. (Energy function and energy functional)
Let 7y : [a,b] — M be a smooth curve in a semi-Riemannian manifold (M, g).
Then the energy function of v is the smooth map E, : [a,b] — R defined by

/ 90+ (1), (£)dt.

Moreover, we refer to E,(b) =: E(v) as the energy of ~.

Lemma 2.2.5. (Energy and arclength)
Let v : [a,b] — M be a smooth curve. Then

L(7)* <2(b—a)E(y)
and equality holds if and only if g(7/,7’) is constant.

Proof. By the Cauchy-Schwarz inequality,

v = ([ 1 Vg eas) < [ vt / 90/ (6),7 (5l
— (b —

Again by the Cauchy-Schwarz inequality, equality holds above if and only if
lg(7/,~")] is proportional to 1, i.e. if and only if g(y/,+’) is constant. [J

Proposition 2.2.6. (First variation of energy)

Let «: [a,b] x (—e,e) — M be a piecewise smooth variation with constant
(in s) o = sgn(g(0wr, O¢x)) in a semi-Riemannian manifold (M, g). Then
the first derivative of the energy function s — E(t — «(t, s)) is given by

b
E'(s) = U/ (VsOrar, Opar)dt

b
=0 <<85a,8t0z>2 —/ (0sav, Vtﬁta)dt> .

In particular, E'(0) = 0 if « is an FEP-variation and «a(.,0) is a geodesic.
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Proof. This is a straightforward calculation using Lemma and integra-
tion by parts. O

Proposition 2.2.7. (Second variation of arc length)

Let (M, g) be a spacetime and let ¢ : [a,b] — M be a g-unit speed time-
like geodesic. Let a : [a,b] x (—e,6) — M be a piecewise smooth vari-
ation of ¢ by timelike curves with variational vector field V. Let N(t) :=
V(&) +{(V(t),d(t)) (t), then L(s) := L(t — «(t, s)) has the following second
derivative at s = 0:

L'(0) = / (N" + R(V,d)e dt+z ), EN" (1)) — (V.Baa (09, )2,

a

where the t; € [a, b] are the breakpoints of «, with ty = a and to = b.

Proof. This follows by a lengthy but elementary calculation, see [I, Prop.
12.26]. O

Proposition 2.2.8. (Second variation of energy)

Let « : [a,b] x (—e,e) — M be a piecewise smooth variation with constant
(in s) 0 = sgn(d:a, Orcx) in a semi-Riemannian manifold (M, g). Suppose
further that «(.,0) is a geodesic. Then the second derivative of the energy
E(s) = E(a(.,s)) at s =0 is given by

b
E"(0) =0 <(V585a,8ta)2 —/ (R(0sax, Opx) Oy, D)t

b
+/ (Vtasa,vt65a>>,

where the right hand side is understood to be evaluated at s = 0.

Proof. This is elementary using Lemma and integration by parts, see
[15, Lem. 3.1.2]. O

Next, we are interested in the following scenario: Suppose (M, g) is a space-
time of dimension n > 2, and suppose ¢ : [a,b] — M is a timelike curve
with c(a) € H, where H is a spacelike hypersurface of M. In our study
of focal points, see Subsection we will be interested in variations
a: [a, bl x (—e,e) — M of ¢ by timelike curves such that all (., s) start in H
and end in ¢(b). For these variations, the variational vector field V' satisfies
V(a) € Tyq)H and V(b) = 0. In this case, the first variation formula
reduces to

L/(0) = /vc" dt+z ),6¢ () + (V(a), ¢ (a).
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Now fix ¢ € M\ H, and consider all timelike curves from H to q. If there is a
longest curve of this type, then it must be a geodesic (because it also locally
maximizes arc length, hence it is a piecewise geodesic, and since in any
FEP-variation of a timelike curve, all close enough curves are timelike, the
result follows from Proposition. Suppose ¢ : [a,b] — M is a unit-speed
geodesic from H to g of maximal length, and let « : [a,b] X (—&,2) — M be a
variation of ¢ by timelike curves such that a(a, s) € H and a(b, s) = ¢(b) = ¢
for every s. Since V(b) = 0, it follows from that

L'(0) = (V(a), ¢(a)).

Since ¢ maximizes L, it follows that L'(0) = 0, hence V(a) L ¢/(a). Since
such variations may be defined for any initial tangent direction v € Ty H
it follows that ¢/(a) L T,(a)H. We have hence proven the following result.

Corollary 2.2.9. (Maximizing curves to H are orthogonal geodesics)
Let H be a spacelike hypersurface in a spacetime (M,g). If ¢ : [a,b] — M
is a future timelike curve from H to ¢ € IT(H) of maximal length (i.e.
L(c) =d(H,q)), then c is a timelike geodesic orthogonal to H at c(a).

Proposition 2.2.10. (Second variation of arc length: HSF variations)

Let H be a spacelike hypersurface in a spacetime (M, g) and let ¢ : [a,b] — M
be a g-unit timelike geodesic starting orthogonal to H. If o : [a, b]x(—¢,€) —
M is a piecewise smooth variation of ¢ by timelike curves with variational
vector field V', and N :=V + (V, /)¢, then

L(0) = / (N 4 RV, )e dt+z ), 6N'(8) + (N(a), N'(a))

+ <Wc'(a) (N(a)), N(a)),

where ¢; are the breakpoints of a and the Weingarten map W () of H at
c(a) is well-defined because ¢(a) L T,q)H.

Proof. In light of Proposition the result is proven once
_<v588a|(t,0)’ CIHZ = <Wc’(a) (N(a)>7 N(a)>

is shown. See [I, Cor. 12.27] for details. O

2.3 Timelike index theory

In this section, we will study conjugate points along timelike geodesics.
They tell us whether or not a given timelike geodesic is maximizing or not.
The treatment of the timelike case is analogous to that of conjugate points
along geodesics in Riemannian manifolds, and tools like Jacobi fields and
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index forms will be used. At the end of the section, we shall give a proof
of the Lorentzian Morse Index Theorem in the timelike case, which relates
the index of a timelike geodesic with a certain sum involving dimensions of
spaces of Jacobi fields. This is proven in complete analogy to the Riemannian
case, for which we refer to [10]. Our exposition follows [I, Ch. 10]. The part
about Jacobi tensors along timelike geodesics can be found in [I], Sec. 12.1].

Throughout this section, we fix a spacetime (M, g) of dimension > 2. Un-
less stated otherwise, all timelike geodesics are assumed to be parametrized
by g-arc length. Given a curve v : [a,b] — M, we denote by X, () the
piecewise smooth vector fields along ~, .’{gw(’y) are those piecewise smooth
vector fields that vanish at the endpoints; similarly, we write %é‘w(y) and

%g’wl (7) for vector fields in the aforementioned two classes that are every-
where perpendicular to . For piecewise smooth objects, we understand
their derivatives to be defined everywhere (at breakpoints, we understand
the derivative to be a left limit).

2.3.1 The timelike index form and conjugate points along
timelike geodesics

Definition 2.3.1. (Conjugate points along timelike geodesics)

Let ¢ : [a,b] — M be a timelike geodesic. Then c(t), t € (a,b], is said to
be conjugate to c¢(a) along c if there is a nontrivial Jacobi field J € Jac(c)
with J(a) = 0, J(t) = 0. Similarly, the notion of ¢(¢;), ¢(t2) being conjugate
along ¢ (with t1,t2 € [a, b]) is defined.

Note that such a Jacobi field as well as its derivative are necessarily orthog-
onal to ¢ by Proposition [2.1.11

Proposition 2.3.2. (Conjugate points and exp)
Let ¢ : [a,b] — M be a timelike geodesic. For c¢(tp) and c(t1) the following
are equivalent:

(1) ¢(to) and ¢(t1) are not conjugate along c.

(2) For each v € Ty,)M and each w € T, )M, there is a unique Jacobi
field J € Jac(c) with J(tg) = v and J(t1) = w.

(3) expe(yy) is a local diffeomorphism around (1 — to)c'(to)-

Proof. (1) < (2) is immediate since Jac(c) is 2n-dimensional, and ¢(tp) and
c(t1) are not conjugate if and only if Jac(c) — Toug )M X Toq )M, J
(J(to),J(t1)) is injective, hence an isomorphism.

(1) < (3): Let

Y Ty —to)e (to) Teto) M = Torry M, (W) = Ty, —19)er (1) €XPe(ty) (W)-
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Now (1) & if J € Jac(c) satisfies Jac(tg) = 0 and J(¢1) = 0, then J =0 (in
particular J'(tg) = 0). A slight adaptation of Proposition [2.1.14 shows that
the unique Jacobi field J with J(tg) = 0 and J'(tp) = w is given by

J(t) = Tlt—to)e'(to) EXPe(to) ((t — to)w).

Given J like this, J = 0 is equivalent to 0 = J'(tp) = w, which in turn is
equivalent to 1 being bijective, which is precisely the statement of (3). [

Definition 2.3.3. (Timelike index form)
Let ¢ : [a,b] — M be a timelike geodesic. The symmetric bilinear form
I: X5 () x X5, (¢) = R defined by

b
I(X,Y):=— / (X", Y") = (R(X, ), Y)) dt

is called the timelike index form along c.

Remark 2.3.4. (On the timelike index form)
If X € X7, (c) is indeed smooth, we may integrate the first term in the index
form by parts to obtain the alternative formula

b
I(X,Y):—<X’,Y>\Z+/ (X" + R(X, ), Y)dt

for any Y € %IJ;W(C). In particular, if X € Jac(c), then
I(X,)Y) = _<X17Y>‘Z

for all Y € XL, (c). Hence I(X,Y) =0 for all X € Jac(c) and Y € Xpir (c).
More generally, one may apply the above idea of integration by parts on
subintervals for piecewise smooth vector fields to obtain

k
I(X,Y) =) (0X'(t;),Y) + / b(X” + R(X,d)d,Y)dt
i=0 @

for all X,Y € .’fﬁw(c), where a =ty < t; < --- <t} = b is a subdivision of
[a, b] such that X is smooth on those subintervals, and

11 — 1 IAYERT /
OX7(t:) = lim X°(t) — lim X(t),

noting that the "¢ | b”- and "t 1 a”-terms are 0 by convention.

In the following, we will be interested in piecewise smooth variations of
timelike geodesics. Note that, by restricting the transversal parameter, any
such variation can be assumed to be a variation consisting only of timelike
curves by continuity (for a detailed argument, see [I, Lem. 10.7]).
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Recall that any Y € %g’vﬁ‘(c), ¢ : la,b] = M a timelike geodesic, is the
variation vector field of an FEP-variation, see Lemma In the proof,
we explicitly constructed one such variation, namely

a(t, s) = expy) (sY (1))

We will refer to this variation as the canonical FEP-variation of ¢ associated
with Y.

Remark 2.3.5. (Second variation and the index form)

Let ¢ : [a,b] — M be a timelike geodesic and let « : [a,b] X (—&,e) — M be
a piecewise smooth FEP-variation by timelike curves. Looking back at the
results from Section we see that for L(s) = L(a(.,s)), we have

L'(0) =0, L"(0)=I(,Y),

where Y € %Ifw(c) is the variation vector field of a. The idea here is to use
basic calculus: Since L'(0) = 0, we have to rely on L”(0) to tell us whether
the Lorentzian arc length of ¢ is maximal (among the neighboring curves
a(.,s)) or not. Hence if I(Y,Y) > 0, then the canonical FEP-variation of ¢
with variation vector field Y provides longer curves. We conclude that if the
timelike geodesic ¢ is maximizing, then its index form is necessarily negative
semidefinite.

We now wish to establish a connection between conjugate points and non-
maximality of a given timelike geodesic.

Proposition 2.3.6. (Conjugate points and maximality)

Let ¢ : [a,b] — M be a timelike geodesic, and suppose there is ty € (a,b)
such that c(ty) is conjugate to c(a) along c. Then there exists a piecewise
smooth FEP-variation « : [a,b] X (—¢,e) — M by timelike curves such that
L(a(.,s)) > L(c) for all s # 0. In particular, ¢ is not maximizing.

Proof. By what has been said up to now (see Remark, we only need to
find a vector field Y € %g;NL(c) with I(Y,Y) > 0. For this, let J € Jac(c) be
a nontrivial Jacobi field with J(a) = 0 and J(ty) = 0. Then J,J' € X% (c).
Note that necessarily J'(tg) # 0 since J # 0, and it is a spacelike vector
since J'(to) L c/(to). Denote by I! the restriction of the index form to the
interval [s,t] C [a,b], i.e. the integration is only carried out over [s,t]. As
we noted in Remark (and this of course continues to hold true for the
restricted index form), we have

(], Z2) = =(J", Z);

for all Z € X5, (c).
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Fix now a smooth function f : [a,b] — R with f(a) = f(b) = 0 and f(to) = 1.
Let Z € X(c) be the parallel translate of —J'(ty), and let Z := fZ € X0+ (c).
Define now for e < 1

Then Y, € %gd‘ (¢) and, using the above-mentioned simplified formula for I
in the case of a Jacobi field, we calculate as follows:

(Y., Y:) = I(Y., Ye) + I (Ye, Y2
=I0(J,J) + 2610 (J, Z) + 2 1l°(Z, Z) + €1}, (2, Z)
= —(J, Do —2e(J, Z)|0 + 21(Z, Z).

Since J(a) =0, J(tp) =0 and Z(a) = 0, we get

I(Yz,Yz) = —2e(J'(to), Z(to)) + €1(Z, Z)
= 2¢ (J'(to), J'(to)) +e21(Z, Z)
e

>0
and thus we see that I(Yz,Y:) > 0 if € is chosen small enough. O

We saw in Remark that if J € Jac(c) for a timelike geodesic ¢ : [a, b] —
M, then I(J,Y) =0 for all Y € f{gd‘(c). The next result shows that this
property is characteristic for Jacobi fields.

Proposition 2.3.7. (Jacobi fields and the index form)
Let ¢ : [a,b] — M be a timelike geodesic. A vector field J € f{g#(c) is a
Jacobi field if and only if I(J,Y) = 0 for all Y € X5 (c).

Proof. Since we already discussed the easy direction (see Remark , it
remains to prove the converse. Suppose I(J,Y) =0 forallY € :fg;,ﬂ‘ (c). We
have to show that J is smooth and satisfies the Jacobi equation.

Note that we have

(J',dy=0, (J'+R(J, ) )=0

everywhere except at the finitely many points ¢1,...,{;_1 where J is not
smooth, a = tg < t; < -+ < t = b. This follows trivially from differen-
tiating the equation (J,¢) = 0 and the fact that (R(J, )¢,y = 0 by the
symmetries of the curvature tensor. But then these equalities (trivially) ex-
tend to the points ¢; by taking left and right-handed limits. So the difference
vectors 0.J'(t;) (see Remark are orthogonal to ¢/(t;). By the same ref-
erence, we may write the index form in the following way: For Z € %éw(c)
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arbitrary,

k

I(J,Z) = Z(&]’(ti), Z(t;)) + /b<J” + R(J, ), Z)dt.
i=0 a

Now let f : [a,b] — [0,1] be a smooth function vanishing at all ¢;, i =
0,...,k, and f(t) > 0 everywhere else. Then Z := f(J" + R(J,¢)d) €
%&NL (¢) and Z(t;) = 0 for all . Thus the first term in the above formula
vanishes, and using the assumption we obtain that

. b
0=1(J,2) = / FOIT" + RO, |t

noting that the integrand is nonnegative since J” and R(J, )¢’ are orthog-
onal to ¢ (and are hence spacelike). The only way this integral vanishes is
if the integrand vanishes, hence

J"+ R(J,d) =0

for all ¢t € [a, b] except possibly for t = ¢;. We see that J satisfies the Jacobi
equation everywhere except maybe at the points of nonsmoothness, so we

are done once we show that J is smooth. For this, it is sufficient to show

that 6J'(¢;) = 0 for all 4.
Note that in light of J” + R(J, )¢ = 0 almost everywhere, the index form
simplifies to

k

I(J,2) =Y (6 (t:), Z(t:))

1=0

for all Z € X5, (c). Let Z; be the parallel translate of 6.J(t;) along c. Since
8J(t;) L ¢(t;), also Zi(t) L ¢(t) for all t € [a,b] and thus Z; := hZ; €
X0+ (c), where h : [a,b] — [0,1] is a smooth function with h(0) = 0 = h(1),
h(t;) =1, h(t;) = 0 for j # ¢, and h(t) > 0 elsewhere. Using our assumption
and the above formula for the index form, we get

0=1(J,Z;) = |6 (t:)]]*

which gives 6.J/(¢;) = 0 since it is spacelike. Doing this for alli =1,...,k—1
shows that J’ has no discontinuities, and thus J is smooth, which concludes
the proof. O

We showed in Proposition that if ¢ has conjugate points, then we can
produce an FEP-variation with longer neighboring curves. We now show
the converse statement: If ¢ has no conjugate points, then it is the longest
curve among close enough neighboring curves.
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Proposition 2.3.8. (Conjugate points and maximality II)

Let ¢ : [a,b] — M be a timelike geodesic such that no ¢(t) is conjugate to c¢(a)
along c. Then for any piecewise smooth FEP-variation « : [a,b] X (—¢,¢) —
M there is a 6 > 0 such that the neighboring curves «a(., s) are all timelike
and satisfy L(a(.,s)) < L(c) for all s with |s| < §, with equality holding if
and only if a(., s) is a reparametrization of c.

Proof. For simplicity, assume that ¢ is g-unit speed parametrized and defined
on an interval [0,b] and « is defined on [0,b] x (—¢,¢) such that all af(., s)
are timelike curves. Set p := ¢(0). Let ¢ : [0,b] — T,M, ¢(t) := t/(0).
Since no ¢(t) is conjugate to ¢(0) along ¢ by assumption, it follows from
Proposition that exp,, is a local diffeomorphism around ¢(t) for each
€ [0,b]. Hence by compactness, there is a subdivision a = typ < t; <
- <t = b and neighborhoods U; 2 ¢([t;,t;41]) in T, M such that exp,
maps U; diffeomorphically onto V; := exp,(U;) € M. By continuity and
compactness, there is some ¢ > 0 such that «o([t;,tj41] x (=9,6)) C V; for
each j =0,...,k— 1.
Now let (¢, s) := exp, |l}j1(a(t, s)), where j is such that ¢ € [¢;,¢41]. Then

¥ defined on [0,b] x (—9,0) is a well-defined piecewise smooth map into
Tp,M, and exp,oyp = a. Now for fixed s, exp, o(.,s) = «f.,s), hence
L(a(.,s)) ( (.,0)) = L(c) unless «f.,s) is a reparametrization of c.

The latter is seen as follows: The fact that we have covered ¢ with a finite
number of normal neighborhoods U; such that the variation o stays in U;
for appropriate subintervals means that we can lift o to an FEP-variation
on JV; CT,M. Fix s € (—=4,6), and let 4 be the lift of v := a(.,s). We
can use polar coordinates in T,M to write ¥(t) = s(t)v(t) with |v(t)| = —1,
hence () = exp,(s(t)v(t)). From here, the usual Gauss-lemma arguments
show that v must be shorter that ¢ unless it is a reparametrization of ¢ (see
[22, Prop. 5.34]). O

Theorem 2.3.9. (No conjugate points and definiteness of I)
Let ¢ : [a,b] = M be a (future directed) timelike geodesic. Then the follow-
ing are equivalent:

(1) No c(t), t € (a,b], is conjugate to c(a) along c.
(2) The index form I : f{g# (c) x .’{g#‘ (c) = R is negative definite.

Proof. (1) = (2): In Remarkwe saw that if there is some Y € %g’é‘(c)
with I(Y,Y) > 0, then the corresponding FEP-variation produces longer
curves, which contradicts Proposition[2.3.8] Hence I is negative semidefinite.
It remains to argue that if I(Y,Y) = 0, then Y = 0. For this, let Z € XSWL( )
arbitrary, then negative semidefiniteness and the assumption I(Y,Y) = 0
give (for any t € R)

0>1(Y —tZ,)Y —tZ) = =2tI(Y, Z) + t*1(Z, Z).
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Since this holds for all ¢t € R, we get that I(Y, Z) = 0. Since Z € %g’é‘(c) was
arbitrary, we have that Y is a Jacobi field by Proposition Since ¢(b)
is not conjugate to c(a) along ¢, it follows that Y = 0, hence I is negative
definite.

(2) = (1): Suppose c(tg) is conjugate to c(a) along c. Let J € Jac(c) with
J(a) =0 and J(tg) = 0. Define

<t<
Y(0) = Jt) a<t<t,
0 ty<t<b

Then Y € Z{gd‘(c) is nontrivial and I(Y,Y) = —(J', J)|% = 0, contradicting
negative definiteness of I. O

From this result, we can derive a maximality result (with respect to the index
form) for Jacobi fields along timelike geodesics without conjugate points.

Proposition 2.3.10. (Maximality of Jacobi fields)

Let ¢ : [a,b] — M be a future directed timelike geodesic with no conjugate
points to c(a). Let J € Jac(c). Then for any Y € X5, (c), Y # J, with
Y (a) = J(a) and Y (b) = J(b), we have that

I(J,J) > I(Y,Y).

Proof. Z :=J =Y € Xuar (¢) and Z # 0, hence by Theorem 1(Z,7) <
0. Using Remark and (J',Y)|% = (J', J)|%, we calculate
0> I(J,J)=2[(L,Y)+ I(Y,Y) = —(J, )2 + 2(J, V)2 + I(Y,Y)
= IV, Y) + (', J)a
1(Y,Y) — I(J, J).

2.3.2 The timelike Morse index theorem

This subsection is devoted to the proof of the timelike Lorentzian Morse
Index Theorem. We will follow the proof of the Riemannian case along the
lines of [10], p. 150-152], cf. [I, Ch. 10].

Definition 2.3.11. (Index of a timelike geodesic)

Let ¢ : [a,b] — M be a timelike geodesic. Its index Ind(c) is the supremum
over dimensions of subspaces of %g’wl (¢) on which the index form I is positive
definite, and the extended index Indg(c) is defined similarly, considering
subspaces on which I is merely positive semidefinite.
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Clearly, Indy(c) > Ind(c).

