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CHAPTER 1

Introduction

“Scarcely anyone who fully understands this theory can escape from its magic.”
ALBERT EINSTEIN (1879-1955)

1.1 General relativity and Einstein’s field equations

FEinstein’s theory of general relativity [13] (compare e.g. [13, 28, 62, 86]) provides a well-
accepted geometric description of gravity, one of the four fundamental interactions in physics,
beside the strong and weak nuclear interactions and electromagnetism. Albeit being by
far the weakest of these interactions, it is the dominant one on large scales: Both nuclear
interactions are short-ranged, and macroscopic objects tend to be electrically neutral, so
that repulsion of like charges and attraction of opposite charges is nearly balanced, whereas
gravity appears to be always attractive.

General relativity is based on merely a few simple principles and, due to its geometric
elegance, often regarded as one of the most beautiful theories in the natural sciences. The
most crucial input into Einstein’s theory of space, time and gravity is the observation that
all particles are affected by gravity in exactly the same manner. This universality, the
equivalence principle, allows for a treatment of gravity as a purely geometric effect rather
than a force, as which it is described in Newtonian mechanics. Properties of the gravitational
field can be ascribed to the structure of space-time itself, namely its curvature: space-time
is not flat but curved. Test bodies, only subject to gravity, still move along paths that are
“as straight as possible”, as it has already been postulated in Newtonian mechanics. In the
relativistic setting, though, this means that their world lines are geodesics, a generalization of
“straight lines” to curved geometry. A consequence is that the earth does not orbit around
the sun because the sun generates a gravitational force field attracting the earth, but because
its mass curves space-time in such a way that the new “straight lines” are circles, ellipsoids
etc. around the sun. The notion of an absolute gravitational force is generally meaningless in
general relativity. Nonetheless, it can be defined in certain limits, whence, in such a limit,
the motion of an object in a curved geometry looks like its motion in a flat background with
a force acting on it, as one is used to from Newtonian mechanics.
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At the heart of general relativity lie Finstein’s field equations which read, in units where
c=G=1,

1
R, — ERg,u, + A9 = 81T, . (1.1)

Here, g = g, dx*dx” is the metric tensor, R, the Ricci tensor, R = g"” R,,,, the curvature
scalar, A the cosmological constant, and T, the stress-energy-momentum tensor. Einstein’s
equations describe in which way the presence of matter curves space-time, and how the
curvature of space-time in turn influences the motion of the matter. They form a complicated
system of non-linear partial differential equations (PDEs) for the gravitational field, which is
represented in general relativity as a pseudo-Riemannian metric g of Lorentzian signature
(—,+,...,+) on the underlying topological space-time manifold .#. The non-linearity of
the Einstein equations expresses a distinctive feature of the gravitational field, namely that
it is self-interacting.

To restrict attention to a physically reasonable class of energy-momentum tensors, 7},, is
required to satisfy certain energy conditions. In vacuum, characterized by the absence of
matter, that is by a vanishing energy-momentum tensor, the Einstein equations reduce to

2
R;UJ = m)‘guua (12)

where n denotes the dimension of space. Even the vacuum case turns out to be fairly
complicated to analyze, and already comes along with a huge variety of solutions describing
gravitational waves, black holes, singularities, etc.

Throughout we assume n > 3, though some of the results might remain equally valid for
n=2.

1.2 Outline

On the way to gaining a complete understanding of (the implications of) Einstein’s general
relativity, a thorough analysis of properties and peculiarities of solutions to his field equations
is essential. The only known way to systematically construct general solutions thereof without
any simplifying symmetry assumptions is in terms of initial (boundary) value problems, or
Cauchy problems, where existence and uniqueness of solutions is deduced from appropriately
specified initial data and initial surfaces. The two “standard” Cauchy problems in general rel-
ativity are the space-like and the characteristic Cauchy problem, where data are prescribed on
space-like and null hypersurfaces, respectively. Here, local-in-(retarded-)time well-posedness

results are available [16, 19, 27, 44, 67, 76]. These results as well as the wave-map gauge
condition which we shall impose throughout this work are recalled in Chapter 2.
This thesis is based upon the papers [69-72] and, in collaboration with P.T. Chrusciel,

[31-38], all of which are attached as Chapters 7-15. Its main focus lies on the construction
of solutions to Einstein’s field equations via (characteristic) initial value problems such that
the emerging space-times exhibit specific properties:

e Instead of “ordinary” initial value problems one may consider “asymptotic” initial value
problems where (parts of) the data are prescribed “at infinity”. This is extremely useful
for the construction of space-times, solving Einstein’s vacuum field equations, which
have some global properties in the sense that they have a certain “asymptotically flat
or de Sitter-like”-structure at infinity. In particular, asymptotic initial value problems
provide a mean to construct solutions which are “large” in the sense that they have an
infinite extension, at least in certain directions. Well-posedness results are available in
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the space-like case [52], i.e. for a space-like hypersurface which represents “null infinity”
(which requires A > 0), and for two transversally intersecting null hypersurfaces, one of
which representing “null infinity” [63] (this requires A = 0).

One main result of this thesis is to establish a well-posedness result where data are
prescribed on the light-cone emanating from a point which represents “past time-like
infinity” [30], attached as Chapter 9. It relies on previous work by Friedrich [57],
Chrusciel [27], and a novel system of wave equations derived in [69], attached as
Chapter 8, which provides a substitute to Friedrich’s conformal field equations.

e In [38, 72], attached as Chapters 10 and 11, we provide the basis to establish another
result for the construction of asymptotically flat vacuum space-times starting from an
ordinary characteristic Cauchy problem. We extract necessary and sufficient conditions
which ensure that, on the initial surface, a smooth extension of the space-time is
possible “across infinity”. This is achieved by using a novel gauge scheme to integrate
the characteristic constraint equations which we develop in [34], attached as Chapter 7,
compare [72], attached as Chapter 11. It will be proved elsewhere that such initial
data, indeed, lead to asymptotically flat space-times.

e Another important class of space-times consists of those which possess non-trivial
isometry groups. These are generated by Killing vector fields. One way of systematically
constructing vacuum space-times with Killing vector fields is to do so in terms of a
space-like Cauchy problem for appropriately chosen initial data. This is described in [8].
In [35], attached as Chapter 13, we follow the same procedure for the characteristic
Cauchy problem. In [70, 71], attached as Chapters 14 and 15, we extend these results
to the asymptotic space-like and characteristic Cauchy problems.

e Finally, an important quantity characterizing asymptotically flat space-times is its
mass, such as its ADM and Bondi mass [1, 9, 78]. The Bondi mass provides a way
to measure the amount of energy a system is loosing by virtue of radiation. In [37],
attached as Chapter 12, we give an elementary derivation of a formula which expresses
the Bondi mass of a globally smooth light-cone in terms of the initial data given there,
and which, in addition, is manifestly positive. We thus obtain a simple and direct proof
for the positivity of the Bondi mass in this setting. Moreover, such a formula might be
useful to derive a priori estimates for e.g. the stability analysis of black holes.

Here, we present a formula somewhat more general than that in [37], allowing more
flexible gauges, which is why some of the calculations are included in Chapter 5.

The definition of asymptotically flat and asymptotically de Sitter space-times in terms of
Penrose’s method of conformal rescaling is recalled in Chapter 3. There, we also introduce
Friedrich’s conformal field equations, which replace Einstein’s vacuum field equations in a
conformally rescaled space-time, and give an overview over the relevant gauge degrees of
freedom. In Chapter 4, we discuss the various types of asymptotic initial value problems
and present our system of conformal wave equations. Chapter 5 contains an introduction
to the notion of mass (or rather energy) in general relativity and we describe our approach
to determine the Bondi mass of a globally smooth light-cone. In Chapter 6, we explain the
construction of vacuum space-times with Killing vector fields via Killing initial data sets for
the various ordinary and asymptotic Cauchy problems discussed afore. We conclude with
a discussion of our results in Chapter 16, where we also raise some open questions related
to the topics addressed in this thesis. In Appendix A, we collect a couple of mathematical
well-posedness results on wave equations which play a significant role in this work.
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Light-cones and two transversally intersecting null hypersurfaces are characteristic initial
surfaces of particular interest. Here, we shall focus on light-cones. Two intersecting null
hypersurfaces can be treated similarly, although their analysis requires a discussion of the
free data on the intersection manifold which we want to avoid here for reasons of simplicity.
The reader will be referred to the references given in the text, where both cases are treated
in detail.

Besides providing an overview of the current state of research and giving a brief description
of the main results obtained in the attached papers, Chapters 7-15, we also want to stress
analogies between the space-like and the characteristic case, which is why we shall treat
them simultaneously whenever feasible. We shall analyze and compare their peculiarities and
difficulties whenever things are differing. Since we are particularly interested in summarizing
and relating our results to each other and providing some physical motivation for their
underlying questions, we will ignore the technical details here. They are taken care of in
detail in the attached papers.

If not explicitly stated otherwise, all manifolds, fields, expansion coefficients etc. are
assumed to be smooth.

1.3 Overview of the attached papers

In Chapters 7-15 we have attached all the papers on which this thesis is based. Here we give
an overview over all the manuscripts, where they are published or submitted etc., cf. page 6
for a statement on the co-authored papers:

1. “The many ways of the characteristic Cauchy problem”, with P. T. Chrusciel, published
in Classical and Quantum Gravity 29 (2012) 145006, arXiv:1203.4534 [gr-qc].

Abstract. We review various aspects of the characteristic initial value problem for the
FEinstein equations, presenting new approaches to some of the issues arising.

2. “Conformally covariant systems of wave equations and their equivalence to Einstein’s
field equations”, accepted for publication in Annales Henri Poincaré (28.04.2014),
arXiv:1306.6204 [gr-qc].

Abstract. We derive, in 3 + 1 spacetime dimensions, two alternative systems of
quasi-linear wave equations, based on Friedrich’s conformal field equations. We analyse
their equivalence to Einstein’s vacuum field equations when appropriate constraint
equations are satisfied by the initial data. As an application, the characteristic initial
value problem for the Einstein equations with data on past null infinity is reduced to
a characteristic initial value problem for wave equations with data on an ordinary
light-cone.

3. “Solutions of the vacuum Einstein equations with initial data on past null infinity”,
with P. T. Chrusciel, published in Classical and Quantum Gravity 30 (2013) 235037,
arXiv:1307.0321 [gr-qc].

Abstract. We prove existence of vacuum space-times with freely prescribable cone-
smooth initial data on past null infinity.

4. “Characteristic initial data and smoothness of Scri. I. Framework and results”, with
P. T. Chrusciel, submitted to Annales Henri Poincaré (17.03.2014), arXiv:1403.3558

[gr-qc].
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OVERVIEW OF THE ATTACHED PAPERS )

Abstract. We analyze the Cauchy problem for the vacuum FEinstein equations with
data on a complete light-cone in an asymptotically Minkowskian space-time. We provide
conditions on the free initial data which guarantee existence of global solutions of the
characteristic constraint equations. We present necessary-and-sufficient conditions
on characteristic initial data in 3 + 1 dimensions to have no logarithmic terms in an
asymptotic expansion at null infinity.

. “Characteristic initial data and smoothness of Scri. II. Asymptotic expansions and con-

struction of conformally smooth data sets”, submitted to the Journal of Mathematical
Physics (31.03.2014), arXiv:1403.3560 [gr-qc].

Abstract. We derive necessary-and-sufficient conditions on characteristic initial data
for Friedrich’s conformal field equations in 3 + 1 dimensions to have no logarithmic
terms in an asymptotic expansion at null infinity.

“The mass of light-cones” ;, with P. T. Chrusciel, published as a Fast Track Com-
munication in Classical and Quantum Gravity 31 (2014), 102001, arXiv:1401.3789
[gr-qc].

Abstract. We give an elementary proof of positivity of the Trautman-Bondi mass of
light-cones with complete generators.

“KIDs like cones”, with P. T. Chrusciel, published in Classical and Quantum Gravity
30 (2013) 235036, arXiv:1305.7468 [gr-qc].

Abstract. We analyze vacuum Killing Initial Data on characteristic Cauchy surfaces.
A general theorem on existence of Killing vectors in the domain of dependence is proved,
and some special cases are analyzed in detail, including the case of bifurcate Killing
horizons.

“KIDs prefer special cones”, published in Classical and Quantum Gravity 31 (2014)
085007, arXiv:1311.3692 [gr-qc].

Abstract. As complement to Class. Quantum Grav. 30 (2013) 235036 we analyze
Killing initial data on characteristic Cauchy surfaces in conformally rescaled vacuum
spacetimes satisfying Friedrich’s conformal field equations. As an application, we derive
and discuss the KID equations on a light-cone with vertex at past timelike infinity.

. “Killing Initial Data on space-like conformal boundaries”, submitted to the Journal of

Geometry and Physics (11.03.2014), arXiv:1403.2682 [gr-qc].

Abstract. We analyze Killing Initial Data on Cauchy surfaces in conformally rescaled
vacuum space-times satisfying Friedrich’s conformal field equations. As an application,
we derive the KID equations on a spacelike %~ .
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Univ. Prof. Dr. Piotr T. Chrusciel

m |Ve rSItat Gravitational Physics, Head
Wlen Boltzmanngasse 5

A 1090 Wien, Austria

May 28, 2014

PhD Committee
Faculty of Physics
University of Vienna

Dear Colleagues,

Tim Paetz’s Thesis consists of an extensive introduction, reviewing the field and
summarizing the work done, written by him, and several papers which were
written either by himself, or with me. Hereby I declare that our joint papers have
been written in an evident scientific collaboration, with many key and substantial
contributions from Tim. In each case it is impossible to say precisely which part
of the paper is due to him and which to me, as the papers arose as a result of
many conversations concerning the problems at hand. I would estimate that on
average across all joint papers, about half of the ideas are due to me and half to
Tim. This concerns both key and technical ideas. While the papers written by
Tim as sole author are clearly related to the remaining ones, they are entirely his
own work. None of the papers would have been conceived, started, and completed
without his contributions. He has moreover done most of the difficult calculations
arising.

Sincerely yours,

-

Piotr T. Chrusciel
Professor of Gravitational Physics



CHAPTER 2

Initial value problems in general relativity

“Prediction is very difficult, especially about the future.”
NieLs H. D. BOHR (1885-1962)

2.1 Initial value problems

A Dbasic issue in theoretical physics is the so-called Cauchy problem or initial value problem.
One considers a freely evolving physical system at a certain instant of time and asks, if the
specification of certain quantities guarantees the existence and uniqueness of a solution of
the corresponding dynamical system which describes the evolution. The Cauchy problem
is of conceptual importance since it concerns the predictability of the underlying theory.
Practically, the state of a system can only be measured with finite accuracy, so the system
should not be strongly affected by small changes of the initial conditions. One therefore asks
for a continuous dependence of the solution on the prescribed data (“Cauchy stability”). If
all these requirements are satisfied the Cauchy problem is well-posed. In classical mechanics,
for instance, where the dynamical system is described by a system of ordinary differential
equations (ODEs) the Cauchy problem is satisfactorily solved by the Picard-Lindeldf theorem
(cf. e.g. [3]), a well-posedness result for ODEs.

The Cauchy problem also arises in general relativity, where of course the concept of an
absolute time is missing. However, one natural possibility there is to regard a space-like
n-dimensional hypersurface as representing, roughly speaking, an instant of time, this leads
to the space-like Cauchy problem in general relativity. Due to the Lorentzian structure of the
space-time manifold there are other types of “initial surfaces” for which a Cauchy problem
can be formulated:

e A characteristic Cauchy problem where data are given on (piecewise) null hypersurfaces,
such as a light-cone or two null hypersurfaces intersecting transversally.

e Later on we shall also consider asymptotic Cauchy problems where these surfaces are
(partly) located “at infinity”.

e Another possibility is to prescribe (for A = 0) data on an asymptotically hyperbolic
space-like hypersurface which intersects “null infinity” in a space-like sphere ( “hyper-
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boloidal Cauchy problem”) [1, 2, 49, 53]. In fact, this is another space-like Cauchy
problem, though in the “classical” cases the initial manifold will be chosen to be either
compact for cosmological models or asymptotically Euclidean to describe isolated
bodies.

e Also initial boundary value problems [59] play a significant role, for instance in numerical
relativity or when studying anti-de-Sitter-like space-times. Here, part of the data need
to be specified on a time-like boundary, cf. e.g. [30] for an overview.

e Various mixtures of all these kind of Cauchy problems.

Since a space-like hypersurface represents the gravitational system at “an instant of time”,
the space-like Cauchy problem is closer related to the “classical” Cauchy problem than the
characteristic one. Most of the results obtained in the course of this thesis are related to the
characteristic Cauchy problem, let us therefore provide some motivation why it is interesting
and relevant from a physical point of view, as well (cf. [70]).

First of all, a light-cone appears in a very natural way as initial (or rather as “final”)
surface. All the observations which are made of our universe lie on a family of past light-cones
from the time when people have started observing the sky until now. This covers a rather
modest-in-size set as compared to the observational scales involved. For many observational
purposes this set is so thin that it can be considered to be a single past light-cone. The
characteristic Cauchy problem with data on a past light-cone thus reflects the issue to what
extent observational data determine a unique evolution of our universe backwards in time.

Furthermore, null hypersurfaces appear naturally in form of e.g. horizons, and one would
like to have the possibility of prescribing data on these distinguished surfaces. Finally,
gravitational radiation far away from its source is most conveniently analyzed “at null
infinity”: Whereas the (asymptotically flat) space-like Cauchy problem might be well-suited
to tackle issues “at spatial infinity”, the characteristic one is natural for questions related to
null infinity, which, by means of an appropriate conformal rescaling, can be represented (for
A = 0) by null hypersurfaces (cf. Chapter 3). The characteristic Cauchy problem therefore
appears naturally when dealing with the “asymptotic Cauchy problems” mentioned above
and discussed in Chapter 4.

While, for the reasons just explained, it is natural to think of Cauchy problems with
all these different types of initial surfaces, it is far away from being evident that such
a Cauchy problem is well-posed in general relativity. Indeed, the Einstein equations do
not have a structure to which any of the known mathematical well-posedness results for
PDEs directly applies. Now, it is a feature of general relativity, expressed by the tensorial
nature of Einstein’s equations, that they are coordinate-independent, leaving a lot of gauge
freedom hidden in the equations. Due to this gauge freedom one actually cannot expect
them to admit unique solutions. What one can expect at most is uniqueness up to gauge-, i.e.
diffeomorphism-invariance. In fact, diffeomorphic space-times are physically indistinguishable.

It was the monumental discovery of Choquet-Bruhat [14] that imposing a harmonic gauge
condition on the coordinates, the disturbing gauge degrees of freedom are removed and
the Einstein equations do split into a system of hyperbolic wave equations, the evolution
equations, for which well-posedness results are available, and a system of constraint equations,
propagated by the evolution equations. It is the hyperbolic character of the evolution equations
which ensures a causal propagation of the gravitational field.

In the case of a space-like Cauchy problem, the constraint equations can be written as
an elliptic PDE-system. It is one of the attractive features of the characteristic Cauchy
problem that the constraints can be read as an ODE-system, which is much easier to deal
with, whence it comes along with several advantages from a technical point of view to be
discussed below.
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2.2 Hyperbolic reduction of Einstein’s field equations

To realize the above mentioned splitting of the Einstein equations into constraint and evolution
equations we impose an appropriate gauge condition. We shall work in a (§-generalized)
wave-map gauge [16, 50, 54],

H* =0, (2.1)

which is characterized by the vanishing of the (generalized) wave-gauge vector
H» :=T*-V*, where V*:=T*4+W*, TI* .= gO‘BFgﬁ , Tr = go‘ﬁf;\yﬁ . (2.2)

We use the hat-symbol “~” to denote objects associated with some target metric g. The
vector field WA = WA (zH, guw) can be freely specified or chosen to fulfill ad hoc equations.
It is allowed to depend upon the coordinates and g,,,,, but not upon derivatives thereof, and
reflects the freedom to choose coordinates off the initial surface. Indeed, by an appropriate
choice of coordinates it can locally be given any preassigned form, and conversely W*
determines coordinates via a system of wave equations and suitable data on the initial
surface [54], as which we will take coordinates adapted to the geometry. When solving an
initial value problem it is the other way around. The coordinates are given and the metric
tensor is constructed in such a way that the coordinates become generalized wave coordinates
which satisfy (2.1).

The wave-map gauge is a generalization of Choquet-Bruhat’s classical harmonic gauge.
As will be discussed later on it is the addition of the gauge source functions W?, introduced
by Friedrich [50], which, in the characteristic case, bring in a flexibility crucial to solve a
couple of problems we shall be dealing with.

A hyperbolic reduction of the Einstein equations is realized when the Ricci tensor is
replaced by the reduced Ricci tensor in wave-map gauge, namely

R[(LII_{) = R#V - go(u@y)HU . (23)

The so-obtained reduced Finstein equations
1
RELII_/I) - iR(H)gpu + )\g;w = 871—T,u1/ , (24)

form, in vacuum or for suitable matter models, a system of quasi-linear wave equations for
which well-posedness results are available, cf. Appendix A (in the non-vacuum case equations
for the matter fields need to be added).

However, once (2.4) has been solved, one needs to make sure that the so-obtained solution
is consistent with the gauge condition, i.e. it should satisfy H* = 0. Only in that case one
would end up with a solution of the original equations (1.1). Assuming that the stress-energy
tensor satisfies the conservation law V,T),” = 0, it follows from (2.4) and the second Bianchi
identity that the components of the wave-gauge vector fulfill a linear, homogeneous system
of wave equations,

V'V, H! 429" VoV H = g*P0,05H" + fo" H* + fo "0 H* = 0, (2.5)

for appropriate fields f,* and f,%*. Due to standard uniqueness results for such equations
[15, 84] the wave-gauge vector will vanish if and only the initial data for (2.5) vanish, which
we denote by [H*] (as a matter of course, which data need to be specified depends on the
type of the initial surface). Equation (2.5) thus reflects the key fact that the gauge condition
(2.1) and the constraint equations derived below are propagated by the evolutionary part of
the Einstein equations, whence it merely needs to be ensured that they are initially satisfied.
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We conclude that we can replace the Einstein equations by the reduced Einstein equations,
which are much easier to handle mathematically, as long as we make sure that [H*] = 0.
Note that [H*] contains metric components (or rather transverse derivatives thereof) which
are not part of the initial data for (2.4), so it is a non-trivial issue to make sure that [H*]
vanishes. A priori, it is not even clear whether this condition can be satisfied at all. It was
the great discovery of Choquet-Bruhat [44] that the equations have a structure due to which
it is possible. The geometric Cauchy problem for Einstein’s field equations can be reduced to
a Cauchy problem for a hyperbolic system, together with a system of constraint equations
for the initial data.

In the next sections we shall review the space-like Cauchy problem for Einstein’s field

equations [7, 21, 25, 60] whose solution relies on the classical papers by Choquet-Bruhat [44]
and Choquet-Bruhat & Geroch [19], and the characteristic one as studied most notably by
Rendall [76] and Choquet-Bruhat, Chrusciel & Martin-Garcia [16]. Since the predominant

part of this thesis deals with the characteristic case and only a minor part with the space-like
case, our treatment of the characteristic Cauchy problem will be somewhat more detailed.

We shall write down most of the equations for a non-vanishing energy-momentum tensor.
However, for some of the arguments below to work, one has to make certain assumptions on
the matter models used. Since we are particularly interested in the vacuum case we have not
studied these problems.

2.3 Space-like Cauchy problem

Consider a space-like hypersurface ¥ C .# in some Lorentzian manifold (.#,g)! and
introduce adapted coordinates (z° = t,2%), i = 1,...n+ 1, such that ¥ = {t = 0} (on the
portion covered by the coordinate system). The data for the reduced Einstein equations
(2.4) are g, |s and 9;g,. s, the data for (2.5) are H*|s; and 9;,H*|s.. We denote by n* a
future directed unit time-like vector field, normal to the initial surface X, and consider the
contraction of the reduced Einstein equations with n*,

1 ~ 1 ~
(Ruw — §Rg,“, + A — 87T )n” — go(un” Vo H? + inMVUHU =0. (2.6)

An analysis of this equation shows that it implies the vanishing of 9; H*|x;, supposing that
the equations

1
(R — §Rg,“, + Mgy — 87T )n”|s =0 and H)‘\g =0 (2.7)

hold. One checks that, in vacuum or for appropriate matter models, both equations in (2.7),
which are clearly necessary to obtain a solution to the full Einstein equations in wave-map
gauge, just depend on g, |x; and 0:g,. |5, i.e. the initial data.

More specifically, let us denote by

hij == gijl= (2.8)

the induced metric or first fundamental form, and by

1 1
Kij = 5Zngils = 5\/@(&&% = 299;))|x (2.9)

LAt this stage, we assume that a Lorentz manifold, solution to Einstein’s field equations, has been given,
later on it will be constructed from ¥ and the data given there.
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the extrinsic curvature or second fundamental form, where £ is the Lie derivative. We
denote by 2, R[h] and T'[h]¥; covariant derivative, curvature scalar and connection coefficients
associated with the Riemannian metric h = h;;dz’d2z’. One then shows that (2.7) is equivalent
to

(R[h] — 2\ — _\K|2 + K%~ 167 Tunn”)ls = 0, (210)
(.@jKij — @iK — 87ThingVTw,n'u)|g = 0 s (211)
(09" = 2V/ 9" | K — ¢ 9" Digre — 29" 9" Digi; + 2V )|z = 0, (2.12)
L 1 , y
(9" Degrn + 219" 72 9" Kix = 59" Drgue + 29" Zigur + huag TRl = Ve)ls = 0. (2.13)

Here we have set K := hinij and |K|? = hikhleinkl.

The wave-map gauge condition H* = 0 for the arbitrarily prescribed vector field W*
does not fully exploit the gauge freedom to choose coordinates. It is well-known (cf. e.g. [25])
that there remains the freedom to prescribe

g <0 and ¢"|y, (2.14)
or, equivalently,
gitls and  gyls  such that (g4 — hijgtigtj)|2 <0. (2.15)

Taking this into account when analyzing the constraint equations (2.10)-(2.13), we observe
that, in vacuum say, (2.10)-(2.11) provide constraints on (h,;, K;;) (observe that 0,g;;|s
can be computed from K;;). Once we have found a solution, 0;g:,|s can be algebraically
determined from (2.12)-(2.13).2 In fact, due to the freedom to choose the gauge source
functions W*, the values of 0, Gep|x are just a matter of gauge and can be prescribed arbitrarily.
The equations (2.12)-(2.13) then need to be read as algebraic equations for Wt|s; and Wi|s.
Contrary to the characteristic case treated below, the additional freedom arising from the
gauge source functions cannot be used to simplify the constraint equations significantly
(nonetheless, they play an important role mathematical and numerical relativity, cf. e.g.
[75, 77]). The proper, non-trivial constraints are given by the Hamiltonian constraint (2.10)
and the momentum constraint (2.11) for the geometric data (h;j, K;;) on X, comprising its
first and second fundamental form. In vacuum, these constraints become

R[h] -2\~ |K|?+ K* = 0, (2.16)

2,K -2, K = 0, (2.17)

Now, given ¥ as a manifold on its own (cf. below) there are various ways of constructing
the same (up to isometries) space-time which does not arise from a freedom in the choice of
coordinates, but from a freedom to embed X into the prospective space-time manifold. This
is sometimes regarded as another gauge freedom, captured by the freedom to prescribe the
mean curvature 7 of 3, though one has to be careful since e.g. a constant mean curvature

(CMC)-gauge, where T = const, is a geometric restriction [31].
As an illustration, and for later reference we note that working in a gauge where

guls=-1, il =0, Oguulz=0 (2.18)
and using a Minkowski target g = n = —dt? + >_.(dz")?, we need to take

Wiy = K, (2.19)
k _ ij k
WFs = hYT[h]j; . (2.20)

2Some care is needed when the W*’s are allowed to depend on the metric.
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There have been many successful approaches to construct solutions of (2.10)-(2.11) or
(2.16)-(2.17) (cf. e.g. [7, 21, 25, 31] and the references given therein for an overview over
the various methodb) Ideally, one would like to extract certain components of (h;;, K;;)
as reduced “seed” data which can be prescribed completely freely, while the remaining
components are determined by the constraint equations. In general, though, there is no
known method to do this.

One common approach is to transform the constraint equations via the Choquet-Bruhat-
Lichnerowicz-York conformal method [13, 21, 25] into a more convenient PDE-system. A
standard choice is to regard the conformal class [h;;] of the induced metric h;j;, a symmetric,
trace-free tensor Lj and, depending on the viewpoint, the mean curvature 7 as the non-gauge
data. Denote by h;; a representative of [h;;]. The vacuum constraints (2.16)-(2.17) expressed
in terms of sz and a conformal factor ¢ > 0 relating h and h, then read
n—1

DL —

oz P = 0, (2.21)

n—1 -

AR Ao~ R0+ |EP

noll 72>\)¢n?2 = 0, (2.22)

where 2 denotes the Levi-Civita connection of k. Any solution (¢ >0, iij) leads via

hij = ¢7%hyy and Ky = ¢ 2 E Ly + “hy (2.23)
n

to a solution of the vacuum constraints. Writing

Lij = Bij + 2(2:Yy) . (2.24)

where “*” denotes the h-trace-free part of the corresponding 2-tensor, and where the
symmetric, trace-free “seed” tensor field B” rather than L” is regarded as given, the
constraints (2.21)-(2.22) become a semi-linear elliptic PDE-system for the conformal factor ¢
and the vector field Y.

A characteristic property in a CMC-gauge is that the equations for ¢ and Iiij decouple,
with (2.21) reducing to divl = 0. In that situation [hi;] and a symmetric trace- and
divergence-free tensor (T7T-tensor) f/ij provide the free reduced non-gauge data. The
splitting (2.24) then provides a method due to York to construct TT-tensors from trace-free
tensors via a linear elliptic PDE-system. It then remains to solve Lichnerowicz equation
(2.22) (with ¢ > 0), a semi-linear elliptic scalar equation.

While the CMC-case is quite well-understood in many situations of physical interest such
as on compact, asymptotically Euclidean and asymptotically hyperbolic hypersurfaces, it is
particularly the non-CMC-case where the existence of a solution to the constraint equations
can generally not be guaranteed. This will be completely different in the characteristic case,
where it is possible to provide an exhaustive class of freely prescribable initial data.

To conclude, the wave-map gauge condition splits the Einstein equations into a system of
hyperbolic evolution equations (2.4), the reduced Einstein equations, and an (elliptic) system
of constraint equations (2.10)-(2.13), which needs to be satisfied on the initial manifold.
Taking well-known well-posedness results for quasi-linear wave equations into account (cf.
Appendix A) it follows that the constraint equations (2.10)-(2.11) are necessary and sufficient
for the existence of an, in this gauge, locally unique globally hyperbolic development which
solves the space-like Cauchy problem for the vacuum field equations. One thereupon shows
that the solution is locally unique up to isometries whatever coordinates have been selected.
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Strictly speaking the procedure described above to establish well-posedness of the space-
like Cauchy problem works for data given on some coordinate patch of the initial surface
Y C .. To construct a solution global in space (cf. e.g. [25]) one needs to patch together the
solutions obtained in each neighborhood to a globally hyperbolic development with Cauchy
surface ¥. This is possible owing to the fact that all solutions with the same initial data are
locally isometric. The solution is unique (up to isometries) in a neighborhood of ¥.

So far we have assumed that ¥ C .#, though one would rather like to consider ¥ as
an n-manifold on its own. Given data (X, h;;, K;;), with h;; a Riemannian metric and
K;; a symmetric tensor of valence two on X, solution to the vacuum constraint equations
(2.16)-(2.17), one shows that ¥ can be equipped with an embedding ¢ into a new manifold
A with topology ¥ x R endowed with a Lorentzian metric g, such that ¢(¥) is a space-like
Cauchy surface in (, g), the pull-backs of the induced metric and the second fundamental
form on () to ¥ coincide with h;; and Kjj, respectively, and the metric g solves the vacuum
Einstein equations and is locally unique up to isometries.

Consider the triple (X, h;;, K;;) for say n = 3. Taking the number of constraint equations,
the gauge character of the mean curvature and the fact that diffeomorphic initial data
sets determine physically equivalent space-times into account, one finds that (X, h;j, K;)
conceals 4 free “non-gauge” functions, which means that the gravitational field has 2 degrees
of freedom per point in space [36]. This number will be retrieved in all the other Cauchy
problems we shall discuss here.

2.3.1 Maximal globally hyperbolic developments

The space-time (., g) constructed this way is not unique. For instance, any proper subset
of A D 1(X) gives another, non-isometric solution to the Cauchy problem, which, though,
can be isometrically embedded into the first one, keeping the Cauchy surface fixed. This
defines a partial order. Any totally ordered subset has an upper bound which is obtained by
taking the union of all solutions in this subset and identifying points via isometric embedding.
One therefore may employ Zorn’s lemma to conclude that a maximal globally hyperbolic
development (.#ax, gmax) €xists. This can be shown [19] to be unique in the sense that every
other globally hyperbolic solution to the Cauchy problem can be isometrically embedded
into (A max, max)-

THEOREM 2.3.1 A triple (X, hij, K;;) defines a unique (up to isometries) mazimal globally
hyperbolic development of the vacuum Einstein equations, which depends in a continuous
manner on the initial data,® if and only if the constraint equations (2.16)-(2.17) are fulfilled.*

2.4 Characteristic Cauchy problem

Let us consider a (future) light-cone Co C .# with vertex O € .# in a space-time (.#, g)
which satisfies Einstein’s field equations. As compared to two transversally intersecting
null-hypersurfaces, treated e.g. in [34, 76], some additional technical difficulties arise due to
the non-smoothness of Cp at its vertex, which most comprehensively have been solved by
Chrusciel [27], compare [17, 18]

3In this work we focus on existence and uniqueness results, so here and elsewhere we will not go into
detail by e.g. specifying the topology w.r.t. which continuity holds.

4Similar results can be derived e.g. for scalar, Maxwell, Yang-Mills and Vlasov fields, supposing that
additional data for the matter fields are given [13].



14 CHAPTER 2. INITIAL VALUE PROBLEMS IN GENERAL RELATIVITY

We introduce adapted null coordinates (2° = u,zt =r, xA), A=2,...n+1, singular at
the tip of the cone, such that Cp \ {O} = {u = 0}, » > 0 parameterizes the null geodesics
issued from O and generating the cone such that O is approached as r goes to zero, while
the 24’s are local coordinates on the level sets ¥, = {u = 0,7 = const.} = S"~1 (cf. [16]).
In these coordinates the trace of the metric on the cone adopts the form (the symbols x°
and u will be used interchangeably)

7 = Gudatdz” = Goo(du)? + 2vpdudr + 2v4dudz? + g , (2.25)

where we have set
Vo :=Gor, VYa:=goa, §:=gapdatda?. (2.26)

Here and henceforth we use an overbar to denote the restriction of a space-time object to Cp,
or, more general, to the respective initial surface (we shall use this notation for space-like
initial surfaces, as well).

The induced metric is given by the degenerate quadric form ¢, which induces on each
slice 2, an r-dependent Riemannian metric gs,_ . For the convenience of the reader, let us
also note that the restriction to the cone of the inverse metric takes the form

7" = 20°0,0, + 30,0, + 270,04 + g2 P040p , (2.27)

where g7 is the inverse of gap, and where

=" =), g7 =t = %9 g, g7 = ()P (vtva —Goo) . (2.28)

In the characteristic case the data for the reduced Einstein equations (2.4) are g,,,, the
data for (2.5) are H* (cf. Appendix A).

Recall that in the space-like case certain components of the trace of the full Einstein
equations to the initial surface involve only metric components and transverse derivatives
thereof which are part of the initial data for the evolution equations. This is the reason
why one is straightforwardly led to the geometric constraint equations (2.10)-(2.11). In the
characteristic case this is not true anymore, whence things are somewhat more involved. The
Einstein equations have to be combined with the wave-gauge vector to eliminate transverse
derivatives of the metric which do not belong to the initial data for the evolution equations.
However, it is this peculiarity which allows for a simplification of the integration scheme for
the characteristic constraint equations by the use of non-vanishing gauge source functions.

Denote by ¢ the vector 9,.. The null second fundamental form of Co is defined as

1
Xij = gip@ij- (2.29)

Since the normal vector £ is also tangent, y shows very different properties in comparison
with the space-like case. Most notably, it is intrinsically defined and does not depend on
transverse derivatives of the metric. In adapted null coordinates we have

1
-0rgap, x1 =0. (2.30)

XAB:2

The trace of the null second fundamental form
=3P xan (2.31)
is called the expansion or divergence of Co, while its trace-free part

oa® = (3% xac) = Xa® = xa” -

— 0477 = %IEBCK&'@ABDU (2.32)
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denotes the shear of Co. It merely depends upon the conformal class [§] of §. Recall that

we decorate a 2-tensor with the symbol “”” whenever its trace-free part is meant.
It turns out [16] that, in vacuum or for appropriate matter models, the equations
_ 1_ B = g 1
(R — §R§W + AGu — 80T )0 = —§THT , (2.33)
_ 1— _ 1 — 1, =
(Rav = 5BGav + Mgay = 87T a)l" = =5(0p +7)Ha + 50aH, (2.34)
_ 1 _ .
20°(Ro, — 5 R900 + Agow — 8tTo )" = (200,04 — 50, + G4V, H A

~(Va = &) H = (20°0, + 7" = VO)Ho - (77 (9, + 1°0,0)
, _ N 1
+2() 200, + 1G4 04G0: — "V — g”VT)HT + 5|H\2 , (2.35)
with H,, := g, H”, |H|* := H"H,,, and with £4 being defined in equation (2.38) below,” do
not involve any transverse derivative of the metric tensor. It is clear, that they necessarily

need to be satisfied by any solution of the Einstein equations in wave-map gauge.
The system (2.33)-(2.35) is equivalent to the so-called Finstein wave-map gauge constraints

derived in [16] (here we have added a cosmological constant \),
(Or — K)T + p— 172 = —|o|® - 81T, , (2.36)
(0 + %T + R = —%VO : (2.37)
(Or+T7)a = 2Vpoa® — QZ : i@AT — 204k — 167T, 4 , (2.38)
0, — gV = Lw(VA -t 7T ) (2.39)
O +7+R)C = %KIQ — VAl = R+8n(g"’Tap —T)+2\, (240)
(0r + %T +R)g" = %C -V, (2.41)

with

o] == oaPopt 67 =g Pute, =g, T=9"Tw. (2.42)
We use the check symbol “7” to denote objects associated with the one-parameter family of

Riemannian metrics r — gap(r, 2¢)dzdaz® on S"~1. The relevant boundary conditions to
integrate (2.36)-(2.41) follow from regularity conditions at the tip of the cone [16, Section 4.5].

The function & appearing in (2.36)-(2.41) provides another gauge function. It reflects the
freedom to choose the r-coordinate which parameterizes the null geodesics generating the cone.
Once a solution of the reduced Einstein equations in wave-map gauge has been constructed,
k and the “auxiliary” fields £4 and ¢, which have been introduced to transform (2.33)-(2.35)
into first-order equations, turn out to be related to certain connection coefficients,

k=T", €x=-2T",, (=29"°T"p+79". (2.43)

5The reader is warned that in [16] a different convention has been used how the indices of the wave-gauge
vector are lowered.
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In fact, the function ¢ has a physical meaning beyond its relation to a connection coefficient:
Consider two transversally intersecting null hypersurfaces 4] = {u = 0} and A5 = {r = 0}

in adapted null coordinates. Then, on the intersection manifold S, (n, = —2¢""7n,, i.e. the
function ¢ associated to IV is closely related to the expansion 7 of Ns.
It has been shown in [16] that any solution of the reduced Einstein equations with initial

data g, fulfilling the wave-map gauge constraints implies a system of transport equations
for H» along the null geodesic generators of Cp. Assuming that the solution is regular at
the tip of the cone, by which we mean that it can be smoothly extended through O, one
shows that H* = 0 is the only solution. Consequently, the Einstein equations split, again,
into a system of hyperbolic evolution equations (2.4), the reduced Einstein equations, and a
system of constraint equations (2.36)-(2.41) which is propagated by the Einstein equations.

A few comments how these equations can be solved are in order: In contrast to the
space-like case one can easily extract components from the data g, for the evolution system
which are freely prescribable. The “standard way” to achieve that, which goes back to
Rendall [76], compare [79], is to regard the conformal class of ¢, denoted by [v], supplemented
by a choice of x and the gauge source functions W?, as the unconstrained “reduced” data
(Rendall’s choice was x = 0 = W?*). We denote the conformal factor relating § and a given
representative of [y], v = yapdz?dz?, by Q,

g = 0%. (2.44)

Let us now define the subsidiary function

det v\ 1/(2n—2) det gs, \ 1/(2n—2)
= Q< ) = (7') : 9.45
det s det s ( )
where s = s4pdz?dz? denotes the unit round metric on S™~ 1. Then the relation
7= (n—-1)9,loge (2.46)

holds, which transforms the Raychaudhuri equation (2.36) into a linear, second-order equation,

o|? + 87T,
n—1 )<‘O =0

(92— w0, + (2.47)
The system (2.47), (2.37)-(2.41) can be read as a hierarchical linear ODE-system along
each null geodesic generator of the cone (as usual, in vacuum or for appropriate matter
models).% It can be integrated step-by-step to determine successively from the data [4] all the
components of the space-time metric g on Cp, which in turn provide the data for the reduced
Einstein equations. Some care is needed since the metric g degenerates when ¢ or v have
zeros, thus leading to coordinate or space-time singularities, so a solution to the constraints
may only exists in some neighborhood of the tip of the cone. Sufficient conditions which
ensure the existence of a global solution on Cp are derived in [38, Section 2.4], attached as
Chapter 10, compare [16].

Apart from the fact that in the characteristic case the constraint equations are just ODEs
for the unknown metric coefficients rather than elliptic PDEs, which, even better, can be
transformed into linear ODEs, the gauge source functions W* can be utilized to transform
some of them into algebraic equations, cf. the next section. Since the constraints are thus
much more convenient to solve, the characteristic Cauchy problem plays a significant role in

SIf the gauge source functions are allowed to depend on the metric, certain restrictions are necessary to
preserve the hierarchical ODE-structure.
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numerical relativity [37]. Note, however, that the equations (2.36), (2.38) and (2.40) are to
a large extent gauge-independent: They merely dependent on the gauge function k, which
can be employed to simplify the construction of solutions of the Raychaudhuri equation (cf.
below), whereas there seems to be no way to simplify the equations for £4 and (.

The well-posedness result for given data [y] and gauge functions x and W*, which has been
established in [16, 27], relies on Dossa’s well-posedness result for quasi-linear wave equations
[41], cf. Appendix A, and guarantees existence of a solution only in some neighborhood
to the future of the vertex of the cone (there is one subtlety which will be addressed in
Section 2.4.1). The result has been improved by Luk [67] who showed that well-posedness
holds in fact in a neighborhood to the future of the whole cone, assuming that the constraint
equations can be integrated that far, i.e. that no conjugate points appear. While Dossa’s
result and also the corresponding result of Rendall [76] for two transversally intersecting null
hypersurfaces, are valid for large classes of quasi-linear wave equations, Luk makes use of the
particular structure of Einstein’s vacuum field equations.

2.4.1 The many ways of the characteristic Cauchy problem

As has already been indicated, the characteristic Cauchy problem comes along with a huge
flexibility in prescribing data. There are many ways other than Rendall’s one of constructing
solutions of Einstein’s wave-map gauge constraints. A discussion of this point is the main
object of [34], compare also [72]. The paper [34] is attached as Chapter 7, [72] as Chapter 11.

Our motivation to take non-vanishing gauge source functions and appropriate variations
of the gauge scheme into account has been two-fold:

(i) While Rendall’s approach works well in vacuum and also for a certain class of matter
models such as scalar, Maxwell and Yang-Mills fields, non-vanishing gauge source
functions allow one to handle a larger class of matter models such as e.g. Vlasov matter.

(ii) As the no-go result in [38, Section 3] reveals, Rendall’s approach with x = 0= W?*, or
rather any (k = 0, W° = 0)-gauge, inevitably produces logarithmic terms at infinity
whenever non-flat data are prescribed. The need to get rid of these log terms when
constructing solutions which are smooth at null infinity (cf. Section 4.4), led us to the
search of alternative, more flexible schemes to construct solutions of the wave-map
gauge constraints. Thereby it turned out that most, but not all, logarithmic terms are
gauge-dependent and eliminable by means of suitable coordinate transformations.

In [34] we recall, develop and discuss several methods of choosing a gauge and prescribing data
to construct solutions to Einstein’s wave-map gauge constraint equations. Let us summarize
what has been done there.

e Rendall’s scheme with the classical gauge choices k = 0 = W?, or rather its generaliza-
tion where the conformal class [y] of ¢ together with arbitrary gauge functions x and
W* are prescribed and which brings in more flexibility, has the advantage that one has
a clear-cut separation between physical and gauge degrees of freedom. Moreover, the
initial data [y] do not need to satisfy any constraint equation.

e The induced metric, i.e. the degenerate quadric form § is a physically and geometrically
more natural object than a family of conformal metrics [y]. From this point of view
one should regard § together with the gauge functions x and W* as initial data as in
[14] or [34, Section 5], where the pair (g, x) then needs to satisfy the Raychaudhuri
equation (2.36), which in this setting plays the role of a constraint equation.
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Assume that § has been given. In the regions where 7 has no zeros, as it needs to
be the case near the vertex of the cone,” x can be algebraically computed from the
Raychaudhuri equation (2.36), so that, again, there are no constraints if § together
with W* are regarded as the free data.®

In this scheme physical and gauge degrees of freedom are somewhat mixed.

e Another approach is to prescribe go, rather than W* and regard (2.37), (2.39) and
(2.41) as algebraic equations for W?*. This saves a couple of integrations. As before,
one may prescribe ¢ rather than its conformal class [y]. This way it becomes possible
to prescribe the full space-time metric g of the space-time-to-be-constructed restricted
to Co [34, Section 3], together with a choice of k, where, again, the Raychaudhuri
equation provides a constraint on §apdz?dz? and k.

At least sufficiently close to the tip, where the positivity of 7 is necessary, k is alge-
braically determined by the Raychaudhuri equation, cf. footnote 7. In those regions,
no constraints need to be imposed on the initial data g for the evolution equations, at
the expense, though, that physical and gauge degrees of freedom are completely mixed.
In other words, many different initial data g will evolve into geometrically the same
space-time, whereas in Rendall’s scheme only minor gauge degrees of freedom remain
hidden in the data (e.g., a choice of £ does not determine the r-coordinate uniquely).

e A modification of this scheme which takes care of this separation, discussed in [72,
Section 4], is to prescribe [y] as the physical data and, instead of x and W, regard ¢
and go, as gauge functions. Proceeding this way, the separation between physical and
gauge degrees of freedom is sustained, while some of the metric components can be
arranged to take convenient values.

e Instead of (some components of) g, one may alternatively prescribe the shear 045 of
Co [22], or certain components of the Weyl tensor, C,. 4,5 [16]. However, one has to
make sure that, once § has been computed, the relation 48045 = 0 or gAPC\ 4,5 = 0,
respectively, holds. The most convenient way to arrange this is to introduce a frame
formalism and prescribe the data w.r.t. the frame field [34, Section 5].

There is one subtlety which we have ignored so far: In order to apply Dossa’s well-posedness
result [41] for the reduced Einstein equations with data on a light-cone, cf. Appendix A,
one needs to make sure that g is the restriction to the cone of some smooth space-time
metric. Clearly, this is necessary for a smooth solution of the Einstein equations to exist.
Nevertheless, it is a non-trivial issue near the tip of a cone. A similar issue arises for the
gauge source functions W* which, if algebraically computed from the constraint equations,
need to admit an extension to a smooth space-time vector field W* as needed to define the
wave-gauge vector H» properly.

In [27] (cf. [17, 18]) it has been analyzed in detail how such admissible data are constructed
for the various schemes. When § is prescribed, it is shown that Dossa’s theorem is applicable
if g is the trace on the cone of a smooth space-time metric. In Rendall’s scheme, one needs
to make sure that 7 is the trace on the cone of a smooth space-time metric to end up with a
solution g of Einstein’s vacuum wave-map gauge constraints to which Dossa’s theorem is
applicable. If the whole metric field g is prescribed, and it is the restriction to the cone of a

7 If the data § (or g, cf. below) are taken to be the restriction of some smooth metric in space-time, as it
is necessary for the existence of a solution anyway, one will automatically have 7 > 0 near the tip.

8Note that the r-coordinate w.r.t. which § is given is then implicitly defined. Its actual meaning in the
emerging space-time, like e.g. its deviation from an affine parameter, is only known once the Raychaudhuri
equation has been solved for k.
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smooth space-time metric, the vector field W*, computed from the constraint equations, can
be extended to a smooth space-time field and well-posedness follows again.

Similar to the space-like case one may regard the initial surface Co \ {O} =2 R™\ {0} with
its vertex removed as a (then smooth) manifold on its own [37], or, as it is more convenient in
view of the results in [27], as a light-cone in some space-time (. (9, g(9)). As data one then
takes, depending on the scheme, the trace of ¢(®) on Cp, the induced degenerate quadric
form §(©, its conformal class [g(o)}, etc. The results described above then guarantee that the
prospective vacuum space-time has a cone-like past boundary which can be identified with
the embedded null cone Cp.

THEOREM 2.4.1 Consider a light-cone Co in some space-time (A ?),g(0)) near its vertex
where 70 > 0. The tuples

(i) (v = [9'\pldzAdzB |y, v = 0),

(i) g = g(AOI)gdxAde|CO,

(m) g(o)|007

depending on the scheme, define locally an (up to isometries) unique globally hyperbolic
vacuum space-time which is bounded in the past by the embedded null cone Co and which
induces the prescribed data there.” The solution depends continuously on the initial data.

Here and henceforth, local uniqueness (up to isometries) in connection with a characteristic
Cauchy problem is to be understood as follows: For given gauge functions the solution is
unique. Given two different sets of gauge functions, there exists a common neighborhood
where the solutions coincide (up to isometries). Nonetheless, also in the characteristic case
it should be viable to establish uniqueness in the sense that there exists a unique maximal
globally hyperbolic development by an appropriate adaption of the Choquet-Bruhat-Geroch-
method.

9Note that we have restricted attention to the region where 7(0) > 0, an inequality which does not need
to hold away from a neighborhood of the tip. In those regions where 7(°) = 0, (ii) and (iii) need to be
supplemented by a choice of k, and the pair (§ = gl(fj)gdxAde\CO, k) needs to satisfy the Raychaudhuri

equation.
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CHAPTER 3

Asymptotically flat and asymptotically de Sitter space-times

“The fear of infinity is a form of myopia that destroys the possibility of seeing the actual
infinite [...].7
GEORG F. L. P. CANTOR (1845-1918)

3.1 Introduction

In the previous section we recalled local in (retarded) time well-posedness results for the space-
like and the characteristic Cauchy problem. However, even if one invokes Zorn’s lemma to
establish the existence of unique maximal globally hyperbolic developments, this does not say
anything about how large the emerging space-time will actually be. Moreover, one does not
know anything about local and, even more, global properties of the so-obtained space-times.

There have been intensive efforts to construct space-times with controlled global properties.
A decisive milestone was Friedrich’s proof of the non-linear stability of the de Sitter space-time
[03]. He further showed (cf. also [1, 2]) that for sufficiently small hyperboloidal data the
space-like initial value problem yields a space-time which has globally (to the future of the
initial surface) the same asymptotic structure as that part of Minkowski space-time which
lies to the future of a hyperboloid. Another milestone was Christodoulou’s and Klainerman’s
proof of the non-linear stability of the Minkowski space-time [23]. Christodoulou [22] used
similar methods to construct space-times from characteristic surfaces which contain trapped
surfaces (which provide a quasi-local approach to black holes) by using a regular short-
pulse-ansatz for the initial data. The class of characteristic data leading to the formation of
trapped surfaces has later been enlarged by Klainerman and Rodnianski [64].

In what follows we are interested in the construction of vacuum space-times with controlled
asymptotic behavior. More precisely, we would like to analyze the existence of space-times
which extend “arbitrarily far”, at least in certain directions, and where the gravitational field
shows a specific “asymptotically flat” or “asymptotically de Sitter” structure at infinity. In
order to avoid dealing with asymptotic limiting processes, the space-time will be conformally
rescaled so that infinity is represented by a set of regular points, an idea due to Penrose [73].
By prescribing data on these regular sets, it becomes feasible to construct space-times with
such an asymptotic structure via local existence results.

21



22 CHAPTER 3. ASYMPT. FLAT AND ASYMPT. DE SITTER SPACE-TIMES

3.2 Penrose’s conformal technique

Due to the absence of non-dynamical background fields w.r.t. which the asymptotic fall-off
rates of the curvature can be measured, it is a delicate issue to define a notion of asymptotic
flatness or asymptotic de Sitterness in general relativity. On the other hand, it is important
to have such a notion to be able to describe e.g. purely radiative space-times or isolated
gravitational systems. Penrose provided a very elegant geometric foundation to tackle this
issue [73, 74], cf. [61] for an overview.

Consider an n + 1-dimensional space-time (//2 ,§), the physical space-time. The basic idea
is to conformally rescale the metric g and add a boundary, so that infinity is represented as
something finite. For this, one assumes that (a part of) (.#, ) can be conformally embedded
into an unphysical space-time (M, g),

§£>g::®2§, ///g///, @|¢(//Z)>Ov
with gb(// ) C A being relatively compact and with © : .# — R being a smooth function.

Let us add a comment concerning notation. Up to now we have denoted the physical
space-time by (.#, g). However, when dealing with problems where the unphysical space-time
is involved, it will be more convenient to denote the physical space-time by (/// ,g) and
reserve the “non-tilde” objects for the unphysical space-time (the only exception will be
Section 4.4, which is stressed there again).

The part of 3¢(//~/ ) where the conformal factor © relating the physical and the unphysical
space-time vanishes corresponds to “infinity” of the original physical space-time. Indeed,
the affine parameter along g-geodesics diverges when approaching this part of the conformal
boundary. The subset {© =0, dO© # 0} C d¢(#) is called Scri, denoted by .#. Since null
geodesics in (., g) acquire start- or end-points on .#, it is regarded as a representation of
null infinity. One further distinguishes two components of .#, past and future null infinity
&~ and £, which are generated by the past and future endpoints of null geodesics in .#,
respectively.

Penrose proposed to characterize space-times with a “(null) asymptotically flat” or
“asymptotically de Sitter” structure (in certain null directions) by requiring that the unphysical
metric g extends smoothly across (a part of) .#.! The idea is that only gravitational fields
with an appropriate “asymptotically flat or de Sitter-like” fall-off behavior for A = 0 and
A > 0, respectively, admit such a smooth extension through conformal infinity.

Supposing that a regular .# exists, Einstein’s field equations with vanishing cosmological
constant imply (in vacuum or for appropriate matter models) that .# is a null hypersurface,
while for positive cosmological constant it is a space-like hypersurface in (#, g). In vacuum
this follows directly from equation (3.8) below.

We have avoided a too stringent definition of an asymptotically flat or de Sitter space-time
e.g. by requiring .# to be of a certain topology, or by requiring completeness in the sense
that every null geodesic in (.#,g) has two distinct points on .# (this leads to the notion
of asymptotically simple space-times which e.g. exclude black holes [(62]). The reason for
that being that we will be interested in local problems near .# and in the construction of
space-times with “a piece of a smooth .#”, so that it is not necessary to impose any global
restrictions. Our definition rather corresponds to so-called weakly asymptotically simple
space-times, cf. [62]. Note that Penrose’s construction leaves some ambiguity in that there
might exist non-equivalent conformal completions; this question is addressed in [24].

1Originally, Penrose required the metric to be C3.
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Given, in 34 1 dimensions, a space-time which admits a smooth .# with topology R x 52,
it is possible to construct coordinates in which the physical metric becomes manifestly flat
at an appropriate fall-off rate as one approaches null infinity. In fact, these coordinates
can be taken to be Bondi coordinates [33], which will be discussed in Section 5.2, whereby
the classical coordinate approach by Bondi et al. [9] and Sachs [78] is recovered, who
analyzed the radiative structure of the gravitational field at large distances from its source.?
Asymptotically de Sitter space-times have a conformal structure similar to the one of the
de Sitter space-time, though the metric does not necessarily need to approach the de Sitter
metric at infinity.

The prototypes where Penrose’s construction is possible are of course the Minkowski
space-time for A = 0 and the de Sitter space-time for A > 0. In the latter case, conformal
infinity consists of two space-like hypersurfaces #~ and .# . For Minkowski space-time
the asymptotic structure is somewhat richer [74]: The null hypersurfaces .# ~ and .#* form
future and past light-cones with vertex i~ and T representing future and past time-like
infinity, respectively. The intersection of the two light-cones is considered as one point, i°,
representing space-like infinity. In other words, .#~ and .+ form “closed up” cones with
future and past vertex i°, respectively. At i* and i° the one-form d© vanishes. These points
do not belong to .#. While in the Minkowski case the metric is also smooth at i and i°, this
is generally not expected from space-times which one would still regard as “asymptotically
flat” (such as e.g. Schwarzschild space-time). In particular, a smoothness requirement at %,
where the space-like geodesics meet, is too restrictive (the unphysical metric fails to be C!
whenever the total mass of the space-time is non-zero [5]).

A class of particular interest in this context are isolated gravitational systems (for A = 0),
which one stipulates to be asymptotically flat at both spatial and null infinity. Since isolated
bodies may remain present at arbitrary early or late times, one does not require i* to be
regular points. A precise definition is given in [6, G1].

Another class of important gravitating systems is comprised by so-called purely radiative
space-times [51] (for A = 0), i.e. space-times which are generated solely by gravitational
radiation coming in from past null infinity and interacting with itself. Information coming
in from past time-like infinity is excluded. In this case, one does not only stipulate the
space-time to be smooth at null infinity but also that it admits a smooth extension across
i~, and that .#~ forms a regular (at least near i~) future light-cone whose vertex is given
by ¢~. At sufficiently early times, the space-time is required to possess a conformal structure
similar to the Minkowskian one. If there is only gravitational radiation interacting with
itself and dispersing completely to infinity again, an analogous behavior is required from
the gravitational field at i*. If, in addition, certain global conditions are satisfied, the
corresponding space-time will be called purely radiative [51]. For our purposes purely
radiative space-times provide a motivation why it is physically relevant to regard i~ as a
regular point.

Due to Penrose’s geometric construction, the asymptotic behavior of the gravitational
field can be analyzed in terms of a local problem in some neighborhood of an ordinary
hypersurface boundary .# (possibly supplemented by the points i* and i), to which all
the local techniques of differential geometry are applicable. Now, it is a crucial issue to
understand the interplay between Penrose’s geometric concept of asymptotically flat and
de Sitter space-times on the one hand and Einstein’s field equations on the other hand,
and whether all relevant physical systems which one would regard as “asymptotically flat
or de Sitter” are compatible with the notion of a regular conformal infinity. The Bondi-
Sachs metrics [9, 78] as well as certain other classes of metrics (cf. [74] for the relevant

2To prove the existence of Bondi coordinates it suffices to have a polyhomogeneous .# [33].
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literature) which should be expected to be “asymptotically flat or de Sitter”, do admit
smooth extensions a la Penrose at null infinity. This indicates that Penrose’s approach
includes a reasonable class of space-times, even though a more careful analysis is needed
to obtain a deeper understanding of his construction (compare with [I, 2, 33] where it is
argued that a polyhomogeneous .# might provide a more suitable setting to model “generic’
asymptotically flat space-times).

A systematic approach to establish existence of large classes of such space-times is via
asymptotic initial value problems, where data are prescribed in the unphysical space-time on
initial surfaces which comprise (a part of) #~ (cf. Chapter 4). Once a (local) solution to this
problem has been constructed, the physical space-time is of infinite extent, at least in certain
null directions, and possesses there an asymptotically flat or de Sitter structure. Strictly
speaking, the data are prescribed on an appropriate initial manifold which a posteriori
becomes ¢, once the initial value problem has been solved and a space-time has been
constructed (with © = 0 and d© # 0 on the initial surface). However, we will be a bit sloppy
with this terminology.

While these kinds of initial value problems might be useful for the construction of
asymptotically flat or de Sitter space-times, they do not give any insight how “generic” these
space-times are. By prescribing data on .#~ and constructing smooth solutions out of them,
a substantial part of the desired structure at infinity is built-in from the outset. We will
therefore also consider ordinary null hypersurfaces which intersect .# and which may be
used to construct such space-times from a standard characteristic initial value problem (cf.
Section 4.4). For the hyperboloidal Cauchy problem such a result is already available [49]

)

for large classes of “non-generic” hyperboloidal data [1, 2]. Moreover, Corvino’s gluing
technique [39] provides a tool to construct null asymptotically flat vacuum space-times from
asymptotically Euclidean space-like initial surfaces, cf. [29] and the references given therein.

There is, however, a problem: To formulate and, even more, to solve such asymptotic
Cauchy problems, one needs well-behaved equations. The Einstein equations, say in vacuum,
where they reduce to (1.2), expressed in terms of the conformally rescaled metric g = ©23,
with the conformal factor © being some given smooth function, adopt the form

Rulgl+(n—1)07'V,V,0+(07'0,0 —n02V0V,0)g,, = \0 %g,, , (3.1)

where we have set O, := ¢g"”V,V,. When treated as equations for the unphysical metric g,
the vacuum equations become (formally) singular at conformal infinity, where © vanishes.

3.3 Friedrich’s conformal field equations (CFE)

Due to its singular behavior at .# the system (3.1) does not provide a convenient evolution
system to study the gravitational field near conformal infinity. Fortunately, Friedrich [46, 47,

] was able to find a representation of Einstein’s vacuum field equations, the conformal field
equations (CFE), which do remain regular even if © vanishes, and which are equivalent to
Einstein’s equations

R;w[?]] = Ag;w v Guv = @7291“1 )

wherever © is non-vanishing. It is crucial for their derivation that Einstein’s vacuum
equations exhibit a conformally invariant substructure, and it is this feature which matches
with Penrose’s geometric description of the asymptotic structure of the gravitational field [52].

The curvature of a space-time is measured by the Riemann curvature tensor R, ,”, which
can be decomposed into the trace-free conformal Weyl tensor W,,,” and a second term
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which involves the Schouten tensor L,
Ruuap = W;Auap + Q(QU[pLu]p - 5[[LPLD]U) :
The Schouten tensor L, is in one-to-one correspondence with the Ricci tensor R, = Ruan®,

1 1
L, =——R, — ——Rg,. .
ny n—1""" 2n(n—-1) uuw
The Weyl tensor W, " is invariant under conformal transformations. It is often considered
to represent the radiation part of the gravitational field.
Let us further introduce the rescaled Weyl tensor

dyvo’ = O "Wyo! (3.2)

and the scalar function )
=——0,0+ ——RO.
T h1 e - 2n(n+1)
There are different versions of the CFE, depending on which fields are treated as the
unknowns. The version of the CFE which we shall primarily pay attention to are the metric

conformal field equations (MCFE) [50],

Ruve"19) = 0" 2dyne” + 2 (9o(uLi)” — 6" Lujo) (3.3)
Vodue” =0, (3.4)
VuLvo —VyLye =0"3V,0d,,.," , (3.5)
V.V,0=—-0L,, + sg.. , (3.6)
Vs =—L,, V'O , (3.7)
20s — V,0V*O = \/n, (3.8)

where the unknowns are
Guv duuap ) L;U/ ) o ) S,

which are regarded as independent.
Consider now any frame field e; = e#;0,, for which the g(e;, e;) = gi;’s are constants. The
general conformal field equations (GCFE) [56] for the unknowns
e'r, %, dig', Ly, ©, s

read (Latin indices are used here to denote frame-components)

[€p7€q] = (Fplq - Fqlp)el ) (39)
i % i Q % 1 n— %
ep(Ta)’s) = D' 5T ) + T’ kT "5 = 0" Lalj = gitpLa)’ = 50" “dpg” »  (3.10)
Vidpei' =0, (3.11)
ViLji — V;Ly, = 0" 73V,0d;:! (3.12)
VlVJG = *@.Lij + 89ij5 , (313)
ViS = —LijVJ@ 5 (314)
20s — V,0V/0 = \/n, (3.15)

where the I';7;’s denote the Levi-Civita connection coefficients in the frame ey.
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One easily shows that (3.8) and (3.15) are consequences of (3.6)-(3.7) and (3.13)-(3.14),
respectively, if they are arranged to hold at just one point. This can be ensured e.g. by an
appropriate choice of the initial data.

The CFE constitute a complicated and highly overdetermined system of PDEs. Like the
Einstein equations, they can be split into constraint and evolution equations. To this end, it
is convenient to impose geometric gauge conditions on the coordinates and the frame rather
than the classical harmonic gauge condition. A specific property in the 3+ 1-dimensional case
is that, irrespective of the sign of ©, the propagational part of the CFE, the reduced CFE,
provide a first-order quasi-linear symmetric hyperbolic system [46, 50, 54]. This is related
to the fact that in 3 + 1 dimensions the contracted second Bianchi identity is equivalent to
the non-contracted one [56]. In higher dimensions this is no longer true, which is why the
CFE seem to provide a nice evolution system solely in 3 4+ 1 dimensions. Equipped with
some convenient mathematical properties they provide an indispensable tool to study those
solutions of the Finstein equations which admit an asymptotically flat or de Sitter structure
at conformal infinity a la Penrose.

In the remainder of this work we shall always assume 3+1 space-time dimensions whenever
the unphysical space-time and the CFE are involved.

3.4 Gauge freedom inherent to CFE

There is considerable gauge freedom contained in the CFE, which arises from the freedom to
choose the conformal factor and the usual freedom to choose coordinates. Let us focus on the
MCFE. As described in Section 2, one may use coordinates adapted to the initial surface and
impose a generalized wave-map gauge condition H* = 0 with arbitrarily prescribed gauge
source functions W* and & to exploit the latter freedom.

Instead of the conformal factor, which is treated as an unknown in the MCFE, one needs
to identify another function which captures its gauge freedom. The standard choice is the
unphysical curvature scalar R (cf. e.g. [56, 69]). Indeed, given a solution (g, ©, s, Ly, duve”)
of the MCFE, one may construct another one, which corresponds to the same physical solution,
by replacing © by ¢O, with ¢ some positive function, and by transforming the other fields
according to their usual behavior under conformal rescalings of the metric. This expresses
the conformal covariance of the CFE. Choosing ¢ such that it satisfies the wave equation

60,6 — Rp+R*¢> = 0, (3.16)

where R is the original curvature scalar and R* a prescribed function, the new curvature
scalar will coincide with R*. Since well-posedness results for wave equations guarantee the
existence of a positive solution to (3.16) (cf. Appendix A), at least locally, it is possible to
regard R as a conformal gauge source function.

In addition, there remains the freedom to prescribe appropriate data [¢] on the initial
surface. Depending on the type of the initial surface, this leads to some further gauge freedom:

e If the initial surface is .# —, for A > 0, one may prescribe s| »— and only the conformal

class of the induced metric on .#~ matters geometrically (cf. e.g. [71, Section 2]).
e If the initial surface is, for A = 0, the null cone C;- = .#~ U {i~}, one may prescribe
slc, . with s(i7) > 0 (cf. e.g. [09, Sections 2 and 4], compare [57, Section 4] for an

alternative choice).



CHAPTER 4

Asymptotic initial value problems in general relativity

“Infinity is the end.”
DEJAN STOJANOVIC (¥1959)

4.1 Asymptotic initial value problems

Having an appropriate system of equations at our disposal, we are now in a position to
discuss various types of asymptotic Cauchy problems in the unphysical space-time, where
data are prescribed on surfaces which intersect or form a part of .#, some of which will be
analyzed in greater detail in the course of this chapter. Recall that we restrict attention to
3 + 1 space-time dimensions.

1. A space-like Cauchy problem for A > 0 with data on %~ : Well-posedness has been
established by Friedrich [52], who took advantage of the fact that the CFE imply a
symmetric hyperbolic system of evolution equations for which standard well-posedness
results are available. We provide an alternative proof in [71], attached as Chapter 8,
which is based on the wave equations (4.5)-(4.9) below. The unconstrained data on
#~ are, in the adapted coordinates introduced in Section 2.3, the conformal class [h]
of the induced metric h = h;jdz'dz? and a symmetric trace- and divergence-free tensor
field D = D;;dz’da’. The constraint equations, from which all the other data relevant
for the evolution equations are computed, will be given in Section 4.2.2 below. In the
final vacuum space-time one will have dy;5| »— = D;;, whence D is interpreted as the
incoming radiation field.

2. A characteristic Cauchy problem with data on the light-cone C;—- = Z~ U {i~} for
A = 0: More precisely, one prescribes data on a Minkowskian cone Cp, so that the
emerging vacuum space-time admits a smooth conformal completion where the C;--cone
is represented by Cp. This will be discussed in Section 4.3.

3. A characteristic Cauchy problem for A = 0 with data on an incoming null hypersurface
and a part of #~: Well-posedness near the intersection manifold has been shown by

27



28CHAPTER 4. ASYMPT. INITIAL VALUE PROBLEMS IN GENERAL RELATIVITY

Friedrich [48] in the analytic case. His result has been extended by Kdnnér [63] to the
smooth case, exploiting the fact that the CFE imply a symmetric hyperbolic system
to which Rendall’s well-posedness result [76] applies. As free data one may prescribe,
in an adapted coordinate frame, the conformal class of § on the ordinary null surface
and the tensor field d, 4,5 on .#~, supplemented by certain data on the intersection
manifold [63].

4. An ordinary characteristic initial value problem with data on a light-cone (or on two
transversally intersecting null hypersurfaces): As an extension of Luk’s result [67] (for
A = 0), one would like to establish the existence of a smooth solution in some region
to the future of the initial surface which admits a “piece of a smooth .#*”. This is
expected to be possible for suitably specified data, namely those for which the solution
to Einstein’s wave-map gauge constraints is smooth at conformal infinity. Smoothness of
the relevant fields where the initial surface intersects .# * will be discussed in Section 4.4.
As indicated above, an analysis of this issue will provide some insights how generic the
asymptotically flat space-times a la Penrose are.

Since we prescribe smooth data on the cone up-to-and-including conformal infinity and
since we demand the emerging space-time to admit a smooth .#, we regard this as an
asymptotic Cauchy problem as well.

5. A hyperboloidal initial value problem for A = 0: “Hyperboloidal data” with an appropri-
ate fall-off behavior are prescribed on a space-like hypersurface which intersects .# T in
a smooth spherical cross-section. An advantage in comparison with the asymptotically
flat space-like case is that difficulties at i® are avoided. Friedrich [19, 53] showed that
in this case the emerging space-time does contain a piece of a smooth .# 7, while for
sufficiently small data one can even predict the existence of a space-time which admits
a regular C;+-cone.

6. Other initial surfaces of interest could e.g. be a light-cone with vertex at .#~ for A > 0,
or two transversally intersecting null hypersurfaces where the intersection manifold
belongs to #~ for A > 0.

These kinds of initial value problems permit the construction of space-times compatible with
a Penrose-type conformal completion at infinity in a systematic manner. Although most
of the results are local in (retarded) time in the unphysical space-time, one ends up with
solutions of the vacuum Einstein equations which exist all the way to null infinity when going
back to the physical space-time (at least in certain null directions)

As described above, Penrose proposed to distinguish asymptotically flat or de Sitter
space-times by requiring the unphysical metric g to be smooth at .#. However, when working
with the CFE to construct smooth solutions of the vacuum equations via asymptotic initial
value problems, we need a metric and a rescaled Weyl tensor which are smooth at .# (and,
if necessary, even at i~). Since the conformal Weyl tensor of g vanishes on .# [74] and by
definition dO| s # 0, the rescaled Weyl tensor will be regular at .#. If we consider data
on the C;--cone, though, the same conclusion cannot be drawn at ¢~ where d® = 0. We
will thus confine attention to the class of solutions where both g, and d,,” admit smooth
extensions across i~ when discussing the corresponding well-posedness result (cf., however,
the comments at the end of Section 4.2.1).
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4.2 A system of conformal wave equations

4.2.1 Derivation of the conformal wave equations (CWE)

On the way towards the construction of purely radiative space-times a first step is to derive
a well-posedness result for the CFE with data given on the C;--cone (at least locally near
i~ ), which of course provides an interesting result by itself. Since well-posedness results
are available for quasi-linear wave equations on a light-cone (cf. Apppendix A), but not for
symmetric hyperbolic systems, we will derive a system of wave equations which substitutes
Friedrich’s reduced CFE and which is equivalent to the CFE when supplemented by certain
constraint equations on the initial surface. This has been accomplished in [69], attached as
Chapter 8, compare [71], attached as Chapter 15, where a space-like .# ~ is treated.

Our starting point are the MCFE (3.3)-(3.8). Let us, for the time being, assume that the
metric tensor is given. Then wave equations for L,, and s are straightforwardly derived by
taking the divergence of (3.5) and (3.7), respectively, employing the second Bianchi identity
as well as (3.3) and (3.6). A wave equation for © is simply obtained by taking the trace of
(3.6). We further need a wave equation for d,,,”. Taking into account that, in 4 dimensions,
(3.4) is equivalent to V(zd,,-” = 0, this is achieved by taking the divergence of the latter

equation and invoking (3.4). Proceeding this way, we find the system [69, Section 3]
OgLw = 4LueL,” — guw|L]? —20d,,6,"L," + éVMVZ,R , (4.1)
O,5 = O|L] - évav*ﬂ@ - ésR : (4.2)
0,0 = 4s— é@R : (4.3)
Oydpvep = Oduk“dopa”™ — 40dy 1, dyja,” + %Rdwop . (4.4)

If the metric field is regarded as an unknown, we need to derive a wave equation for it as
well. Moreover, when acting on tensor fields of non-zero valence, the principal part of O, will
not be a d’Alembert operator anymore. To resolve the second issue we introduce a reduced

H . . .
wave operator Dg ), which we define via its action on covector fields v = v, dz*,

DgH)’U,\ = ng,\ — gU[A(@H]Ha)U” + (QLM)\ - RLI;I) + éRgM)\)U” ,
similarly for higher valence tensor fields. This, indeed, defines a wave-operator with principal
part g"¥0,0, which, in wave-map gauge and if (3.3) holds, coincides with the action of O,.
Finally, taking the trace of (3.3) and replacing the Ricci tensor by the reduced Ricci tensor
yields a wave equation for the metric tensor.
Altogether, we end up with the following system of conformal wave equations (CWE),

K (e 1
0L, = 4Ll — gu|LI* — 20d,05,"L, +6vaVR, (4.5)
1 1
O,s = O|L]* - 6vﬁRVK@ - 55k, (4.6)
1
0,0 = 45*693’ (4.7)
m[SERP] — Ody,dy — 40d,, Cd F 4 S Rd
g uvop  — wvs Qopa — ok[p “vap + ER prvop s (48)

1
R(H) [g] = 2L,uu + gRg,uu , (49)

nv
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for the unknowns
Guv 5 d;uzap ; Luu > (S y S

Recall that the curvature scalar is regarded as a conformal gauge source function, so the
second-order derivative appearing in (4.5) does not disturb.

In [69, Section 6] we derive an alternative system of wave equations which treats the Weyl
and the Cotton tensor rather than the rescaled Weyl tensor as unknowns. It has the property
that the equations for the conformal factor © and the function s decouple from the remaining
ones, and form a linear system of wave equation once the latter ones have been solved.
Moreover, the alternative system might be suited to establish the existence of solutions of
the MCFE where the metric but not the rescaled Weyl tensor is regular at past time-like

infinity (cf. the discussion in [69, Section 7.1]). This way, the assumptions formulated at
the end of Section 4.1 might be weakened. An alternative system of wave equations based
on equations by Choquet-Bruhat and Novello [20] has been used by Dossa [412], though the

equivalence issue is ignored there.

Similar to Friedrich’s reduced CFE, the CWE form a subset of the CFE which, in a
convenient gauge, form a mathematically nice evolution system. By their derivation, any
solution of the MCFE in wave-map gauge will be a solution of the CWE. Conversely, a
solution of the CWE will generally not be a solution of the MCFE. Since, roughly speaking,
the CWE follow from the MCFE by differentiation, one essentially needs to make sure that
the MCFE are initially satisfied, including their transverse derivatives in the space-like case
(cf. [69, Theorem 3.7] and [71, Theorem A.1]). One should expect this to be the case whenever
an appropriate set of constraint equations induced by the MCFE on the initial surface is
fulfilled by the data given there. Indeed, this has been rigorously proved in the case where
the initial surface is .# ~ for A > 0 [71, Appendix A] and in the case where it is the C;--cone
with A =0 [69, Sections 3 and 5.