Let us also fix the following notation: If ¢ : [a,b] — M is a timelike geodesic,
we write Jac(c) for the space of Jacobi fields J along ¢ with J(a) = 0 and
J(t) = 0. Note that Jac;(c) € X*(c) for all ¢ € (a,b] by Proposition [2.1.11

Proposition 2.3.12. (Index, extended index and Jacobi fields)
Let ¢ : [a,b] — M be a future directed timelike geodesic. Then Ind(c) and
Indg(c) are finite. Moreover,

Indg(c) = Ind(c) + dim Jacy(c).

Proof. Preparations: We begin by choosing a subdivision a = tg < t1 <
-+ <ty = b such that c|,,, ] contains no conjugate points to c(t;) along
itself. This can always be done: In a convex set around any point on c,
the segment of ¢ contained in that set is the unique geodesic connecting its
points. No two points on that restriction of ¢ are conjugate because exp is a
diffeomorphism along that entire segment, see Proposition Covering
¢([a, b]) by finitely many such convex sets gives the claim.

Let us write Jac{t;} C Xoa (c) for those piecewise smooth normal vector
fields Y along ¢ vanishing at a, b whose restriction to each [t;, ;1] is a Jacobi
field along cl, +,,,- Then it follows from Proposition that such a Y is
uniquely determined by specifying Y (¢;), ¢ = 1,...,k — 1. And since Y is
normal to ¢ and Y (a) = 0, Y (b) = 0, we see that dim Jac{t;} = (n—1)(k—1).
The main idea of the proof is to approximate vector fields in %g# (c) by
those in Jac{¢;}. To this end, define a map ¢ : f{g’wl(c) — Jac{t;} as follows:
For X € .’{g’WL(c), let ¢(X)|t,t,.,) be the unique Jacobi field along |y, 4., ]
with QS(X)(tZ) = X(tz) and d)(X)(t/LJrl) = X(ti+1)- Note that ¢|3ac{ti} is
the identity map. Also, if X € %g’d‘ (c) \ Jac{t;}, then applying Proposition
to each subinterval gives

I(X, X) < I(¢(X), (X))

Reducing Ind and Indgy to Jac{t;}: We will now show the following: If Ind’
and Ind{, denote the index and extended index of ¢ with respect to the
restricted index form [ ’Jac{ti}XJac{ti} (i.e. they are defined as suprema with
respect to subspaces of Jac{¢;}), then

Ind(c) = Ind’(c), Indp(c) = Indj(c). (2.3)

In particular Ind(c) and Indg(c) are finite, because Jac{¢;} has finite dimen-
sion.

To see this, first note that ¢ is R-linear, thus cb(%g’vi‘ (c)) is a vector subspace
of Jac{t;}. Since we trivially have Ind(c) > Ind’(¢) and Indy(c) > Indj(c),
we only need to establish ”<”. For this, let A C %%VVL (¢) be a vector subspace
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such that I'| 4 4 is positive semidefinite, and let X € A\Jac{t;} with ¢(X) =
0. Then by above,

0 =I(o(X),6(X)) > I(X, X),

hence the assumption on A implies X = 0. This, together with ¢(X) = X
for X € Jac{t;} shows that ¢|4 is injective. This has the following implica-
tion: If A is a subspace of %&NL (¢) on which I is positive semidefinite, then
¢(A) is a subspace of Jac{t;} of equal dimension on which [ is also positive
semidefinite due to I(X,X) < I(¢(X),I(¢(X))). The same argument goes
through word for word if we replace ”semidefinite” with ”definite”. This

establishes (12.3]).

Proof of the main claim: We subdivide [a, b] a second time into a = sy <
s1 < ...Sm = b such that {s;} has no interior points in common with {¢;}
and such that ¢|f,, 4, ,] has no conjugate points to c(s;) along itself. It follows
that

Jac{s;} N Jac{t;} = Jacy(c).

We apply to {s;}: There is a vector subspace B{, C Jac{s;} of maximal
dimension such that I is positive semidefinite on it, i.e. Indg(c) = dim By,
Since for any J € Jacy(c) we have I(J,J) = —(J',J)|2 = 0, I is in particular
positive semidefinite on Jacy(c) x Jacy(c), hence Jacy(c) € By by maximality.
By the proof of above, gb\Bé : By — Jac{t;} is injective. Let By :=
P(By). Since @|yac, (o) is the identity, Jacy(c) € By. Complement it by some
subspace B C By, i.e. By = B @ Jacy(c).

Claim: I|pxp is positive definite. By construction, I| Byx B, is positive
semidefinite. If 0 # Z € B, we may write it as Z = ¢(X) for X € B (since
By = B @ Jacy(c) and By = ¢(B())). Then X ¢ Jacy(c), because otherwise
X = ¢(X) = Z € Jacy(c), contradicting the direct sum decomposition. In
particular,

1(Z,2) = 1(¢(X), $(X)) > I(X, X) =0,

where the last inequality follows from the fact that I Byx B is positive
semidefinite. Hence I|pyxp is positive definite.
Since B C Jac{t;}, we have

Ind(c) = Ind(c) > dim B.
Since By = B @ Jacy(c), we have
Indg(c) = dim B}, = dim By = dim B + dim Jac(c),

so the claim of the the Proposition is proven once we establish dim B =
Ind'(c¢) = Ind(c), and we already know that ”<” holds. To show the other
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inequality, let A C Jac{t;} be a vector subspace with Ind(c) = Ind'(c) =
dim A and I|axa is positive definite, and suppose that dim A > dim B.
Then, since I3ac, (c)xJac,(c) 18 identically 0, ANJacy(c) = {0} and [ is positive
semidefinite on A @ Jacy(c), which would imply

Indg(c) > dim A + dim Jacy(¢) > dim B + dim Jacy(¢) = Indo(c),
a contradiction. This concludes the proof. ]

We are now ready to prove a Lorentzian version of the famous Morse Index
Theorem from Riemannian geometry.

Theorem 2.3.13. (Lorentzian Morse Index Theorem, timelike version)

Let ¢ : [a,b] — M be a future directed timelike geodesic. Then ¢ only has
finitely many conjugate points, and the index and extended index of ¢ with
respect to the index form I : %g’wl (c) x %g# (¢) — R are given by the formulas

Ind(c) = ) dimJac(c), (2.4)
te(a,b)

Indo(c) = > dimJac,(c). (2.5)
te(a,b]

Proof. This is a long proof, so we proceed in several steps.

The above-given sums are finite: Note that dim Jac,(c) > 1 if and only if ¢(¢)
is conjugate to c(a) along ¢, t € (a,b]. We can embed i : Jac;(c) — %g’WL(c)
by extending J € Jac;(c) by 0 past the parameter value ¢. By Proposition
Indp(c) < oo. Our strategy to show this first claim is the following:
If {t1,...,tx} is a finite set of parameter values t; € (a,b] such that c(¢;) is
conjugate to c(a) along ¢, then k < Indg(c), which would show that there
can only be finitely many conjugate points to c(a) along ¢, which in turn
implies the finiteness of the sums.

To show this, let A; := i(Jac;,(c)) and A := &F ;A;. Then A C X0 (0),
and given Z € A we can write Z = Zle N Z; with Z; € A;. Then

k
1(Z,2) =Y \NI(Zi, Zj).

i,j=1

This is identically 0: If ¢; < t;, then by definition of the embeddings of the

Jacobi fields into Xpw (¢) we have (cf. the proof of Proposition for the
notation of the restricted index form)

I(Z“ ZJ) = I(ZZ(ZM ZJ) + 0= _<Z§7 Z@>|ZZ = 0.
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Thus I|ax4 is identically 0 and, in particular, it is positive semidefinite,
which shows that

k < dim A < Indg(c).

We have established the fact that c(a) only has finitely many conjugate
points along ¢ in (a, b], which we denote by ¢(t1),...,c(t,). Hence Jac;(c) =
{0} if t ¢ {t1,...,t -} and thus, the sums are finite.

We show : Once we do this, Proposition [2.3.12| automatically implies
(2.4). To this end, we define the Z-valued functions

fifo:(a,b] =2

defined by f(t) := Ind(c|,y) and fo(t) := Indo(c|jay). We show that
(2.5) holds if f is left continuous and fy is right continuous. Indeed, if
t ¢ {ti,...,t,}, then by Proposition [2.3.12

F(t) = fo(t) = — dim Jac(c) = 0.

Also, by left continuity of f and right continuity of fo, f(tj+1) = fo(t;).
This can be seen as follows: fj is easily seen to be nondecreasing, we will
show the argument further below. And since fy(b) = Indy(c) is finite and fo
is Z-valued, fp can only change a finite number of times. So we may choose
a finer subdivision a = s1 < -+ < s, = b such that the t; appear among
the s; and such that fol,s;,,) is constant (we demand constancy on the
corresponding half-open intervals for s; = a resp. s, = b). Since the {s;}
are finer than the {t;}, we have f = fp on each (sj,sj+1). From here, one
may use left and right continuity of f and fy respectively, to show the claim:
Say t; = s and tj41 = s;. Then

f(tjr1) = lim f(t) = lim fo(t) = lim fo(t) = fo(si—1)

=1
i1 141 tlsi—1

because fy is constant on (s;_1, s;) and right continuous. Since

Skls---,S1-1 € (tj,tj41), and f = fo is continuous on (¢;,t;41) it is thus
constant on (t;,t;41) because it is continuous on each interval
(tj = SkySk+1)s---» (si—1,81 = tj+1) and there are no breakpoints due to

continuity, so fo(s;—1) = fo(sk+1) = fo(sk) = fo(t;) where the second-to-last
equality is again due to right continuity. Hence

r

> dimJac(c) = Y (fo(t) = F(1) = Y_(folt;) — f(t)))

te(a,b] te(a,b] Jj=1

= fo(tr) — f(t1).

Note that f(t1) = 0 since ¢|[, 4 has no conjugate points to c(a) if t <#; (cf.
Theorem [2.3.9)), hence f(t1) = limyy, f(t) = 0. Also, since fj is constant on
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[tr,b] (see above; it is indeed constant on [t,,b] and not just (¢.,b] due to
right continuity), we have that fo(t,) = fo(b), hence the above calculation
yields precisely .

Left continuity of f and right continuity of fo: We already noted above
that f and fy are nondecreasing, this is seen as follows: Let s <t € (a,b].
Then we can embed f{g’vﬁ‘(c“a’s]) into f{g’vﬂ‘(c“a’ﬂ) via extension by 0. This
embedding preserves the index form, hence if A C %g# (clfa,s)) is @ vector
subspace on which I is positive (semi)definite, then it can be seen as a
vector subspace of %g’wl (cl[a,y) and I is positive (semi)definite on it, hence
7(s) < £(2) and fols) < folt).

Now fix t € (a,b]. Moreover, fix § > 0 such that for any s1, s2 € [a,b] with
51— 82| < 8, 51 < 2, [, 5,] has no conjugate points to ¢(s1) along itself.
Choose a subdivison a =ty < t; < ...t =t (this has nothing to do with the
t; that were used before for the conjugate points!) with |t; — ¢;41] < J. Let
J C [a,b]N(tg_1—0,tx_1+05) be an open interval with ¢ € J. For t € J, let us
write Jac(c) for the (finite dimensional) subspace of %g# (clfa,q)) consisting
of vector fields Y € %g’é‘(d[mﬂ) such that Y ¢ .1, 7 € {0,...,k — 2}, and
Y’[tk,l,t] are Jacobi fields along the respective segments. By , f(t) and
fo(t) can be calculated with respect to the restriction of the index form I
to Jac(ct) x Jac(cy). Now let

k—1
E:=|| Tj(ti)M CTM,
=1

where TCJ(-tZ_)M ={v e T4 yM : (v,d(t;)) = 0}. Let us understand E as a
vector space (via an outer direct sum; understand the topology on E to be
the product topology, which is the subspace topology it inherits from T'M),
then we can define a positive definite scalar product on it componentwise.
FE is a closed subset of T'M, and hence, since E only consists of spacelike
vectors, S :={v € E : (v,v) = 1} is compact.

Since C|[ti,ti+1} has no conjugate points, for any v € TCL(tA)M and any w €
T+ )M there is a unique Jacobi field Y along ¢ with Y (¢;) = v and

c(tiva
Y (t;+1) = w (see Proposition [2.3.2). From Proposition [2.1.11} it follows
that Y L ¢ everywhere. Such Jacobi fields can be put together at the ¢; to

get an element from Jac(c;). Thus, we see that
¢ Jac(er) = B, 4(Y) = (Y(t1),... Y (ts—1))

is a vector space isomorphism. We define the following quadratic form:
Qu:ExE—=R, Qlu,w):=I(¢y " (u), ¢ (v)).

By (2.3)), the index of @Q; (defined in the same manner as for I) is equal to
f(t) and the extended index is equal to fy(t). We further define

Q:ExExJ—=R, (v,wt)— Qv,w).
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We now show that @ is continuous: Let B := {Y|,,, Y € Jac(er)}.
Then B is (via the restriction ¢ of ¢ to it) isomorphic to E' (by precisely
the same line of argument as for Jac(c;)). Hence,

Q(u,v,t) = I(¢; ' (u), ¢y ' (v))
= I(¢_1(u), ¢ (v)) + I(¢t_1(u)|[tk_17t]v (Z)t_l(v)‘[tk_l,t])
= 1(¢~ (w), & (v) = (& (Wit P2 O )y

The first term is certainly continuous. As for the right term, the Jacobi
fields inside the scalar product are independent of ¢, because they vanish
at tp_1 and are hence uniquely determined by their derivative at t;_1 (cf.
Proposition , which in turn is determined by parameter values arbi-
trarily close to t;_1. Hence, also the right term is continuous, which shows
that @Q is continuous.

We now show left continuity of f and right continuity of fy: Recall that we
chose some t € (a,b]. By what was said above, there is a subspace A C E
such that dim A = f(f) and Q(u,u,t) > 0 for all 0 # u € A. By continuity,
there is some neighborhood Jy > ¢, Jy C J, such that Q(u,u,t) > 0 for all
t € Jopand u € SNA (note that SN A is compact). Hence, Q| ax 4 is positive
definite for all ¢ € Jg, thus f(t) > f(#) for all t € . Since f is nondecreasing,
we have f(t) = f(#) for all t < ¢, t € Jy, which shows that f is constant
for a while left of £, and is thus in particular left continuous at £, which was
arbitrarily chosen, so we are done.

It remains to show that fy is right continuous at £: For this, let s, € J,
s, | t. Since fp has values in Z, we may assume that fy(s,) = k for
all n. Since it is nondecreasing, we have fo(f) < k, so we only have to
show fo(t) > k. To this end, choose subspaces 4, C E of dimension k
such that Qs, |4, x4, is (maximally) positive semidefinite there. Choosing
orthonormal bases {ef,...,e}'} of A, (with respect to the positive definite
scalar product on the vector space E that was defined component-wise),
then e € S for alli =1,...,k and all n. Since S is compact, e}' — ¢; € S
for all ¢ (up to subsequences). Then {ej,...,ex} are an orthonormal basis
for a k-dimensional subspace A of E. For u € A, write u = Z?:l Ajej. Then

u"™ — u, where u" = E?Zl )\je}-1 € A,. Since @ is continuous, we get
Qi(u,u) = lim Qg, (u",u") >0
n—o0o

since Q)g,, is by assumption positive semidefinite on A,, x A,. Hence, @ is

positive semidefinite on A x A, which proves fo(t) > k. This concludes our
proof of the Morse Index Theorem. O

2.3.3 Jacobi and Lagrange tensors along timelike geodesics

In this final subsection concerning conjugate points on timelike geodesics,
we would like to give an alternative way of describing conjugate points,
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namely via Jacobi tensors, which is as a collective matrix formalism of the
usual vector formalism that one deals with in the context of Jacobi fields.
A Jacobi tensor can be seen as a matrix whose entries are Jacobi fields,
and the Jacobi tensor equation is just a sort of matrix version of the usual
Jacobi equation. While these methods were not necessary in the context
of conjugate points along timelike geodesics, they will become invaluable in
the context of null geodesics and of singularity theorems, so we may as well
introduce them now.

Suppose ¢ : [a,b] — M is a timelike geodesic. Then the image of ¢ is an
immersed submanifold (with boundary) of M. For immersed submanifolds,
it is still possible to define the normal bundle in a similar manner as in
Definition which we will denote Nec.

Definition 2.3.14. (Jacobi tensors along timelike geodesics)

Let ¢ : [a,b] — M be a timelike geodesic. A Jacobi tensor A along c is a
smooth map A : [a,b] — Hom(N¢, Nc) such that w0 A = ¢ (we will refer
to such tensors along ¢ as (1, 1)-tensors normal to c¢) satisfying the Jacobi
tensor equation

A"+ RA=0
and the nontriviality condition
ker A(t) Nker A'(t) = {0} for all ¢ € [a, ],

where A’ is the covariant derivative of the tensor field A and R is the (1,1)-
tensor normal to ¢ defined via R(v) := R(v,d(t))d(t) if v € TCL(t)ZM7 the
so-called tidal force operator.

It is not hard to see that if A is any (1,1)-tensor normal to ¢, then its
pointwise adjoint AT (with respect to g) is also a (1, 1)-tensor normal to ¢: To
see this, note that the restriction of g to TCL(t)M is positive definite, hence for

any t, A(t)" is a well-defined endomorphism TCJ(-t)M — TCJ(-t)M . Smoothness

of t = A(t)! is clear. Also, we note that by linearity, (AT)" = (4")f.

Definition 2.3.15. (Lagrange tensors along timelike geodesics)
Let ¢ : [a,b] — M be a timelike geodesic. A Jacobi tensor A along c is called
Lagrange tensor if

(ANTA - ATA = 0.

Lemma 2.3.16. (Characterizing Lagrange tensors)
Let A be a Jacobi tensor along the timelike geodesic ¢ : [a,b] — M. If
A(to) = 0 for some tg € [a,b], then A is a Lagrange tensor.
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Proof. For any two Jacobi tensors A, B,
W(A,B) := (A B - ATB

is a (1,1)-tensor normal to ¢, commonly referred to as the Wronskian of
A and B. By definition, a Jacobi tensor A is Lagrange if and only if
W (A, A) = 0. The tidal force operator R is self-adjoint by the symmetries
of the curvature tensor, because

(R(v),w) = (R(v,d),w) = (R(d,v)w, ) = (R(w, ), v) = (v, R(w)). (x)

We can use this and the fact that (A’)" = (AT)’ (since taking the adjoint is
a linear operation) to show that the Wronskian of any two Jacobi tensors
is always constant (we call a (1,1)-tensor C' normal to ¢ constant along c if
the following holds: Given t € [a,b], v € TCJ(-t)M and let Y be the parallel
translate of v along ¢, then CY is the parallel translate of C'(t)v along c;
such a (1,1)-tensor C' is constant in this sense if and only if C" = 0):

(W(A,B)) = (A"B— A'B"Y = (A")'B + (A")/B' — (A")IB' — ATB"
— (~RA)'B+ ATRBY _A'RB + ATRB = 0.
Since by assumption A(tg) = 0, also Af(tg) = 0, hence W (A, A)(ty) = 0,
which implies W (A, A) = 0 everywhere, which is precisely the characteristic
property of Lagrange tensors. O

Lemma 2.3.17. (Jacobi tensors and Jacobi fields)

Let ¢ : [a,b] — M be a timelike geodesic. Let A be a Jacobi tensor along ¢
and let Y € X(c) be parallel. Then A(Y) is a Jacobi field along c. If Y # 0,
then A(Y') # 0.

Proof. Since Y is parallel and A satisfies the Jacobi tensor equation, we have
(A(Y))" = A"(Y) = —RA(Y) = —R(A(Y), ),

which means that A(Y") satisfies the Jacobi equation. If A(Y') were trivial,
then for any ¢t we would have Y (t) € ker A(t), but also, since (A(Y))" =
A'(Y), Y(t) € ker A'(t) for all t. But we demanded ker A(t) Nker A'(t) = {0}
for Jacobi tensors, hence Y = 0. [

Remark 2.3.18. (On Jacobi tensors and conjugate points)

Let ¢ : [a,b] — M be a timelike geodesic and suppose A is a Jacobi tensor
along c such that A(a) = 0 and such that it has a nontrivial kernel somewhere
along ¢ except at t = a, i.e. there is some tg € (a,b] and 0 # v € Tcl(t)M
such that A(tg)v = 0. Let Y € X(c) be the parallel translate of v along
¢, then by above A(Y) is a nontrivial Jacobi field with A(Y)(a) = 0 and
A(Y)(to) = A(to)v = 0, hence c(tp) is conjugate to c(a) along c.
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Lemma 2.3.19. (On the kernel intersection condition for Jacobi tensors)
Let A be a (1, 1)-tensor along a timelike geodesic ¢ : [a,b] — M satisfying
the Jacobi tensor equation A” + RA = 0. Then A is a Jacobi tensor if and
only if there is some parameter ¢y € [a,b] such that

ker A(tg) Nker A'(tg) = {0}.

Proof. One direction is clear by definition. Now suppose there is some ty €
[a, b] such that the kernel intersection is trivial. We need to show that the
kernel intersection is trivial everywhere. For this, suppose there is some
s € [a, b], s # tp, such that there exists 0 # v € ker A(s) Nker A'(s). Parallel
translating v along ¢ gives a nontrivial parallel vector field Y. Then AY
is a nontrivial Jacobi field. Noting that (AY)" = A’Y, we have AY (s) =
A(s)(v) = 0 and (AY)'(s) = A'(s)(v) = 0 due to our assumption on s.
Since a Jacobi field is uniquely determined by its value and derivative at a
parameter, it follows that AY = 0, a contradiction. O

Proposition 2.3.20. (Some properties of Jacobi tensors)
Let ¢ : [a,b] — M be a timelike geodesic.

(1) Let to € [a,b]. Given any two linear maps L, Lo : Tcl(tO)M — Tcl(tO)M,
there is a unique (1,1)-tensor A normal to ¢ satisfying the Jacobi
tensor equation such that A(tg) = Ly, A'(tg) = Lo. If Ly or Ly are
nonsingular, then A is a Jacobi tensor.

(2) Two points c(ty) and (1) along ¢ are conjugate along c if and only if
the unique Jacobi tensor A along ¢ with A(tg) = 0, A’(tp) = id satisfies
ker A(t;) # {0}.