4.2.2 Equivalence of CWE & MCFE with data on a space-like .~

First of all, one needs to derive the constraint equations for the fields g,..., ©, s, L., duvep
as well as their transverse derivatives, induced by the MCFE on a space-like &~ (i.e. we
assume A > 0). This has been done in [71, Section 2] (compare [52]) in adapted coordinates
(2% = t,2%), where £~ = {t = 0} (at least locally), and by imposing the gauge conditions

RZO» §:0> gtt:_la gtizoa WUZOv guuzguu~ (410)

Recall that the relevant data are the conformal class [h] of the induced metric on .#~ and
the symmetric 2-tensor D;; = dyit;| »—. Then, the following set of constraint equations is
enforced by the MCFE on .#~ on the fields g,., ©, s, L.y, duvep (apart from © =35 = 0),
which are further required to satisfy their usual algebraic symmetry properties,
hijDij :0, ngij:(); (4 )

gi=-1, Gu=0, Giy=hi, 0Ogu =0, (4.12)

00 =1/3, Os=\/%R, (4.13)

Li; Li=0, Ly=1iR, (4.14)

(4.15)

8th'j = %D” s O Ly; = 192'3 ) 8tLtt =0,

diitj = Dy, diijr = \/géijk ; (4.16)

Odiir; = \/%Bu  Odiijr = 29Dy (4.17)
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where LZ‘J‘7 C’ijk and f?ij are the Schouten, Cotton and Bach tensor of the induced metric h;;.
We observe that given a representative h;; of [h;;] and D;;, the equations (4.12)-(4.17) are
trivial to solve. The remaining constraints are (4.11), which correspond to the scalar and the
vector vacuum constraint (2.16) and (2.17) in the ordinary space-like case. However, in the
asymptotic case they “degenerate” to much simpler equations in that the tensor D;; just
needs to be trace- and divergence-free w.r.t. the induced metric h = hijdxidxj (a systematic
construction of TT-tensors via York’s decomposition method was recalled in Section 2.3). We
observe that there is the same number of freely prescribable components as in the ordinary
space-like say CMC-case (that the “gauge freedom” to prescribe the mean curvature has no
counterpart appears to be reasonable due to the very special nature of the hypersurface . ~).
The following theorem is proved in [71]:

THEOREM 4.2.1 Suppose we have been given a Riemannian metric h;; and a symmetric
tensor field D;; on a space-like I~ (i.e. A >0). A smooth solution (g.u, Lyv, duve’, ©,s) of
the CWE (4.5)-(4.9) to the future of #~ which induces these data on I~ is a solution of
the MCFE (5.3)-(5.8) in the (R =0,5=0,Gy = —1,G1 = 0, W* =0, 4, = G )-wave-map
gauge if and only if the fields (ﬁ,w,8tgw,,fw,8tLW,8NW”,8td,“,(,/’,8,5@,%) have their
usual algebraic symmetry properties and fulfill the constraint equations (4.11)-(4.17).

Applying standard well-posedness results for wave equations with data on a space-like
hypersurface (cf. Appendix A), one immediately recovers Friedrich’s well-posedness result [52]
for the asymptotic Cauchy problem on a space-like .# ~ for A > 0 (a system of wave equations
might be advantageous in certain situations from a numerical point of view [65]):

THEOREM 4.2.2 The tuple (3, hi;, D;j), with h;; a Riemannian metric and D;; a symmetric
2-tensor, defines, for A > 0, an (up to isometries) unique mazimal globally hyperbolic
development (in the unphysical space-time) of the vacuum field equations where (X)) represents

I~ (i.e. © =0 and dO© # 0) with *g;;|s = hij and (*dyij|s = Dij, if and only if D;j is
trace- and divergence-free. The solution depends continuously on the initial data.

4.2.3 Equivalence of CWE & MCFE with data on C;-

As it is the main object of [(9], attached as Chapter 8, the same analysis can be carried
out on the C;--cone. We first give the constraint equations for the fields g,., ©, s, L., and
duvop induced by the MCFE on C;- [09, Section 4] (we now need to assume A = 0). In
adapted null coordinates, imposing a wave-map gauge condition with

R=0, 5=-2, k=0, W*=0, §=n, (4.18)

(here n denotes the Minkowski metric in adapted coordinates), and assuming regularity of
the fields at the vertex of the cone, cf. [16, Section 4.5], we discover that, beside their usual
algebraic symmetries, g,,, ©, s, L, and d,.-, need to satisfy the following set of constraint
equations (cf. [17, 51, 63] where they are given in a spin frame):

Guv = Nuv (419)
_ _ 1. _ ~
L, 0, Loa= ivB/\AB , 9Lap =0, Lap = wag, (4.20)

- 1

drarp = *iar(rilwAB)a (4.21)

_ 1 _
dOrrA = ifrilarLOA 5 (422)

_ S 1
dorap = 7’71V[ALB]0—57"71)\[,4CWJE;]C, (4.23)
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_ L 1 _
(ar + 37'71)d07‘0r == vAdOM’A + 5)\ABdTArB ) (424)
Q(ar + Tﬁl)EOrOA = @B (EOTAB - ET‘AT‘B) + vAEOTOT + 27"71&07"7“14 + 2>\ABEOM“B ) (425)
40, —r Ndoaor = (0r =1 Vdrars +2(Viadp)ro) + 4V adpyoro)”
+3)\(ACEB)COT + 3dororAaB (4.26)
40, +r HLoo = MBwap — 4rdoror — 2V Loa - (4.27)

Recall that “*” denotes the trace-free part. The r-dependent tensor field A4p on S? is the
unique solution of

(@ — ™ Aup = —2wap  with Aap = O0(°). (4.28)

The solutions to the ODEs are uniquely determined by regularity conditions near the tip,
doror = O(1),  doroa =O(r), doaos =O(r?), Loo =O0O(1). (4.29)

There is no constraint for the tensor field wap = Lag = O(r*) (for initial data which
fall-off slower, the rescaled Weyl tensor will not be regular at i~). As in the ordinary
characteristic case discussed in Section 2.4, one can extract certain functions which form
the free “reduced” data. A look at the constraint equations shows that there are various
alternatives. Instead of wap, one may, e.g., prescribe Agp (which will be (Jpgap) in the
emerging vacuum space-time), or, as in [57, 63], the incoming radiation field d, a,p.

By all means, as in the space-like case, the freedom to specify initial data is the same as in
the ordinary characteristic case, namely two real functions on R, x S2. This was interpreted
by Friedrich [52] as an indication that it is a quite general feature of vacuum space-times to
possess “pieces of a smooth .#7.

In [69] we have proved:

THEOREM 4.2.3 Suppose we have been given a smooth one-parameter family of s ap-traceless
tensors wap(r,z?) = O(r*) on the 2-sphere, where sap denotes the standard metric. A
smooth solution (v, Lyw, dpvep, ©, ) of the CWE (4.5)-(4.9) with A = 0 to the future of
C;—, smoothly extendable through C;-, which induces these data on C;- is a solution of the
MCFE (3.3)-(3.8) in the (R =0,5=—2,k =0, W = 0,§ = n)-wave-map gauge if and only

if the fields (G, Luv, dyuvep) have their usual algebraic properties and solve the constraint
equations (4.19)-(4.28) with boundary conditions (4.29).

4.3 Well-posedness result for the MCFE with data on C;-

Due to Theorem 4.2.3 we have a system of wave equations at our disposal which can be used
to construct solutions of the MCFE with a regular C;--cone. Now, in order to apply Dossa’s
theorem [41] (cf. Appendix A) and establish a well-posedness result for the asymptotic
characteristic initial value problem with data on C;-, we need to make sure that the initial
data for the CWE (g, IO/W, dyvops é, §), which arise from the unconstrained seed data wap
as solutions of the constraint equations (4.19)-(4.28), are restrictions to the cone of smooth
space-time fields. While this is trivial for §,, = 1., © = 0 and § = —2, it is an intricate
issue for IO/W and douwp.
One method to ensure that this is indeed the case consists of two main steps:
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1. The first one, accomplished by Friedrich in [57], is to construct approximate solutions of
the CFE. These are smooth tensor fields giPP" and ©*PP" defined in some neighborhood
of i~ which satisfy the CFE and induce the given data at all orders at i~, i.e. up to
terms which decay faster than any power of the Euclidean coordinate distance from
i~ (note that the remaining fields LiPP*, diPbY, and s*PP* are determined by giPP* and
©2PPT). This is done by a computation of formal Taylor expansions of all the relevant
fields and an application of Borel’s summation lemma, starting from suitable initial
data, namely the incoming radiation field ¢ defined below.

2. The restrictions of the fields (giDP", LIDP*, diphy,, ©2PPF, s%PPT) obtained in step 1 to C-
form approximate solutions of the constraint equations (4.19)-(4.28). These differ from
the exact solution (guwiuw CZ,WUP, é, $) constructed from the same data ¢ by error
terms which are O(r>), where r is an affine distance from the tip along the generators.
Such tensor fields on the light-cone arise from smooth tensors in space-time. The exact
solution (g, ]_ODW, dyvops é, §) of the constraint equations constructed from the data ¢
thus arises indeed from smooth tensors in space-time. A precise formulation of this
argument is the contents of [36], attached as Chapter 9.

Proceeding this way, we end up with the following result [36]:

THEOREM 4.3.1 Let Co be a light-cone in Minkowski space-time (R3*1 . n). Let, in manifestly
flat coordinates y*, £ = 0y + (y'/|i])0; denote the field of null tangents to Co. Let UZQW
be a tensor with algebraic symmetries of the Weyl tensor and with vanishing n-traces. The
incoming radiation field < is defined as the pull-back of dopg,st*C" to Co \ {O}. Let, finally,
Sab denote the components of ¢ in a frame parallel-propagated along the generators of Co.

Then, there exists a neighborhood € of O, a smooth metric g and a smooth function © such
that Co is the light-cone of O for g, © vanishes on Co, with d® nonzero on J+ (O)no\{0},
the function © has no zeros on 0 NI17(0), i.e. Co = C;—, and the metric ©~2g satisfies
the vacuum Einstein equations there. Further, the tensor field dog s == @_1C’aﬂ75 extends
smoothly across C;—, and sqp are the frame components, in a g-parallel-propagated frame, of
the pull-back to C;— of daps0*0Y. The solution is locally unique up to isometries.

4.4 Smoothness of .

So far we have discussed asymptotic Cauchy problems where data are prescribed in the un-
physical space-time on (a part of) .#. In this section, we want to return to the standard
characteristic Cauchy problem with a null cone given in the physical space-time, which, in the
conformally rescaled space-time, intersects .# T in a smooth spherical cross-section. It will be
convenient to denote the physical space-time by (., g) and the unphysical one by (//2 , ).

Recall Luk’s result [67] that, assuming that the constraint equations can be integrated
all the way to infinity (equivalently that the Raychaudhuri equation admits a global solution
7 > 0, cf. below), there exists a solution of the vacuum Einstein equations to the future of the
whole cone and not just in some neighborhood to the future of its vertex. Nonetheless, the
neighborhood where existence is predicted may shrink to zero when going up to null infinity
along the cone. It would be desirable to have a result at hand where this does not happen
and to construct classes of vacuum space-times this way which admit a piece of a smooth .#+
a la Penrose. As mentioned before, such a result is available for the hyperboloidal Cauchy
problem [1, 2, 49].

One goal of this Ph.D. project was to provide a setting in which a corresponding well-
posedness result can be established in the characteristic case. As a first step, one needs to
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find conditions under which the characteristic wave-map gauge constraints for the Einstein
equations admit global solutions on Co. In [38], attached as Chapter 10, we provide sufficient
conditions on the initial data such that this is the case.

As shown in Section 2.4, the constraint equations can be transformed into a linear,
hierarchical ODE-system. For a global solution of the original equations to exist, though, the
coefficients must be regular everywhere (except possibly at the vertex), which is the case if
and only if the functions ¢ and ¥ are non-vanishing (positive in the conventions of [16, 35]).
Since 1? is in one-to-one correspondence with the gauge source function WV, its positivity is
just a matter of gauge. However, the Raychaudhuri equation does impose proper restrictions
on the initial data. It is shown in [38, Section 2.2] that a global solution exists by all means
if ([g], k) satisfies

/ (/ eH<f>df)e*H<”>|a|2(r)dr <2, where H(r,z%) ;:/ k(7 a?)dF . (4.30)
0 0 0

A sufficient condition for the positivity of v/° is

— _o [det
W < rp? retzWABSAB, (4.31)

which holds in particular for any W° < 0.

It is expected for both the space-like and the characteristic Cauchy problem [1, 2, 12, 33]
that even conformally smooth reduced data evolve into solutions which “generically” develop
logarithmic terms at null infinity which destroy smoothness there. Although it might be
feasible to establish a well-posedness result in the polyhomogeneous setting as well, it appears
simpler and more in the spirit of Penrose’s original notion of asymptotic flatness to prove
such a result for characteristic initial data in the smooth case. For this, one needs to make
sure that the solution g of the Einstein wave-map gauge constraints on Cp is smooth and
non-degenerate at conformal infinity, and, even more, that not just g but the traces of all the
fields on Cp which appear in the CFE have smooth extensions at conformal infinity as made
precise in [38, Definition 4.1]. This issue has been analyzed in detail in [38, 72], attached as
Chapters 10 and 11. We will sum up the results in the remainder of this section.

Assuming that a global solution g to the constraint equations exists, it needs to be ensured
that the conformally rescaled metric § = ©%g with © = x := 1/r has a smooth extension as
a Lorentzian metric across {z = 0}. We have noted in Section 3.2 that the existence of a
smooth conformal completion & la Penrose implies the existence of Bondi coordinates [83]. It
follows from their existence that the physical metric needs to be smooth when rescaled with
the conformal factor © [38]. Assuming also the connection coefficients I'", to be smooth
at {r = 0} when transformed into the unphysical space-time,! this leads to a couple of
asymptotic necessary and sufficient conditions to be imposed on the initial data [y] and the
gauge functions x and W*, which have been worked out in [38, Sections 4 and 5] and [72,
Section 3]:?

1. A representative of [y] has an asymptotic expansion of the form
et (san+ DA (4.32)
n=1

and corresponding expansions hold for its non-transverse derivatives.

IThis is clearly necessary for the existence of a solution of the CFE which is smooth at .#+.
2The result can easily be adapted to other gauge schemes where, e.g., the metric glc,, is prescribed.
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2. lim, 00 (17 1) > 0 and lim, o % > 0.

3. k=003, WO = 0@, WA = 0@ 1), W™ = O(r),> supplemented by certain
conditions which need to be satisfied by the leading-order expansion coefficients of

WA~ 32 (WA)r =t

(W%, = [%(Wo)l + (p-1) %72, (4.33)

W3 = fHWT )2, (W), (W), (WO)) (4.34)

(W1)2 = f((Wl)h (Wl)m (W1)71> ) (4.35)
where

Y1 = Tliglo(r_lw) and 7o := Tli_{go(rzr —2r), (4.36)

and where f and f4 are functions of the indicated expansion coefficients, whose specific
form is not relevant here.*

4. The mno-logs-condition is satisfied,
o 1 o
K2 = 5+ 7)) . (4.37)

There are several aspects which deserve a comment: This result is obtained by a thorough
analysis of the asymptotic behavior of the solutions of Einstein’s wave-map gauge constraints
in vacuum. That the leading-order term in the expansion of [y] can be taken to be the
standard metric (or rather r2s4p) follows from the three facts that asymptotic flatness
ensures that the leading order term in the expansion of v needs to be non-degenerated
(supposing that there are no coordinate singularities), that on S? any Riemannian metric
is conformal to the standard metric, and that only the conformal class of v matters. It is
shown in [38, Section 2] that a sufficient condition on the initial data and the gauge source
functions to satisfy the conditions in 2 is, apart from (4.30) (which implies ¢_; > 0) and
(4.31),

(W) < 2(p-1)72. (4.38)

While the requirement of the existence of a globally positive ¢ (equivalently the existence
of a global 7) with ¢_1 > 0 is to exclude conjugate points up-to-and-including conformal
infinity, the second condition in 2 and all the conditions in 3 merely concern the choice of the
gauge functions x and W?; in other words, many of the logarithmic terms appearing in the
asymptotic solutions of the constraint equations can be eliminated by an appropriate choice
of coordinates. They are gauge artifacts. It is only the no-logs-condition (4.37) (together
with the positivity requirements on ¢ and ¢_;) which imposes proper restrictions on the
initial data. Indeed, these conditions are gauge-invariant [38, Section 6] and thus need to
be satisfied in any regular adapted null coordinate system which covers the whole cone as a
necessary condition for the emerging space-time to admit a “piece of a smooth .#+”.

The conditions on the gauge functions exclude, for instance, any (k = 0, W° = 0)-gauge
as then (4.33) implies 75 = 0, which, for k = 0, holds only for flat data. This is the no-go
result proved in [38, Section 3]: In harmonic coordinates adapted to the light-cone a non-flat
metric will not be smooth at .#. A much more convenient gauge in this context is the metric

3We write f = O(rY), N € N, if the function F(z,-) := 2V f(z~!,-) is smooth at z = 0.
4The condition k = O(r~3) implies that an affine parameter diverges as r goes to infinity so that “r = oo
represents null infinity.

”
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gauge: It is shown in [72, Section 4] that the gauge freedom to prescribe x, W and 9y W
can be replaced, at least for large r, by the freedom to prescribe ¢, go,, and dpgo,. Choosing,
for large r, the Minkowskian values

p=r, vv=1, va=0, gopo=-1, (909()”:0, (439)

one verifies that all the above conditions 1-4 are satisfied if and only if the initial data v are
of the form

[e%s) . . 1 .
v~ (sAB + Zhggr—") with hG) = ShORG) . (4.40)
n=1
Even more, it is proved in [72, Section 5] that in the current metric gauge and under

assumption (4.40), all the fields appearing in the MCFE and the GCFE are smooth at
{z = 0} in the unphysical space-time. The no-logs-condition (together with (4.32)) is
therefore a necessary and sufficient condition on ([v], £) to obtain initial data for the CFE
which are smooth at {z = 0} in the metric gauge.

In the metric gauge, in Bondi coordinates, or, more general, in any gauge where k = §|0|27
the no-logs-condition is equivalent to Bondi’s outgoing wave condition [9], cf. [72, Section 4.5].
A more geometric interpretation of this condition is provided in [38, Section 6]. The conformal
Weyl tensor satisfies C, 4,7 = O(r=%), and we have

67‘.47“3 _ O(Tﬁs) = (4,37) holds . (4-41)

In fact, the no-logs-condition (4.37) holds if and only if the Weyl tensor C,,,” vanishes
where the cone intersects #* [72, Section 5.2], compare [33].

As mentioned above, characteristic initial data sets for the CFE admitting a smooth
extension across {x = 0} provide a promising starting point to establish a well-posedness result
for Einstein’s vacuum field equations which admit patches of a smooth .#T. This has been
achieved in [10] without any further restrictions, compare [66], so that the no-logs-condition
in fact characterizes such space-times.



CHAPTER D

The notion of mass in general relativity

“It is important to realize that in physics today, we have no knowledge of what energy is.”
RICHARD P. FEYNMAN (1918-1988)

5.1 ADM and Bondi mass

The notion of energy plays a key role in many physical theories. In general relativity, though,
it is somewhat more intricate to give a reasonable definition. This is owing to the fact that
the gravitational field, i.e. the space-time itself, contributes to the energy, and generally
there is no natural way to decompose it into a background field and a dynamical field, or
to define a preferred coordinate system (cf. e.g. [36]). General relativity does not seem to
be compatible with a notion of a locally well-defined energy density of the gravitational
field. Nonetheless, there exists the notion of a total energy p° or, more general, of an
energy-momentum 4-vector p*, of e.g. an isolated gravitational system as represented by a
space-time which is asymptotically flat at null and spatial infinity. In fact, there are several
approaches, including certain quasi-local notions (cf. [26] for an overview). We focus on the
two most relevant ones, ADM and Bondi mass:!

e Consider an asymptotically Euclidean space-like hypersurface ¥ C .# representing an
“instant of time” ¢. Then, one can define the notation of energy at that time at spatial
infinity Y. This is the so-called ADM mass mapm [1] (cf. [5, 61] where geometric
approaches to the ADM mass are described).

e A second possibility is to define the mass of an (asymptotically) null hypersurface at a
given moment of “retarded time” u at the cross-section where it intersects null infinity.
This leads to the notion of the Trautman-Bondi mass mrg [9, 78, 85] (cf. [83] for a
geometric reformulation and [26] for alternative approaches).

The physical picture behind and the expected relation between these two notions of mass
is as follows: The ADM mass mapwm at i° is interpreted as the total energy available in

IMore properly, it should be called ADM and Bondi energy, but we stick to the classical terminology
used by Bondi et al.

37



38 CHAPTER 5. THE NOTION OF MASS IN GENERAL RELATIVITY

the hypersurface X. Now, it is a peculiar feature of gravitational waves that they radiate
away their source strength, that is the mass. By virtue of gravitational radiation and other
radiation processes the system may loose energy. Cross sections of .# represent the asymptotic
properties of a radiating system at a retarded time u. The Bondi mass associated to such
a section is interpreted as the remaining total energy of the system at the retarded time u
after a loss of energy due to radiation which escaped to infinity up to that time. Indeed,
it follows from the Bondi-Sachs mass loss formula [9, 78] that, in vacuum or for matter
fields satisfying appropriate fall-off requirements, mrp is monotonically decreasing in w, i.e.
radiation always carries away energy from the system. Moreover, there are partial results
[6] that ADM and Bondi mass differ precisely by the amount of energy radiated away. One
therefore expects that, within an appropriate setting, mrg(u) — mapwm as u approaches i°.

An issue of fundamental physical importance concerns the positivity of ADM and Bondi
mass, especially since it is closely related to the stability of isolated systems. First of all, one
would like to show that the total energy of an isolated system is positive. But then it still
may happen that due to gravitational radiation the Bondi mass, even if initially positive,
becomes negative at some later retarded time. So one would further like to prove that the
energy radiated away is bounded by the total energy content of the system.

It turned out that proving positivity of ADM and Bondi mass is remarkably difficult,
and it took decades to achieve that. Schoen and Yau [81, 82] (cf. Witten [38] for am
alternative proof) were the first ones who accomplished a complete proof of the positivity
of the ADM mass in a non-singular asymptotically flat space-time satisfying the dominant
energy condition. A rigorous proof that the Bondi mass is positive has been given in [32].
However, the proofs are indirect and rely on ingenious PDE- or spinor-techniques, and an
intuition what is going on there from a physical point of view is lacking (cf. e.g. [26] for an
overview over various proofs).

In this Ph.D. project we study initial value problems and properties the emerging space-
time will have which can be predicted directly from the prescribed data. In [37], attached
as Chapter 12, we derive an expression for the Bondi mass of a globally smooth light-cone
in terms of physically relevant fields, which can be easily calculated from the initial data.
In addition, this expression will be manifestly positive-definite. We merely use elementary
methods, so that we end up with a simple and direct proof of the positivity of the Bondi
mass in space-times containing globally smooth light-cones. Since we want to generalize a

b

formula in [37], we will provide some of the main steps of the proof in Section 5.3

5.2 The classical definition of the Bondi mass

The classical definition of the Trautman-Bondi mass requires a smooth conformal completion
at null infinity. It is defined in terms of certain asymptotic expansion coefficients of the
metric in Bondi coordinates, which are assigned to sections of the conformal boundary. We
assume 4 space-time dimensions and a vanishing cosmological constant .

Let us suppose we have been given a space-time (.#, g), and that there exist coordinates
such that the line-element takes the form

gBo = —ge%dzﬁ —2¢*dudr 4 r*hap(dz? — UAdu)(dz® — UPdu) , (5.1)
where det hap = det sap, where u € (u_, u4 ) is the retarded time (the (u = const)-surfaces

are null), where r € (R, 00) is the luminosity distance, and where the z4’s, A = 2,3, are
local coordinates on (u = const,r = const) = S%. One further demands the fields V, U4, 3
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and hap to satisfy certain fall-off conditions which ensure asymptotic flatness and that the
coordinates exhibit this asymptotic flatness. For u = const, one stipulates
lim (r~'V) =1, lim (rUA):O, lim =0, lim hap =saB .- (5.2)
T—>00 r—00 r—00 T—>00
These coordinates are called Bondi coordinates and have been designed by Bondi [9] and
Sachs [78] via distinguished families of outgoing null hypersurfaces to investigate gravitational
radiation in the far field regime of an isolated system. They provide a special case of adapted
null coordinates where the form (2.25) is preserved under the evolution in u. Their existence
in asymptotically flat space-times follows from [33] for a smooth .# and from [33] for a
polyhomogeneous .#.

Along the (u = const, 2 = const)-null geodesics Einstein’s vacuum equations imply
transport equations, which, for hap given, determine asymptotic expansions of the fields
V, U4 and B in terms of the luminosity distance r as r — co. To avoid the appearance of
logarithmic terms in these expansions Bondi and Sachs imposed an “outgoing wave condition”.
However, it has been shown in [33] that this is an unnecassary restriction, and that the
logarithmic terms do not disturb when defining the Trautman-Bondi mass or deriving the
Bondi-Sachs mass loss formula.

The asymptotic expansions involve certain integration constants, or rather functions,
since they depend on the values of u and z#. Tt has been observed by Bondi et al. [9] that
in the static, axisymmetric case, where the integration functions are proper constants, they
are related to certain multipole moments. He therefore proposed to ascribe, in the non-static
case, a corresponding meaning to the mean values of these integration functions over the
2-sphere.

The (uu)-component of g admits the following expansion for large r,

2M
(980)uu = —r Ve = 1+ - T o(r™!). (5.3)

The expansion coefficient M = M (u, ), which arises as one of the integration functions when
integrating Einstein’s field equations, is called the Bondi mass aspect. The Trautman-Bondi
mass is defined to be its mean value on (5%, s45),

1

mrp(u) = yp . Mdp,, where du, =+/detssgdfdeo (5.4)

denotes the volume element of the unit round metric. In the static case, when no radiation
occurs, it is indpendent of u and coincides with the ADM mass, mtg = M = mapwm-

5.3 An alternative approach to the Bondi mass

In this section we put more emphasis on a characteristic initial value problem. We present
an approach to the Bondi mass which purely relies on the data given on some characteristic
(initial) surface, the mass of which is to be determined. For this, observe that for the above
derivation we actually do not need a space-time on which Bondi coordinates exist, but
merely a characteristic surface on which we choose the gauge functions as required by Bondi
coordinates. That is completely sufficient to ascribe a mass to an initial surface in the sense
of Bondi et al.
Bondi coordinates, which we assume to exist at least for large r, say r > rg, imply,

PP =1, gBe=0, dgP=0, ghlougiy =0, (5.5)
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as follows from (5.1). This requires to take, for r > 7,

1 _
kPO = §7°(|UB°|2 + 87TTTBTO) , (5.6)
Vioe = —7°1,, (5.7)
vgo = ggoD (fBO)éD - V]%ovAV(])?,O + V]%o(a”‘ + TBO)VSO ) (58)
7%0 = V]%ovAyéo - (87“ + TBO + V%oaTV(l?o)ggz . (59)

The characteristic wave-map gauge constraints (2.36)-(2.41) then become for r > ro (with
n=3and A =0),

1 = 1 =
0P = Zr(|o®° + 8aT)TP 4 S (7) + o™ = 8T (5.10)
(0, + 5(1o™ > 4+ 82T2)° = 0, (5.11)
(0 +78°)€R° — 2V RaR°P + 04TB° 4+ 10a(JoB°|? +87TB°) = —167T5S , (5.12)
o, + (VA + &8 wBe = 0, (5.13)

Bo|2

0+ 754 ™ 4 ST 4 A~ L4 96, = s T, - T) (510
g5o + (17) (¢ — 2B Var) = 0. (5.15)

Note that the constraint equation (2.41) has become an algebraic equation for gy, .

A comment is in order how to make sure that ¢ = r as required by Bondi coordinates. In
the case of a regular light-cone, it is shown in [27] that, in vacuum, the gauge choice (5.6) for
k can be made up to the tip of the cone. It follows from regularity conditions at the vertex
as considered in [16, Section 4.5] that ¢ = O(r) and 9, = 14+ O(r) for small r, and we infer
that ¢ = r is the unique solution of (5.10) with 7 = 20, log ¢ as desired. In the general case,
one easily transforms into a gauge where ¢ = r by taking ¢ as the new r-coordinate, say for
r > 1o (cf. [72, Section 4]). This is always possible within the current setting where ¢ is, at
least for large r, a strictly increasing function along the null geodesics generating the initial
surface, and thus a reasonable r-coordinate.

We further need to assume

T1i>n010 Vi =0, Tlggo v, =1, TE}IEO(T_QEE%) = SAB - (5.16)
In fact, these are consequences of the asymptotic conditions (5.2). In terms of an initial
value problem, where e.g. the conformal class [y] of g is prescribed, it seems hard to control
the asymptotic behavior of the metric components and thereby realize (5.16). However, it
is only the current derivation of an alternative expression for the Bondi mass which relies
on (5.16), the final gauge-independent formula (5.29) below will not rely on the conditions
(5.16), which merely concern the gauge.

With (5.16) we solve the remaining equations (5.11)-(5.15). We assume the T),,,’s to be
given functions of the coordinates, as it will be the case if, e.g., a space-time has already
been constructed or the matter model is of a form which respects the hierarchical character
of the constraint equations. Assuming further that for large r

o3P = (03°P)ar 2+ O(r %), (5.17)

(corresponding assumptions on its first- and second-order non-transverse derivatives are
tacitly assumed), as follows e.g. for initial data [y] of the form (4.32), and that

T2 =00, TR=00"7), ghTap-T=00"), (5.18)
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we end up with

S@ = T (:} TBO = 27‘_1) 5 (5.19)
v, = 1+0(r7?), (5.20)
Bo — 9avp(e8°B)yr t +o(r ), (5.21)
v = SAC%B(O’EOB)QT_Q +o(r7?), (5.22)
B = oty Bor?ro(r?), (5.23)
- o Ao 1 B _
ga = 14 [VAVE(e5°B), — 5(;30]7“ Yyo(r™t), (5.24)
whence
—DbOo pinle] (o] —=TrTr 1 — (e} > > (o] —
900 = Tanviolh, — (15°)° TR, = =14 171 [(3° —2VAVB(a54°P)a] +o(r!) . (5.25)

2

=4M

Here, V denotes the Levi-Civita connection of the standard metric. We stress that the
no-logs-condition (4.37) does not need to be assumed, since logarithmic terms appear only
in higher orders, i.e. the fields appearing in this section will be generally polyhomogeneous
rather than smooth.

We obtain the following formula for the Bondi mass:

1 1
= — [ Mdy, = — Bo qu, . 5.26
47r/52 " 167?/3242 " (5.26)

We thus have expressed the Bondi mass in terms of an expansion coefficient of ¢ rather than
Juu, which depends heavily on the gauge, cf. equation (2.41). In contrast, an inspection
of the wave-map gauge constraints (2.36)-(2.41) shows that the function ¢ is completely
independent of the choice of the gauge source functions W?, i.e. how the coordinates are
chosen off the initial surface. Our formula for the Bondi mass remains equally valid in
non-Bondi-coordinates as long as, for r > r,

To obtain an expression for the Bondi mass of the initial surface which is valid in arbitrary
adapted null coordinates, we determine the behavior of (; under changes of coordinate
transformations r +— 7(r, 2), which we assume to be of the asymptotic form

= r_1(@MF+ro(@?)+0F ), with r_y >0 (5.28)

(again, corresponding assumptions on the first- and second-order z‘-derivatives are tacitly
assumed). If the coordinate transformation was not of this form the so-obtained coordinates
would not be well-behaved at null infinity, cf. [38, Section 6.1].

We employ the relation (2.43) which tells us how ¢ behaves under coordinate transforma-
tions. Denoting by f, the coefficient of r~" in the expansion of f, a lengthy computation
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reveals that

() — 9 PR e s (07 00 00 07 O\ 0r 0F o7
() = 2T+ 757 = 2 (5 " 01 03" “+arachaacB) " 9F 9 97
Bf _ap OF 7A387° 4548 9" or 8r c
+27A38r 87“ or % AB@T 82 or 8r 8r _AB

or 04 0z8 " T 5, 9540z8 T OF 9aA 929
= 7 l(r_)72 [Cl +2(p_1) ?A, logr_l] +7F (o) {Cz —7oG1 +2(p-1)"*Ayro
+3(p—1) "2 (r-1) "2(2ro — T)Var—1 VAT —2(p_1) "2 (r1) IV a[(2r0 — 72) VA 4]
,47'_1(@_1)*2(0‘43)2[%A%B(T_ﬂfl — 2%,4(?21)71@3 log 90—1]} + O(Fig) .

: ) denote Bondi coordinates on the cone, we have ap}éﬁ =1, CFO = =2, TQBO =0,
= @1, 15° = po and (05°F)y = ¢_1(64")s. That yields

KA

G o= —2(¢-1)°[1-Aslogp-i],
(-1’ = G = @o1AT —4(¢-1)%(347)2VVE(0-1) T + g1 (Aslog gy — 1)
and thus
- > 1. - - S ALF - .
20 = (p-1)’[G - §TzC1] — 3-1[2V*(£a)1 + Ay + divergences .
Denoting the (7, #4)-coordinates by (r,z4), equation (5.26) becomes
1 T .
me = = | (el = ZG] - e VA + Aol )iy . (5.29)
167 Jo 2

This provides a formula for the Bondi mass in terms of the leading-order expansion coefficients
of p, £4 and ¢ (recall that 7 = 29, log ) in adapted null coordinates, which does not rely on
any further gauge condition. To make sense of (5.29) only the asymptotic behavior matters,
in particular no assumptions need to be made at the tip of the cone.? We only need to
assume that there are no conjugate points where the cone intersects the conformal boundary,
i.e. the positivity of ¢_;. This approach to the Bondi mass does not involve any space-time
constructions, one advantage being that no existence theorem for an associated space-time is
needed.

A gauge choice for k does not uniquely fix the parameterization of the null geodesics. For
instance, for k = 0 the r-coordinate needs to be an affine parameter, but this still leaves the
freedom of angle-dependent rescalings of r, and it has been shown in [37] that this additional
freedom corresponds to the freedom to prescribe ¢ _; > 0. Another way of seeing this, which
works for arbitrary k, is to note that instead of k the function ¢ may be regarded as a gauge
function [72, Section 4]. Any strictly increasing ¢ (this is necessary in our current setting,
at least asymptotically) determines x, whereas a given x does not uniquely determine ¢, cf.
equation (2.47). There remains the freedom to multiply ¢ by an arbitrary positive scaling
function, which can be used to adjust ¢_; > 0.

2Note, however, that in terms of an initial value problem some of the expansion coefficients in (5.29)
appear as “integration functions” in the constraint ODEs, and are thus globally determined by the initial
data and the gauge functions.
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Imposing the gauge condition ¢_; = 1, the formula (5.29) takes the simple form

1

mTB T
167 S2

(G2 + 72)dps - (5.30)

Taking, in addition, r as an affine parameter (equivalently x = 0), this expression was
the starting point in [37] to derive a manifestly positive expression for the Bondi mass of
globally smooth light-cones. By that, we mean a regular light-cone which meets .#% in a
spherical cross-section, with no conjugate points up-to-and-including conformal infinity, i.e.
7> 0and ¢_1 >0, and where (5.17) and (5.18) hold.

Integrating the Raychaudhuri equation (2.36) and the (-equation (2.40) with x = 0 and
performing appropriate limits, one derives expressions for 75 and (5. Taking regularity at
the vertex into account and using the GauB-Bonnet theorem one ends up with the formula3

oo
o = 157 / / (5612487 Tan—T) (o +87T,, el 757207 ) o= I 552
167 0 S2 2
(5.31)
In vacuum, this provides a manifestly non-negative-definite formula for the Bondi mass of a
globally smooth light-cone in terms of the physically relevant fields 7, o and £. The vanishing
of mrp yields |o|? = 0 = €4, but the vanishing of |o|? already implies that we are in the flat
case [15].
For non-vanishing matter fields we assume the dominant energy condition. This implies
T, =T(9,,0,) > 0. Consider the surface {u = 0,7 = const.} = S? and denote by ey and e;
two linearly independent null vectors which are orthogonal to e4 = 04. Then,

EABTAB 7? = 72?71(60,61)7(60,61) Z 0

by the dominant energy condition, so that (5.31) is again manifestly non-negative. Moreover,
mrp = 0 yields |o|? = é4 = GAPT 4p —T = T,, = 0. For many matter models the vanishing
of T, implies vacuum [15], and we infer that msp is non-negative and vanishes precisely in
the flat case.

The Bondi mass of a characteristic surface with interior boundary is considered in [37].

3For this argument to work it is crucial that the cone is regular at its tip and has no conjugate points
up-to-and-including conformal infinity, meaning that 7 > 0 on R~ x S2 and ¢_1 > 0 on S2.
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CHAPTER 6

Killing initial data (KIDs)

“Symmetry is a vast subject, significant in art and nature. Mathematics lies at its root, and
it would be hard to find a better one on which to demonstrate the working of the
mathematical intellect.”

HErRMANN K. H. WEYL (1885-1955)

6.1 Some preliminary considerations

Initial value problems provide a powerful tool to construct space-times, solutions to Einstein’s
field equations. In Section 4 we have seen how to construct such space-times with a specific
asymptotic structure. Another important property of a space-time is that it possesses certain
symmetries.

Configurations with symmetries play a distinguished role in physics, such as e.g. equilib-
rium states in thermodynamics. This is particularly true for general relativity, where it is
e.g. expected that gravitational collapse leads to a stationary asymptotically flat (for A = 0)
vacuum space-time as the final state [62, 86]. This is one reason why one is interested in
space-times which satisfy Einstein’s field equations and admit isometries, i.e. diffeomorphisms
¢ : M — M for which ¢*g = g. Now, the isometry group of a pseudo-Riemannian manifold
carries a natural manifold structure, and thus forms a Lie group. Since any element of the
connected component of the identity of a Lie group belongs to a one-parameter subgroup, the
action of a symmetry group can be studied by means of the generators of these subgroups,
so-called Killing vector fields (cf. e.g. [28]). This is a vector field X fulfilling Killing’s equation

PLxg =0 <= V(MXI,) =0, (6.1)

where .Z denotes the Lie derivative. Conversely, any Killing vector field generates a local
isometry. To obtain a one-parameter group of isometries, though, one, in addition, needs
to make sure that X is complete. The full isometry group of a space-time may also include
discrete isometries which are not generated by Killing vector fields.

Killing vector fields form a Lie algebra w.r.t. to the usual commutator of vector fields as
follows immediately from the relation Zix yj = [Zx, Zy]. A connected pseudo-Riemannian

45
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manifold admits 0 < k < dim . (dim .# + 1)/2 linearly independent Killing vector fields.
For later purposes let us also introduce a generalization of Killing vector fields, so-called
conformal Killing vector fields which satisfy the conformal Killing equation

2
Lxg = mgdivX =  (VuXy) = VX, G VaX* = 0. (6.2)

) T+l
Conformal Killing vector fields arise as infinitesimal generators of conformal isometries,
which are diffeomorphisms ¢ : .# — .# such that ¢*g = Q2g for some Q > 0. Clearly, any
Killing vector field is a conformal one. A connected pseudo-Riemannian manifold admits
0 <k < (dim.# + 1)(dim.# + 2)/2 linearly independent conformal Killing vector fields,
which constitute a Lie algebra which contains the Killing vector fields as a Lie subalgebra.

Another reason for the importance of Killing vector fields is that any one-parameter
group of isometries gives rise to a conserved quantity for freely falling particles and light
rays, and proves helpful when integrating the geodesic equation [36]. Moreover, the presence
of an isometry may be employed to perform a dimensional reduction of the problem at hand.
Apart from these “positive” properties Killing vector fields also play an important role by
providing an obstruction in gluing initial data for the space-like Cauchy problem, cf. e.g.
[29, 31] and the references given therein. Moreover, in the compact case, the non-existence
of Killing vector fields characterizes the Marsden-Fischer linearization stability [68].

One therefore would like to construct in a systematic manner space-times with Killing
vector fields in terms of initial value problems. In other words, one would like to infer just
from the initial manifold and the data given there, that the emerging space-time contains one
or several Killing vector fields. Such data will be called Killing Initial Data (KIDs). Their
specification has first been accomplished for the space-like Cauchy problem, cf. e.g. [3, (8].
The characteristic case is treated in [35], attached as Chapter 13. We shall restrict attention
to the vacuum case.

The basic idea to derive the KID equations is as follows: We first observe that (6.1)
implies a linear wave equation for X,

O0,X% = —Rz*X" . (6.3)

Given appropriate initial data [X] on an initial surface X, (6.3) determines uniquely a
candidate field X. In general, though, this will not be a Killing vector field. We set

A,uu = 2V(MXV) 5 (64)

and observe that (6.3) together with the vacuum Einstein equations R,,, = Ag,, imply a
linear, homogeneous wave equation which is satisfied by A,,,,

OgA = —2R,“,PA.s . (6.5)

From these considerations it follows that a vacuum space-time contains a Killing vector
field if and only if there exists a vector field X such that (6.3) holds with [A,,] = 0. It is
important to stress that the wave equations (6.3) and (6.5) are linear, so that a solution
exists globally in the whole domain of dependence of ¥ (cf. Appendix A), though non-trivial
data may lead to the trivial solution away from a neighborhood of ¥. Next, we extract
necessary and sufficient conditions which make sure that the data [X] lead via (6.3) to a
vector field in space-time with [A,,] = 0 in order to characterize the existence of a non-trivial
Killing vector field near X.
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6.2 KIDs for the space-like Cauchy problem

Let us first consider the space-like case (cf. [8]). Consider a vacuum space-time (.#, g) and a
space-like hypersurface ¥ C .# given in adapted coordinates (¢, z%). One then needs to make
sure that ZW =0 and V. A4,, = 0. For convenience, let us assume a gauge where gy = —1,
Gti = 0 and Oygy, = 0. B

First of all, one straightforwardly checks that the equations A,, =0, V A4;; =0 and (6.3)
imply V;A4;, = 0. One further finds that A,, = 0 is equivalent to

VXt = 0, (6.6)
V,XI = 9%, .
.@(,Y]) + Kijyt = 0. (68)

Recall that 2 denotei the covariant derivative of the induced Riemannian metric h =
hijdz*dz’. Assuming A,, = 0, the equation V;A;; = 0 becomes

— l—————
@i@th + iaftgij Xt + gykakKij = 0. (69)
The second-order transverse derivative can be eliminated via the Einstein equations,
— 2 15— & 3) 2
Ri]‘ = 7/\91']' e 78ttgij = 2KikKj — KKU‘ — Ri]’ + 7/\9@‘ . (610)
n—1 2 n—1
That yields
— 2 —
2:9; X" + Lsvp Kij = [PRij + KKj — 2K K" — m/\yij]Xt . (6.11)

The proper KID equations are (6.8) and (6.11): If and only if we find a function N and a
vector field Y on the Riemannian initial manifold (X, h;;) with second fundamental form
K;; such that

2

2,9,N + v Ki; = [®Ry+ KK — 2Ky K;* - —

“ AN (6.13)

the vacuum space-time contains a Killing vector field X. This is then obtained by solving
(6.3) with initial data X' = N, X' =Y* V, X! =0 and V; X' = Z'N.
In terms of a Cauchy problem we are led to the result:

THEOREM 6.2.1 Consider the tuple (X, h;;, K;j, N,Y"). There exists an (up to isometries)
unique mazximal globally hyperbolic vacuum space-time with a Killing vector field which
contains the embedded initial manifold X as a Cauchy surface on which the push-forwards
of the above data are induced, if and only if (X, hij, Kij, N,Y") satisfies the usual vacuum
constraint equations (2.16)-(2.17) on X supplemented by the KID equations (6.12)-(6.13).

6.3 KIDs for the characteristic Cauchy problem

Let us now pass to the characteristic case, cf. [35], attached as Chapter 13. As before, we
consider for reasons of definiteness a light-cone Cp, regular at its vertex. For two null surfaces
intersecting transversally we refer the reader to [35, Section 3], where we also analyze some

special cases in detail such as bifurcate Killing horizons.
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In the characteristic case it suffices to ensure that ZW vanishes. It proves fruitful to

define

Swe == V,V,Xe — R*,0Xo - (6.14)
In a first step [35, Section 2.2] one establishes, employing regularity at the vertex and assuming
Zij = 0 and (6.3), that the equations S;. = 0 and S = 7B (Sapo + %f?qBZOO) = 0 are
equivalent to Ag, = 0. In a second step [37, Section 2.5] one shows that 4;; =0, (6.3) and
the vacuum Einstein equations imply 7.5,.0 = 0, S4r0 = 0 and S =0. Noting that we have
T > 0, at least sufficiently close to the vertex, we conclude that it remains to ensure Zz‘j =0,
and this equation does not involve any transverse derivative of X on Cp.

A subtlety in the light-cone case is that one needs to make sure that X is the restriction
to Cp of a smooth space-time vector field, which is a non-trivial issue albeit necessary to
apply Dossa’s well-posedness result [11] to solve (6.3) (cf. Appendix A). However, this can be
inferred from A;; = 0 [35, Section 2.4]: It follows from the fact that X can be written as the
restriction to Cp of a solution of a certain system of differential equations, which reduces to
an ODE-system along any geodesic issued from O, together with the property that solutions
of ODEs depend smoothly upon their initial data.

An analysis of the KID equations Zij = 0 reveals that the equations A;; = 0 and
4B A p = 0 determine candidate fields Y on the cone (let us focus attention to the region
near the tip where 7 > 0),

0r —K)(Y") = 0, (6.15)
YA+ [VA+er - 0,7 — kg (Y") = 0, (6.16)
~ 1 ~ ~
TY" + VYA — 5(g + 7" 4+ 2V 4G + 2074V A) (Y?) = 0. (6.17)

The candidate fields depend on the integration functions

c(z?) = lmY? and fAP) = lim(Y* —r~1V4) (6.18)
r—0 r—0
arising when integrating (6.15) and (6.16).

Each of the candidate fields extend§ to a Killing vector field of the space-time if and only if

it satisfies the reduced KID equations Aap = 0 (reccall that “~” denotes the j-trace-free part)

(VaYp)+0apY" — (G 0ap +Thg)(0Y°) = 0. (6.19)

In particular this equation implies that V 4c and fa need to be conformal Killing one-forms
on (8" sapdrddaP).
Let us formulate this result in terms of an initial value problem:

THEOREM 6.3.1 For given data on a light-cone Co, (g,x,Y") say, there exists an (up to
isometries) locally unique globally hyperbolic vacuum space-time to the future of Co with
a Killing vector field (we restrict attention to the regime where 7 > 0) which induces the
above data on Co, if and only if the pair (g, k) satisfies the Raychaudhuri equation (2.36),
and (g, k,Y*) fulfills (6.15)-(6.19) once the vacuum wave-map gauge constraints have been
solved.?

REMARK 6.3.2 The equation (6.19) contains the transverse derivatives (Jpgap), which need

to be eliminated via the Einstein equations Rsp = 0, which provide a coupled ODE-system

for (Oogan)

Lf 7 vanishes in certain regions of Cp, the equation needs to be supplemented by the condition Sy =0
there.

20f course, one needs to make sure that Dossa’s well-posedness result for the evolution equations is
applicable, as it is e.g. the case if kK = 0 and § is induced on Co by a smooth space-time metric [27].
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6.4 KIDs in Penrose’s conformally rescaled space-times:
Some preliminaries

In Section 4 we have discussed well-posedness results for asymptotic Cauchy problems which
permit the construction of asymptotically flat or de Sitter space-times, solution to Einstein’s
vacuum field equations. In Section 6.2 and 6.3 we have derived the KID equations, by which
the usual constraint equations need to be supplemented to end up with space-times which
contain one or several Killing vector fields. In this section, we will combine both of them, i.e.
we will construct asymptotically flat and asymptotically de Sitter space-times with Killing
vector fields via asymptotic initial value problems.

As before, when dealing with the unphysical space-time we restrict attention to 4 dimen-
sions, since the CFE and also the wave equations (6.25)-(6.28), which we shall derive below
for the Killing vector field and which replace (6.4) in the unphysical space-time, provide a
nice evolution system only in 4 dimensions, cf. [56, 70].

The first step to accomplish this is to derive a substitute to Killing’s equation (6.1) in
the unphysical space-time. It turns out, cf. [70, Section 3.1], attached as Chapter 14, that
a vector field is a Killing vector field in the physical space-time (., g) if and only if its
push-forward X is a conformal Killing vector field in the unphysical space-time (.#, g = ©23),
ie.

1 1
fxg = §d1VXg < V(HXV) - ZvaXag,u.Va (620)

and satisfies there the equation
1 1
ZLx0 = ZdiVX@ = X'V,0 = Z@V#X“. (6.21)

Any Killing vector field is a conformal Killing vector field of the conformally rescaled metric,
that is where (6.20) comes from. Equation (6.21) makes sure that the conformal Killing
vector field becomes a Killing vector field rather than just a conformal one if one goes back
to the physical space-time. It will be essential that (6.20) and (6.21), which we call the
unphysical Killing equations, make sense also where the conformal factor © vanishes.

To carry on in close analogy to the proceeding in Section 6.1, we need a wave equation
which is necessarily satisfied by any solution of (6.20)-(6.21). Then, we can construct
candidate fields which, for appropriately specified initial data, satisfy the unphysical Killing
equations, and thus correspond to Killing vector fields of the original physical space-time.

Indeed, introducing the auxiliary scalar function

Y = idivX , (6.22)

we observe that the unphysical Killing equations imply a system of linear wave equations:

0,X, + R,"X, +2V,Y = 0, (6.23)

1 1
OgY + X'V,R+ ZRY (6.24)

3
For given initial data [X] and [Y], (6.23)-(6.24) determine a candidate field X. It remains to
extract conditions which ensure that the so-obtained candidate field X satisfies the unphysical
Killing equations. This is somewhat more involved than in Section 6.1, an intuitive reason
being as follows. In asymptotic initial value problems the initial data (e.g., depending on
the scheme, certain components of the rescaled Weyl tensor or the Schouten tensor) involve
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higher-order transverse derivatives of the metric than in the ordinary case. Since one should
expect the existence of Killing vector fields to depend on the initial data, it cannot be
sufficient to infer its existence just by ensuring that the unphysical Killing equations hold
initially (including their transverse derivatives in the space-like case), which do not involve
such higher-order transverse derivatives of the metric.

It is convenient to introduce the fields:

¢ = X'V,0-0Y, (6.25)
Y = XMV,s+sY —V,0V'Y (6.26)
Ap = 2V, X, — 2V gy (6.27)
By, = LxLu +V,.V,Y. (6.28)

All these fields vanish identically whenever X satisfies the unphysical Killing equations and Y’
is given by (6.22). Conversely, assuming that the wave equations (6.23)-(6.24) and the MCFE
(3.3)-(3.8) hold, one derives a linear, homogeneous system of wave equations which is fulfilled
by the fields ¢, ¥, A, VoA, and B, [70, Section 3.3]. We conclude that a space-time
which solves the MCFE admits a vector field satisfying the unphysical Killing equations if
and only if there exists a vector field X and a function Y which solve (6.23)-(6.24) with
0] = [¥] = [Aw] = [VoAu] = [Bu] = 0 (note that the vanishing of A, implies (6.22)).

Again, all the relevant wave equations are linear, whence the Killing vector field will exist
in the whole domain of dependence, though it may become trivial away from a neighborhood
of the initial surface.

REMARK 6.4.1 It is the ¢ = O-condition which requires the vanishing of X° on both a space-
like and a characteristic .#. A vector field which satisfies the unphysical Killing equations
cannot be time-like on .#. Even more, a closer analysis [70, Section 5.3] and [71, Section 4.3]
shows that for A > 0 there are no vacuum space-times which are stationary, while for A = 0
Minkowski space-time is the only stationary vacuum space-time which admits a regular
C;--cone.?

6.5 KIDs on conformal boundaries: The space-like case

Let us first pay attention to the space-like case (cf. [71], attached as Chapter 15), where the
task consists of characterizing initial data on the initial surface ¥ for which

a = W = @ = Vﬂ/J = Z;41/ = vtA,uV = vtvtAuu = Euu = vtB,uV =0.

Assuming (6.23)-(6.24) and the MCFE, it turns out [71, Sections 3.4 and 3.5] that some of
these conditions are automatically fulfilled. The remaining ones are

5 - W - E - Vtw — ZHV = VtAij = El] = (VtBij)vZ 0 . (629)

As for KIDs in the physical space-time, some of these conditions involve undesired second-
order transverse derivative of Y. They can be eliminated via (6.24).

A particularly interesting space-like hypersurface in a conformally rescaled space-time is
the one, for A > 0, which corresponds to .# ~. Let us therefore pay attention to this special

3By a “stationary space-time” we mean a space-time which admits a Killing vector field which is
asymptotically time-like.
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case. For convenience, we choose coordinates as in Section 4.2.2, equation (4.10). In this
case, some more conditions are automatically satisfied and we are left with [71, Section 4.1]

6=Vib=1=24,,= VB, =0. (6.30)

The conditions ¢ = Vi = ¢ = Z,u, = 0 are equivalent to

Xt 0, (6.31)
VXt = Y, (6.32)
VXt = 0 (6.33)

Y = %@j", (6.34)
VY = 0, (6.35)

(VX)) 0. (6.36)

Assuming that (6.24) holds on X, we further find that (V,B;;) can be written as

Levo, Dij + éDij.@,j’“ =0. (6.37)
The proper KID equations are (6.36) and (6.37): If and only if there exists a vector field
X = X*8, on .#~ such that (6.36) and (6.37) hold, the space-time contains a vector field
X satisfying the unphysical Killing equations. It is obtained by setting X? = X and X?,
Vi X+, Y and VY as required by (6.31)-(6.35), and solving (6.23)-(6.24) for these data.

In terms of an asymptotic Cauchy problem we are led to the following result:

THEOREM 6.5.1 The tuple (%, hij,Dij,)o(i), where (X, h;j) is a Riemannian manifold and
D;; a symmetric tensor of valence two on X, defines, for A > 0, an (up to isometries)
unique, in the unphysical space-time mazimal globally hyperbolic vacuum space-time with
a smooth .9~ represented by «(X), with t*g;j|s = hij and *dyij|s = Dij, which contains
a Killing vector field X with X' = )O(i, if and only if the symmetric 2-tensor D;; is trace-
and divergence free and X isa conformal Killing vector field on (X, h;j) which satisfies the
reduced KID equations

1 o
25D+ DdivX = 0. (6.38)

6.6 KIDs on conformal boundaries: The characteristic
case

The characteristic case is treated in [70], attached as Chapter 14. Here, we confine attention
to a regular light-cone Cp. We need to analyze the conditions

5:$:ZW:V1§AW:§W:0-

It is no surprise anymore that many of the conditions are automatically satisfied, supposing
that the wave equations (6.23)-(6.24) hold, and that the vector field X is regular at the
vertex of the cone [70, Sections 3.3 and 4.1]. The remaining conditions are

¢p=1=A;;=A,=DB;;=0. (6.39)
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As on light-cones in the physical space-time, cf. Section 6.3, the condition Ag, = 0 is not
needed on the closure of those sets on which 7 is non-zero, such as close to the tip. The
transverse derivative of Y appearing in 9 and Bap can be eliminated via the wave equation
(6.24) for Y.

We need to make sure that the initial data X and Y for (6.23)-(6.24) are restrictions to
the cone of smooth space-time fields. Fortunately, it can be proved that all the fields solving
Zij = B;; = 0 can be extended to smooth space-time fields by invoking a similar argument
as in Section 6.3, cf. [70, Section 4.1]

Light-cones Cp of particular interest in the unphysical space-time are those where O € &~
for A > 0 as well as the C;--light-cone for A = 0 whose vertex is located at past time-like
infinity. We focus on the latter one, since this is the one for which a well-posedness result for
the vacuum Einstein equations is available, namely the one we discussed in Section 4.3. For
convenience, we impose the gauge condition (4.18) of Section 4.2.3.

Then, some more of the necessary and sufficient conditions in (6.39) are automatically
satisfied [70, Section 5.2], and it remains to analyze the KID equations (note that on the
C;--cone with regular vertex we have 7 > 0 globally)

&ZE:ZTA:ZABzﬁABZO, (6.40)
or, equivalently,
X0 =0, (6.41)
X4 = at, (6.42)
X" = e’ - %r@AdA , (6.43)
Y = ecr, (6.44)
with Zac(z?) and da(z?) being conformal Killing one-forms on (52, s = sapdz*dz?), and
Lidap — (%r@cdc — e, ap + (%%dc —2cr)Aap = 0. (6.45)

A few comments are in order: The candidate fields X and Y obtained from (6.41)-(6.44)
with Z4c and d4 being conformal Killing one-forms on (52, s = sapdz?dz?) coincide with
the Minkowskian candidate fields, whatever the initial data A 4p have been taken to be. This
is in contrast to KIDs on ordinary initial surfaces and also to KIDs on a space-like .# .
Whether or not they extend to space-time Killing vector fields via (6.23)-(6.24) does, of
course, depend on A 45 via the reduced KID equations (6.45).

Let us formulate the result in terms of an initial value problem, as well:

THEOREM 6.6.1 Consider the symmetric and s-trace-free tensor field A\ = Aapdz?dz® on
a light-cone Co constructed from the incoming radiation field <., defined in Section J.3.
Then, there exists a locally unique vacuum space-time with a reqular C;--cone, represented
by Co, with 0tgap = Aap and which admits a non-trivial Killing vector field if and only if
the reduced KID equations

1 1
Ll — (57“ divd — er?)o,\ + (§divd —2cr)A =0 (6.46)

are satisfied for a conformal Killing vector field d* on (S%,s = s apdz?dz®) and a function
c on S% which is a linear combination of £ = 0, 1-spherical harmonics.
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Abstract
We review various aspects of the characteristic initial-value problem for the
Einstein equations, presenting new approaches to some of the issues arising.

PACS number: 04.20.Ex

1. Introduction

By now there exist four well-established ways of systematically constructing general solutions
of the Einstein equations: by solving

(1) a spacelike Cauchy problem (see [1, 2] and references therein),

(2) a boundary-initial-value problem [3-5] (for further references, see [6]),
(3) a characteristic Cauchy problem on two transverse hypersurfaces or
(4) a characteristic Cauchy problem on the light-cone.

One can further consider mixtures of the above. The aim of this paper is to present some
new approaches to the last two questions, and to review the existing ones.

To put things in perspective, recall that Einstein’s equations by themselves do not have any
type that lends itself directly into a known mathematical framework which would provide the
existence and/or uniqueness of solutions [7]. The monumental discovery of Yvonne Choquet-
Bruhat in 1952 [8] was that the imposition of wave equations on the coordinate functions led
to a system where both existence and uniqueness could be proved. The constraint equations
satisfied by the initial data on a spacelike hypersurface turned out to be both necessary and
sufficient conditions for solving the problem. The constraint equations and the ‘harmonicity
conditions’ became then the two standard notions in our understanding of the spacelike Cauchy
problem.

In the early 1960s, there arose a strong interest in the characteristic initial-value problem
because of attempts to formulate non-approximate notions of gravitational radiation in the
nonlinear theory [9-13]. While those papers provided much insight into the problem at hand,
it is widely recognized that the first mathematically satisfactory treatment of the Cauchy
problem on two intersecting null hypersurfaces is due to Rendall [14], see also [15-25].

0264-9381/12/145006+27$33.00 © 2012 IOP Publishing Ltd Printed in the UK & the USA 1
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Rendall’s initial data consist of a conformal class of a family of two-dimensional Riemannian
metrics

Y = yag(r, x©) dxt dx®

on the null hypersurfaces, complemented by suitable data on the intersection. Here r is an
affine parameter on the null geodesics threading the initial-data surfaces. Rendall uses the
Raychaudhuri equation to compute the conformal factor 2 needed to determine the family of
physically relevant data

g = gap(r, x°) dx* dx? = Q2 (r, x9) yap (1, x©) dx? dx? (1.1

on the null hypersurfaces. The harmonicity conditions and the Einstein equations determine
then uniquely the whole metric g to the future of the initial-data surfaces and near the
intersection surface S. The reader will find more details in section 2.

Rendall’s elegant approach works well in vacuum, and more generally for a class of matter
fields that includes scalar, Maxwell or Yang—Mills fields. However, it appears awkward to use
an unphysical family of conformal metrics as initial data, since the physically relevant, and
geometrically natural, object is the family g. In this context, it appears appropriate to view the
tensor field g as an initial datum on the characteristic surfaces, with the Raychaudhuri equation
playing the role of a constraint equation. The idea of prescribing 7 should then be viewed as
a conformal ansatz for constructing solutions of this constraint equation.

The last point is only a question of interpretation. More importantly, Rendall’s scheme
does not work for e.g. the Einstein—Vlasov equations for particles with prescribed rest mass
m (see [26] for an existence theorem for those equations with initial data on a spacelike
hypersurface), because the energy—momentum tensor for the Vlasov field',

T,p =8xm / S Papp di(p), (1.2)
{8po PP p” =—m?}

where f = f(x, p) is the Vlasov distribution function and du = du(p) is the Riemannian
measure induced on the ‘mass-shell’ {g,,p°p° = —m?}, depends explicitly upon all
components of the metric. This leads to the need of reformulating the problem so that the
whole metric tensor is allowed as part of the initial data on the characteristic surfaces.
Such a method will be presented in section 3, after having reviewed Rendall’s approach in
section 2. We will do this both for data given on two transversally intersecting null
hypersurfaces and on a light-cone.

We complement the above with a geometric formulation of the characteristic initial data
in section 4, where we give geometric interpretations of n, out of n 4+ 1, wave-map gauge
constraint equations.

The bottom line of our analysis is that the gravitational characteristic initial data have to
satisfy one single constraint equation, the Raychaudhuri equation. This raises the question,
how to construct solutions thereof. In section 5, we present several methods to do this. In the
short sections 5.1-5.4, we recall how this has already been done in the preceding sections. In
section 5.5, we analyse the Hayward gauge condition k = 7/(n — 1), which may be used as
an alternative to an affine-parameterization gauge where the function « vanishes.

It has been proposed to use the shear tensor ¢ as the free initial data for the gravitational
field rather than y. However, one defect is that it is not clear how to guarantee tracelessness
of 0. We present in section 5.6 a tetrad formulation of the problem to get rid of this grievance.
Finally, we adapt in section 5.7 to any dimensions an approach of Helmut Friedrich (originally

I We have included a factor 87 in the definition of Ty, so that the Einstein equations read S, = T,,,, where S, is
the Einstein tensor.

2
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developed in dimension 4, using spinors), where certain components of the Weyl tensor are
used as unconstrained initial data for the gravitational field. Again, this requires to work in a
null-frame formalism to take care of the tracelessness of the Weyl tensor.

In the case of a light-cone, the Hayward gauge leads us to the following issue: Under
which conditions is the assumption, that the vertex is located at the origin r = 0 of the adapted
coordinate system, consistent with regularity at the vertex? This question is considered in an
appendix.

2. Rendall’s approach

In this section, we review Rendall’s approach to the characteristic initial-value problem.
For definiteness, in the remainder of this section we will consider the vacuum Einstein
equations; we comment at the end of this section on those energy—momentum tensors which
are compatible with the analysis here.

Consider two smooth hypersurfaces N,, a = 1,2, in an (n 4+ 1)-dimensional manifold
M , with transverse intersection along a smooth submanifold S. Near the N,’s, one can choose
adapted coordinates (x', x2, x*) so that N; coincides with the set {x1 = 0}, while N, is given
by {x*> = 0}. The hypersurfaces N, are supposed to be characteristic, which is equivalent to
the requirement that, in the coordinates above, on N, the metric takes the form

gy =81 (dx")? + 28, dx' dn? + 2g;, dx' dx* + g di* di®, 2.1
—

-3
similarly on N,. Here, and elsewhere, the terminology and notation of [27] are used; in
particular, an overbar denotes restriction to the initial-data surface N; U N,. Rendall assumes
moreover that x? is an affine parameter along the curves {x' = 0, x* = const*}, and that x! is
an affine parameter along the curves {x> = 0, x* = const}.

On N let
T = 3508, 2.2)
be the divergence scalar, and let
1 1
OAB = 508ap — T8ap (2.3)
2 n—1

be the trace-free part of 98,5, also known as the shear tensor. The vacuum Raychaudhuri
equation
2

0t + o> + =0 (2.4)

n—1
provides a constraint equation on the family of two-dimensional metrics x*> >

EAB(XZ, x6) dx? dxB, where
lo|* = o4P0p", 04" = g% ouc.

Note that 04® depends only on the conformal class of g,z. As shown by Rendall, metrics
satisfying the constraint (2.4) can be constructed by freely prescribing the family x*> >
yap dx* dxB. Writing Sup = Q2y4p, (2.4) becomes then a second-order ODE in x? for €,

Q [1
0=202+ —[Eaz(y“azm) +lol + 7

n—1 n—-1)

=— 102y B0yas

1
(VABaz)/AB)Zi| + nTlVAsazJ/AB329-

(2.5)
This needs to be complemented by 2|s and 9,2s.
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Let us require all coordinate functions to satisfy the scalar wave equation [, x* = 0.
Then the affine-parameterization condition I'Z,|y, = 0 can be rewritten as

0281, = %7312-
This equation determines the metric function g, on N; with the freedom to prescribe g,
on S. .

The equation R4 = 0 on N, takes the form

n—2
n—1
where V is the covariant derivative operator of the metric gz dx* dx®. Here, using the
assumption that all coordinate functions satisfy the wave equation, the covector &4 reads
[27, equation (8.25)]

En = — 28700814 +4881500" + 2878147 — 24s8 T, (2.7)
where the T'2,)s are the Christoffel symbols of the metric g, dx* dx”. This provides an ODE

for the metric functions g, ,: indeed, one determines &4 by integrating (3.12), with the freedom
to prescribe

1 -
- 5(a2 + 17)és + Vpo, B — It =0, (2.6)

=g =0)
on S. (One should keep in mind that &4 here is unrelated to the corresponding field &4 on N,,
determined by an analogous equation where all quantities t, o, etc, are calculated using the
fields on N,.)

Then g, 4 is found by integrating (2.7). Since the metric needs to be continuous, the metric
component g4 has to vanish at S; this requirement defines the integration constant. We further
observe that by definition of &4, the freedom to prescribe & ,{xv ' corresponds to the freedom of
prescribing d,g14 on S.

The equation g*8R,z = 0 in vacuum takes the form

(B +7)¢ + R — 38"%€ks + 7" Vaks = 0, (2.8)
where R is the curvature scalar of g, and where
¢ = (20, + 1) (2.9)

Taken together, those equations provide a second-order ODE for g*; integration requires the
knowledge of g?2 and 9,3 on S. Employing the relation g2 = (2'%)%(2"%8,4215 — 211) We
observe that g?*> has to vanish at S, while there remains the freedom of prescribing 9,¢°%,
equivalently d,g;;, on S.

However, the validity of the harmonicity conditions implies certain constraints on S (see
below): the value of d,g1; at S is determined by equation (2.10c); similarly the function d,g1;
at S follows from (2.10a).

One has thus determined all the metric functions g,, on Nj; the procedure on N, is
completely analogous. These are the data needed for the harmonically reduced Einstein
equations, which form a well-posed evolutionary system for the metric.

However, not every solution of the equations constructed in this way will satisfy the
vacuum Einstein equations: one still needs to make sure that the harmonicity conditions are
satisfied. There is in fact one more subtlety, as one needs to verify that the parameter x? is
indeed an affine parameter on the null geodesics threading N;. It turns out [14] that all this
will be verified provided three more conditions are imposed on S: if we write v: for what was
g1alw, so far, vy for go4|w,, the wave-coordinate conditions will hold if we require that on S,

024/ detgAB

018nls = ?12W, (2.10a)
AB
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1
vy + vy = mgABaC@lz\/mch)y (2.10b)

0gils =8 Ovoet s
12 Jdetgap

As already indicated above, the integration functions 9, g2, |s and d,g;;|s cannot be freely
specified but have to be chosen in such a way that equations (2.10a) and (2.10c) are fulfilled.
Equation (2.10b) will be satisfied by exploiting the freedom in the choice of 9;v; and d,v.
So there remains the freedom to prescribe, say, djv, — 0, v;.

The constraint equation (2.10b) can be tied to a terminology introduced by Christodoulou
[28] as follows: let L and L be two null normals to a codimension-2 spacelike hypersurface S
satisfying

(2.10¢)

g(L,L)=-2.
Christodoulou [28] defines the forsion one-form of S by the formula
£(X) = 38(VxL,L), @2.11)

where X € T'S. Assuming that g5 |s is positive, we can choose L = / 2§'2 d,; then, on S, using
the notation above, L = —+/ 2§12 0y and (2.11) reads

ta = 38(VaL, L) = 18043, — T3, = 3(T}, —T3,)
= 12201804 — 1814) = 387 (01vy — 7). (2.12)

So ¢4 contains precisely the information needed to determine ;v and d,v at S, after taking
into account (2.10b).

Theorem 2.1 (Rendall). Consider two smooth hypersurfaces Ny and N, in an (n + 1)-
dimensional manifold with transverse intersection along a smooth submanifold S in adapted
null coordinates. Let yap be a smooth family of Riemannian metrics on N; U N,, continuous
at S. Moreover, let 2, 012, 022, f and fa, A =3, ...,n+ 1, be smooth fields on S, where we
assume 2 and f to be nowhere vanishing on S. Then there exists an open neighbourhood U of
S in the region x! >0,x>>0},a unique function Q2 on (N1 U N,) NU and a unique smooth
Lorentz metric g,,, on U such that

(1) guv satisfies the vacuum Einstein equations,
(2) gap = QLyas,
(3) Q2 induces the given data on S, gi2|s = f and ¢y = fa.

This analysis of the constraints applies equally well to a light-cone with some minor
modifications [27], where the wave equations for the coordinate functions are replaced by
wave-map conditions. Moreover, there is no need to provide further initial data at the tip of the
light-cone, as those are replaced by conditions arising from the requirement of regularity of the
metric there; the reader is referred to [27] for a detailed discussion. An explicit parameterization
of tensors g which arise by the restriction of a smooth metric in normal coordinates has been
given in [29]. The reader should keep in mind the serious difficulties with regularity of the
metric at the vertex, when attempting to prove an existence theorem for the light-cone problem;
see [30, 31] for results under restrictive conditions on the data.

o7
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The above extends easily to non-vacuum models with energy—momentum tensors of the
form

Ty = Ty (matter data, yag, 9;vap, 2, 022, 812> 0812, X), i=2,4,
Toa = Toa(matter data, yap, d;yap, 2, 32, Z1;» 0812, 92814, 01822, X'),
T1» = Tp(matter data, yap, 9;yap, 2, 92, 81, 0281, 94812, 0182i» X',

on the initial surface {x' = 0}, cf [27].

3. All components of the metric as initial data

Let £ denote the field of null tangents to a characteristic hypersurface. In this section, we
present a treatment of the characteristic Cauchy problem which applies to energy—momentum
tensors of the form

Twt’ =T, (g ¢,3'g 3¢, x), 3.1)

for some fields ¢ satisfying equations which, when the metric is considered as given, possess a
well-posed characteristic Cauchy problem. Here the symbol 3! denotes derivatives in directions
purely tangential to the initial-data surfaces. In particular, equation (3.1) includes the Einstein—
Vlasov case.

As already discussed, in [14] the corresponding problem for the vacuum Einstein equations
is solved using an affine parameterization of the generators and a wave-map (‘harmonic’)
gauge. In Rendall’s approach, some components of the metric are calculated by solving the
characteristic harmonic gauge constraint equations, which form a hierarchical ODE system
along the generators of the initial surface. For an energy—momentum tensor (1.2), this approach
will generally lead instead to a quasi-linear PDE system for the metric components. To establish
an existence result for that system might be intricate, if possible at all. It is in any case not
obvious how to include an energy—momentum tensor (1.2) in this scheme, compare [32].
We circumvent the problem by using a gauge adapted to the initial data, where the metric
tensor, and thereby (1.2), is fully given on the initial surface, while the wave-gauge source
vector W is computed from the values of the metric on the initial surface using the Einstein
wave-map-gauge constraint equations of [27].

We start with an analysis of two intersecting hypersurfaces; the case of a light-cone will
be covered in section 3.2.

3.1. Two transverse hypersurfaces

Consider two smooth hypersurfaces N,, a = 1,2, in an (r + 1)-dimensional manifold .#,
with transverse intersection along a smooth submanifold S. As before, we choose adapted
null coordinates (x', x2, x*) so that N, coincides with the set {x! = 0}, while N> is given by
{x*> = 0}. We use a ‘generalized wave-map gauge’ as in [27], with target metric g of the form

g =2dx" dx® + gap(x!, #%, x°) dx dxB.
Here g4 is any family of Riemannian metrics on S parameterized by x! and x*, smooth in
all variables. The metric g is only introduced so that the harmonicity vector H*, defined in
equation (3.4), is a vector field, and plays no significant role in what follows.
As gravitational initial data on the initial hypersurfaces, we prescribe all metric

components g,, in the coordinates above, as well as a connection coefficient «; this needs to
be supplemented by the initial data ¢ for ¢. For instance, in the Einstein—Vlasov case, the

6
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supplementary data will be a function f defined on the mass-shell {g.0'p" = —m?}, viewed
as a subset of the pull-back of 7. to the N,’s.

The hypersurfaces N, are supposed to be characteristic, which is equivalent to the
requirement that, in the coordinates above, on N; the metric takes the form

gly, =11 (dx")? + 28, dx! do® + 25, do' di* + g d* di”, (3.2)
_/.'—/
Iy
similarly on N,. Here, and elsewhere, the terminology and notation of [27] are used; in
particular, an overbar denotes restriction to the initial-data surface Ny U N,. (Some obvious
renamings need to be applied to the equations in [27], for instance, the variable u there is x'
on Nj, and x% on Ns; the variable r there is x? on N; and x' on N,.)

We want to apply Rendall’s existence theorem [14] for an appropriately reduced system
of equations. For this, the trace, Suvs of the metric on the initial surface N; U N, needs to be
the restriction of a smooth Lorentzian spacetime metric. This will be the case if g, is nowhere
vanishing, if g,z|y, is a family of Riemannian metrics and if g, is smooth on Ny and N,

and continuous across S = Ny N N,. We therefore need to impose the following continuity
conditions on S:

x12i£>no gaBln, = xlliino 8Bl (3.3a)
xlziin0812|N1 = Xlligloglez, (3.3b)
xlzigloglMNl =0, xlliinong IN» =0, (3.3¢)
x12i510811|N1 =0, )}]iglogzsz =0. (3.3d)

Let H" be the harmonicity vector, defined as

H* := g T}, —W*, with W = g/ T, + W™, (3.4)
‘\C-)
=W*
where W* will be a vector depending only upon the coordinates, and determined by the initial
data in a way to be described below. (In principle, W* can be allowed to depend on the metric
as well, but not on derivatives of the metric.) To obtain a well-posed system of evolution
equations, we will impose the generalized wave-map gauge condition

H =0.

More precisely, we view the wave-map gauge constraints [27] as equations for the restriction
W of W- to Ny and N>. We will solve those equations hierarchically. We emphasize that,
assuming (3.1), all components of the energy—momentum tensor restricted to Ny and N, are
explicitly known since g,,,, and ¢ are.

We present the calculations on Nj; the equations on N, are obtained by interchanging
index 1 with index 2 in all the formulae.

Let S,, denote the Einstein tensor. In the notation and terminology of [27], the first
constraint, arising from the equation S, = Ry = T2 evaluated on Nj, reads (see
[27, equation (6.11)])

2 —
=Ty, 3.5

—ht +kT —|o)? —
n—1

7
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where T and o are defined as in (2.2) and (2.3), respectively. Indeed, using the formulae in
[27, appendix A], one finds

31F n=0Tl]+ (_12) T,T5, ==
— — — — 2 p— j—
Sn = 81F22 — (T}, —T5) + (Tl +T9)T5, — (Th,)” — T55T5
= — &y, +T5,T3 — T3,
= — 0t + ‘L'F22 — XA XBA, (3.6)
where
xa® = 18708
Here we adapt the point of view that the function « is the value on N; of the Christoffel
coefficient F%z, and is part of the initial data. Hence, we view (3.5) as a constraint equation

linking g4, «, and the matter sources (if any).
In the region where t has no zeros, equation (3.5) can be trivially solved for k to give
0t + T +|U|2+T22

K= 3.7
T

It follows that ¥ does not need to be included as part of initial data when t has no zeros, and
then the constraint equation (3.5) can be replaced by the last equation, determining « .

Equation (3.7) can still be used, by continuity, to determine « on the closure of the set
where 7 has no zeros, keeping in mind that the requirement of smoothness of the function so
determined imposes non-trivial constraints on the right-hand side. In any case, equation (3.7)
does not make sense if there are open regions where t vanishes. It seems therefore best to
assume that « is any smooth function on N, such that (3.5) holds, and view that last equation
as a constraint equation relating «, g4 and its derivatives, and the matter fields; similarly
on N,.

It should be kept in mind that once a candidate solution of the Einstein equations has been
constructed, one needs to verify that « is indeed the value of F%z on N;. We will return to this
in (3.25). o

We choose W' to be

W= — W' =322k + 1) — 20,3 (3.8)

Note that the right-hand side is known, so this defines Wl By definition, this is the 9,
component of W* in the coordinate system (x',x%, x*). We will define the remaining
components of W shortly, the resulting collection of functions transforming by definition
as a vector when changing coordinates.