(3) The boundary value problem for the Jacobi tensor equation for any
given linear maps L : TcJ(_to)M — TcJ(_tO)M and Lo : TcJ(_tl)M — TCJ(-tl)M,
is uniquely solvable if and only if ¢(tg) and c(¢1) are not conjugate along
c. If either Ly or Lo is nonsingular, then the corresponding solution

of the boundary value problem is a Jacobi tensor.
Proof.

(1) Using a parallel orthonormal frame along ¢, one can rewrite the Jacobi
tensor equation as a linear second order matrix ODE, similarly as it
was done for the Jacobi equation, cf. Proposition [2.1.7] so providing
two initial data gives a unique solution. If one of the initial data is
nonsingular, then the kernel intersection property is satisfied at the
initial parameter, hence everywhere by Lemma

(2) One direction was discussed in Remark|2.3.18] For the other direction,
suppose c¢(tp) and c(t1) are conjugate along ¢, so there is some non-
trivial Jacobi field J; € Jac(c) with J(tp) = 0 and J(¢1) = 0, which
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is then necessarily orthogonal to ¢. Since J; is nontrivial, we have
Ji(to) # 0, so we may parallel translate it along ¢ to get a parallel
field E; along ¢ that is normal to ¢. We may complete F; to a par-
allel frame FE1,..., E,_1 along ¢ normal to ¢. Let Js,...,J,_1 be the
unique Jacobi fields along ¢ with J;(to) = 0, J/(to) = Ei(tp). We can
define a (1,1)-tensor A normal to ¢ by setting

and extending linearly. Then A(to)F;(ty) = Ji(to) = 0 for all i, hence
A(to) = 0, and A,(tU)Ei(to) == (AEl),(to) = J:(to) == Ei(to), hence
A'(tg) = id. Moreover, A(t1)F1(t1) = Ji(t1) = 0, hence ker A(ty) #
{0}. It remains to argue that A satisfies the Jacobi equation, because
the kernel intersection property is clear by Lemma For this, we
check that A” + RA gives 0 on all E;, which follows from parallelity
of the latter and the Jacobi equation for the J;:

A”(Ei> = (A(EZ))” = JZH = —R(Ji,C/)C/ = —RA(EZ)

The proof is similar to the corresponding proof for the boundary value
problem of the Jacobi equation. First we assume that c¢(to) and c(1)
are not conjugate along c¢. Let J denote the space of (1,1)-tensor
fields normal to ¢ satisfying the Jacobi tensor equation. We define the
linear map

¢: J = End(Ty M) x End(Tyg, M)
¢(A) == (Alto), A(t1))-

¢ is injective: Suppose ¢(A) = 0, and let Y be a parallel vector field
along c¢. Then A(Y") is a Jacobi field with AY (tp) = 0 and AY (t1) = 0,
hence AY = 0 because ¢(t1) is not conjugate to c(tp) along c. Since Y’
was an arbitrary parallel vector field, it follows that A = 0. Moreover,
J and End(TcL(tO)M ) X End(TcL(tl)M ) have the same dimension, hence
¢ is an isomorphism.

Conversely, suppose c¢(tg) and c¢(t1) are conjugate along c. Let J; be a
nontrivial Jacobi field realizing this conjugacy. Let F1,..., Ey,—1 be a
parallel frame along ¢ normal to ¢. We define A by A(E;) := J; and
A(Ej) =0 for all j # 1. Then A is a nontrivial (1, 1)-tensor satisfying
the Jacobi tensor equation and A(tyg) = 0, A(t;) = 0. This shows that
the map ¢ defined above is not injective, which means the boundary

value problem is not uniquely solvable for some boundary data.
O
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Definition 2.3.21. (Expansion, vorticity and shear)

Let A be a Jacobi tensor along a timelike geodesic ¢ : [a,b] — M. Let
B := A’A7! wherever A is nonsingular. We define the expansion, vorticity
and shear of A along c. The first is a smooth function [a,b] — R and the
latter two are (1, 1)-tensors normal to c.

(1) Ezxpansion 0 := Tr(B).
(2) Vorticity w := (B — B).

(3) Shear o := (B + BT) — )

n—1"

where E is the (1, 1)-tensor normal to ¢ defined by E(t) = id for all t.

Remark already hints at the fact that a Jacobi tensor can be viewed
as a matrix of Jacobi fields, an observation that we will discuss in more
detail later. With this, a Jacobi tensor is associated to geodesic variations
that together form a congruence of geodesics. The expansion 6, the vorticity
w and the shear ¢ of this Jacobi tensor have an optical interpretation for the
congruence suggested by their names. We refer to [9, p. 13] for a detailed
discussion.

Remark 2.3.22. (Alternative formula for 6)
One can use Jacobi’s formula from linear algebra (cf. [I2, Par. 0.8.10]) to
deduce the following formula for the expansion 6(t) = Tr(A’(¢t)A~1(t)):

O(t) = (det A)'(det A)~.

Proposition 2.3.23. (Raychaudhuri equation)
The expansion, vorticity and shear of a Jacobi tensor A satisfy the Ray-
chaudhuri equation

92
n—1

¢’ = —Ric(d, ) — Tr(w2) - Tr(02) -

Proof. Note that since AA™! = E, we have 0 = (AA™1) = A/A~1+A(A7YY,
SO

(A = —A7tA’ AL (2.6)
Hence, by the fact that A is a Jacobi tensor, we get
B = (AA7YY =A"A' - AATIAAT = —R - B2
We can write B=w + 0 + %E, so it follows that

¢ = Tr(B') = — Tr(R) — Tr(B?) (2.7)
0 2
:—Tr(R)—Tr<(w+a+n_1E) ) (2.8)
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Note that

Tr(w) = 3 (Te(B) ~ Te(B)) = 0,
Tr(o) = Tr(B) — Tr(_Bl) Tr(E) = Tr(B) — Tr(B) = 0,

) = (1) —1e(815) 1 (157) ()
;71;(_3)1) (Tr(B) — Tr(BJf)) =0.
So we may continue our calculation at as follows:
02

n—1

¢ = — Tr(R) — Tr(w?) — Tr(0?) —

To calculate Tr(R), choose an orthonormal frame Ei,..., E, along ¢ with
E, =, then E1,..., E,_ 1 are spacelike and span the normal spaces to ¢/,
hence
n—1 n—1 n
Tr(R) =Y (RE;,E;) =Y (R(E;,d)d,Ei) =Y (E;, E)(R(E;,d)d, E;)
i=1 i=1 i=1
= Ric(d, ).

This concludes our proof. O

Corollary 2.3.24. (Vorticity-free Raychaudhuri equation)

If A is a Lagrange tensor along a timelike geodesic ¢ : [a,b] — M, then
B = A’A7! is self-adjoint (wherever it is defined). Hence w = 0 and the
vorticity-free Raychaudhuri equation holds:

02

n—1

0 = — Ric(d, ) — Tr(a2) -

Proof. Since A is Lagrange, we have (A')TA = ATA' so A’ = (AT)~1(A)T A,
Hence,

B=AA7 = (A ()t = (A7) = B,
where (A™1T = (A")~! by elementary linear algebra. The rest follows triv-
ially. O

Remark 2.3.25. (From Raychaudhuri to Riccati)
In the proof of Proposition [2.3.23] we saw that if A is a Jacobi tensor, then
B := A’ A1 satisfies the matriz Riccati equation

B'+B*+R=0.
This is an important fact e.g. for the application of Riccati comparison

techniques (see e.g. [8, Sec. 4]).
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2.4 Null index theory

In this section, we want to conduct an analysis of Jacobi fields, conjugate
points and related notions along null geodesics. The results for timelike
geodesics do not directly carry over, however, because the fact that a null
geodesic is normal to itself causes some issues. The trick is to quotient out
the span of the tangent vector from the normal bundle, and from then on
one can proceed in much the same way as in the timelike case. Because
many of the proofs are near replicas of the timelike results, we shall only
give an outline and reference the proofs that have already been carried out.
Throughout this section, unless explicitly stated otherwise, let (M, g) be
a spacetime of dimension n > 3 (this is assumed because null geodesics
have no conjugate points in dimension n = 2, see [, Lem. 10.45]), and let
B : la,b] — M be a future directed null geodesic. Our presentation once
again follows [I, Ch. 10].

2.4.1 Quotient constructions along null geodesics

Remark 2.4.1. (Correct setting for null geodesics)

A null geodesic S : [a,b] — M defines an immersed submanifold of M, so we
may define its normal bundle N3, which is a rank (n —1)-subbundle of T'M.
Then [f'] := span{f’} C Nf is a rank 1-subbundle, so we may consider the
quotient bundle QS := N3/[#'], which is a rank (n — 2)-vector bundle over
(the image of) .

. . . : =1
(Piecewise smooth) sections of this vector bundle, denoted X, (3), may be
seen as projections of normal vector fields along 3, i.e. they are of the form

Y(t) + [B'(t)] € QB(t) = Tg-(t)M/[ﬁ’(t)] with Y € X3, (8). Furthermore,

we write ?ng (B) for those piecewise smooth sections Y of Qf that satisfy
Y = [8'] at the initial and final parameter. By X(3) we denote the smooth
sections of @3, other objects associated with @8 will be denoted with bars
on them in a similar way.

An alternative way to consider Q8 (without resorting to quotient bundles)
is as follows: Consider a null vector field n € X(8) with (n,5’) = —1 ev-
erywhere (obtained e.g. by parallel translation). Extend {7, 3’} to a par-
allel frame along § by taking (n — 2) additional spacelike parallel fields
FEy, ..., E, 5 that are orthonormal among each other and orthogonal to 7
and 5. Then the {E1,..., E,_2} span an (n — 2) subbundle S3 of N3, and
it is easily seen that

NB = [p]® S and hence QB = Sp.

Furthermore, the metric g, which can be seen as a smooth map NGO NS —
R, descends to a metric g : Q8 ® QB8 — R. Via the above identification
QB = S0, it is easy to see that g is positive definite on each fiber of Q)f.
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There is a natural induced notion of covariant derivative on @Q8: If Y €

?éw(ﬁ), we may write Y (t) = V(t) 4+ [8/(¢)], then

YI(t) =V'(t) + [8'(t)].
This is easily seen to be well-defined: If Vi, Vy € %éw(ﬁ) are such that
Vi(t) = Va(t) + F(D)8/(), then V{(t) = V() + f/(t)8(2). so they project to
the same element in ?;'W(ﬁ). This also shows, assuming V' not to have any
components in the f’-direction, that the covariant differentiations in Q3 and
in Sf are compatible with their identification: If 7 is a parallel null field as
above with (n, 8’) = —1 and V is a section of Sf, then since (5, V) = 0 and
(n,V) =0, we get

(B, V') =n,V') =0,
so V' is again a section of SB. Note that covariant differentiation in Q3 is
compatible with the projected metric g in the usual way.
Since we want to make sense of Jacobi fields in this quotient setting, we also
project the curvature endomorphism (i.e. the tidal force operator)

R(.8'(0)8(t) : Ty M — T M

to the quotient in the natural way, namely if v € Tﬁl(t)M and v =z + [5'(t)],
then

R(v, B'(1))B'(¢) := m(R(z, 5'(1))5'(t)),

where m : NG — @ denotes the quotient map. This is easily seen to be
well-defined by the symmetries of the curvature tensor. Hence we obtain
the projected curvature endomorphism (or projected tidal force operator)

R(.,B'(0)B'(t) : TaeM/[B'(5)] — T M/15'(1)],

or, in bundle language, a bundle homomorphism R(.,3)3 : Q8 — Qp.
The projected operator inherits the obvious symmetries with respect to the
projected metric g.

2.4.2 Jacobi classes and conjugate points

In this subsection, we consider projections of Jacobi fields and we study the
notion of conjugate points along null geodesics.

Definition 2.4.2. (Jacobi classes)
A smooth section W € X(8) is a Jacobi class along (3 if it satisfies the
projected Jacobi equation along f3:

W+ R(W, 58 = 5]

We will denote the space of all Jacobi classes along 3 by Jac(f3).
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The main reason why we resort to these quotient constructions is that the
two Jacobi fields that span the space of tangential Jacobi fields (cf. Remark
namely 3'(t) and tf'(t), are in fact both normal Jacobi fields as well
since 3 is null.

Lemma 2.4.3. (Jacobi fields and Jacobi classes)

Let W € Jac(3) be a Jacobi class along 3. Then there is a Jacobi field J €
Jac(B) such that W = J + [8']. Conversely, for any Jacobi field J € Jac(5),
W = J + [f'] is a Jacobi class.

Proof. Let W be a Jacobi class and let Y be the corresponding section of
S. By assumption, we have

W'+ R(W, )8 = 8],

so Y+ R(Y,B")p" = fpB' for some smooth function f : [a,b] — R. Let
h : [a,b] — R smooth with A" = f, and set J := Y — hf3’ (note that J is
generally no longer a section of S since it has nonzero components in the
B direction). Then W =Y + ['] = J + [f'], and hence

f,Bl . v + R(Y, B/)ﬁ/ = J" + h//ﬁ/ + R(J, ﬂ/)ﬁ/
=J"+ fB'+ R(J.B)5

hence J € Jac(5).
Conversely, if J € Jac(8), then J” + R(J,3')3’ = 0 and thus
W" + R(W, "B =[] with W = J + [3]. O

As we noted in the proof, for a Jacobi class W € Jac(3), the corresponding
section of S need not be a Jacobi field. But it is always possible to obtain
W as the projection of a Jacobi field along g, and all Jacobi classes are
obtained in this way, as Lemma [2.4.3[ shows. In fact, we have the following
result.

Lemma 2.4.4. (Jacobi classes and Jacobi fields in Sf)
Let W € Jac(8). Then the section J of S corresponding to W is a Jacobi
field if and only if R(J, 3")5'|: € SB|: for all t € [a, b], where S|, is the fiber
of SB at B(t), i.e. it is spanned by (n — 2) spacelike parallel orthonormal
vectors Ei(t), ..., E,_2(t) as discussed in Remark

Proof. Suppose first that J € I'(S)) is a Jacobi field. Write J = Z?:_f JIE;,
then

n—2

R(J (), 8'(1)B'(t) = =J"(t) = = > ()" (1) E;(t) € SBls-

Jj=1
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Conversely, if R(J(t),['|(t))B'(t) € SPB|:, then, since W satisfies the pro-
jected Jacobi equation, we have

J"+R(J,8)8 = fB,

but since neither J” nor R(J,")3 have components in the §’-direction, it
follows that f = 0. Hence J € Jac(5). O

Lemma 2.4.5. (Jacobi classes vanishing at t = a and ¢t = b)

Let W € Jac(8) with W(a) = [ (a)] and W (b) = [8'(b)]. Then there
is a unique Jacobi field J € Jac(B) with J(a) = 0, J(b) = 0, such that
W =J+[0].

Proof. By Lemma there is certainly some Jacobi field J; with W =
J1 4+ [A]. For c1,c2 € R, J(t) := J1 + c18'(t) + cot 8 (1) is also a Jacobi field.
Since J; projects onto W, and W (a) = [#'(a)] and W (b) = [3'(b)], we have
Ji(a) = C16'(a) and Jo(b) = C208'(b) for some C1,Cs € R. Setting

Cga—Clb
ci=——
b—a
‘_1 Clb—CQCL
2= b< b—a _C2>’

we see that J(a) =0 and J(b) = 0.

It remains to show that J is unique: Suppose J is another Jacobi field with
J(a) =0 and J(b) = 0 such that W = J + [#']. Then X :=J —.J = hf’ for
some smooth h : [a,b] — R. The Jacobi equation for X gives

0 — X// +R<X7B/)6/ — h”ﬁ/,

hence h” = 0 and thus h(t) = c1t+c2. But X(a) = 0 and X (b) = 0, implying

h = 0, which means J = J. O

We now define conjugate points along null geodesics fully in parallel to the
timelike case, cf. Definition [2.3.1

Definition 2.4.6. (Conjugate points along null geodesics)

Let 8 : [a,b] — M be a future directed null geodesic. We say that 5(t),
t € (a,b] is conjugate to 5(a) along f if there exists a nontrivial Jacobi field
J € Jac(B) such that J(a) = 0 and J(b) = 0. Similarly, the conjugacy of
two points [(t1) and [(t2) along g is defined.

Note that for the definition of conjugate points we did not require Jacobi
classes. The reason for this is the following: Suppose 3(t) is conjugate to
B(a), and J is a Jacobi field with J(a) = 0 and J(t) = 0. We can write

J(t) = Ji(t) + a1 B'(t) + c2tB'(1).
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Then Ji(t) # 0, because if J(t) = ¢18'(t) + c2tf'(t), then having two zeros
would mean that the affine function ¢; + cot vanishes, hence J would be
trivial. So there is no worry of J only having a component in ’-direction
and the corresponding Jacobi class being trivial.

Recall that we write Jac,(/3) for Jacobi fields with J(a) = 0 and J(t) = 0.
Furthermore, we write Jac;(3) for Jacobi classes W with W(a) = [5'(a)]
and W (t) = [5'(t)].

Lemma 2.4.7. (Jac;(8) = Jacy(B))

The projection map Jac,(3) — Jac;(3) is an isomorphism. In particular, two
points B(t1) and [S(t2) along [ are conjugate along £ if and only if there is a
nontrivial Jacobi class W # [8'] with W (t1) = [B'(¢t1)] and W (t2) = [8(t2)].

Proof. The projection map is an isomorphism by Lemma [2.4.5] By this
result and what was discussed above, there is a 1-1 correspondence between
nontrivial Jacobi fields J # 0 vanishing at two points and nontrivial Jacobi
classes W # [3'] which are equal to [8’] at those two points. O

For null geodesics, we may also define an index form along the lines of
Definition but it will turn out that we will have to resort to its quotient
form to get meaningful results.

Definition 2.4.8. (Null index form)
Let 8 : [a,b] = M be a null geodesic. Then the symmetric bilinear form
I:X5,(8) x X5,(8) = R defined by

b
I(X,)Y):= —/ (X" Yy = (R(X,8)B,Y)) dt

is called null index form along (3.

Remark 2.4.9. (Alternative formulas for the null index form)
Just like for the timelike index form (see Remark , it holds that

k
I(X,Y) = / b(X” +R(X, 808, Y)dt+ Y (6X'(t:),Y),
e i=0

where a = tg < --- < t; = b are such that X is smooth on the subintervals
[tistit1)

In the context of null geodesics B, we are more interested in the energy
functional of variations of S rather than the arc-length (because given a
variation of 3, the arc length L(s) would not be differentiable at s = 0).
However, since we are interested in results about maximality among neigh-
boring curves etc., we will be primarily interested in the following type of
variations.
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Definition 2.4.10. (Admissible variations)
A piecewise smooth variation « : [a,b] X (—¢,e) — M is called admissible if
all a(.,s), s # 0, are timelike.

Remark 2.4.11. (Second variation of energy and the null index form)

Let 8 : [a,b] = M be a null geodesic. From the results on the variation of
energy in Section we conclude the following: If « : [a,b] X (—¢,e) = M
is an admissible variation of 5 with variation field W e .’fﬁw (8), then

2
%\SZOE(a(., $) =0, %\SZOE((X(., §) = I(W, W).

Since E(8) = 0 and E(«a(.,s)) > 0, we must have I(W, W) > 0 by ele-
mentary calculus. Hence for any W € .’féw(ﬁ), I(W,W) > 0 is a necessary
condition for W to be the variation vector field of an admissible variation

of 3.

Defining the index form for null geodesics in the same way as we did for
timelike geodesics has obvious drawbacks: If X = fg' for f : [a,b] — R
smooth with f(a) =0 = f(b), then I(X,Y)=0forall Y € %gd‘(ﬂ) Hence,
we cannot obtain an analogue of Theorem for null geodesics in this
way. Instead, we shall project the index form to sections on Q8.

Definition 2.4.12. (Quotient null index form)
The symmetric bilinear form I : ?é‘w(ﬁ) X ?;‘W (8) — R defined by

b
TV, W) = — / (V' W) — g(B(V, )8, W) dt,

is called the quotient index form of (.

Remark 2.4.13. (Alternative formulas for the quotient index form)
Using the definition of the quotient objects (see Remark, it is straight-
forward to obtain alternative formulas for the quotient null index form from
the respective formulas for the usual null index form (see Remark :

b k
1V.W) = [ 9" + . §)8 Wyt + Y g0V (1), W ().
a i=0

For V € ?L(ﬁ) (i.e. smooth), we obtain
b
TV.W) = gV W)+ [ (V" + RV, )8, Wy

Moreover, if V' € Jac() is a Jacobi class along 3, then

I(V,W) = —g(V/,W)l5.
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Also, by the discussion preceding Definition [2.4.12] we have
I(X + ALY +[8]) = I(X,Y)

forall X,Y € %}fw (B), hence the quotient index form is compatible with the
quotient construction.

We have the following characterization of Jacobi classes akin to Proposition
in the timelike case.

Proposition 2.4.14. (Jacobi classes and the quotient index form)
Let 8 : [a,b] — M be a null geodesic. A piecewise smooth vector class

W e ?g;j(ﬂ) is a Jacobi class (hence smooth) if an only if I(W, Z) = 0 for
all Z € Xy (B).

Proof. If W is a Jacobi class, then it is smooth and satisfies the projected
Jacobi equation, hence the result follows from the alternative formula for

the index form (see Remark [2.4.13)).

Conversely, suppose [(W,Z) = 0 for all Z € ?g’wl(ﬁ). Let W =Y + [§]
with Y being the unique normal vector field along 8 with no ’-direction
(recall the isomorphism Q5 = SB). Let a =ty < --- < tx = b be such that
Y is smooth on each [t;,t;11] and let f : [a,b] — R be smooth such that

f(t;) =0 for each j and f > 0 otherwise. Let Z € ?g@j(ﬁ) be the projection

of f(Y"+ R(Y,B)8") € X%+ (8). Then the alternative representation of the
index form (cf. Remark [2.4.13)) together with the assumption gives

b
0=I(W,2) = / FOFW + RW, 88, W" + R(W, 8)8)dt.