From [27, appendix A], one then finds

T35, =k — 380l (3.9)
and (3.6) together with (3.5) give
S» —Tyn=—-ignH'T. (3.10)

The corresponding constraint equation on N, determines W2| ~,- We shall return to the question
of continuity at S of w! |vun, and of w2 FYAUA shortly

The next constraint equation follows from So4 = R = T 4. From the formulae in [27,
appendix A], we find

ol 1 1 1 =2 7B 71 B 1
0T, =0T, + T 15(T14 —T3) + T4 — T3, g,
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which gives
§2A = 81F2‘A + 82F§A + 8BF§A — BAF}Z — aAF%Z — BAFEB + F}BFEA
+ F%Z(F%A - F}A) + FgBF%A + FgCFgA - F}\BF?Z - FECFICB
= BZF%A + aBrlng - BAF%Z — 04 FI;B + FgBF%A + FchgA - FchgB
= (8 + T)T54 + Vpxa® — 943, — dar, (3.11)

where V is the covariant derivative associated with the Riemannian metric gap. That leads us
to the equation

1 - n _
—E(az—l—t)éA—i—VBaAB— 18A‘L’—8AK =T, (3.12)

where the field &4 denotes the restriction of the (rescaled) Christoffel coefficient —2T" %A to Nj.
We determine &4 by integrating (3.12), with the freedom to prescribe

V=87 =0)

on S. (One should keep in mind that &4 here is unrelated to the corresponding field &4 on N,,
determined by an analogous equation where all quantities 7, o, etc, are calculated using the

fields on N,.) We then define WA through the formula
WA = 2"P[&5 + 287 (92815 — 281008 — Z157) — Bis(W' + WhH+ gPTe, — WA (3.13)

equivalently

Er = — 2870814 +48°81504" + 2878147 + Z1a W'+ W)
+ Zas WP+ WP) — 55T, (3.14)
This has been chosen so that, using the formulae in [27, appendix A and section 9],
Soa—Tos = =50+ 1) @GugH" +814H') + 304 @1oH ). (3.15)
Moreover, one finds (cf equation (10.35) in [27])
£ =213, — gypH® — g, H'". (3.16)

On S, equation (3.13) takes the form
WAs = g*8[€," +28"0:8,5] + 8 (g — o)
Keeping in mind the corresponding equation on N,,
W5 = EAB[ 2+ 2§1231§23] + 2 (T — 1:‘gc)’
the requirement of continuity of WA [n,un, leads to
=& = 28" (0124 — D2g14) |5 = 4l (3.17)

Recall that the torsion one-form ¢4 has beezl defined in (2.12).
We continue with the equation S;, = T'15, or, equivalently,

7R = — (28T 12 + 82T 2 + 28 Ton) = 8¥Tas — T,

which we handle in a manner similar to the previous equations. Using identities (10.33) and
(a corrected version of2) (10.36) in [27], we find that on N;, we have

8 Rap = (92 + T35, +7) (28" Ty + 787) — 28"°T5, T35 — 28" Va3 + R,

2 On the right-hand side of (10.36) in [27], in the conventions and notations there, a term 5! /2 is missing.
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and we are led to the equation

(D +r+0+ (Va—164)E" + R=2"Tap — T, (3.18)
with £4 := g"B&g, and where the quantity ¢ denotes the restriction of

2(8""Tis + 787)
to N;. We integrate (3.18), viewed as a first-order ODE for ¢. The initial data on S are
determined by the requirement of continuity of W2 at S, which we choose to be

W2i= Lo — (9 +k + 10)g2 — W2 (3.19)

Indeed, recall that W2|g has already been calculated algebraically when analysing the first
constraint equation on N, in exactly the same way as we calculated W' in the first step of the
analysis above.

Similarly the initial data for the integration of the constraint which determines W' | N, are
determined by the requirement of continuity of Wl N{UN, -

The choice (3.19) has been made so that

S PRis—5Tas +T=(0 +k + 7 — 18,0 ) 2H* — ,8"°H") — 3¢8,H'
+ (Va = &1 — 38upH" — 3814H') (H" +31c8"H"). (3.20)
We note that our choice of W? is equivalent to

¢ =28"8T2%, + 137 + 2,87 H' — 2H>. (3.21)

Summarizing, given the fields «, 8w and ¢ on Ny U Ns, satisfying (3.17), and the sum

/]‘V' + E/]‘Vz on S, we have found a unique continuous vector field W on N; U N,, smooth up-
to-boundary on N; and N, so that (3.10), (3.15) and (3.20) hold on N; U N,. Letting W be
any smooth vector field on .# which coincides with W on N, U N,, and assuming that the
reduced Einstein equations (see (3.29) below) can be complemented by well-posed evolution
equations for the matter fields, we obtain a metric, solution of the Cauchy problem for the
reduced Einstein equations, in a future neighbourhood of S.

However, the metric so obtained will solve the full Einstein equations if and only if [27]
H" vanishes on N; UN,, so we need to ensure that this condition holds. Note that at this stage,
a smooth metric g, satisfying the reduced Einstein equations, and a smooth vector field W# are
known to the future of Ny U N, in some neighbourhood of S, and thus H* is a known smooth
vector field there.

By [27, section 7.6], H' will vanish on N; if and only if H' vanishes on S. Using (3.8)
and (3.9) together with the equations in [27, appendix A], we find

H'ls = (8")%81820 + 28"k + 208" (3.22)

We conclude that H'!|y, will vanish if and only if the initial data g,, on N, have the property
that the derivative d;g2, on S satisfies

Ngnls = 2(dg1n — gnky,) =  Tals =k, (3.23)

where, to avoid ambiguities, we denote by ky, the function « associated with the hypersurface
N,, etc. Similarly, H 2| ~, Will vanish if and only if we choose g;; on N; so that

hgnls =2(dig12 — gnky,) =  Tiils =kn,- (3.24)

With those choices, we have H'|s = H?|s = 0, and the arguments in [27] show that
H'|y, = H?|y, = 0 as well.

10
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We continue with A" . Then by equation (3.16), we have
2]1 = —(21_‘%‘4 +gABHB + glAH1)|S

= —(2"2(04812 — 91824 + 02814) + gasH® + guaH") 5
12 = —(20}, + gasH® + g1aH") |
= —(2"(04%12 — 02814 + 01224) + 8a8H” + g1aH") |,

and the conditions H4|g = 0 and H' | = 0 determine 5/1;’“ in terms of the remaining data. Note
that (3.17) is then automatically satisfied, and that we loose the freedom to prescribe & Z,V '+ & /iv 2.

It remains to show that our choice of the parameterization of the null rays is consistent,
i.e. we have to make sure that the relations ', |y, = ky, and I'}, |y, = ku, hold. This follows
trivially from the vanishing of the wave-gauge vector H due to the identities

H'ly, =28"(k —T3,) and H’|y, =2¢"(k —T)). (3.25)

Similarly, the vanishing of H' and H* shows via (3.16) that the identification of &, with the
rescaled Christoffel coefficient —2F§A on N; and —ZF} 4 on N, is consistent. The vanishing
of H' and H? together with the identity (3.21) implies that on N; the field ¢ indeed represents
the value of 2g**T2, + tg?, and the corresponding field on N, represents the value of
2g*T; + 8" there.

In particular, the above provides a new and simple integration scheme for the vacuum
Einstein equations, where all the metric functions are freely prescribable on Ny U N,:

Theorem 3.1. Given any continuous functions (i, g,,,,) on Ni U Na such that
gy, = 8o (dx?)? + 28, dx' dx? + 28, dx? At + g At di, (3.26a)

gl = 81 (dx")? + 28, dx! dn? + 28, dx' do?t + g At di®, (3.26b)

smooth up-to-boundary on Ny and N,, and satisfying (3.23)—(3.24) together with the vacuum
constraint equations (here ky, = K|y, etc)

2
‘l,'Nl

2
=0Ty, + kN, Ty, — low |” —

1= 0 on Ny, (3.27a)

T
—diTw, + ey, Ty, — low|* — n—le =0o0n N, (3.27b)

there exists a smooth metric defined on some neighbourhood of S, solution of the vacuum
Einstein equations to the future of Ny U N;.

Note that all the conditions are necessary. To see this, let g be any metric solving the
Einstein equations to the future of Ny U N,, with N, characteristic. We can introduce adapted
coordinates near N; UN; so that (3.26a) and (3.26b) hold. Constraints (3.27a) and (3.27b) follow
then from the Einstein equations [27], while (3.23) and (3.24) follow from our calculations
above.

Proof. While the main elements of the proof have already been given, to avoid ambiguities,
we summarize the argument: let (k, g) be given as above. Set

M =10, 00) x [0,00) x S,
where the first [0, co) factor refers to the variable x!, and the second to x>. On .# let ghe the
metric § = 2dx'dx? + ¢apdx?dx®, where ¢4pdx*dx? is a Riemannian metric on S. Let W* be

constructed as above. Let W* be any smooth extension of W* to .2, and let g be the solution
of the wave-map-reduced Einstein equations Rg;) = 0, with initial data g, where

Rgé) = Rap — %(gw\é,gH’\ + g,g,\lA)D,H}‘), (3.28)

11
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with H* defined by (3.4), and where D is the Lévi-Civita covariant derivative in the metric
8. (It follows from [33, page 163] that R(()Z) is a quasi-linear, quasi-diagonal operator on g,
tensor-valued, depending on g, of the form

R = =3¢ D;Dyugup + flg Dglug, (3.29)

where f lg, ﬁg]a p 18 a tensor quadratic in ﬁg with coefficients depending upon g, g, W, DW and
ﬁﬁ/; the existence of solutions of this problem follows from [14].) As H' =0 by construction,
a standard argument shows that H* = 0, and so g is a solution of the vacuum Einstein equations
in a suitable neighbourhood of S in .. O

3.2. The light-cone

Now let us consider the same problem on a light-cone Cp with vertex O. We prescribe the
metric functions g, on the cone in adapted null coordinates (cf [27]) as well as ¢ and, if
T has zeros, « (note that T = %gAB 0184 has no zeros in a sufficiently small neighbourhood
around the vertex). In this section, the notations and conventions from [27] are used again; in
particular, the x'-coordinate will be frequently denoted by r, and the light-cone is given as the
surface {x° = u = 0}.

For Cp to be a characteristic cone, we need to have g;; = 0 = g4 in our adapted
coordinates. To end up with a Lorentzian metric, the component vy = g, has to be nowhere
vanishing, while g, has to be a family of Riemannian metrics on $"~!. We consider initial
data which satisfy

S0 = —1+00%), 8,3y = O, (3.30a)
vo = 14+0@%), 8w = O(r), (3.30b)
va = 0(F), dwx = 0@, (3.30¢)
Zap = sap+ 02(rY),  9:0c84p = 2rdcsas + O1(7), (3.30d)
970c0p8ap = 20c0psast O(), (3.30¢)

for small r, where f = 0, (r*) means that a;‘aff = O(r*7") for i + | B| < n. The tensor sup
denotes the round sphere metric.

These conditions ensure that the metric is of the same form near the vertex as in [27]. The
assumptions concerning the derivatives, which are compatible with relations (4.41)—(4.51) in

[27], are made to compute the behaviour of W near the vertex®: although we do not attempt
to tackle the regularity problem at the vertex here, as a necessary condition we want to make

sure that W remains bounded near the vertex, which in our adapted coordinates means
Wo=o0(), W'=o1), WA=oG".

In fact it turns out that with (3.30a)—(3.30¢) and the subsequent assumptions on the target

metric and the energy—momentum tensor, the vector W goes to zero.
We present the scheme for an arbitrary target metric ¢ that satisfies the relations

lo=14+01(7), s =010, &o=—1+00, (3.31a)
= = 2 4
980 = O(r),  gap = 1"sap + O01(r"), (3.31b)
3 Ttis conceivable that a larger class of initial data turns out to be compatible with regularity at the vertex.

12
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g =0, dgia = 0GP, gPagas = O@). (3.31¢)

Again, these assumptions are to ensure that the behaviour of W can be determined at the
vertex.

Additionally, we take a look at two particular target metrics: a Minkowski target ¢ = 1 as
in [27] and a target metric ¢ = C which satisfies C = g and which simplifies the expressions
for the components of Ww.

Let us now solve the constraint equations. The first constraint yields (supposing that t
has no zeros, the case where it does have zeros can be treated as the case of two transversally
intersecting hypersurfaces)

81‘[ + anlfz + |U|2 +Tll

K = (3.32)
T

and

WO = — W0 — 02k 4 1) — 200,
If we assume”
Tii=0(), Ty =0(), 9T =0(1),

we obtain with our assumptions (3.30a)—(3.30¢) and with assumptions (3.31a) and (3.31b)
concerning the target metric

k£ =0(r), dax =0(r), 09a0pc =O0(r),
and

WO = 0@r).

Let us write = for an equality which holds when g is the Minkowski metric, with an
obvious similar meaning for < Then

Y
w =—"8A SAB>
and also

wo = 2110(f‘}1 — ).

From the second constraint equation, one first determines &4. Recall that this is a first-order
ODE. The integration constant which arises is determined by the requirement of finiteness of
&4 at the vertex (cf [27, section 9.2]),

e_f]r(r—%)di r . f?<r_ﬂ)d; ~ B n—2 — -
&y = 2—/ el 7 (VBUA — 13,41’ — 0ak — T1A> dr. (3.33)
0 n

rnfl

If we assume

Tia = O0(r), 3T 14 = O(r)
and employ (3.30a)-(3.31c¢), we find
£ =01(7).

4 These assumptions on the energy—momentum tensor, as well as those which will be made later, will hold for a tensor
T,,» which has bounded components in coordinates which are well behaved near the vertex; note that the (u, r, xA)
coordinates are singular at the vertex.
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The function W* can then be computed algebraically,
WA = e + 20°2"8 (8, vp — 2vex5C) — v (WO + W + chfgc L
= O(),
where
xa® = 18598,
In particular,
= 2
WA — 20085, + 88k
r
and
WA £ 25" (], — k) + 7 (21, + &)
The functions $4. denote the Christoffel coefficients associated with the round sphere metric.
Finally, we have a first-order equation for

£ =20 +2%+10)g" +2W' +2W. (3.34)
It reads
3+« +1) +R+ gAB(@AfB — 1E485) + 8" T + 28" T1a + 20T = 0. (3.35)
This can be integrated,

efj'l"(/chrf%)dF o . i - B
T C_/ A R At

rn—l 0
1 = = = -
- EEABSA&; + 8Ty +28"T 4 + 2V0T01> dr:|,

where c is an integration constant.
Using again relations (3.30a)—(3.30¢) and our assumptions on the target metric, we deduce
that

gl=1+00". 33" =00,
R=m—-1)(n-2)r"2+0().

Assuming that To; = O(1), we find that a general solution ¢ has a term of order r~~!) due
to which W' would not converge at the vertex. We thus set ¢ = 0. That yields

t=—m—-Dr''+0().
Inserting this result into (3.34), we end up with
W' =o0@).
For that we employed
W' =—(—1)r ' + 0.
In the special case of a Minkowski target, we have
WL WO L By,
Moreover, we find

WS e — g8, — Leg' 45" (P, —«).
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Let us assume that the vector field W* can be extended to a smooth spacetime vector field
W* on the spacetime manifold .# . If we further assume, as in the case of two transversally
intersecting null hypersurfaces, that the reduced Einstein equations can be complemented by
well-posed evolution equations for the matter fields, for sufficiently well-behaved initial data,
we obtain [34] a solution of the Cauchy problem in a future neighbourhood of the tip of the
cone. The metric obtained this way solves the full Einstein equations if and only if H vanishes
on Cop, as shown in sections 7.6, 9.3 and 11.3 of [27].

Let us assume now that the initial data («, g,,) and a target metric g have been specified.
In order to prove that the wave-map gauge vector H* vanishes on the cone, one first establishes
that it is bounded near the vertex. In our adapted coordinates, that means

H'=0(), H'=0(), H*=00"). (3.36)
If we assume that those transverse derivatives which appear in the generalized wave-map
gauge condition H = 0 satisfy (compare [27] for a justification under the conditions there)’
dogi1 = O(r),  dgia = 0%,  §¥agas = 0(r),
and the initial data fulfil, additional to (3.30a)—(3.30¢), the relations
davo = O(r%),  dpva = O(),
then one finds (using (3.30a)—(3.31¢)), say in vacuum,
B =00, H =0@), H =o),

which more than suffices for (3.36).

4. A geometric perspective

4.1. One constraint equation

Let us present a more geometric description of initial data on a characteristic surface.

A triple (A, g, k) will be called a characteristic initial-data set if .4 is a smooth n-
dimensional manifold, n > 3, equipped with a degenerate quadratic form g of signature
O, +,...,4), as well as a connection form « on the one-dimensional degeneracy bundle
Ker g, understood as a bundle above its own integral curves. The data are moreover required
to satisfy a constraint equation, as follows.

We can always locally introduce an adapted coordinate system where Kerg is
Span d,.% (There only remains the freedom of coordinate transformations of the form
@) = G, x*), %8 (x)).) Then the connection form « reduces to one connection
coefficient:

V;)la] =K81. (41)

In this coordinate system, we have g = g, dx* dx?. Denoting by g'# the matrix inverse to g,p,
set

x5 = 38"“013cp. =t (4.2)

Under redefinitions of the adapted coordinates, the field t transforms as a covector, which
leads to the natural covariant derivative operator

Vit = (3 —K)T. 4.3)

5 Note that these transverse derivatives are obtained from the solution g of the reduced Einstein equations with initial
data g. Assumptions (3.36) are known to hold e.g. if one uses the wave-map gauge WH = 0 near the vertex [27].

6 This vector was denoted by 9, or 3; in section 3.2, by d; in section 2 when considering the null hypersurface N,
and by 9, in section 2 when considering the null hypersurface N;.
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With those definitions, the characteristic constraint equation reads

1
tt = —UBAUAB - P (4.4)
n—1

Vit=—xg"x" —p &= Vit+

where p represents the component 77| s of the energy—momentum tensor of the associated
spacetime (., g) and, as before, o is the trace-free part of .

A triple (1, g, k) satisfying (4.2) with p = 0 will be called vacuum characteristic initial
data.

An initial-data set on a light-cone is a characteristic data set where .4 is a star-shaped
neighbourhood of the origin in R” from which the origin has been removed, with the tangents to
the half-rays from the origin lying in the kernel of g, and with (g, x) having specific behaviour
at the origin as described e.g. in [27].

The reader is referred to [35] for a clear discussion of the geometry of null hypersurfaces,
and to [36-38] for a further analysis of the objects involved.

4.2. Dim- /N constraint equations

An alternative geometric point of view, closely related to that in [37], is a slight variation of
the above, as follows: instead of considering a connection on the degeneracy bundle Kerg,
viewed as a bundle over the integral curves of Ker g, one considers a connection on this bundle
viewed as a bundle over ./ . For this, one needs the connection coefficients « and &,, defined
by the equations

Vo, 0y = k1, Vo, 01 = =550 + Xa" 0. (4.5)
The coefficient k satisfies the same constraint equation as before. The remaining coefficients

&4 are obtained from (3.12), in notation adapted to the current setting:

n—2 _
13A‘L' — 3AK = T1A. (46)

1 ~
—5 01+ )84 + V3o, " -

The fact that this system of ODEs can be solved in a rather straightforward way (compare
(3.33)) given k and g4 should not prevent one to view this equation as a constraint on the
initial data.

A useful observation here is that in [37, appendix C], where it is shown that (4.4) and
(4.6) can be obtained from the usual vector constraint equation on a spacelike hypersurface
by a limiting process, when considering a family of spacelike hypersurfaces which become
null in the limit.

The alert reader will note that the constraint equations (4.4) and (4.6) exhaust all tangential
components of 7,,£". We are not aware of a geometric interpretation of equation (3.35),
which involves the remaining, transverse, component of 7;,,£". Pursuing the analogy with the
spacelike Cauchy problem, one could be tempted to think of this equation as corresponding to
the scalar spacelike constraint equation. However, this analogy is wrong since it is shown in
[37, appendix C] that the scalar constraint equation and one of the vector constraint equations
degenerate to the same single equation when a family of spacelike hypersurfaces degenerates
to a characteristic one.

4.3. Uniqueness of solutions

Given a vacuum characteristic data set on a light-cone, or two vacuum characteristic data sets
with a common boundary S (where some further data might have to be prescribed, as made
clear in previous sections), one can impose various supplementary conditions to construct an
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associated spacetime metric. For example, one can redefine x! so that x = 0 and impose wave-
coordinate conditions or wave-map coordinate conditions in the light-cone case, to obtain the
required spacetime metric, or one can prescribe the remaining metric functions as in section
3, with appropriate conditions at the tip of the light-cone or at the intersection surface. In
[27, section 7.1], a scheme is presented where g»| 4 is prescribed, together with wave-map
conditions. It is obvious that there exist further schemes which are mixtures of the above and
which might be more appropriate for some specific physical situations, or for matter fields
with exotic coupling to gravity.

Rendall’s analysis, or that in [27], makes it clear that every vacuum characteristic data set
as defined in section 4.1 leads to a unique, up to isometry, associated spacetime, either near the
tip of the light-cone, or near the intersection surface S. Here uniqueness is understood locally,
though again it is clear that unique maximal globally hyperbolic developments should exist in
the current context.

5. Solving the constraint equation

There are several ways of solving (4.4). The aim of this section is to present those methods, in
vacuum. One should keep in mind that some further specific hypotheses on the matter fields
might have to be made in the schemes below for non-vacuum initial data.

5.1. Solving for k

For any g for which 7 has no zeros, equations (4.3) and (4.4) can be solved algebraically for
k. This appears to be the most natural choice near the tip of a light-cone, where t is nowhere
vanishing.

5.2. T and [g,p] as free data

Another way of solving (4.4) is to prescribe [g45] and the mean null extrinsic curvature t. Here
one can simply choose 7 to be nowhere vanishing such that (4.4) is solvable for «. Regularity
conditions on 7 in the light-cone case are discussed in an appendix.

53.k=0

Rendall’s proposal is to reparameterize the characteristic curves so that « = 0; equation (4.4)
can then be rewritten as a linear equation for a conformal factor, say €2, such that g4p = Q2 VAB»
where yap = [g4p] is freely prescribed; compare (2.5).

5.4. k and [g,p] as free data

In some situations, it might be convenient not to assume that ¥ = 0, but retain a version of the
conformal approach of Rendall. This requires only a few minor modifications in section 2: it
gfﬁces to replace (2.4) by (3.5), (2.6) by (3.12), (2.9) by (3.19) and (2.8) by (3.18) with T,

W and W* set to zero. As a matter of course, the corresponding equations on N, have to be
adjusted analogously.

By an appropriate choice of «, i.e. by choosing an adapted parameterization of the null
rays, equation (3.5), which determines t, can sometimes be simplified; an example will be
given in the following section.
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55.k=1/(n—1)

An elegant approach is due to Hayward [25] who, in space dimension n = 3, proposes to use
a parameterization where k = t/(n — 1). Then, in vacuum, (4.4) becomes a linear equation
for 7, in terms of the trace-free part of x which depends only upon the conformal class of g,

T+ |0 =0. (5.1

The solution 7 can then be used to determine a conformal factor Q2 relating g, to a freely
prescribed representative y4p of the conformal class,

Q 1
Q- —— (r - —yABalyAB) =0.
n 2

In the case where data are given on a light-cone, one has to face the question of boundary
conditions for (5.1), of the (necessary and/or sufficient) conditions on the data which will
guarantee regularity at the vertex and a possible relation between those.

To address those questions, we start by comparing the k = t/(n — 1)-gauge with the
geometric K = 0 gauge. Those quantities computed in the latter gauge will be labelled by °in
what follows. Both gauges are related by an angle-dependent rescaling of the coordinate r:
using the transformation law of the Christoffel symbols, we find

or » ar d°r
ol 1
T/(n—]) = K = F“ = E‘ 11 ﬁﬁ (52)
=k=0
for r = r(#, ). That yields
;(r):/ eﬁfr' T(r2)dr dry = / e*ﬁfr' [ o (r3))* drs dr, dry, (5.3)

where we have suppressed any angle dependence, and left unspecified any potential constants
of integration. This defines the desired local diffeomorphism.

As an example (and to obtain some intuition for this gauge scheme), consider the flat case
where |o|> = 0 and for which we can compute everything explicitly. There is no difficulty in
determining the transformed data which satisfy |5 |> = 0. The general solution of (5.1) is

T = 1o ().
Now we can explicitly compute (5.3),
Fr) = AD 4 AP (5.4)

for some integration functions A®, with A®) and ) nowhere vanishing since we seek a map
r + F which is a diffeomorphism on each generator. Then

.. ", n—1 55
#(F) = (8r> T(r() = 7y (5.5)
We choose, as usual, the affine parameter 7 in such a way that {# = 0} represents the vertex and
such that # = “=L. This leads to A" = 0. Consequently, we either have to place the vertex at
r = —oo and choose a positive 7y or at r = 400 with a negative 1y (w.l.o.g. we shall prefer the
first alternative). We conclude that in the x = 7/(n — 1)-gauge, we need to prescribe initial
data for all r € R.

The regularity condition for 7 translated into the x = t/(n — 1)-gauge does not lead
to any boundary conditions for t, except for the requirement of constant sign. It determines
instead the position of the vertex, which in the new coordinates is located at infinity.
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Let us come back to the general case, which we tackle from the other side, namely by
starting in the ¥ = 0-gauge. We use the identity g—;’ =— (%) gir; to rewrite (5.2),
o ¢ T 9\ 92r
darn—1 n—1 or) o2
3%r n T or
a2 n—19F
7 .
) =/ et [ EF) R dry. (5.6)

This provides the inverse coordinate transformation.
Now, for a smooth metric, in adapted null coordinates which are constructed starting from
normal coordinates, the generators are affinely parameterized and we have
n—1

+ O(#). (5.7

T =

;.
But this behaviour remains unchanged under all reparameterizations of the generators which
preserve the affine parameterization as well as the position of the vertex. It follows that (5.7)
holds for all smooth metrics in the gauge k = 0.
From (5.6) and (5.7), we obtain
r(®) =AY + AP logi+ 0(P), AP £0 Vi

If we start in the K = 0-gauge, with the vertex at # = 0, and transform into the k = t/(n — 1)-
gauge, then, similarly to Minkowski spacetime, the vertex is shifted to, w.l.o.g., r = —o0. Thus,
spacetime regularity forces the vertex to be located at infinity in the x = t/(n — 1)-gauge.

5.6. The shear as free data

Following Christodoulou [28], we let the second fundamental form x of a null hypersurface
A with null tangent ¢ be defined as

XX, Y) =g(Vxt,Y), (5.8)
where X, Y € T.#". Choosing £ to be 9,, we then have, using [27, appendix A],

TS A~ A — ey — —C — =u
xag = &(Vady, 98) = 8,50 s, = 8cal'ar + 8unl 4
1

= EargAB’ (590)
Xrr = g(vrarv 9,) =0, (5.90)
Xar = 8(Vady, ;) = 8, Ty, =2, T, = 0. (5.9¢)

Let o be the trace-free part of x on the level sets of r:
1 _
OAB ‘= XAB — -1 1§CDXCDgAB )

o is often called the shear tensor of 4. It has been proposed (cf, e.g., [28]) to consider o
as the free gravitational data at .#". There is an apparent problem with this proposal, because
to define a trace-free tensor, one needs a conformal metric; but if a conformal class [g(r)] is
given on ./, there does not seem to be any need to supplement this class with o. This issue
can be taken care of by working in a frame formalism, as follows.

Let .4 be an n-dimensional manifold threaded by a family of curves, which we call
characteristic curves or generators. We assume moreover that each curve is equipped with
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a connection: if, in local coordinates, 9, is tangent to the curves, then we let ¥ denote the
corresponding connection coefficient, as in (4.1).

Suppose, for the moment, that .#" is a characteristic hypersurface embedded as the
submanifold {# = 0} in a spacetime .# . Choose some local coordinates so that 9, is tangent
to the characteristic curves of .4, Let ¢, denote a basis of T.# along .4 such that

Ve, = 0. (5.10)

Let S denote an (n — 1)-dimensional submanifold of .4 (possibly, but not necessarily, its
boundary) which intersects the generators transversally. We will further require on S that e is
null, and that for a = 2, . .., n, the family of vectors e, is orthonormal. These properties will
then hold along all those generators that meet S.

Let x* be the local coordinates on S; we propagate those along the generators of .4 to a
neighbourhood % C .4 of S by requiring £ x* = 0.

We choose e; ~ 0, at S; equation (4.1) implies then that this will hold throughout % :

er=e"d, on%. 5.11)

We choose the e;s, a = 2, ...n, to be tangent to S; since 7.4 coincides with eé, the ¢,s,
a =2,...n, will remain tangent to .4:

ea=¢e,0,+efpon%, a=2,...,n. (5.12)
On S, we choose the vector ¢, to be null, orthogonal to S, with
gleg, e1) = 1. (5.13)

Let {6}4—0.1.....n, be a spacetime coframe, defined on % C .4/, dual to the frame {e,},=0.1.... -
From what has been said, we have

g=0"0'+60'0°+6°Q0*+...+0"®0". (5.14)

=p096°

By construction, the one-forms 6¢ are covariantly constant along the generators of .4
V,0¢ = 0. (5.15)

Here V is understood as the covariant-derivative operator acting on one-forms.
Again by construction, 6° annihilates 7.4"; thus, 8° ~ du along .4

0°=6°,duon%. (5.16)
We further note that
0%0,) =0on % fora=2,...,n. (5.17)

To see this, recall that 9, is orthogonal to d4; hence,

N
0= g, d4) = Nt (0" () = Y 0°(3,)6° ().
a=2
The result follows now from the fact that the (n — 1) x (n — 1) matrix (6(dp))s>2 is non-
degenerate.
We would like to calculate g := g, dx* dx? using the covectors 6°. For this, note that
(5.14) and (5.16) imply

N
Bag = Y _0“(04)0(3p). (5.18)

a=2
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Thus, to determine g it suffices to know the components (6% := 6%(dg))s>2. Now, using
(5.17) together with [27, appendix A], we have fora > 2

0="V,0%=20,6%—T 50 = 0,6 — 38'0,8cs6"4. (5.19)

There holds thus the following evolution equation for (69g),>:

8,05 — &' “xcs"a = 0, (5.20)
where g denotes the matrix inverse to Y \_, 6%465.

Let, as before, £ = 0, and define

By, =V, L,. (5.21)
Let B, denote the frame components of B:

By =€, ¢,'B,, <<= By, = e“(a#)eb(av)Bab. (5.22)
It follows from definition (5.8) that x encodes the information on components of B in directions
tangent to ./

X4B = Bag, X =By =0, xar=Ba =0. (5.23)

The key distinction between B and yx is that B has components along directions transverse to
A, while x has not. Also note that for a, b > 1 the frame components B, only involve the
coordinate components of B, tangential to .4", so the frame formula

Xab = Bap, a,b>1,

is geometrically sensible.
The last two equations in (5.23) give

Xac= Y 0°40°cBay =Y 0°0°Cxab» (5:24)
a,b=2 a,b=2

which allows us to rewrite (5.20) as

n

8,0 — D §0" 50 cxp6a = 0. (5.25)
b,c=2

Now, fora, c > 2,

nac — guveauecv — EACQHAGCC, (526)
which leads to
0,0% — ) 16”5 xpc = 0. (5.27)
b,c=2

This equation leads naturally to the following picture, assuming for simplicity vacuum Einstein
equations. Consider, first, two null transversely intersecting hypersurfaces .41 and .45, with
MN A =S.Fora, b > 2, let n° be 1 when a and b coincide, and 0 otherwise. In addition to
Kk, the gravitational data on .4 = .4{ U 45 can be encoded in a field of symmetric n-trace-free
(n—1) x (n— 1) matrices o, a,b=2,...,n.

ab
Oab = Opa, n Oap = 0.

Let t be a solution of the equation
2

0, — k)T + + |a|3] =0, where |0|% = 06 400. (5.28)

n—1
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There remains the freedom to prescribe T = gAB XAB = ZZ b2 nab Xap On S (one such function
for each surface Ny and N,). Define

T
Nab- (5.29)
n—1

Solving (5.27) for 6 along the generators of .4] and .45, we can calculate g,z on .4 from
(5.18), as long as the determinant of the matrix (9“g),>> does not vanish (which will be the
case in a neighbourhood of S). Here one has the freedom of prescribing 6p on § for a > 2.
The characteristic constraint equation R,,,£/¢" = 0 holds by construction. Indeed, the relation
o = e eBoag, a,b > 2, can be justified in an analogous manner as equation (5.24). That
gives, using (5.26), with a, b, ¢, d > 2,

2 _ ac bd “ACpa pc =BDpb od | E, F G, H
o1y = 10" owocs = 80408 0”50 pes" ey orreCed oo

= 2" %Poagocp = |o |,
and the assertion follows immediately.

We can now apply any of the methods described previously (e.g., Rendall’s original
method if k = 0) to obtain a solution of the characteristic Cauchy problem to the future
of N7

One should keep in mind the following: prescribing the data e,*|s, or equivalently #g|s,
determines the metric gag|s on S. There is a supplementary freedom of making an O(n — 1)-
rotation of the frame:

e s = @’ (e s (e,
where the w”, (x*)s are O(n — 1)-matrices. Any such rotation needs to be reflected in the os:
Oap(r, X*) = 0 (), (M) oea (1, 2.

So in this construction, o,, undergoes gauge transformations which are constant along the
generators, and are thus non-local in this sense.

In the case of a light-cone, the above construction can be implemented by first choosing
an orthonormal coframe q§” = (ﬁ“ 4 dx?, a > 2, for the unit round metric s45 dx* dx? on $"~!.
The solutions 8¢ := r¢® = r¢, dx*, a > 2, of (5.27) are then chosen as the unique solutions
asymptotic to réha. It would be of interest to settle the question, ignored here, of sufficient and
necessary conditions on o, so that the resulting initial data on the light-cone can be realized
by restricting a smooth spacetime metric to the light-cone.

Xab = Oab +

5.7. Friedrich’s free data
In [19, 39], Friedrich proposes alternative initial data on .4, based on the identity8

arz 8ap — K0r8ap — %ECDargACargBD = —2Rurp: (5.30)
equivalently

3 Bap — kBag — §"BacBsp = —Rarpr- (5.3
Equation (5.30) shows that the component R4,5- of the Riemann tensor can be calculated in

terms of x and the field g, 5.

7 Note that prescribing o, and « is equivalent to prescribing y,p as primary data. If we assume for simplicity that the
n-trace of x,p is nowhere vanishing, one can then determine « from (5.28) and continue as described in the paragraph
following (5.29). One could also consider this procedure in an adapted frame: from x4p one determines successively
gap- T and k. However, since the g4p-trace of y is then not known a priori, it is not clear how to satisfy constraint
(5.28).

8 This equation reduces to the usual Riccati equation (cf, e.g., [35]) satisfied by the null extrinsic curvature tensor
when « = 0. We are grateful to José-Maria Martin-Garcia for providing the general version of that equation.
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Alternatively, given the fields Cargrs p = T, and «, together with suitable boundary
conditions, one can solve (5.30) to determine g45. So in spacetime dimension 4, Friedrich
[19] proposes to use frame components of Ca,5, as the free data on 4. There is, however, a
problem, in that Cpr is traceless,

0= guvaurvr = ?CaArCr-

So this condition has to be built-in into the formalism. But, as in the previous section, the
tracelessness condition does not seemingly make sense unless the inverse metric g5, or at
least its conformal class, is known.

This issue can again be taken care of by a frame formalism, whatever the dimension, as

follows: let the orthonormal frame e,, a = 0, . .., n, and its dual coframe 6¢ be as in the last
section. The property that the frame is parallel along the generators implies
dre’ = —T8.e,C = -8 Bace, fora > 2. (5.32)

We then have, fora, b > 2,
0,Bup = ar(eauebvB;w)
= 3r(€aA)€chAc + e, ar(ebc)BAc + ey 8,Bac
= —2""Bpre," e,“Bac — e,"g"Bpre,” Bac

+ e eyS (kBac + 8" BarBcp — Rarcr)

= — e, ey P BacBpE + KBy — e, e, Ry (5.33)
Using
n
gCD — r]CdeCCedD — Z r/CdeCCedD7
c,d=2
we conclude that
n
8rBah - - Z nCdBachh + KBab - eaAebBRArBw

c,d=2
From the definition of the Weyl tensor in dimension n + 1,

1
C,u_vap = R;Lvtr,o - m (guaRvp - gp.pRvd - gvaRup + gva;/.U)

1
——R(2,68v) — vo)s 5.34
+n(n_ 1 (gu 8vp — 8up8 ) ( )

we find

6ArBr = I_eArBr - lgABI_eVV'

Fora, b > 2, let

. A BR
1s”ub =€4 €p CArBr
represent the components of Ca,5, in the current frame. Then Yap 1s symmetric, with vanishing

n-trace. We finally obtain the following equation for By, = xap, a, b > 2:

n ] 1 _
@ =) Xab = — D 1 XacXab = Wab — —NapT rr- (5.35)

n—1
c,d=2

This equation shows that (x, ¥,,) can be used as the free data for the gravitational field:
indeed, given k, ¥, and the component T ,,- of the energy—momentum tensor, we can integrate
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(5.35) to obtain yx,,. Note that by taking the n-trace of (5.35), one recovers constraint (5.28)
(here with T, possibly non-vanishing).

In the case of two transverse hypersurfaces, the integration leaves the freedom of
prescribing two tensors x,, on S, one corresponding to N; and another to N,. Then one
proceeds as in the previous section to construct the remaining data on the initial surfaces,
keeping in mind the further freedom to choose 6%g|s, a > 2, on S.

On a light-cone, equation (5.35) should be integrated with vanishing data at the vertex.
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Appendix. The expansion 7 and the location of the vertex

The Hayward gauge condition of section 5.5 has led us to the interesting conclusion that in
some gauge choices, the vertex of the light-cone will be located at infinity. This raises the
following question: Under which conditions is the hypothesis, that the vertex is located at
r = 0, consistent with natural boundary conditions at the tip of the light-cone?

We start with the derivation of a necessary condition which needs to be imposed on
the behaviour of the initial data in the k = 7/(n — 1)-gauge near the vertex in order to
be compatible with regularity. It is known [27] that in a K = 0-gauge arising from normal
coordinates, the initial data have to be of the form

Vag = F2sap + hag, where hyp = O (7). (A.1)

Recall that we decorate with a circle the quantities corresponding to the gauge ¥ = 0. We want
to work out how such data look like in the « = t/(n— 1)-gauge. The coordinate transformation
(5.6), which defines a local diffeomorphism as long as A® does not change sign, reads

r#) =A"D + AP log# + f;
= log#+ f, (A.2)
where f;, = O (72) is determined by hsp and where AD are integration functions. Here we
have set AV = 0 and A® = 1, so that the r-coordinate in the k = t/(n — 1)-gauge is

completely fixed, once 7 has been chosen.
From (A.2), we extract the behaviour of the inverse transformation

Fry=¢+gn gn=0(")

(where the symbol O in connection with the r-coordinate refers to the limit r — —o0). Now
we can compute the overall form of the initial data,

Yas(r) = Pap(F(r)) = €”sap + kap, where kap = O;(e*). (A3)
This implies
1 ABa 2
o == (alyf‘ﬂalm + (an‘yl*“’”) = 0(™). (A4)

Note that, in contrast to the & = 0-gauge, T remains bounded at the vertex for regular
light-cone data of the form (A.3), due to (5.1) and (A.4).

Next, let us show that a bounded 7 can only be compatible with regularity when the vertex
is located at infinity. For definiteness, we consider the initial data g,,, with nowhere vanishing
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T = %gAB 01845, Within the scheme of section 3. Then « is computed algebraically via (3.7)
(and depends on the initial data). Note that at this stage, 7 is a known function of r which can
be regarded as ‘gauge part’ of the initial data.

By calculations similar to those in (5.2) and (5.3), we can then obtain the coordinate 7
relevant to the k = 0-gauge:

and transform all the fields to this gauge.
We have the identity

o, . ., n .
T(r) = Er(r(r)), where 7 = + O(7), (A.6)

7
since we assume regular light-cone data. We consider the maximal range of 7, near # = 0,
where ? is positive. It follows from (A.5) that 7 — r(#) is monotone there. Let us assume that
this function is strictly increasing (the decreasing case is handled in a similar way), and let
(R1, Ry) denote the corresponding range of r, with —oco < R} < R, < oo. Then 7 is positive
on (Ry, Ry) by (A.6). If we choose R} < ryp < R, such that r~Y(ry) = #y > 0, from the last
equation we find, for some (xB-dependent) constant A,

r(F) P -1 - "

/ td?:/ (n; —i—O(F)) di =A+ (n— ) log#+ O().
ro 7o r

The right-hand side diverges to minus infinity at the vertex # = 0, which is mapped to R;. This

gives

o
/ T dr = +o0. (A7)
Ry
We conclude that any gauge in which t is bounded will force the vertex to lie at infinity, for
initial data which can be realized by a smooth spacetime metric.

As another application of (A.7), we reconsider the k = 7/(n — 1)-gauge. Let us
denote by 7o(x*) the integration function which arises in the associated constraint equation
917 + |o|> = 0. The exponential decay of |o|> at a regular vertex, cf equation (A.4), is
compatible with (A.7) only if 7y is bounded away from zero.

Finally, consider initial data on (0, co) with

- 2 4
8ap = rsap +O0:1(r"),
as in section 3.2. The function 7 satisfies then

n—1
T =

+ O(r), (A.8)

which is, not unexpectedly, fully compatible with (A.7).
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We derive, in 3 4+ 1 spacetime dimensions, two alternative systems of
quasi-linear wave equations, based on Friedrich’s conformal field equa-
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1 Introduction

1.1 Asymptotic flatness

In general relativity there is the endeavour to characterize those spacetimes
which one would regard as being “asymptotically flat”, possibly merely in cer-
tain (null) directions. Spacetimes which possess this property would be well-
suited to describe e.g. purely radiative spacetimes or isolated gravitational sys-
tems. However, due to the absence of a non-dynamical background field this is
an intricate issue in general relativity. In [31, 32] (see e.g. [26] for an overview)
R. Penrose proposed a geometric approach to resolve this problem: The starting
point is a 3 + 1-dimensional spacetime (/// ,g), the physical spacetime. It then
proves fruitful to introduce a so-called unphysical spacetime (.#,g) into which
(a part of) (.#, g) is conformally embedded,

~ b N2~ R )
grg=0%g, MM, Ol z;,>0.



The part of 8(;5(//{ ) where the conformal factor © vanishes can be interpreted
as representing infinity of the original, physical spacetime, for the physical
affine parameter diverges along null geodesics when approaching this part of
the boundary. The subset {0 = 0, dO # 0} C 9¢(A) is called Secri, denoted
by #. Large classes of solutions of the Einstein equations (with vanishing cos-
mological constant) possess a .# which forms a smooth null hypersurface in
(A, g), on which null geodesics in (.#, g) acquire end-points. The hypersurface
# is therefore regarded as providing a representation of null infinity.

Penrose’s proposal to distinguish those spacetimes which have an “asymptot-
ically flat” structure [in certain null directions] is to require that the unphysical
metric tensor g extends smoothly across [a part of] .#.! The idea is that such a
smooth conformal extension is possible whenever the gravitational field has an
appropriate “asymptotically flat” fall-off behaviour in these directions.

Null infinity can be split into two components, past and future null infinity
#~ and £, which are generated by the past and future endpoints of null
geodesics in ., respectively. If the spacetime is further supposed to be asymp-
totically flat in all spacelike directions, one may require the existence of a point
0, representing spacelike infinity, where all the spacelike geodesics meet. How-
ever, i’ cannot be assumed to be smooth (it cannot even assumed to be C! [3]).

In this work we are particularly interested in spacetimes (and the construc-
tion thereof) which, at sufficiently early times, possess a conformal infinity which
is similar to that of Minkowski spacetime. By that we mean that (a part of)
(//Nl , ) can be conformally mapped into an unphysical spacetime, where all time-
like geodesics originate from one regular point, which represents past timelike
infinity, denoted by i~; moreover, we assume that, at least sufficiently close to
i, aregular .~ exists and is generated by the null geodesics emanating from
i, i.e. forms the future null cone of i, denoted by C;- := .#~ U{i~}. By the
term “regular” we mean that the conformally rescaled metric g, and also the
rescaled Weyl tensor, admit smooth extensions. In fact, in 34 1 dimensions the
extendability assumption across .# on the rescaled Weyl tensor is automatically
satisfied in the current setting. At ¢~ this assumption will be dropped in Sec-
tion 6. Purely radiative spacetimes are expected to possess such a conformal
structure [20].

It is an important issue to understand the interplay between the geometric
concept of asymptotic flatness and the Einstein equations, and whether all rel-
evant physical systems are compatible with the notion of a regular conformal
infinity. There are various results indicating that this is a reasonable concept, cf.
[1, 2, 10, 21, 28, 32] and references given therein. An open issue is to character-
ize the set of asymptotically Euclidean initial data on a spacelike hypersurface
which lead to solutions of Einstein’s field equations which are “null asymptoti-
cally flat”.

Since we have a characteristic initial value problem at C;- in mind, we want
to avoid too many technical assumptions which might lead to a more reasonable
(and rigid) notion of asymptotic flatness, asymptotic simplicity, etc. (cf. e.g.
[27]). In a nutshell, we are concerned with solutions of the vacuum Einstein
equations (with vanishing cosmological constant) which admit a regular null
cone at past timelike infinity, at least near i~.

1One may also think of weaker requirements here.
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1.2 Conformal field equations

Due to the geometric construction outlined above, the asymptotic behaviour of
the gravitational field can be analysed in terms of a local problem in a neigh-
bourhood of .# (as well as i* and ). However, the vacuum Einstein equations,
regarded as equations for the unphysical metric g, are (formally) singular at
conformal infinity (set O, := V#*V,,),

RMV 9] = Agu =
Rulgl +207'V,V,0 + g, (07'0,0 — 3072V70V,0) = A0 ?g,, , (1.1)

where the conformal factor © is assumed to be some given (smooth) function.
The system (1.1) does therefore not seem to be convenient to study unphysical
spacetimes (., g) with ©~2g being a solution of the Einstein equations away
from conformal infinity. Serendipitously, H. Friedrich [16, 17, 23] was able to
extract a system, the conformal field equations, which does remain regular even
if © vanishes, and which is equivalent to the vacuum Einstein equations wherever
© is non-vanishing.

In a suitable gauge the propagational part of the conformal field equations
implies, in 3 + 1 dimensions, a symmetric hyperbolic system, the reduced con-
formal field equations. Thus equipped with some nice mathematical proper-
ties Friedrich’s equations provide a powerful tool to analyse the asymptotic be-
haviour of those solutions of the Einstein equations which admit an appropriate
conformal structure at infinity.

1.3 Characteristic initial value problems

The characteristic initial value problem in general relativity provides a tool
to construct systematically general solutions of Einstein’s field equations. An
advantage in comparison with the spacelike Cauchy problem is that the con-
straint equations can be read as a hierarchical system of ODEs, which is much
more convenient to deal with. In fact, one may think of several different types
of (asymptotic) characteristic initial value problems, which we want to recall
briefly.

One possibility is to take two transversally intersecting null hypersurfaces
as initial surface. This problem was studied by Rendall [34] who established
well-posedness results for quasi-linear wave equations as well as for symmetric
hyperbolic systems in a neighbourhood of the cross-section of these hypersur-
faces. Using a harmonic reduction of the Einstein equations he then applied his
results to prove well-posedness for the Einstein equations.

Another approach is to prescribe data on a light-cone. There is a well-
posedness result for quasi-linear wave equations near the tip of a cone avail-
able which is due to Cagnac [4] and Dossa [13]. A crucial assumption in their
proof is that the initial data are restrictions to the light-cone of smooth? space-
time fields. Well-posedness of the Einstein equations was investigated in a se-
ries of papers [5-7] by Choquet-Bruhat, Chrusciel and Martin-Garcia, and by
Chrusciel [9]. The authors impose a wave-map gauge condition to obtain a sys-
tem of wave equations to which the Cagnac-Dossa theorem is applied. A main

2There is a version for finite differentiability, but here we restrict attention to the smooth
case.



difficulty, in the most comprehensive case treated in [9], is to make sure that the
Cagnac-Dossa theorem is indeed applicable. For that one needs to make sure
that the initial data for the reduced Einstein equations, which are constructed
from suitable free data as solution of the constraint equations, can be extended
to smooth spacetime fields. One then ends up with the result that these free
data determine a unique solution (up to isometries) in some neighbourhood of
the tip of the cone Cp, intersected with J*(Co).

A third important case arises when the initial surface is, again, given by
two transversally intersecting null hypersurfaces, but now in the unphysical
spacetime and with one of the hypersurfaces belonging to .#. This issue was
treated by Friedrich [18], who proved well-posedness for analytic data, and by
Kénnér [28], who extended Friedrich’s result to the smooth case. The basic idea
for the proof is to exploit the fact that the reduced conformal field equations
form a symmetric hyperbolic system to which Rendall’s local existence result is
applicable.

The case we have in mind is when the initial surface is given in the unphysical
spacetime by the light-cone C;- emanating from past timelike infinity i~. In
order to construct systematically solutions of Einstein’s field equations which
are compatible with Penrose’s notion of asymptotic flatness and a regular i~
one would like to prescribe data on C;- and predict existence of a solution of
Einstein’s equations off C;— by solving an appropriate initial value problem.
One way to establish well-posedness near the tip of the cone is to mimic the
analysis in [5, 9]. To do that, one needs a system of wave equations which,
when supplemented by an appropriate set of constrain equations, is equivalent to
the vacuum Einstein equations wherever © is non-vanishing and which remains
regular when © vanishes. Based on a conformal system of equations due to
Choquet-Bruhat and Novello [8], such a regular system of wave equations was
employed by Dossa [14] who states a well-posedness result for suitable initial
data for which, however, it is not clear how they can be constructed, nor to what
extent his system of wave equations is equivalent to the Einstein equations.

The purpose of this paper is to derive two such systems of wave equations in
3 + 1-spacetime dimensions, which we will call conformal wave equations, and
prove equivalence to Friedrich’s conformal system for solutions of the charac-
teristic initial value problem with initial surface C;- which satisfy certain con-
straint equations on C;-. Our first system will use the same set of unknowns as
Friedrich’s metric conformal field equations [23], while the second system will
employ the Weyl and the Cotton tensor rather than the rescaled Weyl tensor
(and might be advantageous in view of the construction of solutions with a
rescaled Weyl tensor which diverges at ¢~). The construction of initial data to
which the Cagnac-Dossa theorem is applicable, and thus a well-posedness proof
of the Cauchy problem with data on the C;--cone, is accomplished in [12, 25].

Apart from the application to tackle the characteristic initial value problem
with data on C;-, a regular system of wave equations might be interesting for
numerics, as well [29].

1.4 Structure of the paper

In Section 2 we recall the metric conformal field equations and address the
gauge freedom inherent to them. In Section 3 we derive the first system of con-
formal wave equations, (3.11)-(3.15), and prove equivalence to the conformal
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field equations and consistency with the gauge condition under the assumption
that certain relations hold initially. In Section 4 we derive the constraint equa-
tions induced by the conformal field equations on C;- in adapted coordinates
and imposing a generalized wave-map gauge condition. We then focus on the
case of a light-cone with vertex at past timelike infinity to verify in Section 5
that the hypotheses needed for the equivalence theorem of Section 3 are indeed
satisfied, supposing that the initial data fulfill the constraint equations (5.6)-
(5.16). Our main result, Theorem 5.1, states that a solution of the characteristic
initial value problem for the conformal wave equations, with initial data on C;-
which have been constructed as solutions of the constraint equations, is also a
solution of the conformal field equations in wave-map gauge and vice versa. In
Section 6 we then derive an alternative system of wave equations, (6.9)-(6.14),
and study equivalence to the conformal field equations, supposing that certain
constraint equations, namely (6.52)-(6.65), are satisfied, c¢f. Theorem 6.5. In
Section 7 we briefly compare both systems of wave equations and give a short
summary. We conclude the article by reviewing some basic properties of cone-
smooth functions, which are utilized to prove a lemma stated in Section 2.
Throughout this work we restrict attention to 3+1 dimensions, cf. footnote 7.

2 Friedrich’s conformal field equations and gauge
freedom

2.1 Metric conformal field equations (MCFE)

As indicated above, the vacuum Einstein equations themselves do not provide
a nice evolution system near infinity and are therefore not suitable to tackle
the issue at hand, namely to analyse existence of a solution to the future of
C;-. Nonetheless, they permit a representation which does not contain factors
of ©~1 and which is regular everywhere [16, 17, 23]. Due to this property the
Einstein equations are called conformally regular.

The curvature of a spacetime is measured by the Riemann curvature tensor
R0, which can be decomposed into the trace-free Weyl tensor W,,,”, invari-
ant under conformal transformations, and a term which involves the Schouten
tensor Ly,

Ruuap = W,o—p + Q(QU[MLV]’J — 5[HPLV]U) . (2.1)

The Schouten tensor is defined in terms of the Ricci tensor R,

1 1
LHV = §RHV - ERQMV . (22)

The Weyl tensor is usually considered to represent the radiation part of the
gravitational field. Let us further define the rescaled Weyl tensor

duuap = Gilwuut;’p ) (23)

as well as the scalar function (0, = V#V,,)

1 1
= -0 — . .
$i= 70,0 + RO (2.4)



There exist different versions of the conformal field equations, depending on
which fields are regarded as unknowns. Here we present the metric conformal
field equations (MCFE) [23] which read in 3 4 1 spacetime dimensions

Voldyuwo” =0, (2.5)
VuLlve = VLo =V,0d,.," (2.6)
V.V,0=—-0L,, + sgu , (2.7)
Vus=-L,V'0, (2.8)
205 - V,0V*O = \/3, (2.9)
Ruvo"1g] = Odyuwo™ + 2 (9oiuLi)™ = 0" Lujo) - (2.10)

The unknowns are g,,, ©, s, L, and d,,.".

Friedrich has shown that the MCFE are equivalent to the vacuum Einstein
equations, ~
Rulgl = Mg s G = @729;“/7
in the region where © is non-vanishing. They give rise to a complicated and
highly overdetermined PDE-system. It turns out that (2.9) is a consequence of
(2.7) and (2.8) if it is known to hold at just one point (e.g. by an appropriate
choice of the initial data). Moreover, Friedrich has separated constraint and
evolution equations from the conformal field equations by working in a spin
frame [16, 17] . In Sections 3.1, 4.2 and 4.3 we shall do the same (if the initial
surface is C;-) in a coordinate frame and by imposing a generalized wave-map
gauge condition.

A specific property in the 3 + 1-dimensional case is that the contracted
Bianchi identity is equivalent to the Bianchi identity. That is the reason why

(2.5) implies hyperbolic equations; in higher dimensions this is no longer true [23].

The conformal field equations provide a nice, i.e. symmetric hyperbolic, evolu-
tion system only in 3 4+ 1 dimensions.

Penrose proposed to distinguish asymptotically flat spacetimes by requiring
the unphysical metric g to be smoothly extendable across .#. The Weyl tensor
of g is known to vanish on .# [32]. Since by definition dO| s # 0 the rescaled
Weyl tensor can be smoothly continued across .#. However, there seems to be
no reason why the same should be possible at i~ where d® = 0. When dealing
with the MCFE, where the rescaled Weyl tensor is one of the unknowns, it is
convenient to confine attention to the class of solutions with a regular ¢~ in the
sense that both g, and d,.»” are smoothly extendable across ¢~ (cf. Section 6
where this additional assumption is dropped).

2.2 Gauge freedom and conformal covariance inherent to
the MCFE

The gauge freedom contained in the MCFE comes from the freedom to choose
coordinates supplemented by the freedom to choose the conformal factor ©
relating the physical and the unphysical spacetime. Since © is regarded as an
unknown rather than a gauge function, it remains to identify another function
which reflects this gauge freedom. The most convenient choice is the Ricci
scalar R:

Let us assume we have been given a smooth solution (g,.,0,s, Ly, duwe”)
of the MCFE. Then we can compute R. For a conformal rescaling g — ¢*g for
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some ¢ > 0, the Ricci scalars R and R* of g and ¢?g, respectively, are related
via

oR — ¢°R* = 60,6 . (2.11)
Now, let us prescribe R* and read (2.11) as an equation for ¢. If we think of
a characteristic initial value problem with data on a light-cone Co (including
the C;--case) we are free to prescribe some ¢ > 0 on Co.3* Supposing that
(;OS is the restriction to Co of a smooth spacetime function, the Cagnac-Dossa
theorem [4, 13] tells us that there is a solution ¢ > 0 with ¢|c, = ¢ in some
neighbourhood of the tip of the cone. Due to the conformal covariance of the
conformal field equations, the conformally rescaled fields

g = ¢, (2.12)
0" = 0, (2.13)
1 1

* — _D . * _ * * 2.14
s 19 0" + 24R or, (2.14)

* 1 * * 1 * %
L/w = §R/Lu[g ] - ER g/w ) (215)
d;kwop = d)_ld/wrrp ) (216)

provide another solution of the MCFE with Ricci scalar R* which corresponds
to the same physical solution g,,. These considerations show that if we treat
the conformal factor © as unknown, determined by the MCFE, the curvature
scalar R of the unphysical spacetime can be arranged to take any preassigned
form. The function R can therefore be regarded as a conformal gauge source
function which can be chosen arbitrarily.

There remains the freedom to prescribe ¢ on Cp. On an ordinary cone with
nowhere vanishing © this freedom can be employed to prescribe the initial data
for the conformal factor, ©|¢,, (it clearly needs to be the restriction to Co of a
smooth spacetime function). In this work we are particularly interested in the
case where the vertex of the cone is located at past timelike infinity i~ , where,
by definition, ® = 0 (note that this requires to take A = 0). Then the gauge
freedom to choose ¢ can be employed to prescribe the function s on C;-. To see
that, let us assume we have been given a smooth solution (g,.,©, s, L, duve’)
of the MCFE to the future of C;-, at least in some neighbourhood of 7™, by which
we also mean that the solution admits a smooth extension through C;-. (When
© vanishes e.g. on one of two transversally intersecting null hypersurfaces one
might put forward a similar argument.) In particular the function s is smooth.
According to (2.9) (with A = 0), it can be written away from C;- as

5= %@*Wﬂ@v”&

with the right-hand side smoothly extendable across C;-. Under the conformal
rescaling

= 0":=0¢0, gurg, = 9, >0, (2.17)

3The positivity of ¢ at the vertex guarantees any solution of (2.11) to be positive suf-
ficiently close to the vertex and thereby the positivity of ©* (in the C;--case just off the
cone).

4Since we are mainly interested in this case, we focus on an initial surface which is a
cone. However, an analogous result can be obtained for two transversally intersecting null
hypersurfaces.



the function s becomes
1
s' =07 (30072 VIGV,0 + 67 VHOV 6+ 5) (2.18)

Evaluation of this expression on C;- yields

VOV, 0+ s — ¢?s* =0. (2.19)

Here and henceforth we use an overbar to denote the restriction of a spacetime
object to the initial surface. Note that V#O is tangent to .#, so (2.19) does not
involve transverse derivatives of ¢ on .#. Let us prescribe 5% (as a matter of
course it needs to be the restriction of a smooth spacetime function) and assume
for the moment that some positive solution of (2.19) exists,” which we denote
by ¢> We take ¢> as initial datum for (2.11). We would like to have a d) which
is the restriction to C;- of a smooth spacetime function, so that we can apply
the Cagnac-Dossa theorem, which would supply us with a function ¢ solving
(2.11) and satisfying ¢|c- = ¢. Via the conformal rescaling (2.12)-(2.16) we
then would be led to a new solution of the MCFE with preassigned functions
R* and §* which represents the same physical solution we started with.

The crucial point, which remains to be checked, is whether a solution of (2.19)
exists with the desired properties. The following lemma, which is proven in Ap-
pendix A, shows that this is indeed the case (cf. [12, Appendix A] where an
alternative proof is given).

LEMMA 2.1 Consider any smooth solution of the MCFE in 3+ 1 dimensions in
some neighbourhood % to the future of i—, smoothly extendable through C;-,
which satisfies

sli— #0. (2.20)

Let 5% be the restriction of a smooth spacetime function on % N AJT(i™) with
i~ # 0 and lim, 0 0,53* = 0.5 Then (2.19) is a Fuchsian ODE and for every
solution ¢ (note that the solution set is non-empty) it holds that

sign(¢|;-) = sign(s|;- )sign(s*|;-) , (2.21)

and gb is the restriction to C;- of a smooth spacetime function. In particular, if
sign(s|;-) = sign(s*|;~) the function ¢ will be positive sufficiently close to i~ .

REMARK 2.2 Note that solutions with s|;- = 0 would satisfy d® = 0 on I,
which is why the corresponding class of solutions is not of physical interest.

To sum it up, due the conformal covariance of the MCFE the functions R
and s|c,_ can and will be regarded as gauge source functions.

3 Conformal wave equations (CWE)

3.1 Derivation of the conformal wave equations

In this section we derive a system of wave equations from the MCFE (2.5)-
(2.10). Recall that the unknowns are g,,,, ©, s, L, and d,,..”, while the Ricci

5In case of a negative 3*, the gauge transformation would change the sign of ©.
67 is a suitable (e.g. an affine) parameter along the null geodesics emanating from i~ , see
Section 4 and Appendix A for more details.
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scalar R (and the function 3 or ©, respectively, depending on the characteristic
initial surface) are considered as gauge functions. The cosmological constant A
is allowed to be non-vanishing in this section.

Derivation of an appropriate second-order system
From (2.5) and (2.6) we obtain (with O, = V#V )
OgLuy — Ruw L™ — Ray " L™ =V, Vo l,* =d,*,"VaV,0 .

Using the definition (2.2) of the Schouten tensor, together with the contracted
Bianchi identity, we find

1
Vil = SV R, (3.1)
and thus
K K « 1 e
DgL/w - R/LHLD - RO/,/LV Ln - EV/LVDR = d/L upvavp@ .

We combine the right-hand side with (2.7), and employ (2.3) as well as (2.10) to
transform the third term on the left-hand side to end up with a wave equation
for the Schouten tensor (suppose for the time being that g,,, is given, cf. below),

1
Oy Ly — 4L, Ly + guw|L|? + 20d,,0," L,* = EVMV,,R ; (3.2)

where we have set
|L1? = L,"L," .
Next, let us consider the function s. From (2.8), (3.1) and (2.7) we deduce
the wave equation

Ogs = —-V,L/V'O-L'"V,V,0
1 1
= O|L* - gvva"@ — 55 (3.3)
The definition of s provides a wave equation for the conformal factor,
1

To obtain a wave equation for the rescaled Weyl tensor d,,,..” in 3+1 dimen-
sions one proceeds as follows: Due to its algebraic properties the rescaled Weyl
tensor satisfies the relation

Ep,yaﬁdaﬁ)\p = 6)\paﬁduuaﬁ s
where €,,,+, denotes the totally antisymmetric tensor. We conclude that (cf. [33])

1 1
Vinduop = _Eewweaﬁwvadﬁ’wr) = gewvﬁeapmvadﬁwa~ (3.5)

This equation implies the equivalence”

Voduwo' =0 = Vpdue,=0.

7 We remark that this equivalence holds only in 4 dimensions. Any attempt to derive
a wave equation for duuo” in dimension d > 5 seems to lead to singular terms. Also, if
one uses a different set of variables, like e.g. Cotton and Weyl tensor instead of d;uo”, cf.
Section 6, the derivation of a regular system of wave equations seems to be possible merely in
the 4-dimensional case. This is in line with the observation that the conformal field equations
provide a good evolution system only in 4 dimensions.

10



Equation (2.5) can therefore be replaced by
Virduop =0 (3.6)

Applying V* and commuting the covariant derivatives yields with (2.5)

ng/wap + QlequtdapozN + 2Ra[udu]aop + 2Rm[u|o’|adu]~(1p - 2Rapm[p,du]ﬁfra =0.

With (2.10) we end up with a wave equation for the rescaled Weyl tensor,

nguuap - (_)dm/fﬁadapocN + 4=(_)dm§[uadu]oz,oli + 29:7[,ud1/]04,01-iLaN
1

shduey = 0.(37)

It turns out that this equation does not take its simplest form yet. To see this
let us exploit (3.6) again. Invoking the Bianchi identity and (2.6) we find

0 = OVinduop = VasWuiep = (ViaO)dyuwiop
2
= g (gauv[AL/L]p + gupv[)\Lu]n + go’uv[uL}\]p + g)\pv[uL/L]n
+9o3ViuLigp + 9o ViuLe) = (Vn©)dyuiop

= gp[)\duu]aava@ - ga[)\dpu]pava@ - (v[)\@)duu]ap .

—29puviaok L™ + 2d ko Lp)" + 2doprpLoy™ —

Applying V* and using (3.6), (2.7) and (3.4) we are led to
0 = SVA(gp[kd/LV]Java@ - gU[AdW]pava@ - V[)\@ dlu,y]op)
= 2d,,"VVa® + 20,0,dur0 "V V0O — 2¢5(,d12,*V V0 O
~00 dyvop — VV,0dyuop — VAV,0 dyro,
= 2@go[udu])\palfa)\ - 2®gp[pdV]AaaLa>\ + 2@duua[o’Lp]a

1
—|—2@d(,pa[HLl,]a + é@Rdlwgp .

This relation simplifies (3.7) significantly,

1
Oydyvop — Odpvr“dopa” + 40ds k[, " dyjap” — §Rduwp =0. (3.8)
We have found a system of wave equations (3.2)-(3.4) and (3.8) for the fields
Ly, s, © and d,,,»”, assuming that g, is given. Now, we drop this assumption,
so first of all the system needs to be complemented by an equation for the metric
tensor. Taking the trace of (2.10) yields

1
RW’[Q] = 2L;w + ERg;w . (39)

However, the equations (3.2)-(3.4) and (3.8)-(3.9) do not form a system of wave
equations yet: Equation (3.9) is not a wave equation due to the fact that the
principal part of the Ricci tensor is not a d’Alembert operator. Moreover, the
principal part of the wave-operator O, is not a d’Alembert operator when acting
on tensors of valence > 1 and when the metric tensor is part of the unknowns,
for the corresponding expression contains second-order derivatives of the metric
due to which the principal part is not ¢#*0,0, anymore. Consequently (3.2)
and (3.8) are no wave equations, as well.

We need to impose an appropriate gauge condition to transform these equa-
tions into wave equations, which is accomplished subsequently.

11
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Generalized wave-map gauge

Let us introduce the so-called g-generalized wave-map gauge (cf. [5, 19, 22]),
where g, denotes some target metric. For that we define the wave-gauge vector

H? = gaﬁ(rgﬁ - ZB) -we.
Herein fgﬂ are the Christoffel symbols of §,,,. Moreover,
wWe = WU(JT“, Guvs S, @7 L/LD7 d/wnp)

is an arbitrary vector field, which is allowed to depend upon the coordinates, and
possibly upon g,,,, as well as all the other fields which appear in the MCFE,® but
not upon derivatives thereof. The freedom to prescribe W7 reflects the freedom
to choose coordinates off the initial surface. We then impose the g-generalized
wave-map gauge condition

H? =0.

The reduced Ricci tensor Rfﬁ” is defined as

RUD =R, — g5,V H (3.10)

2

where V denotes the covariant derivative associated to the target metric. The
principal part of the reduced Ricci tensor is a d’Alembert operator.

Furthermore, we define a reduced wave-operator as follows: We observe that
for any covector field vy we have

Ogox = g" 0,00\ — g™ (0L 3)ve + fr(g, 09, v, 0v)
= guuaﬂaVvA + (RAU - aA(gMVFZV))vU + f)\(gv aga v, 8@)
= gltuauauv)\ + R)\o- - 8)\HU)’UO' + f)\(g? 697 v, 8Ua ga 6‘@’ 62.@’ 6W)

(
= 9"0u0x + (BN + gV, HO)o" + fr(g.0g,v,0v, .09, 0%, 0W) .

Similarly, the action on a vector field v* yields

00" = g" 9.0, — (Rl + 9" "Vo H o, + (9,09, v,0v,§,09,0%5,0W) .

This motivates to define a reduced wave-operator DgH) via its action on (co)vector
fields in the following way:

N 1

0oy o= Ogux = goa(Vy HO 0! + (2L, — ng) R
. 1

oMo = Ot + ¢"(Vo HM v, — (20" — Rl + ERQP)\)UM :

8] am grateful to L. Andersson for pointing that out. However, in view of the constraint
equations we shall consider later on for convenience merely those W7’s which depend just on
the coordinates.

12



For arbitrary tensor fields we set

00, 0, P = Ogvay a7 = oo (Vg H Yooy o, 1P
7

1
+ 2(2‘[’/‘«@1 - R;(LZ? + ERgMai)UQL..M...anﬁlmﬁm

which is a proper wave-operator even if g, is part of the unknowns since L,
and the gauge source function R are regarded as independent of g,.,. Note

that the action of O, and DéH) coincides on scalars. Moreover, if H? = 0, and
L,, and R are known to be the Schouten tensor and the Ricci scalar of g,,,

respectively, then the action of O, and DgH) coincides on all tensor fields.

Conformal wave equations

Let us reconsider the system (3.2), (3.3), (3.4), (3.8) and (3.9). We replace the
Ricci tensor by the reduced Ricci tensor and the wave-operator by the reduced

wave-operator to end up with a closed regular system of wave equations for g,,,,
©, s, Ly, and dy6”°,

1
0L, = 4L..L," - gW\L\2—2@d,wupL,,”+6V,LVVR, (3.11)
1 1
Oys = @\L\Q—EVKRV“@—ESR, (3.12)
1
0,06 = 4S_E@R’ (3.13)
alfg e Odun o — 4O, + SR
g uvop T prve Uopo T orlp Dvlap + iR prvop s (314)
1
R/(LIZ) [g} = 2LMV + gRguu . (315)

Henceforth the system (3.11)-(3.15) will be called conformal wave equations
(CWE).

REMARK 3.1 Since R is regarded as a gauge degree of freedom and not as un-
known, there is no need to worry about its second-order derivatives appearing
in (3.11). Note, however, that, unlike W7, the gauge source function R cannot
be allowed to depend upon the fields L., duvep, © and s, due to the fact that
(8.11) contains second-order derivatives of R. Since Vg =0, R can in principle
be allowed to depend upon g, .

3.2 Consistency with the gauge condition

Let us analyse now consistency of the CWE with the gauge conditions we
imposed. More concretely, we consider a characteristic initial value problem,
where, for definiteness, we think of two transversally intersecting null hypersur-
faces or a light-cone, and assume that we have been given initial data (g, S,

13
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(:)7 IOJM,M cilw(,p). We further assume that there exists a smooth solution (g,., s,
©, L.y, due”) of the CWE with gauge source function R which induces these
data. We aim to work out conditions, which need to be satisfied initially, which
guarantee consistency with the gauge conditions in the sense that the solution
implies H” = 0 and R, = R, where R, := R[g] denotes the curvature scalar
of gu,. (Recall that there is, depending on the type of the characteristic initial
surface, the additional gauge freedom to prescribe © or 3, but here consistency
is trivial.)

Let us outline the strategy. To make sure that H? and R — R, vanish we
shall derive a linear, homogeneous system of wave equations for H? as well as
some subsidiary fields, which is fulfilled by any solution of the CWE. We shall
see that it is not necessary to regard R — Ry as an unknown. We shall assume
that all the fields which are regarded as unknowns in this set of equations vanish
on the initial surface (in Section 5 these assumptions will be justified). Due to
the uniqueness of solutions of wave equations, which is established by standard
energy estimates, cf. e.g. [15], we then conclude that the trivial solution is the
only one and that the fields involved need to vanish everywhere.

Some properties of solutions of the CWE

Let establish some properties of solutions of the CWE. First of all we show that
the tensors g,, and L,, are symmetric, supposing that their initial data are
(and that d,.», satisfies a certain symmetry property on the initial surface).

LEMMA 3.2 Assume that the initial data on a characteristic initial surface S of
some smooth solution of the CWE are such that g,.|s is the restriction to S of
a Lorentzian metric, that Ly,,ls = 0 and dyuvepls = depuw. Then the solution
has the following properties:

1. g and L, are symmetric tensors,

2. dyvop = dopuv -

REMARK 3.3 A priori it might happen that g.. becomes non-symmetric away
from the initial surface. However, the lemma shows that the tensor g,, does
indeed define a metric as long as it does not degenerate (i.e. at least sufficiently
close to the wvertex or the intersection manifold, respectively). Later on, the
initial data will be constructed from certain free data such that all the hypotheses
of Lemma 3.2 are satisfied, we thus will assume throughout that g,, and L,
have their usual symmetry properties.

PrOOF: Equation (3.14) yields®

DgH) (duvop — doppr) = 4@[9[a5]daﬁwdpavﬁ - gh’ildaﬁwdpﬁw]
+209°% 9" [dpavy (duros — dopur) = dowps (dvapy — dpwa)]
1
5 B(duvop = dopu) (3.16)
9 The indices are raised and lowered as follows: vH := g vy and wy 1= gu,wY. Note

for this that g,. is non-degenerated sufficiently close to S. The definition of the Ricci tensor,
which appears in (3.15), in terms of Christoffel symbols which in turn are expressed in terms
of g make sense even if g is not symmetric.

14
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From (3.11) and (3.15) we find

DEJH)L[MV] = 4g[aﬂ]LuaLVﬂ — 9] ‘LP + GQPWLPU(dVU#’Y - d#'YVU)
+2@goKdeVO'L[pH] _ 299[”“]dwuprm , (3.17)
() B 1
R[p,y] [g(ap)ag[op]} - 2L[;w] + ERg[;w] . (318)

The equations (3.16)-(3.18) are to be read as a linear, homogeneous system of
wave equations satisfied by g, L) and duvep — doppw, and with all the other
fields regarded as being given. Since, by assumption, these fields vanish initially
they have to vanish everywhere and the assertion follows. a

It is useful to derive some more properties of the tensor d,,-,. We emphasize
that d,,o, is assumed to be part of some given solution of the CWE and that,
a priori, it neither needs to be the rescaled Weyl tensor nor does it need to have
all its algebraic properties.

LEMMA 3.4 Assume that d,.q, belongs to a solution of the CWE (3.11)-(3.15)
for which the hypotheses of Lemma 3.2 are fulfilled. Then the tensor dy,., has
the following properties:

(1) d/Lusz - dnp;tu;
(i1) duvep is anti-symmetric in its first two and last two indices,
(iii) dvo, satisfies the first Bianchi identity, i.e. dj,,4], = 0,
() duvep is trace-free,
supposing that (1)-(iv) hold initially.

REMARK 3.5 The constraint equations we shall impose later on on the initial
data guarantee that (i)-(iw) are initially satisfied. As for g,., and L, we shall
therefore use the implications of this lemma without mentioning it each time.

PROOF: (i) This is part of the proof of Lemma 3.2.

(ii) Equation (3.14) implies a linear, homogeneous wave equation for d,,s,

1
H
00 dguyep = Odopa"diuys® + 3 Rdguap
i.e. the tensor d,.», is antisymmetric in its first two (and therefore by (i) in its
last two indices) since this is assumed to be initially the case.

(iii) Due to the (anti-)symmetry properties (i)-(ii), we find the following
linear, homogeneous wave equation from (3.14),

1
H
0 ety = Odpuin)*dojpa” + 40,0, dyay” + 5 Bduvolp
= 2@dgapﬁd[,€wj]a + QGdWXpHd[,WU]a + 2@dyapﬂd[ﬁo-u]a

1
+00ps" o) + Olvordiaup) " + Odourdlavy)" + 5 Rdluvol, -

(iv) It remains to be shown that d,,,,” = 0. Employing the properties (i)-(iii)
we conclude from (3.14) that

e 1
O d,pe” = —20d," |, “dyepe” + §Rd“pop ;

which is again a linear, homogeneous wave equation. O
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Next, let us establish another important property:

LEMMA 3.6 Assume that the hypotheses of Lemma 3.2 and 3.4 are satisfied and

that, in addition, the trace
L:=1L,°

of Ly coincides on the initial surface with one sizth of the gauge source func-
tion R, L = %R. Then

1
L= ER . (3.19)
(This is what one would expect if L, was the Schouten tensor and R the Ricci

scalar.)

PROOF: We observe that in virtue of (3.11) the tracelessness of d,.», implies
1
O4(L — ER) = 0.

and the assertion follows again from standard uniqueness results for linear wave
equations. O

Gauge consistency

Let us return to the question of whether we have consistency with the gauge
condition in the sense that a solution of the CWE satisfies H7 = 0 and R, = R.
For that we assume that all the hypotheses of Lemma 3.2, 3.4 and 3.6 are
fulfilled. We consider the identity

1 1 1 o
Ry — iRgg;w = ng) - §R(H)9;w + 9o(uViyH? — §9Wv0’HG - (3:20)

Invoking (3.15) and Lemma 3.6 we deduce that
1 1 - s 1 o
R;ux - iRgg/yw = ZL;W - gRg;w + ga(uvu)H - §guuvo—H
ianchi 2~ 2~ 1
PRnht YUY, HY 4 2P0V, YV, HO 4 A(VVL — SVOR) = 0. (3.21)
Be aware that at this stage it is not known whether L,, coincides with the
Schouten tensor and thus satisfies the contracted Bianchi identity (3.1) such
that the term in brackets in (3.21) drops out. That is the reason why we cannot
immediately deduce H? = 0 as in [5] supposing that this is initially the case.
Given two covariant derivative operators V and V (associated to the metrics

g and g, respectively), there exists a tensor field Cj, = C7,,, which depends on
g, 0g, g and 0§, such that

V7 = Vo7 =00 (3.22)

for any vector v?, and similar formulae hold for tensor fields of other types.
Setting

1
Gu = —4(VoLy” = SV,uR) (3.23)
the equation (3.21) can therefore be written as

O,H* = ¢+ f*(9,6;H,VH) , (3.24)

16



which is a linear wave equation satisfied by the wave-gauge vector H.'0 In
(3.24), as in what follows, the generic smooth field f*(g,g; H, VH), or more
general fal,,,apﬁl“ﬂq (V1,..., Um;W1,. .., wy), represents a sum of fields, each of
which contains precisely one multiplicative factor from the set {w;} as well as
further factors which may depend on the v;’s and also higher-order derivatives of
the v;’s. The latter does not cause any problems since the v;’s will be regarded
as given fields rather than unknowns of the system we are about to derive. In
most cases we will therefore simply write fal,,,apﬂl”ﬂq (w1, ... wy).
Taking the trace of (3.20) and inserting (3.15), yields (note that L = R/6)

R, = RW {V,H =R+V,H’ . (3.25)

The vanishing of 4 would therefore immediately ensure that R, = R.