Since the projected metric g is positive definite (by the isomorphism Q8 =
Sp), it follows that W satisfies the projected Jacobi equation everywhere
except maybe at the ¢;. So it remains to show that W is smooth, i.e.
SW'(t;) = 0 for i = 1,...,k — 1. First of all, note that the assumption
reduces to

k
0=1(W,2) =} GOW'(t:), Z(t)
=0

for all Z € ?gLNL (B). Since, by choice, Y is a piecewise smooth section of
S8, we have (Y, ') = 0= (Y',n) (cf. Remark [2.4.1] for the notation). Then
also (Y',5') =0 = (Y',n) except maybe at t;, and hence, taking left and
right limits, (§Y'(t;), 5'(t;)) = 0 = (§Y'(t;),n(t;)). We can easily construct
a smooth vector field X; with X;(a) = 0, X;(b) = 0, X;(t;) = 0Y'(t;),
X;(t;) = 0if 4 # 7, such that X; is normal to 5’ and 7 (i.e. Xj is a section
of SP) and X(t;) = 8Y'(t;) (e.g. via parallel translation and scaling, see
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the proof of Proposition |2.3.7). Let Z; € ?g’i(ﬁ) be the projection of X.
Then, since the quotient index form agrees with the usual null index form
applied to a representative (see again Remark [2.4.13)), we get

0=I(W, Z;) = (6Y"(t;),0Y"(t;)),

which implies 0Y”(t;) = 0 by positive definiteness. Since j was arbitrary, we
are done. 0

We can define the notion of (1, 1)-tensor classes normal to B in a similar way
as in the timelike case as smooth maps A : [a,b] — Hom(QB,Q3) such that
mo A = . They are precisely projections of usual (1, 1)-tensors normal to
B that satisfy AS’ = ff’. In particular, covariant differentiation and similar
notions make sense for such tensor classes.

Since the projected metric is positive definite, one may also define the ad-
joint. It is just the projection of an adjoint of a representative.

Definition 2.4.15. (Jacobi tensor class) -
Let (3 : [a,b] — M be a null geodesic. A (1,1)-tensor class A normal to [ is
called Jacobi tensor class if it satisfies the projected Jacobi tensor equation

A"+ RA=0
and has the kernel intersection property
ker A(t) Nker A'(t) = {[8'(1)]}
for all t € [a, b].

Most results for Jacobi tensors along timelike geodesics (see Subsection
2.3.3) continue to hold with more or less the same proofs for Jacobi ten-
sor classes along null geodesics. We give a summary in the following.

Remark 2.4.16. (Jacobi and Lagrange tensor classes: properties)
Let 3 : [a,b] — M be a null geodesic.

(1) If A is a Jacobi tensor class and Y € ?L(ﬁ) is parallel, then A(Y) is
a Jacobi vector class along 3. If Y # [f'], then A(Y) # [8'].

(2) The Wronskian W (A, B) for two Jacobi tensor classes A, B is defined
via

W(A,B):=@A)B-4AF.

The Wronskian is always constant in the sense that (W (A4, B))’
A Jacobi tensor class A is called Lagrange tensor class if W (A, A)

0.
0.
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3)

The initial value problem for the projected Jacobi tensor equation is
uniquely solvable given initial data A(tg) and Z/(to). If one of the
initial data is nonsingular, then the unique solution is a Jacobi tensor
class.

Two points (ty) and B(t1) on B are conjugate along £ if and only if
the unique Jacobi tensor class A with A(tg) = 0, Z/(to) = id satisfies
ker A(t1) # {[8'(t1)]}-

The boundary value problem for the projected Jacobi tensor equation
at parameters tg and t; is uniquely solvable for any two given boundary
data if and only if B(tg) and B(t1) are not conjugate along /3.

A (1,1)-tensor class satisfying the projected Jacobi tensor equation
is already a Jacobi tensor class if it satisfies the kernel intersection
property at one parameter value.

If A is a Jacobi tensor class vanishing at some parameter, then A is a
Lagrange tensor class.

Let A be a Jacobi tensor class and let B := AZA" wherever defined.
Then B satisfies the projected matriz Riccati equation

B+B +R=0.

The expansion 0, vorticity tensor @ and shear tensor & are defined
precisy as in the timelike case (see Definition [2.3.21)), and the Ray-
chaudhuri equation holds:

0

0 = —Ric(8,8) — Tr(@*) - T (5°) — n—2

(2.9)

Note that the different factor in the last term is due to n — 2 =
dim QS|;. Moreover, if A is a Lagrange tensor class, then the vor-
ticity w vanishes and the vorticity-free Raychaudhuri equation holds:
0

-, N
n—2

0 = —Ric(8, ) — Tr(c?) — (2.10)

Proposition 2.4.17. (No conjugate points imply definiteness of )

Let 8 : [a,b] — M be a null geodesic such that no 3(t), t € (a, b, is conjugate
to B(a) along 3. Then the quotient index form T : ?g’wl(ﬁ) X ?gi(ﬁ) — R
is negative definite.

Proof. Let A be the unique Jacobi tensor class satisfying A(a) = 0, Z’(a) =
id. Since (a) has no conjugate points along § by assumption, A is every-
where nonsingular.
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Let W € ?g’WL(B), W # [3]. Since A(a) = 0 and A is nonsingular elsewhere,

we may find Z € ?ﬁw(ﬂ) with A(Z) = W. Using product rules for covariant
derivatives and the projected Jacobi tensor equation, we find

b
W, W) = — / (W', W') — g(R(W, B8, W) dt

We ”simplify” the last term in the integral as follows:

! —/

9(4"(2),4(2)) = (5(4'(2), 4(2))) - 5(A'(2), 4(2))

Using this, we get

b
1W,W) = -5 (2). A2~ [ (@2, 42)
+9(4(2),4(2") - g(A(2), A(2))) dt.

The first term vanishes since A(Z) = W € ?g@i (8). The third and fourth
g-terms can be put together via adjoints, so in total we get

B b o b o
(W, W) = - / @AZ), A7) + / G (2) - (@) A(2), 2y,

a

where the second term vanishes because A(a) = 0 and hence A is a Lagrange
tensor class. Thus we remain only with

— b P _
(W, W) = - / G2, A(Z)dt.

Note that Z cannot be parallel because otherwise A(Z) = W € ?g;f (B)
would be a nontrivial Jacobi tensor class, which is impossible since 3(b) is
not conjugate to 3(a). Hence Z’ is nonzero on some interval, and since 4 is
nonsingular and g is positive definite, we get I(W, W) < 0. O

Theorem 2.4.18. (I definite iff no conjugate points)
Let 8 : [a,b] — M be a null geodesic. Then there are no conjugate points to

B(a) along 3 if and only if T : ?g’WL(B) X ?g;j(ﬁ) — R is negative definite.

75



Proof. One direction is precisely Proposition For the converse direc-
tion, extend a nontrivial Jacobi vector class trivially to get an element in

<0,L

X (8) on which I vanishes, this is completely analogous to the proof of

Theorem [2.3.9 O

The following result is again proven exactly as in the timelike case (cf. Propo-

sition [2.3.10)).

Proposition 2.4.19. (Maximality of Jacobi vector classes)
Let 8 : [a,b] — M be a null geodesic without conjugate points to 3(a). Let

J € ?L(ﬁ) be a Jacobi vector class along 5. Then for any Y € ?Ifw(ﬁ)7
Y # J, satisfying Y (a) = J(a) and Y (b) = J(b), we have

1(J,J) > I(Y,Y).

In the timelike case, cf. Proposition [2.3.6], we showed that if a timelike
geodesic has a conjugate point then there is an FEP-variation with longer
curves, and this was simply done finding a vector field on which the index
form is positive.

The situation is more complicated for null geodesics. Unlike in the case of
timelike geodesics, the nearby geodesics in a variation will have all kinds
of causal characters. Since we are interested in maximality, we introduced
the notion of admissible variations for null geodesics, see Definition [2.4.10]
But for a given vector field V' € %g’vﬁ‘ (8), the standard variation it defines
need not be an admissible one. So the problem of maximality of a null
geodesic, i.e. whether or not there is an admissible FEP-variation, requires
a more detailed analysis. We start by describing sufficient conditions for the
existence of an admissible variation.

Proposition 2.4.20. (Sufficient conditions for admissible variations)

Let 8 : [0,1] — M be a null geodesic. Let « : [0,1] X (—&,e) — M be a
piecewise smooth FEP-variation of 3. We write V (o, so) := Os|s=s,(t0, 5),
T(to, s0) := O¢lt=t,(t, s0), and V (t) = V(¢,0), T'(t) = T(t,0). Suppose the
following conditions hold:

(1) (V(¢),5'(t)) =0 for all ¢ € [0, 1].
(2) There is ¢ > 0 such that for all ¢ € (0, 1) for which V'(¢) is smooth,

& (VY (1,9), B0 =0 + V(). V(1)
V), V@) + ROV, BW)F (1) < e

Then « is an admissible variation if restricted to a small enough subinterval
of (—¢,¢).
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Proof. The idea is to use basic calculus: We need to show that there is a
strict local maximum of (7, T) at s = 0, then our claim is proven, noting
that T'(t, s) = Ora(t, s) is the velocity vector of the curve «f., s) at parameter
t. Let us derive the necessary formulas for the derivatives. We repeatedly
make use of Lemma and Lemma 214

%@, T) = 2(V,T,T) = 2(V,d,a(t, s), T)
= 2(Vi0sa(t,s), T) = 2(V,V,T)
= 25 (V,T) ~ 2V, VT).

Since V,T'(t,0) = " (t) = 0, taking s = 0 here gives via condition (1)

d

d
T,7)=2
Is <7>

—(V,T)|s=0 = 0.
_ ZAVT)omo

Note that requiring (V,T)|s—o = 0 or the vanishing of its derivative with
respect to t are equivalent, since V(¢) vanishes as t = 0 and ¢ = 1. Taking
the second derivative, we obtain

d? d d
-3 (T,T) =2— —
ds?|,_,

(V,T) —2(VsV,ViT)|s=0 — 2(V, VsVT)|s=0.

dt ds|,_,

Note that by Lemma
V.V, T —V,VT = R(0sa, 0y)T = R(V, T)T
and moreover
VI —V\V, T =V, VT —-V:V,V =RV, T)T,
hence
VT =V,V:V+ RV, T)T.

Finally, we note that V;T'|s—p = 0 since § is null. Combining all of these
observations, we can continue our calculation of the second derivative:

d2

d
LTy =22
ds?|,_,

dt
— 2V, VeViV + R(V, T)T)s—.

(<v8V7 T> + <V7 VST>) |S:O

Using VT = V.V, we see that our condition (2) precisely says that the
second derivative is negative at s = 0, which means that T'(¢, s) is timelike
for small |s|, s # 0, hence « is an admissible variation. O
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Theorem 2.4.21. (Conjugate points and maximality of null geodesics)
Let 8 :]0,1] — M be a null geodesic. If there are conjugate points to 5(0)
along 3, then there is a timelike curve from 3(0) to B(1). In particular, 3 is
not maximizing if it has conjugate points.

Proof. Suppose [B(tp) is the first conjugate point to 5(0) along 8 (note that
there is a first conjugate point by Proposition [2.3.2] which is easily seen to
hold for null geodesics as well, because 3 lies in a convex set around 5(0) for
a short while, where exp is a diffeomorphism). Due to the push-up principle,
it is sufficient to show that there is some t3 € (¢, 1] such that there exists a
timelike curve from 3(0) to S(t2).

Let W be a nontrivial Jacobi vector class with W (0) = [8(0)] and W (t9) =
[8'(to)]. Since the projected metric g is positive definite, we may write

where W € ?L(,B) with g(W, W) = 1 and f : [0,1] — R is smooth. Note
that f(0) = f(tg) =0 and f # 0 in (0,tp), we may assume that f > 0 there.
Since W is nontrivial, W'(t) # [8'(to)]. Since

W (to) = f'(to)W (to) + f(to)W'(to) = f'(to)W (to),

thus f/(to) # 0, so there is some t; € (tp,1] such that f < 0 on (to, 1],
in particular W # [5'] on (to,t1]. For the rest of the proof, we intend to
construct an admissible FEP-variation for | ,), which would prove our
claim.

We want to make use of Proposition [2.4.20, Consider the following ansatz
for a vector class:

Z(t) = (b(e™ = 1) + f(£)W (D).
Here, a > 0 is such that for h(t) := g(W" + R(W, 838, W),

2 .
> - h(t)},
a tén[ol,ﬁ}{ (t)}

and b is the constant

f(t1)

Ceati 17

b:=

Frqm t}ae projected Jacobi equation for W and §(W, W) = 1 (and hence
g(W’, W) =0), we obtain

0=g(W"+R(W,B)8 W) =g(f'"W +2f'W + fW" + fR(W, )58, W)
= " +2fgW, W)+ fh=f"+ fh.
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Next, observe that Z vanishes at 0 aAHd t1 by choice of th}e constant b. ASet
r(t) :=b(e™ — 1)+ f(t). Thus Z = rW, and thus Z = r""W +2r'W' +rW".
This yields
9(Z2,Z"+R(Z,B)B) = grW 7" W + 20'W ++W" + rR(W, 3')8)
=7’ +r?h =r(r" + h)
= r(ba?e™ + f" +b(e™ — 1)h + fh)
= r(be®(a® 4+ h) — bh + f" + fh)
= rb(e®(a® + h) — h).

Note that b > 0 since f(t1) < 0. Also, e®(a? +h) —h > a? > 0 on [0,#] by
choice of a, so if we show that r(¢) > 0, we would have that

92, 7" +R(Z,8)8) > 0. (2.11)

Since f > 0 on (0,tg), we have r > 0 there as well (since the first summand
is anyway always nonnegative). In fact » > 0 even on (0,ty] and hence on
some (0, t2) for ty > to and r(t2) = 0. If to > 1, then t9 = ¢; since r(t1) = 0.
If t5 < t1, we can just consider the restriction 7|[O7t2] which will then satisfy
Z(0) = [8(0)], Z(t2) = [8'(t2)), and §(Z,Z" + R(Z, ")) > 0 on (0, 12).
Either way, we henceforth consider | 4,]-

Let Z € X%, (Blio,ts)) be such that it projects down to the vector class Z.
Then Z(0) = pf3'(0) and Z(t2) = M\3'(t2), p, X € R. Setting

. Y
Z:=2—pf + 518,
2

Z vanishes at 0 and to and projects down to Z as well. Since (2.11) holds
for Z on (0,ts), it follows that
p(t) :=g(Z" + R(Z,8)3,Z) >0 on (0,ts).

Hence we may choose € > 0 such that

< i t)t.
c te[tgl}[il,gtz/z;]{p( )}
We define the following function:
—et 0<t<tb

b<i<
e(ta—t) 22 <t <t

Then p is continuous, piecewise smooth, and vanishes at 0 and ¢3. Recall
from Remark that we fixed a parallel null field n along 3 with (n, ') =
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—1 and spacelike parallel fields Eq,..., E,_o that are orthonormal among
each other and normal to n and 3. We can now find an FEP-variation
a: [0,t2] X (—e,e) = M by requiring

85’5:004 = Z(t), (Vsasa)’5:0 = (<Z, Z/> — p) n.

Writing out the above equations in terms of F1, ..., E,_2,n, 3, ODE theory
yields a solution s — «a(t, s) for every t € [0, t2], and by smooth dependence
on initial data, these fit together to give an FEP variation a(t, s).

Let T := Oyar, V := 0sav, i.e. Z(t) = V (¢,0). Then by the initial conditions,

<8s‘/7 /6/> ’820 + <V(t’ 8)7 atv(t) 8)> ’5:0 - p(t).
Thus,

d

— (OV B+ V(1 5), 0V (1, 5)) [s=0 = p/(8).

Since p’ is —e on the first and third subinterval of its definition, the choice
of € that we made, together with the fact that p(t) > 0 on (0, t2) imply that
condition (2) in Proposition [2.4.20 holds. Also,

(Osax, )] s=0 = (Z,8') =0

by construction of Z. Hence condition (1) in Proposition [2.4.20|is also satis-
fied, and « is (for small enough s-parameters) an admissible FEP-variation

of B| [0,t2] - O

2.4.3 The null Morse index theorem

There is also a version of the Lorentzian Morse Index Theorem for null
geodesics (see Subsection for a treatment of the timelike version). The
proofs are completely analogous to the timelike case, replacing any space of
(piecewise) Jacobi fields that appear there with the corresponding space of
(piecewise) Jacobi classes. There is no reason to replicate the proofs here.

Definition 2.4.22. (Index of a null geodesic)
Let 5 : [a,b] — M be a null geodesic. Then the index Ind(f) is the supre-
mum of dimensions dim A, where A is a vector subspace of fng (B) such
that the quotient index form I is positive definite on A x A. The extended
indez Indy(B) is defined analogously, except that one considers subspaces A
such that I is positive semidefinite on A x A.

Proposition 2.4.23. (Index, extended index and Jacobi classes)
The index and extended index of 5 are both finite. Moreover, it holds that

Indo(8) = Ind(8) + dim Jac,(8).
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Proof. The proof can be @ied over word for Wﬂi as in Proposition [2.3.12
if one replaces Jac; with Jac; and Jac{t;} with Jac{t;}. O

Theorem 2.4.24. (Lorentzian Morse Index Theorem, null version)
Let 8 : [a,b] — M be a null geodesic. Then [ only has finitely many
conjugate points. The index and extended index of 8 are given by

Ind(8) = Y dimJac,(B),

Indo(8) = Y dimJacy(B).

te(a,b]

Proof. Completely analogous to the proof of Theorem [2.3.13] if one works
with the corresponding quotient objects. One then gets the above formulas
for Ind and Indy only with dim Jac;(3)-terms on the right hand side, but by

Lemma dim Jac,(8) = dim Jac,(8). O
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Chapter 3

Singularity Theorems

In this final chapter, we prove the three classical singularity theorems of
general relativity, namely the theorems of Hawking, Penrose, and Hawking-
Penrose. They yield (causal/timelike/null) geodesic incompleteness under
fairly generic circumstances. Before proving the singularity theorems, we
provide a collection of further preparatory results, where we sometimes refer
to the literature if the intricate proofs would lead us too far afield. For the
singularity theorems of Hawking and Penrose, we follow [22, Ch. 14], and
for the Hawking-Penrose theorem we follow [I, Ch. 12]. The preparatory
results have been collected from [I14], with the occasional input from [11]
and [3].

3.1 Causality theory

In this preparatory first section of the final chapter, we give a treatment of
various important topics and notions from causality theory that will play
key roles in the formulation and interpretation of the singularity theorems.
Throughout this section, let (M, g) be a spacetime.

3.1.1 Cauchy surfaces, Cauchy developments and horizons

Cauchy surfaces are subsets of spacetime that divide spacetime disjointly
into past, present and future. It can be deduced that they are topological
hypersurfaces that allow for little topological variance: In fact, any two
Cauchy surfaces in a given spacetime are homeomorphic, Moreover, the
existence of one is equivalent to global hyperbolicity of the spacetime, which
represents the upper end of the causal ladder.

Definition 3.1.1. (Cauchy surface)
A subset C C M is called Cauchy surface if every inextendible causal curve
in M meets C exactly once.
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Lemma 3.1.2. (Basic properties of Cauchy surfaces)

Let C C M be a Cauchy surface. Then C' is an acausal (i.e. no two dis-
tinct points in C' are causally related), topologically closed C°-hypersurface.
Moreover, M is the disjoint union of I~ (C'),C and I'T(C), and C =9I~ (C) =
ort(0).

Proof. If p,q € C such that p < ¢, extend a causal curve connecting p and
g to an inextendible causal curve meeting C twice, a contradiction. Hence
C is acausal.

If we show that edge(C) = 0, then C is a closed C-hypersurface by Corollary
.o.0

To show that edge(C) = ), we first show that M is the disjoint union of
I=(C), C and I'*(C). Disjointness is clear from achronality. Now let p € M,
and let ¢ be an inextendible timelike curve through p. By assumption, c
meets C' exactly once at some ¢ € ¢ C. Then either p € C, p € I (C) or
peIT(0).

Next, we argue that C' = 0I*(C). C is generally true since C is achronal, so
we only need to show D. From the disjoint union of M as above, we gather

AIt(C) = THC)N M\ IF(C) C (I (C)uC)Nn (I~ (C)UC) = C.

An analogous calculation shows C' = 09I~ (C).
These results imply edge(C') = ), because any timelike curve from I~ (C') to
I't(C) has to meet C because C' is their (common) boundary. O

Proposition 3.1.3. (Cauchy surfaces are retracts of spacetime)

Let X € X(M) be a timelike vector field and let C' C M be a Cauchy surface.
Let p: M — C be defined as follows: For p € M, let p(p) be the (unique)
point on C' and the maximal integral curve of X through p. Then p is a
continuous, open map with p|c = id¢. In particular, any Cauchy surface in
M is a retract of M. Moreover, any Cauchy surface is connected (because
M is).

Proof. Clearly p is well-defined because any such timelike integral curve has
a unique meeting point with C. Let FIX be the flow map of X, which
is defined on some open subset D of R x M. Clearly, (R x C) N D is
a C%-hypersurface in D on which FI¥ is continuous and bijective. Since
(Rx C)ND and M are both topological manifolds of the same dimension, it
follows by Brouwer’s invariance of domain theorem (see 4, Thm. 4.5]) that
F1¥ gives a homeomorphism (R x C)N' D — M. For m : R x M — M,
p:=meoFlx ‘(TRIXC)QD is the desired retraction. O

Corollary 3.1.4. (Any two Cauchy surfaces are homeomorphic)
Any two Cauchy surfaces C1,Co C M are homeomorphic.
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Proof. Let pc, : M — C;, © = 1,2, be the retraction maps corresponding to
C1, 4 according to Proposition By construction via a timelike vector
field (see the proof of Proposition , it is easy to see that pc,|c, and
pc, |y are inverse homeomorphisms. O

Definition 3.1.5. (Strong causality and global hyperbolicity)

A spacetime (M, g) is called strongly causal at p € M if for every neighbor-
hood U 3 p there is a neighborhood V' C U with p € V such that every
causal curve which starts and ends in V is entirely in U.

The spacetime is strongly causal if it satisfies this property at every point.

(M, g) is called globally hyperbolic if it is strongly causal and all causal
diamonds J*(p) NJ~(q), p,q € M, are compact.

Remark 3.1.6. (On Cauchy surfaces and global hyperbolicity)

(1) It is a matter of convention how one defines a Cauchy surface: E.g.
in [22], a Cauchy surface is a set that is met exactly once by every
inextendible timelike curve. We were slightly more restrictive in our
definition, but this will not play much of a role.