The tensor d,..” is supposed to be part of a solution of the CWE. Note,
again, that at this stage it is by no means clear whether it, indeed, represents
the rescaled Weyl tensor of g,,, and ©. As before, we denote by W,,,»” the Weyl
tensor associated to g, defined via the decomposition

1
Ruuo'p = Wuvop + gn[;LRu]p - gp[/LRD]O' - gRggrr[/Lgu]p . (326)
As outlined above we want to derive a closed, linear, homogeneous system
of wave equations for a certain set of fields in order to establish the vanishing
of H?. First of all, we need a wave equation for ¢,. Making use of the Bianchi
identity, (3.19) and (3.11), we obtain

2
OgCu —-4v,0,L," + §DgVuR —8VY(Wyor’L,°) +8R,"V . L,"”

1 1
—AR,"Vy L = Ry + S RoGu — 4R,V (L — 2 R)
4 1 8 2
+5 Ry V(L = SR) + 2LV Ry — LV, Ry
1
= (4Ly" = Bu")G + 4(2Lus — Ruo + £ Rgvo) (V" = 2V7 L")
v o ]‘ v
—8V"[(Whor” = Odyor") L] + 3(Gu + 8L,V = 2LV,) (B — R)
—AL VYN 3\ Hy — ALV 3 Hy) + fu(z H,VH) . (3.27)

We employ (3.10), (3.15), (3.25) and (3.24) to end up with
v 1 v P P o 2 v
OgCu = 4L,"C — ERCM -8V [(W/wv - @d/wu )Lp ]_ gLvuVVH
2
+§LMVVVVUH" — AL VYN W Hyy + fu(z H,VH) . (3.28)
In order to get rid of the undesired second-order derivatives in H?, we introduce

the tensor field
K,” :=V,H" (3.29)

10Note that in this part the metric is regarded as being given, so Og4 is a wave-operator

)

and there is no need to work with the reduced wave-operator D_E,H .
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as another unknown for which we need to derive a wave equation, as well. We
employ the fact that the right-hand side of (3.24) does not contain derivatives of
¢*: Differentiating (3.24) we are straightforwardly led to the desired equation,

DgK/w = V[LDng/ + R,LLHVK,H]/ + HKVO'RK,I//LU + QRKV}LUVUHK
= V.l + fun(z HVH, VK) . (3.30)
Moreover, (3.28) becomes a wave equation for ¢,
1% 1 v g,
OgCu = 4L,"C — ERCM -8V [(Wva - @dwup)L 7]
+fu(a; H,VH, VK) . (3.31)

We observe that we need a wave equation for W5, — ©d,00, (actually just for
its contraction with L7, but for later purposes it is useful to show that ©d,s.,
coincides with the Weyl tensor, which would follow, supposing, as usual, that it
is initially true). For this purpose let us introduce the tensor field (o,

Cuvo =4V gLy, -

Note that C[WU] = 0 for a symmetric L, .
Starting from the second Bianchi identity, we find with (3.26), (3.10), (3.15)
and (3.25)

VaWivep = =2VWijaop + 2V Ru09pln — 2Via R0 9plv — 2V B0 Gpla

2 1
"‘ggu[vgp] wVa Ry — gga[vgp]vvuRg
= g,u[a(p](xu + gu[on]/wz - ga[an]/w - 2v[/LWV](¥O'/)
2 K 1 K
3910 9ol Val Vall™ = 29ai09p1w Vi Ve H" + gafe Vg Vi Hy)
+9uc Vo VivHa + 9oV VieH, + fapvop(z; HVH) . (3.32)

Applying V¢ yields

OsWivop = 20V Woiaop + Wiwa Wepe® = AW, Wojap"™ + %RWWW
F2(9p1:Wiao” = 9oluWijap™ ) Le® = 2L1 " Wojkep = 2L1e" W
+VieCotvn + o1V Cpav] = 9oV Coaly] + %gu[ogplanDgH”
+égM[UVP]VDVaHO‘ - égV[va]vuvaHa - %gM[UvP]DQHV
+% 9010V 5109 Hyy + frvep(a; H,VH,VE) . (3.33)

Before we manipulate this expression any further it is useful to compute
V% ua = 20¢Lu, —2V, VoL, —2Ra,,"Li® — 2R, L,
= 20D L, + 20" Wy® — 3L,“RUD — L,*RUD + g, L>~R{D

1 1 1 1
—5VuVu(Ry — S R) + LR + = LRy — S LRygu
1 . 1 .
5 Vo VeVl + S gunVy VOV H® + fu (23 H, VH)
1
= 2(Wpe" 204y L + 5V, O H,,

+fu (2 H,VH,VK) , (3.34)

18



which follows from (3.10), (3.11), (3.15), (3.19), (3.21), (3.25) and (3.26). Due
to the Bianchi identity, (3.10), (3.15) and (3.25), we also have

o 1
VQW,U,VU = _V[;LRV]J - ggo[uvu]Rg
1 1 1
= 5Cour = 3VoViut) = 0oy Vi V" + fuyo(w: H,VH) (3.35)

Invoking (3.34) and (3.35) we rewrite (3.33) to obtain

99

K « « K 1
OgWivep = V[G<ﬂ]»# - V[/LCV]UP + Wiva"Wope® — 4Wm€[u Wu]ap + §RWMWP

_2L[#KWV]'wp - 2L[U“Wp],§/w + 4L~a(Wpa[/tH - @dm[uﬁ)gﬂo

« K K 1 1
—AL* (Woal" = Odgalu” )90y + §gp[uVV]DgHﬂ - §gU[uVV]Dng

1 1 1
+§gV[UvP]DgHM - §gxt[«7vﬂ]DgHV + ggxt[ﬂgp]VVHDgHﬁ

+fuvop(x; H,VH,VK) . (3.36)

We insert (3.24),

DgWerp = V[O'C[)]D/L - V[/LCy]op + WMVaHWGpKa - 4Wrr)<,[/LaWu]apH
_QL[MNWV]Wp - 2L[oﬁ plapr + 4Lﬁa(Wpa[uﬁ - edpa[uﬁ)gﬂv

K K 1 1 K
_4Lﬁa(Wo—a[M = edoa[p )gu]p + gRVV/szp + ggp[agp]anC
1 1 1 1
+§gp[uvu]ga - iga[qu]Cp + §gu[ovp]4u - §gu[avp]4y
+ fuvop(x; HVH,VK) . (3.37)
It proves useful to make the following definitions:
1 K
Auve = §</LVO' - VH@dVO'/A " (338)
Ew = V,V,0+0L, —sgu . (3.39)

We observe the relation
VoCuve = 2V pstp06 +2V"OV ydyopr + 25 pkdvon”™ — 2L, "Odyo s + 25duopp -

Then, due to the (anti-)symmetry properties of the tensor d,,, derived above,
(3.37) yields

OWivop = 2V"OV(odyvy — 2V OV udykop + 2V 050u — 2V [u540)0p
+2dy 1" Eolx — 2o "Euin + Wiwa"Wopr™ — AWor[ " Wiap"™

1 K K
+-RWop + QL[H (@du],ﬂ,p - W, ]m,p) — 2L[U (@dp]m/u - W

3 v p]m/u)

+4LHQ(WPQ[MH - @dpa[uﬁ)gﬂa - 4LRQ(WM[MH - edm{uﬂ)gl']ﬂ
1 1 1 1

+§gp[uvu]<o' - iga[uvu]Cp + igu[ovp]C/yb - §g;t[avp]CV

1

3
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On the other hand, in virtue of (3.13) and (3.14), we have

Dg(eduwp) = duwprg@ + emgduwp + QVHGVHdem
= Asduvop + 2VOV duvop + O duv dopa” — 40%dy(, * dya)”

1
+§R6d,wgp + fuvop(z; H,VH) . (3.41)
Combining (3.40) and (3.41), and invoking (3.5), we are led to the wave equation

Og(Wvep = Oduvep) = 2V [o2plup = 2V (u0)0p + 2dunie "l + 20 "Eo)e
FWona"Wope® — Odopi™) + Odopr™ (Wina™ — Odpwa™)
=AW Wijap™ = Odujap”) = AWoi(n® — Odgy,*)Odya)”
—2L1," Wyirop — Oduirop) + 2L1" (Woikwp — Odpenp)
+4Lna(Wpa M edpa [ ")g 9vle — 4Lna(Woa " @do—a[uﬂ)gu]p

1 1

+3RWhvop = Odyuep) - 5V Oenop eu™ + ey’ €0 ) Vadpys®
1 1 1 1

+§gp[uvu]<0 - §go[uvu] Cp + §gu[avp]<u - §gu[ovp]4u

1 K
+§gu[ogp]uvﬁg "+ f,uuop(x;H7 VH, VK) ) (342)

which is fulfilled by any solution of the CWE.
In order to end up with a homogeneous system of wave equations, it remains
to derive wave equations for s¢,,6, =, and V,d,”. Let us start with V,d,,.67,

O,Voduwe” = V,0udune” — AW, p*Vidyjac” + 2Wipe “Vd w0’
=201 Ve Ra)’ — 2dopu* V[ Ry’ + 2d ) “ Vi, Ry

2R, Voo’ + Ro”Vady,® + 3R,V udays”
1

—§d,LWaVaRg
= 2dup" 5 sa — Ao 5 ) + (mea — Odwop* )V dna”
—4(Wypr™ — Ody )V"‘d,,]w”—&— R” e“(w egp V,\d[g,ﬂs
+2Ry, V|pdm|,,] + @duw Vpdo" " +40ds" 1,V | dyjar”
+(Ro" + §R60“)Vpdwa” + fuvo(z; HLVH,VK) . (3.43)
The validity of the last equality follows from (3.10), (3.14), (3.15), (3.25) and

(3.5). Note that to establish (3.5) one just needs the algebraic properties of
duwe" which are ensured by Lemma 3.4.

Next, let us derive a wave equation for =,,. With (3.11)-(3.13), (3.15),
(3.10), (3.19) and (3.25) the following relation is verified,

0,5, = V,V,0,0+ QV(M 1xV"0 + 2R, (,V,) VO + 2R,,, "V V.0
—V.R,V"O+L,, g@ +e0 LW + 2v0@v oLy — guuOgs
= 2(2L(,"60)" — g L7 — W7 )0k 4 20 Le (W7, % — Od,7 %)

1
+4Y(, ) + cREpy + fyuw (2: H. VH, V) , (3.44)
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where we have set
Y, :=Vus+L,V'O. (3.45)

Of course, we also need a wave equation for T,. Using again (3.11)-(3.13),
(3.15) as well as (3.10) and (3.25) we find that

0,¥, = V,O4s+R,"Ves+0,4L,,V'O+L,"V, 0,0+ L,"R,"V.0
+2V, L, VV'O
1
= 6L,y +20L " s + 25,6V Ly = SE VR
+fu(x; HVH,VK) . (3.46)

Finally, let us derive a wave equation which is satisfied by s, = %CWO_ —
V..Odyo,". The definition of the Weyl tensor (3.26) together with the Bianchi
identities yield

1
5‘:‘ngsz = 2V[UDgLV][L — ZWVUKPVPL”K + 41/I/v'u,§p[,7V’JLV]N — ZRH[DVU]LMK

1
+2Ryo Vi L) = 2Ruio Vs Li)™ = 2Roxgulo VI Li)™ + ¢ RoCuvo
2
+§Rgg/L[UVHLD]K, + 2LMKV[VR(T]H + 2LVHV[/LRH]O' + 2LG'KV[K,R/L]V
= 2(/Ll<,[a-[/u]N + 34-04[uzrgn]/r[/aN + 4Lpﬁv[y (G)da]ﬁup) + ZG)Can[udn]Kua

K K a K 1
+4(VV/LP[V _ed/tp[l/ )V|H|La]p_</tanwu o +§LM[VVO']R

1 1
—|—6(R0W” + 29,00 Lo)" )V R + ERgCWU + fuvo(z; HVH,VK) |

where the last equality follows from (3.10), (3.11), (3.15) and (3.25). We employ
(3.13)-(3.15) and (3.10) to deduce that

0y(VeOduon™) = duop(Ve3y0 + R.PV,0) + V,.00,d,0," +2VoV,.0V,,,."
= AT dyop” — 20"V y(0dyop”) + 250,V dyop™ + 25V wdyop”

+9(%CMO‘ — 50y’ — O(2lais — 45ario)du 1
+%Rdwfv,ﬁ6 — %@dw’*VHR + fuo (z; H, VH) .
With (3.25) we are led to
Ogstue = 4V70{980d01eu" La" = Guivdolns® La" = dupwivLo)"
—dyorulp” — %Rdwuﬁ}
+60L," "V, dymp” — 250 Vo™ — 47 wdyo”
FAW2 " — O, )V i Loy — G (Waige® — Odoa”)

_4%MH[VLJ]N + G%Q[uagn]uLom + @%M)\aduoa)\ - 46%@)\[adu])\ua

1 1
—25Vedyou™ — E(Wy(m” —Odyo,* )V R+ ERQ%’WU
+fuvo(x; H,VH,VK) . (3.47)
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The term in braces needs to be eliminated. To this end let us consider the
expression (we use the implications of Lemma 3.4)

3v)\v[)\dp,z/]o'p = ng,uugp - Vz/v)\dop,u)\ + v,uvkdopy)\
_WMV)\Kdo'pmA + ZW)\y[oHdp]x,uA - ZW)\/L[Ude]KDA
_dUp[/.LKRD]K, - d/w[o)\Rp])\ + g/t[ndp]ny)\R)\H - gu[ﬂdp]nu)\RM{ .
We take (3.5), (3.10), (3.14) and (3.15) into account to rewrite this equation as

1

291/[0'dp]/i/,J,OLLOA'Li - 29#[0'dp]MJOLLOzﬁi - QdMum[oLp]n - 2d<7'pm[/,1,Ll/]ﬁi - ng/Luop

= 2(Worn®™ = Odowu™)dyjap™ = 2(Winjap™ — Odjujap”™)dow|u)

_(VV/Luﬁa - (9Cl/wna)dnpozN + QV[MVI)\dUp‘V])\

1
_iqlwneopmvwadﬁ%a + fuvop(x; HVH) . (3.48)

Combining (3.48) with (3.47) and (3.5) yields a wave equation for ..,

Ogste = AVPO[(Wyn® = Odurn)dga0”™ — (Worn® — Odorn®)dgan”]
F2(Wyupn® = Odusn® )V Odoa” + 4V OV (5(Vadign)
e oI VPOVN(Vodsyn®) + OL, onn’ €,PP TV 0d 6™
—253,Vyop™ — 4T wdyon”™ + AW, 1" — 0d, 1)V | Loy

K ak 1 @ K K
_4%MH[VL0'] +6%a[uo'gn]uL +§</u-i (Wuoa _@dyaa )

1
+@%p,)\aduaa>\ + 4@%(1)\[uda]>\ua - E(Wuoun - @duaum)vnR

1
=25V dyou" + ERg%WU + fuve(z; HVH, VK) . (3.49)

The equations (3.24), (3.30), (3.31), (3.42), (3.43), (3.44), (3.46) and (3.49)
form a closed, linear, homogeneous system of linear wave equations satisfied by
the fields H?, K, Cus Wivop — Oduvops Vpduws”, Epv, Ty and 5,0, with all
other quantities regarded as being given. An application of standard uniqueness
results, cf. e.g. [15], establishes that all the fields vanish, supposing that this
is initially the case. In particular this guarantees consistency with the gauge
condition, i.e. H? = 0 and, by (3.9), R, = R, for solutions of the CWE. In fact
we have proven more, and that will be of importance in the next section.

3.3 Equivalence issue between the CWE and the MCFE

Recall the CWE (3.11)-(3.15) and the MCFE (2.5)-(2.10). Let us tackle the
equivalence issue between them. A look at the derivation of the CWE reveals
that any solution of the MCFE which satisfies the gauge condition H? = 0
will be a solution of the CWE with gauge source function R = R,. The other
direction is the more interesting albeit more involved one. We therefore devote
ourselves subsequently to the issue whether (or rather under which conditions)
a solution of the CWE is also a solution of the MCFE. We shall demonstrate
that a solution of the CWE is a solution of the MCFE supposing that it satisfies
certain relations on the initial surface. In fact, most of the work has already
been done in the previous section.
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We have the following intermediate result; we emphasize that the conformal
factor is allowed to have zeros, or vanish, on the initial surface:

THEOREM 3.7 Assume we have been given data (G, S, (:), IO/W, cilw(,p) on a
characteristic initial surface S (for definiteness we think either of two transver-
sally intersecting null hypersurfaces or a light-cone) and a gauge source function
R, such that g, is the restriction to S of a Lorentzian metric, L, is symmet-
ric, ZQLH“ =1 = E/6, and such that ciuwp satisfies all the algebraic properties of
the Weyl tensor (cf. the assumptions of Lemma 3.4). Suppose further that there
exists a solution (G, s, ©, Luy, duwe") of the CWE (3.11)-(3.15) with gauge
source function R which induces the above data on S and fulfills the following
conditions:

1. The MCFE (2.5)-(2.8) are fulfilled on S;
2. equation (2.9) holds at one point on S;
3. the Weyl tensor W, [g] coincides on S with (:)daw,o.p;

4. the wave-gauge vector H° and its covariant derivative K,° =V ,H van-
ish on S;

5. the covector field (, = —4(V,L," — £V, R) vanishes on S.
Then

a) H” =0 and Ry = R;

b) L, is the Schouten tensor of gu.;

¢) ©d,e" is the Weyl tensor of g ;

d) (9uvs S, ©, Ly, duve”) solves the MCFE (2.5)-(2.10) with H? = 0 and
R,=R.

The conditions 1-5 are necessary for d) to be true.

Proor: The conditions 1 and 3-5 make sure that the fields H?, K., (u,
Wivep — Oduvop, Vpduwe”, Ep, T,y and s, vanish on S. In the previous
section we have seen that they provide a solution of the closed, linear, homo-
geneous system of wave equations (3.24), (3.30), (3.31), (3.42), (3.43), (3.44),
(3.46) and (3.49), so that all these fields need to vanish identically. In particular
that implies H? = 0, that ©d,,,,” is the Weyl tensor of g,,,,, and that (2.5)-(2.8)
hold. The vanishing of H? guarantees that the Ricci tensor coincides with the
reduced Ricci tensor and by (3.25) that R is the curvature scalar R, of g,.
Equation (3.15) then tells us that L, is the Schouten tensor. Hence (2.10) is
an identity and automatically satisfied. To establish (2.9), it suffices to check
that it is satisfied at one point, which is ensured by condition 2. O

In the following we shall investigate to what extent the conditions 1-5 are
satisfied if the fields §uu, Ly, duwe”, © and § are constructed as solutions of
the constraint equations induced by the MCFE on the initial surface.
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4 Constraint equations induced by the MCFE
on the C;--cone

4.1 Adapted null coordinates and another gauge freedom

The aim of this section is to derive the set of constraint equations induced by
the MCFE,

Voduve” =0,

Vilve = VLo =V,0dyus”

VuV,© =-0OL,, + sguw ,

Vus=-L,V'0O,

205 - V,0V"0 =0,

Ruve"lg) = Odyve™ + 2 (gv[uLV]li - 5[MKLV]U) J

on the initial surface S, where we assume henceforth

/\/\/\/\/\/\
e
S O W =
NSANS AN AN AN

A=0. (4.7)

By constraint equations we mean intrinsic equations on the initial surface which
determine the fields g,.|s, Luvls, duve’|s, ©ls and s|g starting from suitable
free “reduced” data. We shall do this in adapted null coordinates and imposing
a generalized wave-map gauge condition. To avoid too many case distinctions
we shall derive them in the case where the initial surface is the light-cone C;-
on which the conformal factor © vanishes (this requires (4.7), cf. (2.9) evaluated
on C;-), which is completely sufficient for our purposes.

Adapted null coordinates (u,r,x) are defined in such a way that {20 = u =
0} == =C;- \{i"}, 2! = > 0 parameterizes the null rays emanating from
i~,and 2, A = 2,3, are local coordinates on the level sets {r = const,u = 0} =
S? (note that these coordinates are singular at the tip, see [5] for more details).

First we shall sketch how the constraint equations are obtained in a general-
ized wave-map gauge with arbitrary gauge functions. We shall write them down
explicitly in a specific gauge afterwards.

We use the same notation as in [5], i.e. vy := Gy, ¥4 = Jya. The function
xal = %yBcalgAC denotes the null second fundamental form, the function 7,
which describes the expansion of the cone, its trace, and the shear tensor o4”
its traceless part. The symbols v A, ng and RAB refer to the r-dependent
Riemannian metric § := g, pdedda?.

The equation (4.12) below together with regularity conditions at the tip of
the cone imply that § is conformal to the the standard metric sap on the 2-
sphere S2. It therefore makes sense to take as reduced data the g -trace-free part
of Lap on C;— (which coincides with its s-trace-free part). It will be denoted
by LAB = WAB-

The field wap is an r-dependent tensor on S2. Here and in what follows 7
denotes the j-trace-free part of the corresponding 2-tensor on S2. As before,
overlining is used to indicate restriction to the initial surface. The gauge degrees
of freedom are comprised by R, W*, 5 (cf. Sections 2 and 3.1) and k. The
function & is given by

1

1 = _
k=120 — 37~ §u0(§“”r?w + W), (4.8)
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where 10 := g% = (19)7!. It reflects the freedom to parameterize the null
geodesics generating the initial surface [5]; the choice K = 0 corresponds to an
affine parameterization.

4.2 Constraint equations in a generalized wave-map gauge

We show that, in the case where the initial surface is C;-, the constraint equa-
tions form a hierarchical system of algebraic equations and ODEs along the
generators of C;—. In doing so, we merely consider those gauge choices W*
which depend just upon the coordinates and none of the fields appearing in the
CWE (cf. footnote 11). To derive the constraint equations we assume we have
been given a smooth solution of the MCFE in a generalized wave-map gauge
H? = 0, smoothly extendable through C;- We then evaluate the MCFE on
C;- and eliminate the transverse derivatives. For this we shall assume that the
solution satisfies s, # 0, which implies that 37! and (9y©)~! exist near i~
(the existence of the latter one follows e.g. from (4.10) below). The function
771 needs to exist anyway close to i~ [5]. It should be emphasized that, on a
light-cone, the initial data for the ODEs cannot be specified freely but follow
from regularity conditions at the vertex. For sufficiently regular gauges the be-
haviour of the relevant fields near the vertex is computed in [5]. When stating
this behaviour below we shall always tacitly assume that the gauge is sufficiently
regular.

In the following we shall frequently make use of the formulae (A.8)-(A.25)
in [5] for the Christoffel symbols computed in adapted null coordinates on a
cone.

We consider (4.3) for (uv) = (10), (AB) on C;-, where we take the g4Z-trace
of the latter equation,

01000 + (5 —1°0110)0 = 13, (4.9)
5 = %woao—@ (4.10)

(note that H® = 0 implies x = I'}; [5]). Differentiating (4.10) and inserting the
result into (4.9) we obtain an equation for 7,

1
T — (k4 01log [3])T + 57'220. (4.11)

The boundary behaviour is given by 7 = 2r= + O(r) [5].
Due to our assumption s,- # 0 the (AB)-component of (4.3), together with
(4.10), provides an equation for g, 5 (at least sufficiently close to the vertex),

The boundary condition is g4 5 = r?sap +O(r?) [5], with s4p the round sphere
metric.

Using the definition of L,,, which can be recovered from (4.6), as well as
(4.12), we find that

— 1 — 1 1 1
L11 = —5(817’ - FhT + XABXBA) = —5817' + 5/{7’ — ZTQ . (413)
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The gauge condition H® = 0 provides an equation for vy,

1 1—
811/0—&-1/0(57'—!—&)—&—51/0 =0. (4.14)
Here we have set
VA =gt T, + W

The boundary condition is vy = 14 O(r?) [5]. Equation (4.10) then determines
00©. The function dpg1; is computed from x = I'}},

60911 = 2611/0 - 21/0,‘41 . (415)

We remark that the values of certain transverse derivatives are needed on the
way to derive the constraint equations. As a matter of course the constraint
equations themselves will not involve any transverse derivatives, for they are
not part of the characteristic initial data for the CWE.

Let us introduce the field

€a = =204 + 4%\ Al + vAVO +GuVE —GupgPTE, . (4.16)
In a generalized wave-map gauge we have [5]
€a = —2T},. (4.17)

Invoking (4.10) and (4.12), equation (4.3) with (ur) = (0A) can be written as
an equation for €4,

€4 = 204log|00O| — 2001 . (4.18)

The definition of £4 can then be employed to compute v 4,

1 — 1 1 ~ 1
00wa — 11lvy — §VAVO — §§ABVB + §§AD§BCFgC + 5{,4 =0. (4.19)

The boundary condition is given by v4 = O(r®) [5]. The equation {4 = —2I'}
then determines Oyg14 algebraically,

80g1A = (8,4 + fA)l/o + (81 — T)Z/A . (4.20)
From (4.9), (4.10) and (4.18) we obtain the relation
01éa = 814(7 - 2’{) )

which yields

— 1 - |
Lia = 501+7Tia+5Vexa® = 04T — 5047
1 1
= _ZTfA - 58‘47' . (421)

11 Recall that we assume W?> to depend just upon the coordinates, otherwise one would
have to be careful here and specify upon which components of which fields W* is allowed to
depend in order to get the hierarchical system we are about to derive.
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We define the function
1 _
¢ =20 +k+ 57)5“ + 2V, (4.22)

For a solution which satisfies the generalized wave-map gauge condition H? = 0
it holds [5] that

¢ = 2g*PTh 5 + 73" . (4.23)
We find that
G PRacsC = R-— 1‘48,47' 4 rgABTY ;TylAFlA 4 ;T g
= R- —§1A(6A + §§A)T + §TC : (4.24)
On the other hand, the AP Rac5%-part of (4.6) yields (we set A = §AB§B)
" PRacs® = 7'""Lia+27""Lap
= (VA — —EA - 17’51‘4)5,4 — %glAﬁAT + (O + 74+ K)C
+R- %R , (4.25)
where we took into account that
294PTap = (D +74+K)C+ (Va— %gA)gA +R— %E . (4.26)
Combining (4.24) and (4.25), we end up with an equation for ,
(0 + 57+ R+ (Ta— 5EE 3R = 0, (4.27)
where the boundary condition is ¢ + 2r~! = O(1). Then (4.26) becomes
g"PLap = —rg + % (4.28)

The definition (4.22) of ¢ can be employed to compute gy, since Gy, =
74 Bvavp — (19)*g"'. The boundary condition is [5] g'' = 1 + O(r?). The
equation ¢ = 2gABF1 + 7g"! can then be read as an equation for 4%0yga5,

7 P80gap = 2V~=va — (73" +¢) . (4.29)

An expression for Lg; follows from the relation g"’ L, = %R, which yields

— 1 1 1 1
L01 = —§I/A(5A -+ 5514)7' —+ ZV()gn[alT — KT + 57'2]
1 - 1 —
—— — 4.
8V0(TC+2R)+ 121/0R, (4.30)
where v4 = EABVB. On the other hand we have
_ _ 1 —
2L01 = R()l — él/oR

[ _ ~ 1 — —
LY, — 81F80 +(Va+ ETVOVA)F(?l + (1/081V0 — K+ 7')1%1

1 = 1 =
_T)FéA — EVOR .

—(81 — Voall/o + K+ D)
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Combining this with the gauge condition dgH® = 0 one determines dygo; and
92,911, with boundary condition dogo1 = O(r) [5].

Note that up to this stage the initial data wap have not entered yet, i.e.
all the field components computed so far have a pure gaugg—charactgr. Note

further that (dogap) can be computed in terms of wap = Lap = +Rap and
those quantities computed so far. (Recall that (Jypgap) denotes the trace-free
part of dygap with respect to §4p5, and note that (.) always refers to the two
free angular indices.)

Equation (4.6) with (uvok) = (0ABC), contracted with g4, gives an equa-
tion for Lo,

Loa = —Gacg”"(08T5p — TG, +T6pT5s — TEpT0)
_ _ _ 1 -
—I/OVAI/BLlB + VBLAB + 21/OVAL01 — EVAR (4.31)

(the right-hand side contains only known quantities). From the definition of
Lo and the gauge condition 9gHC = 0 one then computes dygoa and 88091 A
The relevant boundary condition is dpgoa = O(r?). The g-trace-free part of
(4.6) for (pvok) = (0AOB) yields (92,948)-

The 10 independent components of the rescaled Weyl tensor in adapted null
coordinates are

doro1 , doi1a, dowoa, doiaB, diaiB, doaoB -

The g-trace-free part of (4.2) with (uvo) = (A1B) determines élAlB,

> _ 1 = ~ 1 =
diaip = 10(000)7 (01 — §T)WAB +LiuThy —VaLlip + §§BL1A
1 ~ 1 —
+§§AB(VC - ifC)LlC} : (4.32)

All the remaining components of the rescaled Weyl tensor can be determined
from (4.1). We will be rather sketchy here. For (uvo) = (1A1) one finds

Vidoia +vPVidiaig — g PVediaip =0, (4.33)

which is an ODE for dp;.4, since the term g*Pd; 4pc, which appears when ex-
pressing the covariant derivatives in terms of partial derivatives and connection
coefficients, can be written as

_AB5 07 —1B73
g 7diapc = v'donic —g dipic -

Any bounded solution of the MCFE satisfies EOQA = O(r) for small r.
For (pvo) = (AB1) one obtains an ODE for do14p,

Vidoias + v Vidicas — g "Vpdicas =0, (4.34)

the boundary condition is given by the requirement do; ap = O(r?). Note for this
that diapc and EO[ ABj1> both of which are hidden in the covariant derivatives
appearing in (4.34), can be expressed in terms of diais and dor1a. Indeed,
symmetries of the rescaled Weyl tensor imply that

diapc = 2§EFE1EF[CEB]A = 2(do11c —§1D31D1[c)§B]A )

2dojapp = —doras -
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The (puvo) = (101)-component of (4.1) can be employed to determine do1o1,

Vidowor + v Vidono — ng“"Veodoip = 0. (4.35)

For that purpose one needs to express §AB doap1 in terms of known components
and do101,

—AB7 —1A75 075
g doaB1 = g do11a — v doio1 -

The boundary condition for bounded solutions is do1p1 = O(1).
The function dpioa is obtained from (4.1) with (uvo) = (0A1),

Vidoroa + v°Vidoaic — 0g“PVedoarp =0, (4.36)

and doipa = O(r). To obtain the desired ODE one needs to use the following
relations, which, again, follow from the symmetry properties of the rescaled
Weyl tensor:

7 Pdoapt = gdoria — oo ,
2% apy = §''diais —29'diapyc — 3P deasp ,
P9 Pdcapp = —29"P(@ “diasc + 1 doan1) ,

_ 1 _

§“Pdcapp = §§AB§CD§EFdCEFD ,
dapcp = §EF@C[BEA]EFD - gD[BaA]EFC’) )

—AB73 o 03 1175 1B/ — —

g "doapc = —v'dowoc —7 doiic — 7 (doipc — doseyt — doisogt)
doapc = 2§EFEOEF[C§B]A .

To gain an equation for dosop we observe that due to the tracelessness of
the rescaled Weyl tensor we have

- 1 -
0 = yltyvodp,ABu - §§AB§CD§quOdp,CDV

= 20Vodoapy — 3 Vodiais + 2 Vodianc) -

Two of the transverse derivatives can be eliminated via the following relations,

0= VOV,)JI(AB)P = —V()Cil,an + VlJO(AB)l - VogllvlcilAlB

—~(WVidiapyo) + vV ediai + (G PV pdianc)

0=uV,dapc? = Vodapci + Vidapco + 107 " Vidagcol

D D _DEe————
—v"Vidapcp — v Vpdapci1 +1g  VEdapcep ,

so that we end up with an expression for Vocio( aB)1- The trace-free and sym-
metrized part of equation (4.1) with (uvo) = (0AB) reads

0 = VOVOJO(AB)l +1°Vidoapo + yllVIJO(AB)l +§1CVC'JO(AB)1
+(@"“Vidoapyc)+ @ Vpdoanc) (4.37)

which thus provides an ODE for ﬁo Ao with boundary condition 30 108 = O(r?).
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Finally, one determines Loy from equation (4.2) with (uvo) = (100) and the
contracted Bianchi identity (3.1),

do1o1 -

(4.38)
The boundary condition, satisfied by any bounded solution, is Loy = O(1).

1
21/OV1L00 +§11V1L01 + 2§1AV(1LA)0 +§ABVALOB - Ea()R = (VO)an

4.3 Constraint equations in the (R =0,5= -2,k =0,9 =1n)-
wave-map gauge

To simplify computations significantly let us choose a specific gauge. The CWE
take their simplest form if we impose the gauge condition

R=0, (4.39)

which we shall do henceforth. Moreover, we assume the wave-map gauge con-
dition and an affinely parameterized cone, meaning that

k=0 and W7 =0. (4.40)

Furthermore, we set
5=-2, (4.41)

(the negative sign of § makes sure that © will be positive inside the cone), and
use a Minkowski target §,., = n,,. This way many of the constraint equations
can be solved explicitly. From now on all equalities are meant to hold in this
particular gauge, if not stated otherwise.

The relevant boundary conditions for the ODEs, which follow from regularity
conditions at the vertex, have been specified in the previous section. Recall that
the free initial data are given by the g-trace-free tensor wap and that we treat
the case where the initial surface is C;-, i.e. we have

6=0. (4.42)

Regularity for the Schouten tensor requires wap = O(r?). However, regularity
for the rescaled Weyl tensor requires the stronger condition (cf. (4.46) below)

WwAB = O(’I“4) . (4.43)

Many of the above equations can be solved straightforwardly, we just present
the results,

_ _ 1o
Gy =N s L1, =0, G PLap =0, Loa= §V3509AB : (4.44)

Note that L, is trace-free as required by Lemma 3.6. On the way to compute
these quantities we have found

T=2/r, 9O =-2r, 0g1,=0, g*P0gar=0,
§A =0 ) ( = —2/’/" )
(01 — 17 1)0ogap = —2wap with dogap = O(r?) . (4.45)
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We further obtain (note that F(?A = %chaogAc)

diap = _%al(rilwAB) ) (4.46)

(&1 +3r Vdonia = VPdias, (4.47)

(01 +3r Ndoin = V*doria — %W&MB ) (4.48)

(01 + 7 Ydoras = 2Viadpiio — 2fOC[AEB]HC ’ (4.49)
(&1 + 7 Ydoroa = %@B(EOMB —diag) + %@Aaowl + 7 do11a

+2T8dovim (4.50)

with EOIIA = O(’I"), 30101 = O(].)7 801,43 = O(?"z) and EOIOA = O(?") To derive
(4.46)-(4.50) we have used the following relations, which follow from algebraic
symmetry properties of the Weyl tensor,

dapep = —294c9pjpdoon (4.51)
2dojapn = —doas, (4.52)
2doapy1 = diaie — Gapdoior » (4.53)

diape = —2don1sGcpa (4.54)

doac = 2dowoiBTcya + 2do11(BTc)a - (4.55)

Before we proceed let us establish some relations:
LemMA 4.1 (i) (§9P0ogac ogsp) =0,
(ii) (G“PBogc(awp)p) =0,
(iii) (P Dogcadpyipr) = 0.

PROOF: This follows from the constraint equations (4.45)-(4.46), together with
the g-tracelessness of Jygap. O

The lemma can be employed to simplify the ODE which determines doaoz,

2001 —r Ndoaos = 301 — 1 doapy — (01 —rH)diais
+(VYyapyo)+ 2(V9doan)yo) — (00gPdacsp)

o _ 1—
+2TG 4 (dpycor — dpyorc + 5d3)101)T
1 - 3 = 3 \~ - 3 \~
= 5(31 —r Ndiaie + (Viadpyiio) + 2(Viadpyoio)

= 3_
+3T5adpycor + 5010190945 (4.56)

with doaop = O(r?). Finally, one shows that the missing component of the
Schouten tensor satisfies

_ 1 i _
2(01 + Tﬁl)Loo = EOJABaogAB — 2rdp101 — VAL()A , (4.57)

with ZOO = O(l)

31

111



112 CHAPTER 8. ARXIV:1306.6204 [GR-QC] (2013)

We aim now to find explicit solutions to some of the remaining ODEs (4.47)-
(4.50). The key observation to solve (4.47) is that, due to (4.45), we have

_ 1 1 .
diaip = —57“7131 (WAB + §T71809A3> . (4.58)
Hence we find
_ 1 ~ _
01 (r3do114) = —581 (TzVBwAB + TLoA)
d =0(r — 1 ~ 1 —
dOHA:>O( ) do114 = —irilvaAB — 57"72[/0,4 (4.59)
4.4 1 _
(4.49) 57 0iLoa - (4.60)

The equations (4.45) and (4.60) can be used to rewrite (4.49),
O1(rdoiag) = ViaLppo— TG40 (r " wh)c)

= 81(6[,4313]0 - T&Awg]c)
do1a=0(r®) = -1 7 —17"C
— doiap = 7 V[ALB]O -r Fo[AwB]C . (4.61)
The constraint equations in the (R = 0,5 = —2,x = 0,§ = n)-wave-map
gauge are summed up in (5.6)-(5.16) below.

5 Applicability of Theorem 3.7 on the C;--cone

Let us suppose we have been given initial data wap = Lag on C;—, supple-
mented by a gauge choice for R, s, W and k. Then we solve the hierarchical
system of constraint equations derived above; the solutions are denoted by §,..,
iw and daw,o.p. Let us further assume that there exists a smooth solution
of the CWE in some neighbourhood to the future of i~ smoothly extendable
through C;-, which induces the data © = 0, 5 = 3, Gy = G L, = L, and
EHVUP = dalw(,p on C;-. The purpose of this section is to investigate to what
extent the hypotheses made in Theorem 3.7 are satisfied in the case of initial
data which have been constructed as a solution of the constraint equations. For
convenience and to make computations significantly easier we shall not do it in
an arbitrary generalized wave-map gauge but prefer to work within the specific
gauge (4.39)-(4.41).

51 (R=0,5=-2,k=0,g=n)-wave-map gauge

We restrict attention to the k = 0-wave-map gauge with W7 = 0; moreover, we
set R = 0 and § = —2, and use a Minkowski target g, = 7. All equalities
are meant to hold in this specific gauge. For reasons of clarity let us recall the
CWE in an (R = 0)-gauge, where they take their simplest form,

0L, = 4LueL," — gu|LI> — 20d,0,"L,° (5.1)
Oy = O|L, (5.2)
0,0 = 4s, (5.3)

0 Aoy = Oduur®dopa”™ — 40dgyp, dyja,"” (5.4)

R,L(LII—/I)[g] = 2L;w~ (55)
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The constraint equations, from which the initial data for the CWE are de-

termined from given free data wap = Lap = O(r?*) read:

.é,uu = TN, (56)
. . 1~ Came
Ly, = 0, Loa= §VB/\ABa G*PLap =0, (5.7)
o 1
diaip = —531(7“_1(«%3) ; (5.8)
. 1 .
do11a = 57“_131L0A ; (5.9)
. ~ o 1
doap = r7'ViaLppo — §T_1/\[ACWB]C ) (5.10)
. e 1 .
(01 + 3r HNdoor = VAdoria + 5/\A3d1AlB , (5.11)
2(01 + 7“71)610010A o @B(JOMB - dalAlB) + @Atimm + 2r71doo11A
+2>\A3620113 R (512)
401 —r Vdoaos = (01 —r Vdiais + 2(§(ACZB)110)U+ 4(§(ACZ)B)010)U
+3X\a%dp)cor + 3doto1Aas (5.13)
4(81 + Tﬁl)ioo = )\ABOJAB — 47"(20101 — 2@14[0/014 s (514)

with
doror = O(1),  dotoa = O(r) , doaon = O(2), Loy=0(1),  (5.15)
and where A 4p is the unique solution of
(01 —r HAap = —2wap with Aap =O0("). (5.16)
Note that the expansion 7 satisfies
T =2/r. (5.17)

All the other components of g, IOJW and ci,wc,p follow from their usual symme-
try properties which they are required to satisfy.

5.2 Vanishing of H°
Inserting the definition of the reduced Ricci tensor (3.10) equation (5.5) becomes

RMV - go(uvz/)HU = QLMV . (518)

Utilizing the constraint equations (5.6) and the identities [5]

o = 1 _
R = _817+TF11 - “7|2 - 57'2 = TFh )
= 1 — 1

F}l = K- iz/oHO = _§H0 :

the latter one follows from the definitions of H? and x, we conclude that the
solution satisfies the ODE

P 1 — —
ViH® + §THO =0 <= @Oi+r HH"=0. (5.19)
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For any regular solution of the CWE the function H° will be bounded near the

vertex. We observe that o
H° =0 (5.20)

is the only solution of (5.19) where this is the case. Then we immediately obtain
Th=r=0. (5.21)
Recall the definition of the field £ 4, which vanishes in our gauge,
Ea = 2094+ 4Z/OVBXAB + V0 + EABVB — EADEBCf‘gC =0.
From the constraint equations, (5.18) and the identities [5]

Ria = (01 + T)F%A + ﬁBXAB - aATh —0aT = (01 + T)TiA » (5.22)
fA = —QF%A—FA—I/AFO = —QF%A—FA, (523)

we find that H 4 := g, HP fulfills the ODE
0Ha=0.
Any regular solution necessarily satisfies H 4 = O(r) and we infer
H*=0 and T},=0. (5.24)
We have introduced the function
¢ =201 +k+ %7’)?11 +2Vi = 7.

From (5.18), the constraint equation g4%L 45 = 0 and the identities [5]

R il = 1 _
7" Rap = 200 +ThH + 1[0 + T3, + 57)g' +7T),]

=gABTY +1Lrglt

+R - 25" T 4T1p — 29" Vallp

_ 1 1
= 201+ D) Thp + 571+ 57, (5.25)

¢ = 29°BTY 5 + 79" + gt H® — 2H!
29T Yy + 7 — 2H (5.26)

we deduce that
(0 +r HH' = 0.
Our solution is supposed to be regular at i~, whence H' = O(1) and we conclude
H'=0 and g*PTiz=-7. (5.27)
Altogether we have proven that

H? =0. (5.28)
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Note that once we know the values of the wave-gauge vector on C;-, we can
compute the values of certain components of the transverse derivative of the
metric on C;-. More concretely, we find that the solution satisfies

g1 =0, Jog1a=0, G*P0gap=0.

We also have

Rap = 0alGp —0alop +T%5T5, — T80,
1, 1 1 o,
= Rap-— 17 9aB ~ 5(81 —7)00gaB + 0ol g — §TQABF00

= —(01 —r"Y%ga5 ,

where we employed the relation

_— 1 _ 1
Al p = 579,4380901 - 531809AB .

The vanishing of H implies via (5.18) and (5.6)
Rap = 2Lap = 2wap ,

and thus by (5.16)
(01 —r ") (Aap — Qogan) = 0.

For initial data of the form wap = O(r*) we have Aap = O(r°). Since regularity
requires [5] dogap = O(r3), we discover the expected relation

Aap = Dogas -
5.3 Vanishing of W and Zﬂ
We know that the wave-gauge vector satisfies the wave equation (3.21),
VYV, H +2g"V [,V H? +4VYL,* = 0. (5.29)
Let us first consider the o« = 0-component evaluated on .% |
(D1 + 7 Y)OHO +200L1, =0 . (5.30)

We need to show that the source term vanishes. Equation (5.1) provides an
expression for dgL1,

DE(]H)LH =0 <= (61 + 7“_1)80[/11 =0. (531)

Any regular solution satisfies dyL11 = VoLi1 = O(1). There is precisely one
bounded solution of (5.31), which is

FoL1r =0. (5.32)

The function VoHO9 = 9y HY needs to be bounded as well, and the only bounded
solution of (5.30) is
OoH? =0 (5.33)
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Taking the trace of (5.18) then shows that the curvature scalar vanishes initially,
R,=0. (5.34)

Using (5.33) as well as the relation Rg; = 2Lg; = 0, which follows from (5.18),
one verifies that
(90901 =0 and 830911 =0.

The a@ = A-component of (5.29) yields
(01 + 27“71)60? + 2§A3(m + 0 Log +7Lop + @Cch) =0. (5.35)
We employ (5.1) to compute the source term,
m =0 <= 20100L1a—71VBwap —7°Toa=0. (5.36)
Equation (5.16) implies
oVBwap = —VBoAap 4+ 7Loa = —201Loa — TLoa . (5.37)
From (5.36) and (5.37) we derive the ODE

61 (80[/1,4 + ’I“_1Z0A) = O . (538)

For any sufficiently regular solution we have dyLia = VoLia = O(r). Since
the initial data satisfy wap = O(r?), we have Loa = O(r?) by (5.36). We then
conclude from (5.38) that

- _ 1 -
oLia = —r""Loa = _ZTVB)\AB . (5.39)

With (5.6), (5.37) and (5.39) equation (5.35) becomes
(01 +2r Yoy HA=0. (5.40)

Any solution which is regular at i~ fulfills 9gHA = VoHA = O(r~!). The ODE
(5.40) admits precisely one such solution, namely

QHA=0. (5.41)
We have
=B 7 ) 12— 1 —  lgg
VZXap = 2Loa = Roa = §6oog1A - 5(81 — 7)00g0a + §V AAB
0 = yABa()HB = 83091A+(81 +T)8090A+@B>\AB .

The combination of both equations yields
818090,4 + @BAAB =0 and 83091,4 = —78090,4 . (5.42)

Utilizing the previous results of this section the v = 1-component of (5.29)
can be written in our gauge as

(81 + ’I“_l)aoHl + 2(81 + T)Zoo + Q@AZ()A — §AB60LAB =0, (543)
—
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where we took into account that owing to Lemma 3.6 we have

0= a()—L = 209Lo1 +§AB(90LAB —OJAB)\AB . (5.44)

We show that the source f vanishes. To do that we compute the g-trace of the
(uv) = (AB)-component of (5.1) on .#~. With (5.16) we obtain

g PO Lap =204PTp"
2(81 + ’I“_l)(gABaoLAB) — 2/\AB(61 - ’I“_l)wAB
+27VAToa + 72 Loo + 2/w|* =0, (5.45)
where we have set [w|? := waPwp?.
és another intermediate step it is useful to derive a second-order equation
for Loo, so let us differentiate (5.14) with respect to 7,

117

(402, + 2701 — 73)Loo = 8dpio1 — 47(91 + 3r Y doio1 — 201 VALoa + 01 (M BPwap) .

With (5.8), (5.9) (5.11), (5.16) and again (5.14) that yields
282 +3r 101 + r Lo = VB (01 — r HNwap — [w|? —2VA01 Loa . (5.46)
Let us return to the source term f in (5.43). It satisfies the ODE
200+ Y)f = 407 Loo + 6701 Loo — 27V Loa +4V*91 Loa
—2(01 +r71)(G" D Lan)

403 Loo + 6791 Loo + 72 Loo + 4V291 Loa
22480, —r Ywap + 2|wl|?

(5.45)

4
640 4
We conclude that

=20+ T)Zoo + Q?AZOA - gABaoLAB = C(l‘A)T_l (5.47)
for some angle-dependent function c. Regularity at ¢~ implies Loo = O(1) and
01Loo = ViLoo = O(1). Furthermore, we have (note that AMPwap = O(r°))

__ . 1 _

O(1) = VALgs = VAL — 5/\‘43&),43 +7Lgo ,

O(l) = ?ABVOLAB = ?ABa()LAB — )\ABWAB

— @AZOA +Tfoo = O(].) s §A580LAB = O(].) .

Therefore the problematic 7~ !-term in the expansion of f needs to vanish, and
we conclude ¢ = 0. Then (5.43) enforces dyH'! to vanish in order to be bounded,
i.e. altogether we have proven that

V., H"=0. (5.48)

Recall that ¢, = —4(V,L,” —V,R/6) = —4V,L,"”. If we evaluate (5.29)

on .~ (which, as a matter of course, is to be read as an equation for ¢,) and
insert (5.48), we immediately observe that

,=0. (5.49)
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5.4 Vanishing of W,Wap

We want to show that the Weyl tensor W, of g, vanishes on C;-, and thus
coincides there with the tensor ©d,,,. The 10 independent components are

Woior . Wotta, Wowa, Woias, Wiais, Woaos -
Due to the vanishing of H°, V,,H? and Ry, (5.5) tells us that the tensor L,,
coincides on C;- with the Schouten tensor. We thus have the formula:
Wuuo’p = Ruuo’p - 2(§g[uzy]p - gp[y,zu]ﬂ) . (550)

The following list of Christoffel symbols, or rather of their transverse derivatives,
will be useful:

60—1181 = 80 n =20,
g, O 0+ 1ogon
W%y = —%81/\,43 )
art, = %&m,
Ay, = %TQABaOQOO + ¥V (40090(8) — m 31>\AB )
AL, = %?CDM - 5>\AD>\D +97P V14909010 »
DI PVLS
m = %TgAB§CDm+ @(A)\B)C - %@CAAB ,
R0y 642 %TgABm — 7V (40)090/B) — %&m :

We compute the relevant components of the Riemann tensor R,,,,” = a,rfw —
oo, +re, 1 e, —re.re

pot v vol pao

Roio1 = 0, Roiia =0, Roiap =0, Riaiz =0, (551)
— (5. 42) 1 ~ B

Roioa = (81 — 7)d0g0a — _60091A = V"B , (5.52)
~ T I
Roaor = (V(a0o90p)) — 5(8309AB) - (5.53)

Next, we determine the independent components of the Weyl tensor on .#~ via
(5.50) and by taking into account the values we have found for L,

Woior = 0, Woua =0, Wooa =0, (5.54)
Woiap = 0, Wiap =0, (5.55)
- ~ o1l =

Woaop = wan+ (V(a00g0B)) — 5(5809,43) : (5.56)

I_tremains to determine 880 gap- Note that according to (5.18) the vanishing of
H? and V,H¢ implies

OoRap = 200LaB

—m . (b1 _
= OgRap = 204Lap = 2D§H)LAB O 8wacwp® — 274 5lw|?
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A rather lengthy computation, which uses (5.16), reveals that this is equivalent
to (set Ay = VAV 4)

(01 —r VO Rap — 2(0, — r_l)(wC(A/\B)C) + QT?(AZB)O
+ (0~ 700 + Aghoan + Fan(57Too +wl?) = 0
We take its traceless part and invoke Lemma 4.1,
(01 — 7 ) (BoRap) +27(V(aLpyo)+ (0f, — 701 + Ag)wap = 0 (5.57)

Let us compute 9yRap on £, which is done by using (5.16), (5.42) and the
above formulae for the u-differentiated Christoffel symbols,

doRap = 0305+ 10T 5+ Vol s — Vadol'Ge — VadoTl,

~VadolGp ~ TGy — Thcdol G — Thodol e — TG0l e
—T 000, —Thedl'G, +Thpdolh, +Thpdolh,

1 1
§(A§ - 572)>\AB

= —(01 - T*I)GSOQAB + (01 — Tfl)wAB -
- — 1
=7V (40)090B) — §T>\AC>\BC —2Xu%wpyc + f(r,29)g4p (5.58)

The traceless part of dyRap reads

. - 1 1
(QoRap) = —(0r—r 1) (03gaB)+ (O — 1 Nwap — §(A§ - 57'2)>‘AB

—7(V(4009015)) - (5.59)

Next, we apply 2(9; — r~1) to the expression (5.56) which we have found for
Woaop. With (5.59) and (5.42) we end up with

2001 —r N Woaos = (01— 1 ")[2wan + 2(V(4009015)) — (020948)]
= (01 —r Ywan —4(ViaLpyo)+ (QoRap)
1
+§(Ag —2r ) Aap . (5.60)

On the other hand, from the Bianchi identity V(,R;sjp" =0, i = 0,1, we infer

o1 o1 o
(VuWiapy) + E(viRAB) - §(V(ARB)1') =0.

Employing further the tracelessness of the Weyl tensor,

g""VoWuap, =0 = 2(VoWypy)= (VoWiaip),

we obtain with R, = 2L, R, = 0, Lemma 4.1 and since the other components
of the Weyl tensor are already known to vanish initially,

2(01 — ’I“_l)WoAOB = (01 — ’I“_l)LUAB + (OoRap) — 2(? ALB o) - (5.61)
Combining (5.60) and (5.61) we are led to

1 .
(A5 — §r"’)/\AB —4(VaLpyp) = 0. (5.62)
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We apply (91 +r~1) and use (5.16) to conclude that
1 = =y
(A = 57%)wap + 200 + 1) (Valpp) = 0, (5.63)

which will prove to be a useful relation. Next we apply (91 — r~t) to (5.60).
With (5.16), (5.57), (5.62) and (5.63) we end up with

200 — 1 )2 Wonop = (0% — 2010 + 20 wap — 401 — 1) (V(aLpy)
—(Ag — 27“71)(0.),45 + Tﬁl)\AB) + (81 — Tﬁl)(m)u
= 0
= WoAOB = cap(@9)r? +dap(a)r = cap(x©)r?

for any regular solution satisfies W10 = O(r?) in adapted coordinates.

We have wap = O(r?) and Aap = O(r°) = Jogap. A regular solution
satisfies O(r?) = (ViaLpy) = @(AZB)O. Similarly, we have O(r?) = VoRap =
OoRAB — QF&AT{B)C, which implies (GgRag) = O(r?), so the right-hand side of

(5.61) is O(r?), consequently WOAOB = O(r?), whence cap = 0 and

Woaos =0.

5.5 Validity of equation (2.9) on C;-

We need to show that (2.9) holds at at least one point. In fact, since © vanishes
and V0 is null, one immediately observes that it is satisfied on the whole initial
surface C;_.

5.6 Vanishing of Tu

Using the constraint equations (5.6) it is easily checked that the components
p=1A0f Y, = V,s+ L,’V,0 vanish. To show that also the p = 0-
component vanishes, we need to compute the value of the transverse derivative
of s on £, which is accomplished via the CWE (5.2),

O5=0 <= (i+r s =0,
The function dys is bounded. Thus
dos = 0, (5.64)
and the vanishing of Tu is ensured.

5.7 Vanishing of 5,

‘We consider

Ew =V, V,0+0Lu —sguw = 0,0,0 -T,000 + 29, -

First of all we need to determine the value of 0y©, which is not part of the
initial data. It can be derived from the CWE. Evaluation of (5.3) on .~ gives

0,0=45 <= (01+r 10O =-4.
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For any sufficiently regular solution of the CWE the function 0y© is bounded
near the vertex, and there is precisely one such solution,

000 = —2r. (5.65)

One straightforwardly checks that =, = 0 for (uv) # (00). To determine Zqo
we need to compute the second-order transverse derivative of © first. This is
done via the CWE (5.3),

9040 = 49ps 65hy = (1 +rH930—2r"' =0,

where we took into account that dpgi, = 0, EABaogAB =0, 630911 =0, as
well as the formulae for the wu-differentiated Christoffel symbols. The general

solution of the ODE is 02,0 = 2 + cr~!. For any sufficiently regular solution
92,0 = V(V(O is bounded, and we conclude

92,6 =2,

which guarantees the vanishing of Zgg.

5.8 Vanishing of 7,,,
Recall the definition of the tensor
Huve = QV[O—LVW - Vﬁedygﬂﬁ .

Due to the symmetries s, (,0) = 0, [, = 0 and 5,,” = 0 (since Zu =0 and
L = 0) its independent components on the initial surface are

H11A, HAIB, H01A, HABC  X00A >, AOB -

We find (recall that le =0and Loa = %@B)\AB),

2114 = 0,

_ _ - 5.8
Zaip = —(01—1 Ywap —2rdiais 9 ;

— — 4.59
%014 = —01Loa+2rdoiia 2% )
Zapc = 2Vicwpja —19apLejp — 2rdiasc
~ ~ _ tr(w)=0
= 2Vicwpja — QVDW[BDQC]A = 0,

where the first equal sign in the last line follows from (4.54), (5.9), (5.6) and (5.16).
To prove the vanishing of the remaining components,

o 1 1 _ . _
%40 = VBLoa— §>\BCWAC + §T§A3Loo —VoLap + 2rdopai ,
Fooa = VaLoo—AaPLop —VoLoa + 2rdoioa ,

is somewhat more involved as it requires the knowledge of certain transverse
derivatives of L,, on .# . These can be extracted from (5.1),

=7 H c - 2
OgLap = 0 Lap = 4wacws® —Gaglwl?,

DgL()A = DgH)LOA = 4wABZOB .
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We employ the facts, established above, that the Weyl tensor vanishes on C;-
and that L,, coincides there with the Schouten tensor, to compute the action
of Oy on Lap and Loa,

|:IgLAB =

(5.16)

1
201 — 1 YVoLap + 01(01 — Twan + (A — 572)WAB

_ 1 _

+2TV(ALB)O — T)\(AC(.UB)C + ingABLOO

2(31 - Tﬁl)vOLAB + 0 (81 — T)wAB — 2(31 — 7"71)(@(1433)0)u
~ 1 _

+7945VLoc — TAa“wp)c + §T2§ABL00 ;

201 VoLoa + (01 +7r 1) (01 —r ) Loa — 2waPLop
+(A5 — %) Loa + 7V aLoo — Ae°VPwac — A4 PLon

201VoLoa — (61 — ’I"_l)ﬁBwAB - 2WABZOB
+(Ag + r_2)foA + T@AEOO — )\BC@BwAC — TAABZOB .

With these expressions, Lemma 4.1, (5.6)-(5.16) and (4.51)-(4.55) we find

2(81 — Tﬁl)%AoB = 2(61 — Tﬁl)ﬁBon — wAC(al — Tﬁl)ABC + T?ABalfoo

as well as

2017004 =

—/\30(81 — T)wac + 4rd1dopar — 2(01 — v )VoLap
= 2(0; — r_l)@[BfA]o + G401 +3r HV L
~Ap“Owac + TAE“wajc — 2wacwp® + G 4plw|?
+7Ga5(01 + ") Loo — 2rGap (01 + T)dor01 + 2rd1doraB
— (01 + 1 (A wp)e) — Hweaws®Y
0,

2816,4300 + 4(WAB + ’I“_l)\AB)ZOB + QAAB?CLUBC — 281V0L0A
+47(01 + 1Y) do10a

1.~ _ S -
§VA(WBC/\BC) +2(r AP —waB)Lop — VaVPLog — A\cPVCwaB
+2)\AB@CUJBC — (81 - Tﬁl)@BwAB + (Ag + TﬁQ)EOA

+2rVBdorap — 2rVPdiaip + 4doria + 473 aPdon s
—VB()\C(A(UB)C)V— TﬁQZoA — ZV[AVB]ZOB

0.

Due to regularity we have %405 = O(r?) and 3204 = O(r), so the only remain-
ing possibilities are

a0 = 0 and Z7p04 = 0.

5.9 Vanishing of V,d,,,"

The independent components of V,d,,,+*, which by Lemma 3.4 is antisymmetric
in its first two indices, trace-free and satisfies the first Bianchi identity, are

Vodoao? ,

Vodoat? , Vpdoap?, Vedia1?, V,diag?, V,dapc” .
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We need to show that they vanish altogether. Let us start with those compo-
nents which do not involve transverse derivatives. Then their vanishing follows
immediately from the constraint equations (5.6)-(5.16) and (4.51)-(4.55),

_ 1~ e j — 1~ -
Vodoar? = —(0n+71 Y)dotoa + §de01AB - EdelAlB + §VAd0101

+rYdor1a + AaPdonp = 0,
Vpd1A1p = —(31 + 3T71)d011A + VBd1A1B =0.

To determine the remaining components we first of all need to compute the
transverse derivatives. This is done by evaluating the CWE (5.4) on C;-,

ng,u,uap = DéH)duuop =0. (566)

Moreover, we will exploit the Lemmas 3.4 and 4.1, the fact that the Weyl tensor
vanishes on C;-, and that L,, coincides there with the Schouten tensor, i.e.
that (4.6) holds initially.

Invoking (5.6)-(5.16) and (4.51)-(4.55) we compute

(O~ )Vdias? = @~ Vodias — 50 —r Vi
+27(Vadpyiio) — (V(aVdpyic1) - (5.67)
With (5.51) we further find
Oydiaig = 2001 —r YVodiais + (03 —2r7101)diars + Agdiaip

o 1 — ~ = 1 —
+27V9%, (ap)c + §T2§CDdACBD + 27V (adpy101 + 57-2§ABd0101

123

= 2(01 —r " )Vodiais + (Ag + 0% — 20 01)d1ars — 47(V(adpyr10) -

The transverse derivative in (5.67) is eliminated via Ogdya15 = 0,
I e 1, = —o5 S SO o
(O —r )V, diag? = §Agd1A1B —r2dia1 — (VaVdpyco1)-

We need an expression for the Ag-term, which can be derived from (5.8), (5.63),
(5.6) and (5.16) as follows,

— 1
Agdiaip = —57"71(31 +r N Azwan

— %rl(al +r 7201 + 7 ) (ViaLpyo) — %T%AB]
= 2r 2dia1p +2(V(aVdpyicr) . (5.68)
Plugging that in we are led to the ODE
(O —r YV ,diap? = 0.

For any sufficiently regular solution of the CWE we have V,d; 45 = O(r?) and
hence
Vodiap? = 0.
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To show that the other components of V,d,..” vanish initially, we pro-
ceed in a similar manner. In particular, we shall make extensively use of the
constraint equations (5.6)-(5.16) (and also of their non-integrated counterparts
(4.46)-(4.50)), (4.51)-(4.55) and of the expressions (5.51)-(5.53) we computed
for the components of the Riemann tensor.

Let us establish the vanishing of V,dapc?. By (5.66) we have Oydiapc =0
on ¥~ with
Ogdiapc = 2(01 —7)Vodiage + (07 — 4r~ 01 +r 3 diapc + Agdiasc

—1VPdpapc + TVadiope + 27V pdojoar + 27V (pdeian

+2Vp(ApPdepar) — TAE depiap — TAE doypar
_%TzaoABC — 7°Fasdcioro — T°gapdeio — TAapdoio

= 2(01 —7)Vodiasc + 2§A[B(3121 - 57"72)30]110 + 2§A[BA§EC]110
—37g a8V eydoror — 7V adorse + 7V pdcjao + TV Bdoyian
+2Vp(ApPdepiar) — QTEA[B/\C]DEOHD — 27X apdcyi10 (5.69)

We determine

V,dapc? = Vodapci + 29c1a(01 + r~Hdpo10
—29014VEdotor — Goparsdorip + Aciadpio
= Vodapcr + EC[A@DEB]D(n + ?c[A?DEB]nD + TGcradaio
—EC[A@B]Eowl + gC[A)\B]DEOHD + Aciadpyiio -
Due to the constraint equations that yields
2(01 — 7)V,dcpa”?
= 2(0; — 7)Vodiapc + 2§A[B@D(alll —7)dcpipt
—2§A[B@D(5’|1| + 7 Ydeypor — 27G 41 (O] + 3r Ydeyio
+29 415V 1 (01 + 31 )doror — 294 Ay (91 + 3r~ ) donip
=25 (0)1 + 3r~ deyio + 3774V P deypor + 47T aipdcriio
—3T§A[B@C]EO101 + 4T§A[B)\C]DEO11D + 47 aipdcpio

+ 4w aipdeiiio + 47 appwer” dorip

=0
= 2(81 - T)VOdIABC + 2§A[B@D(8|1| - 27’)30]11)1 + 4T§A[B)\0]D8011D
_ . I 7. =
+47Aapdcyio — 379 a8Veydoior + STQA[BVDdC]Dm + 5729,4[3610]110
+94i5Ve1 (A Pdipie) + 20.4585dcin10 + Gap VY (depmAn”)
~GasVP (A1 dipie) =20 a5 Ay "V dip1e — 224V denipy -

=0

With O,diapc = 0 we eliminate the transverse derivative. Employing further
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(5.8), (5.9) and (5.16) we end up with

2(8) — 2r )V, dcpa?
1
-7
+7Vadorpo — T@[BEC]AM + 3T§A[B6DEC]D01

201 = N (@apV wep — Vipwea)

+6T§A[B>\C]DEOHD + 67 A adc)110
_ &D\ E — & (\DE5 = D5
=94V (Aoy"dip1E) + GaisVe (A" " dipie) — Vo (AB" dojpar)

+745V" (deyis1An”) = VoA dejar)
= 0, (5.70)
since the terms in each line add up to zero, as one checks e.g. by introducing an
orthonormal frame for g. By regularity we have V,dapc? = O(r®), so (5.70)

enforces
VpdABCp =0.

To check the vanishing of V,dyao? we start with the relation Oydpi04 = 0,
and compute

Oydoroa = 2LoPdoars +2LoPdo1ap + 2Loadoior + 201 Vodoioa — %T)\ABEOH)B
+(Ag + 07 - ZTQ)EOIOA —Ap“VPdcioa + AV P do1ac
-‘r%)\Bc/\BDElCAD — %WQEOHA + (TAAB + 24N donis
—7VPdoaos — %T/\BCEOBAC + 7V adoro1 + AV doror

= 201Vodoroa + VaVPZdoiip — %AgEOHA + %@B(AAC%BMJ)
+%@A(/\BCE1B1C) - %@B(& —5r Ndiaip — 7VBdoian
—2waPdo11p + AaVBdipic — TVPdoaon — E@B(/\Bcaunc)
+;@B(>\BCEO1AC) + ;@B(AABaowl) + Agdoroa — 2723011,4

3 . _ 3 _ 3
—1726101014 —AaBdorip + §>\AB>\BCd011C - Z|)\|2d011A )

=0

as follows from the constraint equations. We have

_ o 1 _
V,doao? = Vodoioa + (01 +7)doroa + VPdoaos — 5/\ABdollB ,
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which implies, again via the constraint equations,

201V ydoao? = 201Vodotoa +2VZ2(81 — r~V)doaos — Va(dr + 3r ) doron
+7V adoro1 — 7VPdoaos — AaP (01 + 3r ) doris — 72 do10a

+27A4%do115 + 2waPdor1s + 2(01 + )% do104

_ 3 - _ 1 _
= 201Vodoioa — §T2d011A - ZTdeIOA + Agdoioa — §A§d011A

3= — 3~ _ - _
+§VB(>\(ACdB)001) + §VB(/\ABd0101) + VPN dppicr)
+VaVBdpiip — 7VBdoaos — VB dp1ap — 2waldonis

1. _ _ o
—§V3(5’1 —5r Ydiaig — AP donip + M VPdigic .

Combining these results we end up with

_ 1. 1. _ 3. _
201V, doao? = ivB()\(ACdB)lcl) - ZVA()\BCCth) —5 VEAB“dajcor)
—_—

-0

=0
and, as regularity requires V,do0? = O(r), that gives
V,pdoao” = 0.
To continue, we analyse the vanishing of W. We have
Oydoapt = 2(81 —r Y)Vodoap: — 2Lo“digac — 2Loadoiis
+(8) — 7)1doan + Dgdoass — AacVdonp — 7V adoiin

o o . 1 _
+7Vgdoioa — 7V doapc — APV pdipac — §T>\CDdACBD
1 — 1 - 1 _
—§T>\Acd1B1c + §T2d01AB + §T(T§AB + Aag)doio1

— 1 - 1 =
—7 Aa%dpcon + Z|)\|2d1AlB - §AACACDd1B1D
—_———

- _ _ 1 -
= 2(1 —r ")Vodoas1 — 29a5Lo doric — 4Lojadppio + §Agd1AlB
1 _ 1 e e 1 _
+§(5’1 —7)01dia1B — §§ABVCVDdlClD + §§ABWCDd101D
1 — 1 — S
—ZEAB/\CD(al —27)d1c1p — §§ABA§d0101 —VuVYgnen
. o 1. . _ 1. -
—7Vpdaiio +wa dpjict — 5/\[A (O — 27)dBpc1 — §Agdo1AB

- ~ -~ — 1 —
_2)\C[AdeB]110 - TV(AdB)no - 2TV[AdB]om - 57—/\AcdlBlC

I -
+7G45Vdoroc + §TQABVCd011C —~Gap\PVpdoic ,
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which vanishes owing to (5.66). Moreover,

Vodoap? = Vodoapi + (01 — 7 Hdoapo + (01 —r doapi + Vdoanc
+%)\CDEACBD + %/\ACEMBC + %ABCEOAMJ - %7’801,43
= Vodoas1 + %(61 —r Ndiaip — i/\ACawlc + Viadgoto
+%@<A33)110 — %?ABﬁcaowc - %gABﬁca()HC + %/\[ACEB]COI 1
and thus
200 — " V,doas?
= 2(01 —r")Vodoap1 + %(81 —r Y?diaip — %AAC(& —7)d1p1C
+wa%dipic + 2V (01 + 17 dpo10 + V(a(01 + 37 dpyi10
G4V (01 +r Ndoroc — gﬁAB?C(al +3r Ydonie — 27'@[143131010

+%/\[AC(61 + 7 Ydpjco1 — gT_l/\[ACEB]Cm + 7545V do10c
—27’@(,483)110 + 37’?,436030110 — w[ACEB]Cm

= 2(01 —r")Vodoap1 + %(51 —r Y?diap — %AAC(& —7)d1p1C
+wa%dipic + VeVdiaic — ?AB@C@DawlD —7Vpdaio

_ 5 o N _
—7V(adpy110 + §T§A3V0douc +2(Viurg© = gapLo®)donco

714V D100 — SAUCY pdono — 27V (4d G450
+V4V~dpico 5 A4 Vjdci1o — 27Viadpjoio + 7945V dotoc

o o 1 _
_5/\C[AVCdB]110 —GapAcPVdo1p — §§ABA§CZ0101

_ _ 3 _
1 AP A a%dppp1 — wia“dpicon —57 "Aa%dpicor -
—_———
=0 —0 —0
Using the formula (5.68) we derived for AgalAlB, we conclude that
2(81 — Tﬁl)vdeABp
. _ - _ 1 B _ ;
= 2{(Vera)dpii0 + (Viarp  )doric} — 5(31 —3r HY{(\a%dpyic1)}
3 . - e 1. -
+§{>\C[AdeB]110 —Aa“Vpderio} + {VaV9dpico + §A5d01AB}

since the terms in each of the braces add up to zero (recall Lemma 4.1). Taking
further into account that regularity yields V,doap? = O(r?), we deduce that

Vpd()ABp = 0.

5.10 Main result

By way of summary we end up with the following result:
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THEOREM 5.1 Let us suppose we have been given a smooth one-parameter family
of s-traceless tensors wap(r,z) = O(r*) on the 2-sphere, where s denotes the
standard metric. Let Aap be the unique solution of the equation

(O —r7Y)Aap = —2wag , (5.71)

with Aag = O(r°). A smooth solution (guu, Ly, duwe’,©,s) of the CWE (5.1)-
(5.5) to the future of C;—, smoothly extendable through C;-, with initial data

(éMV,IOJMV7dGMVUP,(:) = 0,8 = —2) and with IO/AB = wap, 18 a solution of the
MCFE (4.1)-(4.6) with A =0 in the

(R=0,5=-2,k=0,§u = Nuv)-wave-map gauge

if and only if the initial data have their usual algebraic properties and solve the
constraint equations (5.6)-(5.14) with boundary conditions (5.15).
The function © is positive in the interior of C;- and sufficiently close to i~

and d© # 0 on C;- \ {i™}.

REMARK 5.2 Note that reqularity for the rescaled Weyl tensor implies that the
initial data necessarily need to satisfy wap(r,x) = O(r), cf. equation (5.8).

PRroOF: The previous computations show that Theorem 3.7 is applicable. The
positivity of © inside the cone simply follows from (4.3) and the negativity of s
near the vertex as one might check using e.g. normal coordinates.

Concerning the “only if”-part: That the constraint equations (5.6)-(5.14) are
satisfied by any solution of the MCFE in the (R =0,5= -2,k =0, §u = N )-
wave-map gauge and with © = 0 follows directly from their derivation. a

6 Alternative system of conformal wave equa-
tions (CWE2)

Instead of a wave equation for the rescaled Weyl tensor d,,.”, it might be
advantageous in certain situations to work with the Weyl tensor itself, which
we denote here by C,,,”, as unknown. The Weyl tensor is a more physical
quantity (it is conformally invariant and thus coincides with the physical Weyl
tensor) and can be expressed in terms of the metric even on null and timelike
infinity. We shall see that proceeding this way it becomes necessary to regard
the Cotton tensor as another unknown, so that the system of wave equations
we are about to derive might be somewhat more complicated. An advantage
is that we just need to require the metric to be regular at i~ rather than the
metric and the rescaled Weyl tensor, so the alternative system might be useful
to find a more general class of solutions (cf. the discussion in Section 7.1).
Since many of the computations which need to be done to derive the alter-
native system of wave equations (6.9)-(6.14) and prove Theorem 6.5 are very
similar to the ones we did for the CWE involving the rescaled Weyl tensor, the
computations are partially even more compressed than in the previous part.
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6.1 Derivation

The Cotton tensor in 4-spacetime dimensions is defined as

1
Suvo = 2V e Ry + 2900 Vil R = AV (o Ly, -

It is manifestly antisymmetric in its last two indices. Moreover, the Bianchi
identities imply the following properties,

§uvo) = 0, (6.1)
&’ = 0, (6.2)
Ve = 0, (6.3)
Eve = —2VaC%u0 - (6.4)

Using the wave equation (3.2) for the Schouten tensor (written in terms of C\,.0”
rather than ©d,,,”) one further verifies the relation

2LaoC/Lauﬂ + Vaflwa =0 ’ (65)

which expresses the vanishing of the Bach tensor.
The second Bianchi identity implies,

ZV[OLC[LV]JP = go[/tgpozu] + 6[,up§|a'|u(x] . (66)

(In particular one recovers (6.4) for p = «.) Contracting (6.6) with V% we find
a wave equation for the Weyl tensor!'?

(6.5) - a el
Dgc;wo—p = 2V v[uclt]aap + 290[/LCV](¥p[3L p 29p[ucu]aaﬁL h_ V[aép]/w
4
D G o ACou1 " Criap” = 2CopriuLli)™ = 2Cuunio Ly"

1
_V[ogp]uu - v[ugu]ap + gRC/wop . (67)

We observe that the Cotton tensor is needed to eliminate the disturbing second-
order derivatives of C\,.5p.

Finally, we derive a wave equation for the Cotton tensor £, by employing
the wave equation (3.2) for the Schouten tensor, the Bianchi identity and (6.4):

Dgguya' = 4v[0DgLu]M + 89p[uL|a|HvaLo’]m - 16L[VHVO']L/M§
+2§I€JVLMH + 4£Mn[aLu]H + Cuaaﬁguna + 80&[0|p|ﬁvaLu]n
2 2 2
_ng[uLa]u + gLM[VVU]R + ggM[VLU]HV”R

= 4&/&04[1/00']@#& + Cuoaﬁgluﬁa - 4§pm[uLo]H + 6.9;4[1/&&0'04][/5@
1 1
"‘8-[/()mv[yc’g]a/f&i + éRguuo' - §CV0'MKVHR . (68)
Combining these results with the equations we found for ©, s, g, and L,
we end up with an alternative system of conformal wave equations (of course

12Recall that Oy, acting on higher valence tensors, is not a wave-operator if the metric field
belongs to the unknowns.
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we need to replace O, by DgH), cf. Section 3.1),

0L, = ALuL," — gu|LI* — 2C,0, L, + %V“V,,R : (6.9)
Oys = O|L]* - évﬁR Ve — ésR , (6.10)
0,0 = 4s— %@R : (6.11)
DgH)C/wap = Oumﬁcopﬁa - 4Co~[uaculapn - QCUPW[HLV]K - QCWH[ULP]H

—Vie€olur = Viubujop + %RCMVUP ) (6.12)

O e = 4uaCo)™u" + Cooa™Gun®™ — 4y Lo)™ + 69,10 €" ra) Li®
+8Lan V[, Co* " + éR&W - %CW,L”VK,R ; (6.13)
RDlg] = 2L, + éRgW . (6.14)

REMARK 6.1 Note that (6.9) and (6.12)-(6.14) do not involve the functions s
and ©, so they form a closed system of wave equations for g, L, {uve and

Cuvep- Once a solution has been constructed, it remains to solve the linear wave
equations (6.10) and (6.11) for s and ©.

We want to investigate under which conditions a solution of the system (6.9)-
(6.14), which we denote henceforth by CWE2, provides a solution of the MCFE.

6.2 Some properties of the CWE2 and gauge consistency

First of all we want to establish consistency with the gauge conditions H? =
and R = Ry;. To do that we assume that there are smooth fields g¢,., s, ©,
Cuve®, Ly and £, which solve the CWE2. We aim to derive necessary and
sufficient conditions on the initial surface which guarantee the vanishing of H?
and R — R,;. For definiteness we, again, think of the case where the initial
surface consists of either two transversally intersecting null hypersurfaces or a
light-cone. The strategy will be the same as for the CWE, which is to derive a
homogeneous system of wave equations for H? as well as some subsidiary fields,
and infer the desired result from standard uniqueness results for wave equations
by making the assumption, which will be analysed afterwards, that all the fields
involved vanish initially.
However, let us first derive some properties of solutions of the CWE2.