(2) It may be shown that a spacetime is globally hyperbolic if and only if
it contains a Cauchy surface. In this context it does not matter if one
defines Cauchy surfaces as we did or as is done in [22]. For details on
global hyperbolicity and Cauchy surfaces in a very general setting, see
[23]. Globally hyperbolic spacetimes enjoy many nice properties that
mirror some of the properties of complete Riemannian manifolds, e.g.
any two causally related points may be connected by a maximizing
geodesic and the Lorentzian distance is finite and continuous. More-
over, the causal relation < is closed in globally hyperbolic spacetimes.
We will use many of these standard facts and refer to the above refer-
ence and also [22] for details.

(3) In [2], it was shown that any causal spacetime (M, g) (i.e. there are no
closed causal curves) with compact causal diamonds is already glob-
ally hyperbolic. The more recent paper [13] improves on this in the
physically reasonable case of non-totally vicious spacetimes (i.e. there
is some point through which no closed timelike curve passes) of dimen-
sion > 3, showing that such a spacetime is globally hyperbolic if and
only if its causal diamonds are compact.

Next, we define the important notion of Cauchy development of an achronal
set A. Physically, it is interpreted as the portion of spacetime that can
be predicted by A. For Cauchy surfaces, we will see that their Cauchy
development is all of spacetime.
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Definition 3.1.7. (Cauchy development)

Let A C M be an achronal set. Then its future Cauchy development, denoted
DT (A), is the set of all p € M such that every past inextendible causal
curve through p meets A. The past Cauchy development D~ (A) is defined
similarly via future inextendible causal curves. The Cauchy development of
Ais D(A) := DY (A)u D~ (A).

Lemma 3.1.8. (Basic properties of Cauchy developments)
Let A C M be achronal.

1) AC D¥(A) C AUT*H(A) C JE(A).
T(A NI (A)=0.

(1)
(2) D
(3) A= D*(A)ND(A).
(4)

4) D(A)NT%(A) = D*(A)\ A.

Proof.

(1) A C D*(A) is immediate. Now let ¢ € D*(A) \ A, and let ¢ be a
past inextendible timelike curve through ¢g. Then ¢ meets A, hence
qeIt(A).

(2) Since A is achronal, ANI*(A) = () and It(A)NI~(A) = 0. Hence by
above, DT(A)NI (A) C(AUIT(A) NI (A)=0.

(3) ACD (A)ND~(A) C (AUIT(A))N(AUI (A)) = A by achronality.

(4) By the above, D(A) N I*(A) = D¥(A)NIH(A) = D¥(A) \ A.
O

Example 3.1.9. (Cauchy development of Cauchy surfaces)

If C C M is a Cauchy surface, then D(C) = M. Indeed, we showed in
Lemma that M = I~ (C)UCUIT(C) and this union is disjoint. Since
it is generally true that D(C) C I¥(C) U C by Lemma [3.1.§(1), we only
need to show the converse inclusion. Suppose p € C U IT(C) and let v be
any inextendible timelike curve with p € . Then v meets C since it is a
Cauchy surface. Since p € CUIT(C), v meets C in the past by achronality
of C, hence p € D*(C). This shows that

M =1"(C)UCUI*(C) =D (C)UD*(C) = D(C).

Lemma 3.1.10. (From D*(A)° into I~ (A))
Let A be achronal. Any past inextendible causal curve passing through some
x € DT (A)° meets I~ (A).
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Proof. Let v be a past inextendible causal curve starting in z € D1 (A)°.
Suppose 7 does not meet I~ (A). Then I't(y) N A = 0. Consider a sequence
xj € v such that ;41 € J~(x;), moreover assume that the x; do not
accumulate. Let x¢ := z and yo € I (xg) N DT(A)°, the latter being a
nonempty open set. There is some y; € I~ (yp) N Igl(xl)(xl), where B;
are balls with respect to some Riemannian metric. Inductively find y; €

I~ (yj_l)ﬂlgl/j(xj) (xj) and connect the y; by timelike curves. Concatenating

all of them (in the sense of limit curves) gives a past inextendible timelike
curve p C I't(y). Since u starts from yo € DT (A)°, it must meet A at some
y. Then there is some y; on u before y, i.e. y; < y, and since y; € I't(z;), we
have x; < y. Since z; € vy and y € A, we get y € I (y) N A, a contradiction
to IT(y)NA=0. O

For a brief sketch of the proof of the next result, we follow [2I, Thm. 3.45],
to which we refer for more details.

Theorem 3.1.11. (Global hyperbolicity of Cauchy developments)

If A C M is closed and achronal, then D(A)° is globally hyperbolic if it is
nonempty. Moreover, if A is a closed, acausal topological hypersurface, then
D(A) is open and hence globally hyperbolic.

Proof. Suppose that A C M is closed and achronal. Let p,q € D(A)°. We
begin by showing that the causal diamond J*(p) N J~(q) in M is compact.
First, suppose it is not relatively compact, then there are 7, € J*(p)NJ~(q)
escaping every compact set. By connecting p to r, and r, to g we get
a sequence o, of future causal curves from p to ¢, and we can use a limit
curve theorem (see [21, Thm. 2.53]) to get a future inextendible causal curve
oP starting at p and a past inextendible causal curve ¢? ending at g both
of which are uniform limits of a subsequence of ¢,. From Lemma [3.1.10]
we may conclude that there are points p € o? N IT(A) and ¢ € 09N I~ (q).
Invoking the limit curve theorem [21, Thm. 2.53] once again, we get that
p < G, contradicting achronality of A. Thus, J¥(p) N J ™ (q) is relatively
compact.

Now suppose that J*(p) N J~(q) is not closed. Then there is a sequence
rn € JT(p) N J (q) and a point r € J+(p)NJ—(q) \ J*(p) N J(q) such
that r, — r. By connecting p to r, and then r, to ¢ we obtain a sequence
of future causal curves o, and we may use arguments similar to the ones
above to contradict achronality of A, since no sublimit of ¢, can join p to ¢,
otherwise r € J*(p)NJ~(q). This establishes compactness of J*(p)NJ~(q).
By [21], Prop. 3.43], D(A)° is causally conver, i.e. for any p,q € D(A)° any
causal curve connecting p and ¢ must lie entirely in D(A)°. From this, we
conclude that for p,q € D(A)° it holds that J(p)NJ~(q) C D(A)°, i.e. the
D(A)°-causal diamonds agree with the ones in M.

It remains to argue that strong causality holds at points in D(A)°. Suppose
there exists p € D(A)° such that strong causality does not hold at p. Then
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there is a neighborhood U of p such that for every neighborhood V of p
with V' C U there is a causal curve starting and ending in V' which leaves
U. Let x, € I (p) and y, € I (p) be two sequences converging to p, then
Vp = I (y,) NI~ (z,) is a neighborhood of p such that V,, C U for large
n. By assumption, there is a causal curve with endpoints in V,, that leaves
U. Concatenating this curve with a causal curve from y, to its starting
point and from its endpoint to x,, we may again use limit curve methods to
conclude that A is not achronal, a contradiction. This concludes our sketch
of the proof that D(A)° is globally hyperbolic if it is nonempty.

For the case of A being a closed, acausal topological hypersurface, we refer
to [22, Lem. 14.43]. O

Next, we define the Cauchy horizon of an achronal set A. It is interpreted
as the boundary of predictable events if one starts in A.

Definition 3.1.12. (Cauchy horizons)
Let A C M be achronal. Then the future Cauchy horizon is defined as

HT(A) == DA\ I (D" (A)) ={p€ DT(A): I"(p)n D" (A) = 0}.

Similarly, the past Cauchy horizon is H= (A) := D—(A) \ I (D~ (A)).

Lemma 3.1.13. (Basic properties of Cauchy horizons)
Let A C M be achronal.

(1) H*(A) are closed, achronal sets.

(2) If A is closed, then D+ (A) is precisely the set of all p € M such that
every past inextendible timelike curve through p meets A.

(3) If A is closed, then 9D*(A) = AU HE(A).
Proof.

(1) Closedness is clear by definition. For achronality, note that IT(H*(A))
is open and does not meet DT (A) by definition of H*(A). Hence it
also does not meet Dt (A). Since HT(A) C D*(A), it follows that
HY(A)NIT(H*(A)) = 0, which is equivalent to achronality of HT(A).

(2) Suppose now that A is closed. Let T" be the set of all p € M such that
every past inextendible timelike curve through p meets A. We show
T = D*(A).

D+(A) C T: Suppose p € DT(A) \ T, Then there is some past in-
extendible (future directed) timelike curve « : (—b,0] with a(0) = p
that does not meet A. Let pr € DT(A) such that pp — p. Choose
relatively compact convex neighborhoods Uy 3 p with Uy — {p}. We
may assume that p; € Uy for all [ > k and that a(—-1/k) <y, p for
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all [ > k. Let now ay be the curve o up to a(—1/k) followed by a
timelike curve from a(—1/k) to py that stays entirely in Uy. Then the
ay, are past inextendible timelike curves from p; and must hence meet
A at some ¢ € A. But o does not meet A, so the ¢, have to be on the
replaced pieces and hence in Uy. Since Uy — {p}, qx — p € A, since
A is closed. But trivially A C T, a contradiction to the assumption

p¢T.

D+(A) D T: If ¢ ¢ D+(A), choose some gy € I]\;\w(q). By [22,
Lem. 14.30], there is some past inextendible timelike curve from gy not
meeting DT (A), and hence there is a past inextendible timelike curve

from p not meeting D+ (A). Since A C D+(A), we see that ¢ ¢ T

We prove this in several steps:

A C D' (A): We have A C D (A), so suppose there is some p €
ANDT(A)° and let g € I~ (p) N DT (A)°. Let ¢ be a past inextendible
timelike curve starting at ¢, then ¢ has to meet A at some point r.
But then r < ¢ < p and p,r € A, a contradiction to achronality.
H*(A) C 9Dt (A): By definition, HT(A) C D*(A). If there were a
point p € HT(A)N DT (A)°, then I (p) N DT (A) would be nonempty,
which cannot happen since p € H'(A).

OD*(A) C AUHT(A): Suppose p € 9D (A)\ (AU H*(A)). Since
p € DT(A)\ A, then every past inextendible timelike curve from p
meets A, so p € IT(A). Since p ¢ H(A), there is some ¢ € I (p) N
DT (A), so p € IT(A) NI~ (q) which is an open set. We now show
that 1= (q) NI (A) € DT (A), which would give the contradiction p €
Dt (A)°. Indeed, let r € IT(A) NI~ (q). Let ¢ be a past inextendible
causal curve from r and let v be a past directed timelike curve from ¢
to r. Since r € I'T(A), v C I (A) and yN A = @ by achronality. Since
q € DT (A), the past inextendible causal curve v U ¢ from ¢ meets A,
and thus ¢ meets A since v does not, which implies r € DT(A), as
desired.

O]

Lemma 3.1.14. (On 0J7(A)\ A)
For any (achronal) set A, dJ%(A) is an achronal C°-hypersurface. Any
p € 9JT(A)\ A is the future end point of a null geodesic in J+(A) without

conjugate points that is either past inextendible or has a past endpoint in
edge(A4) C A.

Proof. Tt follows from Corollary|[1.3.7|that 9.J % (A) is an achronal topological
hypersurface, since it is the boundary of the future set J*(A).

Let zy € I (A), zx — p. Choose past-directed timelike curves 7 : [0, by] —
M from m, to yx(by) € A. Since p ¢ A, the ~; leave a fixed neighborhood
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of p, hence by the limit curve theorem (see [20, Thm. 3.1(1)]) we get a limit
curve v from p that is either past inextendible (if by are unbounded) or ends
in v(b) = limy, vk (bg) € A if by, — b < co. Since all 7 lie entirely in JT(4),
it follows that v C J+(A). v has no point in common with I (A), because
if that were not the case, then we would get p € I (A) which is absurd.
Hence v C 9J1(A), in particular 7 is a null geodesic without conjugate
points. (Since it is in dJT(A), it has to be maximizing between any of its
points. A maximizing null curve is a null geodesic by [22, Prop. 10.46], and
by Theorem ~ cannot have any conjugate points.)

It remains to argue that (b) € edge(A) if v does have a past endpoint.
Consider v maximally extended to the past and suppose y := v(b) € A\
edge(A): By definition of edge(A), there is a convex neighborhood U of y
such that for every z+ e I Li,(y), any timelike curve from z~ to 2T intersects
A. Note that by construction of v, there is a neighborhood W of ~ \ {y}
that does not meet A. Let z* be as before, then we may choose

L elf(z)nI; M) n (v \ {y}),

and let \; be timelike from 2~ to z°. We may suppose that z* € I(}L (y)NW,
and choose a timelike curve \g from 20 to 2+ entirely in W. Then A\ \g is a
timelike curve from 2z~ to 2zt and must hence meet A. By choice of 2% and
A2, we see that Ay does not meet A and hence it also does not meet A, so
A1 meets A in some z € \; N A. There are two possibilites: Either z° comes
before y on v or after. In the first case, we have that

g <y<p

and hence p € I1(A), contradicting p € dJF(A). If 2° comes after 3, then
one similarly concludes that p € IT(A). O

Lemma 3.1.15. (HT(A)\ A C It(A))
Let A be an achronal set, then H(A) \ A C I'T(A).

Proof. Let x € HT(A) \ A, then there is a neighborhood U of x not meet-
ing A. Let y € I;;(z), then z € I (y) and since x € Dt (A), the open
neighborhood I} (y) intersects D (A) in some z.

Suppose that y ¢ DV (A), then let v be a past inextendible causal curve
from y that does not meet A. Let o be a timelike curve from y to z entirely
in U. Then o has to meet A since z € DT (A), but v does not meet A and
neither does o, because o C U and U does not meet A, a contradiction.
Soy € DT(A) C AU I (A), which implies that z € IT(A). O

Proposition 3.1.16. (Generators of H™)

Let A be closed and achronal. Then every p € H(A) is the future endpoint
of a maximal null geodesic entirely in 9J 7 (A) that is either past inextendible
or has past endpoint in edge(A).
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Proof. First, note that P := D+ (A)UI~(A) is a past set since [~ (D1 (A)) C
DT (A)U I~ (A): Indeed, suppose x € [~ (DT(A)) and = ¢ D" (A). Hence,
there is a past inextendible causal curve v with future endpoint x not meet-
ing A. Since z € I~ (D% (A)), there is some y € DT(A) such that z < y.
Connect x to y by a future causal curve o, then 1 := o is a past inextendible
causal curve from y, hence it meets A at some z € A. Since vy does not meet
A, we have z € o and hence z < z. Thus z € I~ (A). Since H"(A) C 9P,
it is thus a subset of a closed topological hypersurface by Corollary
Next, let z € HT(A) \ edge(A). We may choose a sequence x, € I1T(A) \
DT (A) with 2, — z. For each n, let 7, be a past inextendible causal curve
that does not meet A. Parametrizing the -, to be h-unit speed, where h
is an arbitrary complete Riemannian metric on M, the limit curve theorem
implies that (up to a choice of subsequence) the -, converge locally uniformly
to a past inextendible causal curve vy with future endpoint x. We will show
that there is a convex neighborhood U of x such that yNU C HT(A).
Since A is closed, Lemma implies that HT(A) C AU IT(A). Hence,
for x as before there are the possibilities z € A\ edge(A4) or z € IT(A). If
x € A\ edge(A), there exists a neighborhood V' of = such that all timelike
curves from Iy, (z) to ;7 () meet A. Choose U to be a convex neighborhood
of z contained in V', then certainly every timelike curve from I, (z) C Iy, (x)
to I7(z) C I;(x) meets A. In the case z € IT(A), let U be a convex
neighborhood of z contained in I1(A).

We claim that in either case, yNU C AU IT(A). If z € I'T(A), this is
clear by our choice of the convex neighborhood U C I't(A). Now suppose
x € A\edge(A) and y € (yNU) \ A. Since A is closed, we may find a
convex neighborhood V' of y with V' C U. Since x € A and y € v C J (z),
V intersects I~ (z). Also, V intersects the curves -, for large enough n and,
since V' is convex and does not meet A, there is a timelike curve from I~ (z)
to 7, entirely in V' not meeting A. Concatenating this curve with the rest of
Yn to the future, which also does not meet A, we get a timelike curve from
I; (x) to I () which does not meet A, a contradiction to z € A\ edge(A).
Thus, we have shown yNU C AU ITT(A).

Via similar lines of argument, one then shows that vy N U C D+(A) and
(vyNU)NI=(DT(A)) =0, thus y N U C HT(A), see [14, Prop. 8.3.1] for
details.

Since HT(A) is closed, the curve v N U has a past endpoint & in HT(A).
If & ¢ edge(A), we can repeat our construction to obtain a causal curve
4 C HT(A) with future endpoint Z. If this construction stops after finitely
many iterations, we get a causal curve in H*(A) with future endpoint z and
past endpoint in edge(A). If it does not, we get a past inextendible causal
curve contained in Ht(A) with future endpoint z. In either case, due to
achronality of H*(A) such a causal curve must be everywhere null and
maximizing, thus a (reparametrization) of a maximizing null geodesic. [
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Definition 3.1.17. (Horismos)
Let A C M be any subset. Then its future/past horismos is

EX(A) := JH(A)\ IF(A).

Lemma 3.1.18. (Basic properties of the horismos)
Let A C M be achronal. Then:

A is achronal.

(1) Suppose there are p,q € A with p < ¢q. Choose sequences py, g, € A
with p, — p and ¢, — ¢. Then for large n, p, < ¢, by openness of
the chronological relation, contradicting the achronality of A.

(2) Since A C J*(A) for any set, and by achronality AN I*(A) = (), the
claim follows.

(3) We argue this only for E™, with the E~-case being analogous. Suppose
that Et(A) is closed. We first claim that IT(A) = IT(A): IT(A) C
It (A) is trivial. For the converse inclusion, suppose ¢ € I7(A). Then
there is p € A with p < ¢. Choose a sequence p, € A with p, — g,
then p,, < ¢ for large n, hence q € I (A). So we conclude that

ET(A) = JHA)N\NIT(A) = T AN\TT(A) c THA)\IT(A) = ET(A).

Conversely, since A C ET(A) by achronality and E*(A) is closed, we
get A C E*(A). Noting that J*(A) = J*(ET(A)), we get

EY(A) = JH(AN\TT(A) c JHET(A)\ IT(A)
= JT(A)\ITT(A) = ET(A).

(4) This is clear because J¥(A)° = [*(A).

~—

Lemma 3.1.19. (Inclusion relation for HT)
Let A be a closed, achronal set. Then

HT(E1(A)) C HT(0JT(A)).

92



Proof. Suppose x € HT(ET(A))\ HY(0JT(A)). Since ET(A) C dJ7(A),
clearly DT (E+(A)) C Dt(8J*(A)), and since x ¢ HT(0J(A)), the defi-
nition gives x € I~ (DT (0JT(A))). Let y € I (x) N DT (8JT(A)).

We show that I (z)NI~(y)NdJ T (A) = 0: Suppose not, and let z be in that
set. Then I~ (z) 2 x, but € D+ (E+(A)), hence I~ (z) meets Dt (ET(A)).
Let zo € I7(2) N DT (ET(A)). Let X be a past inextendible timelike curve
from zg, then A meets ET(A) at some 21, hence 21 < 29 < 2. But 21 €
ET(A) CaJt(A), hence z1 € I (2) NdJT(A), which is a contradiction to
the achronality of dJ7(A) since z € dJT(A).

Now the neighborhood I~ (y) of x contains points not in D+(E+(A)), choos-
ing such a point we get a past inextendible timelike curve not meeting
E*(A). Since I (x) N I~ (y) does not meet &J"(A4) DO ET(A), we get
a past inextendible timelike curve 7 from y not meeting E*(A). Since
y € DT (0JT(A)), it follows that v meets 0J(A) at some Z. Let u be a
null geodesic from Z that is either past inextendible or ends in edge(A) (see
Lemma . We show that both cases lead to a contradiction.

If 1 ends in zp € edge(A), then zy € A since A is closed. Hence u C J*(A),
and since Z is the future endpoint of p, we get z € JT(A)NAJT(A) = ET(A),
a contradiction since Z € v and v does not meet ET(A).

Suppose u is past inextendible (and hence does not meet A). Since 7 is time-
like with future endpoint y € DT (0J1(A)), v must thus meet (DT (0J(A)))°.
Concatenating + from that point with p after Z, we see that p intersects
I=(0J%(A)). But u C JT(A), so this is a contradiction by achronality of
dJT(A). O

Lemma 3.1.20. (Cauchy horizon of horismos)

Let (M,g) be a strongly causal spacetime and let A C M be a closed,
achronal set such that E(A) is closed. Then Ht(E*(A)) is noncompact
or empty.

Proof. Suppose HT(E1(A)) is compact and nonempty. By strong causal-
ity, HY(E*(A)) can be covered by finitely many relatively compact con-
vex sets U; such that no causal curve leaving U; ever returns. Let z; €
H*(E*(A)) and let Uy be such a convex set with z; € Uy. By Lemmal3.1.19]
HY(Et(A)) € HY(0J1(A)), so the neighborhood U; of z; € HT(0J(A)) C
OD1(dJ(A)) must contain a point z1 not in D (9J+(A)), and this point
may be chosen to be in J*(A4). By Lemma there is a past inextendible
timelike curve a; from z1 not meeting J*(A), and it does not even meet
D+ (0J*(A)) (indeed: if a; met D+ (9J*(A)), then it would constitute an
inextendible timelike curve from that point on and would thus have to meet
dJT(A)). Since 1 € JT(A) and a; does not meet dJT(A), it is entirely
contained in IT(A). Since inextendible curves cannot be trapped in a (rel-
atively) compact set (this is due to strong causality, see [21, Thm. 2.80]),
a1 leaves Uy, so there is some y; € oy \ Uy C IT(A) C IT(ET(A)). Let
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B1:10,1] — M be a past timelike curve from y; ¢ Dt(E+(A)) to ET(A).
We claim that 81 meets HT(ET(A)): Since 51(1) € Et(A) C DT(ET(A)),
there is some to > 0 such that 1(t) ¢ DT(E+(A)) for t < tp and B1(tg) €
ODY(ET(A)) = ET(A)UHT(ET(A)) (since ET(A) is closed and achronal).
But $1(1) € ET(A), so Bi(tog) € HY(ET(A)) \ ET(A) by achronality of
Et(A).