LEMMA 6.2 Assume that the initial data on a characteristic initial surface S of
some smooth solution of the CWE2 are such that g..|s is the restriction to S
of a Lorentzian metric, that Ly,,|s = 0 and Cpuopls = Copur- Then g, and
Ly, are symmetric and Cp6p = Coppv -

PrOOF: Equation (6.9) yields (cf. footnote 9)

1
gR(C/wop — Copuv)

+49°° 9" [(Cuipon] = Coniuisl)Crlapy + (Coawly] = Clulvpal) Crnos)
_4<gaﬁg[ﬁﬂ + g’yHg[aﬁ])Cuap'yCuBo—n . (615)

DgH) (C/wop - Copuv) =
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From (6.9) and (6.14) we further find

DE,H)L[W] = 4g[aﬂ]LuaLvﬁ — 9] LI + 9" Ly (Coopy = Cuywo)
+29°"C” v Lipn) — 297" Clios,” Ly (6.16)
H 1
R[(/w)] [g(UP)vg[op]] = 2L[;w] + ERQ[;W] . (6.17)

The equations (6.15)-(6.17) are to be read as a linear, homogeneous system of
wave equations satisfied by g, Ljuw) and Cuuep — Copu with all the other
fields being given. Hence if we assume these fields to vanish initially they will
vanish everywhere. O

The lemma shows that the tensor g,, determines indeed a metric as long
as it does not degenerate. We will only care about initial data for which the
assumptions of this lemma hold.

In analogy to Lemma 3.4 one could show that C,,s, is anti-symmetric in
its first two and last two indices and satisfies Cj,,,), = 0, and that &,,, is
anti-symmetric in its last two indices and fulfills §[,,,,] = 0, supposing that this
is initially the case. However, these properties will follow a posteriori anyway,
S0 it is not necessary to prove them here. Due to the appearance of first-order
derivatives on the right-hand side of the wave equations for C.0p and &0, it is
not possible to establish tracelessness of C,,5, and &, at this stage in a manner
it was possible for the CWE (where it simplified the subsequent computations),
since this would require to have something like the second Bianchi identity; also
these properties can be, again, inferred a posteriori, once we know that C.0,
and &, are Weyl and Cotton tensor of g, , respectively.

Gauge consistency

Similarly to what we did in Section 3.2, one proceeds to verify the formulae

1 1 . 1 .
Ruy = 5 Rogu = 2Ly — (L + cR) g + 90V HY — 50 Vo H? . (6.18)

2
. - 1
VYV, H* +2g"*V,V H? +4VYL,* —2V*L — gvaR =0, (6.19)
1
O,HY =("+ f*(«; H,VH) , (,:=—-4V,.L,"+2V,L+ gVMR , (6.20)
OgKpuw =Vl + fuv(x; H,VH,VK) , K, =V ,H, , (6.21)
2 N
Ry =2L+ §R +V.H" . (6.22)

From (6.9) we derive a wave equation for L — R/6,
1 g [eg
Oy(L — ER) = —2C,,*L,° = 2(W,."" —C,."*")L,° . (6.23)
The tensors L, C,,o” and £,,,» are supposed to be part of the given solution of
the CWE2; we stress that it is by no means clear, whether they, indeed, represent

the Schouten, Weyl and Cotton tensor of g, respectively. We denote by W,,,»”
the Weyl tensor associated to g, while we define the tensor (.- to be

C;wa = 4V[0—Ly]” .
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Since we do not know at this stage whether the source term in (6.23) vanishes,
we have no analogue of Lemma 3.6. It is not possible to conclude that L — %R
vanishes as we did for the CWE, supposing that it vanishes initially. In fact
that is the reason for the modified definition of ¢, in (6.20).

Note that once we have established L = %R and H? = 0, (6.22) implies R =
R,. For (6.23) to be part of a homogeneous system of wave equations, we regard
Wyvep — Cuvep as another unknown and show that it satisfies an appropriate
homogeneous wave equation (for later purposes this is more advantageous than
to derive a wave equation for the traces C,,"”).

From (6.18) and (6.22) we find for the Weyl tensor, cf. (3.32) and (3.36) (since
we do not know yet whether L — R/6 vanishes, the formulae differ slightly),

v(xmwnp = gu[o'gp]ow + gV[O’Cp]Ma - ga[agp]p,u - QV[}LWV]OCO'p
F9uo Vo) VivHa) + 9uioV o) ViaHy) + Galo V) Vi Hy

4 1 2 1
+_glt[ogp][uva] (L - _R) - _ga[agp]uvu(L - ER)

3 6 3
2 1
+§g,u[ngp] [uva]vaH - ggoz[rrgp]yVMVNI_I,i + fauuap(x§ H, VH) )
DgVV/wnp = V[O'Cp]uy, + QV[uvaWp]aop + I/V,uu(xﬁwopfca - 4Wan[uaWu]apH

F2(9p1Wijao™ = 9oluWilap™) L™ = 2L " Wojap — 2L16" Wl
9016V Cpalv] = 9p(uV Cloaln) + %gu[avmﬂgﬂu - %gmovp}ﬂgm
+%90[/LVV] Vp Vo™ — %gp[,LVV]VaVaHQ - %g,t[,,vp]vyvnm
+%g”[avﬂ] ViV H" + %gu[agl)}vmgvnHH + ggu[agp]u['g(l/ - %R)
+§9a[a9p] (Vi V(L — %R) + %RWWp + fuvop(x; HVH,VK) .

We further have (cf. (3.34) and (3.35))

1 1
VQC}LVQ = 2(1/‘/;&6!1/'&i - ZCpauH)Lna + iqung, - VHVV(L - ER)

5 2 2 1

~(5Ry = 6L = ZR)L,, + (3R, —2L = 3R)Lgy

+ fo (@ H,VH,VE) | (6.24)
1 1 1

v(xwauya = _§</LVO' + §V/AV[VHO'] + égu[uvo] (Rg - R)
+f,uuo (l‘; o, VH) , (625)

which yields with (6.20) and (6.22)

Dng,z/Up = v[on]l/u - V[uCy]op + WuuaHWUpna - 4W05[;Lawu]apﬁ
_QL[MNWV]WP - 2L[UHWP]NHV + 4Lﬁa(Wpa[uH - Cpa[un)gl'}o

1 1 1
_4[4,‘%0‘(VVO'Q[M'Li - Co'oc[p,ﬁ)gl/]p + §gp[uvu]<0 - §go[uvu]<p + §gu[avp]gu

1 8 1 8 1 1
_§gu[ffvﬂ]<” - §go[uLV]p(L - gR) + ggp[uLV]o(L - ER) + gRW/wop
4 1 1
+_Lga[ugu]p(L - _R) + _gu[o’gp]uDg(Rg - R) + fuuop(x; H7 VH7 VK) .

3 6 3
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The first term in the last line is disturbing. However, invoking (6.22) and (6.23)
we find the relation
1 .
O4(Ry—R) = 204(L - ER) + 04,V H?
= AWyt = Cuot?)L,’ + f(x; H,VH,VK) .
Combining with (6.12) we end up with the wave equation
DQ(WWUP - CWUP) = _V[U(CP]/W - 5/)]#1/) - V[M(CV]”P - 5»]09)
“‘(I/sz/(xl‘i - C/wan)Wopﬁa + CpuaH(Wnpna - Oﬂpna)
_4(Wm§[ua - CO'K[/LOL)WD](X[)H - 4Coﬁ[ua(Wy]osz - Cy]ozpﬁ)
—2Wopntu = Coprlu) L) = 2(Whskio — Cuvio ) Lp)"
+4Lﬁa(Wpa[uﬁ - Cpa[um)gu]o— - 4Lﬁa<Wo—a[MH - Caa[uﬁ)gu]p

1 1 1 1
+§gp[uvu]gn - §ga[pvu]<p + §gll[dvp]</l. - §gu[avp]<y

4 1 R
+§(L - ER)(Lng[/Lgl)]p - 290[/LLu]p + 2gp[/LLu]n) + g(Wuuop - Cuuop)
4
+_g/t[ngp]u(Wm1H6 - CHQKB)LBQ + fuuo’p(l.; Hv VHa VK) ) (626)

3
which is fulfilled by any solution of the CWE2.
To end up with a homogeneous system we need to derive wave equations for
Cu and Cuvo — &uvo. Let us start with ¢,. In close analogy to (3.27) and (3.28)
we find with (6.9), (6.23), (6.25), (6.18) and (6.22),

0y¢, = —4V,0,L," — 8Wae,’VOL," — AR,V L™ + 8R,,VL,"
2 1
—ALP"Vu Ry + ALYV Ry + SRV R = R G+ SRy

2 1 1
+2L,"V ,Ry + gRgVM(L — ER) +2V,0,(L + ER)
- _8vy[(VV/“’Vp - Clwup)Lpa] + 4vu[(Waoap - C(map)Lpa]
8 1 4 1 2 1
2LV (L — = = L= 2L
g3 Vu( GR)+ 9RV”( GR) 3( 6R)VMR

+(L," — R,")Cy + %(Rg —R)(, + fule; HVH,VK) . (6.27)

Finally, let us establish a wave equation which is satisfied by (uvo — &uvo-
The definition of the Weyl tensor together with the Bianchi identities yield

Dgglwo = 4v[0DgLu]u - 4Wum-ipvpLuH + 8I/V;uw)[o'vpLu]"'i - 4RN[VVU]L/AH
1
F4AR oV u )™ — 4Ry oV 1w L) — 4Rk guje VP L™ + gRgCWU
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4
—|—§Rggu[gVHLl,]N + ZJlLM'%V[,,RO—]N + 4LDHV[MRH]U + 4L05V[,{RH]V

O 4L, e — AL Vo Ry + 161, Vo L — AR, Vo Ly"

—SLPNgM[DVU]LHp — 4Rph;g’u[a—vpLy]H + ZIRH[UVMLV]'i
4
3
1
+8Lpﬁv[uco]mtp + 4<a5[yco]ﬁua - 2CuanWVaUH + ng/qunR

AR Vs D" + ALV Rigo + ALV Ry +

Ry9,sV"™L,

1k

1
+8(WHP[VH _ CHP[VN)VMILU]P + gRQCW,O— + fuve(z; HVH, VK) .
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Using the relations (6.18), (6.22) and ([,,,] = 0 one then shows
DQC}LVO' = _4<[LK,[I/LU]H + GQH[VCHUOL]LHQ + 8mev[uco]n,up + 4<aﬁ[yco]mua
_QCH«OLHWI/(XUK + 8(I/V,up[1/ﬁi - C/LP[VK)VIK/‘LO']p - 2LM[VCO’]

1 1
+§WUW"‘V,€R — E(R —2Ry)Cuvo + fuve(z; HHVH,VK) .

Combining with (6.13) we infer that (..o — & fulfills the wave equation,
(C/wn guuo)

69# (C ocal — gﬁna])Lﬁa - 4(</u£[u - g/u-i[y)Lo]K + 4(C(yn[u - gan[u)crr]nua
+€/U‘i ( Wiea" — CV!TOLH) + 8(VV/tp[l/li - Oltp[uﬁ)v\fdlfo]p - QL;J,[VCG]

1 K K
_g(WVU,U. _Ouo/t )VHR+ (C/u-i ) flm ) voo + R(C/wrr f/wrr)
AL, V(L — SR) + S(L— LR)g VL 2(L L 0 Vo R
ply Vol 6 3 6 V]’i 9 6 ulv Vo]
2 1
"‘g(L - ER)C/LW + f/tun(33§ H,VH,VK) . (6.28)

The equations (6.20), (6.21), (6.23), (6.26), (6.27) and (6.28) form a closed,
linear, homogeneous system of wave equations satisfied by H?, K., L — R/6,
Wivep — Cuveps Cu and Cuve — Epve, With guu, Ly, ete. regarded as being given.
An application of standard uniqueness results for wave equations, cf. e.g. [15],
establishes that all the fields vanish identically, supposing that this is initially
the case. In particular this guarantees the vanishing of H? and, via (6.22), of
R, — R, and therefore consistency of the CWE2 with the gauge condition.

Moreover, the computations above reveal that the solution satisfies certain
relations expected from the derivation of the CWE2; e.g. it follows from (6.14)
that L,, is the Schouten tensor of g, if H =0 and Ry = R.

PROPOSITION 6.3 Let us assume we have been given data (G, S, (:), [G/,W,
CO’WU”, flw(,) on an initial surface S (for definiteness we think either of two
transversally intersecting null hypersurfaces or a light-cone) and a gauge source
function R, such that g, is the restriction to S of a Lorentzian metric, IO/W 1s
symmetric and L= R/6. Suppose further that there exists a smooth solution
(Guvs S, ©, Ly, Crue®, o) of the CWE2 (6.9)-(6.14) with gauge source func-
tion R which induces the above data on S and fulfills the following conditions:

1. H?[g] =0,

2. K,°[g] =0, where K, =V ,H°,

3 Wyno®lg] = Cpuo®,

4 Cuvol9s L] = €pues where Guuo =4V, Ly,

5. C, =0, where ¢, = —4V,.L," + 2V, L + %v“R.
Then

a) H> =0 and Ry = R,

b) Cuo" is the Weyl tensor of g,
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¢) L, is the Schouten tensor of g,

d) &0 is the Cotton tensor of g, .

The validity of the assumptions 1-5 will be the subject of Section 6.5.

6.3 Equivalence issue between the CWE2 and the MCFE

We devote ourselves now to the issue to what extent and under which conditions
a solution of the CWE2 is also a solution of the MCFE. It turns out that
this issue is somewhat more intricate than for the CWE due to the change of
variables. Note that at this stage the cosmological constant A\ does not need to
vanish.

A subsidiary system

Recall the MCFE,

Voduwe” =0,

Vilve = VLo =V,0dyus"

V,V,0 =-06L,, +sg ,

Vus=—-L,V'0O,

205 -V, ,0VHO = \/3,

Ruve"[9] = Odyuye" + 2 (ga[uLV]N - 5[/LKLV]0) :

The MCFE are equivalent to the following system, supposing that © > 0,

VoCoue” =VyulLlye — VLo,

OV, Lo — VL) =V,0C,,.",

V,V,0 =—-0L,, +sgu ,
Vus=-L,V'0O,

205 - V,0V*O = \/3,

Ruvo"[9] = Cuvo™ +2 (QU[MLV]H - 5[MHLV]<7) :

This can be seen as follows: Suppose we have a solution of (6.35)-(6.40), then we
obtain a solution of (6.29)-(6.34) by identifying d,,,.o* with ©1C},,” and vice
versa (hence the system (6.35)-(6.40) is also equivalent to the vacuum Einstein
equations for © > 0). In fact, a solution of (6.29)-(6.34) provides a solution of
(6.35)-(6.40) for any © since the identification of C),,,” with ©d,,,,” is possible,
even where © = 0.

We elaborate in somewhat more detail on the characteristic initial value
problem for an initial surface S for which the set {© = 0} is non-empty. Since
we are mainly interested in a light-cone with © = 0 everywhere we specialise
to the case S = C;— (we then need to assume A = 0). Let us assume we have

been given free initial data wap = Lag on C;—, and that the fields G o= 0,
S, IO/W, CO'WU” = 0 and fiwa have been constructed by solving the constraint
equations to be derived below (cf. Section 6.4). Let us further assume that there
exists a smooth solution of the system (6.35)-(6.40) to the future of S which
induces these data on S and which satisfies s|;- # 0. Then © has no zeroes
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inside the cone and sufficiently close to the vertex. Moreover, cf. the proof of
Lemma A.5 in Appendix A, d© # 0 on .#~ and dO©|;- = 0. Since the tensor
Clwo" vanishes on C;- the field C),,,»”/© can be smoothly continued across %~
(though not necessarily across i~). The solution at hand thus solves (6.29)-
(6.34) (except possibly at i~) when identifying C),»”/O with d,..”, smoothly
continued across ..

The system (6.35)-(6.40) is not regular for © = 0, and thus does not provide a
good evolution system. However, it turns out that it is equivalent to the CWE2,
when the latter system is supplemented by the constraint equations, and thus
provides a useful tool to solve the equivalence issue between the MCFE and
the CWE2. The only grievance (or possibly advantage, we will come back to
this issue later) is that we do not know how d,,,” behaves near the vertex,
in particular it is by no means clear whether it can be continuously continued
across past timelike infinity at all. Nevertheless, the solution provides a solution
of the MCFE up to and excluding the vertex, which induces the free initial data
wap on C;—, and it provides a solution of the vacuum Einstein equations inside
the cone, at least near i~.

Equivalence of the CWE2 and the subsidiary system

In this section we address the equivalence issue between the CWE2 (6.9)-(6.14)
and the subsidiary system (6.35)-(6.40) we just introduced and which, once we
have constructed a solution thereof, provides a solution of the MCFE (6.29)-
(6.34), with the possible exception of the vertex of the cone C;-. For that we
shall demonstrate that a solution of the CWE2 is a solution of the subsidiary sys-
tem supposing that certain relations are satisfied on the initial surface, namely
the constraint equations, cf. the next section. The other direction follows from
the derivation of the CWE2. As initial surface we have, as before, two transver-
sally intersecting null hypersurfaces or a light-cone in mind.

Recall the CWE2 (6.9)-(6.14). We assume we have been given a smooth
solution (g, Ly, Cuve’, Euwe, ©, s) with all the hypotheses of Proposition 6.3
being satisfied. Then L, C,,+” and .., are the Schouten, Weyl and Cotton
tensor of g, respectively. The equations (6.35) and (6.40) are thus identities
and automatically satisfied. Recall that it suffices for (6.39) to be satisfied at
just one point. Let us derive a homogeneous system of wave equations which
establishes the validity of the remaining equations, (6.36)-(6.38).

It is convenient to make the following definitions:

1
Aauu = §®§auu + Vpec;wap )
Ew = V,V,0+0L,, —sg9,u ,
Y, = Vus+L,V'O.

Computations similar to the ones which led us to (3.44) and (3.46) (now
with H? and K, vanishing) reveal that, because of (6.9)-(6.11), we have

1
02w = 2Z0x(20(,"6,)7 — g L™ = C,7,"%) +4V(, Ty + ERE”” ,(6.41)
1
0,Y, = 6L, "Y.+2L""A,., +25,°V,L," — EE“”VVR . (6.42)
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Furthermore, in virtue of (6.11)-(6.13) and (6.6) we find that

DgAcwu = sovu — QLPHVK@ C;wap - QVPGCUM[MLV]H - QVp@C;wm[aLp]K
+VPO(V polvn + Viu&iipe) + VPOV + 4T ,Cluns”

1
+25mpvﬁc,uuap + 4CUK[/LOCA-|K,OL|]/] - CMVO(KAO'K/Q + §RAO'V}L .
We observe the relation

ZVPG(V[,,&;]W + v[ugu]pn)
= 4Vp@(V[pVM]LW, — V[pvl,]le + V[UVV]L/L,D — V[UVM]LW,)
= AVPO(Cio"Lojr = Coplu" Lujs) »

which yields
DQAO'D[L = QEHvaC/wnp + gp/Lqup + QLUPApy/L + 4CUH[MQA|MX|V]

1
_C/waHAm-ia + 4TpC/w¢Tp + V(T (gpu,uvp@) + gRA(TV/L . (643)

It remains to derive a wave equation for £,,, V”© which follows from (6.11),
(6.13) and (6.6),

Dg(gpva@) = §pva[:|g@ + 2Eﬁp(vn§pw + ZLK‘SCW(;,)) - 4L;<,vapr
+V QAL PV 5C s + AL Epuy + Do) + %Rgpva@
= 4€P,, T, + 25 (Vb + 20,2 Chivsp) — ALV Ay,
~(£xs"V"0)Crva” + 46 [ Ajappu) — %AWV”R

1
+§R§pwvf’6 . (6.44)

The equations (6.41)-(6.44) form a closed, linear, homogeneous system of
wave equations for the fields Z,,, T,, Agyy and £, VPO. If we assume that
the equations (6.36)-(6.38) are initially satisfied and that £,,,V*© = 0, we have
vanishing initial data, and standard uniqueness results for wave equations can
be applied (cf. e.g. [15]) to conclude that (6.36)-(6.38) are fulfilled.

As an extension of Proposition 6.3 we have proven the following result (note
that the cosmological constant A is allowed to be non-vanishing):

THEOREM 6.4 Let us assume we have been given data (G, S, é, IO/M,,, CO’WO.”,
{OWU) on a characterteristic initial surface S (for definiteness we think either
of two transversally intersecting null hypersurfaces or a light-cone) and a gauge
source function R, such that g, is the restriction of a Lorentzian metric, L,
1s symmetric and L= R/6. Suppose further that there exists a smooth solution
(Gpvs S, ©, Ly, Cruo”, Euve) of the CWE2 (6.9)-(6.14) with gauge source func-
tion R which induces the above data on S and satisfies the following conditions
(since it is the case of physical relevance we assume © # 0 away from S; later
on we shall consider only initial data where this is automatically the case, at
least sufficiently close to S):
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1. The equations (6.36)-(6.39) are satisfied on S (it suffices if (6.39) holds
at just one point on S).

The Weyl tensor of g, coincides on S with C\pe”.

The relation &,,0 = 4V, L), holds on S.

The covector field ¢, = —4V . L, + 2V, L + %VMR vanishes on S.
The tensor field £,,,V*O vanishes on S.

S &

The wave-gauge vector H? and its covariant deriwvative K,° = V,H°
vanish on S.

Then:
a) H =0 and R; = R.

b) The fields Cpuo®, Ly and &6 are the Weyl, Schouten and Cotton tensor
of g, respectively.

c) Set dyve” ::_G)’lCWUp where © # 0. The tensor d,.." extends to the
set {© =0,dO # 0} C S. Moreover, the tuple (guv » Luw , © , s, duwo”)
solves the MCFE (6.29)-(6.34) in the (H® =0, Ry = R)-gauge.

The conditions 1-6 are necessary for ¢) to be fulfilled.

We shall investigate next to what extent the conditions 1-6 are satisfied if
the initial data are constructed as solutions of the constraint equations induced
by the MCFE on the initial surface.

6.4 Constraint equations on C;- in terms of Weyl and Cot-
ton tensor

Generalized wave-map gauge

The aim of this section is to determine the constraint equations induced by the
MCFE on the fields g, Ly, ©, S, Cpvep and &,,-. For this purpose we assume
we have been given some smooth solution (¢,v, Luv, ©, s, duve,) of the MCFE.
For simplicity and to avoid an exhaustive case-by-case analysis we shall restrict
attention, as for the CWE, to the case where the initial surface is S = C;-.

This requires to assume
A=0.

As a matter of course the constraints for ¢,,, L., © and s are the same as
before, cf. Section 4.2. The Weyl tensor vanishes on .# [32],

Coo” =0. (6.45)

It thus remains to determine the constraint equations for §,,,. In adapted null
coordinates the independent components of the Cotton tensor are

£OOA ) £OIA ) 511A ) fAOB ) fAlB ) gABC' .
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We have
€014 = 2(VaLor —ViLoa), (6.46)
€114 = 2(VaLiy —ViLia), (6.47)
s = 2(VeLia—Vilag), (6.48)
€apc = 2(VcLap —VpLac), (6.49)

and no transverse derivatives of L, are involved. The remaining components
follow from (6.30),

Sooa = 23O doioa (6.50)
3 2V080—@EOBA1 . (6.51)

§a0B

(R=0,5=-2,k=0,§ =1n)-wave-map gauge
To make computations easier we restrict attention to the (R = 0,5 = =2,k =
0,9 = n)-wave-map gauge. Henceforth all equalities are meant to hold in this

particular gauge. As free initial datoa we takeothe s-trace-free tensor wap = Lag.
The constraint equations for g,,, L., and C,,,», read (cf. (5.6)-(5.16))

o

G = Muv s Cuvep =0, (6.52)
Li,=0, Loa= IVEAas, G BLap =0, (6.53)
4(0y + 1Y) Log = MPuwap — 4rp — 2VALoa (6.54)
where
(O —r Aap = —2wap, (6.55)
@+ 3 Y)p = %r—lwalim - %/\ABal(r_lwAB) (6.56)

The relevant boundary conditions are
Loo=0(1), Aap=0(%, p=0(). (6.57)
The equations (6.46)-(6.51) yield

foia = —201Loa = §%%pac, (6.58)
§1ia = 0, (6.59)
Eaip = —2r0i(r'wan), (6.60)
fapc = AVicwpa — 4 gapLlep (6.61)
ooa = —Ardyioa, ie. (6.62)

. . R, 1~

dbooa = VPQAuwrie)—2VEV4Lpp + §VB§A1B
—2rVap + 1 o1a + A Ploin (6.63)
§aoB = 2rgapdoior — 2rdia1B — 2rdo1aB
~. ) 1.
= A[ACWB]C — ZV[ALB]O +2rpgap — 5{,413 , (6.64)
with boundary condition )

§ooa = O(r) . (6.65)
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We employed the d,,q,-constraints (5.8)-(5.12) to derive the expressions for

500,4 and EAOB (recall that dy© = —2r, cf. Section 4.3).
Using the constraints for ,,,, one may rewrite the equation for p,

801+ 3r Vp = r NPl — 20 VA4 (6.66)

Note that for the Cotton tensor to be regular at i~ the initial data necessarily
need to satisfy wap = O(r?), cf. (6.60).

6.5 Applicability of Theorem 6.4 on the C;--cone

Let us assume we have been given initial data wap = O(r?®) on C;-, such that
a smooth solution of the CWE2 exists in some neighbourhood to the future
of i, smoothly extendable through Cj-, which induces the prescribed data
©=0,5=-2 Cus" =0, §uo = N, L and &, on C;—, the last two
fields determined from the hierarchical system of constraint equations (6.52)-
(6.64). We want to investigate to what extent the hypotheses of Theorem 6.4
are satisfied under these assumptions.
For convenience let us recall the CWE2 in an (R = 0)-gauge,

O L = 4Ly — guw|LI* — 2C,0, L, (6.67)
O,s = O|L]?, (6.68)
0,0 = ds, (6.69)
O Cop = Cuva"Cope® = 4Co " Colap™ = 2CopupL)™ — 2C,mno L)

_v[agp]p,u - V[ugu]o’p 5 (670)

DgH)guua = 4£Ha[uca]auﬁ + Cuaaﬁgwﬁa - 4§/m[uLa]H + GQM[Vé-HO'OL]LHa
-‘v-SLOC,iV[VCU]O‘MN , (6.71)
RMgl = 2L, . (6.72)

Vanishing of "

This can be shown in exactly the same manner as for the CWE, Section 5.2.

Vanishing of dyH° and Zu

We know that the wave-gauge vector fulfills the wave equation (6.19) with R = 0,
VYV, H® +2g"*V,V, H? +4V"L,* —2V*L =0 (6.73)

As for the CWE the vanishing of 9gH? and 9yH# follows from (6.73) with
a = 0, A by taking regularity at the vertex into account. Taking the trace of
the restriction of (6.72) to the initial surface then shows that the curvature
scalar vanishes initially, RQ =0.

The o = 1-component of (6.73) can be written as

(81 + ’I“il)aoHl + 2(81 + T)Zoo + Q@AZ()A - §A380LAB =0 5 (674)

where we used that dpLi; = 0, cf. (5.32), and that

8()—.[/ = ao(gl“jLw,) = 200Lo1 +§AB({90LAB - )\ABZAB . (675)
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We observe that, although we do not know yet whether 9oL vanishes, equation
(6.74) coincides with (5.43) of Section 5.3, and thus the vanishing of dyH' can
be established by proceeding in exactly the same manner as for the CWE; one
first shows that the source terms in (6.74) vanishes and then utilizes regularity
to deduce the desired result. Altogether we have

V,H"=0. (6.76)
Inserting the definition (6.20) of ¢, into (6.73) yields
¢, =0. (6.77)

Vanishing of ¢,,,Vr0

Since © = 0, it suffices to show that ¢, uv = 0. Invoking the symmetries of 3
we deduce from the constraint equations (6.58)-(6.64) that

nrod

5101 = gABEAlB =0,

Sioa = 7°%€pac—Cna—E11a=0,
Ciia = 0,
Eiap = —28apn =0.

Vanishing of m

We need to show that

gp,z/o’ = Z/,LVO’ = 4V[O'LV]M :

For the components &gy 4, €114, a1 and & 4o this follows straightforwardly
from the constraint equations (6.58)-(6.61). The remaining independent com-
ponents £y, 4 and & 405 are determined by (6.63) and (6.64), respectively. We
observe that (oo — Egoa and Cagp — Eaop Satisfy the same equations as the
components g4 /2 and 3 405/2 in Section 5.8, so one just needs to repeat the
computations carried out there to accomplish the proof that EWU = ZWU.

Vanishing of WMWP

In the same manner as for the CWE, Section 5.4, one shows that the Weyl
tensor W,,o” of g, vanishes initially.

Validity of the equations (6.36)-(6.39) on C;-

The validity of (6.36) on C;- follows from the vanishing of © and C,,,,,. The
computation which shows the vanishing of (6.37)-(6.39) is identical to the one
we did for the CWE, cf. Sections 5.5-5.7.

6.6 Main result concerning the CWE2

We end up with the following result, which is in close analogy with Theorem 5.1:
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THEOREM 6.5 Let us suppose we have been given a smooth one-parameter family
of s-traceless tensors wap(r,z) = O(r?) on the 2-sphere, where s denotes the
standard metric. A smooth solution (9uv, Luv, Cuve”, éuve, ©,s) of the CWE2
(6.67)-(6.72) to the future of C;—, smoothly extendable through C;— , with initial

data (éw,i“y,é'ﬂyc,p,éﬂyg,é = 0,8 = —2), where Lip = wARB, provides a
solution
(gwju Luuvdp,z/o'p = @710/,1,1/0'/)7 @1 S)

of the MCFE (6.29)-(6.34) with A\ = 0, smoothly continued across . ~, in a
neighbourhood of i~ intersected with J*(i™), with the possible exception of i~
itself, in the

(R=0,5=-2,k=0,§u = Nu)-wave-map gauge

if and only if the initial data have their usual symmetry properties and satisfy the
constraint equations (6.52)-(6.56) and (6.58)-(6.64) with boundary conditions
(6.57) and (6.65),*

REMARK 6.6 Note that regularity for the Cotton tensor implies that the initial
data necessarily need to satisfy wap(r,z) = O(r3), cf. equation (6.60).

7 Conclusions and outlook

Let us finish by briefly comparing the two systems of wave equations, CWE and
CWE2, which we have studied here, and by summarizing the results we have
established for them.

7.1 Comparison of both systems CWE & CWE2

It might be advantageous in certain situations that the Schouten, Weyl and
Cotton tensor, which appear in the CWE2-system, can be directly expressed in
terms of the metric. In contrast, the rescaled Weyl tensor, which is an unknown
of the CWE, can be defined on .# in terms of the metric and the conformal
factor only via a limiting process from the inside.

Once a smooth solution of the CWE has been constructed (we think of a
characteristic Cauchy problem with data on C;-), it is, as a matter of course,
known that the rescaled Weyl tensor is regular at i~. Since both, © and d©,
vanish at i~ the same conclusion cannot be straightforwardly drawn for a solu-
tion of CWE2, even if one takes initial data wap = O(r4). Note for this that the
constraint equations for CWE2 are somewhat “weaker” than the constraints for
the CWE involving the rescaled Weyl tensor, which is due to the fact that the
Cotton tensor has less independent components than the rescaled Weyl tensor.
It is the LZO Aop-constraint which has no equivalent in the CWE2-system. Thus it
seems to be plausible that the conclusions are weaker, too. One has no control
how C0,/© behaves near the vertex. It seems to be hopeless to catch the
behaviour of d,,,” when approaching i~ in terms of the initial data on C;-.

However, this can be seen as an advantage as well, for there seems to be no
reason why the rescaled Weyl tensor should be regular at :~. It might be more

3Note that if s|,— < 0 then © is positive in the interior of C;— and sufficiently close to
i~ and d© # 0 on C;— \ {i~ } near i~, so a solution of the CWE2 provides a solution of the
MCFE in J*(i7) \ {i~} sufficiently close to i~.
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sensible to assume just the unphysical metric to be regular there. Note, however,
that for analytic data the rescaled Weyl tensor will be regular at i~ [24], while for
smooth data this is an open issue. The CWE2 might be predestined to construct
solutions of the Einstein equations with a rescaled Weyl tensor which cannot be
extended across ¢, supposing of course that such solutions do exist at all. In
fact, we have seen that any smooth solution of the CWE (supplemented by the
constraint equations) necessarily requires initial data wap = O(r*), while for
the CWE2 we just needed to require wap = O(r?). So if one is able to construct
a solution of the CWE2 from free initial data w4 p which are properly O(r?), the
corresponding solution of the MCFE will lead to a rescaled Weyl tensor which
could not be regular at i~.

7.2 Summary and outlook

Both CWE and CWE2 have been extracted from the MCFE by imposing a
generalized wave-map gauge condition. Similar to Friedrich’s reduced conformal
field equations, they provide, in 3 + 1 dimensions, a well behaved system of
evolution equations. The main object of this paper was to investigate the issue
under which conditions a solution of the CWE/CWE2 is also a solution of
the MCFE. Since, roughly speaking, the CWE/CWE2 have been derived from
the MCFE by differentiation, one needs to make sure, on characteristic initial
surfaces, that the MCFE are initially satisfied, as made rigorous by Theorems 3.7
and 6.4.

One would like to construct the initial data for the CWE/CWE2 in such
a way, that all the hypothesis in these theorems are fulfilled. The expectation
is that this is the case whenever the data are constructed from suitable free
“reduced” data by solving a set of constraint equations induced by the MCFE
on the initial surface, which is a hierarchical system of algebraic equations and
ODEs, as typical for characteristic initial value problems for Einstein’s vacuum
field equations. In this work, we have restricted attention to the C;--cone,
which requires A = 0, and, for computational purposes, to a specific gauge, and
showed that this is indeed the case, cf. Theorems 5.1 and 6.5.

Analogous results should be expected to hold for e.g. a light-cone for A > 0
whose vertex is located at .#~, or for two transversally intersecting null hy-
persurfaces, one of which belongs to #~ for A = 0, or where the intersection
manifold is located at .#~ for A > 0, and also for such surfaces with a vertex, or
intersection manifold, located in the physical space-time. Furthermore, any gen-
eralized wave-map gauge with sufficiently well-behaved gauge functions should
lead to the same conclusions. We will not work out the details here. It should
also be clear that results similar to Theorems 5.1 and 6.5 can be established
with initial data of finite differentiability.

The equivalence issue between CWE/CWE2 and MCFE is also of relevance
for spacelike Cauchy problems. This has been analysed in [30]. It is shown
there that, roughly speaking, a solution of the CWE is a solution of the MCFE
if the MCFE and their transverse derivatives are satisfied on the initial surface.
As in the characteristic case, it should be expected that this can be guaranteed
whenever the initial data are constructed as solutions of an appropriate set of
constraint equations. In [30] this has been proved to be the case if the initial
surface is a spacelike .#~ (here one needs to assume A > 0).
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A Cone-smoothness and proof of Lemma 2.1

In order to prove Lemma 2.1 we need some facts about cone-smooth functions.
Therefore let us briefly review the notion of cone-smoothness as well as some
basic properties of cone-smooth functions. For the details we refer the reader
to [9, 11].

We denote by {3° = t,4'} coordinates in a 4-dimensional spacetime for which

Co := {y“ eR: g0 = Z(yi)2} .
i
is the light-cone emanating from a point O. Such coordinates exist at least

sufficiently close to the vertex. Adapted null coordinates are denoted by {z° =

u,z' = r,2}. Both coordinate systems are related via a transformation of the

form (cf. [11]),
3
WO =zt — 20, =20t with z:[@i(x“l)]2 =1.
i=1

DEFINITION A.1 ([11]) A function ¢ defined on Co is said to belong to €*(Co),
k € NU{oo}, if it can be written as ¢ +r¢ with ¢ and ¢ being €*-functions of
y'. If k = oo the function ¢ is called cone-smooth.

REMARK A.2 We are particularly interested in the cone-smooth case k = oo.

PROPOSITION A.3 ([11]) Let ¢ : Co — R be a function and let k € N U {oo}.
The following statements are equivalent:

(i) The function ¢ can be extended to a €* function on R*.
(ii) ¢ € €*(Co).

(iti) The function ¢ admits an ezxpansion of the form (i, ¥5, . _, €R)

k
p= Zapprp+ok(rk) where @, 1= @il...ipeil ...@ip—i-goglmipfl@“ S
p=0

LeMMA A4 ([9]) Let ¢ € €%(Co) with k € NU {co}. Then
(i) exp() € €%(Co), and
(ii) =t [ @(F,a?) dF € €F(Co).

If, in addition, ©(0) =0, then
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(iii) [, 7~ p(F, x?) dP € €% (Co).

LEMMA A.5 Consider any smooth solution of the MCFE in 4 spacetime dimen-
sions in some neighbourhood % to the future of i~ , smoothly extendable through
C;—, which satisfies

Si— == 8|i- #£0. (A1)

Let p be any function on % NOJ* (i) with p;- := pli— # 0 and lim, 0 9.p = 0
which can be extended to a smooth spacetime function. Then the equation

VuOVE)+ s —¢2p =0 (A2)
is a Fuchsian ODE forqoﬁ and any solution satisfies (set ggi_ = g§|z-_)
sign(¢;- ) = sign(s;- )sign(p;-) (A.3)

(in particular d?if # 0), and is the restriction to C;— of a smooth spacetime
Sfunction.

ProoF: We assume a sufficiently regular gauge so that the regularity conditions
(4.41)-(4.51) in [5] hold. Evaluation of the MCFE (2.7) on .#~ in coordinates
adapted to the cone implies the relation

gAPVAVEO =25 <= 70,0 = 215 . (A.4)
The notation is introduced at the beginning of Section 4. The expansion 7 of

the light-cone satisfies

2

T= g—1—0(7") , OiT= —3—1—0(1) .
r r
Moreover, regularity requires
vo =1+ 0(7”2) , O1vg = O(T) , §= O(].) , 015 = O(].) .

Hence L L
200 = s;-r+0(r?) and 0,000 = s,- + O(r) . (A.5)

The r-component of the MCFE (2.8) yields
015+ 1°011000 =0 =— 85— =0
due to regularity (note that Li; = O(1)), i.e.
S=s;- + O(rz) .
In adapted null coordinates (A.2) reads
V800016 +356 — pé? =0, (A.6)

i.e., since dO| - # 0, (A.2) is a Fuchsian ODE for ¢ along the null geodesics
emanating from ¢~. By assumption, the functions 5 and p are cone-smooth.
In [9] it is shown that ¥ and 77 are cone-smooth. That implies that the function

b= 200 (A4) 2v05

r rT

=5, +0(r%)
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is cone-smooth, as well (note that (r7)|;- # 0). Since we have assumed s;- # 0,

the function v has no zeros near i, so ¥~ ! exists near i~ and is cone-smooth.
The ODE (A.6) thus takes the form

1oL+ wd —wd? =0, (A7)

where the functions @ := syt = 1+ O(r?) and w := vppy ' = 2= + O(r?)
are cone-smooth and non-vanishing near the tip of the cone.'

Let € > 0 be sufficiently small. We introduce the function

Ni=e” S o dr (;571 ’ (A.8)
so that (A.7) becomes
oy +¢=0, (A.9)
where
¢:= ewe™ ST E-D AR 6;);6-&)5 P @-1)df +0(r?) (A.10)

=:C

is cone-smooth by Lemma A.4 and has a sign near the tip,

sign(¢;) = sign(s; )sign(pi-) -

Consequently,
ry = —r/f‘zgdf =c+ér+0(r?) (A.11)

is cone-smooth and has a sign as follows immediately from the expansions in
Proposition A.3 and term-by-term integration. The constant ¢ can be regarded
as representing the, possibly z4-dependent, integration function. We conclude
that the function

Si—

¢ = ee  JITTHETNA ()=l = 24 O(r) (A.12)

Pi-

is cone-smooth and has a sign near the vertex of the cone,
sign(¢;-) = sign(s;- )sign(p;-)

(Note that there remains a gauge freedom to choose 81(%7 ) |
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Abstract
We prove existence of vacuum space-times with freely prescribable cone-
smooth initial data on past null infinity.

PACS numbers: 04.20.Ex, 04.20.Ha

1. Introduction

A question of interest in general relativity is the construction of large classes of space-
times with controlled global properties. A flagship example of this line of enquiries is
the Christodoulou—Klainerman theorem [3] of nonlinear stability of Minkowski space-time.
Because this theorem carries only limited information on the asymptotic behaviour of the
resulting gravitational fields, and applies only to near-Minkowskian configurations in any
case, it is of interest to construct space-times with better understood global properties. One
way of doing this is to carry out the construction starting from initial data at the future null
cone, .# ~, of past timelike infinity i~. An approach to this has been presented in [10], but an
existence theorem for the problem is still lacking. The purpose of this work is to fill this gap.

In order to present our result some terminology and notation is needed: Let Cp denote
the (future) light-cone of the origin O in Minkowski space-time (throughout this work, by
‘light-cone of a point O we mean the subset of a spacetime .# covered by future directed null
geodesics issued from O). Let, in manifestly flat coordinates y*, £ = dp+ (y'/17)9; denote the
field of null tangents to Cyp. Let d, g, s be a tensor with algebraic symmetries of the Weyl tensor
and with vanishing n-traces, where 1 denotes the Minkowski metric. Let ¢ be the pull-back
of

dupys "

to Cp \ {O}. Let, finally, ¢,, denote the components of ¢ in a frame parallel-propagated along
the generators of Cy. We prove the following:

Content from this work may be used under the terms of the Creative Commons Attribution 3.0
oY licence. Any further distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Theorem 1.1. Let Cyp be the light-cone of the origin O in Minkowski space-time. For any ¢ as
above there exists a neighbourhood O of O, a smooth metric g and a smooth function ® such
that Cy is the light-cone of O for g, © vanishes on Co, with VO nonzero on J*(0) N €\ {0},
the function © has no zeros on O NI (0), and the metric ® g satisfies the vacuum Einstein
equations there. Further, the tensor field

daﬁyﬁ = ®71Caﬂy8a

where Cygys is the Weyl tensor of g extends smoothly across {® = 0}, and ¢u are the
frame components, in a g-parallel-propagated frame, of the pull-back to Co of dop,st*£Y . The
solution is unique up to isometry.

1.1. Strategy of the proof

The starting point of our analysis are the conformal field equations of Friedrich. The task
consists of constructing initial data, for those equations, which arise as the restriction to the
future light-cone .# ~ of past timelike infinity i~ of tensors which are smooth in the unphysical
space-time. We then use a system of conformally invariant wave equations of [13] to obtain a
space-time with a metric solving the vacuum Einstein equations to the future of i~.

Now, some of Friedrich’s conformal equations involve only derivatives tangent to .% —,
and have therefore the character of constraint equations. Those equations form a set of PDEs
with a specific hierarchical structure, so that solutions can be obtained by integrating ODEs
along the generators of .# . This implies that the constraint equations can be solved in a
straightforward way in coordinates adapted to .#~ in terms of a subset of the fields on the
light-cone. However, there arise serious difficulties when attempting to show that solutions
of the conformal constraint equations can be realized by smooth space-time tensors. These
difficulties lie at the heart of the problem at hand. To be able to handle this issue, we note
that ¢ determines the null data of [12]. These null data are used in [12] to construct smooth
tensor fields satisfying Friedrich’s equations up to terms which decay faster than any power
of the Euclidean coordinate distance from i, similarly for their derivatives of any order; such
error terms are said to be O(|y|*). For fields on the light-cone, the notation O(r*°) is defined
similarly, where r is an affine distance from the vertex along the generators, with derivatives
only in directions tangent to the light-cone. In particular the approximate solution so obtained
solves the constraint equations up to error terms of order O (r*°). Using a comparison argument,
we show that the approximate fields differ, on Cp, from the exact solution of the constraints
by terms which are O(r°°). But tensor fields on the light-cone which decay to infinite order in
adapted coordinates arise from smooth tensors in space-time, which implies that the solution
of the constraint equations arises indeed from a smooth tensor in space-time. As already
indicated, this is what is needed to be able to apply the existence theorems for systems of
wave equations in [7], provided such a system is at disposal. This last element of our proof is
provided by the system of wave equations of [13], and the results on propagation of constraints
for this system established there.'

2. From approximate solutions to solutions

Recall Friedrich’s system of conformally-regular equations (see [11] and references therein)

Vod,e” =0, @2.1)

' Compare [8], where a system based on the equations of Choquet-Bruhat and Novello [2] is used.
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VLo —VyLye =V,0d,,.", 2.2)
V.V,0 = —-0OL,, + sguv, 2.3)
Vs =—-L,, V'O, 2.4
20s - V,0V*O =0, 2.5
R;wok[g] = ®dp.vaK + z(ga[MLV]K - S[MKLV]U)' (2.6)

Here © is the conformal factor relating the physical metric ®~2g,,, with the unphysical metric
8- the fields d,,,“ and Ly g encode the information about the unphysical Riemann tensor as
made explicit in (2.6), while the trace of (2.3) can be viewed as the definition of s.

We wish to construct solutions of (2.1)—(2.6) with initial data on a light-cone C;-,
emanating from a point i~, with ® vanishing on C;- and with s(i™) # 0. (The actual value
of s(i”) can be changed by constant rescalings of the conformal factor ® and of the field

daﬂy‘s. For definiteness we will choose s(i”) = —2.) As explained in [9], such solutions lead
to vacuum space-times, where past timelike infinity is the point i~ and where past null infinity
SIisC-\ {i }.

We will present two methods of doing this: while the second one is closely related to the
classical one in [2], the advantage of the first one is that it allows in principle a larger class of
initial data, see remark 2.6 below.

Let, then, a ‘target metric’ g be given and let the operator V denote its covariant derivative
with associated Christoffel symbols ﬁgﬁ. Set

H = g"# (15, — T'2y). 2.7

Consider the system of wave equations which [13, section 6.1] follows from (2.1)-(2.6) when
H° vanishes:

O Ly = 4L L — guv|L* = 2Cu60"L,” + £V, VR, (2.8)
Oy s = O|L]* — 1V,RV*O — LR, (2.9)
0,0 =4s — ;OR, (2.10)

D;H) CHWTP = Cﬂvakcapka - 4C0KluaCVJapK - 2CapkluLVIK - QCMVK[ULP]K
_V[(r%‘p]/w - V[uév]np + %RC,U.V(Ipv (211)

DEH) gp,ua = 4Em[uca]auk + Cvo*aKé,uKa - 4§MK[VLO‘]K + 68#[1)5,(0(1][«&
+ SLQKV[VCU]O(/LK + éREuvc - %CV(T[LKVKR7 (212)

RD[g] = 2L, + ¢Rgpu0- (2.13)

wy
Here R/ [g] is defined as
RYD) =R, — SouViHC. (2.14)

Further, the field £,,,, above will, in the final space-time, be the Cotton tensor, related to the
Schouten tensor L,,, as

Ewvo = 4VoLuj = 2Vie R + 38ui0 VuiR.
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Finally, the operator ngH ) is defined as

D;;H) Vay..o, = |:lg Vay..oy, — Zg(r[a;(V/L]Ha)vabuﬂma,,

1
+y <2L,w, — R + 6ng,) Voy. (2.15)

with U, = V#V,,, where in the sums in (2.15) the index p occurs as the i’th index on vy, g, .

Some comments concerning (2.15) are in order. First, if g solves Friedrich’s
equations (2.1)—(2.6) in the gauge H° = 0, then D(E,H) = [,, so one may wonder why
we are not simply using [J,. The issue is that the operator [, on tensor fields of nonzero
valence contains second-order derivatives of the metric, so that the principal part of a system
of equations obtained by replacing D;H ) by [, in (2.8)—(2.13) will not be diagonal. This could
be cured by adding equations obtained by differentiating (2.13), which is not convenient as it
leads to further constraints. Instead, one observes [13, section 3.1] that the second derivatives
of the metric appearing in [J, can be eliminated in terms of the remaining fields above. For
example, for a covector field v,

Og v, = g""9,0,v; — 15{“”(8MF,‘}’A)U(7 + fi(g, 0g, v, dv)
= ¢ 9,00 + (R — 0,(¢"'T5,))vo + fi.(g 88, v, 3V)
= ¢"8,0,v; + (R — B H v, + fi(g, dg, v, v, §, 38, 3°8)
=g 0,003 + (RYY + goix ViuH" )v" + fi.(g, 8g. v. dv, 8. 92, 878).

with f5 changing from line to line. This leads to the definition

O v, = Oy v — gon (Vg HO V" + (2L,M ~R™ 4 éRgM> v (2.16)

consistently with (2.15).

An identical calculation shows that the operator (2.15) has the properties just described
for higher-valence covariant tensor fields.

It follows from the above that the principal part of D;’,H ) is g"v9,,0,. This implies that
the principal part of (2.8)—(2.13) is diagonal, with principal symbol equal to g*"p,, p, times
the identity matrix. In particular, we can use [7] to find solutions of our equations whenever
suitably regular initial data are at disposal.

Let (x°, x! = r, x}) be coordinates adapted to the light-cone C;- of i~ as in [1, section 4],
and let k¥ measure how the coordinate x! differs from an affine parameter along the generators
of the light-cone of i:

Vidilc. = K.

There are various gauge freedoms in the equations above. To get rid of this we can, and
will, impose

guw=nNw, R=0, H° =0, k=0, S|C[, =-2. 2.17)

The condition g, = 7, is a matter of choice. The conditions R = 0 and H° = 0 are

classical, and can be realized by solving wave equations. The condition ¥ = 0 is a choice of

parameterization of the generators of C;-. The fact that s can be made a negative constant on

C;- is justified in the appendix, see remark A.3. As already pointed out, the value s = —2 is a

matter of convenience, and can be achieved by a constant rescaling of © and of the field dyp,,°.
Consider the set of fields

V= (gy.vaL/un Cp.vo'p7€:;wos 0, s). (2]8)
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We will denote by

W= Guvs Ly Cuvo” Epve» 0. 5) (2.19)
the (characteristic) initial data for ¥ defined along C;-.

Set
_F .7 1sCDF o

wap = Lap := Lap — 38 " Lep8as, (2.20)
and define 145 to be the solution of the equation

(01 — r g = —2wup (2.21)

satisfying Asp = 0(r?).2 The following can be derived [13, sections 4.2, 4.3 & 6.4] from
(2.1)—(2.6) and the gauge conditions (2.17):

Euv = N> (2.22)
Liy=0, Loa = 1DPrap, ¥Llag = 0, (2.23)
Crvop =0, (2.24)
E11a =0, (2.25)
Eaig = —2r91 (r wap), (2.26)
Eapc = 4Djcwpp — 4~ gasLep, (2.27)
§01A =g C§BAC, (2.28)

d18o0a = DP (AaCwpic) — 2DPDpulpo + SDPE 15 — 2rDap + 1 'Eoua + AaPEos. (2.29)
Eaop = AaCwpic — 2Dl + 2rgapp — %§A137 (2.30)

43 + r Loy = A Bwap — 2D Loy — 4rp, (2.31)
with §OOA = 0(r), f,oo = O(1), and where p is the unique bounded solution of
@+ 3r)p = L' D1 Loa — 1288, wan). (2.32)

Here, and elsewhere, the symbol D4 denotes the covariant derivative of SapdxAdxB.
Let s4p denote the unit round metric on S2. We will need the following result [13,
theorem 6.5]:

Theorem 2.1. Consider a set of smooth fields V defined in a neighbourhood U of i~ and
satisfying (2.8)—(2.13) in I (i~). Define the data (2.19) by restriction of ¥ to C;-, suppose
that © = 0 and § = —2. Then the fields

(g;u)a L;wa d;wcrp = ®_1C;w¢7p’ ®7 S)

solve on DT (JT(i™) NU) the conformal field equations (2.1)—(2.6) in the gauge (2.17), with
the conformal factor © positive on I (i™) sufficiently close to i~, with d® # 0 on C- \ {i"}
near i~, and with C,,,* = 0, if and only if (2.21)~(2.32) hold with p and r3 g bounded.

2 When iAB arises from the restriction to the light-cone of a bounded space-time tensor, it holds that wap = 0@r?) or
better. We will only consider such initial data here, then there exists a unique solution of (2.21) satisfying Axg = O(1)

5
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Remark 2.2. It follows from (2.26) that a necessary condition for existence of solutions as in
the theorem is wap = O().

Remark 2.3. Note that solutions of the ODEs (2.29) and (2.31) are rendered unique by the
conditions &ys = O(r) and Loy = O(1), which follow from regularity of the fields at the
vertex.

_ We use overlining to denote restriction to the 1-light-cone of i~. Consider a set of fields
(Lyv, &uvp) defined in a neighbourhood of i~, and set

wap = Lap — 28 Lep@as. (2.33)

We will say that (l~,,w, i—jwp) provides an approximate solution of the constraint equations if
(2.21)—(2.32) hold up to O(r*>°) error terms. Thus it must hold that

Liy=00™), Lo =1DPais+00), #PLis = 00™), (2.34)
Eia = 00™), (2.35)
Eaip = —2r01 (o) + O(), (2.36)
Eanc = 4Djcopa — 4 ZapLep + O0), (2.37)
Eorr = P Epc + 00™), (2.38)

d1€00 = DP (A wpic) — 2DPDpuLyo + %DBgAlB

—2Dp 4 r ' Eg1a + AaBEqis + O), (2.39)
Eaon = Ma“wpic — 2DpaLgp + 2r8asd — LEa1p + O(r™), (2.40)
40y + r oo = MBawup — 2D Los — 415 + O™, (2.41)

with EOOA = 0(r), zoo = O(1), where p is a bounded solution of
O+ 3rHp = %r‘lDAZ)lZOA — I8, (r  wap) + 0(r), (2.42)
and where X,p is the solution of (2.21) satisfying Asp = O(r?), or differs from that solution

by O(r*) terms.
Our first main result is the following:

Theorem 2.4. Let g,,, be a smooth metric defined near i~ such that for small r we have

g,uv —Nw = o(r
Let L, be the Schouten tensor of g, let Eup, be the Cotton tensor of §,,, and let Cop,, 4 be its
Weyl tensor. Assume that (L,,,, §,,,,) solves the approximate constraint equations.
Then there exist smooth fields (g, Ly, Cuve”, ©, s) defined in a neighbourhood of i~
such that the fields

(g;wv L;w’ d,uvap = ®_1C;wapv 0,s)

solve the conformal field equations (2.1)—~(2.6) in I (i), satisfy the gauge conditions (2.17),
with

=0, Cuo’ =0, L= (2.43)

with the conformal factor © positive on It (i™) sufficiently close to i~, and with d® # 0 on
Ci- \ {i"} neari~.

6
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Proof. We will apply theorem 2.1 to a suitable evolution of the initial data. For this we need
to correct W by smooth fields so that the restriction to the light-cone of the new W satisfies the
constraint equations as needed for that theorem. Subsequently, we define new fields

guv = guv + 88,“;, Z‘[J,V = Zuv + 5L/4va gﬂva = éuva + 8";:/41)01
as follows.
We let §g,,, be any smooth tensor field defined in a neighbourhood of i~ which is O(|y|*)
and which satisfies
&uv = Nw — gp.v'

Indeed, it follows from e.g. [4, equations (C4)—(C5)] that the y—coordinates components ﬁuv
of g are O(r*), and existence of their smooth extensions follows from [5, lemma A.1]. This
extension procedure will be used extensively from now on without further reference.

To continue, we let 6§,4, be any smooth tensor defined in a neighbourhood of i~, with
y-coordinate-components which are O(|y|*), such that

(1) 88114 = —£ 1145
(2) 813 = —Earp — 2101 (r ' wap)
(recall that wap has been defined in (2.33));

(3) 8&apc = —_gABC + 4Djcwpu — 4r~' gagsLeyo;
“4) gom = —&o1a + &€ pac;
(5) 6&¢pa is the solution vanishing at » = 0 of the ODE
31 (5004 + £00a) = DP (AaCwpic) — 2DPDaLgy + %DBgAw
—2rDyaf + 1 Eo1a + Aa"E01s, (2.44)
where g is the unique bounded solution of
&+ 3rHp = %r‘lDAalng — A9 (1 wa) (2.45)
(it follows from [4, appendix B] that EOOA is O(r>));
(6) &0 = —Eaon + AuSwmic — 2DaLpy + 2rgapp — %‘gAlB .

Finally, we let 8L, be any smooth tensor field defined in a neighbourhood of i~, the
y-components of which are O(]y|*), such that:

(1) 8Ly = —Luy:
(2) 8Loa = —Loa + 3DPup;
(3) 8Lap = fnap, where f is any smooth function defined in a neighbourhood of i~ which is
O(]y|*®) such that
2f = 7"P8Lap = _EABZAB

(we emphasise that the nsp-trace-free part of Lsp coincides thus with the n4p-trace-free
part of Lag);
(4) 8Ly is the solution vanishing at r = 0 of the system of ODEs

401 + r) BLoo + Loo) = ¥*Bawng — 2D Loy — 41 (2.46)
(it follows from [4, appendix B] that 8Lgg is O(r>°)).
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Let
(g,u,V7 Luv’ C;wcrpv %_;wav ®7 S)
be a solution of (2.8)—(2.13) with initial data
(éuv’ if;wa é;wap» g;wtr’ é’ §) = (77;1,\}9 L;w, 07 g/waa 07 _2) .

A solution exists by [7, théoreme 2]. It follows by construction that the hypotheses of
theorem 2.1 hold, and the theorem is proved. O

An alternative way of obtaining solutions of our problem proceeds via the following
system of conformal wave equations:

O Ly = 4L, Ly — gL = 20d,6, L, + £V, ViR, (2.47)
Ogs = OIL]> — {V,RV*O — LsR, (2.48)
0,0 =45 — {OR, (2.49)
DéH) dp,vdp = ®dp_wcadapozl{ - 4®dak[uadv]apl( + %Rd;wnp’ (250)
RIV[g) = 2L, + $REp- 2.51)
Any solution of the conformal field equations (2.1)—(2.6) in the gauge
(R:O’g[tv:r]ﬂv»HM=OaK=07§=_2) (252)
necessarily satisfies [13, sections 4.2 & 4.3]:
S = Npvs L1y =0, Loa= 1D%)us, #Plap =0, (2.53)
diaig = —10,(r ' wap). (2.54)
dotia = %r_laliom (2.55)
dorag = 1 ' DLy — 1 o, (2.56)
(31 + 3r Ndyior = D donia + %)»ABdolAlB, (2.57)
201 + r~Mdoioa = DP(doiap — dia1s) + Dadoror + 2r~ ' dona + 2xa%dor1s, (2.58)
4(3, — r doaos = 01 — r"dias + 2(Dadpyi10)”+ 4D adpyoio)
+32u dpycor + 3dor01rag, (2.59)
4(81 + r_l)li()o = )LABLL)AB - ZDAIi()A - 4rd00101. (260)

We have the following result [13, theorem 5.1]:

Theorem 2.5. A smooth solution
(g,u,Vv L[J,l)v dp,vap, ®7 S)

of the system (2.47)—(2.51), with initial data
(goy_w lofuva dop.vapa é = 07 §= _2)

on Ci-, solves on DY (Jt(i7)) the conformal field equations (2.1)~(2.6) in the gauge (2.52),
with © positive on I'7(i™) sufficiently close to i~, and with d® # 0 on Ci- \ {i"} near i, if
and only if (2.53)—(2.60) hold with wp(r, x*) and A g (r, x*) defined by (2.20)—(2.21).

8
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Remark 2.6. It follows from (2.54) that a necessary condition for existence of solutions as in
theorem 2.5 is wsp = O(r*). Note that this is stronger than what is needed in theorem 2.4,
see remark 2.2. It would be of interest to clarify the question of existence of data needed for
theorem 2.1 with wap = O(r*) properly.

Remark 2.7. Note that the solutions of the ODEs (2.57)—(2.60) are rendered unique by the
conditions domm = 0(1), CiOlOA = 0(r), dOOAOB = 0(r?) and lo,oo = O(1), which follow from
regularity of the fields at the vertex.

A smooth metric g will be called an approximate solution of the constraint
equations (2.53)—(2.60) if c Bys = Od“ ys for some smooth function e vanishing on C;- and
for some smooth tensor d* gys» where c* gys 1s the Weyl tensor of g, and if (2.53)-(2.60) hold
on the light-cone of i~ up to terms which are O(r*°), where l~,,w is the Schouten tensor of g,
and where wap and L4p are, possibly up to O(r*>) terms, given by (2.20)—(2.21).

Our second main result is the following:

Theorem 2.8. Let g,,, be an approximate solution of the constraint equations (2.53)—(2.60)
defined near i~. Then there exist smooth fields

(g/J.Va L/u)s d/u)(fp = ®_1C/4vaps 0, S)
defined in a neighbourhood of i~ which solve the conformal field equations (2.1)—(2.6) in
I (i7), satisfy the gauge conditions (2.17), with

©=0, Cuo” =0, L= wss (2.61)
with the conformal factor © positive on It (i™) sufficiently close to i~, and with d® # 0 on
Ci- \ {i"} neari~.

Proof. We will apply theorem 2.5 to a suitable evolution of the initial data. For this we need to
correct (g, Ly, duvsp) by smooth fields so that the new initial data on the light-cone satisfy
the constraint equations as needed for that theorem. The construction of the new fields

guv = g;w + ngn L[J,v = L;w + 8L,uvv dpwap = d,uvop + aduvapv (262)
is essentially identical to that of the new fields of the proof of theorem 2.4, the reader should
have no difficulties filling-in the details. We emphasise that the trace-free part of 6L is chosen
to be zero, hence the trace-free part of LAB coincides with the trace-free part of LAB on the
light-cone.
Once the fields (2.62) have been constructed, we let
(g/u)a L/u)s d/u)apa ®7 S)
be a solution of (2.47)—(2.51) with initial data

(éw, Zuw da/umpa é §) = (nuw lvd/u)’ dvp,wrpv O _2)
A solution exists by [7, théoreme 2]. It follows by construction that the hypotheses S
theorem 2.5 hold, and the theorem is proved.

3. Proof of theorem 1.1

We are ready now to prove theorem 1.1. Let ¢ be the cone-smooth tensor field of the statement
of the theorem. Thus, there exists a smooth tensor field d,g, s with the algebraic symmetries
of the Weyl tensor so that ¢ is the pull-back of

o pystL7 (3.1
to Cp \ {O)}.
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Let 1/;MNPQ be a totally-symmetric two-index spinor associated to Ja gys in the usual way
[12, section 3] (compare [14]). Set 0% =dr, 9! =dr. Lety be a generator of Cy, and let 02,
63 be a pair of covector fields so that {#*} forms an orthonormal basis of T*.# over y and
which are n-parallel propagated along y. Then ¢ can be written as

S = §ab9a9ba
with a, b running over {2, 3}. By construction, the coordinate components ¢4p of ¢ coincide
with the coordinate components d 1a1p of the restriction to the light-cone of d 1418, and thus
define a unique field wyp by integrating (2.54) with the boundary condition wsz = O(r?).
Let the basis {e, } be dual to {#"}, set m = e, + +/—les. Then the radiation field v of
[12, equation (5.3)], defined using tﬁMNpQ, equals
Yo = Gapmm’.
(Under a rotation of {es, e4} the field 1y changes by a phase, and defines thus a section of a
spin-weighted bundle over Cy \ {O}.) Conversely, any radiation field v of [12] arises from a
unique cone-smooth ¢,;, as above.
Ithas been shown in [12, propositions 8.1 & 9.1] that the radiation field Yo, hence ¢, deijnes
a smooth Lorentzian metric ;7 such that the resulting collection of fields (gf,w, Z,w, d o ps o, E")
satisfies (2.1)—(2.6) up to error terms which are O(|y|*), with :§,w lc, = Muw- The construction
in [12] is such that the field ¢ calculated from the field d:,,ﬁyg of (3.1) coincides with the field

¢ calculated frogn the field a7a gys associated with the metric ;7 Hence the fields w4p associated

with dNO,t;yg and d~a pys are identical. The conclusion follows now from theorem 2.8.

4. Alternative data at .7~

Recall that there are many alternative ways to specify initial data for the Cauchy problem for the
vacuum Einstein equations on a (usual) light-cone, cf e.g. [6]. Similarly there are many ways
to provide initial data on a light-cone emanating from past timelike infinity. In theorem 1.1
some components of the rescaled Weyl tensor d,,,-, have been prescribed as free data. As
made clear in the proof of that theorem, this is equivalent to providing some components
of the rescaled Weyl spinor ¥yypg, providing thus an alternative equivalent prescription.
Our theorems 2.4 and 2.8 use instead the components (2.33) of the rescaled Schouten tensor
I:,w. These components are related directly to the free data of theorem 1.1 via the constraint
equation (2.54). It is clear that further possibilities exist. Which of these descriptions of the
degrees of freedom of the gravitational field at large retarded times is most useful for physical
applications remains to be seen.
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Appendix. The s = —2 gauge

We start with some terminology. We say that a function f defined on a space-time
neighbourhood of the origin is o, (|y|*) if f is C" and if for 0 < £ < m we have

\}\iino |y|[_k8/41 s alwf =0,

where |y| 1= \/m-

10
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A similar definition will be used for functions defined in a neighbourhood of O on the
future light-cone

Co =’ =y}
For this, we parameterize Cp by coordinates ¥ = (¥') € R”, and we say that a function f
defined on a neighbourhood of O within Cyp is o (r%) if f is a C™ function of the coordinates
y' and if for 0 < ¢ < m we have lim, .o r*7%3,,, ...d,,f = 0, where

D002
i=1

ri=1yl

We further set

A function ¢ defined on C, will be said to be C¥-cone-smooth if there exists a function
f on space-time of differentiability class C* such that ¢ is the restriction of f to Cp. We will
simply say cone-smooth if k = oo.

The following lemma will be used repeatedly:

Lemma A.1 (lemma A.1 in [S]). Let k € N. A function ¢ defined on a light-cone Co is the
trace f on Cy of a C* space-time function f if and only if ¢ admits an expansion of the form

k
9= for’ + o), (A1)
p=0
with
fp = ﬁl---ip®il e @ip + f/l'l...i,,,] ®i1 T ®ir’71 ) (A.2)

where f; ;i and f] . are numbers.
I.-elp I.dp-1

The claim remains true with k = oo if (A.1) holds for all k € N.

Coefficients f,, of the form (A.2) will be said to be admissible.
One of the elements needed for the construction in [12] is provided by the following
result:

Proposition A.2. Let p be a point in a smooth space-time (M, g), % a neighbourhood of p,
and S,,,[g] the trace-free part of the Ricci tensor of g. Let £" denote the field of null directions
tangent to 3JY(p) N % . Let a > 0 be a real number and let B be a one-form at p. Then,
replacing % by a smaller neighbourhood of p if necessary, there exists a unique smooth
function 6 defined on % satisfying

0 =a and d6 = B at p, Z“EVSMU[GZg] =0on dJ T (p) N, (A3)
and such that
the Ricci scalar of 6*g vanishes on J* (p) N % . (A4)

Remark A.3. It follows from (2.4) multiplied by V#® that s is constant on 3J 1 (p) N % when
the gauge (A.3) has been chosen.

Proof. In dimension n let g = ¢*/ =2 g, then

, _ 2n  _ 2 1o _
R =R =207 VYo + —— ¢V, Vip — —— 0" (V7 Vo + 7 [dI )00
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So, in dimension n = 4, and with ¢ = 6 we obtain
S =S =207 (Vu V0 — 1 A0g,,) + 407 (V,u0V,0 — 1[VOPg,) -

We overline restrictions of space-time functions to the light-cone. The equation
£10vS,,[6%g] = 0 takes thus the form

-
UV, N6 — 2671 (U0V,6) = SB0TS,,.

In coordinates adapted to the light-cone as in [1, appendix A], so that £#9,, = 9,, with r an
affine parameter, this reads

671970 —207%(3,0)* = 15y,.

Setting
00
¢==
this can be rewritten as
dp =¢> + 1511 (A.5)

It is useful to introduce some notation. As in [1], we underline the components of a tensor
in the coordinates y*, thus:

S g a 0 S g 9 0

etc, where (x*) := (0 — |3, [y], x*), with x* being any local coordinates on S>. We write
interchangeably x! and r.
The initial data for ¢ are

1 .
9(0) = —(fo + £i®). (A.6)

To show that 6 is cone-smooth, it suffices to prove that

V=re
is C*-cone-smooth for all k, as follows immediately from the expansions of lemma A.l,
together with integration term-by-term in the formula

o(0)- [

compare [4, lemma B.1].

We shall proceed by induction. So suppose that ¥ is C¥-cone-smooth. The result is true
for k = 0 since every solution of (A.5) is continuous in all variables, and r¢ tends to zero as r
tends to zero, uniformly in O e $2.

It follows that the source term S;; in (A.5) can be written as

S =128y + 2;&)/ + &yiyj — r_27,

=X
where x is a smooth function on space-time. We thus have

O =¢* + 550 =r (V7?4 5%). (A7)
The function ¥ is C¥-cone-smooth and O(r), and can thus be written in the form (A.1)—(A.2),

k
Y= for’ + o).

p=1
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Squaring we obtain
k41
Y=Y + o,
p=2
for some new admissible coefficients f;. The function ¥ is C**'-cone-smooth and O(r?), and
can thus be written in the form (A.1) and (A.2) with k replaced by k + 1 there,

k+1
X =2 fyr +oen (FH),
p=2
Hence
k—1
o= fIrr o (F) (A.8)
p=2

for some admissible coefficients f,”. Integration gives

k
1 j 1 /11 D—
0 =—(Bo+BO)+ Y —— 1" +ox(rh), (A9)
a— — e 1
and thus
| 1
Y =rp=—or+B) + Y ——fr" + o (). (A.10)
a— @ — P 1
Differentiating r¢ with respect to r and using (A.8) we further obtain
| k+1
0 =0 | —(Bor+ Py + 3 —— 17" | + o). (A1)
a— — pr p—1

Let X = X439, be any vector field on S, then X(¢) solves the equation obtained by
differentiating (A.7),

3,X(¢) =2¢X(¢) + X (S11). (A.12)
Equivalently,

X (rg) (r, ) = 2l #THd7 (X(np(o,x“)) + %r/re_21g¢(77xA)d7X(§]1)(f,xA)df’) .
0

The right-hand side is C*-cone-smooth. We conclude that ¥ is C¥*!-cone-smooth. This finishes
the induction, and proves that 0 is cone-smooth.

The existence and uniqueness of a solution 6 of (A.4) which equals  on Cy follows now
from [7, théoréme 2]. g
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Abstract

We analyze the Cauchy problem for the vacuum Einstein equations
with data on a complete light-cone in an asymptotically Minkowskian
space-time. We provide conditions on the free initial data which guarantee
existence of global solutions of the characteristic constraint equations. We
present necessary-and-sufficient conditions on characteristic initial data in
341 dimensions to have no logarithmic terms in an asymptotic expansion
at null infinity.
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1 Introduction

An issue of central importance in general relativity is the understanding of grav-
itational radiation. This has direct implications for the soon-expected direct
detection of gravitational waves. The current main effort in this topic appears
to be a mixture of numerical modeling and approximation methods. From this
perspective there does not seem to be a need for a better understanding of the
exact properties of the gravitational field in the radiation regime. However, as
observations and numerics will have become routine, solid theoretical founda-
tions for the problem will become necessary.

Now, a generally accepted framework for describing gravitational radiation
seems to be the method of conformal completions of Penrose. Here a key hy-
pothesis is that a suitable conformal rescaling of the space-time metric becomes
smooth on a new manifold with boundary .# . One then needs to face the ques-
tion, if and how such space-times can be constructed. Ultimately one would like
to isolate the class of initial data, on a spacelike slice extending to spatial infinity,
the evolution of which admits a Penrose-type conformal completion at infinity,
and show that the class is large enough to model all physical processes at hand.
Direct attempts to carry this out (see [17,22,23] and references therein) have
not been successful so far. Similarly, the asymptotic behaviour of the gravita-
tional field established in [3,9,19-21,24] is inconclusive as far as the smoothness
of the conformally rescaled metric at .# T is concerned. The reader is referred
to [18] for an extensive discussion of the issues arising.

On the other hand, clear-cut constructions have been carried-out in less
demanding settings, with data on characteristic surfaces as pioneered by Bondi
et al. [5], or with initial data with hyperboloidal asymptotics. It has been
found [1,2,11,30] that both generic Bondi data and generic hyperboloidal data,
constructed out of conformally smooth seed data, will not lead to space-times
with a smooth conformal completion. Instead, a polyhomogeneous asymptotics
of solutions of the relevant constraint equations was obtained, with logarithmic
terms appearing in asymptotic expansions of the fields.

The case for the necessity of a polyhomogeneous-at-best framework, as re-
sulting from the above work, is not waterproof: In both cases it is not clear



whether initial data with logarithmic terms can arise from evolution of a physi-
cal system which is asymptotically flat in spacelike directions. There is a further
issue with the Bondi expansions, because the framework of Bondi et al. [5,28]
does not provide a well posed system of evolution equations for the problem at
hand.

The aim of this work is to rederive the existence of obstructions to smooth-
ness of the metric at .#* in a framework in which the evolution problem for the
Einstein vacuum equations is well posed and where free initial data are given
on a light-cone extending to null infinity, or on two characteristic hypersurfaces
one of which extends to infinity, or in a mixed setting where part of the data
are prescribed on a spacelike surface and part on a characteristic one extending
to infinity. This can be viewed as a revisiting of the Bondi-type setting in a
framework where an associated space-time is guaranteed to exist.

One of the attractive features of the characteristic Cauchy problem is that
one can explicitly provide an exhaustive class of freely prescribable initial data.
By “exhaustive class” we mean that the map from the space of free initial data
to the set of solutions is surjective, where “solution” refers to that part of space-
time which is covered by the domain of dependence of the smooth part of the
light-cone, or of the smooth part of the null hypersurfaces issuing normally from
a smooth submanifold of codimension two.! There is, moreover, considerable
flexibility in prescribing characteristic initial data [12]. In this work we will
concentrate on the following approaches:

1. The free data are a triple (4, [v], k), where .4 is a n-dimensional mani-
fold, [v] is a conformal class of symmetric two-covariant tensors on .4~ of
signature (0,+,...,4+), and & is a field of connections on the bundles of
tangents to the integral curves of the kernel of ~.2

2. Alternatively, the data are a triple (A4, g, %), where ¢ is a field of sym-
metric two-covariant tensors on .4~ of signature (0,+,...,+), and & is a
field of connections on the bundles of tangents to the integral curves of
the characteristic direction of §. ® The pair (g, ) is further required to
satisfy the constraint equation

aTT—KT+|U|2+ﬁ =0, (1.1)
where 7 is the divergence and o is the shear (see Section 2.2 for details),

which will be referred to as the Raychaudhuri equation.

3. Alternatively, the connection coefficient x and all the components of the
space-time metric are prescribed on .4, subject to the Raychaudhuri con-
straint equation. Here .4 is viewed as the hypersurface {u = 0} in the

IThis should be contrasted with the spacelike Cauchy problem, where no exhaustive
method for constructing non-CMC initial data sets is known. It should, however, be kept
in mind that the spacelike Cauchy problem does not suffer from the serious problem of for-
mation of caustics, inherent to the characteristic one.

2Recall that a connection V on each such bundle is uniquely described by writing V0, =
KkOr, in a coordinate system where O, is in the kernel of 7. Once the associated space-time
has been constructed we will also have V,0, = k0,, where V now is the covariant derivative
operator associated with the space-time metric.

3We will often write (g, ) instead of (4, §, k), with .4 being implicitly understood, when
no precise description of .4 is required.
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space-time to-be-constructed, and thus all metric components g,,,, are pre-
scribed at w = 0 in a coordinate system (x*) = (u, z"), where (z") are local
coordinates on 4.

4. Finally, schemes where tetrad components of the conformal Weyl tensor
are used as free data are briefly discussed.

In the first two cases, to obtain a well posed evolution problem one needs to
impose gauge conditions; in the third case, the initial data themselves determine
the gauge, with the “gauge-source functions” determined from the initial data.

The aim of this work is to analyze the occurrence of log terms in the asymp-
totic expansions as r goes to infinity for initial data sets as above. The gauge
choice £ = O(r=*) below (in particular the gauge choice x = %|o|?, on which
we focus in part II), ensures that affine parameters along the generators of .4
diverge as r goes to infinity (cf. [26, Appendix B]), so that in the associated
space-time the limit » — oo will correspond to null geodesics approaching a
(possibly non-smooth) null infinity.

It turns out that the simplest choice of gauge conditions, namely x = 0 and
harmonic coordinates, is not compatible with smooth asymptotics at the confor-
mal boundary at infinity: we prove that the only vacuum metric, constructed
from characteristic Cauchy data on a light-cone, and which has a smooth con-
formal completion in this gauge, is Minkowski space-time.

It should be pointed out, that the observation that some sets of harmonic
coordinates are problematic for an analysis of null infinity has already been
made in [4,6]. Our contribution here is to make a precise no-go statement,
without approximation procedures or supplementary assumptions.

One way out of the problem is to replace the harmonic-coordinates condition
by a wave-map gauge with non-vanishing gauge-source functions. This provides
a useful tool to isolate those log terms which are gauge artifacts, in the sense
that they can be removed from the solution by an appropriate choice of the
gauge-source functions. There remain, however, some logarithmic coefficients
which cannot be removed in this way. We identify those coefficients, and show
that the requirement that these coefficients do not vanish is gauge-independent.
In part II of this work we show that the logarithmic coefficients are non-zero
for generic initial data. The equations which lead to vanishing logarithmic
coefficients will be referred to as the no-logs-condition.

It is expected that for generic initial data sets, as considered here, the space-
times obtained by solving the Cauchy problem will have a polyhomogeneous
expansion at null infinity. There are, however, no theorems in the existing
mathematical literature which guarantee existence of a polyhomogeneous .# T
when the initial data have non-trivial log terms.

The situation is different when the no-logs-condition is satisfied. In part II
of this work we show that the resulting initial data lead to smooth initial data
for Friedrich’s conformal field equations [14] as considered in [13]. This implies
that the no-logs-condition provides a necessary-and-sufficient condition for the
evolved space-time to posses a smooth .# 1. For initial data close enough to
Minkowskian ones, solutions global to the future are obtained.

It may still be the case that the logarithmic expansions are irrelevant as
far as our understanding of gravitational radiation is concerned, either because
they never arise from the evolution of isolated physical systems, or because



their occurrence prevents existence of a sufficiently long evolution of the data,
or because all essential physical issues are already satisfactorily described by
smooth conformal completions. While we haven’t provided a definite answer
to those questions, we hope that our results here will contribute to resolve the
issue.

If not explicitly stated otherwise, all manifolds, fields, and expansion coeffi-
cients are assumed to be smooth.

2 The characteristic Cauchy problem on a light-
cone

In this section we will review some facts concerning the characteristic Cauchy
problem. Most of the discussion applies to any characteristic surface. We con-
centrate on a light-cone, as in this case all the information needed is contained in
the characteristic initial data together with the requirement of the smoothness
of the metric at the vertex. The remaining Cauchy problems mentioned in the
Introduction will be discussed in Sections 7 below.

2.1 Gauge freedom
2.1.1 Adapted null coordinates

Our starting point is a C°°-manifold .# = R™*! and a future light-cone Cp C
A emanating from some point O € .#. We make the assumption that the sub-
set Co can be globally represented in suitable coordinates (y*) by the equation
of a Minkowskian cone, i.e.

Co=A{W") 1y’ =

Given a C1!'-Lorentzian space-time such a representation is always possible in
some neighbourhood of the vertex. However, since caustics may develop along
the null geodesics which generate the cone, it is a geometric restriction to assume
the existence of a Minkowskian representation globally.

A treatment of the characteristic initial value problem at hand is easier in
coordinates xz# adapted to the geometry of the light-cone [8,27]. We consider
space-time-dimensions n+1 > 3. It is standard to construct a set of coordinates
(z") = (u,r,24), A =2,...,n, so that Co \ {0} = {u = 0}. The z*’s denote
local coordinates on the level sets ¥, := {r = const,u = 0} = S"~1 and are
constant along the generators. The coordinate r induces, by restriction, a pa-
rameterization of the generators and is chosen so that the point O is approached
when 7 — 0. The general form of the trace g on the cone Cp of the space-time
metric g reduces in these adapted null coordinates to

7 = Goodu® + 2vpdudr + 2vadudz® + g , (2.1)

where
Vo :=0go1s VA:=0oa >
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and where

§ = gapda?da® = EAdeAde
is a degenerate quadratic form induced by g on Co which induces on each
slice ¥, an r-dependent Riemannian metric gy, (coinciding with g(r,-) in the
coordinates above).*

The components gy, vo and v4 are gauge-dependent quantities. In particu-
lar, vy changes sign when w is replaced by —u. Whenever useful and/or relevant,
we will assume that 0, is future-directed and 9, is past-directed, which corre-
sponds to requiring that vy > 0.

The quadratic form ¢ is intrinsically defined on Cp, independently of the
choice of the parameter r and of how the coordinates are extended off the cone.

Throughout this work an overline denotes the restriction of space-time ob-
jects to Co.

The restriction of the inverse metric to the light-cone takes the form

g7 = 20°0,0, + 30,0, + 25'10,04 + 7 P40 ,
where
O = §01 _ (1/0)71 , Z/A — EABZ/B ’ §1A _ —I/OZ/A , gll _ (VO)Z(VAVA _EOO) ’

and where g% is the inverse of § ap- The coordinate transformation relating
the two coordinate systems (y*) and (z*) takes the form

w=i—y®, r=¢, =y, with pi= [ ()2

i
The inverse transformation reads

W =r—u, y =r0"z"), with Z(@i)Qzl.

Adapted null coordinates are singular at the vertex of the cone Cp and C'*
elsewhere. They are convenient to analyze the initial data constraints satisfied
by the trace g on the light-cone. Note that the space-time metric g will in general
not be of the form (2.1) away from Cp. We further remark that adapted null
coordinates are not uniquely fixed, for there remains the freedom to redefine
the coordinate r (the only restriction being that r is strictly increasing on the
generators and that » = 0 at the vertex; compare Section 2.2 below), and to
choose local coordinates on ™~ 1.

2.1.2 Generalized wave-map gauge

Let us be given an auxiliary Lorentzian metric g. A standard method to estab-
lish existence, and well-posedness, results for Einstein’s vacuum field equations
R, = 0is a “hyperbolic reduction” where the Ricci tensor is replaced by the
reduced Ricci tensor in g-wave-map gauge,

RLI;,) = RHU — gg(#@y)HU . (2.2)

4The degenerate quadratic form denoted here by § has been denoted by § in [8,12]. How-
ever, here we will use g to denote the conformally rescaled unphysical metric, as done in most
of the literature on the subject.



Here ) . .
HY =T —T* =W, Thi=g"T5,, Th:=g¢*T),. (2.3)

We use the hat symbol “"” to indicate quantities associated with the target
metric §, while W = WA (zH, guv) denotes a vector field which is allowed to
depend upon the coordinates and the metric g, but not upon derivatives of g.

The wave-gauge vector H* has been chosen of the above form [8,15,16] to
remove some second-derivatives terms in the Ricci tensor, so that the reduced
vacuum Finstein equations

R =0 (2.4)

form a system of quasi-linear wave equations for g.
Any solution of (2.4) will provide a solution of the vacuum Einstein equations
provided that the so-called g-generalized wave-map gauge condition

H* =0 (2.5)

is satisfied. In the context of the characteristic initial value problem, the “gauge
condition” (2.5) is satisfied by solutions of the reduced Einstein equations if it
is satisfied on the initial characteristic hypersurfaces.

The vector field W* reflects the freedom to choose coordinates off the cone.
Its components can be freely specified, or chosen to satisfy ad hoc equations.
Indeed, by a suitable choice of coordinates the gauge source functions W* can
locally be given any preassigned form, and conversely the W*’s can be used to
determine coordinates by solving wave equations, given appropriate initial data
on the cone.

In most of this work we will use a Minkowski target in adapted null coordi-
nates, that is

G =n=—du®+ 2dudr 4+ r*s s pdz?dz? (2.6)

where s is the unit round metric on the sphere S™~1.

2.2 The first constraint equation

Set ¢ = ("0,, = 0,. The Raychaudhuri equation FWK“E” = Ry = 0 provides a
constraining relation between the connection coefficient x and other geometric
objects on Cp, as follows: Recall that the null second fundamental form of Co
is defined as

1, .
Xij = E(Eég)ija

where £ denotes the Lie derivative. In the adapted coordinates described above
we have

1
5&@,41% x11 =0, x1a=0.

The null second fundamental form is sometimes called null extrinsic curvature
of the initial surface C'p, which is misleading since only objects intrinsic to Co
are involved in its definition.

The mean null extrinsic curvature of Co, or the divergence of Co, which we
denote by 7 and which is often denoted by # in the literature, is defined as a
trace of x:

70
XAB = —FABVO =

1
7= XAA =38y ap = EgABa@AB = O,log \/det gx,. . (2.7)

171



172 CHAPTER 10. ARXIV:1403.3558 [GR-QC] (2014) (CO-AUTHORED)

It measures the rate of change of area along the null geodesic generators of Cp.
Its traceless part,

1
n—1

1
B B 5AB7_ —

047 = XAT T = 7%“xac - 5487 (2.8)

1 o
= 5730(@%0) ; (2.9)
is known as the shear of Co. In (2.9) the field v is any representative of the

conformal class of gy, which is sometimes regarded as the free initial data. The
addition of the “~”-symbol to a tensor wap denotes “the trace-free part of”:

. 1
WAR ‘= WAB — n_lfyAB’yCDwCD . (2.10)
We set
1 o o
o = o4Pop” = — L0 VB an) (2.11)

We observe that the shear 047 depends merely on the conformal class of
gs,.. This is not true for 7, which is instead in one-to-one correspondence with
the conformal factor relating gx and 7.

Imposing the generalized wave-map gauge condition H* = 0, the wave-gauge
constraint equation induced by Rj; = 0 reads [8, equation (6.13)],

2

| — = 1
apr — (1/087«1/0 — 5n(W +1°) - 57) o2+ L
n

— =0. (2.12)

=Kk

Under the allowed changes of the coordinate 7, r +— 7(r, z), with 07 /0r > 0,
7(0,2%) = 0, the tensor field gap transforms as a scalar,

Gap (T 29) = gap(r(7, z9),29) , (2.13)
the field x changes as a connection coefficient
or OF 0°r
k= — —— 2.14
T e (2.14)
while 7 and o 4p transform as one-forms:
?:%T, oA = %O’AB. (2.15)

The freedom to choose « is thus directly related to the freedom to reparam-
eterize the generators of Co. Geometrically, k describes the acceleration of the
integral curves of ¢, as seen from the identity V¢* = xf*. The choice k = 0 cor-
responds to the requirement that the coordinate r be an affine parameter along
the rays. For a given k the first constraint equation splits into an equation for
7 and, once this has been solved, an equation for 1.

Once a parameterization of generators has been chosen, we see that the met-
ric function vy is largely determined by the choice of the gauge-source function
WO and, in fact, the remaining gauge-freedom in vy can be encoded in W?.



2.3 The wave-map gauge characteristic constraint equa-
tions

Here we present the whole hierarchical ODE-system of Einstein wave-map gauge

constraints induced by the vacuum Einstein equations in a generalized wave-map

gauge (cf. [8] for details) for given initial data ([7], k) and gauge source-functions

—A

w".
The equation (2.12) induced by R;; = 0 leads to the equations

2
AT — 2 T — 2.16
w4l 4 = 0, (216)

1—0 = 1
oY + §(W0 +17% + 1/0(57 + k)

0. (2.17)

Equation (2.16) is a Riccati differential equation for 7 along each null ray, for
K = 0 it reduces to the standard form of the Raychaudhuri equation. Equation

(2.17) is expressed in terms of
0 1
V= —
1}
rather than of v, as then it becomes linear. Our aim is to analyze the asymptotic
behavior of solutions of the constraints, for this it turns out to be convenient to

introduce an auxiliary positive function ¢, defined as
T=(m—-1)d logy, (2.18)

which transforms (2.16) into a second-order linear ODE,
jo?

02p — KOpp + p=0. (2.19)

n—1
The function ¢ is essentially a rewriting of the conformal factor €2 relating g
and the initial data v, 45 = Q%yaB:

det s 1/(2n—2)
Q= . 2.2
0 ( dem) (2.20)

Here s = sapdz?da® denotes the standard metric on S™~1. The initial data
symmetric tensor field v = yapdr?dz? is assumed to form a one-parameter
family of Riemannian metrics r +— (7, z) on S~

The boundary conditions at the vertex O of the cone for the ODEs occurring
in this work follow from the requirement of regularity of the metric there. When
imposed, they guarantee that (2.17) and (2.19), as well as all the remaining
constraint equations below, have unique solutions. The relevant conditions at
the vertex have been computed in regular coordinates and then translated into
adapted null coordinates in [8] for a natural family of gauges.

For v and ¢ the boundary conditions read

lim, 0% =1,
lim, 509 =0, lim,00,p=1.

The Einstein equations R;4 = 0 imply the equations [8, Equation (9.2)]
(compare [12, Equation (3.12)])

1 - n
5((‘% +7—)§A —VBG'AB + n

-2
— 1&47’ +04k=0, (2.21)
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where V denotes the Riemannian connection defined by g, , and
é-A = _2fiA .

When H® = 0 one has H4 = 0 if and only if

€a = 200,04 + 4 %vpx A" +va(W° +FO) +gapg(WE +FB)
—yasy“PTEp . (2.22)

Here T'Z}, are the Christoffel symbols associated to the metric gy, .

Given fields k and §45 = gan|u—o satisfying the Raychaudhuri constraint
equation, the equations (2.21) and (2.22) can be read as hierarchical linear first-
order PDE-system which successively determines {4 and v4 by solving ODEs.
The boundary conditions at the vertex are

limrvg=0=1lim¢é4 .
r—0 r—0

The remaining constraint equation follows from the Einstein equation P Rap =
0 [8, Equations (10.33) & (10.36)],

O +7+R)C+ R — %gAgA LA =0 (2.23)

where we have set €4 := gAB¢p. The function R is the curvature scalar associ-
ated to gs,.. The auxiliary function ¢ is defined as

Ci= (20, + 7+ 26)F" + 2T + 21 (2.24)

and satisfies, if H* = 0, the relation ¢ = 2g45T, ;4+7g'!. The term I'' depends
upon the target metric chosen, and with our current Minkowski target § = n
we have

M =T°= yg48s,p. (2.25)
Taking the relation
7" = () (r"'va — Goo) (2.26)
into account, the definition (2.24) of ¢ becomes an equation for gy, once ¢ has
been determined. The boundary conditions for (2.23) and (2.24) are
limg't =1, lim(¢+2r 1) =0.
r—0

r—0

2.4 Global solutions

A prerequisite for obtaining asymptotic expansions is existence of solutions of
the constraint equations defined for all 7. The question of globally defined data
becomes trivial when all metric components are prescribed on Co: Then the
only condition is that 7, as calculated from gap, is strictly positive. Now, as
is well known, and will be rederived shortly in any case, negativity of 7 implies
formation of conjugate points in finite affine time, or geodesic incompleteness of
the generators. In this work we will only be interested in light-cones Co which
are globally smooth (except, of course, at the vertex), and extending all the way
to conformal infinity. Such cones have complete generators without conjugate

10



points, and so 7 must remain positive. But then one can solve algebraically the
Raychaudhuri equation to globally determine k.

We note that the function 7 depends upon the choice of parameterisation of
the generators, but its sign does not, hence the above discussion applies regard-
less of that choice. Recall that we assume that the tip of the cone corresponds to
r — 0 and that the condition that x = O(r~3) ensures that an affine parameter
along the generators tends to infinity for r — oo, so that the parameterization
of r covers the whole cone from O to null infinity.

In some situations it might be convenient to request that s vanishes, or
takes some prescribed value. In this case the Raychaudhuri equation becomes
an equation for the function ¢, and the question of its global positivity arises.

Recall that the initial conditions for ¢ at the vertex are ¢(0) = 0 and
9r¢(0) = 1, and so both 9. and ¢ are positive near zero. Now, (2.19) with
r = 0 shows that ¢ is concave as long as it is non-negative; equivalently, 0, is
non-increasing in the region where ¢ > 0. An immediate consequence of this is
that if 0, becomes negative at some ry > 0, then it stays so, with ¢ vanishing
for some ry < r; < o0, i.e. after some finite affine parameter time. We recover
the result just mentioned, that negativity of 0,¢ indicates incompleteness, or
occurrence of conjugate points, or both. In the first case the solution will not
be defined for all affine parameters r, in the second Cp will fail to be smooth
for r > 71 by standard results on conjugate points. Since the sign of 0,¢ is
invariant under orientation-preserving reparameterisations, we conclude that:

PROPOSITION 2.1 Globally smooth and null-geodesically-complete light-cones must

have Or¢ positive.

A set of conditions guaranteeing global existence of positive solutions of
the Raychaudhuri equation, viewed as an equation for ¢, has been given in [8,
Theorem 7.3]. Here we shall give an alternative simpler criterion, as follows:

Suppose, first, that x = 0. Integration of (2.19) gives

1 "
orp(r,z?) = 1— —1/ (¢lo)?)(Fz*)dif < 1 (2.27)
n—=1Jo
as long as ¢ remains positive. Since p(0) = 0, we see that we always have
o(rz?)y <r

in the region where ¢ is positive, and in that region it holds

1 "
8T<p(7’,xA) > 1- 1/ F|0(F,x‘4)|2df“
0

n—
1 2 e A2 s
7o (7, x?)|*dr .

0

- n—1

This implies that ¢ is strictly increasing if
oo
/ rlof?dr < n—1. (2.28)
0

Since ¢ is positive for small r it remains positive as long as 9, remains positive,
and so global positivity of ¢ is guaranteed whenever (2.28) holds.

11
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A rather similar analysis applies to the case k # 0, in which we set
H(r,z?) = /0 G (2.29)
Let
o(r) =¢(s(r)), where s(r):= /’” MM ap (2.30)
0

the z-dependence being implicit. The function s(r) is strictly increasing with
s(0) = 0. If we assume that « is continuous in r with x(0) = 0, defined for all r
and, e.g.,

/ K> —00, (2.31)
0

then lim,_, s(r) = +00, and thus the function r — s(r) defines a differentiable
bijection from R to itself. Consequently, a differentiable inverse function s
r(s) exists, and is smooth if & is.

Expressed in terms of (2.30), (2.19) becomes

2
52p(s) + 210 1(5)) (T(f))gé(s) =0. (2.32)
n—
A global solution ¢ > 0 of (2.19) exists if and only if a global solution ¢ > 0 of
(2.32) exists. It follows from the considerations above (note that ¢(s =0) =0
and 9s¢(s = 0) = 1) that a sufficient condition for global existence of positive
solutions of (2.32) is

/ se 2HTO) |62 (r(s))ds <n — 1

0
= / (/ eH(f)df’>e*H(7")|a|2(r) dr<n-—1. (2.33)
0 0

Consider now the question of positivity of 2°. In the x = 0-wave-map gauge
with Minkowski metric as a target we have (see [10, Equation (4.7)])

—(n—-1)/2 r,xA r R ~ N
A):so—()/ (rw(nfl)ﬂyABsAB)(r,wA)dr, (2.34)
0

0
v (r,x 5
In an s-orthonormal coframe 64, G485 4 is the sum of the diagonal elements
gAMA =gt 9 A =1,...,n— 1, where g* the scalar product on T*X,
associated to gapdaz?da®, each of which is positive in Riemannian signature.
Hence

gABSAB >0.

So, for globally positive ¢ we obtain a globally defined strictly positive +°, hence
also a globally defined strictly positive vy = 1/0°.
When & # 0, and allowing further a non-vanishing W°, we find instead

A) B (e‘Hcp_("_l)/z) (T,.’L’A)
B 2

/ (eH(p(nfl)/Q(ngBSAB _ W°)>(f,xA)df . (235)
0

VO (r, x X

12



with H as in (2.29). If W° = 0 we obtain positivity as before. More generally,
we see that a necessary-and-sufficient condition for positivity of 1/ is positivity
of the integral in the last line of (2.35) for all r. This will certainly be the case
if the gauge-source function W9 satisfies

det v\ 1/(n—-1)
° 7) vBsap . (2.36)

W < TEABSAB = r(pr(
det s
Summarising we have proved:

PROPOSITION 2.2 1. Solutions of the Raychaudhuri equation with prescribed
k and o are global when (2.31) and (2.33) hold, and lead to globally positive
functions ¢ and T.

2. Any global solution of the Raychaudhuri equation with ¢ > 0 leads to a
globally defined positive function vy when the gauge source function wo
satisfies (2.36). This condition will be satisfied for any W9 < 0.

2.5 Positivity of ¢_; and (%),

For reasons that will become clear in Section 4, we are interested in fields ¢ and
vy which, for large r, take the form

p(r,a?) = p_1(@h)r+o(r), V(ra?) = (1 )o(z?) +o(1), (2.37)

with ¢_1 and (v9)g positive. The object of this section is to provide condi-
tions which guarantee existence of such expansions, assuming a global positive
solution .

Let us further assume that e =22 ¢|o|? is continuous in r with

/ (e_ZHcp|a|2) |rir(s)ds = / e_H<p|a|2d1" < 00.
0 N 0
Integration of (2.32) and de I'Hospital rule at infinity give

ZOJNN 1

s—00 8 5—00 n—1

/ e Holo2dr . (2.38)
0

This will be strictly positive if e.g. (2.33) holds, as

/ MO — () = /0 () _ pop(i))dr

0
r(s)
_ / (1—05p(3))ds > 0,
0 N—
>0 by (2.27)

and thus by (2.38) and (2.33)

1 oo r R
$1 > 1- / (/ eH(T)df)e_H(r)|a|2(r) dr > 0.
0 0

n—1

One can now use (2.38) to obtain (2.37) if we assume that the integral of
over 1 converges:

vz — 00 < B(z?) := /OO k() dr < oo, (2.39)
0

13
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so that .
/0 k(s,-)ds = B(-) +o(1) . (2.40)

Indeed, it follows from (2.39) that there exists a constant C' such that the
parameter s defined in (2.30) satisfies

C”S@SC, CTlr<s<Cr, lim 25 _ o8 (2.41)
arr T—>00 a’r‘
‘We then have
w1 = lim (1) = lim #(s) =1 0:4(s) :e*5<,5—1
r—oo r s—00 T(S) 5—00 657”(8)
1 o0
= 1 “HoplofPdr) . 9.42
€ ( n—l/o e <p|a|dr> (2.42)

We have proved:
PROPOSITION 2.3 Suppose that (2.81), (2.33) and (2.89) hold. Then the func-
tion ¢ is globally positive with ¢_1 > 0.

Consider, next, the asymptotic behaviour of vy. In addition to (2.39), we
assume now that ¢ = p_17 + o(r), for some function of the angles ¢_1, and
that there exists a bounded function of the angles o such that

1GABsap — WO = 24 o(r=1). (2.43)
T
Passing to the limit 7 — oo in (2.35) one obtains
A
0 A a(z?)
= —-+F 1).
Wity = W)
We see thus that
(1" >0 <= a>0, ()0 >0 +—= a<oo.

REMARK 2.4 Note that (2.39) and (2.43) will hold with smooth functions o and
B when the a priori restrictions (4.8)-(4.10), discussed below, are satisfied and
when both ¢ and ¢_; are positive. Recall also that if W° < 0 (in particular,
if Wo = 0), then the condition o > 0 follows from the fact that both s4p and
gap are Riemannian.

So far we have justified the expansion (2.37). For the purposes of Section 3
we need to push the expansion one order further. This is the contents of the
following:

PROPOSITION 2.5 Suppose that there exists a Riemannian metric (yap)—2 =
(yaB)—2(x€) and a tensor field (yap)-1 = (yaB)—1(z%) on S~ such that for
large r we have

Yap = 1%(vaB)—2 +7(yaB)-1 +o(r), (2.44)
O (yap —r*(vaB)-2 —r(yap)-1) = o(1) , (2.45)
/0 k(s,2)ds = Bo(x) + Br(a™)r2 +o(r72) . (2.46)

Assume moreover that ¢ exists for all v, with ¢ > 0. Then:

14



1. There exist bounded functions of the angles p_1 > 0 and ¢qo such that
o(r) = p_1r+po +O(r ). (2.47)
2. If, in addition, vy exists for all v, if it holds that o1 >0 and if WO takes
the form WO (r,z?) = (WO)1(z*)r=t + o(r~1) with

dety_o ) 1/(n—1)

AB
2.4
det s V-2 5AB (2.48)

(W) < 5a5@*")2 = (o)

then
0< (1/0)0 < 0.

REMARK 2.6 If the space-time is not vacuum, then (2.32) becomes

o~ 2H((5)) (lo* + Ry ) (r(s))

2 o
9;¢(s) + —

B(s) =0. (2.49)

and the conclusions of Proposition 2.5 remain unchanged if we assume in addi-
tion that .
Ry =01 . (2.50)

PROOF: From (2.11) one finds
lo|> = 0(r™*) .
We have already seen that
¢=¢-15+o0(s).

Plugging this in the second term in (2.32) and integrating shows that

Dup(s) = o1+ 0(s72) ,  pls) = 15+ g0+ O(s7)
A simple analysis of the equation relating r with s gives now

Orp(r) =1 +0(r72), @(r)=p1r+9o+0(r1).

This establishes point 1.
When ¢_; is positive one finds that (2.43) holds, and from what has been
said the result follows. O

3 A no-go theorem for the (k =0, W' = 0)-wave-
map gauge

Rendall’s proposal, to solve the characteristic Cauchy problem using the (x = 0,
WH = 0)-wave-map gauge, has been adopted by many authors. The object of
this section is to show that, in 3 4+ 1 dimensions, this approach will always lead
to logarithmic terms in an asymptotic expansion of the metric except for the
Minkowski metric. This makes clear the need to allow non-vanishing gauge-
source functions WH.

More precisely, we prove (compare [6]):
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THEOREM 3.1 Consider a four-dimensional vacuum space-time (M ,q) which
has a conformal completion at future null infinity (A U .7+, §) with a C? con-
formally rescaled metric, and suppose that there exists a point O € M such
that Co \ {0}, where Co denotes the closure of Co in A4 U I+, is a smooth
hypersurface in the conformally completed space-time. If the metric g has no
logarithmic terms in its asymptotic expansion for large v in the W° = 0 wave-
map gauge, where v is an affine parameter on the generators of Co, then (A, g)
is the Minkowski space-time.

PROOF: Let S C .#t denote the intersection of Cp with .#%. Elementary
arguments show that C'o intersects . transversally and that S is diffeomorphic
to S2. Introduce near S coordinates so that S is given by the equation {u =
0 = z}, where z is an j-affine parameter along the generators of C'o, with 2 = 0
at S, while the 24’s are coordinates on S in which the metric induced by § is
manifestly conformal to the round-unit metric s4 pdzddz? on S2. (Note that
this construction might lead to the loss of one derivative of the metric.) The
usual calculation shows that the g-affine parameter r along the generators of
Co equals a(xz?)/x for some positive function of the angles a(z#). Discarding
strictly positive conformal factors, we conclude that for large r the tensor field
§ is conformal to a tensor field y4pdaz?da? satisfying

Yap =12 (sAB + (yap)_1r '+ o(rfl)) , (3.1)
Or(vap —1r*sap —r(vap)-1) = o(1) . (3.2)

The result follows now immediately from [7] and from our next Theorem 3.2. O

THEOREM 3.2 Suppose that the space-dimension n equals three. Let r|o|, 7W?°
and TQRWWE” be bounded for small r. Suppose that yap(r,z?) is positive
definite for all r > 0 and admits the expansion (3.1)-(3.2), for large r with
the coefficients in the expansion depending only upon x€. Assume that the first
constraint equation (2.19) with k =0 and

0< R lhe” = 0@

has a globally defined positive solution satisfying p(0) = 0, d,¢(0) =1, ¢ > 0,
and p—1 > 0. Then there are no logarithmic terms in the asymptotic expansion
of V° in a gauge Kk = 0 and W° = o(r=2) (for large r) if and only if

c=0= Rwé“f” .
PRrROOF OF THEOREM 3.2: At the heart of the proof lies the following observa-
tion:

LEMMA 3.3 In space-dimension n, suppose that k = 0 and set

" —1
qf:r2exp(/ (T 2= by, (3.3)
0 2 T
with 7y = (n—1)/r We have 7 = (n — 1)r~! + mr=2 + o(r—2), where
7= — lim P20 x / (lo]* + Ryt e)T dr (3.4)
T o0 0

provided that the limit exists.
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PRrooOF: Let §7 = 7—7. It follows from the Raychaudhuri equation with k = 0
that d7 satisfies the equation

do _
d—: + TJ;Tl(ST = —|o|* — 81T, .
Solving, one finds
or = 7\11_1/ (jo|? + 87T, )W dr
0
_ T2 -2
- 1"_2 + O(T ) )
as claimed. a

Let us return to the proof of Theorem 3.2. Proposition 2.5 and Remark 2.6
show that

o(r,at) = p_1(z?)r + po(z?) +o(r™1) , (3.5)
7 = 20,logp = 2r~t —2po(p_1) "2 +o(r72) . (3.6)

Recall, next, the solution formula (2.34) for the constraint equation (2.17) with
k=0and n=3:

1 T
0 Ay .~ —AB _ 170 A
Vo (r,x?) = 2<p(r,xA)/0 ¢ (55" sap — W) (s,2")ds . (3.7)

From (3.5)-(3.6) one finds
TP =12 o) e (e ) b0, (39

with

;7613 = SACSBD[ EF(

1
('YCD)—l — 3SCcDS 'VEF)—l] .

2

Inserting this into (3.7), and assuming that W° = o(r~2), one finds for large r

_oln7r

VW= (p-1)2 + %72(%1) +0(r 1), (3.9)

,
with the coefficient of the logarithmic term vanishing if and only if 79 = 0 when

a bounded positive coeflicient ¢_; exists. One can check that the hypotheses of
Lemma 3.3 are satisfied, and the result follows. a

4 Preliminaries to solve the constraints asymp-
totically

4.1 Notation and terminology

Consider a metric which has a smooth, or polyhomogeneous, conformal com-
pletion at infinity @ la Penrose, and suppose that the closure (in the completed
space-time) .4~ of a null hypersurface .4 of O meets .#* in a smooth sphere.
One can then introduce Bondi coordinates (u,r,z4) near .#%, with A4 N .7+
being the level set of a Bondi retarded coordinate u (see [29] in the smooth case,
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and [11, Appendix B] in the polyhomogeneous case). The resulting Bondi area
coordinate r behaves as 1/, where €2 is the compactifying factor. If one uses
Q) as one of the coordinates near .# T, say x, and chooses 1/x as a parameter
along the generators of .4, one is led to an asymptotic behaviour of the metric
which is captured by the following definition:

DEFINITION 4.1 We say that a smooth metric tensor g, defined on a null hyper-
surface .4/ given in adapted null coordinates has a smooth conformal completion
at infinity if the unphysical metric tensor field EW obtained via the coordinate
transformation 7 + 1/r =: x and the conformal rescaling g+ § = 227 is, as a
Lorentzian metric, smoothly extendable across {x = 0}. We will say that g,
is polyhomogeneous if the conformal extension obtained as above is polyhomo-
geneous at {x = 0}, see Appendix A.

The components of a smooth tensor field on 4" will be said to be smooth at
infinity, respectively polyhomogeneous at infinity, whenever they admit, in the
(z, z*)-coordinates, a smooth, respectively polyhomogeneous, extension in the
conformally rescaled space-time across {z = 0}.

REMARK 4.2 The reader is warned that the definition contains an implicit re-
striction, that 4 is a smooth hypersurface in the conformally completed space-
time. In the case of a light-cone, this excludes existence of points which are
conjugate to O both in .# and on Cpo N £ 7.

We emphasise that Definition 4.1 concerns only fields on .4, and no assump-
tions are made concerning existence, or properties, of an associated space-time.
In particular there might not be an associated space-time; and if there is one,
it might or might not have a smooth completion through a conformal boundary
at null infinity.

The conditions of the definition are both conditions on the metric and on
the coordinate system. While the definition restricts the class of parameters r,
there remains considerable freedom, which will be exploited in what follows. It
should be clear that the existence of a coordinate system as above on a globally-
smooth light-cone is a necessary condition for a space-time to admit a smooth
conformal completion at null infinity, for points O such that Cpo N £+ forms a
smooth hypersurface in the conformally completed space-time.

Consider a real-valued function

f:(0,00)x 8" 1 — R, (r,xA) — f(r,xA) .

If this function admits an asymptotic expansion in terms of powers of 7 (whether
to finite or arbitrarily high order) we denote by f,, or (f)n, the coefficient of
r~™ in the expansion.

We will write f = O(rY) (or f = O(z™), x = 1/r), N € Z if the function

F(z,)) = aNf(z71,) (4.1)

is smooth at z = 0. We emphasize that this is a restriction on f for large r, and
the condition does not say anything about the behaviour of f near the vertex
of the cone (whenever relevant), where r approaches zero.

We write

f(r,:cA)N Z fk(xA)r_k
k=—N

18



if the right-hand side is the asymptotic expansion at x = 0 of the function
x> =N f(r,)|,=1/2, compare Appendix A.
The next lemma summarizes some useful properties of the symbol O:

LEMMA 4.3 Let f = O(r") and g = O(rM) with N, M € Z.

1. f can be asymptotically expanded as a power series starting from r¥,

frz?) ~ Z fr(zt)r=Fk
k=—N

for some suitable smooth functions fi : S*~1 — R.

2. The n-th order derivative, n > 0, satisfies

O(rN—m) for N <0
orf(r,z?) = O(rN—m) for N>0and N—n >0
O(TN’"’l) for N>0and N —n < —1

as well as
Ohf(r,a?)=00N).

3. frg™ = O(r"N+mMY for all n,m € 7.

4.2 Some a priori restrictions

In order to solve the constraint equations asymptotically and derive necessary-
and-sufficient conditions concerning smoothness of the solutions at infinity in
adapted coordinates, it is convenient to have some a priori knowledge regarding
the lowest admissible orders of certain functions appearing in these equations,
and to exclude the appearance of logarithmic terms in the expansions of fields
such as €4 and W*. Let us therefore derive the necessary restrictions on the
metric, the gauge source functions, etc. needed to end up with a trace of a metric
on the light-cone which admits a smooth conformal completion at infinity.

4.2.1 Non-vanishing of ¢ and 1°

As described above, the Einstein wave-map gauge constraints can be represented
as a system of linear ODEs for ¢, 1°, v4 and g'', so that existence and unique-
ness (with the described boundary conditions) of global solutions is guaranteed
if the coefficients in the relevant ODEs are globally defined. Indeed, we have
to make sure that the resulting symmetric tensor field g, does not degenerate,
so that it represents a regular Lorentzian metric in the respective adapted null
coordinate system. In a setting where the starting point are conformal data
vap(r, ')dxAde which define a Riemannian metric for all » > 0, this will be
the case if and only if ¢ and v° are nowhere vanishing, in fact strictly positive
in our conventions,

0>0,12>0 Vr>0. (4.2)
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4.2.2 A priori restrictions on g,

Assume that g, admits a smooth conformal completion in the sense of Defini-
tion 4.1. Then its conformally rescaled counterpart g,, = 227, satisfies

Gy = O1) with  Gozle=0 >0, detgaple=0>0. (4.3)

This imposes the following restrictions on the admissible asymptotic form of the
components g,,,, in adapted null coordinates (u,r = 1/z,z):

v =0(), va=00%), Gy =00, Fap =00, (4.4)
with
(10)o >0 and (detgs,.)-4>0. (4.5)
Moreover,
1 n—1 _
T = §§AB&~§AB = +0(r?), (4.6)

and (recall that 7 = (n — 1)0, log ¢)
¢ = p_1r+O(1) for some positive function ¢_; on S" 1, (4.7)

Indeed assuming that ¢_; vanishes for some 24, the function ¢ does not diverge
as r goes to infinity along some null ray T emanating from O, i.e. p|r = O(1)
and det s |y = ("~ Y det s)|r = O(1), which is incompatible with (4.5).
The assumptions (7, ') > 0 and ¢_1(z!) > 0 imply the non-existence of
conjugate points on the light-cone up-to-and-including conformal infinity.

4.2.3 A priori restrictions on gauge source functions

Assume that there exists a smooth conformal completion of the metric, as in
Definition 4.1. We wish to find the class of gauge functions = and W* which
are compatible with this asymptotic behaviour.

The relation g, 5 = O(r?) together with 9, = —229,, and the definition (2.8)
implies

oaB =002, |02 =00"1%). (4.8)
Using the estimate (4.7) for 7 and the Raychaudhuri equation (2.16) we find
k=0(r"3), (4.9)

where cancellations in both the leading and the next-to-leading terms in (2.16)
have been used. Then (2.17), (4.4), (4.7) and (4.9) imply

Wo=0(@"1). (4.10)

Similarly to x = I, €4 corresponds to the restriction to Co of certain

connection coefficients (cf. [8,12])

We will use this equation to determine the asymptotic behaviour of £ 4; the main
point is to show that there needs to exist a gauge in which £ 4 has no logarithmic
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terms. We note that the argument here requires assumptions about the whole
space-time metric and some of its derivatives transverse to the characteristic
initial surface, rather than on g, 5.

A necessary condition for the space-time metric to be smoothly extendable
across .# T is that the Christoffel symbols of the unphysical metric g in coordi-
nates (u,z = 1/r,24) are smooth at .7, in particular

[, =0(1). (4.11)
The formula for the transformation of Christoffel symbols under conformal
rescalings of the metric, § = ©2¢, reads
1

f‘ﬁy = I, + o) (6,70, + 6,70, — 99”7 0,0) ,

and shows that (4.11) is equivalent to
TE4=0(1), or Tiy=0(1); (4.12)

the second equation is obtained from the first one using the transformation law
of the Christoffel symbols under the coordinate transformation z — r = 1/x.
Hence {4 = O(1). Inspection of the leading-order terms in (2.21) leads now to

a=00"". (4.13)
One can insert all this into (2.22), viewed as an equation for W4, to obtain
WA =01,
We note the formula
C — QQABFQB +TgrT

which allows one to relate ¢ to the Christoffel symbols of g, and hence also to

those of g. However, when relating f‘j 5 and fg g derivatives of the conformal
factor © appear which are transverse to the light-cone and whose expansion is
a priori not clear. Therefore this formula cannot be used to obtain information
about ( in a direct way, and one has to proceed differently. Assuming, from
now on, that we are in space-dimension three, it will be shown in part II of
this work that the above a priori restrictions and the constraint equation (2.23)
imply that the auxiliary function ¢ has the asymptotic behaviour

C=00"1). (4.14)
It then follows from (2.24) and (4.4) that
Wt =0(r). (4.15)

This is our final condition on the gauge functions. To summarize, necessary
conditions for existence of both a smooth conformal completion of the metric g
and of smooth extensions of the connection coefficients I'{ , are

EAa=00"Y), Wo=00r"1), WA=00"1. (4.16)
Moreover,

if (=01 then W' =0(r) . (4.17)
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5 Asymptotic expansions

We have seen in Section 4.2.2 that existence of a smooth completion at null
infinity requires gap = O(r?) with (detgap)_4 > 0, and thus ¢ = O(r) with
w—1 > 0. But then

1 o 1 0(1)
—F———=VYAB =¥ T —/——gAB = .
Vdety vdet s
Since only the conformal class of y4p matters, we see that there is no loss of
generality to assume that y4p = O(r?), with (det yap)_4 # 0; this is convenient
because then v4p and g4 p will display similar asymptotic behaviour. Moreover,
since any Riemannian metric on the 2-sphere is conformal to the standard metric
s = sapdzAdz?, in the case of smooth conformal completions we may without
loss of generality require the initial data + to be of the form, for large 7,

Yap ~ 17 (SAB +y hX%Tfn) . (5.1)
n=1

for some smooth tensor fields hg% on S2. (Recall that the symbol “~” has been
defined in Section 4.1.) If the initial data y4p are not directly of the form (5.1),
they can either be brought to (5.1) via an appropriate choice of coordinates
and conformal rescaling, or they lead to a metric g,, which is not smoothly
extendable across £ T.

In the second part of this work [26] the following theorem will be proved:

THEOREM 5.1 Consider the characteristic initial value problem for Einstein’s
vacuum field equations in four space-time dimensions with smooth conformal
data v = yapdztda® and gauge functions k and W on a cone Co which has
smooth closure in the conformally completed space-time. The following condi-
tions are necessary-and-sufficient for the trace of the metric g = g dztdz”
on Co, obtained as solution to Einstein’s wave-map characteristic vacuum con-
straint equations (2.19) and (2.21)-(2.24), to admit a smooth conformal com-
pletion at infinity and for the connection coefficients I 4 to be smooth at I,
in the sense of Definition 4.1, when imposing a generalized wave-map gauge
condition H» = 0:

(i) There exists a one-parameter family s = »(r) of Riemannian metrics on
S? such that » satisfies (5.1) and is conformal to «y (in particular we may
assume v itself to be of the form (5.1)).

(ii) The functions ¢, v°, ¢_1 and (v9)o have no zeros on Co \ {0} and S?,
respectively, with the non-vanishing of (1°)o being equivalent to

W < 2(p-1)72. (5.2)

(iii) The gauge functions satisfy k = O(r=3), WO = O(r=1), W4 = O(r~1),
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W' =0(r) and, setting W 4 := gapW4,

) = [0+ (1) ?n, (53)

(Wan = 4(04")2Valogo1 = (¢-1) *[(v0)2(Wa)-1 + (v0)1(Wa)o]
~Vam — 3 wa ) (wpCN (W) 1 — 3 (wa®) (W)
~(wa®)1[(W)o + (1) ()1 (W) (5.4)

(Why = %2 (o) P DR+ (W [ D4 B - (T;) et
{%(72)3 - %7'27'3 - 37’2%3 + ém + %M} Wh_,, (5.5)

where V is the covariant derivative operator of the unit round metric on
the sphere s pda?dz?, Ry is the r—2-coefficient of the scalar curvature
R of the metric gapdz?dz®, ¢_1 == [(p_1)72 = L(W°)1]7V2, and the
expansion coefficients (wAB)n are defined using

wa® = [gl/o(Wo +FO) — 11648 +2rya® .
(iv) The no-logs-condition is satisfied:

(0a")s =T2(0a")2 . (5.6)
REMARK 5.2 If any of the equations (5.3)-(5.6) fail to hold, the resulting char-
acteristic initial data sets will have a polyhomogeneous expansion in terms of
powers of r.

REMARK 5.3 Theorem 5.1 is independent of the particular setting used (and
remains also valid when the light-cone is replaced by one of two transversally
intersecting null hypersurfaces meeting .# " in a sphere), cf. Section 7: As long
as the generalized wave-map gauge condition is imposed one can always compute
W?, 7, o ete. and check the validity of (5.3)-(5.6), whatever the prescribed initial
data sets are. Some care is needed when the Minkowski target is replaced by
some other target metric, cf. [26].

All the conditions in (i) and (iii) which involve x or W?* can always be
satisfied by an appropriate choice of coordinates. Equivalently, those logarithmic
terms which appear if these conditions are not satisfied are pure gauge artifacts.

Recall that to solve the equation for £4 both x and ¢ need to be known.
This requires a choice of the k-gauge. Since the choice of W does not affect the
& a-equation, there is no gauge-freedom left in that equation and if the no-logs-
condition (5.6) does not hold there is no possibility to get rid of the log terms
that arise in this equation. (In Section 6 we will return to the question, whether
(5.6) can be satisfied by a choice of x.) Similarly there is no gauge-freedom left
when the equation for ¢ is integrated but, due to the special structure of the
asymptotic expansion of its source term, no new log terms arise in the expansion
of ¢.

The no-logs-condition involves two functions, ¢_; and ¢g, which are globally
determined by the gauge function x and the initial data v, cf. (2.19). The
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dependence of these functions on the gauge and on the initial data is rather
intricate. Thus the question arises for which class of initial data one can find
a function k = O(r=3), such that the no-logs-condition holds, and accordingly
what the geometric restrictions are for this to be possible. This issue will be
analysed in part IT of this work, using a gauge scheme adjusted to the initial data
so that all globally defined integration functions can be computed explicitly.

6 The no-logs-condition

6.1 Gauge-independence

In this section we show gauge-independence of (5.6). It is shown in paper II
[26] that (5.6) arises from integration of the equation for £4, where the gauge-
functions W* do not occur. Equation (5.6) is therefore independent of those
functions. So the only relevant freedom is that of rescaling the r-coordinate pa-
rameterizing the null rays. We therefore need to compute how (5.6) transforms
under rescalings of r. For this we consider a smooth coordinate transformation

rs 7= () . (6.1)
Under (6.1) the function ¢ transforms as a scalar. We have seen above that a
necessary condition for the metric to be smoothly extendable across .# T is that
¢ has the asymptotic behaviour
or,z?) = g 1(@)r+ oo+ O™, with ¢ 1 >0. (6.2)
The transformed ¢ thus takes the form
o(7,2) = @(r(7),a) = p_1(a®)r(F) + po + O(r(7) ) |
0 0 0
Orp(F.at) = SLonp(r(P),a) = o (@r(F) + S O0(R) ) -
If we require ¢ to be of the form (6.2) as well, it is easy to check that we must
have
= r(@MF4+ro+0@F ) and (6.3)

A
z? () +O0(F %), with r_y >0. (6.4)

We have:

PROPOSITION 6.1 The no-logs-condition (5.6) is invariant under the coordinate
transformations (6.3)-(6.4).

PRrROOF: For the transformation behavior of the expansion coefficients we obtain

o1 = (r-1)'Po1, @0 = Go—rolr_1) 'po1
-1

- Ty = —2((,0_1) o = r_17T2 + 219 .
Moreover, with (6.3)-(6.4) we find
g = %UAB = [ro1 + O 2)] [(0a®)2r(F) 72 + (04")ar(F) 2 + O(r(7) %))
= (T?l)_l(O'AB)Qf_2 + [(7‘,1)_2(0‘43)3 — 21"0(7“71)_2(0',43)2] ,';—3 + 0(7:_4)
e (04%)s =71_1(64%)2,

(047)3 = (r=1)*(64")s + 2ror_1(64")2 .
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Hence
(04%)3 = 72(04")2 = (r-1)*[(647)s — 72(647)2] -
0

Although the No-Go Theorem 3.1 shows that the (k = 0, W* = 0)-wave-
map gauge invariably produces logarithmic terms except in the flat case, one
can decide whether the logarithmic terms can be transformed away by checking
(5.6) using this gauge, or in fact any other. In the ([y], k) scheme this requires
to determine 75 by solving the Raychaudhuri equation, which makes this scheme
not practical for the purpose. In particular, it is not a priori clear within
this scheme whether any initial data satisfying this condition exist unless both
(045)2 and (6 )3 vanish. On the other hand, in any gauge scheme where § is
prescribed on the cone, the no-logs-condition (5.6) is a straightforward condition
on the asymptotic behaviour of the metric.

Let us assume that (5.6) is violated for say x = 0. We know that the
metric cannot have a smooth conformal completion at infinity in an adapted null
coordinate system arising from the x = 0-gauge via a transformation which is
not of the asymptotic form (6.3)-(6.4). On the other hand if the transformation
is of the form (6.3), then the no-logs-condition will also be violated in the new
coordinates. We conclude that we cannot have a smooth conformal completion
in any adapted null coordinate system. That yields

THEOREM 6.2 Consider initial data v on a light-cone Co in a k = 0-gauge
with asymptotic behaviour yap ~ 1%(sap + Zzozl hg?gr’"). Assume that o,
W and p_1 are strictly positive on Co \ {O} and S?, respectively. Then there
exist a gauge w.r.t. which the trace G of the metric on the cone admits a smooth
conformal completion at infinity and where the connection coefficients I, are
smooth at ™ (in the sense of Definition 4.1) if and only if the no-logs-condition
(5.6) holds in one (and then any) coordinate system related to the original one

by a coordinate transformation of the form (6.3)-(6.4).

6.2 Geometric interpretation

Here we provide a geometric interpretation of the no-logs-condition (5.6) in
terms of the conformal Weyl tensor. This ties our results with the analysis
in [1] (compare also Section 7.4).

For this purpose let us consider the components of the conformal Weyl ten-
sor, Cyar?, on the cone. To end up with smooth initial data for the con-
formal fields equations we need to require the rescaled Weyl tensor drarB® =

010 u,B =0T, 4,7 to be smooth at .7 *, which is equivalent to

C’I‘A’I‘B = O(T_5) . (65)
In particular the C,4,P-components of the Weyl tensor need to vanish one

order faster than naively expected from the asymptotic behavior of the metric.
In adapted null coordinates and in vacuum we have, using the formulae of [8,
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Appendix A],
Crar® = Reas® = =0, L2, + L], —TH T,
= —(0r— K)XAB - XACXCB
1 1
= —5(87.7—,%7—0— 572)5AB — (87~+T—H)O'AB —04% P

1
= §|U|2(5AB — (0, + 17— r)oAB — oaCoc® .
Assuming, for definiteness, that & = O(r=3) and gap = O(r?) with (detgap) _4 >
0 we have

Crar® = ((UAB)B —1o(0a®)2 + %(UCD)Z(UDC)Q(SAB - (O'AC)Z(O'CB)Z)""—4
+0O(r7°).

As an s-symmetric, trace-free tensor (UAC)2 has the property

(74%)2(06")2 = 300 )a(00P 204"

ie.
67‘ATB = [(O—AB)Z’) - T2(O—AB)2} 71_4 + O(T‘_S) )

and (6.5) holds if and only if the no-logs-condition is satisfied.

7 Other settings

We pass now to the discussion, how to modify the above when other data sets
are given, or Cauchy problems other than a light-cone are considered.

7.1 Prescribed (jag, k)

In this setting the initial data are a symmetric degenerate twice-covariant tensor
field g, and a connection s on the family of bundles tangent to the integral curves
of the kernel of g, satisfying the Raychaudhuri constraint (2.16).

Recall that so far we have mainly been considering a characteristic Cauchy
problem where ([v], x) are given. There (2.19) was used to solve for the confor-
mal factor relating § and ~:

detscp - A B
— ) dz?dz” . 1
de‘wEF) TABEE G (7.1)

§=gapdertda® = o*(
But then a pair (g, k) satisfying (2.16) is obtained.

So, in fact, prescribing the pair (g, ) satisfying (2.16) can be viewed a special
case of the ([v], k)-prescription, where one sets v := ¢. Indeed, when § and &
are suitably regular at the vertex, uniqueness of solutions of (2.19) with the
boundary conditions ¢(0) = 0 and 9,¢(0) = 1 shows that

detgpp\ L _ .
= (701 J )20 = gap=vaB = J=7. (72)
etscp
In particular all the results so far apply to this case.

If 7 is nowhere vanishing, as necessary for a smooth null-geodesically com-
plete light-cone extending to null infinity, then (2.16) can be algebraically solved
for k, so that the constraint becomes trivial.
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7.2 Prescribed (g,,, ~)

In this approach one prescribes all metric functions g, on the initial char-
acteristic hypersurface, together with the connection coefficient x, subject to
the Raychaudhuri equation (2.16). Equation (2.12) relating  and vy becomes
an algebraic equation for the gauge-source function W9, while the equations
Roa=0= EABE 4B become algebraic equations for W4 and W',

In four space-time dimensions, a smooth conformal completion at null infin-
ity will exist if and only if 7"_2@“, can be smoothly extended as a Lorentzian
metric across .# T and no logarithmic terms appear in the asymptotic expan-
sion of I'7 ;; this last fact is equivalent to (5.6). To see this, note that since the
equations for TW* are algebraic, no log terms arise in these fields as long as no
log terms appear in the remaining fields appearing in the constraint equation.
Similarly no log terms arise in the (-equation. The only possible source of log
terms is thus the £ 4-equation, and the appearance of log terms there is excluded
precisely by the no-logs-condition. The existence of an associated space-time
with a “piece of smooth #*” follows then from the analysis of the initial data
for Friedrich’s conformal equations in part II of this work, together with the
analysis in [13].

We conclude that (5.6) is again a necessary-and-sufficient condition for ex-
istence of a smooth .# T for the current scheme in space-time dimension four.

7.3 Frame components of o as free data

In this section we consider as free data the components x,, in an adapted
parallel-propagated frame as in [12, Section 5.6]. We will assume that

1
X% = ;5% +0(0%), a,be{2,3}. (7.3)

There are actually at least two schemes which would lead to this form of x%:
One can e.g. prescribe any x%, satisfying (7.3) such that x%s + x®3 = x22 + X33
has no zeros, define o4, = Xap — %(X22 + x%3)d4p, and solve algebraically the
Raychaudhuri equation for . Another possibility is to prescribe directly a
symmetric trace-free tensor o4, in the x = 0 gauge, use the Raychaudhuri
equation to determine 7, and construct Y, using

X% = géab +o%, a,be {2,3} . (74)

The asymptotics (7.3) will then hold if 0 is taken to be O(r~2).
Given Yqp, the tensor field § is obtained by setting

§=(0%40%p + 0 40° ) dz*da® | (7.5)
where the co-frame coefficients 0% 4 are solutions of the equation [12]
0:0%4 =Xx%0%4, a,be{2,3}. (7.6)

Assuming (7.3), one finds that solutions of (7.6) have an asymptotic expan-
sion for 0% 4 without log terms:

04 =re®a+01), a,be{2,3} (7.7)
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for some globally determined functions ¢® 4. If the determinant of the two-by-

two matrix (p®4) does not vanish, one obtains a tensor field § to which our

previous considerations apply. This leads again to the no-logs conditions (5.6).
Writing, as usual,

Oap = (0ap)2r 2 + (0ap)3r >+ O™, a,be{2,3}, (7.8)
the no-logs-condition rewritten in terms of o, read

(0ab)s = 72(0ab)2 , a,b€{2,3}. (7.9)

7.4 Frame components of the Weyl tensor as free data

Let Cyp,5 denote the space-time Weyl tensor. For a,b > 2 let
1/Jab = eaAebBUArBr

represent the components of C 4,-p, in a parallelly-transported adapted frame,
as in Section 7.3. The tensor field 1, is symmetric, with vanishing n-trace, and
we have in space-time dimension four (cf., e.g., [12, Section 5.7])

3

1
(0r — K)Xab = — ZZ XacXeb = tab = 5MavTrr - (7.10)

Given (k,%qp), we can integrate this equation in vacuum to obtain the tensor
field x4 needed in Section 7.3. However, this approach leads to at least two
difficulties: First, it is not clear under which conditions on 1), the solutions will
exist for all values of . Next, it is not clear that the global solutions will have
the desired asymptotics. We will not address these questions but, taking into
account the behaviour of the Weyl tensor under conformal transformations, we
will assume that

k=003, Yu=00r"1, (7.11)

and that the associated tensor field x5 exists globally and satisfies (7.3). The
no-logs-condition will then hold if and only if

Yap = O(T_5) < ('(/Jab)4 =0. (7.12)

Note that one can reverse the procedure just described: given x.», we can
use (7.10) to determine t),;. Assuming (7.3), the no-logs-condition will hold if
and only if the 1,,-components of the Weyl tensor vanish one order faster than
naively expected from the asymptotic behaviour of the metric (cf. Section 6.2).

Equation (7.12) is the well-known starting point of the analysis in [25], and
has also been obtained previously as a necessary condition for existence of a
smooth .# in the analysis of the hyperboloidal Cauchy problem [1]. Tt is therefore
not surprising that it reappears in the analysis of the characteristic Cauchy
problem. However, as pointed out above, a satisfactory treatment of the problem
using 1 as initial data requires further work.
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7.5 Characteristic surfaces intersecting transversally

Consider two characteristic surfaces, say .41 and .45, intersecting transversally
along a smooth submanifold S diffeomorphic to S?. Assume moreover that
the initial data on .41 (in any of the versions just discussed) are such that the
metric g, admits a smooth conformal completion across the sphere {z = 0},
as in Definition 4.1. The no-logs-condition (5.6) remains unchanged. Indeed,
the only difference is the integration procedure for the constraint equations:
while on the light-cone we have been integrating from the tip of the light-
cone, on .4 we integrate from the intersection surface S. This leads to the
need to provide supplementary date at S which render the solutions unique.
Hence the asymptotic values of the fields, which arise from the integration of
the constraints, will also depend on the supplementary data at S.

7.6 Mixed spacelike-characteristic initial value problem

Consider a mixed initial value problem, where the initial data set consists of:

1. A spacelike initial data set (., 3g, K), where 3¢ is a Riemannian metric
on . and K is a symmetric two-covariant tensor field on .. The three-
dimensional manifold .% is supposed to have a compact smooth boundary
S diffeomorphic to S2, and the fields (g, K) are assumed to satisfy the
usual vacuum Einstein constraint equations.

2. A hypersurface .41 with boundary S equipped with a characteristic initial
data set, in any of the configurations discussed so far. Here .47 should be
thought of as a characteristic initial data surface emanating from S in the
outgoing direction.

3. The data on . and .41 satisfy a set of “corner conditions” at S, to be
defined shortly.

The usual evolution theorems for the spacelike general relativistic initial
value problem provide a unique future maximal globally hyperbolic vacuum
development 21 of (., 3g, K). Since .# has a boundary, 2% will also have a
boundary. Near S, the null part of the boundary of 92 will be a smooth null
hypersurface emanating from S, say .45, generated by null geodesics normal to
S and “pointing towards .#” at S. In particular the space-time metric on 2+
induces characteristic initial data on .45. In fact, all derivatives of the metric,
both in directions tangent and transverse to .45, will be determined on .45
by the initial data set (.#,3g, K). This implies that the characteristic initial
data needed on .41, as well as their derivatives in directions tangent to .41,
are determined on S by (.%,3g, K). These are the “corner conditions” which
have to be satisfied by the data on 4] at S, with these data being arbitrary
otherwise. The corner conditions can be calculated algebraically in terms of
the fields (3g, K), the gauge-source functions W#, and the derivatives of those
fields, at S, using the vacuum Einstein equations.

One can use now the Cauchy problem discussed in Section 7.5 to obtain the
metric to the future of 41 U .45, and the discussion of the no-logs-condition
given in Section 7.5 applies.
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A Polyhomogeneous functions

A function f defined on an open set % with smooth boundary 0% = {x = 0}
is said to be polyhomogeneous at x = 0 if f € C°°(% ) and if there exist integers

N;, real numbers n;, and functions f;; € C°°(%) such that

N(m) N;
VYmeN, 3IN(m)eN, f-— Z Zf”x’“ I’z € C™(U) . (A1)
i=0 5=0
We will then write ,
[~ Zfz]xnl In’ z .
2%

We will similarly write

[~ Zfzzl

when (A.1) holds with no logarithmic terms.
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1 Introduction

In this work we continue the work initiated in [7] to analyze the occurrence of
logarithmic terms in the asymptotic expansion of the metric tensor and some
other fields at null infinity. In part I of this work, where we also described the
setting, it has been shown that the harmonic coordinate condition is not com-
patible with a smooth asymptotic structure at the conformal boundary at infin-
ity, but has to be replaced by a wave-map gauge condition with non-vanishing
gauge-source functions.

However, it is expected [5, 12] (compare also [1]) that even for smooth ini-
tial data the asymptotic expansion of the space-time metric at null infinity will
generically be polyhomogeneous and involve logarithmic terms which do not
have their origin in an inconvenient choice of coordinates. One main object of
this note, treated in Section 3, is to study thoroughly the asymptotic behavior
of solutions of the Einstein’s vacuum constraint equations and analyze under
which conditions a smooth conformal completion of the restriction of the space-
time metric to the characteristic initial surface across null infinity is possible.
As announced in [7, Theorem 5.1] we intend to provide necessary-and-sufficient



conditions on the initial data and the gauge source functions which permit such
extensions. In doing so it will become manifest that many, though not all, of
the logarithmic terms which arise at infinity are gauge artifacts. The remain-
ing non-gauge logarithmic terms can be eliminated by imposing restrictions on
the asymptotic behavior of the initial data, captured by what we call no-logs-
condition.

In Section 5, we will show that solutions of the characteristic vacuum con-
straint equations satisfying the no-logs-condition lead to smooth initial data for
Friedrich’s conformal field equations. The data will be computed in a new gauge
scheme developed in Section 4 and will provide the basis to solve the evolution
problem and construct space-times with a “piece of smooth .#1”.

In Section 2 we give a summary of [7] where we briefly describe the frame-
work and recall the most important definitions and results of part I. Finally,
in Appendix A our proceeding in Section 3-5 to solve the constraint equations
in terms of polyhomogeneous expansions will be rigorously justified, while in
Appendix B we compare the peculiarities of different gauge schemes.

2 Preliminaries

We use all the notation, terminology and conventions introduced in part I [7].
For the convenience of the reader, though, let us briefly recall the most essential
ingredients and definitions of our framework.

2.1 Notation

Consider a smooth function
f:(0,00) x 8% — R, (rz?)— f(r,z?).

If this function permits an asymptotic expansion as a power series in 7, we
denote by f,, or (f)n, the coefficient of 7™ in the corresponding expansion.
Be aware that sometimes a lower index might denote both the component of a
vector, and the n-th order term in an expansion of the corresponding object. If
both indices need to appear simultaneously we use brackets and place the index
corresponding to the n-th order expansion term outside the brackets. We write

flrat) o > fr(at)r®
k=—N

if the right-hand side is the polyhomogeneous expansion at « = 0 of the function
z = r N f(r,)];=1/5. Moreover, we write f = O(r") (or f = O(z™ V), z =
1/r), N € Z, if the function @ +— = f(r, )|, 1/, is smooth at z = 0.

2.2 Setting

We consider a 3+1-dimensional C*°-manifold .# . For definiteness we take as ini-
tial surface either a globally smooth light-cone Co C .# or two null hyper-
surfaces A1, A5 C . intersecting transversally along a smooth submanifold
S = S2. Suppose that the closure (in the completed space-time) .4 of A €
{Co \ {0}, A} meets £ transversally in a smooth spherical cross-section.
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We introduce adapted null coordinates (v = z°r = z',24) on A (i.e.
N = {u =0}, where r parameterizes the null rays generating .4, and (z) are
local coordinates on %, = {r = const,u = 0} = S?). Then the trace g of the
metric on .4 becomes

7 = Goodu® + 2vpdudr 4 2vadudz® + g , (2.1)

where
G = gapdaz?da? =g, pdatda? (2.2)

is a degenerate quadratic form induced by g on .4 which induces on each
slice 3, an r-dependent Riemannian metric gx. (coinciding with g(r,-) in the
coordinates above). While the components §y,, v and v4 depend upon the
choice of coordinates off .4, the quadratic form § is intrinsically defined on .4".

In fact, we will be interested merely in the asymptotic behavior of the restric-
tion of the space-time metric to 4. A regular light-cone or two transversally
intersecting null hypersurfaces with appropriately specified initial data, though,
guarantee that the vacuum constraint equations have unique solutions.

Throughout this work we use an overline to denote a space-time object
restricted to .#. The symbol “~” will be used to denote objects associated
with the Riemannian metric gs., .

DEFINITION 2.1 (cf. [7]) We say that a smooth metric tensor g, defined on a
null hypersurface .4 given in adapted null coordinates has a smooth conformal
completion at infinity if the unphysical metric tensor 5#!/ obtained via the co-
ordinate transformation 7 + 1/r =: & and the conformal rescaling g + § = 27
is, as a Lorentzian metric, smoothly extendable at {z = 0}.

The components of a smooth tensor field on .4~ will be said to be smooth at
infinity whenever they admit a smooth expansion in the conformally rescaled
space-time at {z = 0} and expressed in the (z,2%)-coordinates.

As remarked in [7], Definition 2.1 concerns only fields on .4 and is not
tied to the existence of an associated space-time. Moreover, it concerns both
conditions on the metric and on the coordinate system.

The Einstein equations split into a set of evolution equations and a set of
constraint equations which need to be satisfied on the initial surface. In the
characteristic case the data for the evolution equations are provided by the
trace of the metric on the initial surface. Due to the constraints not all of
its components can be prescribed freely. There are various ways of choosing
free data [6, 7]. Here we focus on Rendall’s scheme [10], where the free data
are formed by the conformal class [y] of the tensor gx, (and the function k
introduced below).! By choosing a representative they can be viewed as a one-
parameter family, parameterized by r, of Riemannian metrics v(r,-) on S2. A
major advantage of this scheme in particular in view of Section 4 is that it
permits a separation of physical and gauge degrees of freedom. Some comments
on how things change for other approaches to prescribe characteristic initial
data are given in [7], cf. Remark 3.4.

FEinstein’s vacuum constraint equations in a §-generalized wave-map gauge are
obtained from Einstein’s vacuum equations assuming that the wave-gauge vector

HY =T -T*-W*=0, I':i=g"T);, I*:=g"T);. (2.3)

1 In the case of two transversally intersecting null hypersurfaces these data need to be
supplemented by corresponding data on .45 and certain data on the intersection manifold S.



vanishes. We use the hat-symbol “”” to indicate objects associated with some
target metric g, which we assume for convenience to be of the form

g1 =0, gap=r?sap+0(1), p=14+00"3), ia=00r"2),
goo=—-14+00"2), g =0@r"3), ogap=0(r"1) (2.4)

on ./, where s = sapdz?dz? is the unit round metric on the sphere S2.
By W* = WA(2*, g,,,) we denote the components of a vector field, the gauge
source functions, which can be arbitrarily prescribed. They reflect the free-
dom to choose coordinates off the initial surface, and thus allow us to analyze
smoothness of the metric tensor at infinity in arbitrary coordinates.

For given initial data v = y4pdzAda? the wave-map gauge constraints form
a hierarchical system of ODEs along the null generators of the cone (cf. [2]):

070 — KOrp + %|0|2<p = 0, (25)
(O + %7’ + R0 + %(WO +T% = 0, (26)
(Or +T)Ea — 2Vpo AP + 04T + 204k = 0, (2.7)
200,04 — 205X ") — VAW +T0) — G, 5(WE +T'B)
+yap7PTEp +€4 = 0, (28)
O +7+R)C+ R~ %£A£A+VA§A = 0, (29)

(20, + 7 + 26)"" + 2W" + 27 — ¢

0, (2.10)
where 7 and 047 denote the expansion and the shear of .4, respectively,
k=T, a=-2T1,, ¢(=29"T)p+79". (2.11)

Apart from W* the function x turns out to be another gauge degree of freedom,
reflecting the freedom to choose 7, which can be prescribed conveniently.

Integrating these equations successively one determines all the components
of g (note that vy = (¥°)~! and Goo = g4Pvars — (1)?7"). The relevant
boundary conditions follow either from regularity conditions at the vertex [2]
when .4 is a cone, or from the remaining data specified on .45 and S (cf. e.g.
[6, 10]) in the case of two characteristic surfaces intersecting transversally.

Our ultimate goal is to find necessary-and-sufficient conditions on the initial
data given on .47, such that the resulting space-time has a smooth conformal
completion at infinity a la Penrose. This requires the following ingredients:

1. To exclude the appearance of conjugate points or coordinate singularities
on 4, the constraint equations need to admit a non-degenerated global
solution g on .#". This will be the case if and only if the functions ¢ and

¥ are of constant sign,

0#0, X#£0 on A . (2.12)

2. The metric g needs to be smoothly extendable as a Lorentzian metric,
which means that the functions ¢_; and (¢°)¢ need to have a sign

0 1#0, () #0 onS?. (2.13)
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3. The components of g need to be smooth at .# . For this one has to make
sure that their asymptotic expansions contain no logarithmic terms and
have the correct order in terms of powers of r.

4. All the fields which appear in Friedrich’s conformal field equations (which
provide an evolution system which, in contrast to Einstein’s field equa-
tions, is well-behaved at .# ) need to be smooth at .# .

5. Finally, an appropriate well-posedness result for the conformal field equa-
tions is needed.

Point 1 and 2 have been addressed in [7], cf. Proposition 2.2 below. Point 3
will be the subject of Section 3, while point 4 will be investigated in Section 5.
Point 5 will be addressed elsewhere.

From now on we shall consider exclusively conformal data y4p(r, -)dz?dz?
and gauge functions x and W? for which (2.12) and (2.13) hold. Let us sum-
marize some of the results established in [7] (adapted to the smooth setting on
which we focus here) which provide sufficient conditions such that (2.12) and
(2.13) hold in the case where .4 represents a regular light-cone C:2

PROPOSITION 2.2 1. Solutions of the Raychaudhuri equation (2.5) with pre-
scribed k = O(r=3) and oo® = O(r~2) lead to a globally positive ¢ on
Co \ {O} with p_1 >0 on S% if

/ (/ eH(f)df>e_H(’”)|a|2(r) dr <2, where H(r,z™) ::/ K (7, ) dr .
0 0 0

2. Assuming a Minkowski target and

— — /det —
WO =0 with W° < rp~? %’YABSAB and (W) < 2(p_1)72,

any positive solution ¢ of (2.5) leads to a globally defined positive function
vy on Co with 0 < (vg)o < o0.

2.3 A priori restrictions

Before we analyze thoroughly the asymptotic behavior of the vacuum Einstein
constraint equations and derive necessary-and-sufficient conditions concerning
smoothness of the solutions at infinity it is convenient to have some a priori
knowledge regarding the lowest admissible orders of the gauge functions, and
to exclude the appearance of log terms in the expansion of “auxiliary” fields
such as €4 = I'",. In [7] we have shown that the following equations need to
be necessarily fulfilled in some adapted null coordinate system to end up with
a trace of a metric on .4 which admits a smooth conformal completion and
infinity, and connection coefficients which are smooth at #:

k=003, W'=06"Y, e4=00"Y, WA=00"Y). (2.14)

Moreover, we may assume the initial data to be of the asymptotic form

o0
YaB ~ T2 (SAB + Z hggrfn) , (2.15)
n=1

2 In the conventions of [7] the functions ¢, 1%, ¢_1 and (¥°)g need to be positive.



for some smooth tensor fields hffl)g on S2. If 7 is not of the form (2.15), it can

either be brought to it via a conformal rescaling and an suitable choice of r, or it
leads to a metric g which does not have a smooth conformal completion at .# .

At this stage we do not know whether a space-time which admits a conformal
completion at infinity is compatible with polyhomogeneous rather than smooth
expansions of the functions ¢ and W". It will turn out that this is not the case.
However, we note that it follows from the constraint equations and the above a
priori restrictions that

if ¢ = O(r~!) then W" = O(r). (2.16)

3 Asymptotic solutions of Einstein’s character-
istic vacuum constraint equations

It is useful to introduce some notation first: Let w4p be a rank-2-tensor on the
initial surface 4. We denote by wap, or (wap), its trace-free part w.r.t. the
metric gapdz?dz?. Consider now the expansion coefficients (wap)n at infinity,
which are tensors on S2. We denote by (W04p)n, or (wap)n, the trace-free part
w.r.t. the unit round metric s = s4pdz?dz?. Finally, we set

AC—=B

\w\z =3GPPwaigwep , and \wn\z = sACSBD(

wAB)n(wCD)n .
Let us make the convention to raise indices of the expansion coefficients hg%
with the standard metric. Moreover, we set

R = ARG

A ring “on a covariant derivative operator or a connection coefficient indicates
that the corresponding object is associated to s = sapdx?da?B.

3.1 Asymptotic solutions of the constraint equations

The object of this section is twofold: First of all we will show that the Einstein
wave-map gauge constraints (2.5)-(2.10) can be solved asymptotically in terms
of polyhomogeneous expansions at infinity of the solution. This is done by
rewriting the equations in a form to which Appendix A applies. The second aim
is to make some general considerations concerning the appearance of logarithmic
terms in the asymptotic solutions of (2.5)-(2.10) for initial data of the form
(2.15). We want to extract necessary-and-sufficient conditions leading to the
trace g of a metric on 4 which admits a smooth conformal completion at
infinity in the sense of Definition 2.1.

Our starting point are initial data v with an asymptotic behavior of the form
(2.15) and gauge functions

k=003, Wl=00"1, WA=00"Y, W' =0(@r), (3.1)

for which ¢, 19, ¢_1 and (v°)¢ have a sign on .4 and S?, respectively. We fur-
ther require that the asymptotic expansion of £ 4 contains no logarithmic terms,
i.e. £4 = O(r~1). A violation of one of these assumptions would not be compat-
ible with a space-time which admits a smooth conformal completion at infinity
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as follows from the a priori restriction and the following fact: The considera-
tions below reveal that (2.15), k = O(r=2) and £4 = O(r~1) imply ¢ = O(r~1),
and that (2.16) applies. So we are imposing no restrictions when assuming
Wr =0(r).

Consider the shear tensor,

1_ _ o 1 o
oa” = §9Bc(ar9Ac) = §VBC(5WAC)7 (3:2)
whose asymptotic expansion we express in terms of the expansion coefficients

of the initial data ~

1. 1y s

oA = —SRVPR (SRORDE S RDP) oY), (33)
1. PP 1 v

o2 = Z|h(1>|27ﬂ74+ (hill)Bhg)A_§h(1)|h(1)|2>r*5+(9(r*6). (3.4)

A global solution, and thereby also the value of the “asymptotic integra-
tion functions”, to each of the constraint ODEs is determined by regularity
conditions at the vertex O of a light-cone, or by the data on the intersection
manifold S for two intersecting characteristic surfaces. However, the integra-
tion functions, which depend on the initial data -, the gauge functions and the
boundary conditions at the vertex or the intersection manifold, appear difficult
to control.

3.1.1 Expansion of ¢
We start with the constraint equation (2.5) for the function ¢,

1
2. — KOpp + §|0|2<p =0. (3.5)
In order to enable an easier comparison to Appendix A we make the transforma-

tion r +— 1/r = x, with ¢, k and |o|? treated as scalars, and rewrite the ODE as
a first-order system. The equation then reads with 1) := ¢ and ¢ := 20,¢,

0o -1 o)
e WE H) ( 2)=07
(W L+5) ] \e®

or, when the leading order term is diagonalized,

lo]? lo|? -
10 ol B A
Qfax + (O O) + ( Io_lz e ﬁx @(2) = 07
2%  Voz 2w

=0(z)
with
eM _ (0 —V2\ (W
@ ) 1 1 Iy
The results in Appendix A (we have, in the notation used there, \; = —1,
A2 = 0, and, since there is no source, £ = —1) shows that this ODE can be



solved asymptotically via a polyhomogeneous expansion with ¢(™ = O( .
It also reveals that the coefficients (¢(™)y , n = 1,2, ie. (M) 1 and (¢ )
can be regarded as integrations functions, and that logarithmic terms do not
appear if and only if (cf. condition (A.19))

(3o~ o2z)o - Bo] 0. (3.6)

Recall that -,, denotes the r~"-term (z"-term) in the asymptotic expansion of
the corresponding field. Using x = O(r=3) and |o|? = O(r~*) we observe that
(3.6) holds automatically. In particular we have ¢ = O(r). Furthermore, since

(Q(l))fl = \/_(90(2) 1= \/_90 15
@ = (Mo + () = o,

the coefficients ¢_1 and g can be identified as the integration functions. As
indicated above, though being left undetermined by the equation itself, they
have global character.

In the following we shall set for convenience

on = (|o*)n - (3.7)

Inserting the expansion ¢ ~ Y ;p,r~™ into (3.5) and equating coefficients
gives the expansion coefficients ¢,, by a hierarchy of equations,

1 1
@1 = (ilig — 10'4)@,1 5 (38)
1 1 1
P2 = (EM - EUE))SOA 504800 ) (3.9)
while
T =20 logy = 2r ' —2p(p_ 1) tr 2

+[2(00)*(p-1) 2 + 04 — 263]r > + O(r~*) . (3.10)

Consider the conformal factor relating the r-dependent Riemannian metric
gs, and 7, §apdzida? = Q% pdztdz?. We find

1
dety = dets[r4—|—h r +(h(2)+ —(hM)? — §|h(1)|2>7"2} +0(r), (3.11)
det s\ 1/4 1
= - _ - (€]
Q = So(det’y) =p-1- 14 1(272+h ) (3.12)
1 1
01|26 + 7 (AD)? + Ih“)I '+ T2h(1)] 00T

We conclude that
Gap = (1)’ [SABT2 + (FLEADB — T2SAB)T
7(2) Loy Lo e 1 1
+hap — (T2 + ih Vhap + [Z(TZ) + K3+ 504]5,43 +O(r=) (3.13)

To sum it up, (2.15) and k = O(r~3) imply that no logarithmic terms appear in
the conformal factor relating y4p and g, 5, the latter one thus being smoothly
extendable at .#* as a Riemannian metric on S? whenever a global solution of
the Raychaudhuri equation exists on .4 with ¢_1 # 0.
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3.1.2 Expansion of 1/°
We consider the constraint equation (2.6) which determines 1,

1 1— =
6TVO+VO(§T—|—K)+§(WO—|—FO) = 0, (3.14)

where W0 = O(r~!) and, using (2.4),

o 20000, 00 — &) — °Q 2y P{ap

O30 —2(p_1) 271 = 2(p_1) 2rr 2+ O(r3) . (3.15)

Again, we express the ODE by x = 1/r. Its asymptotic form reads

[0, — 1 — %x + Oz’

= %(Woh —(p-1)7? +[%(W0)2 —(p-)Pmle+0@?) . (3.16)

= —P—2

We want to make sure that the asymptotic solution of 1 can be written as
power series. In the notation of Appendix A we have A = 1 and ¢ = 0, and
condition (A.10) which characterizes the absence of logarithmic terms reads

(W), = [%(Wo)w(@_l)‘ﬂm. (3.17)

Assuming (3.17) we insert the expansion 1 ~ 3> ;(19),r~™ into (3.14) to
obtain the expansion coefficients (¢°),, in terms of &, WO, ¢ and 7,

WO = o2 Dol L O, (3.18)

where D) denotes the globally defined integration function.

As mentioned above, for g, to have a smooth conformal completion at
infinity the function (v°)¢ needs to be of constant sign which is the case if and
only if the gauge source function is chosen so that (compare Proposition 2.2)

(W01 #2(p_1)"2 Vat. (3.19)
For the inverse of 9 we then find
vy = @24 Dl L OF2) . (3.20)

Note that in the special case where (WY); = 0 we have ® = ¢_; and the
positivity of (1) follows from that of ¢_;.

Since (W°); can be prescribed arbitrarily and the value of ¢_; does not
depend on that choice, (3.19) is not a geometric restriction. Similarly, (3.17)
can be fulfilled by an appropriate choice of (W?)y. The gauge freedom associated
with the choice of W can be used to control the behavior of ¥ and to get rid
of the log terms in its asymptotic expansion (only the two leading order terms
in the expansion of WY are affected, compare the discussion in Section 3.3).