Now let 29 € B1NHT(E*(A)) and let Uy be another one of the finitely many
convex neighborhoods from above such that zo € Us. Retracing the steps
of the constructions so far, we see that x; < y; < 22, and y; ¢ Uj, hence
by strong causality zo ¢ U;. Continuing by induction, we see that no finite
number of the U; can cover HT(E™(A)), a contradiction to compactness. [

Corollary 3.1.21. (Inextendible timelike curve in D)

Let (M, g) be strongly causal and let S C M be a nonempty, achronal set
such that ET(S) is compact. Then there is a future inextendible timelike
curve contained in DT (ET(9)).

Proof. Since ET(S) = E*(S), we may assume that S is closed. Let X be
a global timelike vector field on M. Since H(ET(S)) C Dt(E*(S9)), it
follows from Lemma that each maximal integral curve of X through
a point of H(E™(S)) meets E*(S). Suppose now that every maximal inte-
gral curve of X that meets E1(S) also meets H1(E*(S)). Define a continu-
ous surjection ET(S) — HT(E*(S)) by sending p € ET(S) to the (unique)
point on the unique integral curve of X through p that is on H*(ET(S9)).
Then compactness of ET(S) would imply the compactness of HT(E*(S))
(unless H*(E1(9)) is empty, in which case the claim is trivial). O

3.1.2 Causally disconnected spacetimes

We intend to make use of the notion of causal disconnectedness in the proof
of the Hawking-Penrose theorem, so let us introduce this concept now. Un-
der some additional causality assumptions, causally disconnected spacetimes
can be seen as the Lorentzian analogues of Riemannian manifolds that are
not simply connected at infinity. The latter then always have a line, i.e. an
inextendible geodesic that realizes the distance everywhere. We will show
that strongly causal, causally disconnected spacetimes contain (causal) lines.

Definition 3.1.22. (Rays and lines)

Let (M,g) be a spacetime. A future causal ray is a causal, future inex-
tendible geodesic maximizing the distance between each of its points. A
past causal ray is defined dually. A causal line is an inextendible causal
geodesic maximizing the distance between each of its points.
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Definition 3.1.23. (Causal disconnectedness)

A spacetime (M, g) is causally disconnected if there is a compact set K and
two sequences p,, ¢, that each leave every compact set such that p, < g,
for all n, and all future causal curves from p, to ¢, meet K.

Example 3.1.24. (Causally disconnected spacetime)

Consider the cylinder M := R x S' with the Lorentzian metric —dt? + df?.
Let K := {0} x S!, and choose any inextendible timelike spiral 7 : R —
M. Choosing p, = y(—n) and ¢, := 7y(n), we see that M is causally
disconnected.

Proposition 3.1.25. (Lines in causally disconnected spacetimes)
Let (M,g) be a strongly causal, causally disconnected spacetime. Then
(M, g) has a causal line.

Proof. Let K, py,, g, be the data of the causal disconnection of M. Connect
Pn to gy by a causal curve 7, : [an,b,] — M that is parametrized by h-
arc length for some fixed complete Riemannian metric h on M. Moreover,
assume that

Lg('yn) > dg('Yn(an)a’Yn(bn)) —€n

where ¢, | 0. Then each =, meets K at some 7(¢,), we may assume t, =
0. By compactness, v,(0) — p € K. Since dy(pn,qn) — o0, the a, and
b, are necessarily unbounded and hence we may assume that a,, — —oo,
b, — oo. In particular, the -, (eventually) leave a fixed neighborhood
of p. By the version of the limit curve theorem in [20, Thm. 3.1(1)], we
get a g-inextendible, h-unit speed causal limit curve v : R — M. Due to
our assumption on Ly(vy), 7 is everywhere maximizing and hence a causal
line. O

Lemma 3.1.26. Let (M, g) be strongly causal. If there is a null line in M,
then (M, g) is causally disconnected.

Proof. Let ¢ : (a,b) — M be a null line. Let d € (a,b) and p := ¢(d).
Set K := {p}. Choose s, T a and t, | b, and p, = c(sn), ¢n = c(tn).
Then (after maybe dropping some s,, t,) we have p, < p < ¢,. Since ¢
is inextendible, it leaves every compact set, and hence p,, ¢, leave every
compact set. Now let o : [0,1] — M be any causal curve from p, to g,.
Then o has to be null, and hence a reparametrization of c|(,, ;,], which meets
K. Thus, (M, g) is causally disconnected by K, py, ¢n. ]

3.1.3 The genericity condition

The idea behind the genericity condition is that there is some nontrivial
dynamics happening at least somewhere along any causal curve. This is a
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reasonable assumption to make in nontrivial, physically relevant spacetimes.
Together with Ricci estimates, the genericity condition implies the existence
of conjugate points on complete, causal geodesics, as we will show.
Throughout this subsection, let (M, g) be a spacetime of dimension n > 2,
except when we consider null geodesics, then we will assume n > 3 (since null
geodesics do not have conjugate points in dimension n = 2, as mentioned in
the introduction to Section .

Definition 3.1.27. (Genericity condition)

Let ¢ : (a,b) — M be a timelike geodesic. (M,g) is said to satisfy the
genericity condition along c if there is some ty € (a,b) such that the tidal
force operator

R, (t0))¢/(t0) : Tofypy M = Tofyo) M

is not the zero map. Similarly, if 5 : (a,b) — M is a null geodesic, (M, g)
is said to satisfy the genericity condition along B if there is some tg € (a,b)
such that the quotient tidal force operator

R(, 8 (t0))B (to) : QB(to) = QB(to)

is not the zero map (see Remark for the notation). (M, g) is said to
satisfy the genericity condition if it satisfies the genericity condition along
any inextendible causal geodesic.

Definition 3.1.28. (Timelike and null energy conditions)

(M, g) is said to satisfy the timelike energy condition if Ric(v,v) > 0 for all
timelike v € TM. It is said to satisfy the null energy condition if Ric(v,v) >
0 for all null v € TM. If it satisfies both energy conditions, we say that
(M, g) satisfies the causal energy condition.

Note that, by continuity of Ric, the timelike energy condition implies the
null energy condition. In particular, the timelike and causal conditions are
equivalent. This is, however, not the case if one lowers the regularity of ¢
(as is done in many recent works, see e.g. [7]). We will keep the different
terminologies depending on the causal character of the vectors we want to
emphasize.

Remark 3.1.29. (Some remarks on the expansion 0)

Let ¢ : [a,b] — M be a timelike geodesic and let A be a Jacobi tensor along
c. Then the ezpansion is 6(t) = Tr(A'(t)A~1(t)) (see Definition .
Recall from Remark the following formula:

0 = (det A)(det A)~L.

So if |[#| — oo for t — tg, then det A(tp) = 0. Determining where det A(tg) =
0 is of relevance for the following reason: In the proof of Proposition [2.3.20
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we showed how to understand A as an (n—1) x (n—1)-matrix whose columns
are Jacobi fields vanishing at some fixed initial point, say a. If det A(tp) = 0,
then there is a nontrivial linear combination of the Jacobi fields at ¢y which
is equal to 0, i.e. >, \iJi(to) = 0. But then J(t) := > . A\ Ji(t) is a Jacobi
field with J(a) = 0 and J(to) = 0, implying that c(a) and c(tp) are conjugate
along c.

Proposition 3.1.30. (Negative and positive expansion)

Let ¢: I — M be an inextendible timelike geodesic.

Suppose that Ric(c/(¢), (t)) > 0 for all t € I. Moreover, suppose there is a
Lagrange tensor A along ¢ such that the expansion 0(t) = Tr(A'(t)A~*(t))
is negative (resp. positive) somewhere, i.e. there is some ¢; € J such that

6(t1) <0 resp. 6(t1) > 0.

Then det A(t) = 0 for some t € {tl,tl - 51(7711)} resp. t € [tl - %,tl}
provided that t € 1.

Proof. As noted in Remark [3.1.29} it suffices to show || — oo for t — ¢

with ¢p in the above intervals (depending on the case of negative or positive
expansion). Let T} := gL(T_ll) We only consider the case 77 < 0, the case

T7 > 0 is similar. Since Tr (02) > 0, where o is the shear, the vorticity-free
Raychaudhuri equation (see Corollary [2.3.24]) implies that
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We can integrate this from ¢; to ¢ > t1:

() g9 todt
[t
9(t1)9 t1 n—1

Upon calculating the integrals, some basic manipulations yield

n—1
0t) < ——.
()_t—f—Tl—tl

Note that the right hand side is negative for ¢ € [t1,t1 — T1). Hence

n—1

o) >-———
(1 = t+T) —ty

and the right hand side goes to +oo for ¢ — ¢; — 71, which proves the
claim. O

In the following, we want to establish that the genericity condition together
with the timelike energy condition force a timelike geodesic to develop con-
jugate points. We will need some preparations for this.
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Remark 3.1.31. (One-parameter family of Lagrange tensors)

Let ¢ : [t1,00) — M be a timelike geodesic without conjugate points to
c(t1), and let s € (t1,00). Then there is a unique Jacobi tensor D; along
¢ satisfying the boundary conditions D(¢;) = id and Ds(s) = 0 (note that
the unbounded interval is of no significance and we can still use Proposition

2.3.20)). Since D4(s) =0, Dy is even a Lagrange tensor (see Lemma [2.3.16)).

We will maintain this notation throughout this subsection.

Remark 3.1.32. (Integration of (1, 1)-tensors)

Suppose ¢ is a unit-speed timelike geodesic and A is a (1, 1)-tensor normal to
¢, and let E1,..., E, be a parallel orthonormal frame along ¢ with E,, = ¢.
Then A is represented as a matrix with entries A; with respect to this

frame. We can define for any parameter ¢y the integral ftto A(7)dr as the
(1, 1)-tensor along ¢ whose components (at parameter value t) with respect

to E;(t) are
t .
/ Aj(T)dr.

to
This construction is independent of the parallel frame, since any two parallel
frames along c are related by a constant base change matrix. The usual rules
and conventions for integrals apply for the integration of (1,1)-tensors. A
similar construction method can be applied to integrate (1, 1)-tensor classes
along null geodesics. (See [5] for more details.)

Lemma 3.1.33. (Formula for Dy)

Let ¢ : [t;,00) — M be a timelike geodesic without conjugate points to
c(t1). Let A be the unique Lagrange tensor along ¢ with A(t;) = 0 and
A'(t;) = id. For each s € (t1,00), let D, be the unique Lagrange tensor
along ¢ with Ds(t1) = id, Ds(s) = 0. Then

D.(t) = () [ (al4) r)ar
t
for t € (t1,s]. In particular, Dy is nonsingular in (1, s).

Proof. First note that A is nonsingular on (¢g,00) by Proposition
because ¢ has no conjugate points to ¢(tp). Let X (¢) be the (1,1)-tensor on
the right hand side of the equation above. We need to show that X satisfies
the Jacobi tensor equation, and X (s) = 0 = Dy(s), X'(s) = D.(s), because
then X = Dy by uniqueness.

We first show that X satisfies the Jacobi tensor equation, i.e. X"+ RX = 0.
The first derivative yields

X0 = A0) [ (A1) ()i - A1) 1)

t

— A1) / (AT (r)dr — (AT (8),
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Thus, using the formula (2.6)), the second derivative of X is
t
X"(t) = A"(t) / (ATA) ! (r)dr — A'(£)(ATA) 71 (1) — ((A) 7' (¢)

= A"(t) /:(ATA)_l(T)dT — A(HATH (AN (1)

+ (AN AN (6)(AN) (@)

Since A is a Lagrange tensor, by definition (see Definition [2.3.15)) we have
that (A7) = ATA’A~!, so the second and third terms in X" cancel, leaving

X"(t) = A"(t) /t (AT A (7).

From this, since A satisfies the Jacobi tensor equation, it is evident that X
does so as well. Clearly, X (s) = 0 and by the formula derived above for X',

X'(s) = —(AN7H(s).

We are done if we show that D’(s) = —(A")7!(s). To this end, recall that
R = R' (as a (1,1)-tensor) and observe that

(A"Y'D, — A'D.) = (AN'Dy — ATD" = —ATRD, + ATRD, = 0.
Since (A" (t1)Ds(t1) — At(t1)DL(t1) = id — 0 = id, it follows that
(A"YD,— ATD. = E,

where F is the Jacobi tensor along ¢ that equals id for every t. Evaluating
at s, we get (using D4(s) = 0)

—Al(s)Di(s) = id,

and thus D’(s) = —(A")7!(s) as claimed. Thus X = D, as was discussed
at the beginning of the proof.

Finally Dy is nonsingular in (t1,s] because A is nonsingular and (AfA)~!
is positive definite and self-adjoint, hence so is its integral, which is then in
particular nonsingular. d

Lemma 3.1.34. (The limit lim,_, Dy)

Let ¢ : [a,00) — M be a timelike geodesic such that no two points on ¢

are conjugate along c¢. For t; > a and s € [a,00) \ {t1}, let Dy be the

unique Lagrange tensor along ¢ with Dg(¢1) = id and Ds(s) = 0. Then for
€ Tci(t)M ,

D(t)v := lim D4(t)v

S§—00

(with the limit understood in the finite-dimensional vector space TCL(t)M )
defines a Lagrange tensor D = D(t) along c¢. Moreover, D(t) is nonsingular
for t € (t1,00).
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Proof. In the first step, we show that D.(¢;) has a self-adjoint limit for
s — 0o. Since D, is a Lagrange tensor, we have (note that (Af)" = (A)T
due to linearity of taking the adjoint)

((Ds))(t1)Ds(t1) = DIDL(ty).

Since D4(t1) = id and hence also DI (t1) = id, we have ((Ds))(t1) = D.(t1).
The pointwise limit D’(¢1) of the D’(¢1) will then necessarily be self-adjoint
by continuity, if it exists. If we show that for each y € TCL(tl)M, (DL(t1)y,y)

converges to some number (D’(t1)y, y), then this completely determines the
self-adjoint linear map D’(t1) by polarization. To this end, we establish

that (D.(t1)y,y) (for fixed y € T CL(tl)M ) is monotonically increasing for

s € (t1,00) and is bounded above by (D’ (t1)y,y). Suppose r € (t1,s). Then
by (the proof of) Lemma [3.1.33] for t € (t1, s] we have

D(t) = A'(t) / (AT 4) (r)dr — (A (1),

where A is the unique Lagrange tensor with A(t;) = 0 and A'(t;) = id.
Denote by Y the parallel translate of y along ¢ such that Y (¢;) = y. Using
the formula above, we get for t € (¢4, s)

DY O.¥(0) = (40) [ (At ey @, 7))
— (AN B (), Y ().
For ¢ € (t1,r), we get
(DLOY (), Y (1) — (DLOY (), Y (1)

_ <A’(t) / (AT A (D) dry (1), Y(t)> |

Taking the limit ¢ | ¢, and using Y (1) = y and A'(t1) = id, we get
(D4t} = i) = [ AT @ary ),y (w)).

Here, the integral on the right hand side is understood to be a constant (i.e.

parallel) (1, 1)-tensor along c. Since Y is parallel, the expression on the right
hand side equals

/ s((ATA)‘l(T)Y (1), Y (7))dr.

Expanding the left factor, this can be rewritten as

[ A @y . (4 ey (o
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Since Y is nowhere trivial and A is everywhere nonsingular (except at t = ¢1),
the above expression is positive (since the restriction of the metric to TCL(T)M

is positive definite). We find that

(Dy.(t)y,y) < (Di(t1)y, ),

i.e. s —= (D.L(t1)y,y) is monotonically increasing for s > ¢;. Now we show
that (D%(t1)y,y) < (D.(t1)y,y) for s > t;. Let Y be as before and define

J(t) = D ()Y (t) a<t<ty,
DY () t<t<s.

Since Dg(t1) = id = Dg4(t1), J is continuous at t1. Moreover, J is a piecewise
Jacobi field since Dg and D, are Lagrange tensors and Y is parallel, and it
holds that J(a) = 0 and J(s) = 0. Denote by J, and Js the two smooth
pieces of J. If I is the timelike index form of c||, 4, then

I3, J) = I8 (J, ) + I (J, J) = —(J(t1), Ja(t1)) + (Ji(t1), Js(tr))
= —(D},(t1)y, y) + (Ds(t1)y, y),

where we used the formula from Remark and the fact that D,(t1) =
id = Dg(t1). By Theorem I(J,J) < 0 because ¢ has no conjugate
points and J(a) =0, J(s) = 0. This yields the claim

<Dg(t1)yv y> < <D2L(t1)y7 y)

for all s > t1. By the discussion at the beginning of the proof, we conclude
that the self-adjoint linear map D’(t1) : TCL(tl)M — Tcl(tl)M exists and it is
the pointwise limit of the D/ (¢1). Now define D as the unique Jacobi tensor
along ¢ with D(t1) = id and D’(¢1) as the limit obtained above. Since
the initial conditions of Dy approach those of D for s — oo and D, D are
both Jacobi tensors, it follows from ODE theory (continuous dependence
on initial data) that D is the pointwise limit of the D;. By definition of
Lagrange tensors, it is clear that this property is preserved under limits,
hence D is also Lagrange. The nonsingularity claim is clear from the integral
representation as was proven for D in Lemma |3.1.33 O

Lemma 3.1.35. (Two classes of Lagrange tensors)

Let ¢ : R — M be a complete timelike geodesic such that Ric(c/,c) > 0
along ¢ and such that M satisfies the genericity condition along ¢ at some
t; € R. Moreover, let

L := {Lagrange tensors A with A(t1) =1id, 6(t1) > 0},
L_ := {Lagrange tensors A with A(t1) =1id,6(t1) < 0}.

Then for each A € L_, there is some ¢ € (t1,00) such that det A(t) = 0, and
for each A € L, there is some ¢ € (—o0, t1) such that det A(¢) = 0.
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Proof. We only prove the claim for A € L_, the case A € L, is analogous.
If A€ L_, then A(t1) = id and (1) = Tr(A'(t1) A (t1)) = Tr(A'(t1)) < 0.
The vorticity-free Raychaudhuri equation, cf. Corollary implies that

2
_G(t) <0.
n—17—

0'(t) = —Ric(d(t),d(t)) — TI“(O'Z(t))

If 6(to) < 0 for some t > t;, then Proposition would give the claim.
Suppose not, i.e. in light of 8/ < 0 suppose 6(t) = 0 for all ¢ > ¢;. Thus
0'(t) = 0 for t > t1. Reinserting this back into the vorticity-free Raychaud-
huri equation, we get for ¢ > t1

0 = — Ric(c'(¢),c(t) — Tr(02(t)) —-0< —Tr(az(t)),

but Tr(aQ) > 0, hence Tr(a2(t)) = 0 for ¢ > t;. Since the shear o is self-
adjoint (cf. Definition [2.3.21)), it follows that o(¢) = 0 for all ¢ > t;. Now
B = A’A7! is self-adjoint because A is Lagrange, cf. the proof of Corollary
This, together with the assumption that #(t) = 0 on [¢1,00) implies
that

B(t) =0(t) =0 on [t;,00).

But then the Riccati equation R = —B’ — B? (cf. Remark [2.3.25)) implies
that the tidal force operator vanishes at ¢, which is a contradiction to our
assumptions. O

We are now ready to formulate and prove the main result of this subsec-
tion, which shows that the genericity condition forces a (complete) timelike
geodesic to focus (i.e. to develop conjugate points), if the Ricci curvature
along the geodesic is nonnegative (e.g. if the spacetime satisfies the timelike
energy condition).

Theorem 3.1.36. (Genericity and energy conditions imply focusing)

Let (M, g) be a spacetime of dimension n > 2. Let ¢ : R — M be a complete
timelike geodesic such that Ric(c/,¢’) > 0 for all ¢t € R. If M satisfies the
genericity condition along ¢ at some t; € R, then ¢ has a pair of conjugate
points.

Proof. Suppose ¢ has no conjugate points. Then the Lagrange tensor D(t) =
limg D4(t) constructed in Lemma with D(t1) = id is nonsingular for
all ¢ > t;. Then D ¢ L_ in the notation of Lemma so necessarily
D e L\ L_, which means

0(t1) = Tr(D'(t1) D' (t1)) = Tr(D'(t1)) > 0.
By continuity, there is some s > t; such that

TI‘(D;(ﬁ)) > 0.
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Again by Lemma Ds(t2) is singular for some to < t1, so let v €
TCJ(}Q)M \ {0} such that Dg(t2)v = 0. Since Dy is a nontrivial Jacobi tensor,
letting Y be the parallel translate of v along ¢, Ds(Y") is a nontrivial Jacobi
field along ¢ vanishing at to and s (because Ds(s) = 0), a contradiction to
the assumption that ¢ has no conjugate points. O

Corollary 3.1.37. (Incompleteness or focusing)

Let (M, g) be a spacetime of dimension n > 2. Suppose (M, g) satisfies
the timelike energy condition and the genericity condition along each in-
extendible timelike geodesic. Then each timelike geodesic in M is either
incomplete or has a pair of conjugate points.

Results similar to these may be established for null geodesics in much the
same manner, except that one has to work with the corresponding quotient
objects and equations. The most important ingredient, which is a conse-
quence of the vorticity-free Raychaudhuri equation for null geodesics, is the
following analogue of Proposition [3.1.30

Proposition 3.1.38. (Negative and positive expansion: null case)

Let (M, g) be a spacetime of dimension n > 3 and let 5 : I — M be an
inextendible null geodesic. Suppose Ric(3'(t), 3'(t)) > 0 for allt € I. Let A
be a Lagrange tensor class along 5 such that the expansion

9(t) = Tr (Z’(t)ﬁ‘l(t)) — (det A(t))'(det A(t))™ 1)

has a negative resp. positive value at some ¢; € I. Then det A(t) = 0 for

some € [tl,tl _ gﬁ} resp. t € [tl - %,tl}.

By establishing quotient versions of all the lemmas discussed so far, one
eventually proves the following analogue of Theorem

Theorem 3.1.39. (Genericity and energy imply focusing: null case)

Let (M, g) be a spacetime of dimension n > 3 and let § : R — M be a
complete null geodesic such that Ric(8'(t),5'(t)) > 0 for all t € R. If M
satisfies the genericity condition along § at some t; € R, then 3 has a pair
of conjugate points.