10



3.1.3 Expansion of &4
The connection coefficients {4 = —2I'", are determined by (2.7),
(0 +7)6a —2VBoaP 4041 +204x = 0. (3.21)

To compute the covariant derivative of 047 associated to g, pdz4dz?, we first
determine the asymptotic form of the Christoffel symbols,

. 1
I'Ss = 570D(28(A'7B)D_aD'YAB)+25(BCaA) log Q—y“PyapdplogQ = O(1),

with
TS5)0 = TGp+ 25(BC%A logp_1 —sapVlogp 1, (3.22)
TS = V(Ah(l)c - —VChAB - 5(ACVB To + %SABV T
—(SCDhE;,)B — pep SAB)VD logp_1 . (3.23)

Invoking (3.3) that yields
Vpoa? = E@r 2420034100, (3.24)
where

1. o -
=@ = _§v3h(j>5 KBV glogp_1 = Vi(0a®)s + 2(04%)2V 5 log o_1 (3.25)

—_ ° ° ° 15
:(j) =Vp(eaP®)3+2(047)3Vplogo_1 — (04P)2 VT + §VAU4 ) (3.26)

Substituting now the coefficients by their asymptotic expansions we observe
that (3.21) has the asymptotic structure,

(O +2r 1+ r 2 4+ O(r3))éa
= (ZEE? — Oama)r 2 + [2E(j) — 0a(r3 4+ 263)]r 2 + O(r™?) .

Nicely enough, the ODEs for £€4, A = 2,3, are decoupled. For comparison with
the formulae in Appendix A we rewrite them in terms of x = 1/r,

(20 — 2 — oz + O(x 2))5,4
— (Oa72 — 22Dz — 2825 — 04 (73 + 2k3)]2% + O(z?) .

Appendix A tells us (with A = 2 and 0= 1) that there are no logarithmic terms
in the expansion of €4 if and only if (A.10) holds,

7250 — 9amy) = 220 — V4 (75 + 2k3) . (3.27)

The asymptotic expansion (3.10) of 7 implies

1
T3 = 5(7’2)2 + 04 — 2K3 , (328)
such that (3.27) can be written as

27,28 = 280 — V404 . (3.29)

11
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Note that k3, on which we have not imposed conditions yet, drops out, so
there is no gauge freedom left which could be appropriately adjusted to fulfill
this equation. The impact of (3.29) will be analyzed in Section 3.2, where it
becomes manifest that it does impose geometric restrictions on the initial data.
We refer to (3.29) as no-logs-condition.

Whenever the no-logs-condition holds, which we assume henceforth, the cov-
ector field £4 can be expanded as a power series,

€4 =225 — Van) '+ P2 £ 067 (3.30)

The coefficients C’fB) = CfB)(xc), A = 2,3, represent globally defined inte-
gration functions.

3.1.4 Expansion of vy

We analyze (2.8) to compute the asymptotic behavior of v 4,

(20, — o (WO +T°) | va — 4vpxa® + 1064 —Gap (WE+T5) 47457 PTE = 0.
(3.31)
Here

wgasl? = 294508 — 29450 %c” + voyayP TEL — 3P Xep)

= —fva+vaPus +vovapy°PTE,, + O(r7?)
with ve? = O(r=%) € Mat(2,2), as follows from (2.4). Recall that W° =

O(r=') and WA = O(r~1), or, by (3.13), W4 := g gW¥? = O(r). We deter-
mine the asymptotic expansions of the coefficients involved,

1 1
vpxa® = §VB§BC3T§AC = v40,logQ + 51/3730&%40
1 o
= wvar ' 4 §(T2VA - hfql)BVB)r*2 +0(r ). (3.32)

For the source term involving Christoffel symbols of the metrics sap and g 5 =
022~v45 we obtain,

YapyP(08p —T8p) = —VehPPrt+007?). (3.33)

Combining this with what we found for vy, [ and &4 (assuming that the no-
logs-condition holds) the ODE for v4 takes the asymptotic form

o Ip 5 — — 1 —
Orva+waPvp = — (Wa)ar + 5[ @2(Wa)o + D) (Wa) -t | + 5 [ (00)2(Wa) -1

+D(VO)(WA)0 + 2 (%ATQ + 2%541)363 logp_1 + (WA)l)}Tfl + (9(7“72) ,
where
T 1 — =
wAB = [5—§V0(WO+FO)]5AB—2XAB
= [[(I)‘ZD(”O) — %TQ]JAB —2(0a8)2|r 2+ O(r?) € Mat(2,2) .

12
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Note that this first-order system is not decoupled. In terms of x = 1/r the
equation becomes (set wa P (z,74) = —z twa B (271 24) = O(x))

i 1 I N g _
20,va +BaPvp = @ (Wa)1a? = S [@(Wa)o + D) (Wa)os|a™!
1 N N ° o - _
-3 [(VO)Q(WA),l + DO (W 4)o + B (Vars + 20 PV logp | + (WA)I)] +0(z) .

Again, we consult Appendix A; inspection of (A.19) tells us (with Ay = A2 = 0,
¢ = —2) that no logarithmic terms appear whenever the source satisfies,
(Wah = 4(0aP)2Vplogy_1 —Vars — 8 2(g)2(Wa)-_1
_ 1. _ - - —
—® 2D (W 4)o — 5[(wAB)1(wBC)1 + (@a9)2)(We) 1

—(wa®)1 [(WB)O + @’2D(V°)(WB)_1] . (3.34)

We express (3.34) in terms of W4 = gAPW . It can be solved for (W4);, and
thus provides a condition on (W4); once (W4)_; and (W), have been chosen.

Assuming that the gauge functions W4 have an asymptotic behavior which
fulfills (3.34), any solution of (3.31) has the asymptotic form vy ~ >0 ;(va)nr™"

For suitable, globally defined integration functions DI(:A) we find,

b2 __ P2 — T2 =
va = T (Wa)ar®+ {7 [(Wa)o + (047)2(Wa) -1 + - (Wa)-1]
+3D<vo><m)71]r +DYY +orY) . (3.35)

3.1.5 Expansion of (
We consider the ODE (2.9) which determines the auxiliary function ¢,

(Or +T+K)C+R~ %5A§A +Vag?=0. (3-36)

It remains to compute the source terms. From (3.13) and (3.30) we find

76 = O (3:37)
PVl = (o) VA P+ O, (3.38)

with ) )
(a)1 =2(Voa®)s — Vars . (3.39)

LEMMA 3.1 The curvature scalar R satisfies
R = Ryr 2+ [nRy— (p_1) 2VAE]r 2 + O™,

with Ry = 2(p_1)72(1 — Aglogp_1).

13
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Since the computation of the curvature scalar is elementary though somewhat
lengthy we leave the proof of Lemma 3.1 to the reader.
Putting everything together, we observe that the (-constraint is of the form

2 . .
[5» + - + Tor % + (9(7"73)]( = —Ryr 2 —mRyr 3 +00™).
We express the ODE in terms of z = 1/r,
[w@w —2—Tox + (’)(acQ)] ¢ = Rox+mnRyx®+ O(mS) .

Comparison with Appendix A tells us (with A = 2 and /= 1) that, due to the
specific form of the source, condition (A.10), which excludes the appearance of
logarithmic terms, is automatically satisfied, and the asymptotic expansion of
¢ reads

(=—Ror ' +COr2 L O3, (3.40)

where C(¢) = C(9)(24) can be identified with the integration function. Tt thus
follows that ¢ = O(r~1), supposing that k = O(r~3), that v has the asymptotic
form (2.15) with ¢_; # 0, and that the no-logs-condition holds.

3.1.6 Expansion of g’

Let us compute g'" which satisfies (2.10),

1 1. — =
O+ 57+ R)gT =50 W =17 (3.41)

Recall that now where we have established (3.40), it follows from the a priori
restrictions that W7" = O(r). We further have,

" = 205 +57k -7+ 5 T p
= ARG —2(p1) T = 2(0m0) P 2+ 0070,
so the ODE for g™ is of the form
(@ +771+ O3 = O(r)

or, expressed in terms of the x = 1/r-coordinate,

(20 — 1+ fM)g"™" = f*, (3.42)
where
* 1 1 A N2 1 - N3 4
o= —§T2£L'—(§T3+I€3+I€3)"E —(§T4+I{4+l€4)l' + O(z%),
_ . — 1.
= (W) a2+ (W)ex ™ 4+ (W) + o B2 — 2(p-1)7?

+[(W")2 — %Cz - 2(%1)_2@% +0O(2%) .

We analyze the occurrence of logarithmic terms in the asymptotic solution of
(3.42). In the notation of Appendix A we have A = 1 and ¢ = —2. The

14



considerations made there show that the asymptotic expansion of g™ is O(r?)
if and only if the following condition is fulfilled (cf. (A.10)),

@ o+ @) 2+ G 2= 7. (3.43)

The expansion coefficients (g'!); can be derived from (A.9),

=TT 1 *k
G2 = —3/-2

—rr 1 s’k 1 * paok
@)1 = _if—l_éfl —2

—Jo _gfzf—z_§f1f—1_g(f1)2f_2‘

—
Q|
L
3
N
[e=}

A straightforward calculation reveals that (3.43) is equivalent to

— Co 9 Ty » T e [7'3 K3+ ks (12)?
" = = _ — Ry + =(W" -
(W) 2+(<,0 1) 7'2-|-4 2+2( )1+ 4+ B 3

847 42 6 ' 3

By an appropriate choice of the gauge source function W™, or merely the ex-
pansion coefficient (W")y, one can always arrange that (3.44) holds and thereby
get rid of all logarithmic terms in the expansion of g"". In that case

1 —
77 = =37 +00)
1 — — 1 —
— T = o) san (W) + (W) |+ 0) .

The integration function is represented by (gop)1, and its explicit form is not
relevant here.
3.2 The no-logs-condition
The no-logs-condition (3.29)
213[Vpoa®Pls = 2[Vpoa®ls —Vaou, (3.45)

needs to be imposed to exclude logarithmic terms in the asymptotic expansion
of £4. Let us rewrite and simplify it. In (3.25) and (3.26) we have computed
[VpoaBly and [VpoaP]s. Plugging this in, we observe that the V 404-terms
cancel out in (3.45), which becomes

Vi[ra(04%)2 — (045)s] + 2[m2(04%)2 — (047)3VE]VElogp_1 = 0. (3.46)
This can be written as a divergence,
Vi [(p-1)2(r2(04%)2 — (04)3)] = 0. (3.47)

One can view this equation as a linear first-order PDE-system on S2. Note that
by definition of o AB the expansion coefficients (o AB ), are s-traceless tensors on
52, whence the term in squared brackets in (3.47) is traceless. It is known (cf.
e.g. [9]) that for any smooth source v4 a PDE-system of the form VpCaB = vy,

15

(W")o

[ ! () = 22ty v ha)+ 2t l(m + ;%4)] W™y, (3.44)
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with (4P a traceless tensor on the unit sphere S2, admits precisely one smooth
solution. In our case the source of the PDE vanishes, so we conclude that the
no-logs-condition (3.45) is equivalent to (recall our assumption ¢_; # 0)

v 1 o
(JAB)g = TQ(O’AB)Q — hf)B = i(h(l) + Tg)hgj)a . (3.48)
Since £4 = —2I'",, determined by (2.7), has a geometric meaning one should

expect the no-logs-condition to be gauge-invariant. In [7] it is shown that this
is indeed the case. Although the (x = 0, W° = 0)-wave-map gauge invariably
produces logarithmic terms except for the flat case [7], one can decide whether
they can be transformed away or not by checking (3.48).

In the current scheme, where conformal data  are prescribed on 4", together
with the gauge functions x and W, this requires to determine 75 by solving the
Raychaudhuri equation, which makes this scheme not practical for the purpose.
In particular, it is not a priori clear within this scheme whether any initial
data satisfying this condition exist unless both (¢4 ) and (04 5)3 vanish (<=
71(A11)3 =0= ﬁf}g) On the other hand, in gauge schemes where § is prescribed,
(3.48) is a straightforward condition on its asymptotic behavior (cf. Section 4
where a related scheme is used).

In [7] we also provide a geometric interpretation of the no-logs-condition
(3.48) via the conformal Weyl tensor. Moreover, (3.48) can be related to Bondi’s
“outgoing wave condition”, cf. Section 4.5, Remark 4.1.

3.3 Summary and discussion

The subsequent theorem summarizes our analysis of the asymptotic behavior of
solutions to Einstein’s vacuum constraint equations ((i) and (ii) follow from [7]):

THEOREM 3.2 Consider the characteristic initial value problem for Einstein’s
vacuum field equations with smooth conformal data v = yapdz?Ada®? and gauge
functions k and W™, all defined on a smooth characteristic surface N meet-
ing S transversally in a smooth spherical cross-section (and supplemented by
certain data on the intersection manifold S if A is one of two transversally
intersecting null hypersurfaces). The following conditions are necessary-and-
sufficient for the trace of the metric g = g dx*da” on A, obtained as solution
to the characteristic wave-map vacuum constraint equations (2.5)-(2.10), to ad-
mit a smooth conformal completion at infinity, and for the connection coeffi-
cients T 4 to be smooth at .+ (in the sense of Definition 2.1), when imposing
a generalized wave-map gauge condition H = 0:

(i) There exists a one-parameter family » = s(r) of Riemannian metrics on
S? such that s satisfies (2.15) and is conformal to ~ (in particular we
may assume 7y itself to be of the form (2.15)).

(ii) The functions ¢, 19, ¢_1 and (vo)o have no zeros on A and S?, respec-
tively (the non-vanishing of (1°)q is equivalent to (3.19)).

(iii) The gauge source functions are chosen in such a way that k = O(r=?),
WO = 0@, WA =01, W = O(r), and such that the conditions
(8.17), (3.34) and (3.44) hold.

16



(iv) The no-logs-condition is satisfied, i.e.

v 1 v
P = Wiy =0 1kl (3.49)

(04")s =T2(0a
REMARK 3.3 For further reference let us explicitly list the conditions (3.17),

(3.34) and (3.44) in the case where the gauge source functions satisfy W =
Or=2), WA=0@r"3), Wr=0(@r"2):

(W2 = 7a(e-1)7?, (3.50)
(W3 = —(p1) 2VA% +4(p-1) P (05*)2VP et (3.51)
(W) = %C2+T2 (9071)*2+2R2+%(WT)1 . (3.52)

If, in addition, the no-logs-condition (3.49) is fulfilled then the leading order
terms of the non-vanishing metric components restricted to the cone read

Joo = —(14+Agp_1)+ D(00) 1 + (9(7“72) , (3.53)
vo = (p_1)?+ Do)p=t 4 o(r?), (3.54)
va = Dy 406,

Gap = (p-1)%sanr? + (p-1)2 W) — Tesaplr (3.55)
1

o 1 1
—572% +(3(r2)* 4 Ks + 5oa)sap + O . (3.56)
The coefficients denoted by D have a global character in that they are globally
defined by the initial data and the gauge functions.

REMARK 3.4 For definiteness we have restricted attention to the setting where
the initial data are provided by the conformal data v = y4pdaz*dz? together with
the gauge functions x and W?*. Theorem 3.2, though, is quite independent of
the particular setting that has been chosen. This is discussed in [7].

It is shown in Appendix A that when analyzing the asymptotic behavior
of a linear first-order Fuchsian ODE-system whose indicial matrix has only
integer eigenvalues one has to distinguish two different cases. If the indicial
matrix cannot be diagonalized, or if it can be but the condition (A.20) of Ap-
pendix A is violated, then the appearance of logarithmic terms always depends
on the boundary conditions and thereby on the globally defined integration
functions. If, however, (A.20) is fulfilled their appearance depends exclusively
on the asymptotic behavior of the coefficients in the corresponding ODE. In
fact, all the Einstein wave-map gauge constraints are of the latter type.

Due to this property and since many of the constraint equations have a
source term which involves a gauge freedom, many, though not all, logarithmic
terms arising can be eliminated for given data v by a carefully adjusted leading-
order-term-behavior of the gauge functions. These are precisely the conditions
of Theorem 3.2 which involve a gauge source function x or W?*. Logarithmic
terms which appear if these conditions are violated are pure gauge artifacts.

This does not apply to the £4- and the (-equation. Recall that to solve the
equation for £4 both k and ¢ need to be known. This requires a choice of the

3Since the integration functions of some constraint equations appear as coefficients in other
ones, the no-logs-condition does depend on the integration functions ¢_; and ¢q.
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k-gauge. Since the choice of WY does not affect the &4-equation, there is no
gauge-freedom left. If the no-logs-condition (3.49), which is gauge-invariant [7],
does not hold, there is no possibility to get rid of the log terms that arise there,
whatever k has been chosen to be. Similarly, there is no gauge-freedom left when
the equation for ( is integrated but, due to the special asymptotic structure of
its source term, no new log terms arise in the expansion of (.

The £ 4-equation is the reason why the conditions on W* have to be supple-
mented by the no-logs-condition (3.49) which involves two integration functions,
w_1 and g, globally determined by the initial data v and the gauge function x.
A decisive grievance is that, at least in our current setting, their dependence on
~ and k is very intricate. Thus the question arises for which class of initial data
one finds a function x = O(r~3), such that the no-logs-condition holds, and
accordingly what the geometric restrictions are for this to be possible. The only
obvious fact is that (3.49) will be satisfied for sure whenever iLS)B = ﬁfg =0.

For a “generic” choice of 7 and k one should expect that the expansion
coefficient 75 = —2p0(p—1)~! will not vanish. Equation (3.17) then shows
that a W° = 0-gauge (in particular the harmonic gauge) is not adequate for
our purposes, since logarithmic terms can only be removed by a non-vanishing
gauge source function W° # 0. This is illustrated best by the no-go result [6,
Theorem 3.1]. In order to fulfill (3.17) one needs a gauge choice for W° which
depends on the globally defined integration functions (¢—_1,¢g). This indicates
the need of an initial data-dependent gauge choice to get rid of the logarithmic
terms. (Note that the higher-order terms in the expansion of W9 do not affect
the appearance of log terms.) We shall address this issue in the next sections.

4 Metric gauge

4.1 Introduction

Up to now we investigated the overall form of the asymptotic expansions of the
trace of the metric on 4. It turned out that it is not possible to manifestly
eliminate all logarithmic terms just by imposing restrictions on the asymptotic
behavior of the gauge functions. Instead, an additional gauge-independent “no-
logs-condition” (3.49), which depends on some of the globally defined integration
functions, needs to be fulfilled to ensure expansions at conformal infinity in terms
of power series. Nonetheless, the current gauge scheme is unsatisfactory in that
it seems hopeless to characterize those classes of initial data which satisfy (3.49).

In the following we will modify the scheme to allow for a better treatment
of these problems at hand. We develop a gauge scheme which is adjusted to
the initial data in such a way that we can solve at least some of the constraint
equations analytically, so that the values of the troublesome functions ¢_; and
o, which appeared hitherto as “integration functions” in the asymptotic solu-
tions and which are related to the appearance of log terms via (3.49), can be
computed explicitly. In view of the computation of all the fields appearing in
the conformal field equations we will choose a gauge in which the components
of the metric tensor take preferably simple values (at the expense of more com-
plicated gauge functions s and W*). As before we shall adopt Rendall’s point
of view [10] and regard [y] (together with a choice of k) as the free “physical”
data.

18



4.2 Gauge scheme

The trace of certain components of the vacuum Einstein equations on .4~ to-
gether with the gauge condition H* = 0 can be used to determine the metric
and some of its transverse derivatives on .4". Similarly, the remaining compo-
nents of the Einstein equations on .4 as well as their transverse derivatives,
Iy R, = 0, n € N, in combination with the gauge condition H*» = 0, pro-
vide a way to determine higher-order transverse derivatives of the metric on A4
when necessary. To compute all the fields which appear in the conformal field
equations, such as e.g. the rescaled Weyl tensor, this is what needs to be done.

However, it is very convenient to exploit the gauge freedom contained in the
vector field W* to prescribe certain metric components and transverse deriva-
tives thereof on .4, and treat the corresponding equations as equations for W?.
Indeed, proceeding this way the computations below can be significantly sim-
plified. It turns out that the most convenient way here is a mixture of schemes
described in [6]: We still regard the conformal class [y] of gs, as the free “non-
gauge”-initial data.* Recall that up to this stage we have regarded x and W*
as gauge degrees of freedom. Now, instead of W* and 9yW* we shall show that
it is possible to prescribe the functions

Jou and 809()” with g =9gor #0.

Of course there are some restrictions coming from regularity when .4 is a light-
cone, and from the requirement of the metric to be continuous at the intersection
manifold when .4 is one of two intersecting null surfaces. Since we are mainly
interested in prescribing these function for large values of r, this issue can be
ignored for our purposes. Some comments are given in the course of this section.

Let us now explain how the above gauge scheme can be realized: First
of all we solve the Raychaudhuri equation to compute gap, where, as before,
we assume that a global solution 7 exists. Then we compute W? from the
constraint equations (2.6), (2.8) and (2.10), a procedure which was introduced
in [6] as an alternative scheme for integrating the null constraint equations. In
order to make sure that we may prescribe 80—90M rather than 9yW* we need to
analyze the remaining Einstein equations on .4 (those components which have
not already been used to derive the Einstein wave-map gauge constraints in [2]).

We impose a wave-map gauge condition H» = 0 with arbitrarily prescribed
gauge functions x and W*. From H» = 0 we obtain algebraic equations for
a[)gr'ra aOg'rA and gABaOgABa

Bogre = o+ (10)2(T0 +TWO) (4.1)

7" %095 = Vi — 0wt —wg“PTép — 5 (Bogrr — Tw0)
Hup(PA+ T4 (4.2)
A BTogan = 2Var — (20, + 27 — °0gm) (10T — 200(D" + TW7)(4.3)

Recall that

Ry = 0uT%, — 0,00, + 10,10 —T0,T0 . (4.4)

4 We do not regard e.g. Juv as the free data as in [6] since we want to separate gauge
degrees of freedom and physical initial data.
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Einstein equations }L% Ap = 0:  Using the formulae in [2, Appendix A] (which
we shall make extensively use of for all the subsequent computations) we find

v

~ — 1 —0 1 4_ —
Rap = (9I%p)— §VO(3r —7)(Oogan) — §VOQABGCD(6090D)
+2V°U(BC(8|O|gA)C)“— (19200 0,045 + known quantities
- 1 - [ — [
= —Voar(aogAB) + 5(27‘1/0 + WY+ FO)(aogAB) + 2VOJ(AC(8|O‘QB)C)
+known quantities ,
where we used that
— 1 S — S 1 -
oY% s = 5(1/0)26097’7" dogas + (¥°)*00gorx aB — iuoaraogAB
+known quantities . (4.5)
Note that dyggo,-, which appears in an intermediate step, cancels out at the end.

\~

We observe that Rap = 0 provides a coupled linear ODE-system for (9pgap)

The relevant boundary condition if .4 is a light-cone is [2, Section 4.5]
lim, 0(0pgap) = 0, in the case of two transversally intersecting characteristic
surfaces the boundary condition is determined by the shear of .45.

Einstein equation Rj,. = 0: We have
Ror = —0ol'%, — 9oT'2, + known quantities

1 _
= §y08§09rr — %8, — k)Jogor + known quantities

when taking into account that
. N P 1
aOF;r = Vo(ara()gOr - iagogrr) - (VO)Q(arVO - 58097’7”)80907’ + known quantities )

T4, = known quantities .

Moreover, employing

50—F8r = %VO% — %(V0)2ngsm + known quantities ,
m = known quantities .

we find that

WH = Dog (T3, ~T7,) + 7" @I, — Ar,) — BWo

= 209917, + 370012, + 25" 40T, + 5B 0T 5 — 2(+°)*Dogrr Dogor
—Z(VO)angorf‘gr — 9oWO + known quantities
= (V) Foger — [2(°)2(7 + 19,) + 30" (W0 + T°) Do gor — BT

+known quantities .

Consequently, the gauge condition 0y H 0 = 0 can be used to rewrite the Einstein
equation Ry, = 0 as a linear ODE for dygo,, or, depending on the setting, as an
algebraic equation for the gauge source function 9yW?0,

A 3 —n Fa l— 1 [
[8T—T—K—F8T—§VO(WO+FO) dogor = 5(1/0)280W0—|—known quantities . (4.6)
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The boundary condition if .4 is a light-cone is [2, Section 4.5] lim,._, Jygo, = 0;
in the case of two characteristic surfaces intersecting transversally it is deter-
mined by limy 0 OuGur| s -

Once dogor (or 9oW?) has been determined, we obtain 93,g,, algebraically
from the gauge condition 9y H? = 0.

Einstein equations Ry4 = 0: We find

217

Roa = —9oLT 4, — 0T R 5 + O 4B00g05 + known quantities
1 gee— 1 g — o
= 51/0(9809“4 — 51/0&8090,4 + 1% 4 P8y g0m + known quantities ,
where we used that
. 1 I
o7, = —19%4B8g05 + §u0(6raogo,4 — 92,9r4) + known quantities ,
80FSB = I/OXAB§CD809()D + known quantities .
From
A L oapg—5— , lapzz— 5 ‘s
%L, = —5v79"7%grr dogor + 57 (9509rB + 0r0ogor) + known quantities ,

dI'A = known quantities ,
we obtain for the angle-components of the u-differentiated wave-gauge vector,

doHA

Jog (T4, —Th,) + 3" (9T, — oT'A,) — Do WA

= —(°)?093"% o905 — 2v°5"“ Bogoc (x5 — X5™*) +20°0, T4
+g" aorg — OpW4 + known quantities

= VOEABagogrB + Y9480, 00 90 — (70 4+ 2W° + QfO)EABaogOB

—QVOEBcaogOC(XBA - )ZBA) — OoW4 + known quantities .

The gauge condition dgHA = 0 can be used to rewrite Rgq = 0 as a coupled lin-

ear ODE-system for dygoa or, depending on the setting, as an algebraic equation
for OgW4,

3 1, —0  Folm— . _BC-
[&« — 5T 5T (W FO)]aogoA — (204" =94p5"“6c”)dogon

1 -
= §yogA380WB + known quantities .  (4.7)
In the light-cone-case [2, Section 4.5] as well as in the case of two transversally

intersecting null hypersurfaces the boundary condition is lim, .o dygoa = 0.
The gauge condition dgH# = 0 then determines 93,9, 4 algebraically.

Einstein equation Ry, = 0: Finally, we have

_ 1 .
Ryg = 1/° (5& + K+ % — Voaruo)aogoo — oLy, — 80F64A + known quantities

1 — 1 s R—
= Eyoraogoo — §§A55§09AB + known quantities .
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For that calculation we used that

oy, = —§(V0)2809TT dogoo + 51/0&80900 + known quantities ,
- 1 .
aley = =g*“02,95c + known quantities .

2

Taking into account that
ST 0\2 F—— 1 g .
olp = (¥")"xaBdgoo — §V 05094B + known quantities ,

we compute the r-component of the u-differentiated wave-gauge vector,

BoH™ = Jog(Th, — 17 ) + 3" (oL, — dol,) — BW"

= —()? (” — R+ %Voaogrr)aogoo +20°0Tg, + 77 0oL
—0oW'T + known quantities

= 2[o - SRt R— guo(WO + )| Fog00 - %VOEABM
—0oW'T + known quantities .

Once again we exploit the gauge condition, here dgH” = 0, to rewrite Rgg = 0
as a linear ODE for dygog, or, alternatively, an algebraic equation for gy W

3 — =0 ] — -
[& —T—kK+hk— iuo(Wo + FO)] 0ogoo = (110)?0oW +known quantities . (4.8)

For both light-cones [2, Section 4.5] and transversally intersecting null hyper-
surfaces, the boundary condition is lim,_,0dogoo = 0. The gauge condition
OoH™ = 0 then determines g% 02,945 algebraically.

The gauge scheme we want to use here now works as follows: We prescribe
v, K, Gop and Jogo,. The Raychaudhuri equation and the vacuum Einstein
wave-map gauge constraints then determine Gap and W?*. We then solve the
hierarchical system of equations derived above to compute dgW?* from (4.6),
(4.7) and (4.8). We choose a smooth space-time vector field W* which induces
the computed values for W* and dyW»* on .4 (in the light-cone case it is a
non-trivial issue whether such an extension off the cone exists near the tip, we
return to this issue below). Then we solve the reduced Einstein equations (or
the conformal field equations, cf. Section 5). It is well-known that the solution
induces the prescribed data for the metric tensor on the initial surface and
satisfies H = 0 with the prescribed source vector field W*, and thus solves
the full Einstein equations. But then it follows from the equations (4.6)-(4.8),
together with the relevant boundary conditions at the vertex or the intersection
manifold, respectively, that the desired values for dpgo,, are induced, as well.

Some comments in the light-cone-case concerning regularity at the vertex
are in order: What we have described above is exactly the strategy on two
transverse characteristic surfaces (some care is needed to obtain a W?* which
is continuous at the intersection manifold, cf. [6, Section 3.1]). On a null cone
there is a difficulty related to the behavior near the tip: In [3] it has been shown
that if the metric g is the restriction to the cone of a smooth space-time metric,
then W* does admit a smooth extension (and the known well-posedness result
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is applicable). However, we also want to prescribe dygo,, whence doW* needs
to be of a specific form on the cone, as well. It seems difficult to ensure that W*
and JyW? arise from a smooth vector field W* in space-time if one proceeds
this way. To avoid dealing with the issue of extendability near the tip of the
cone, the gauge scheme will be somewhat modified:

Since we are merely interested in the asymptotic behavior of the fields, it
suffices for our purposes to prescribe go, and dyogo, just for large 7, say r > ro.
For small r, say r < r1 < 19 we can use a conventional scheme where for instance
7, & and W are prescribed with e.g. W* = 0. Then the regularity issue near
the tip of the cone is well-understood [3]. A smooth transition in the regime
r1 < r < rg is obtained via cut-off functions:

Let x € C*°(R) be any non-negative non-increasing function satisfying
x(r) = 0 for r > ry and x = 1 for » < ri. Let (go,) and (Jogo,) denote
the values of go,, and dygo, computed from (v, k) for say W* = 0, and denote
by (Gou)t and (9ogo,)T those values we want realize for 7 > ro. We then set

Jou = (1- X)@OM)T + X(?OM)Ga (4.9)
Bogon = (1 =x)@og0.)" + x(Dogoy) - (4.10)

For these new values for go, and dygo, we go through the above scheme again.
By construction we still obtain the desired values for go, and Oygo, for r >

r9, but now we also have W» = 0 = 9yW?* for r < ry, and the extension
problem becomes trivial: Since there are no difficulties in extending a vector
field defined along the light-cone to a neighborhood of the cone away from the
tip, we conclude that W» and 9yW* arise from the restriction to the cone of
some smooth vector field W,

The coordinate r which parameterizes the null rays generating the initial
surface is determined to a large extent by the choice of k. We would like to
choose an r for which the expansion on .4 takes the form 7 = 2/r. On a light-
cone this is straightforward, we simply choose xk = Z|o|?. It follows from [3] that
this choice can be made up to the vertex, and it follows from the Raychaudhuri
equation and regularity at the vertex that 7 takes the desired form.

If 4 is one of two transversally intersecting characteristic surfaces we cannot
achieve 7 = 2/r globally, for the expansion needs to be regular on the intersec-
tion manifold. We would like to construct a s such that 7 = 2/r for large r.
Let us therefore again modify our gauge scheme slightly to bypass this issue:

Instead of k (supplemented by the initial data for the ¢-equation ¢|s # 0
and Orp|g in the case of two characteristic surfaces, cf. [6, 10]), we prescribe
the function ¢ on .4#". An analysis of the Raychaudhuri equation (2.5) shows
that, for given k, the existence of a nowhere vanishing ¢ on 4" (which can then
without loss of generality be taken to be positive), and which further satisfies
©_1 > 0 implies 9. > 0 on .4#.> When prescribing ¢ rather than x we therefore
assume that ¢ is a strictly increasing, positive function with ¢_; > 0. Indeed,
the function « is then determined algebraically via the ¢-equation (cf. [6]).

In this section we have established the following setting: On .4/ we regard
the conformal class of the family v = 4 pdz?Adz? of Riemannian metrics as

5 Indeed, we observe that for x = 0 any globally positive ¢ is concave in 7. Together with
the required positivity of ¢_; this implies that 0,¢ needs to be positive for all r. The case
% # 0 can be reduced to k = 0, cf. [7, Section 2.4].
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the “physical” initial data (in the case of two transversally intersecting null
hypersurfaces supplemented by data on .45 and S), while the functions

©, Jou, Dogou (4.11)

rather than x, W* and dyWH, are regarded as gauge functions on .4/, at least
for 7 > ro (recall that ¢ , 0,¢ and ¥ need to be positive).

4.3 Metric gauge and some conventions

We now impose specific values for the gauge functions (4.11). Guided by their
Minkowskian values we set, for r > ro,

p=r, =1, va=0, Ggopo=-1, 8090“:0. (412)
Moreover, we assume a Minkowski target for r > ry,
§=n=—du®+ 2dudr + r2sapda?da? . (4.13)

From now on everything will be expressed in this gauge, which we call metric
gauge. Although it may not explicitly be mentioned each time, since (4.12) and
(4.13) are merely assumed to hold for r > ry we will tacitly assume henceforth
that all the equations are meant to hold in this regime.

The relation between metric gauge and harmonic coordinates is discussed in
Appendix B, where we address the “paradox” that in the metric gauge we do
not need to impose conditions on v while in the harmonic gauge we do need to
do it to make sure that the constraint equations admit a global solution.

We have not discussed here what in this gauge scheme (which may be used
on 5 as well) the free data on the intersection manifold are, and we leave it
to the reader to work this out. We are interested in the asymptotic regime, and
the main object of this section was to show that the choice (4.12) can be made
without any geometric restrictions for large r, if one does not prescribe x and
W anymore, but treats them as unknowns determined by the constraints.

4.4 Solution of the constraint equations in the metric gauge

We solve the Einstein vacuum constraints in the metric gauge for x and W?,
where we assume the initial data v to be of the form (2.15). Recall our conven-
tion that all equations are meant to hold for r > 7.

Equation (2.5) yields with ¢ = r

5= (@) (3Rt lole) = griof? (4.14)
= %W*S +0(r™) = %|B<1>|27~*3 +0(r . (4.15)
We further note that ¢ = r implies
T=2/r, (4.16)
as desired, in particular 75 = 0. We emphasize that the argument used for the

No-Go Theorem in [7], that the coefficient 7o vanishes only for Minkowski data,
does not apply when s # 0. In our case x does not vanish unless |o|? = 0.
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It follows from (3.13), (4.12) and (4.15) that

det s y 1. B
JaB = @2\/det77AB = 7”2SAB+7"hE41])3—|—Z‘h(l)‘QSAB_(UAC)SSBC+O(T .

(4.17)
Moreover,
WO = —@20,+7+260)0° —T° = —2r' —r[o]> +rg*Bsap (4.18)
_ %|7l(1>|27ﬂ—3 O, (4.19)
where we used that
[0 = —1g*Bs4p = —2r 1 — %‘B(l)‘%is +00r™). (4.20)

The equation (2.7) which determines £4 cannot be solved in explicit form.
The asymptotic analysis of its solutions has already been done in Section 3.1.3.
The asymptotic expansion of £4 does not contain logarithmic terms if and only
if the no-logs-condition is fulfilled, which in the metric gauge where 75 = 0
reduces to

(04B)3=0. (4.21)
Assuming (4.21) one finds
€a = —VER L 1 5P o3 (4.22)
Now we can solve (2.8) for W4,
WA = A4 goPTa, - T4 = 0(r%) (4.23)
where we used
= _CDféD = sCDIO‘éDr_2 — fL(l)CDf‘éDr_3 + 0. (4.24)

Note that the two leading-order terms in (4.23) cancel out.
The (-equation (2.9) cannot be solved analytically, its asymptotic solution,
which has been determined in Section 3.1.5, does not involve log terms,

¢ = 21400240073, (4.25)

Finally, we solve the constraint equation (2.10) for W,

W= (@t gr bR T
= S LoP 47 Psap = 509 1067, (4.26)
as
= g san = ~2r ! — SO £ 06 (4.27)

25

221



222 CHAPTER 11. ARXIV:1403.3560 [GR-QC] (2014)

4.5 Overview of the metric gauge I

In the metric gauge one treats, at least for large r, some of the metric compo-
nents as gauge degrees of freedom rather than &, W> and doW?*. This provides
the decisive advantage that one obtains more explicit solutions of the constraint
equations since most of them are algebraic equations rather than ODEs in this
setting, so that the asymptotic expansions contain less integration functions,
whose values are not explicitly known. Moreover, the computations of Schouten
tensor, Weyl tensor etc. (as needed in Section 5 for Friedrich’s equations) will
be simplified significantly by the fact that several metric components take their
Minkowskian values.

We have seen in Section 3 that many log terms are produced due to a bad
choice of coordinates. In the metric gauge all the gauge-dependent conditions
of Theorem 3.2 (cf. Remark 3.3 and compare (4.29)-(4.34) below with (3.50)-
(3.56)), are satisfied and we are left with the gauge-invariant no-logs-condition,
which can be expressed as an explicit condition on + in this gauge,

1 v v
0= (0,")3 = §h(1)hf41)3 . (4.28)

Consequently we can freely prescribe all the hg%’s except for 71542))3 which is
determined by (4.28).

It is easy to find sufficient conditions on the initial data v such that the no-
logs-condition (3.49) in its general form is fulfilled (just take ﬁfjl)g = ﬁf}a =0),
i.e. Theorem 3.2 shows that there is a large class of initial data for which the
metric admits a smooth conformal completion at infinity. To find necessary
conditions on + is more involved, since the expansion coefficient 75 is in general
not explicitly known. In the metric gauge, though, m is explicitly known,
whence it is easily possible to characterize the initial data sets completely which
lead to the restriction of a metric to .4~ which admits a smooth conformal
completion at infinity. Moreover, it becomes obvious that for “generic” initial
data the no-logs-condition will be violated.

Note that we have not studied yet the asymptotic behavior of the unknowns
of the conformal field equations which also involve transverse derivatives of the
metric. The gauge functions are more complicated in the metric gauge and
contain certain integration functions, and one might wonder whether log-terms
arise at some later stage. Luckily, it turns out (cf. Section 5) that this is not
the case, and that the no-logs-condition is necessary-and-sufficient to guarantee
smoothness of all the relevant fields at conformal infinity .

Of course, once we have determined the gauge functions it is possible to
return to the original viewpoint and regard them as the relevant gauge degrees
of freedom. This leads to an initial data-dependent gauge. Assuming that the
initial data -y satisfy the no-logs-condition (4.28) we give their values for r > ry

(the functions 9yW* will be computed in Section 4.6):

1 1.

Kk = 57~|g|2 = g|h<1>|27~*3+<9(7~*4), (4.29)
— 2 = 1.
WO — —T‘|0|2 _Z_ 10— Z|h(1)|27~*3 + O(r74) , (4.30)

T

WA = A4goPTA, T4 = O(r ), (4.31)
— 1 1 =
wro= gé—fl - §T|0|2 —-I" =007, (4.32)
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with £4 and ¢ given by (4.22) and (4.25), respectively. The restrictions to .4
of the metric components then take the form (again for r > ry):

doo = 1, vo=1, va=0, g, =G.a=0, (4.33)
Jap = 7"2SAB+TES:)B+%‘E(1)‘2SAB+O(T_1) ) (4.34)

REMARK 4.1 The asymptotic expansion of gap depends only on the gauge
choice for k. Our k, equation (4.29), coincides with the s used to define Bondi
coordinates (where one also requires 7 = 2/r). The no-logs-condition which, in
ak= %\U|2—gauge is equivalent to the absence of s-trace-free terms in (gag)o,

(GaB)o =0,

recovers the “outgoing wave condition” imposed a priori by Bondi et al. and by
Sachs to inhibit the appearance of logarithmic terms (cf. e.g. [5]).

For an arbitrary k = O(r~2) the correct generalization of this condition,
equivalent to the no-logs-condition (3.49), is (cf. (3.13)),

v 1 o
(GaB)o = Tsac(op®)s = _§T2h541) .

4.6 Transverse derivatives of the metric on ./

In this section we compute the 9yWW*’s and certain transverse derivatives of the

metric on .4 (the asymptotic expansions thereof) in the metric gauge using the

vacuum Einstein equations R,, = 0 and assuming that the no-logs-condition is

fulfilled, so that (4.29)-(4.34) and Jogo,, = 0 hold. As before, all equalities are

meant to be valid for r > ro, even if this is not mentioned wherever relevant.
It follows from (4.1)-(4.3) that

dogrr = —rlo* = =2k, (4.35)
dogra = &a, (4.36)
7' P%g9as = —C—T. (4.37)

If we plug in the values for g, and dog,, we find from [2, Appendix A] the
following expressions for the Christoffel symbols restricted to .4, which we shall
made frequently use of:

f{)LO = fgr = ng = fg" =0 ) f:r = _fgr = _fsr =K, (438)
[0, =Toa=-T/a=356a, TG =369, TC =xa%, Thp =—xan, (4.39)
Ip = —3009a8 — xaB , L§s=39P0gap, TG =155 (4.40)

Einstein equations Rap = 0: From (4.4) we obtain

Rap = Rap+00l%5+ (0 +Tro)Thp + Tap(T0 + Th, + Too)
—2rg‘(Ar%)C — 2", TTp — zrf(Arg)C )

First of all we have to determine the u-differentiated Christoffel symbol,

0 1 - .
Ly = —(§8r + 1) 00gaB — 26XaB + V(alp) - (4.41)
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Employing (4.38)-(4.40) and the relation R4ap = +gap we obtain after some
simplifications that

-~ 1 Y \~ \
Rap = _(67" o %|‘7|2)(609AB) +20(4 (Oogmc) — (Oroan)
¢ 1 7 1 o -
+(§ +- - §|0'|2)0'AB = 5€ats)+ (Vialn), (4.42)

which should vanish in vacuum. The equations Rap = 0 form a closed linear
ODE-system for (Jypgap). Since it is generally hopeless to look for an analytic
solution, we content ourselves with computing the asymptotic solution. For this
it is convenient to rewrite the matrix equation (4.42) as a vector equation,

(5of? = 1) — 2052 —209° 0 (Jog22) q22
O + —03? (5lo* =) —a3° (Qogas)'| = | q23
0 —2037 (5lol* = 1) = 2057 (Dogas), q33
where
o ¢ 1 r 1 . - . 1
qaB = —(OroaB)+ (5 +o - §|0| )UAB - §(§A§B) +(Vuép)=00"").

In order to permit an easier comparison with Appendix A, we apply the trans-
formation r — x := 1/r (with all quantities treated as scalars). Then the ODE
adopts the following asymptotic form,

1 0 O (80g22)
(Earp + 0 1 0 + M (60923)/ = 0(1) s
001 (Dog33),
where M = Mat(3,3) = O(x). In the notation of Appendix A we observe
that A = —1 and ¢ = —1, and no logarithmic terms appear in the asymptotic

solution. Moreover, it is O(r) and the integration functions are represented by
the leading order terms,

(8ogAB)u= Dapr + O(l) .

Note that D ap is symmetric, Dap = Dpa, and s-trace-free, s4BDap =0.

Einstein equation Ror = 0:

EOT = 8”‘?67" + vAff)qr - 8()F£T - aOFfA + FgrféA + Fgr (Fgr + FfA) - F;'“LXBFOBA .

We determine the u-differentiated Christoffel symbols involved,

N ]_2— T2 4 ]. 2 r 2
Gl = =509 + 50" = 5lol” = 50lol”, (4.43)
. 1 1 . .
ey = 5&150 + 50, (@°ogan) +5°°Vials  (4.44)
_— 1 1 1
FA = = A_Z T 5
= 9l'2, 5648 23C+r2
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Note that 92,g,, is the only unknown at this stage. We obtain

— 11— 1 _ T r? 1
Ror = 5%0gm + 5 (0 + 170+ 2lo?) ¢ = ol = Slof?
1, . 1 .
+§(VA —Ea)Et — 50’43509,43 ;

which, again, should vanish in vacuum. With (2.9) that yields

O — 1 . 1 r2 R
O3 Grr = ;g + R+ igAgA + ?|a\4 + |o|?> + 04Bdgap = O(~3) . (4.45)
The leading-order term
2 = (02,9)3 = Co + [Da® —2VaVP)(05%), . (4.46)

depends on certain integration functions and is not explicitly known. We choose
this special notation, though, since it will appear several times in the leading-
order terms of other expansions.

The gauge condition then provides an algebraic equation for dyW?0,

0= 80H0 = _809rrrg() _ 260gT‘TF8T _ QEABW((;A
+809AB (F?LXB -+ TSAB) + 280F87‘ + 80]_"9T + gABaol—\%B _ W
3 AB L © 1 3
= 6gogrr +1rsap0ogtt + VASA — 2§A§A -5 §r2|a|4

3 1 —
~SloP = 5ol + 5 0r +rlo)¢ - WO

where we used that

—_— r2 1 r
I = —lo/*=2lo)®> = =0,|c]? 4.4
T, = Tlol* — ol ~ 2a.lol? (1.47)
S 10— 12 1, 4
aol'g, = 55309” - 5\U|4 —58ag" . (4.48)
Inserting (4.45) and using again (2.9) we deduce that
[ 1 1 e 1 r 2
WO = —(5& + ;)C + (rsap — 0ap)dog"P — 2 §3T|U|
1
ol 1?0t — £ag? (1.49)
= OFr™?). (4.50)
Einstein equations Ry4 = 0:
Roa = 9. T5a+VpIgs — 0oLy, — 0ol +T0algp + (T, + T75)Tha
0T, 5 — ThpThy — 207 4T, — Tl — T2Thp -
For the u-differentiated Christoffel symbols we find,
A 12— B T 2 1 2
dl'ry = _580()9“1 —Xxa & — §6A|U‘ - 57"|U| a s (4.51)
N - 1. 1
0TS, = T°°V(ad09m)p — §VC JogaB + 5565’09AB + &% an (4.52)

- 1T
- 6OF§B = XAB§B+§§BaogAB—§8A(.
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We insert these expressions into the formula for Ro4 to obtain,

_ 1 1 . - 1 1——
Roa = 5(& +r7N)Ea+ §(VB —&5)00gap + %(3A + §§A)|0'|2 + §3§ogm
1 1
+§(3A - §§A)C ;

which should vanish in vacuum, i.e.

- P 1
Rogra = (€ =V hgas — 0+~ — 5

= —VpDAPr 14 07?).

Jea — (4 + SH)lof? — 94¢(45)

We employ the gauge condition 9y H4 = 0 to compute dyW4. This requires the
knowledge of further u-differentiated Christoffel symbols,

=Ten 1 5 T 1, —==

LG = ST 0egrp + 51067 + 5EpBog P | (4.54)
[ 1 9

G, = §7P0Ep - 5rlofe + gv%rz . (4.55)

We then obtain

0=00HC¢ = _6091”7"1_‘610 - angrrrg; - 2§A3609TBF61A - ZEABaogrB (fEA - ffA)
+8ogAB(ng — f‘gB) + 2801—‘8; + 801—‘% + gABa()FgB — a()WC
3 3 — 1 - T
= (00 + 2+ 5r102)€C + TP BRogrn + 5(VE — €9 + £V o ?
+00gAB(TG s —T5p) — (Va — 264)00g2C — OWC .

Combining this with the expression we found for 92,94 yields

. 1.
DWW = (@og™ = 20"%) — S(VA = 26)[o]? = SV
+00gB (I — Te) (4.56)
= O(r ™). (4.57)

Einstein equation Ry = 0: The (00)-component of the Ricci tensor satisfies
EOO = (87” + QF:T + f'rjélA)fSO - 80F6r - 80FéA - fgrfg'r - QFEAF(I)AT - fOjélegiﬁx :

The u-differentiated Christoffel symbols appearing in this expression satisfy,

At = Scrinleert Topa lop s Lo s
= 5 St — = — — |0 —|o —0 .

0 or oro Tt T A 1 2 2 0945

— 1 1 1

Qlgy = §9A38309AB + 5809'43809,43 - §§A§A ) (4.59)

and we are led to

= 1 g (1AB 1W)— 1 Lo 1. 4 1, o
Roo = 59 050948 50 +4509 JogAB 2r< 2R+4§A5 2|f7|
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which should vanish in vacuum, solving for g4Z 92 50gAB we are led to
— L1
8009,43 = —(O'AB + iaogAB)aogAB - ;C - R+ §§A§A — |o]? (4.60)
1
= §\D\2r*2 +0(r ). (4.61)

To compute dyW™ we employ the gauge condition
0= H" = =009+ (To —T7,) — 29" 009,804 — 29" DogrBT; 4
+00gAB(T g — I"p) + 2801, + ol L, + gABaorrAB — QW™
1 L apmz—— 1 3
= S (Va— €6 = 57 P Togan —  — L+ 50,)lo? = {r2lol’
¢ 1

T 1
2= _ L - _—8 00gAB — Oy W(4.62
2(r 2\or| )+ (rsap 50AB ~ 3 bg4B)00g o W7(4.62)

For this calculation we used that

227

2 1 Ao — Loasgr —
G P00y = Vact + = (8 + =+ rlol)C+ 5 = lof* — 0P Dogan — 57 Oogan -

2
We solve (4.62) for 9y, and insert the expression we found for g2 D309 AB,
- . . 1 r
[ A 2 2 2
QW = —(VA - —SA)S + ZT\OI ¢+ §R -5 §|0| — 500
3 11— -
—ZT2\0|4 (700948 + 04 — r545)009 P (4.63)
= Z\D\zr*"’ + 0>, (4.64)

Einstein equations (yRap)’=0 Assuming the gauge condition H* = 0 the

Einstein equations (JyRap) = 0 provide a linear ODE-system for (08y948). We
have

80RAB = 8)\60FQB — 6,460 N 2an T )\80 aB T F 80F2‘>\ —ngaoF’;B —f’;\BaoF;‘A .

The right-hand side contains several first-order u-differentiated Christoffel sym-
bols and one of second-order, 93,I'% 5, which we have not determined yet,

3%y = Jgogor - (4.65)

aThs = %m— %53m+ gla\zﬁA (4.66)
— —%%BDABr*1 + (’)(1"72) , (4.67)

W0y = —Xa"€s = 50 +Ea)lol (4.68)
= —2Vp(oaP)r 2+ 007, (4.69)

Wy = _%m— ;( +7(0*)0ogap + V(aép) — rlo*xax(4.70)
= —%m - §DAB +o(r Y, (4.71)

a5, = —%&50 + %WM+ %gwm (4.72)
= %gCDBSOQAD - %DADDCDF2 +0(r ). (4.73)
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To calculate the two-times u-differentiated Christoffel symbol we use that

g’ = —29"700g"*dogpo — TG 05090
whence
Ry = —03ogrr + 2648 + 2070 [* (4.74)
= -Er3+00™Y, (4.75)
agog()r = - goQOr - gogrr + 2£A£A + 2T2|0|4 , (4'76)
—_————
=0(-1)
95,9°¢ = —gP0%y9-p —2r|0[*¢” — 26pBogP (4.77)
= VDFr3 o0 . (4.78)
That yields
- P
BT = (iagogrr —r?|o|* - §C§C> (Dogas + 2xaB) + xaB0390r

1 5 — .
(50 +7lo12)%agaz — rlo20, 095 + 2110 *V (a&p)

—£9(2V(49)019Byc — Vcdogan) + v(Aa|200|gB)r

— /1 — . B B
= XABagogOT — (§6r + T|0|2)6§09AB — V(AV|C|DB)CT ! + @(T 2) .

Now all quantities have been determined which are needed to compute (JgRap)

(the 02,g0,’s cancel out); we are just interested in the asymptotic behavior,

(@oRap) = —(0r —r ' +7|0*)(050948) + 204" (O 9m)c)
— %(Ag — Q)DAB’I“_l + O(’I“_Q) R

and this expression should vanish in vacuum.

We need to check whether there are logarithmic terms in the asymptotic ex-
pansion of (93,945 ); solution to (JgRap) = 0. However, this ODE is of exactly
the same form as the ODE (4.42) for dygap. Therefore an identical argument
applies and leads to the conclusion that the solution can be asymptotically
expanded as a power series,

(030948) = Capr + O(1) , (4.79)

where the symmetric and s-trace-free tensor Cap can be identified with the
integration functions.
For completeness let us also compute

_ le— 1 7
olGs = §8§ogrA—§§BaogAB+§|0|2§A (4.80)

1.
= —§VBDABF1 +0(r ?). (4.81)
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4.7 Overview of the metric gauge II

We give an overview of the values of all those objects we have computed so far in
the metric gauge. Recall the values for the gauge functions x, W and dyW?* as
given by (4.29)-(4.32), (4.49), (4.56) and (4.63), needed to realize these values.
Recall further that equality is meant to hold for r > rq.

Metric components

Joo = —1, g0 =0,

Jor =1, 7" =1,

Joa = 07 EOA = Ov

grr =0, g =1,

GrA = 07 grA = 07

Gap =12 gg:»sﬂAB =r2sap +O(r), GAP =172/, AB — =248 L O(r—

First-order u-derivatives of the metric components

dogoo = 0, 009" =rlo* = O(r~?),
dogor = 0, dog"" = 7“|U\2 o(r=?),
dogoa =0, dog?4 = O(r=?),
dogrr = —rlo> =O0(r*), dog™ = 7“|<7\2 o),
6OgrA - §A = O(T_l)a 8OQTA = _gA - O(T_B)a

0ogap = Dapr + O(1), OogAB = —DABp=3 4 O(T_4).

Second-order u-derivatives of the metric components

Rogrr = Er+007Y),
Bogra = —VpDAPr ' +0(r7?),
_ 1 f
7108948 = DT+ O0TY).
Asymptotic behavior of the Chrlstoﬁ'el symbols (cf. p. 27)

Y, =0, =0(r?),
g, = 0(r?), A= 3Veh it 0672,
Ths = —3Vphiy Prl 4 O(2), Thp = ~(sap +§Dap)r +O(1),
IO =0, T, =0,
0, =0, TG, = —5V2hi“r 3 + 0,
s =—rsap +0O(1), [y =3Da% 1+ 0(r?),
FSO = Ov FTC,,‘ = O,
TG, =00™?), TTh =104+ 0072,

Ty, = —3VehPPr 1 4 0 2), TGy =19 +000).
First-order u-derivatives of the Christoffel symbols
We give a list of the asymptotic behavior of all the wu-differentiated Christof-

fel symbols crucial e.g. for the computation of the Weyl tensor, which can be
straightforwardly derived from our previous results,
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9oy, = not needed, oolr, = —3Er 3+ 0(r 1),

oy, = 2Er=3 + O(r=4), 0ol7, = %%BDABT*1 +0(r 2),
80F8A = —%6BDABT_1+O(T_2), 801_\;13 = —%CABT+O(1),

OlY, = %\ﬁ(l)\%”‘l +0(r=?), oISy = not needed,

3L, = Veh'PPr2 £ 0(3), LG, = —LiVEDBor3 £ O(r—4),
oI5 = —%DAB +0O(r 1, aoFgA = %CAC’I“_l +0(r=2),
oI, = not needed, 0TS, = @Bhg)cr"‘ + O(r=9),
OoLh, = 2Zr =3 + O(r=%), 00l = —3DAr72 + O(r=3),

ATy, = _%6BDABT_1 +0(r=2), or%s = [%(ADB)C - %%CDAB}TA +0(r ).

5 Asymptotic Expansions of the unknowns of
the CFE on ./

5.1 Conformal field equations (CFE)

As indicated in the introduction, one would like to establish an existence the-
orem for the characteristic initial value problem for the vacuum Einstein equa-
tions which guarantees a “piece of a smooth .#*”. This global existence prob-
lem, where one needs to control the limiting behavior near null infinity, can be
transformed into a local one via a conformal rescaling ¢ — § = ©2g, where
the conformal factor © has to vanish on the hypersurface .# ™ which represents
(future) null infinity (with d© # 0 there). Henceforth we use ~ to label objects
related to the unphysical space-time metric g.

The Einstein equations, regarded as equations for g and ©, become singular
wherever © vanishes, and are therefore not suitable to tackle the issue of proving
existence of a solution near .#. However, H. Friedrich was able to find a
representation of the vacuum Einstein equations which remains regular even
where the conformal factor vanishes, cf. e.g. [8]. These conformal field equations
(CFE) treat © as an unknown rather than a gauge function. Its gauge freedom
is reflected in the freedom to prescribe the curvature scalar R. This still leaves
the freedom to prescribe © on the initial surface. We shall take

O=1/r=a forr>ry (5.1)

as initial data on .#". The CFE give rise to a complicated and highly overdeter-
mined system of PDEs, which, in 4 space-time dimensions, can be represented as
a symmetric hyperbolic system, supplemented by certain constraint equations.

5.1.1 Metric conformal field equations (MCFE)

There exist different versions of the CFE depending on which fields are re-
garded as unknowns. Let us first introduce the metric conformal field equations
(MCFE) [8]. Beside § and © the unknowns are the Schouten tensor,

~ 1~ 1
L., = —RW—E

2 Rguu 9

the rescaled Weyl tensor,

7 -1/ —1
duuo'p =0 Cuuop =0 C/J,Vo'p s
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and the scalar function (set Oz = f]’“’@uﬁy)
1 1 -
S — — [~ _— .
g 1 50 + 2 RO
The MCFE read

Ryvo™ (3] = Odyuo™ + 2(Gofuli)™ — 04" Lojo) (5.2)
Ve’ = (5.3)
VuL,o —V LW =V,0d,.." , (5.4)
V.V,0 =—-0L,, +3juw , (5.5)
V,.5=—-L,,V'O, (5.6)
205 -V,0V'e =0, (5.7)

Equation (5.7) is a consequence of (5.5) and (5.6) if it is known to hold at one
point (e.g. by an appropriate choice of the initial data).
5.1.2 General conformal field equations (GCFE)

Consider any frame field e, = e;,0,, such that the §(e;, ex) = gir’s are constants.
The general conformal field equations (GCFE) [8] for the unknowns

S 5o -
e, V%, digr, Ly, ©, §

read (from now on Latin indices are used to denote frame-components)

e, €q] = (fplq - fqlp)el ) (5.8)
noi DT 7 noi T 7 i T ~ T i 1
ei(Ta's) = Tw'sTp g + T 05 = 0p' Loy — GiipLa’ — 5O7pes" » (5.9)
Vidyg' =0, (5.10)
@ [Nz V sz = V[@dﬂk , (5.11)
@,-@JG) = —@Lij + ng] 5 (5 12)
Vis=—Li;V’'e, (5.13)
205 - V,;0V/'0 =0, (5.14)

where the I';7;’s denote the Levi-Civita connection coefficients in the frame ey.
Again, (5.14) suffices to be satisfied at just one point.

5.2 Asymptotic behavior of the fields appearing in the CFE

In this section we analyze the asymptotic behavior of the restriction to .4 of
the fields g,.., ek, FW, dyve’, Ly, © and 5 and prove that they are smooth
at infinity in the metric gauge and taking (5.1) when constructed as solutions
of the constraint equations induced by the wave-map gauge reduced vacuum
Einstein equations, supposing that the initial data « are of the form (2.15), and
the no-logs-condition (3.49) hold. As we shall show that the above fields are
smooth at .# T w.r.t the ep-frame if and only if they have this property in the
coordinate frame defined by {u,z,r“}, we shall end up with the result that
(2.15) and (3.49) lead to smooth initial data for both MCFE and GCFE.

Using our previous results summarized in Section 4.7 most of the computa-
tions will be straightforward.
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5.2.1 Asymptotic behavior of the metric tensor
It follows from (4.33)-(4.34) that"
500 = _-T27 §0w =-1 ) §OA = §mm = gmA =0 ; §AB =SaB + O(z) ;

i.e. g has a smooth conformal completion at conformal infinity.

5.2.2 Asymptotic behavior of the Weyl tensor

Note that the rescaled Weyl tensor ;MWP = O(1) will be smooth at &t if

and only if the Weyl tensor is smooth at .#* and vanishes there, i.e. C’/w{,p =

Ciwe” = O(x).
In vacuum we have R, = 0, and the Weyl tensor coincides with the Riemann
tensor,

Ty’ = Ryw,” = 8,17, — 9,17, + T2 T7, — T2 T7

wp pupt av vpr ap *

Due to its algebraic symmetries it suffices to consider the components

Cord® =0(73), Cora’®=00r"3), Coa’=00r""),
Coao? =0(r™Y), Cap® =001, Crap’=00r"3),

as follows from the formulae in Section 4.7. Remarkably all the leading order
terms which would induce terms of constant order after carrying out the coor-
dinate transformation r — z := 1/r cancel out, in particular those involving
some of the integration constants whose explicit values are not known,

Coz0’ =0(z), Coza’=0(z), Con®=0(x),
GOAOB = O(LL’) s UAB()O = O(a:) s GJ;ABO = O((E) .

(Recall that O(z) has been defined in Section 2.1.) To establish that C,45° =
O(r=3) rather than C, 45° = O(r~?) one needs to employ the no-logs-condition
and is led to the geometric interpretation described in [6, Section 6.2]. No
further condition on the initial data needs to be imposed.

5.2.3 Asymptotic behavior of 9,0 and 93,0

To compute the remaining fields on .4~ we first need to determine the trace
of the first- and second-order u-derivative of the conformal factor © on 4.
However, the values of © away from .4~ depend on the unphysical curvature
scalar R, which is treated as a conformal gauge source function in the CFE [8].
We impose the gauge condition

R=0(1), VoR=0(1) (5.15)

(which is no restriction since R needs to be smooth at .# anyway). The Ricci
scalars of § = ©2g and g are related via

R = ©*R-60"970,0,0+60 "¢’ T?,0,0) . (5.16)

6 While up to now we used the variable = 1/r mainly as an auxiliary quantity to facilitate
the comparison of the constraint equations with the formulae in Appendix A, we shall use it
henceforth as a coordinate.
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With R = 0 that yields an ODE for 9,0 on .4 where © = 1/r,
_ _ 1 I
R = 6r° [ - 2r(8r +r7l 4 g\a|2>6o@ +|o|? + 57“715‘43809,43
— _12 (ar bl g 0(74*3))80—@ +o@rY. (5.17)
Employing (5.15) it takes the form
70,000 + [L + O(r~3]0©® = O ?). (5.18)

Appendix A tells us (with A = = 1) that the asymptotic expansion does not
contain logarithmic terms and is of the form

000 =0(r 1) =0(z) . (5.19)

The second-order u-derivative of the conformal factor can be computed as
follows: From (5.16) we deduce with 9y R = 0 that

OR = 660(@—3gp‘71‘g”6a@ — @_3gp”8p8g@)
= —37"?500—@ — 1273 (8r N (9(7"_3)>8§0@ +0(1).

Taking the gauge condition (5.15) into account this ODE for 93,0 becomes
r0,02,0 + [1 + O(r~2)]02,0 = 0O~ ?), (5.20)
which is of the same form as (5.19). Hence

02,0 =001 =0(z). (5.21)

5.2.4 Asymptotic behavior of the Christoffel symbols

We have computed the restriction to .4 of the Christoffel symbols in adapted
null coordinates (u,r,z) by imposing the metric gauge condition, cf. Sec-
tion 4.7. Using the well-known behavior of Christoffel symbols under coordinate
transformations we determine their asymptotic behavior in the (u,z = 1/r, 24)-
coordinates,

fgo =0, fﬁw =27+ O(l‘) s

Io, = O(z) , o4 =0(2),

Y, =0(z), I'% 5 = (saB + 3Dap)x + O(2?) ,
T, =0, I§y=0,

FgA =0 ) ng = O((E) )

I =—2"tsap+0O(1), TG, =1iDs% +O(a?),

f(ZJO =0 ) ng =0 )

T =03, I¢,=-64%"1+0(1),

g, =0@?), Tp =15 +0) .

We compute the trace of the Christoffel symbols on 4" associated to the
unphysical metric g. The transformation law for Christoffel symbols under a
conformal rescaling g — ©2g of the metric reads,

1

re, = I, + 5 (6,,0,0 4 6,°0,0 — g,,9"° 05,0) | (5.22)

37

233



234 CHAPTER 11. ARXIV:1403.3560 [GR-QC] (2014)

which yields on .4, where © = x and 9y = O(x),

[, =0@1), [§,=0@), [y =0, [ =0, [, =0,
%5 =0(), Ti=0(%, I =0(@), Ti=0%,

rz,=0(1), T2,=0@), [45,=001), T§=0, I =0@),
I, =0o(1), I¢ =0, I%=001), I,=0().

The Christoffel symbols are smooth without any further restrictions on 7.

5.2.5 Asymptotic behavior of the Schouten tensor

From now all tensors will be expressed in terms of the coordinates (u,x,z?).
We compute the Schouten tensor LW = %RW — i3 Rg,w, restricted to .4, for
the conformally rescaled metric § = ©2¢g. The transformation law for the Ricci

tensor under conformal rescalings of the metric reads,

Ly = Ly —07'8,0,0 —T9,0,0) +2072(9,00,0).  (5.23)

With ZW = 0 we obtain on .4~

L, = 23:_28“@ 0,0 — x—la,,aye + (x_lfgl, + G )00 O + x_lfzu

1 5
— 5% gl,y .

Assuming (5.15), so that (5.19) and (5.21) hold, we find

- - 1 —_—

Lo = 2070000 — %0 + 52° 29,0 = O(1),
T = 3-8 'W8)+ OB +06?) = O(1)
Loa = —2'94000 + O(1)50 + O(2) = O(1)

Lo = O(1),

Loa = 0O(1),

Lip = O 190 +0(1) = 0(1),

We conclude that the trace of the Schouten tensor on .4 is smooth at conformal
infinity.

5.2.6 Asymptotic behavior of the function s

Let us determine the asymptotic behavior of the function § = $0;0 + ﬁ]—?@
on .4/ . Using (5.16) with R = 0 and (5.22) we find that

= 1 —2—pv 1 —2—nv 1=

§ = 4¥9 ‘88@——96 ‘Fﬁya@—FﬂRx

1 —17 —2—
= R+ g (T2 —Fa 0,0
24 4l‘ g ( pv )

1
= 53: 35°70,0 0056
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which recovers (5.6), and which yields with (5.19) that

5= %m—aflao_@ = 0(1), (5.24)

i.e. the function 3 is smooth at conformal infinity.

Asymptotic behavior of the frame field

The GCFE (5.8)-(5.14) require a frame field (e#j,) w.r.t which the metric tensor
is constant. In our coordinates the trace of § on .4 looks as follows (recall that
equality is meant to hold for r > r9):

g = —2?du® — 2dudz + Gapda?dz?  with gap = 2%z = O(1) .

We deduce that we may take (e#) to be of the following form on .4

.732

€y = 8u_ 46’1"
Oz

€y =
e; = eAAaA with eAgzO(l) A=23,
and its dual

e’ = du,

— gj2

0 = dzr+ —du,
4

01 = étyde? with ¢4, =0(1) A=2.3.

All the relevant fields are smooth at .#+ w.r.t. this frame if and only if they have
this property w.r.t. the coordinate frame defined by the adapted coordinates
{u,z,z}, which we have shown to be the case.

5.3 Main result

Consider a space-time (.#, g) which admits a smooth conformal completion at
infinity a la Penrose, and consider a null hypersurface A4 C .# whose closure
in the conformally completed space-time .# U .# T is smooth and meets £ in
a smooth spherical cross-section. It follows from the considerations in [11], cf.
[7], that then one can introduce Bondi coordinates near .4 N .#* w.r.t. which
A intersects # T at the surface {u = 0}, and in which all the fields appearing
in the CFE are smooth at #7 in the sense of Definition 2.1.

The existence of adapted null coordinates in which the unknowns of the CFE
are smooth at .# T is thus a necessary condition for the existence of a space-time
which admits a smooth conformal completion a la Penrose. We are led to the
following result:

THEOREM 5.1 A necessary-and-sufficient condition for the restrictions to A
of all the fields appearing in the GCFE (5.8)-(5.14), or the MCFE (5.2)-(5.7),
constructed from initial data v = yapdzAdz®? of the form (2.15) to be smooth
at I, is that the initial data ~y satisfy the mo-logs-condition (3.49) in some
(and then all) adapted null coordinate systems. In that case the metric gauge
provides a gauge choice where smoothness at &1 holds.
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A Asymptotic solutions of Fuchsian ODEs

The main object of this appendix is to justify rigorously our use of expansions as
asymptotic solutions to Einstein’s characteristic constraint equations. Smooth-
ness of these solutions at infinity is a crucial aspect of the analysis, which is why
we derive necessary-and-sufficient conditions for the asymptotic expansions to
involve no logarithmic terms. To do that we shall proceed as follows: Instead of
using r as the independent variable, we introduce = := 1/r as a new variable and
study the transformed ODE near x = 0. For this we make Taylor expansions
of the coefficients appearing in the ODE at « = 0, and write down the formal
polyhomogeneous solutions. The Borel summation lemma guarantees that there
exists a function whose polyhomogeneous expansion coincides with the formal
series. This function will be shown to approximate the exact solution around
x = 0, from which we eventually conclude that the formal polyhomogeneous
solution is in fact an expansion of the exact solution at xz = 0.

To illustrate the procedure, we first show how it works for linear first-order
scalar equations in full generality. We then show how this adapts to linear first-
order systems, under conditions corresponding to those that arise in the main
text, in order to avoid an uninteresting discussion of several special cases. Every
dependence on further variables, which we assume to have compact support, will
be suppressed for convenience.

For the definition of polyhomogeneous functions we refer the reader to [7,
Appendix A].

A.1 Formal solutions
A.1.1 Scalar equation z0,f +hf =g

‘We consider the ODE
20, f +hf=g, (A1)

where 7 %g = O(1), £ € Z, and h = O(1) (which clearly includes those cases
where h has a zero of any order at z = 0) are assumed to be smooth functions
on some interval [0, zg).

We represent g and h via their Taylor expansions at x = 0,

o0 o0
ng:gnx”7 hNZhnx”
n=~_¢ n=0

(the symbol ~ has been defined in Section 2.1). We define the indicial exponent
to be

A= —h(0) = —hg . (A.2)

When considering functions which further depend on angular variables, we will
always make the supplementary hypothesis that

ho is angle-independent. (A.3)
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1st case: A € Z. We make the ansatz
~ 2 Z FOam + Z £ AR (A4)

Here we use f(*) as short form for the corresponding formal power series (in
Section A.2 we shall use Borel summation to obtain a proper function from
these formal expansions). In the course of this appendix it will become clear
that any solution of (A.1) admits an expansion of the form (A.4), so this ansatz
is not restrictive. It follows from (A.1) that f(1) needs to satisfy for any N € N

N N n—¢ N
donfVat 4373 hif,la" =Y g + o(a"
n=~¢ n=4~¢ k=0 n=»~¢
n—~¢
= =N =g, =Y heflY, forn=00+41,.. (A.5)
k=1

Since n — X # 0 by assumption, this defines a unique formal solution f() by
solving the equations hierarchically. The formal series f(°) needs to satisfy

N n—/¢
Z A+n f(O)AﬂUn +$’\ZthfT(LO,)k+Ax” = o(z*)
n={ k=0
n—~
= nr(L(«)r)A:_thfT(i)kw\ forn=0,0+1,... (A.6)

k=1

We observe that ff,az » = 0 for n < 0, while fio) can be chosen arbitrarily. Once
this has been done, (A.6) determines the higher-order coefficients. Hence, our

ansatz leads to a formal solution, where f>(\0) can be thought of as represent-
ing the integration constant, or function if angular variables are involved. For
convenience we will just speak of an integration constant in what follows.

2nd case: A € Z. We start with the (again non-restrictive) ansatz
oo oo
f SO0 gz Y fVa" = fO + fDloga, (A7)

where we have set £ := min(\, £). Inserting (A.7) into (A.1) yields

N n—{
log Z nfMa" + Zf(l)x" + 1Og$ZZ hkfn R+ Z nfVz"
n=>~ n=~0 k=0
N n—0
3 O =3 g ol o)
o nei
— 4 Z hf, =0 (A.8)
and fr(Ll) + (Tl — )\)fr(Lo) + Z hkfr(LO,)k =g, foranyn > ‘. (AQ)

k=1
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If n = ¢, (A.8) is understood as ({ — )\)féo) =0, for { < n < \it leads
to ffll) = 0. Then (A.9) with ¢/ < n < X determines the coefficients fT(LO). If
n = A (A.8), holds automatically, while (A.9) determines fﬁl). The coefficient
fio) can always be chosen arbitrarily. Once this has been done, all coefficients
ffll) and ﬂ(lo) with A > n are determined by the (A.8) and (A.9), respectively.

This way we obtain a formal solution with one free parameter, fio), which can
be regarded as integration constant.
These considerations also reveal that the formal solution (A.7) contains no

logarithmic terms if and only if fil) = 0 or, equivalently,
hk:f)(\o_)k =g - (A.lO)

Indeed the vanishing of f>(\1) enforces by (A.8) that all the f,(Ll)’s are zero for
n > A as well, while those with n < A have to vanish anyway. Note that
(A.10) is in fact a condition relating h and g, since the f)(\(l)k’s are determined

hierarchically from (A.9) (with fT(Ll) = 0), it does not depend on the boundary
conditions as captured by the integration constant.

A.1.2 ODE-system z0.f+hf =g
Let us now consider a first-order linear ODE-system,
0. f+hf=g, (A.11)

where h = O(1) € Mat(n,n) and g = O(z*), £ € Z. The components of
h and x~‘g are assumed to be smooth functions on the interval [0,zq). For
convenience, and because it suffices for our purposes, we focus on the case
n = 2. Only at some points we add a comment how the general case looks like.
Again, we represent ‘g and h via their Taylor expansions at 2 = 0,

(oo} oo
g~ gna™ . gn €R*, h~ Y ha™ . hy € Mat(2,2) .
n=~¢ n=0

There exists a change of basis matrix T € GL(2) such that ThoT~! =: hJ
adopts Jordan normal form. Hence, it suffices to study the system

20, Tf+ [ho‘] + iThanlx”}Tf =Tg,

n=1

or, by relabeling the symbols,
oo
x0x f + (Z hnx”)f =g, (A.12)
n=0

with either

(M0 (X1
ho—( 0 _)\2) or ho— ( 0 _)\) . (A13)



We mentioned that a dependence on additional variables is permitted. However,
as in the scalar case, we assume

the indicial matriz hg is angle-independent, (A.14)

and thus is a truly constant matrix. In addition, since this covers all cases we
are interested in with regard to the main text, we assume that

NN ETZ. (A.15)

-1 0

1st case: hg = < 0 A\
—A2

) . W.lo.g. we assume A1 < \o. Furthermore,

we define A
£ :=min(\1, 7).

We make the ansatz (again, later on it will be shown that any solution of (A.11)
admits an expansion of the form (A.16))

2 e’}
fi e Y t0gF e > () = £+ (P loga + fP log?x, (A16)
k=0 n—é

where the symbols appearing in this definition are to be understood in the same
way as above. The upper index in brackets displays the order of the log term.
Whenever useful, the coefficients f,ga) with k < ¢ are defined as to be zero.

We insert (A.16) into (A.12). The coefficients need to satisfy the following

set of equations (for n > ¢):
1) =N+ FBIFP)k<n]=0, i=1,2,
@) 2P0+ = A + Gil(f D)k <m] =0, i=1,2,
B) )+ 0= M)+ Hl(f )ik <] = (g)n, i=1,2,

where F;, G; and H; are multi-linear functions of the indicated quantities. The
explicit form of H;, which will be needed later on, is

|
>

n

Hy =Y [au(F )] (A17)

4
1

x~
Il

analogously for the other functions. Note that H; generally depends on both
components of f(9) since there is no need for the hy’s, k > 1, to be diagonal.

A solution to the equations (1)-(3) can be constructed as follows: We describe
the case A\1 < Ao, the case Ay = A2 can be treated similarly.

n < \; : We have to choose (fi(2))n = 0 and (fi(l))n = 0 to fulfill (1) and (2).
The coefficients ( fi(o))n will be generally non-zero and are determined by (3).

n=>\;: Choose (fi(2)),\1 =0 and (]“2(1)))\1 = 0. The first component of (2)
(i.e. the one with ¢ = 1) is automatically satisfied, while the first component of

(3) determines ( 1(1)))\1. The coefficient ( 1(0))>\1 is free to choose, while ( 2(0)))\1
follows from the second component of (3) (the one with i = 2).

A1 <n<Az: (1) still requires (fi(z))n = 0. The coefficients (fi(l))n are
determined by (2), while the (fi(o))n’s are determined by (3).
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n=>Xz: Set ( 1(2))>\2 = 0. The second component of (1) holds automat-
ically, no matter what the value of ( f2(2)) A, 18. The coefficient ( fl(l)) A, 1S de-
termined by the first component of (2). The coefficient ( 2(2)) A, follows from
(2). The coefficient ( f2(1)) A, 18 determined by the second component of (3). The
coefficient ( fl(o)) , follows from (3), while ( fz(o)) a, can be chosen arbitrarily.

n > Ay : All coefficients (fi(j))n = 0 are determined by (1)-(3).

We remark that for A\ = A2 the coeflicients which can be viewed as integra-
tion constants are (fi(o)))\’ i = 1,2. Moreover, this case implies f(?) = 0.