Corollary 3.1.40. (Incompleteness or focusing: null case)

Let (M, g) be a spacetime of dimension n > 3 satisfying the null energy
condition and the genericity condition along any inextendible null geodesic.
Then each null geodesic in M is either incomplete or has a pair of conjugate
points.

We can combine Corollary [3.1.37 and Corollary to get the follow-
ing main result of this subsection (recall that the causal energy condition
and timelike energy condition are equivalent; we still sometimes refer to
the causal energy condition to put an emphasis on both timelike and null
vectors).
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Theorem 3.1.41. (Incompleteness or conjugate points)

Let (M, g) be a spacetime of dimension n > 3 satisfying the causal energy
condition and the genericity condition. Then every causal geodesic in M is
either incomplete or has a pair of conjugate points.

3.1.4 Focal points

In this subsection, we will be interested in geodesics orthogonal to a spacelike
hypersurface H of a spacetime (M, g) and their focusing behavior. All the
operations that appear (the Levi-Civita connection, covariant derivatives)
are understood as operations in M (unless stated otherwise).

Recall from Section (and generally Chapter [1]) that for a given spacelike
hypersurface H, we (locally) have two choices of unit timelike normal fields.
We will choose the normal N to be future directed. For the shape operator
S = Wy (we will use these notations interchangeably), it holds by Lemma

[L.2.5] that
S(X)=Wyn(X)=-VxN

for all X € X(H), where Vx N is understood via local extensions (see Defi-

nition [1.1.9)).

Proposition 3.1.42. (Geodesic variations orthogonal to H)

Let H be a spacelike hypersurface in a spacetime (M, g) and let N be a local
unit normal for H. Let ¢ : [a,b] - M be a timelike geodesic with c¢(a) € H,
¢(a) = N(c(a)) L H. Let a: [a,b] X (—e,e) — M be a geodesic variation of
c with a(a,s) € H, dia(t, s)|t=a = Ne(a,s) L H. Then the variation vector
field J of « is a Jacobi field along ¢ and satisfies

tan J’(a) = —WN(C(G))J(CL),
where tan .J'(a) is the component of .J(a) tangent to T,q)H.

Proof. Since « is a geodesic variation, J is a Jacobi field (cf. Proposition
2.1.6). We now show that the claimed equation holds. Note first that
since s — a(a,s) € H, J(a) = Oslpa(a,s) € TH. Now let X € X(H) be
arbitrary. We will use the notations ¢ := ¢(a) and a5 = a(., s). Then, since
as(0) = dra(t, s)|t=q L H, we have

0= L-1o{ X ts0)
= (V0 Xa(a): (@) + (Xg, Vi 0Bt|a(t, 5))
= (I1,(Xq, J(a)), Ng) + (Xq, V' [a T (1)),
where we used ¢(a) = Ny, the Gauss formula (see Corollary along

the transversal curve s — «(a,s) and Lemma [2.1.3] Therefore, with the
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understanding that J'(a) = VM|, J(t),
(J/(a)an> = _<IIq(Xqv J(a)):Nq> = _<WNqJ> Xq>a
which proves the claim. O

Remark 3.1.43. (Arbitrary hypersurface variations)

The proof of Proposition shows in fact that if o is any (not neces-
sarily geodesic) variation of ¢ with the properties described there, then its
variational vector field V' will satisfy

tan V’(a) = _WN(c(a))V(a) .

Moreover, if V' is a Jacobi field along ¢ with V(a) € Tyq)H, tanV'(a) =
~Wn(c(a))V (@), then there is a geodesic variation as in Proposition (3.1.42
with variation vector field V' (see [14, Lem. 4.6.12]).

Definition 3.1.44. (H-Jacobi fields)

Let H C M be a spacelike hypersurface with local unit normal N and let
c: [a,b] — M be a timelike geodesic with ¢(0) € H, ¢(0) = Ny L H. A
Jacobi field J € X(c) is called H-Jacobi field if J L ¢ and

tan J'(a) = VM0 J () = —Wii(c(a)) /-

Definition 3.1.45. (Focal points)

Let H C M be a spacelike hypersurface with local normal field N and let
¢ : la,b] = M be a timelike geodesic with c(a) € H, ¢(a) L H. Then c(t),
t € (a,b], is called focal point of H along c if there is a nontrivial H-Jacobi
field J € X(c) with J(t) = 0.

We will henceforth refer to geodesics ¢ as above as geodesics orthogonal to
H (at c(a)).

Remark 3.1.46. (Focal points and Jacobi tensors)

Let ¢ : [a,b] — M be a timelike geodesic orthogonal to a spacelike hypersur-
face H C M. Note that Tcl(a)M = T.(q)H. There is a unique Jacobi tensor
A along c satisfying

Aa) =id,  A'(a) = =Wii(c(a)Ala) = =W (c(a))

where Wy (,) : TCL(Q)M - T CL(G)M is well-defined on tangent vectors (cf.
Definition[1.1.17). Now if Y € X(c) is a nontrivial parallel field orthogonal to
¢, then AY is a nontrivial H-Jacobi field along c. Since J'(a) = —Wy(yyJ =
~Whn(q)J(a), the dimension of H-Jacobi fields along c orthogonal to c is
n — 1. Since AY is a nontrivial H-Jacobi field for every nontrivial parallel
field Y along c orthogonal to ¢ (of which there are n—1 linearly independent

directions), it follows that every H-Jacobi field can be expressed in the form
AY.
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Lemma 3.1.47. (A is Lagrange)
Let A be as in Remark [3.1.46] Then A is a Lagrange tensor.

Proof. Since the Weingarten map is self-adjoint, it follows that A’(a)f =
A'(a). Together with A(a) = id, it follows that

A'(a) A(a) = A(a)TA'(a).

Since the Wronskian is constant along ¢, it follows that A is a Lagrange
tensor. 0

With this observation, we may prove the following analogue of Proposition

[3:1:30] and Proposition [3.1.3§]

Corollary 3.1.48. (Negative and positive expansion: hypersurface case)

Let (M, g) be a spacetime of dimension n > 2 and let ¢ : I — M be an
inextendible timelike geodesic orthogonal to a spacelike hypersurface H C M
at ¢ =: c(tp). Suppose that Ric(d/(t),d(t)) > 0 for all t € I. If —Tr(Wy)
(with N a choice of unit normal for H) has a negative resp. positive value Tj

at ¢, then there is a focal point ¢(¢) to H along ¢ for some t € [to, to — "T_Ol}
resp. t € [to - "T;OIJO]

Proof. We saw above that the unique Jacobi tensor along ¢ with A(ty) = id
and A'(to) = —Wi(c@e)) s Lagrangeﬂ Note that

0to) = Tr(A'(to) A (t0)) = Tr(A'(t0)) = = Tr(Wivg))-

From Proposition [3.1.30] it follows that A becomes singular in the given
intervals depending on whether 7Ty < 0 or Ty > 0. But if A becomes singular
at some ¢, we may take a nonzero vector in its kernel, parallel transport it
to get an H-Jacobi field AY that vanishes at ¢, which means that c(t) is a
focal point of H along c. O

Definition 3.1.49. (Hypersurface index form)

Let ¢ : [a,b] — M be a g-unit timelike geodesic orthogonal to a spacelike
hypersurface H C M at ¢(a). Let Z € %Ifw(c) with Z(b) = 0. We define the
H-index form of Z as

IH(Za Z) = I(Z7 Z) + <Wc/(a)Z(a)ﬂZ(a)>a

where I is the usual timelike index form along c¢. If Z € X9 (c), then
14(2,2) = 1(Z, 2).

We argued with some initial parameter a but of course it does not matter at which
parameter the curve intersects H.
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Remark 3.1.50. (Hypersurface variations and Ig)

Let ¢ : [a,b] — M be a unit speed timelike geodesic orthogonal to H at ¢/(a)
and let a : [a,b] X (—e,e) — M be a variation of ¢ by timelike curves such
that the variation field V' is orthogonal to ¢ and satisfies V(b) = 0. Then

Proposition and Remark [2.3.4] yield
L"(0) = Ig(V,V).

Proposition 3.1.51. (Maximality and If)

Let ¢ : [a,b] — M be a unit speed timelike geodesic starting orthogonally
to a spacelike hypersurface H. If there is a focal point c(tp), to € (a,b), of
H along c, then there is a vector field Z € %g'w(c) with 0 # Z(a) € Ty H
and Z(b) = 0 such that Iy(Z,Z) > 0. In this case, any variation of ¢ with
variational field Z will produce longer timelike curves from H to ¢(b) (for
small enough transversal parameters).

Proof. By assumption, there is a nontrivial H-Jacobi field J; along ¢ van-
ishing at tg. Let J be defined as J; up to tg and 0 after, then J is a piece-
wise smooth Jacobi field. Note that J’ has a true breakpoint at ty since
Ji(to) # 0. Now choose any smooth vector field V' € X(c) with V'(a) = 0,
V(a) =0, V(b) =0 and (V(to),d.J (to)) = —1 and define for r € R\ {0} the

vector field
1
Z =—J—-rV.
r

Then Z € %éw(c) and

1 1 1
2/@) = 1 7{@) = - Wo @) = Wi (00) +77V(@)
== _Wcl(a)Z(a).
Moreover,

14(2,2) = 1(Z,2)

= %I(J, )+ I(V,V) = 2I(J, V) + :—2(—](@), J(a)).

Now, since J is a piecewise Jacobi field, it follows from Remark that
k

I(J,0) = (8. (t:), I (t:))

1=0
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where tg = a, ty = b, and the t; are the breakpoints of J'. But J’ only
has one breakpoint, namely ¢y, and since J(tg) = 0, this breakpoint does
not contribute. What remains from the above are the boundary terms, and
together with J(b) = 0, we are finally left with

I(J,J) = (J'(a), J(a)).

Inserting this in the above calculation for Iy, it cancels the last term and
we get

Ig(Z,2) = r*1(V,V) — 2I(J,V).
Similarly to our arguments for I(J, J), one can show that
I(J,V) = (3J'(to), V(to)) = —1.
Hence
Ig(Z,2) = r1I(V,V) + 2.

Since I(V,V) attains a minimum on the compact interval [a,b], we may
choose r to be so small that Iy (Z,Z) > 0. Now consider any variation «
with variation field Z. Since Z(a) = J(a) = 1/rJi(a) € T, H, we have
that a(a,s) € H for small s, and «a(., s) will be timelike (after shrinking the
s-interval even more if necessary). Since Z'(a) = —Wy(4)Z(a) and c starts
orthogonally to H, we may read the calculation in the proof of Proposition
[3.1.42] backwards to see that d|,c(t, s) L TH for all s. Hence, I (Z, Z) > 0
together with Remark proves that a(.,s), s small, is a timelike curve
from H to ¢(b) that is longer than c. O

Having dealt with timelike geodesics orthogonal to spacelike hypersurfaces,
we are now interested in focal points of codimension-2 spacelike submanifolds
along orthogonal null geodesics.

Let H C M be a spacelike submanifold of codimension 2 and let p € H.
We may choose an orthonormal basis E1(p), ..., E,(p) of T,M such that
Ei(p),...,En—2(p) are a spacelike orthonormal basis for T),H, and E,,_;(p)
and E,(p) are future null vectors with (E,_1(p), E,(p)) = —1. Considering
the F;(p) locally extended to vector fields E; around p € H such that all of
these conditions continue to hold, it follows that F,_; and F, are (local)
vector fields orthogonal to H, hence we may consider their Weingarten maps
Wg, , and Wg, .

Now let 3 : [a,b] — M be a future null geodesic orthogonal to H at B(a) = p,
with 8'(a) = E,(p). We may parallel translate E1(p),..., E,(p) along 3 to
get an orthonormal basis along 3, which we will also denote by Ey, ..., E,,
where F,, = /. Using the quotient notations and constructions from Re-
mark we see that the restriction of the projection Nf(a) — QB(a) to
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T,H is an isomorphism (by construction). Using this isomorphism, we may
project the (pointwise) Weingarten maps W,y : T,H — T)H, i =n—1,n,
to obtain the projected Weingarten maps WEi(p) 1 QB(a) = QPB(a).

Lemma 3.1.52. (Orthogonal null variations)

Let 8 : [a,b] — M be a future null geodesic starting orthogonally to a
codimension-2 spacelike hypersurface H. Let « : [a,b] X (—&,e) = M be a
variation of 8 such that the neighboring curves start in H, and moreover
Oa(t, s)|i=a = En(a(a,s)), i.e. the neighboring curves start with initial null
direction E,. Moreover, assume that 0sa(a, s) is orthogonal to H for each
s. Then the variational vector field V' of « satisfies

V/(CL) = —Wﬂ/(a)V(a) + )\ﬁ/(a)
for some )\ € R.

Proof. Since d;a(t, s)|i=a = En(a(a, s)) is null, it follows by Lemma [2.1.3]
that

d
= %‘Mat‘aa(t: 8), Otlacr(t, 5)) = 2(VsloO|ax(t, s), Orlacx(t, 0))

=2(V'(a), 8'(a)).

Hence V'(a) L f'(a), which means that it can uniquely be written as

0

V/(a) = v+ A3 (a)

for some A € R and v € T,H. We want to show v = —Wp(4)V (a), and for
this it suffices to show that

Wy )V(a),y) = —(V'(a),y)
for all y € T, H. For this, observe that
V(@) = VM |a0sloa(t, s) = VY [odlae(t, 5).

Now, X (s) := O¢|qa(t, s) is a vector field along the transversal curve (s) :=
a(a, s) that is in H, and X is everywhere orthogonal to H by assumption.
Hence, the results in Definition [1.1.27] yield

V'(a) = II*(v/(0), X (0)) + Vo X (s).

The second term does not matter in an inner product with y € T,,H. As for
the first term, 7/(0) = Oslpa(a,s) = V(a) and X (0) = J¢|q(t,0) = p'(a),
Hence by definition of 17" (see Remark [1.1.24)) it follows that

V'(a) = ~WgyV(a) + Vi|oX(s)

and thus (V'(a),y) = —(Wgi(q)V (a)) as claimed. O
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Definition 3.1.53. (H-Jacobi class)

Let 3 : [a,b] — M be a null geodesic starting orthogonally to a codimension-
2 spacelike submanifold H. A Jacobi class J € Jac(3) is called H-Jacobi
class if

tan J (a) = —Wgi(a)J (a),

where the tangential part of the class J'(a) is the class of the tangential part
of a representative.

Definition 3.1.54. (Focal points along null geodesics)

Let 3 : [a,b] — M be a null geodesic starting orthogonally to a codimension-
2 spacelike submanifold H. Then B(ty), to € (a,b], is called focal point of
H along B if there is a nontrivial H-Jacobi class J € Jac(B) with J(ty) =

[5"(to)]-

Using these quotient versions of the notions we used before, the following
result is proven in a similar manner to what has been done up to here, see
[14, Lem. 4.6.15] for details.

Theorem 3.1.55. (Focal points and Maximality of null geodesics)

Let 8 : [a,b] — M be a null geodesic starting orthogonally to a codimension-
2 spacelike submanifold H. If there is a focal point 8(tg) to H along 3, then
there is a timelike curve from H to §(b). In particular, 8 is not maximizing
from H to [(b).

The following is proven in the same way as Corollary [3.1.48

Proposition 3.1.56. (Positive and negative expansion: codimension 2)

Let (M,g) be a spacetime of dimension n > 3 and let H C M be a
codimension-2 spacelike submanifold. Let 5 : I — M be an inextendible null
geodesic orthogonal to H at p := ((tp). Suppose that Ric(8'(t),8'(t)) > 0
forallt e I. If —Tr(WB/(tO)) has a negative resp. positive value Ty at tg,

. . 2
then there is a focal point S(t) to H along [ for some t € [to,to — %}

0
resp. [to — %,to]

3.1.5 Trapped sets and trapped surfaces

Trapped surfaces are thought of as codimension-2 submanifolds that make
outgoing lightrays focus. This can be formulated in analytic terms via con-
ditions on the traces of Weingarten maps in normal null directions, and in
terms of causality theory by demanding the compactness of the horismos
E* = J*\ I, which leads to the notion of trapped sets. In this subsection,
we investigate the relationship between these two notions.
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Definition 3.1.57. (Trapped surface)

A trapped surface H in a spacetime (M, g) is a compact codimension-2 space-
like submanifold such that if E1,..., E, is a local frame in T M around a
point in H such that F1,..., E,_o reduce to an orthonormal frame for TH,
and E,_; and E, are null with (E,,_1,E,) = —1, and Ei,...,E, o are
normal to E,_1, E,, then Tr(WEnfl) and Tr(Wg, ) are either both positive
(future trapped surface) or both negative (past trapped surface).

Definition 3.1.58. (Trapped set)

A nonempty achronal set A C M is said to be a future trapped set if
ET(A) := JT(A)\ I'T(A) is compact. Past trapped sets are defined analo-
gously.

In the proof of the following result, we follow [8, Prop. 6.7].

Proposition 3.1.59. (Trapped sets and trapped surfaces)

Let (M, g) be a spacetime of dimension n > 3 satisfying the null energy
condition. Suppose H C M is a trapped surface. Then at least one of the
following holds:

(1) EY(H) or E~(H) is compact.
(2) (M, g) is null geodesically incomplete.

Proof. Suppose (M, g) is null geodesically complete and that Tr(WEnfl) >0
and Tr(Wg,) > 0. Consider future directed null geodesics from points of
H with initial direction F,_; or E,. Each such geodesic reaches a focal
point of H by Proposition Given such a geodesic, we can write it
as exp,(tEi(p)) for i € {n — 1,n}, and then there is some ¢, such that for
both i = n — 1 and i = n we have exp,(t,E;(p)) € IT(H). By openness of
I'M(H) and continuity of exp, we have exp,(t,E;i(q)) € I (H) for all ¢ close
to p. Covering H with finitely many such neighborhoods, we may then take
the maximum of such t,, call it 7', to see that E*(H) = J"(H)\ IT(H) C
exp([0,T] x K), where K := {FE;(p) : p € H,i = n — 1,n}, hence E*(H) is
relatively compact.

To see that it is closed, let x, € ET(H) with x, — x. Then x, — = €
exp([0,T] x K), hence z € J*(H). If x € IT(H), then x,, € I (H) for large
n, but this cannot happen. Hence z € E*(H), thus ET(H) is compact. [J

3.2 The classical singularity theorems

In this final section, we will prove the classical singularity theorems of Hawk-
ing, Penrose, and Hawking-Penrose. They are results of very similar flavor,
which can be summarized as follows:
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Prototype singularity theorem: Let (M, g) be a spacetime satisfying

(E) an energy condition, e.g. the timelike/null/causal energy conditions or
the genericity condition;

(C) a causality condition, e.g. (M, g) is chronological/causal/globally hy-
perbolic;

(I) an initial condition, e.g. there exists a trapped surface.

Then (M, g) is timelike/null/causal geodesically incomplete.

The singularity theorems have various applications in general relativity. Pre-
dicting, under physically reasonable assumptions, the existence of an incom-
plete causal geodesic, they hint at a problem of the spacetime manifold.
Indeed, causal geodesic completeness is usually taken as a minimal require-
ment for a spacetime to be free of singularities (for a detailed discussion of
the definition of a singularity in GR, see [I1}, Sec. 8.1]). Important physical
phenomena, such as the Big Bang or the Big Crunch, can be understood
by studying these theorems. We refer to Senovilla’s seminal work [25] for a
detailed analysis of many facets of singularity theorems (see also [26] for a
recent review article).

While classically, the singularity theorems were always studied for smooth
Lorentzian metrics, over the past decade efforts have been made to prove
analogous results for metrics of lower regularity (see [8], [7], [16]).

3.2.1 The Hawking singularity theorem

We start our discussion of the singularity theorems with Hawking’s singular-
ity theorem. This important result has two variations: One of them assumes
global hyperbolicity and an initial condition on a (not necessarily compact)
Cauchy surface, the other simply requires the existence of a compact acausal
spacelike hypersurface with positive convergence. Either form of Hawking’s
theorem predicts, if applied to the past, a Big Bang-like event.

Definition 3.2.1. (Convergence)
Let (M, g) be a spacetime and let P C M be a semi-Riemannian submani-
fold. The convergence of P is the function k: NP — R defined by

kp(z) :=(z,H,), z€ N,P,
where H is the mean curvature vector field of P (see Definition |1.1.16]).

If P is spacelike and [ = dim P and ey, ..., e are an orthonormal basis of
T, P, then
1< 1 < 1
= i,ei)) = i), €)= ——="T .
kP(Z) dlmP ;<Z, IIp(elv el)) dlmP ;<WZ(€Z)7 e7»> dlmP r<WZ)
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More specifically, if P is a spacelike hypersurface, then we may choose a
future unit normal N and view kp as kp = (N,H) = 2 Tr(Wy). In
this context, since we chose a future unit normal, we call kp the future
convergence of P.

The following result and its proof are from [0, Lem. 3.4]. Recall that for any
subset C' C M and any point x € M, we may define the Lorentzian distance

d(C,x) = SUpy e d(y, x).

Proposition 3.2.2. (Maximizers from causally complete subsets)

Let (M, g) be a globally hyperbolic spacetime and let C C M be a closed
subset such that J~(¢)NC is compact for all ¢ € J*(C). Then z — d(C, z) is
a finite-valued, continuous function on M. Moreover, given any q € J(C),
there is a maximizing geodesic o from C' to ¢, i.e. L(c) = d(C, q).

Proof. First note that JT(C) is closed by global hyperbolicity. Let q €
J*(C). By definition, here is a sequence zy, € J~(¢)NC with limy, d(zg, q) =
d(C,q). By compactness of J~(q)NC, there is some zg € J~(¢)NC to which
a subsequence of the xx, w.l.o.g. xy itself, converges. It follows that

d(C,q) = d(x0,q).

This establishes finiteness of d(C,q). By global hyperbolicity, there is a
maximizing geodesic from xg to ¢ which thus maximizes the distance from
C to q. It remains to show continuity: = — d(C,x) is continuous on the
open set M\ J*(C) because it equals 0 there. So we need to show continuity
on JT(C). Let qx — q € JH(C), we show that d(C,qr) — d(C,q). Fix
qo € I (q) € J*(C), then by assumption J~(gp) N C is compact. We will
have qr € J (qo) for large k, hence J (qx) N C C J (go) N C. By our
arguments above, we may choose px € J~(qo) N C such that

d(C, qx) = d(pr, qr)-

By compactness, the pi go to some p € J~(qo) N C and since the Lorentzian
distance is continuous on M x M by global hyperbolicity, d(pg, qx) — d(p, q)-
Since p € C,

d(p,q) < d(C,q) = d(z, q).

But also, since zg € C,

d(a:(h Qk) S d(Ca QR) = d(pkh qk)?

hence
limd(C, qx) = lim d(pg, qx) = lim d(xo, qx) = d(zo,q) = d(C, q),

which concludes the proof. ]
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Subsets with the compactness property described in the result above are
called future causally complete. Past causal completeness is defined anal-
ogously and the obvious time-dual of the result above holds. Note that
compact sets and Cauchy surfaces are past and future causally complete.
In case one deals with a spacelike hypersurface in Proposition [3.2.2] a max-
imizer will always be focal-point free and start orthogonally (see Corollary
and Proposition .

The following analogous, though different, result can be proven, for which
we give a reference.

Proposition 3.2.3. Let H C M be a compact, acausal spacelike hypersur-
face and let ¢ € DT (H). Then there is a geodesic from H to ¢ maximizing
the distance d(H,q). This geodesic necessarily starts orthogonal to H and
has no focal points before ¢. It is timelike unless g € H.

Proof. See [22, Thm. 14.44]. O

We are now ready to formulate and prove the first version of Hawking’s
singularity theorem. Assuming the timelike energy condition and a con-
vergence condition on an initial Cauchy surface, future timelike geodesic
incompleteness can be concluded.

Theorem 3.2.4. (Hawking Singularity Theorem, Version 1)

Let (M, g) be a globally hyperbolic spacetime satisfying the timelike energy
condition and containing a spacelike Cauchy surface C' C M whose future
convergence k¢ satisfies

ke >b>0

for some b > 0. Then the arclength of every future timelike curve from C
is bounded above by %. In particular, (M, g) is future timelike geodesically
incomplete.

Proof. Let q € IT(C), then there is a maximizing timelike g-unit speed
geodesic v : [0,7] — M from C' to g by Proposition ~ starts normal
to C' and has no focal points of C before q. But by assumption,

ke = (N, H) = Tr(Wx) > b > 0,

n—1

which implies that v will have a focal point if its length is greater than %

(see Corollary [3.1.48)). It follows that
1
It(0) C {p €M :d(C,p) < b}'

This concludes the proof. O
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Remark 3.2.5. (Achronality and acausality of hypersurfaces)

If H is a (closed, connected) spacelike hypersurface in M, we may w.l.o.g.
assume that it is acausal for our purposes: There is some Lorentzian cover-
ing M — M and an achronal closed connected hypersurface H C M that
is isometric to H under the covering map (cf. 22, Prop. 14.48]). More-
over, achronal spacelike hypersurfaces are always acausal (cf. [22 Lem.
14.42]). In the context of singularity theorems, we are interested in geodesic
(in)completeness of M, which is equivalent to incompleteness of any Lorentzian
covering space of M.

We come to the second version of Hawking’s theorem. Here, global hy-
perbolicity is not assumed. The existence of a spacelike hypersurface with
positive future convergence that is compact turns out to be sufficient to yield
future timelike geodesic incompleteness. We do not, however, get an explicit
bound on the Lorentzian lengths of future timelike curves as we did in the
first version of the theorem.

Theorem 3.2.6. (Hawking Singularity Theorem, Version 2)

Let (M, g) be a spacetime satisfying the timelike energy condition and let
H C M be a compact acausal spacelike hypersurface whose future conver-
gence kp satisfies

kg > 0.
Then (M, g) is future timelike geodesically incomplete.

Proof. We may assume that H is connected. Since H is compact, ky as-
sumes a minimum b > 0. Using Proposition and proceeding as in the
proof of Theorem [3.2.4] it is easy to conclude that

DT (H) C {pe M :d(H,q) < 2}

We may assume that Ht(H) is nonempty, otherwise H is a (future) Cauchy
surface and the same arguments as in Theorem apply to give the result.
In fact, we intend to show the following (stronger) claim: There is a future
inextendible future directed timelike geodesic starting orthogonally from H
that has arclength 1/b. In particular, this geodesic is future incomplete and
this gives the claim.

We will argue by contradiction, so assume there is no such geodesic. Let
q € H"(H), then there is a maximizing geodesic from H to ¢ starting orthog-
onally to H, i.e. its length is d(H, q) < % (where the inequality follows from

above by continuity since H*(H) C D+ (H)): This is a simple compactness
argument upon choosing ¢, € DT (H) with g, — ¢ and using Proposition
to connect H to g, by a maximizing geodesic starting orthogonal to
H. Observe that the limit is indeed defined up to g because, by indirect
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assumption, there is no future inextendible normal geodesic from H that
has arclength < 1/b.

Next, we consider (past) generators of H*(H) as described in Proposition
and we show that p — d(H,p) is strictly decreasing along such gen-
erators. For this, let a be a past directed generator of H*(H) and let s < t
in its domain of definition. By Proposition we know that we can find
maximizers from H to «(s) resp. «(t), but the one to «(t) can be traveled
up along a to a(s) to give a broken geodesic which cannot maximize, hence

d(H,«(s)) > d(H,a(t)).

We derive a contradiction: Let B C T'M|g be the union of the zero section
with all future pointing vectors v satisfying +/|g(v,v)| < 1/b. Then B
is compact since H is. By assumption, the normal exponential map of
H is defined on B and H*(H) is contained in its compact image. Since
H*(H) is closed, it follows that H'(H) is compact. By lower semicontinuity
(cf. [22) Lem. 14.17]), p — d(H,p) assumes a finite minimum on H*(H).
But this is absurd, since we showed that p — d(H,p) is strictly decreasing
along past directed generators, and from each point in H*(H) we can find
a past inextendible generator (see Proposition such a generator is
always past inextendible in our case because H is a hypersurface and hence
edgeless). O

3.2.2 The Penrose singularity theorem

The Penrose singularity theorem describes a gravitational collapse scenario.
It gives null geodesic incompleteness under the assumption that the space-
time is globally hyperbolic with a noncompact Cauchy surface and a compact
trapped surface. The interplay between these assumptions is essential for
the proof.

Theorem 3.2.7. (Penrose Singularity Theorem)

Let (M, g) be a globally hyperbolic spacetime of dimension n > 3 with a
noncompact Cauchy surface satisfying the null energy condition. If there is
an achronal trapped surface H in M, then M is null geodesically incomplete.

Proof. Suppose M is null geodesically complete. We assume H is a fu-
ture trapped surface, then by (the proof of) Proposition EY(H)
is compact. Since M is globally hyperbolic, J*(H) is closed and thus
ET(H) = 8J"(H), in particular it is a closed, achronal, topological hy-
persurface by Corollary (since JT(H) is a future set). Now let C
be a Cauchy surface of M and p : M — C the corresponding retraction
(see Proposition . Then p| E+(m) 1s continuous and injective by the
achronality of ET(H). But ET(H) is a topological hypersurface, hence by
Brouwer’s invariance of domain theorem (see [4, Thm. 4.5]) p|g+ gy must
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be a homeomorphism. However, E*(H) is compact and C' is not, a contra-
diction. n

3.2.3 The Hawking—Penrose singularity theorem

The final subsection of this chapter is dedicated to proving the most gen-
eral of the classical singularity theorems, the Hawking-Penrose theorem. It
describes a vast array of scenarios under weak causality assumptions on the
spacetime.

Proposition 3.2.8. (Conjugate points = strong causality)
If (M, g) is a chronological spacetime such that each inextendible null geodesic
has a pair of conjugate points, then (M, g) is strongly causal.

Proof. Suppose (M, g) fails to be strongly causal at p € M, and fix a convex
neighborhood U of p. Then there is a sequence of neighborhoods V;, — {p} of
p, Vi C U, and future causal curves ; that start and end in Vi, but leave U.
By the limit curve theorem (see [1, Prop. 3.31]), the v converge uniformly
on compact subsets to a limit causal curve . Since the Vj collapse to p,
~ is closed. Since (M, g) is chronological, no two points on ~ are timelike
related and thus + is a null geodesic. But then ~ can be seen as a complete,
everywhere maximizing null geodesic, contradicting the assumption that all
inextendible null geodesics have conjugate points. O

Proposition 3.2.9. (Strong causality or null incompleteness)

Let (M, g) be a chronological spacetime of dimension n > 3 satisfying the
genericity condition and the causal energy condition. Then (M, g) is either
strongly causal or null geodesically incomplete.

Proof. By Theorem [3.1.41] every complete null geodesic has a pair of con-
jugate points. So if (M, g) is null geodesically complete, it must be strongly
causal by the previous result Proposition [3.2.8 ]

Proposition 3.2.10. (Causal disconnectedness and incompleteness)

Let (M, g) be a chronological spacetime of dimension n > 3 satisfying the
genericity condition and the causal energy condition. If (M, g) is causally
disconnected, then it is causal geodesically incomplete.

Proof. Suppose (M, g) is causal geodesically complete. Then it is strongly
causal by above, and by Theorem [3.1.41] each causal geodesic has a pair of
conjugate points. But since (M, g) is causally disconnected, strongly causal
and causal geodesically complete, there exists a causal line in (M, g), which
cannot have conjugate points, a contradiction. O
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Proposition 3.2.11. (Causal disconnection by horismos)

Let (M, g) be a chronological spacetime of dimension n > 3 such that each
inextendible null geodesic contains a pair of conjugate points. If there exists
a future resp. past trapped set S C M, then (M, g) is causally disconnected
by the compact set E*(S) resp. E~(S).

Proof. Suppose S is future trapped, the other case is analogous. By Propo-
sition (M, g) is strongly causal. Moreover, there exists a future in-
extendible timelike curve v in D+ (E*(S)) (see Corollary [3.1.21). Extend
v maximally in M. Then v meets E*(S) in a point r (which is unique
due to achronality of E*(S)). By strong causality, v leaves every compact
set, so we may take sequences p, and ¢, on 7y going to infinity such that
Prn € 1 < qn. Let now A be a causal curve from p, to g,. We may extend
A to an inextendible causal curve by traveling v up to p,, then following
A to qn, and then taking v again from g,. Since ¢, € DT(E*(S)), this
new inextendible causal curve must meet E7(S). But since v meets ET(S)
only at r and nowhere else, it follows that A meets E1(S). Hence E*(S)
(together with the sequences p,, and g,) causally disconnects (M, g). O

In Propositionwe saw that if (M, g) satisfies the null energy condition
and has a trapped surface H, then one of the sets E*(H) is compact (de-
pending on whether H is a future or past trapped surface), or (M, g) is null
geodesically incomplete. Since a trapped surface need not be achronal in
general, we cannot conclude that H is a trapped set in case of null geodesic
completeness in this context. However, if (M, g) is strongly causal, we can
still show the existence of a trapped set.

Proposition 3.2.12. (Trapped sets or null incompleteness)

Let (M, g) be a spacetime of dimension n > 3 that is strongly causal and
that satisfies the null energy condition. If there is a trapped surface H in
M, then (at least) one of the following holds:

(1) There is a trapped set in M.
(2) (M, g) is null geodesically incomplete.

Proof. Suppose (M, g) is null geodesically complete. Then by Proposition
3.1.59] we may assume that E*(H) is compact. We set

S:=EY(H)NH

and show that S is a future trapped set. Clearly S is achronal (since E*(H)
is) and compact (since both ET(H) and H are).

Note that S = EY(H)NH = (JY(H)\IT(H))N H. If we assume that S is
empty, then H C I'*(H). Since H is compact, cover it with a finite number
of sets I (p;) with p; € H. From this, it is easy to conclude the existence
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of a closed timelike curve, which contradicts strong causality. Hence S is
nonempty.

We now argue that ET(S) is compact, more specifically we will show that
E*(S) = E*(H), which is known to be compact. For this, cover H by
convex open sets Uy, ..., U such that no causal curve leaving U; returns to
it (which is possible by strong causality). Since H is spacelike, it is locally
achronal, so we may assume that U; N H is achronal for all .

Claim: I*(S) = I'"(H): Clearly C holds because S C H, for D suppose
thereis ¢ € IT(H)\I"(S). Choose p1 € H with p; < ¢. Then p; € Uy1yNH
for some permutation o of k numbers. Since ¢ ¢ I7(S), p1 ¢ S and due to
p1 € H we conclude p; ¢ ET(H) (note that H is not contained in E*(H)
because then H would be achronal and the result of this proposition would
be trivial). Hence p; € H N IT(H), so there is po € H with ps < p;. By
achronality, p2 ¢ Uy(1) N H, hence pz € U, o) N H (the permutation o being
altered appropriately along the proof). Since ps < p; < q and ¢ ¢ I7(9),
we again have py ¢ ET(H) as before. Hence po € H N IT(H), so there is
ps € H with ps < py with ps ¢ Us(1)UUy(2). Continuing this way, we obtain
an infinite number of points p; and corresponding distinct convex sets Uy ;)
which cannot happen. Hence I(S) = I't(H).

Claim: J*(S) = JT(H): Again C is immediate. For D assume q € J*(H)\
JT(S). Since I'T(S) = IT(H) C J*(S), it follows that there is a null curve
from some p € H to q. Then p ¢ I (H) because p < q and ¢ ¢ I (H).
Hence p € ET(H), thus p € S and hence ¢ € J*(S), a contradiction. Hence
JT(S) = J(H).

Altogether, we have shown that E*(S) = E*(H), hence S is a future
trapped set. ]

Definition 3.2.13. (Trapped point)

Let (M,g) be a spacetime of dimension n > 3. A point p € M is called
trapped point if for every future null geodesic 8 : [0,a) — M from p, the
expansion 6 of the unique Lagrange tensor class A along 8 with A(0) = 0
and A'(0) = id becomes negative.

Proposition 3.2.14. (Trapped points and null incompleteness)

Let (M, g) be a spacetime of dimension n > 3 satisfying the null energy
condition. Let p € M be a trapped point. Then at least one of the following
holds:

(1) {p} is a trapped set.

(2) (M, g) is null geodesically incomplete.

Proof. Suppose (M, g) is null geodesically complete. By Proposition
each null geodesic from p has a conjugate point to p. The set of (normalized)
future null vectors at p is compact, hence we conclude that E* (p) is compact
just as in Proposition [3.1.59] O
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Theorem 3.2.15. (Mutually exclusive assumptions)
There is no spacetime (M, g) of dimension n > 3 that satisfies all of the
following conditions.

(1) (M, g) is chronological.

(2) Every inextendible causal geodesic in (M, g) has a pair of conjugate
points.

(3) There is a trapped set in M.

Proof. Suppose (M, g) is a spacetime of dimension n > 3 satisfying (1)-(3).
Then by Proposition (M, g) is strongly causal. By Proposition
(M, g) is causally disconnected. Finally, by Proposition there exists
a (not necessarily complete) causal line in M, which cannot be since any
inextendible causal geodesic must possess conjugate points by assumption.

O

Corollary 3.2.16. (Trapped set = singularity)

Let (M, g) be a chronological spacetime of dimension n > 3 satisfying the
causal energy and genericity conditions. If there is a trapped set in M, then
(M, g) is causal geodesically incomplete.

Proof. Suppose (M, g) is such a spacetime and it is causal geodesically com-
plete. Then each inextendible causal geodesic has a pair of conjugate points

by Theorem [3.1.41] But then it satisfies (1)-(3) from Theorem [3.2.15 a

contradiction. O

After these preparations, we are ready to state and prove the final result of
this thesis, the Hawking-Penrose singularity theorem.

Theorem 3.2.17. (Hawking-Penrose Singularity Theorem)

Let (M, g) be a chronological spacetime of dimension n > 3 satisfying the
causal energy condition and genericity condition. Suppose one of the follow-
ing is satisfied:

(1) There is a trapped surface in M.

(2) There is a trapped point in M.

(3) There is a (nonempty) compact, achronal edgeless set in M.
Then (M, g) is causal geodesically incomplete.

Proof. Suppose (M, g) is causal geodesically complete. Then (1) and (2)
imply that (M, g) has a trapped set, cf. Proposition and Proposition
In the case of (3), if S is a compact, achronal, nonempty, edgless
set in M, then S is a topological hypersurface by Theorem and we
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can assume that S is connected. We claim that E*(S) = S: Suppose q €
E*(S)\ S, and let 8 be any null geodesic from p € S to q. Since q ¢ edge(A),
[ must enter I (S) immediately after p (see [14, Cor. 8.3.1]), a contradiction.
Hence S is itself a trapped set. In any of the cases, Corollary gives a
contradiction to the assumption that (M, g) is causal geodesically complete.

O
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Abstract

The aim of this thesis is to give a self-contained and pedagogical presenta-
tion of the three classical singularity theorems of general relativity, namely
the theorems of Hawking, Penrose, and Hawking-Penrose. These theorems
state that, under physically reasonable assumptions, spacetime has to con-
tain a singularity (i.e. an incomplete causal geodesic). Along the way, we
develop the geometric background that is needed to formulate and prove
them. This work is motivated by recent developments in the study of sin-
gularity theorems for metrics of lower regularity (see e.g. [8], [7], [24], [16])
and the subsequent desire to have a solid and comprehensive account of the
classical results.

In Chapter 1, we study semi-Riemannian submanifolds. We collect various
results on the relations between the intrinsic geometry of the submanifold
and its extrinsic geometry that relates it to the ambient manifold. The
results are mostly formulated for general semi-Riemannian submanifolds
and semi-Riemannian ambient spaces, but later, we are only interested in
Lorentzian ambient spaces and (mostly) Riemannian submanifolds. In this
chapter, we have followed the presentation in [22, Ch. 4] and [19, Ch. 8],
with the occasional input from [I4), Sec. 4.4].

Chapter 2 is dedicated to variation theory of curves in Lorentzian manifolds.
A variation is a collection of (piecewise) smooth nearby curves, and much
can be said about a variation by studying its transverse derivative. If the
nearby curves are geodesics, then the transverse derivative is a Jacobi field,
whose vanishing at certain points gives us information about the focusing of
geodesics. Such focusing results can then be used to deduce whether or not
a given causal geodesic maximizes the Lorentzian distance or not. The tools
developed in Chapter 2 are essential ingredients in the proofs of the singu-
larity theorems. In our account on variation theory, we proceeded along the
lines of [I, Ch. 10]. Some supplementary material was adapted from [14,
Sec. 4.6], 22| Ch. 10] and [} Ch. 6,8].

Chapter 3 is the final chapter of this work and is devoted to proving the
aforementioned singularity theorems of Hawking, Penrose, and Hawking-
Penrose. Some preparatory material preceeds the singularity theorems to
put some causality notions into context and clear up the presentation. These
results are collected from [I, Ch. 8,12], [I4, Ch. 8,9] and [22, Ch. 14]. For
the theorems of Hawking and Penrose, we follow the proofs in [22, Ch. 14].
The proof of the Hawking-Penrose Theorem is adapted from [I, Ch. 12].
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Zusammenfassung

Das Ziel dieser Arbeit ist eine vollsténdige und eigensténdige Prasentation
der klassischen Singularitdtentheoreme der allgemeinen Relativitétstheorie,
d.h. der Theoreme von Hawking, Penrose, und Hawking-Penrose. Diese The-
oreme implizieren die Existenz einer Singularitit (d.h. einer unvollstdndigen
kausalen Geodéte) in der Raumzeit unter physikalisch plausiblen Annahmen.
Wir behandeln den zugehorigen geometrischen Hintergrund, welcher fiir ihre
Formulierungen und Beweise notwendig ist. Die Motivation dafiir liefern
neue Entwicklungen, insbesondere aus dem Studium der Singularitatenthe-
oreme fiir Metriken mit niedriger Regularitét (siehe z.B. [§], [7], [24], [16])
und dem daraus folgenden Bediirfnis, ein umfassende Quelle der klassischen
Resultate zu haben.

In Kapitel 1 studieren wir semi-Riemannsche Untermannigfaltigkeiten. Wir
sammeln verschiedenste Resultate, welche die intrinsische Geometrie der
Untermannigfaltigkeit und ihre extrinsischen Geometrie im Kontext der
umgebenden Mannigfaltigkeit in Beziehung setzen. Die Ergebnisse sind
meist fiir allgemeine semi-Riemannsche Mannigfaltigkeiten formuliert, fiir
uns jedoch spater meist nur im Kontext von Lorentzmannigfaltigkeiten und
Riemannschen Untermannigfaltigkeiten von Interesse. Die Hauptreferenzen
fiir dieses Kapitel sind [22] Ch. 4] und [19, Ch. 8], wobei sich auch einige
Ideen aus [14, Sec. 4.4] finden lassen.

Kapitel 2 ist dem Studium der Variationstheorie von Kurven in Lorentz-
mannigfaltigkeiten gewidmet. Eine Variation ist eine (stiickweise) glatte
Schar von Kurven nahe einer Referenzkurve, und ihre transversale Ableitung
beinhaltet viel Information iiber ihre Eigenschaften. Falls die Kurven einer
Variation allesamt Geodéten sind, so ist ihre transversale Ableitung ein Ja-
cobifeld, dessen Verschwinden an bestimmten Punkten Aufschluss iiber das
Fokussieren von Geodéaten gibt. Aus solchen Resultaten léasst sich wiederum
bestimmen, ob eine gegebene Geodate die Lorentzdistanz maximiert oder
nicht. Die Werkzeuge, die wir im Laufe von Kapitel 2 entwickeln, spielen
eine essentielle Rolle in den Beweisen der Singularitdtentheoreme. In un-
serer Darstellung der Variationstheorie folgen wir [I, Ch. 10]. Einiges an
Zusatzmaterial stammt aus [I4, Sec. 4.6], [22, Ch. 10] und [11l Ch. 6,8].

Das abschlieende 3. Kapitel ist den Beweisen der Singularitdtentheoreme
von Hawking, Penrose, und Hawking-Penrose, gewidmet. Wir beginnen
mit einigen Vorbereitungen aus der Kausalitdatstheorie, um die Prasenta-
tion etwas aufzulockern. Diese Ergebnisse stammen aus [I, Ch. 12], [14],
Ch. 8,9] und [22, Ch. 14]. Unsere Beweise des Hawking- und des Penrose-
Singularitatentheorems folgen [22, Ch. 14|, wihrend unser Beweis des Hawking-
Penrose Theorems [I, Ch. 12] folgt.
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