Consequently, the ansatz (A.16) leads to a formal solution of (A.12) with

two free parameters, which can be considered as integration constants ( fi(o)) A -
In fact a similar ansatz, namely

N oo
SN (e 08k 2 (A.18)

k=0 p—¢

leads to a formal solution of the corresponding N-dimensional system with hg =
diag(—A1,...,—An). The integration constants can be identified with (fi(o))

Logarithmic terms do not appear in (A.16) if and only if

i

i e (fO)nili = (i), i=12. (A.19)
k=1

Here one has to distinguish two cases: If
(A.19) is independent of ( 1(0))>\1 , (A.20)

then (A.19) is, as in the scalar case, a condition involving exclusively g and
h, i.e. it just concerns the equations itself and is independent of the boundary
conditions. In particular this case occurs for Ay = Ao. Otherwise the appearance

of log terms depends on the value of the integration constant ( 1(0)) Ar-

-2 1
0 =X
case, and with £ := min(), £). We insert this ansatz into (A.12) to end up with
the following relations among the coefficients (n > /):

2nd case: hy = ( > . We use the same ansatz (A.16) as in the 1st

W) (=N + 85 + Bk <nl =0, i=1,2,

@) 20+ (0 =N+ 055+ Gil(F D)k <n) =0, i =12,
B) ()t (0= NED )0+ 8515+ HIF )ik <l = (gi)n i = 1,2,
where F;, G; and H; are again multi-linear functions of the indicated quantities
whose explicit formulae look similar to (A.17). We describe how one obtains a

solution of these equations:
n < A: All coefficients are determined by (1)-(3), in particular (fi(l))n

(fz(2))n =0.
n = X\: Equation (1) is fulfilled iff (f5 )) » = 0. The second component of
(2) holds since we have chosen ( 2( )) » = 0. The first component of (2) enforces
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2(1 = 0. In order to satisfy the second component of (3) the yet
unspecified ( f2(

)
A
1)) A (equivalently ( 1(2)) ») has to be chosen such that

(S + Ha[(f )ik < A] = (g2)x (A.21)

whatever is taken for ( fl(l)) A and ( f2(0)) »- The first component of (3) can be

fulfilled by an appropriate choice of ( 1(1)) A, and is independent of ( 1(0)) A

Dn 4 (73 + Hl(F sk < A= (90)s (A:22)

n > A: All coefficients (fi(j))n are uniquely determined by (1)-(3).

This way we get a formal solution for any choice of ( fi(o)) A, © = 1,2, which
may be regarded as representing the integration constants.

The above algorithm shows that, in the current setting, logarithms are absent
if and only if
(M =0. (A.23)

K3

According to (A.21), (fz(l))A vanishes iff Ho[(f(O)r,k < A] = (g2)a, ie. iff h
and ¢ satisfy appropriate relations. However, (A.22) shows that the vanishing
of (fl(l))A depends on the integration constant (fz(o))A, i.e. on the boundary
conditions, and thus cannot be guaranteed to hold generally. Only specific
boundary data lead to solutions without logarithmic terms.

A.2 Borel summation

We have seen that there exist formal solutions of the ODE xd,.f + hf = g (in
one or two dimensions) of the form

fformal - %(O)f(o) + %(l)f(l) + %(2)f(2) 5 %(1) € {logx,log2 l‘,l)\, 07 1} (A24)

where the form of (" depends on the specific value of the indicial exponent \.
However, in any case all the f(0’s are formal power series. We can therefore
appeal to the Borel Summation Lemma (see, e.g., [4, Appendix D]) which states
that for every formal power series f one can find a smooth function f whose
Taylor expansion, around x = 0 say, coincides with f. Applied to our case that
means that there are smooth functions f(i), 1 =0,1,2, such that

f = %(O)f(o) + %(1)f(1) + %(Q)f(Q) ~ fformal . (A25)

Finally we emphasize that the integration constants are (f (), in the scalar
case, and ( fi(o)
corresponding expansion coefficients of f can be specified arbitrarily. This will

be crucial for the subsequent argument.

)a; or ( fi(o)) A, Tespectively, in the 2-dimensional case, so that the

A.3 Approximation of the exact solution

In the final step we will show that f approximates the exact solution f to
arbitrary high order in z; equivalently, they have the same polyhomogeneous
expansions. We denote by ¢ (possibly supplemented by some index) a generic
positive constant, while C' is supposed to be a constant with a specific value. If
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angular variables are involved ¢ and C' will still supposed to be constant. We
consider the ODE

20, f+hf=g9, h=0(1)€Mat(n,n), 0<z<uzg, (A.26)

where, as before, the components of h and 2~ *g are smooth functions on [0, z).
Set

§i=20,f+hf. (A.27)
By construction of f the Taylor expansion of g — g at = 0 is zero,
0g:=9g—g~0, ie. (A.28)
VNeN3IM>o0:|og] <MV V<, (A.29)
where || - || := \/{-,"). Set 0f := f — f, then
20, 0f +hif = dg . (A.30)

We want to show that for a given f we can adjust the initial conditions of f
(equivalently, of the formal solution), such that 0 f is a solution of the ODE and
satisfies ||0f]| < ¢NMzN for all N. We find

20 16fI?| = 2|(0f,20.0f)| = 2| (0f,d9 — hif)|
< 2/(0f.89) |+ 21 (6, hof)| < (1 + 2RI SN + llogll -

Setting 1 := || f||?, we thus have

2|
2|

29, < (1+2]hl)y + (1]
+1 M +1
— :I:aac(X ¢) < z X )

where

o1+ 2||h
X = exp (/ 7+ 1] dy) .
z y

The function y satisfies the inequality (with hg = h(0))

o Zo —
X < exp (/ w dy) - exp (2/ M dy) =z Pz, (A.31)
Y x Y

=:x=0(1)

where
pi= 142 holl = 1,

and x > 0 is a smooth function bounded away from zero in [0, zg),

o< e (A.32)

—  +0,(xT) < c|og)Pay et < NN (A.33)
The inequality with the minus sign yields
o
(@) < 0@ + [Ny <
x
A.31 A.32) 4
(4.3D) Ll 32)+ P <ex<ca ™t
— [6f] < ca"/?. (A.34)
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We conclude that
12026 + hod fI| = |89 — (h — ho)df|| < ca™#/>+1. (A.35)
This leads us to the study of the ODE
20:f +hof = § (A.36)

with source § fulfilling ||g|| < ¢z'~#/2. The general solution to this equation is

Zo

fx) = a7oxg0 fao) — m’h(’/ Y"1 g(y)dy . (A.37)

x

Here 1 denotes the n-dimensional identity matrix. When writing 2" for a
matrix hy we mean exp(hologz). In the following we will distinguish two cases,
depending on whether hy can be diagonalized or not.

1st case: We assume that hg can be diagonalized. Clearly this case includes
the 1-dim. case. In fact, let us focus for the time being on that case and return
to the general case later. Equation (A.37) then implies

x

0]
6f < g g 2y / g0 (16g] + <@yl6fD)dy

x

(A.34) zo
27 e L @) pho / yho—i/2dy

x

Replacing i by a slightly larger number if necessary, we may assume w.l.o.g.
ho — p/2 # —1. Then

0f] < cWgho 4 ((Dg-ho [ y _egho 4 (2 gmn/241

ho—p/2+1 %0
ho — /2 + 1}

x

Suppose that /2 — 1 < hg, then the inequality |0f| < cz~" follows. If p/2 —
1 > hg, we can merely conclude [df| < cx /2t However, this improves the
estimate in (A.34) by a factor z. Repeating the whole procedure k-times until
/2 —1—k < hg we finally end up with the estimate

lzhosf| < ¢ forall z € (0,0),
which is independent of the specific relation between p and hg. Since
|05 (z"06 f)| = 2" 20,0 f + hod f| = 2" |6g — (h — ho)df| < c,

"¢ f can be continued to a continuous function on [0, o). Hence, multiplying
(A.37) (with f = 6f) by ", we observe that 0F := 2" f is continuous even
at x = 0. Performing the limit xqg — 0, we find

SF = O+ / Y"1 (69 — (h — ho)SS) dy
0

—  0,0F

h—h
zho=1l5g — e s f
x

47

243



244 CHAPTER 11. ARXIV:1403.3560 [GR-QC] (2014)

for a suitable constant C'. We read off that the function § F' is in fact continuously
differentiable at = 0. Then, by Taylor’s theorem,

§F = (0,6F)o+O(z) = C + O(x)
— 0f = zMC+O0( M),

Recall that in the polyhomogeneous expansion of f the coefficient f)(\o), with
A = —hg, can be chosen freely. We choose it such that § f = (27?0 f)¢ vanishes,
leading to

5f = aho / Y"1 (69 — O(y)s 1) dy (A.38)
—  [0f] < ca~hotl, (A.39)

Inserting (A.39) into (A.38) improves the estimate in each step by a factor of .
Repeating this as many times as necessary (there is no disturbing term anymore
which is proportional to z="¢ and prohibits the improvement of the estimate),
we eventually end up with the desired result,

lof| < MgN for all N, ie. 6f ~0. (A.40)

When dealing with higher-dim. systems we can proceed in a similar manner
(note that we have derived the formal solution only for A\, € Z). We give
a sketch. Denote by —Aq,...,—\, the eigenvalues of hg and assume w.l.o.g.
A1 < -+ < \,. Equation (A.37) provides the estimate (for g = dg — (h — ho)d f)

Zo

6, < a4 @ / N (16gi] + CPylsfdy . (AAL)

x

Note that the integrand depends on ||df]| and not just on |df;|, because the
higher-order terms in the expansion of h do not need to be diagonal.

Again we assume without restriction p/2+ \; # 1. We conclude from (A.34)
and (A.41) that if u/2—1 < —\; then |§f1| < cz*'. Otherwise |6 f;] < cx~H/2H1
for all 4, and thus ||§f|| < cz=#/2*1. This can be repeated until /2 — 1 —k; <
—A1, which means [0f;| < caz™. By adjusting the initial conditions via the
integration constant ( Al(o)) A, appearing in the expansion of f one achieves that
the A;-th order term in the polyhomogeneous expansion of ¢ f; vanishes. Then
one proceeds in the same way until p/2 — 1 — ko < —A3. To continue this
process the integration constant ( fQ(O)) A, has to be chosen suitably. And so
on. Eventually one obtains ||6f|| < cz**! and a formula analog to (A.38) for
higher dimensions. One then straightforwardly establishes the desired estimate,

6] <c™azN  forall N, ie. &6f~0. (A.42)

2nd case: It remains to deal with the case where hy cannot be diagonalized.
For reasons of simplicity we restrict attention again to the two-dimensional case.
The matrix hy can be brought into Jordan normal form:

ho = <‘OA _1A> . (A.43)
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Note that we have derived the formal solution only for A € Z, which we assume
here, as well. First, we compute "0,

> bt log™
Mo = eholowzzio ;g' x:x*’\ ((1) IO%HC).
m=0

From equation (A.37) we find

5f(x) = 2y <é log(ﬂio/l‘)) 5 (o) —a /:O g1 ((1) 10g(il/x)> 3(y)dy .

(A.44)
The second component of & f, § fo, fulfills the integral equation

Zo

0fa(z) = I'A(E(;A(sfg(l'o) — / y”‘*lgg(y) dy . (A.45)

x

Recall that g; = dg; — [(h—ho)d f];. As before, we may assume w.l.o.g. /2 —1 #
— ), and deduce

02|

IN

o
JUA L D / 1 (18ga] + cPyllofI)dy
< 0(1)1)\ + 0(2)I7”/2+1 (A46)

by using (A.34). Next, we consider the first component of (A.44), which, once
we have an estimate for ¢ fs, supplies one for  fi:

Sfiz) = 2tz [0fi(wo) + log(wo/x)d f2(wo)]
= [y ) + ety ogly/ o)) dy
= —6fa(z)logx —&—x’\xa)‘ [0f1(z0) + log 200 f2(z0)]

o
= [y ) + ) sl dy (A.47)
x
That yields (w.l.o.g. we assume xg < 1)

16£1(2)] < 18 /2() log ] + V> — @ / 16711y logydy . (A48)

x

The estimate (A.34) supplemented by the one for |6 fa], (A.46), implies

Zo

IN

0A@)] < |8faloga] +cVa + [} [y (D 4 (D logy)]

x

IN

WP logz| 4+ D=1/ log x| .

If /2 -1 < —X\ we are immediately led to [0f2(z)] < ca? and [df1(z)| <
cz*|log x|, whence |6 f|| < cax*|logz|.

If the reverse inequality holds, we find |8 f2(z)| < cz=#/>1 and |6f1(z)| <
cax™*?t1 logz|. Combined, that gives ||6f(z)| < caz=#/?*1|logz|. Repeating
this procedure k-times as long as p1/2—k > 1— X the estimates for § f; improve in
each round by a factor of x, accompanied possibly by the appearance of higher
order powers of logx,

[0 fa(z)] < cx*"/ﬂk\ log:r|k*1 . lofi(2)] < cx*”/2+k|log:ﬂ|k ,
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with k a positive integer. Anyway, the log terms do not cause any troubles here,
because as soon as k > 11/2 4+ A — 1 becomes true, the inequalities

62 ezt [6fi] < catllogz| = [6f(2)] < catllogz|  (A.49)

replace the estimates with p. This is owing to the fact that a term of the form
x4, ¢ > 0, kills any log term, z7log™ x — 0 if z — 0.

We proceed in a similar way as above to show that one can improve the
estimates by adjusting the integration constants contained in f . Recall that

Zo

5Fy(x) = 238 fa(x) = 236 (o) — / s 0y, (AS0)

x

From the preceding considerations we conclude that the integrand is O(logy).
Thus we can perform the limit 2 — 0. The function 6 F» is continuous on [0, z¢)
and we rewrite it as

0Fy(z) = C’—l—/ v 1Ga(y)dy = C + O(x|logx]) . (A.51)
0
By choosing the value of ( fz(o)) A appropriately (this coefficient was free to choose
in our analysis above) one achieves that C' vanishes,
16f2| < ca*logz] . (A.52)

Combined with [0f1| < ex?|logz|, this inequality can be used to improve the
estimate for [0 f1|: Starting from (A.48) one establishes

ofl<er A sp) < e (A.53)

It follows from (A.47) that there exists a constant C' with
lim =20 fi(z) = C , (A.54)
z—0

so one can perform the limit xg — 0,

rf@) = C—a () loga + /0 "y [G1(y) + Ga(y) log y] dy (A55)

= C+0O(x|logzl) .
We choose the (yet unspecified) value ( fl(o)) » in the expansion of f; such that

C vanishes. Then
[6f1] < c:v)‘+1|logx| , (A.56)

and (A.51) yields
6fa] < ca™tt, (A.57)

i.e. we have improved (A.49) by a factor of z.
If we continue this process, an analysis of (cf. (A.45) and (A.47)),

(5f2(1’)

xT
:vA/ Yy tga(y) dy
0

Sfix) = —8fa(e)loge + /0 y™>1 [G1(4) + Ga(y) logy] dy
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reveals that the estimates improve in each step by a factor of x, and, since the
log term in 0 f1 does not matter in the end, we arrive at

0f;] <c™MaN forall N <= [|0f]| <Mz forall N.  (A.58)
Summarizing, we have proved:

THEOREM A.1 Consider the linear ODE
20, f+hf=g on (0,20),

where 2= ¢g = O(1), £ € Z, and h = O(1) are assumed to be smooth maps on
[0,20), and where fand g have values in R or R?, with h having values in the
space of corresponding linear maps. Let f be a solution of the ODE specified by
boundary conditions, that is by a choice of the expansion coefficients f,\ in the
scalar case, and (fi)x, or (fi), respectively, in the 2-dimensional case. Denote
by Grormar and hformar the Taylor expansions of g and h, respectively, at x = 0.
Then there exists a formal solution frormar of

xazf + hformalf = Gformal »

such that frormar is the polyhomogeneous expansion off at x =0,

f ~ fformal .

We have further indicated that the theorem remains true in arbitrary dimensions
if hg is a diagonal matrix with integer entries.

B Relation between x = 0- and « = |o|*-gauge

The metric gauge turned out to be very convenient to construct data for the CFE
which are smooth at .#*: Global existence and positivity of ¢ and 1° are
implicitly contained in the gauge condition, while the no-logs-condition reduces
to a simple algebraic condition on the expansion coefficients of ~.

Using an affine parameterization, i.e. a k = 0-gauge, we have to assume that
the initial data [y] are chosen in such a way that the function ¢ is positive on
& and that ¢_; is positive on S2. These assumptions do impose geometric
restrictions on 7 in that they exclude data producing conjugate points or even
space-time singularities on the initial surface. On the other hand, the gauge
choice k = g\a|2, on a light-cone say, implies that the Raychaudhuri equation
admits a global solution with all the required properties without any additional
assumptions. To resolve this “paradox” it is useful to understand in which way
ak= %|0\2-gauge is related to other choices of the r-coordinate parameterizing
the null rays generating the cone, such as affine parameterizations. A similar
problem arises for 1, and can be resolved in the same way.

If the gauge function x depends on the initial data, the physical/geometrical
interpretation of the parameter r (its deviation from an affine one) w.r.t. which
the v is given, depends on < itself. Due to this “implicit definition” of r, the
choice k = %|o|? conceals geometric restrictions, which we want to discuss now.

We consider initial data ¥ given in a k-gauge on an initial surface .4, which
we assume for definiteness to be a light-cone, and analyze under which conditions
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a transformation to a Kk = %|o|2—gauge is possible, by which we mean that
both solutions differ by a coordinate change only. The relevant coordinate
transformations (7, 2) ~ (r,z') are angle-dependent transformations of the
r-coordinate

r=r( ey, ot =34,

It follows from the transformation behavior of connection coefficients that
. . a ° 6 o\ 2 82
k=T =17, & (Z) 27 (B.1)
L or or) or?

=K

The function |o|? which contains partial derivatives of r (cf. (3.2)) transforms as

O\ .
o) = (5 ) 1P (B.2)
With x = Z|o|? (B.1) becomes
Pr or 1,
W — /iﬁ + 57’ ag =0.

We observe that 7(7, #4) and @(#,44) satisfy the same ODE. Imposing the
boundary conditions 7|;—¢ = 0 and J;r|;—9 = 1, we conclude that

r(f, &%) = @7, 1) . (B.3)

det s,

3 )1/ transforms as a scalar, and
et s

Since gap(r) = gap(r(r)) the function ¢ = (

r = @(r(r, a:A),xA) = o(r, a:A) (B.4)

)

as expected and required by the metric gauge.

To transform from a k-gauge to a kK = %|0|2—gauge one simply identifies ¢
as the new r-coordinate. However, this is only possible when (#,#4) + (r =
¢, x4 = 4) defines a diffeomorphism. Globally this happens if and only if ¢
is a strictly increasing function, which is equivalent to the existence of a global
solution to the Raychaudhuri equation. Another requirement on r should be
that

limr=00 <= limgp=00 <<= ¢_1>0.

=00 T'—00

This derivation clarifies in which way the assumptions on ¢ in say a k =
0-gauge enter: Prescribing smooth data in a k = §|0|2—gauge one implicitly
excludes data violating these assumptions and thereby the existence of conjugate
points up-to-and-including conformal infinity. In this work, though, we are only
interested in those cases where ¢ is strictly increasing with ¢_; > 0, in which
case a transition from a £ = 0- to a kK = %|0|2-gauge is always possible.

Let us take a look at the reversed direction. It follows from (B.1) and the
requirement 0,7|,—o = 1 that

o\ 2 02 o\ —1 a2 o
Tigp— — (90 0 _ (0N 07 O jrsielar
gl = <8r> af«2_(8r> ar2 ar =" =0

which defines a diffeomorphism. Consequently, a transformation from a x =
%|0\2-gauge to a £ = 0-gauge is possible without any restrictions.

We conclude that the metric gauge is a reasonable and convenient gauge
condition whenever the light-cone is supposed to be globally smooth.
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Abstract
We give an elementary proof of positivity of total gravitational energy in space-
times containing complete smooth light-cones.

Keywords: Bondi mass, complete light-cones, positivity of total gravitational

energy
PACS numbers: 04.20.Cv, 04.20.Ex, 04.20.Ha

One of the deepest questions arising in general relativity is that of positivity of total energy.
Years of attempts by many authors have led to an affirmative answer in the milestone papers of
Schoen and Yau [13, 14] and Witten [17]; see also [6, 10, 15]. These proofs use sophisticated
PDE techniques, with positivity resulting from the analysis of solutions of seemingly unrelated
partial differential equations. The aim of this communication is to show that an elementary
direct proof of positivity can be given for a large class of space-times, namely those containing
globally smooth light-cones. As abonus, our proof gives an explicit positive-definite expression
for the mass, equation (31), in terms of physically relevant fields, such as the shear of the light-
cone.

Thus, consider a globally smooth, null-geodesically complete light-cone in an
asymptotically Minkowskian space-time. The formula (47) below for the mass in this context
has been derived by Bondi et al [2, 12], compare [16]. We show how to rewrite this formula
in terms of geometric data on the light-cone, equation (37) below. The constraint equations
induced by Einstein’s field equations on the light-cone are then used to obtain our manifestly
positive mass formula (31) by elementary manipulations.

The initial data on the light-cone comprise a pair (.4, §), where .4 = R3 \ {0} and g
is a smooth field of symmetric two-covariant tensors on .4~ of signature (0, 4, +) such that
8(9,, ) = 0. ! The vertex O of the light-cone Cp := .# U {0} is located at the origin of R3,
and the half-rays issued from the origin correspond to the generators of Cp. For simplicity

! To avoid an ambiguity in notation we write § for what was denoted by g in [4], as g is usually used for the
conformally rescaled metric when discussing .# .

0264-9381/14/102001+09$33.00 © 2014 IOP Publishing Ltd  Printed in the UK 1

251



252 CHAPTER 12. CLASS. QUANTUM GRAV. 31 (2014) 102001 (CO-AUTHORED)

Class. Quantum Grav. 31 (2014) 102001 W FastTrack Communications

we assume throughout that the initial data lead to a smooth space-time metric, cf [5]. The
requirements of regularity at the origin, asymptotic flatness, and global smoothness, lead to
the following restrictions on g.

Letting (r,x*), A € {2, 3}, denote spherical coordinates on R?, and writing s,z dx* dx®
for the unit round metric on S, regularity conditions at the vertex imply that the coordinate »
can be chosen so that for small » we have

§=gup A dx® = 1 (sap + hap) dx* di®, (1)

hap = O(?), dchap = O(r*), d,hap = O(r); (2)

see [4, section 4.5] for a detailed discussion, including properties of higher derivatives; the
latter are assumed implicitly whenever needed below. Here, and elsewhere, an overline denotes
a space-time object restricted to the light-cone.

Existence of a Penrose-type conformal completion implies that the coordinate r can be
chosen so that for large r we have

Bap = 1" (Bap)—2 + (Zap)—1 + Vs 3)

Yap = O(1), dcap = O(1), 3,Yap = O(r2), 4)

O Wap = O(r™), dcdpyas = O(1), (5)

3:0cYap = O(r?), d,0c0pYap = O(r™?), (6)

970cvap = O(r™), 970cpYas = O(r™), ©)
for some smooth tensors (g45)—i = (845)—i(x“),i = 1,2, on 5>,

Equations (3)—(7) are necessary for existence of a smooth .# *, but certainly not sufficient:
our conditions admit initial data sets which might lead to a polyhomogeneous but not smooth
SFTisee[l, 7,8, 11].

We denote by t the divergence, sometimes called expansion, of the light-cone:

7= xa", where x4” := 38°€0,2,c. ®)
Conditions (1)—(7) imply

1=2r '+ ur 24+ 0G73) for large r, ©)]

7 =2r"' + O(r) forsmall r. (10)

In particular 7 is positive in both regions. Now, standard arguments show that if t becomes
negative somewhere, then the light-cone will either fail to be globally smooth, or the space-
time will not be null-geodesically complete. So our requirement of global smoothness of the
light-cone together with completeness of generators imposes the condition?

T > 0. 1n
We further require
det(gyp)—2 > 0, 12)

which excludes conjugate points at the intersection of the light-cone with .#+. Both conditions
will be assumed to hold from now on.
2 The Raychaudhuri equation (13) below with x = 0 implies that t is monotonous non-increasing, which yields (11)

directly in any case after noting that the sign of t is invariant under orientation-preserving changes of parametrization
of the generators.
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The inequality (11) implies that the connection coefficient x, defined through the equation
VB, ar =K ara
and measuring thus how the parameter r differs from an affine-one, can be algebraically
calculated from the Raychaudhuri equation:

2
T
0,T — KT + 5 + |a|2+8nT,,|W =0

= k= %(3,t+%2+|0|2+8717},|/y>. (13)

Here o is the shear of the light-cone:

oa” = xa® — 3784°, (14)
which satisfies

o048 = 0(r) forsmallr, 048 = 0(?) for large r. (15)
Assuming that

T,y = O(—*) forlarger, (16)
we find from (13) and our previous hypotheses

k = O(r) forsmallr, x = O ?) for large r. (17)

For the proof of positivity of the Trautman—-Bondi mass it will be convenient to change r
to a new coordinate so that (g,5)_» in (3) is the unit round sphere metric and that the resulting
k vanishes (i.e. the new coordinate r will be an affine parameter along the generators of the
light-cone). Denoting momentarily the new coordinate by r,, and using the fact that every
metric on S? is conformal to the unit round metric s45, the result is achieved by setting

Fas (1, XY) = @(x“)/reHW‘)df, (18)
0
H(r, X" = —fooK(F,xA)dF, (19)
— 1/4
OW) = (ﬁif—’fj) . (20)

The functions r +> r,(r, x) are strictly increasing with r,(0, x*) = 0. Equation (17) shows
that there exists a constant C such that for all » we have

e C e <o 1

which implies that lim,_, o r,s(7, x) = 400. We conclude that for each x* the function
F > 1y (7, x1) defines a smooth bijection from R to itself. Consequently, smooth inverse
functions rys > 7(ras, X1) exist.

We have normalized the affine parameter 7,5 so that

Fas (1 XY) = OO + (Fag) oo ) + 00, (22)
for large r, which implies

Fas (1, XY) = (ra)o () r + O(r®) for small 7, (23)
where

(Fas)oo () = @(x“)/ooo(ef“”") —1)dr, (24)
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(ras)o(¥) = O () e~ o #FF, (25)
After some obvious redefinitions, for r,s large (3) becomes

Bus = resan + as(Bap)—1 + Vas. (26)

The boundary conditions (4)—(7) remain unchanged when r is replaced by r, there. On the
other hand, (1)—(2) will not be true anymore. However, we note for further use that the
coordinate transformation (18) preserves the behaviour of t and o near the vertex. Indeed,
inserting r = r(r,s) into (3) and using the definitions (8) and (14) one finds that (9)—(10) and
(15) continue to hold with r replaced by 7.

A key role in what follows will be played by the equation [4, equations (10.33) and
(10.36)], 3

@ + 7+ K05 +R—EF +8¥Vaks = S, @7
where |£]? := g'8£4&p. In coordinates adapted to the light-cone as in [4] the space-time
formula for the auxiliary function ¢ is

¢ = (28" Thp + 18w, (28)

and ¢ is in fact the divergence of the family of suitably normalized null generators normal to
the spheres of constant r and transverse to .#". Here V denotes the Levi-Civita connection of
& viewed as a metric on S? (more precisely, an r-dependent family of metrics). The symbol R
denotes the curvature scalar of g. The connection coefficients §4 = —2I'],| 4 are determined
by [4, equation (9.2)]:

20+ D) — V5o, " + J04T + dak = =87 Taly- (29)
Finally,

S = 87T(gABTAB - gle;w)lJV
— 87 (grrT,, + ZgrAY}A + 2g”"Tm)|,/V, (30)

with 7, = T(9,, d,), where 9, is transverse to .4 . The first equality makes it clear that
S does not depend upon the choice of coordinates away from .4". In a coordinate system
where g = ng = 0 we have § = —167¢""T,,| 4 which, with our signature (—, 4+, +, +), is
non-negative for matter fields satisfying the dominant energy condition when both 9, and 9,
are causal future pointing, as will be assumed from now on.

Lettingduy = (/detgyp dx? dx?, we derive below the following surprising formula for the
Trautman—Bondi [2, 12, 16] mass mrp of complete light-cones:

! * l.p 2 [ B2 dF
mrp = — S[EP + S+ (o + 87Ty )e 7 ¥ )dugdr  (31)
16 0 s2 2

The coordinate r here is an affine parameter along the generators normalised so that r = 0 at
the vertex, with (26) holding for large r. Positivity of mrg obviously follows in vacuum. For
matter fields satisfying the dominant energy condition we have S > 0, 7,, > 0 and positivity
again follows.

Note that since mrp decreases when sections of .#  are moved to the future, (31) provides
an a priori bound on the integrals appearing there both on .4 and for all later light-cones,
which is likely to be useful when analysing the global behaviour of solutions of the Einstein
equations.

3 On the right-hand side of the second equality in [4, equation (10.36)] a term tg'! /2 is missing.

4
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To prove (31), we assume (16). We change coordinates via (18), and use now the symbol
r for the coordinate r,s. Thus k = 0, we have (3) with (gap)_> = sap, and further (4)—(7),
(9)-(10) and (15) hold. For r large one immediately obtains

Jdetg,, = r*ydetsup(1 — mor ' + 0(72)). (32)

Let us further assume that, again for large r,

Taly =007, S=007". (33)
It then follows from (29) and our remaining hypotheses that £, satisfies

o= (Ea)ir~ +o(r™!) and 8pgs = O(r), (34)
for some smooth covector field (£4); on S2. An analysis of (27) gives

c(rnxt) ==2r" + M+ o), (35
with a smooth function &,. Regularity at the vertex requires that for small r

=00, (=007, (36)

where r is the original coordinate which makes the initial data manifestly regular at the vertex.
Using the transformation formulae for connection coefficients one checks that this behaviour
is preserved under (23).

We will show shortly that if the light-cone data arise from a space-time with a smooth
conformal completion at null infinity .#™*, and if the light-cone intersects .#* in a smooth
cross-section S, then the Trautman—Bondi mass of S equals

1

mrp = —/ (&2 + ) du, 37
167T 2

where du, = +/detsag dx’dx®. Note that this justifies the use of (37) as the definition of mass
of an initial data set on a light-cone with complete generators, regardless of any space-time
assumptions.

It follows from (9), (32) and (35) that for large r we have

/ ¢dpg = / (=2r+ &+ o)1 — 1™ + 007%)) dpgy
5 52

= —8nr+/ (& +212) dus 4+ o(1). (38)
S2
This allows us to rewrite (37) as
16rmrg = lim ( Cdpg + 87'rr> —/ 7 dits. 39)
r— 00 Sz S2

To establish (31), first note that from (27) with x = 0 and the Gauss—Bonnet theorem we have,

using 0, /detg,; = t/detg,p,

1
a,/ ¢dpg = —8m +/ (EIEI2 + S) dug. (40)
Sz Sz

Integrating in r and using (33)—(36) one obtains

o 1
lim (/ g“d,ug—i-Snr) :f / <—|§|2+S> dugdr.
r—00 Sz 0 SZ 2

Next, let t; := 2/r, §T := t — 7;. It follows from the Raychaudhuri equation with « = 0
that §t satisfies the equation
dét 41

dr 2

8t = —|o|* — 8n T, 4.

5

255



256 CHAPTER 12. CLASS. QUANTUM GRAV. 31 (2014) 102001 (CO-AUTHORED)

Class. Quantum Grav. 31 (2014) 102001 W FastTrack Communications

"Ft—2
U = exp (/ — dr), “1
0 2}’

and using (9)—(10) and (15)—(16) one finds

Letting

st(r) = —r*2\1f1/ (lo|> + 87T, | )W ridr
0

=1r 2+ 0(r72), (42)
where
7, = — lim \1/—1/ (lo)? 4+ 87T, | 4 )Wr?dr < 0. (43)
r—00 0

Inserting this into (39) gives (31) after noting that
dug, e k= d;rzdﬂs- (44)

To continue, suppose that myp vanishes. It then follows from (43) that 7,,| » =0 =0.1In
vacuum this implies [3] that the metric is flat to the future of the light-cone. In fact, for many
matter models the vanishing of 7}, on the light-cone implies the vanishing of 7},, to the future
of the light-cone [3], and the same conclusion can then be obtained.

It remains to establish (37). We decorate with a symbol ‘Bo’ all fields arising in Bondi
coordinates. Consider characteristic data in Bondi coordinates, possibly defined only for large
values of rg,. The space-time metric on .4 = {¥B° = 0} can be written as

g = ghodud, + 2v8°dug,drg, + 2v5°dug,dxy, + 85°. (45)
Under the usual asymptotic conditions on vf" and vg‘" one has (see, e.g., [7, 12])
2M (x4
Beo=—1+ 2M(e5,) +0(r52). (46)
'Bo
and the Bondi mass is then defined as
1
mrmp = — Md/l,s. (47)
47T S2

In Bondi coordinates (28) becomes

614 Bo —Boyrr
o) a®
pBo

0 Bo

which allows us to express (g2°)" in terms of ¢B°, leading eventually to
280 = (gB0)AByBoyBo _ (v(])So)z(gBO)rr
CBO _ zﬁA yBo -
=1+ &0 =2V, +0(r52), (49)
"Bo

where V is the Levi-Civita connection of the metric sspdx*dx8, and (v§°)g is the r-independent
coefficient in an asymptotic expansion of vfo. Comparing with (46), we conclude that
& di. (50)

mrg = ——
167t 52
To finish the calculation we need to relate §2B° to the characteristic data. In Bondi coordinates
we have
2
TBo = —»
Bo
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and the Raychaudhuri equation implies that

Bo |O'BO|2 + 8T,
K% = rgp——.
2
The equation x = T’ = 0 together with the usual transformation law for connection

coefficients gives the equation

3}”]30 B aVBO
ar (_) 0_ - O
2\ 9r T ar

8}’ ,f“ «Bo 2
= "Bo = 1 + 0 re ,
aI’BO ( BO)
where we have used the asymptotic condition lim,_, % = 1. Hence
Bo _ [ _Bo o0 _ (% _Bo
r:/ e I =rBO+/ (e Jrgo © — 1) +0(rg).
0 0

=:—=(rBo)o

To continue, we note that xgo = x* and

Zan (1o, X) = Z45(r(rpo, x), 1),

which implies

2 2
— =P =1y, r= <— + t—i + 0(r3))(1 +0@™?)
Bo r r
2 Tz -3
= -+ _2 + 0(}’ )7
ror
equivalently
TBo =1 — o or' = =-2 1
Bo =7~ 5 + O ) (rBo)o = > 61V}

We are ready now to transform ¢ as given by (28) to the new coordinate system:
§B0 — 2(§B0)AB(FB°):‘3§ + 'L’BO (gBO)rBoan
_ 2(§B°)AB drp, Ox' Ox/ Ff.‘. Irge 0% . or 3”13'0 8rBF,_ij
oxk dxgy oxh Y or dxp 0xh rgo Oxi Ox/
aI"BO 8}’30 3
= ar ; +2WA§I"+ O(I’BO),

where Aj is the Laplace operator of the two-dimensional metric gapdx*dx®. From this one
easily obtains

=0+ n+AD. (52)

Inserting (52) into (50) one obtains (37), which completes the proof.

In fact, the calculations just made show that the integral (37) is invariant under changes
of the coordinate r of the form r — r + ro(x*) + O™ 1).

Let S be a section of .# ™ arising from a smooth light-cone as above, and let S’ be any
section of .# " contained entirely in the past of S. The Trautman—-Bondi mass loss formula
shows that mrg (S") will be larger than or equal to mrg(S) [9, section 8.1]. So, our formula
(31) establishes positivity of mg for all such sections §'.

In many cases the past limit of mrg is the ADM mass, and one expects this to be true
quite generally for asymptotically Minkowskian space-times. Whenever this and (31) hold,
we obtain an elementary proof of non-negativity of the ADM mass.

7
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It is tempting to use a density argument to remove the hypothesis of non-existence of
conjugate point precisely at .#*+ along some generators; such generators will be referred to as
asymptotically singular. For this one could first rewrite (31) as

1 0 1 0 Fr2 4z 00 Fr2 4
mTB=E/ /SZ(§|5|2+s+<|a|2+8nTr,-|mefr zfzd’>r2e—fr P dpgdr (53)
0

where we have used (44). One might then consider an increasing sequence of tensors o; which
converge to o as i — 0o so that |o;|? converges to |0 |> from below, and such that for each i
the associated solution 7; of the Raychaudhuri equation leads to a metric satisfying (12). It is
easy to see that t; is then decreasing to zero along the asymptotically singular generators as i
tends to infinity, monotonically in i, which leads to an infinite integral — fr * @ dr on those
generators. It is however far from clear if and when this divergence leads to a finite volume
integral after integrating over the generators, and we have not been able to conclude along
those lines.

Suppose, finally, that instead of a complete light-cone we have a smooth characteristic
hypersurface .#~ with an interior boundary S, diffeomorphic to $?, and intersecting .#+
transversally in a smooth cross-section S as before. Let » be an affine parameter on the
generators chosen so that Sy = {r = ry} for some ry > 0 and such that (3)—(7) hold. The
calculations above give the following formula for mrg:

1 o0 rt=2 4,
mrp = rh.s. of (53) + F(s;nro + / (; + @ —p)ehe T )d%), (54)
T —r

with the range [0, 0o) replaced by [ry, oo] in the first integral symbol appearing in (53).
(For outgoing null hypersurfaces issued from any sphere of symmetry in the domain of
outer-communications in Schwarzschild, the term multiplying the exponential in (54) and the
right-hand side of (31) vanish, while the remaining terms add to the usual mass parameter m.)

Equation (54) leads to the following interesting inequality for space-times containing
white hole regions. We will say that a surface S is smoothly visible from #7 if the null
hypersurface generated by the family of outgoing null geodesics is smooth in the conformally
rescaled space-time. Assume, then, that S is smoothly visible and weakly past outer trapped:

¢ls = 0. (55)

Smooth visibility implies that T > 0 everywhere, in particular on S. By a translation of the
affine parameter r of the generators of .4~ we can achieve

2
rog = . (56)
supg T

All terms in (54) are non-negative now, leading to the interesting inequality
1

mrp > (57)
supg T
Further, equality implies that S and 7,, vanish along .4, and that we have
2 1
E=0c=0along ¥, ¢(ls=0, tT|lg=—=—. (58)
o mtp
Integrating the Raychaudhuri equation gives
2
T=—, r=r. (59)
r

The equations tgap = 2xap = 0,8ap together with the asymptotic behaviour of the metric
imply

8B = I’Sap, T = 1. (60)
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It follows that the outgoing null hypersurface issued from S can be isometrically embedded
in the Schwarzschild space-time with m = mrg as a null hypersurface emanating from a
spherically symmetric cross-section of the past event horizon.

Time-reversal and our result provide, of course, an inequality between the mass of the past
directed null hypersurface issuing from a weakly future outer trapped surface S and supg ¢ in
black hole space-times.

We finish this communication by noting that formulae such as (54), together with
monotonicity of mass, might be useful in a stability analysis of black hole solutions, by
choosing the boundary to lie on the initial data surface, for then one obtains an a priori
L?-weighted bound on |o'|> and |£|? on all corresponding null hypersurfaces.
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Abstract

We analyze vacuum Killing Initial Data on characteristic Cauchy surfaces. A
general theorem on existence of Killing vectors in the domain of dependence
is proved, and some special cases are analyzed in detail, including the case of
bifurcate Killing horizons.

PACS numbers: 04.20.Cv, 04.20.Ex

1. Introduction

Killing Initial Data (KIDs) are defined as initial data on a Cauchy surface for a spacetime
Killing vector field. Vacuum KIDs on spacelike hypersurfaces are well understood (see
[1, 10] and references therein). In the spacelike case they play a significant role by providing
an obstruction to gluing initial data sets [4, 6].

The question of KIDs on light-cones has been recently raised in [14]. The object of this
note is to analyze this, as well as KIDs on characteristic surfaces intersecting transversally. It
turns out that the situation in the light-cone case is considerably simpler than for the spacelike
Cauchy problem, which explains our title.

For definiteness we assume the Einstein vacuum equations, in dimensions n + 1, n > 3,
possibly with a cosmological constant,

Rpw = )‘-g;w’ reR (11)
Similar results can be proved for Einstein equations with matter fields satisfying well-behaved
evolution equations.
1.1. Light-cone

Consider the (future) light-cone Cy issued from a point O in an (n+ 1)-dimensional spacetime
(A, g), n > 3; by this we mean the subset of .#Z covered by future-directed null geodesics
issued from O. (We expect that our results remain true for n = 2; this requires a more careful
analysis of some of the equations arising, which we have not attempted to carry out.) Let

Content from this work may be used under the terms of the Creative Commons Attribution 3.0
oY licence. Any further distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.
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@) = (0 x) = (° r,x*) be a coordinate system such that x¥ vanishes on Cp. In the
theorem that follows the initial data for the sought-for Killing vector field are provided by
a spacetime vector field Y which is defined on Cy only.! We will need to differentiate ¥ in
directions tangent to Cp, for this we need a covariant derivative operator which involves
only derivatives tangent to the characteristic hypersurfaces. In a coordinate system such
that the hypersurface under consideration is given by the equation x° = 0, for the first
derivatives the usual spacetime covariant derivative V,Y* applies. However, the tensor of
second spacetime covariant derivatives involves the undefined fields VoY*. To avoid this we
set, on the hypersurface {x° = 0},

DY, :=0Y,—T}Y, = VY, (1.2)

DD;Y, :=9D;Y, — T\ DY, —T},DY,
= VY, —TiVY, —T} DY, (1.3)

with an obvious similar formula for D;D ]7”. When the restriction VY, to the hypersurface
{x% = 0} of the x°-derivative is defined we have

DD;Y, = ViV,Y, + T} VY.

Clearly, D,D 170 coincides with V;V;Yy|,0_0, When Y* is the restriction to the hypersurface
{x" = 0} of a Killing vector field Y*, as then V¥, = 0. This is of key importance for our
equations below.

In the adapted null coordinates of [2] we have F(’i = 0 on {x° = 0} (see [2, appendix A]),
so in these coordinates D;D; differs from V;V; only when i, j € {2, ..., n}.

Our main result is:

Theorem 1.1. Let Y be a continuous vector field defined along Co in a vacuum spacetime
(A, g), smooth on Cp \ {O}. There exists a smooth vector field X satisfying the Killing
equations on D (Cp) and coinciding with Y on Co if and only if on Cy it holds that

DY;+D;Y; =0, (1.4)
DD Y = Roi"Y . (1.5)

Furthermore, (1.5) is not needed on the closure of the set on which the divergence T of Co is
non-zero.

While this is not necessary, the analysis of KIDs on light-cones thus can be split into
two cases: the first is concerned with the region sufficiently close to the tip of the cone where
the expansion t has no zeros. Once a spacetime with Killing field has been constructed near
the vertex, the initial value problem for the remaining part of the cone can be reduced to
a characteristic initial value problem with two transversally intersecting null hypersurfaces,
which will be addressed in theorem 1.2. From this point of view the key restriction for
light-cones is (1.4).

The proof of theorem 1.1 can be found in section 2.5. In order to prove it we
will first establish some intermediate results, theorems 2.1 and 2.5 below, which require

' Given a smooth vector field Y* defined in a spacetime neighborhood of a hypersurface {f = 0} we will write
YH = YH| =0, but at this point of the discussion Y* is simply a vector field defined along the surface {f = 0}, it
being irrelevant whether or not Y# arises by restriction of a smooth spacetime vector field. On the other hand, that
last question will become a central issue in the proof of theorem 2.5.

2 We use the following conventions on indices: Greek indices are for spacetime tensors and coordinates, small Latin
letters shall be used for tensors and coordinates on the light-cone or the characteristic surfaces, and capital Latin letters
for tensors or coordinates in the hypersurfaces of spacetime co-dimension two foliating the characteristic surfaces.
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further hypotheses. It is somewhat surprising that these additional conditions turn out to be
automatically satisfied.

Equations (1.4) provide thus necessary-and-sufficient conditions for the existence, to the
nearby future of O, of a Killing vector field. They can be viewed as the light-cone equivalent
of the spacelike KID equations, keeping in mind that (1.5) should be added when Cy contains
open subsets on which t vanishes. As made clear by the definitions, (1.4) and (1.5) involve
only the derivatives of Y in directions tangent to Cp.

We shall see in section 2.6 that some of the equations (1.4) can be integrated to determine
Y in terms of data at O. Once this has been done, we are left with the trace-free part of
D,Y 5 4+ DgY4 = 0 as the ‘reduced KID equations’.

It should be kept in mind that a Killing vector field satisfies an overdetermined system
of second-order ODEs which can be integrated along geodesics starting from O, see (2.56)
below. This provides both X, and its restriction X to Co, in a neighborhood of O, given the
free data X%| and VI®X#!|,. We will see in the course of the proof of theorem 2.1 how such
a scheme ties-in with the statement of the theorem, cf in particular section 2.3.

In section 2.6 we give a more explicit form of the KID equations (1.4) on a cone and
discuss some special cases.

In section 3.3 we show how bifurcate Killing horizons arise from totally geodesic null
surfaces normal to a spacelike submanifold S of co-dimension two, and how isometries of S
propagate to the spacetime.

1.2. Two intersecting null hypersurfaces

Throughout, we employ the symbol (%) to denote the trace-free part of the field (-) with respect
to g = gap dx*dx®. Further, an overbar denotes restriction to the initial surface.

In what follows the coordinates x* are assumed to be constant on the generators of the
null hypersurfaces. The analogue of theorem 1.1 for two intersecting hypersurfaces reads:

Theorem 1.2. Consider two smooth null hypersurfaces Ny = {x! = 0} and N, = {x* = 0}
in an (n + 1)-dimensional vacuum spacetime (M, g), with transverse intersection along a
smooth (n — 1)-dimensional submanifold S. Let Y be a continuous vector field defined on
N1 U N, such that 7| N, and 7| N, are smooth. There exists a smooth vector field X satisfying
the Killing equations on DT (N; U N,) and coinciding with Y on Ny U N, if and only if on N,
it holds that

DY, =0, (1.6)
DY) =0, (1.7
(DuYp)=0, (1.8)
Rin"Y, —DyDY; =0, (1.9)

where D is the analogue on Ny of the derivative operator (1.2) and (1.3), with identical
corresponding conditions on N,, and on S one needs further to assume that

(DY +D2Yy)ls =0, (1.10)
¢'PDsYls = 0, (1.11)
3(g"PDaYp)ls =0, i=1,2, (1.12)

Ro1a"Y,, — DD Y5)ls = 0. (1.13)
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Similarly to theorem 1.1, (1.9) can be replaced by the requirement that g**D,Y 3 = 0 on
regions where the divergence of N, is non-zero. An identical statement applies to N,.

Theorem 1.2 is proved in section 3. As before, (1.6)—(1.13) provide necessary-and-
sufficient conditions for the existence, to the future of S, of a Killing vector field. Hence
they provide the equivalent of the spacelike KID equations in the current setting. Note that in
(1.6)—(1.13) the derivative D coincides with V.

2. The light-cone case

2.1. Adapted null coordinates

We use local coordinates (x° = u,x' = r, x*) adapted to the light-cone as in [2], in the
sense that the cone is given by Cp = {x° = 0} . Further, the coordinate x' parameterizes
the null geodesics emanating to the future from the vertex of the cone, while the x*’s are
local coordinates on the level sets {x” = 0, x' = const} = §"~!, and are constant along the
generators. Then the metric takes the following form on Cp:

gle, = Zoo(dx®)? + 2vp dx” dx' + 2v4 dx® dx? 4 g, At dx®. 2.1)

We stress that we do not assume that this form of the metric is preserved under differentiation
in the x’—direction, i.e. we do not impose any gauge condition off the cone. On Cy the inverse
metric reads

&le, =807 + 280,04 + 20°000, + 370405, (2.2)
with

W= —, g"%= "% ' = ("2 (=g + 2 Pvavs). (2.3)

2.2. A weaker result

We start with a weaker version of theorem 2.5 which, moreover, assumes that the vector field
Y there is the restriction to the light-cone of some smooth vector field Y:

Theorem 2.1. Let Y be a smooth vector field defined in a neighborhood of Co in a vacuum
spacetime (M, g). There exists a smooth vector field X satisfying the Killing equations on
D1 (Cp) and coinciding with Y on Cy if and only if the equations

DY;+D;Y; =0, (2.4)
Ron*Y, —DiDYy =0, (2.5)
Roia"Y,, —D4D1Yy =0, (2.6)
¢ (Roap"Y . — D4DpY) = 0, 2.7)

are satisfied by the restriction Y of Y to Co.

Proof. To prove necessity, let X be a smooth vector field satisfying the Killing equations on
DT (Cp):

VX, + V,X, =0, 2.8)
—_—

=Au
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the tangent components of which give (2.4). It further easily follows from (2.8) that X satisfies
V. ViXo = RypvoX®, 2.9
and (2.5)—(2.7) similarly follow; for (2.7) the equation Ay, = 0 is used.
To prove sufficiency, by contracting (2.9) one finds
00X = —R%,X* (2.10)

(which equals —AX? under (1.1)). So, should a solution X of our problem exist, it will
necessarily satisfy the wave equation (2.10).

Now, it follows from e.g. [7, théoréme 2] that for any smooth vector field Y defined on
M there exists a smooth vector field X on .# solving (2.10) to the future of O, such that,

X' =Y". (2.11)
Here, and elsewhere, overlining denotes restriction to Cp. Further X |p+ (¢, is uniquely defined
by YlC(]'

Applying [ to (2.8) leads to the identity

OA,, =2V, OXy) +4R (1)* V* Xy +2Xo VR (1)* + 2R, VX)), (2.12)
When X* solves (2.10) this can be rewritten as a homogeneous linear wave equation for the
tensor field A,,,,

OA4,, = —2R,*fAuc + 2R, "Avyy — 2%%R,10, (2.13)
if one notes that, under (1.1) the last term —2.¢xR,,, equals —21A,,, (and, in fact, cancels
with the before-last one, though this cancellation is irrelevant for the current discussion). It

follows from uniqueness of solutions of (2.13) that a solution X of (2.10) will satisfy the
Killing equation on DT (Cp) if and only if

Ay =0. (2.14)
But by (2.4) we already have
A;j =0, (2.15)

s0 it remains to show that the equations Ay, = 0 hold. (Annoyingly, these equations involve
the derivatives doX,, which cannot be expressed as local expressions involving only the initial
data X = Y.) The theorem follows now directly from lemma 2.4 below. O

Definition 2.2. It is convenient to introduce, for a given vector field X, the tensor field
SX) =V, V, Xy — R o X (2.16)

nvo
Whenever it is clear from the context which vector field is meant we will suppress its appearance
and simply write S,

Using the algebraic symmetries of the Riemann tensor we find:

Lemma 2.3. It holds that:

(i) 28Sapy = 2V (oAg)y — V, Aug,
(ii) 2848y) = VaApy,
(iii) Siapyy = 0.

Lemma 2.4. Suppose that A;; = 0 and OX = —1X.

(1) (2.5) is equivalent to Ao = 0. .
(2) If (2.5) holds, then (2.6) is equivalent to Apy = 0._
(3) If (2.5) and (2.6) hold, then (2.7) is equivalent to Agy = O.
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Proof. It turns out to be convenient to consider the identity

VFA L = VH(Y,.X, +V,X,) = =R, X" + V*V,X, = V,V'X, = 1Vv,A" .

—
=—Ry, X"

Thus, it holds that

P (2V,Ap, — ViAup) = 0. (2.17)
In adapted null coordinates (2.17) implies

0 =2v"(VoA1, + ViAo, — V,uAor) + 285 (ViAp, + VA1, — V,A1p)

+2" QViAL, = VA + 87 (2VsAC — ViAge). (2.18)
Due to lemma 2.3 we have
VoAij = Vidjo + VA — 2S;j0. (2.19)
When (ij) = (11) that yields
VoA — 2V1Ag = —2S8110. (2.20)

Inserting into (2.18) with u = 1, after some simplifications one obtains

40°V1Ag + 28" VA 1 — 8% (ViApe — 2VEAc)) + 8" ViA) = 40°8)0.
Using the vanishing of the F?l’s [2, appendix A] and the Kij’s, this becomes a linear
homogeneous ODE for Ag;; in the notation of the last reference (where, in particular, t
denotes the divergence of Cp):*

(20, + 7 — 2v°9,19)A01 = 2S110. (2.21)

If Ag; = 0, the vanishing of S};o immediately follows.

To prove the reverse implication, for definiteness we assume here and in what follows
a coordinate system as in [2, section 4.5]. In this coordinate system t behaves as (n — 1)/r
for small r, v satisfies vy = 1 + O(r?), and (2.21) is a Fuchsian ODE with the property that
every solution which is o(r~"~1/2) for small r is identically zero, see appendix A. As Ag; is
bounded, when Sy ;o vanishes we conclude that

Ao = 0. (2.22)

This proves point 1 of the lemma.
Next, (2.18) with 4 = D reads

0 = 20" (VoAip + ViAop — VpAg) + 28" (ViAgp + VsA1p — VpAip)

+8""2ViA1p — VpA) + 2 (2VeAcp — VpApe). (2.23)
Using (2.19) with (i]) = (A1),
VoAia = VAo + ViAoa — 28410, (2.24)

to eliminate VoA 1D from (2.23), and invoking (2.22), on Cy one obtains a system of Fuchsian
radial ODEs for Ap,

(23r +

with zero being the unique solution with the required behavior at r = 0 when Sz = 0:
Ao = 0. (2.26)

This proves point 2 of the lemma.

n—3 0 — P _
1‘[ 4+ 2k —2v 8,\)0 AOB - 20'3 AOC = 2S310, (225)
n

3 Throughout we shall make extensively use of the formulae for the Christoffel symbols in adapted null coordinates
computed in [2, appendix A]. Apart from the vanishing of the 1"?1 ’s the expressions for l"8] s l"}l =k, Ffl‘B and FSB
will be often used.
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Let us finally turn attention to (2.18) with u = 0:
0 =20V Ag + 28" (ViAo + VA1 — VoAis)

+3" 2ViA10 — VoA11) + 2 (2VsAco — VoAsc).- (2.27)
The transverse derivatives VpAj; can be eliminated using (2.20) and (2.24),
20"V, Ago + 48" Sp10 + 28" S110 + 8 (2VAoc — VoAsc) = 0. (2.28)

The remaining one, gABm, fulfils the following equation on Cy, which follows from (2.19),
P VoAus = 28" VaAos — 28" S0 = 28" VaAos — 28 — 11 %A,

where we have set
S 1= g""Sapo — 11V Ag0. (2.29)

Note that Sis the negative of the left-hand side of (2.7), and we want to show that the vanishing
of § is equivalent to that of Agg. Equation (2.28) with A;; = 0 and Ay; = 0 (i.e. Sijo = 0) yields

v0(28, + 7 + 4k — 4v°8,19)Ag) = —28. (2.30)
For § = 0 this is again a Fuchsian radial ODE for Ago, with the only regular solution Ago = 0,
and the lemma is proved. O

2.3. The free data for X

Let us explore the nature of (1.4). Making extensive use of [2, appendix A], and of the notation

there (thus k = T'},, & = —2T'},, while x4® = T®, denotes the null second fundamental
form of Cp), we find
A =209, — )X, (2.31)
Aix = 3, X4 — 254X + (94 + E0)X1, (2.32)
App = 2VuXp) + 2xa8X " — 1 (2V(avp) — dogan)X 1. (2.33)

For definiteness, in the discussion that follows we continue to assume a coordinate system
as in [2, section 4.5], in particular k = 0 and

1

xa® = ;(SAB +0(r), & =0(), (2.34)

=" o, s, <1: _ Ll) =0(), ot =00), (2.35)
r r

ol =0@0), 8.0.8=00), 8cos®=0(0). (2.36)

Under (1.4) the left-hand sides of (2.31)—(2.33) vanish. Hence, we can determine X by
integrating (2.31),

X (r,xX) = c(x), (2.37)

for some function of the angles. _
We continue by integrating (2.32). This is a Fuchsian ODE for X g, the solutions of which
are of the form

Xu = r9uc+ 152 + 00, (2.38)

where & is the covariant derivative operator of the unit round metric s on S"~! where f4(x?)
is an integration function.
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In a neighborhood of O, where 7 does not vanish, the component X! can be algebraically
determined from the equation Ay* = 0, leading to

Xo el A B 00D, (2.39)

n—1 n—1
where A is the Laplace operator of the metric s.

The equation Asp = 0, where A,p denotes the g-trace free part of Anp, imposes the
relations

(D1 Tpe) =0, (2.40)
(Diafs) =0, (2.41)

with (%) denoting here the trace-free part with respect to the metric s.

We wish, now, to relate the values of ¢ and f4 to the values of the vector field X at the
vertex, under the supplementary assumption that X is the restriction to Cy of a differentiable
vector field defined in spacetime. Following [2], we denote by y* normal coordinates centered
at O. Given the coordinates y* the coordinates x* can be obtained by setting

O =r— yO, x = 7, A= /,LA (X) , (2.42)
r

for some functions u#, so that the x* form local coordinates on S"~!, and

ri= {Z@’Y} ) (2.43)

We underline the components of tensor fields in the y*-coordinates, in particular
ax* Iyt ay* ax*
X, = X, Xy=-1X, X'=9Lxr Xx*=I_xr o (44
ay* ox* — - dxt ayr—

For vector fields such that X** is continuous, we obtain
. yi . i yi
X100) =X1(0) =X,(0 X;(0)= =-X"(0 X' (0)=. 2.45
1(0) 1(0) _0()+Ei_()r _()+Ei_()r (2.45)

Thus, for such vector fields, X;(0) is a linear combination of ¢ = 0 and ¢ = 1 spherical
harmonics, and contains the whole information about X*(0). We conclude that

c(*) = —X°(0) + Z)_f"(O));. (2.46)

Equation (2.40) will be satisfied if and only if ¢ is of the form (2.46), which can be seen by
noting that (2.46) provides a family of solutions of (2.40) with the maximal possible dimension.
To determine f; when X* is differentiable at the origin we Taylor expand X there,

X, =X, (0) +)78;X,.(0) + y°3X,. (0) + O(ly[*).
so that

A j 0 2
Xa=753Xi= 77 (Xi(0) +¥9;Xi(0) +y 90X (0) ) + O(), (2.47)
ax ax - —
which determines f4 in terms of 9,,X;(0). Equation (2.41), which is the conformal Killing
vector field equation on §"~!, will be satisfied under the hypotheses of theorem 2.1 if and only

if 9;X;(0) is anti-symmetric.

8
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2.4. A second intermediate result

As a next step toward the proof of theorem 1.1, we drop in theorem 2.1 the assumption of ¥
being the restriction of a smooth spacetime vector field:

Theorem 2.5. Let Y be a vector field defined along Co in a vacuum spacetime (. , g). There
exists a smooth vector field X satisfying the Killing equations on D1 (Cp) and coinciding with
Y on Co if and only if on Cy it holds that

D,Y;+D;Y; =0, (2.48)
Roi"Y, —DD;Yy =0, (2.49)
Roia"Y,, —D4D1Y( =0, (2.50)
¢"? (Roap"Y . — D4DpY,) = 0. 2.51)

Proof of theorem 2.5. We wish to apply theorem 2.1. The crucial step is to construct the
vector field Y needed there. For further reference we note that (2.51) will not be needed for
this construction.

In the argument that follows we shall ignore the distinction between X and Y whenever it
does not matter.

By hypothesis it holds that

Aij=0, (2.52)
Sito = 0. (2.53)
We define an anti-symmetric tensor F,,, via
B Eij = V[i_Yj],
—Fo = Fy = VXy.
Then
Fi=1iviX, - 1IViX| = VX, - 1Ay
= ViX..
Moreover,

2V Fij = ViViX; — Vi VX,
= V,ViX; — V;ViX; + Rij*Xo + Rj1i*X4
= VA, — V;A;; — ViV, X| + V;ViX| — Riji* X,
= ViAij — VjAj; — 2R;j1" X

With (2.52) that gives

ViF; = —Rip°X..

Further,

ViFiy = ViViXo = V;ViX + R1:0°Xoe = Ro1i" X u + R1i0° X

= —Rii"X .

To sum it up, (2.52) and (2.53) imply that the equations
ViX, =Fi, (2.54)
ViF i = R X (2.55)

hold on Cop,
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Let X* = )_(M|0 and Fuv = F,w|0 be the initial data at O needed for solving those
equations. These data can be calculated as follows: (2.40) and (2.41) show that Q?Ac and fy are
conformal Killing fields on the standard sphere ("7, s). It follows from [13, proposition 3.2]
(a detailed exposition can be found in [12, proposition 2.5.1]) that ¢ is a linear combination
of the first two spherical harmonics, so that X" can be read off from ¢ using (2.46). Similarly
(2.47) can be used to read off I:"M from fy.

We conclude that, in coordinates adapted to Cp as in (2.42), under the hypotheses of
theorem 2.5 the desired Killing vector X is a solution of the following problem:

ViX, =Fi,, on Cp;

V]faﬁ =Ry1aﬂ)_(y, on CO;

Xt =X ato; (2.56)
Fo=F,, at O,

OX#* = —AXH, on D" (Cp);

Xt = XH, on Cop.

Note that the first four equations above determine uniquely the initial data X* on Cp
needed to obtain a unique solution of the wave equation for X*.

Now, we claim that there exists a smooth vector field Y# defined near O so that X " is the
restriction of Y* to the light-cone. To see this, let /" be given and define (x* (s), Z" (s), Fop(s))
as the unique solution of the problem

dZx# dx® dx?
- 4 =
ds? “f ds ds
Y e 4 4’ _r,
ds N T T
dFyp u p ydx5
ds - ayKFﬂﬁ - Fﬁy KF;LOK = Rys48Z a, (2.57)
dx* .
¥(0)=0, —(0)=1¢",
ds
F/LV(O) = Fuv’
ZH(0) = X"
For initial values such that x* (1) is defined, set
Y|y = ZH]5=y. (2.58)

It follows from smooth dependence of solutions of ODEs upon initial data that Y* is smooth
in all initial variables, in particular in £%. If the x*’s are normal coordinates centered at O, then
Ms=1)= f“, which implies that (2.58) defines a smooth vector field in a neighborhood of
O. It then easily follows that the restriction of Y* to Cy equals X*, as defined by the first four
equations in (2.56).

The hypotheses of theorem 2.1 are now satisfied, and theorem 2.5 is proved. (]

2.5. Proof of theorem 1.1

To prove theorem 1.1 we will use theorem 2.1, together with some of the ideas of the proof of
theorem 2.5. We need to show that (1.4) together with the Einstein equations imply both the
existence of a smooth extension Y of Y, and that (2.5)—(2.7) hold.

10
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2.5.1. Properties of S,.,,. Recall the definition
S/J,VO' = V;LVUXG - Ra,uvaxaa (259)

and lemma 2.3.
In the context of theorem 1.1, only those components of the tensor field S,g,, which do
not involve dyp-derivatives of X are a priori known. One easily checks:

Lemma 2.6. The components

Siju with (ij) # (AB) (2.60)
ofthe_restriction to Co of Syuvo can be algebraically X, =Y,, Di)_((, = D,YU and DiDj)_((, =
D;D;Y ;.

We wish, next, to calculate V*S,g, and VS, . This requires the knowledge of VoX,,, of
VoVoX,., and even of V(,VyVyX,, in some equations. For this, let X be any extension of X from
the light-cone to a punctured neighborhood &' \ {O} of O, so that the transverse derivatives
appearing in the following equations are defined. X is assumed to be smooth on its domain
of definition, and we emphasize that we do not make any hypotheses on the behavior of the
extension X as the tip O of the light-cone is approached. As will be seen, the transverse
derivatives of X on Cp drop out from those final formulae which are relevant for us.

We will make use several times of

VoR"gys =0,

which is a standard consequence of the second Bianchi identity when the Ricci tensor is
proportional to the metric.

We start with V¥S,,,. Two commutations of derivatives allow us to rewrite the first term
in the divergence of Syg, over the first index as

VeV VX, = V¥ (VgVo X, + R, pX5)
= VgV*'VoX, + R o VoX, + 2R, g VX,
=VgUOX, +R°pV,X, + 2R, sV X,. (2.61)
Hence, since Ryp = Agyp, and using the first Bianchi identity in the second line
VeSapy = Vg OX, +AVeX, +2R, 70V Xy — R 4, V' X
=Vg(OX, +1X,) + R, “gAuc. (2.62)
Similarly,
V¥Sgya = V*(VV, Xy — R graXs)
= VgVeV, X, + R, sVoXy + RV, Xe — R% gy V' X,
=Vg(V, VX, + R° ,X;) + R, gV Xy + R7 gV, Xs — R p,a V' X,
= 1VEV, A% + Mg, . (2.63)
Now, on Cyp and in coordinates adapted to the cone
VeSapy, =12 (VoSigy + ViSosy) + 84 (ViSagy + VaSigy)
+8"'ViSip, + 5 VaSssy. (2.64)
while
VeSs,q =" (VoSgy1 + ViSsy0) + 82 (ViSsys + VeSey1)
+38"'ViSg,1 + 8 VaSg,c. (2.65)
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In order to handle undesirable terms such as VSg, 1 we write
VoVa VX, = Vo VoVeX, + Rg 04 Vo X, + R, 04 VpXo
= Vo (VVoX, + R, 08X5) + Rs% 04 Vo Xy + R, 0o VX5
= Vo (Vg(Ag, — V, Xo) + R, 0pX5)
+ RﬁUOa VUX]/ + Rya()a VﬂXo~ (2 66)

2.5.2. Analysis of condition (2.5).

Lemma 2.7. Assume that A;; = 0 and Ap = 0. Then, in vacuum,

2 _ _
(a, + T ;c) 3, BAup) = 27V°S110. (2.67)
n—

Proof. By lemma 2.3 the vanishing of A;; implies
(i) Sin =0,
(i) 0 = S}14, as well as all permutations thereof.
Consider (2.63) with (8y) = (11). Setting a := g*8A4 5 we find
VeSie = sVIVIALY + A4y = vV ViAg + 38"V 1V iAsp
=1V ViAo + 13, — k)d,a. (2.68)

Due to lemma 2.3 we have

2x*S1ap = x**ViAag = x**(8,Aas — 2xa“Apc)

—— x"?[0,(agap) — 2axas]

—1
1

n—

T0,d.

Using (2.65) with (By) = (11), as well as the last equation, and employing again lemma 2.3
we obtain, on Cop,
VeSi1e = 2 (VoS111 + ViSio) + 82 (ViSiis + VsSin)
+8"'ViSi1 + 8 VsSic
=1(VoS111 + ViSi10) + 85 VsSiic
=1 (VoSi11 + ViS110) — 2x*Sias + tv 8110

="(VoSi11 + ViSi) — — lra,a+w°§”0. (2.69)
Using (2.66) we find
VoSiii = VoViViXi = ViViAg — ViSii0 + Roi“Ay,
= ViVido — ViSio. (2.70)
Equating (2.68) with (2.69), and using the last equation we end up with (2.67). O

Corollary 2.8. In a region where the divergence T does not vanish (in particular, near the
vertex), A;; = 0 implies, in vacuum, Sy1o = 0.

12
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2.5.3. Analysis of condition (2.6).

Lemma 2.9. Assume that A; ;= 0and Si10 = 0. Then, in vacuum, Sq1o = O.

Proof. From (2.66) we obtain
VoSat1 = VoVaViXy = VaViAor — VaSii0 + R1% 04401
This allows us to rewrite (2.65) with (8y) = (A1) on Cp as
VSate = v*(VaViAgr — VaSiio + Ri%0aAs1 + ViSaio)
+8"%(V1Sa1 + VaSan) + 3" ViSan + 8% VaSaic. (2.71)
Combining with (2.63), which reads with (8y) = (Al)
VSata = 5VaViA% + AAia,
we obtain on the initial surface
— VOV Sa10 = v2(VaViAor — VaSii0 + RiZoaA 1) + 22 (ViSaip + VaSair)
+ 8"V Sa11 + 8% VSaic — %VAVIZ(X(X — M. (2.72)

Assuming Zij = 0, lemma 2.3 shows that §,~11 =0= Em = §11,~ = Su1p. This allows us to
rewrite the right-hand side of (2.72) as

rhs = vOVAViAgr — v'VaSi10 + 8 ViSaic + 82 (ViSais + VsSair) — $VaViA%,
= —"VuSi10 + 8% VaSaic — 38%VaVidpe — 3% (VsSan — VaViAip).
Now, using in addition that §;;9 = 0,
VSai1 — VaViAip = 1V4(VsA[| — 2ViAjp)

= — VaSup = —v"xasS110 = 0.

Hence,
rhs = —v°V4S110 + 8 VSaic — 38 VaVidse
= —1"VaS110 + 8% (VSaic — VaSpic)
= —"VuS110 — & (2x15”Saipc —v° xscSia0 + v xacSis0)
N et
=0 by lemma 2.3
= —v"VuS110 + 108140 — V' x4 "S1m0
= 7v"Sa10 + v x4®Sg10,
and thus, again due to Si10 = 0 and lemma 2.3,
@@, + 1 —1°9,19)S410 = 0. (2.73)

But zero is the only solution of this equation which is o(+~~1), and to be able to conclude
that

Sa0=0 (2.74)

we need to check the behavior of S4; at the vertex. For definiteness we assume a coordinate
system as in [2, section 4.5]. Now, by definition,

Sa10 = VaViXo — Rua10X*
= 04(0:X0 — Iy X,) — T, VuXo — T ViX, — RuatoX ™.
From (2.37)—(2.39) we find
X1, 98X, =0(), Xo, 0 Xo, 040:X0 = O(1), (2.75)
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X4, 05X4 = O(r), 3,X4 = O(1). (2.76)
Using the formulae from [2, appendix A] one obtains
Sao = =T VoXo+0¢™") =00,
—

=0
which implies that (2.74) holds, and lemma 2.9 is proved. O

2.5.4. Proof of theorem 1.1. We are ready now to prove our main result.

Proof of theorem 1.1. By assumption, using obvious notation, ij?) = 0. When t does not
vanish corollary 2.8 applies_agd shows that 3% = 0. Otherwise, E% = 0 holds by hypothesis
and lemma 2.9 shows that S/(,‘le) vanishes as well. In the proof of theorem 2.5 we have shown

that Kl(jy) = 0and 3}{0) = 0 suffice to make sure that Y is the restriction to Cy of a smooth
spacetime vector field Y. Then, due to the Cagnac—Dossa theorem [7, théoreme 2], there exists

a smooth vector field X with X = Y which solves [1X = —AX. The assertions of theorem
1.1 follow now from theorem 2.1, whose remaining hypotheses are satisfied by lemma 2.11
below. O

2.5.5. Analysis of condition (2.7). A straightforward application of lemma 2.3 yields
Lemma 2.10. Assume that ZW = 0. Then
(i) S =0,
(it) Si10 = S101 = So11 =0, 3 _
(iii) Sar0 = Sao1 = S140 = Soa1 = S104 = So14 = 0.
Lemma 2.11. Consider a smooth vector field X in a vacuum spacetime (A , g) which satisfies
Ay =00nCpand X + 21X = 0. Then
S =" Sapo — 11v%Ag0 = 2 (D4DpXo — Roas"X ) = 0. 2.77)

Proof. Equation (2.62) yields with A;, = 0, JX + AX = 0 and in vacuum
gBVeS,ap = — ()’ RijAg = —2(v°)* g1 Ago = 0.
—

=0
On the other hand, (2.64) gives with lemma 2.3 and 2.10 on Cp,
7EVSup = v'2*® (VoSiap + ViSoas) + 28" *(ViScap + VeSiap)
+8"8"V1S 145 + 7°8“° VeSpas
=18 (VoS1ag + ViSoan) + 8% VeSpas
=8 (VoS1ag + ViSoas) + v°2*8 (tSoas + 2x4”Sn(0s))
=18 (VoS1ap — ViSaso + ViVaAop)
— %8Sm0 + (V)7 (27 + X ) Aw.
Moreover, from (2.66) and lemma 2.3 we deduce that, on Cop,
7VoS1as = 28V V  VaXp
= 2"V Vados — 8% ViSas0 + " Ro1a"Ap,
=g"*VVaAos — 2*°ViSapo.




275

Class. Quantum Grav. 30 (2013) 235036 P T Chrusciel and T-T Paetz

Hence,
0 = 28"V VaAop — 28" ViSago — 8" Sapo +1°(r% + [x1*) A0
= 2g"*V, ViAo — 20°R11 Ao — 28" Vi Sapo — 185 Sano
+ 7@ + [x1)Aw
— 28"V Sapo — 78" %Sapo + v° 2T V) + 72 — [x|)A00
=7’ (8, + %‘L’ — ZF&)ZOQ — vo(art — KT+ |X|2)Zoo -2 (8,. + %r — F(fo) S.

Using the vacuum constraint [2] 0 = Ag;; = Ry = -8t +«T — |x]?, we obtain
0=-2(0+3r+«— 129,v9) S—10 (3 + 3T+ 2k — 2v°8,19) Ago.
We employ (2.30),
§=-° (8, + %r + 2k — 2v08,v0) Ao,
which holds since all the hypotheses of lemma 2.4 are fulfilled, to end up with
@, 4+ 1 +x —1°9,19)S = 0.

}Segularity at O in coordinates as in [2, section 4.5] gives S = O(r~'), which implies that
S = 0 is the only possibility. O

2.6. Analysis of the KID equations in some special cases

2.6.1. KID equations. Theorem 1.1 shows that a vacuum spacetime emerging as solution
of the characteristic initial value problem with data on a light-cone possesses a Killing field if
and only if the conformal class y4p = [gag] of gap, Which together with k describes the free
data on the light-cone, is such that, in the region where t has no zeros, the KID equations
A, ; = 0 admit a non-trivial solution Y. Written as equations for the vector field Y, they read
(we use the formulae from [2, appendix A])

@, —k +1°9,0)Y° = 0, (2.78)

YN+ (VA — 8,8 + 10 + & + v VHY? = 0, (2.79)

TV + ViV — Tug(¢ + 78" + 28"V, )Y° =0, (2.80)

(6(‘4?3))"-{— UAB?1 — \)()(gllO’AB + FAB)?O = 0, (281)
where o4? denotes the trace-free part of x45, £4 := g*8£p and

¢ = 2g""T), + 18", (2.82)

Ea = —2T},. (2.83)

The analysis of these equations is identical to that of their covariant counterpart, already
discussed in section 2.3. The first three equations, arising from A;; = 0 and gABZAB =0
determine a class of candidate fields (depending on the integration functions c¢(x*) and f, (x?),
with Z4c and fa being conformal Killing fields on (S§"~!, s). Note that it is crucial for the
expansion 7 to be non-vanishing in order for g*¥A,5 = 0 to provide an algebraic equation
for Y'. Regardless of whether 7 has zeros or not, we can determine Y' by integrating radially
(1.5), compare remark 3.2 below.
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2.6.2. Killing vector fields tangent to spheres. Let us consider the special case where the
spacetime admits a Killing field X with the property that X O = X' = 0 on Cp. The KID
equations for the candidate field Y (2.78)—(2.81) then reduce to

Yt =0,
VaYs =0,
which leads us to the following corollary of theorem 1.1.

Corollary 2.12. Consider initial data gap(r, x¢) dx* dx® for the vacuum Einstein equations
(cf, e.g., [5]) on a light-cone Cp. In the resulting vacuum spacetime there exists a Killing field
X withX® = X' = 0 on Cp defined on a neighborhood of the vertex O if and only if the family
of Riemannian manifolds

(8", gap(r, ) dx* dx®)
admits an r-independent Killing field f* = fA(x).

2.6.3. Killing vector fields tangent to the light-cone. Let us now restrict attention to those
Killing fields which are tangent to the cone Cp, i.e. we assume

X =0. (2.84)
We start by noting that in the coordinates of (2.42) we have

X, = wuwy” +0(yP).
for an anti-symmetric matrix w,,. Hence, quite generally,

3x°

X0= gkt =X+ Sx' = o0y + (@) —enp’) + 0y = 00yP). (289)
1 or Y oo 2
X = —X"=wp=y + O0(y). (2.86)
ayH r
Thus (2.84) does not impose any restrictions on w,,,, and we have
X' = wpy' + 0(?). (2.87)
Next, under (2.84) the KID equations (2.78)—(2.81) for the candidate field Y become
9, Y4 =0, (2.88)
Y + VYA =0, (2.89)
(VY5 +oasY' =0, (2.90)
or, equivalently (note that B,ffB = 0sT)
YA = AP, (2.91)
3,.(x¥") + Aot =0, (2.92)
Vafs + xasY' =0, (2.93)

where we have set fy := g4z f%. Equations (2.91)—(2.93) provide thus a relatively simple form
of the necessary-and-sufficient conditions for existence of Killing vectors tangent to Cy.
If we choose a gauge where T = (n — 1)/r (cf e.g. [5]), the last three equations become

YA = AP, (2.94)
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= roo~ 4 r o 4
Y'=— Vaft =— Daf”, (2.95)
n—1 n—1
~ o r o
Vafp) = OAB T 1-@ch- (2.96)

Note that there are no non-trivial Killing vectors tangent to all generators of the cone, Y4 = 0,
as (2.95) gives then Y'! = 0. This should be contrasted with a similar question for intersecting
null hypersurfaces, see section 3.3.

3. Two intersecting null hypersurfaces

3.1. An intermediate result

In analogy with the light-cone case let us first prove an intermediate result.

Theorem 3.1. Consider two smooth null hypersurfaces Ni = {x' = 0} and N, = {x*> = 0}
in an (n + 1)-dimensional vacuum spacetime (# , g), with transverse intersection along a
smooth submanifold S. Let Y be a vector field defined on Ny U Ns. There exists a smooth vector
field X satisfying the Killing equations on D* (N U N») and coinciding with Y on Ny U N, if
and only if on N it holds that

D,Y, =0, 3.1
DY 4 =0, 3.2)
DuYp =0, (3.3)
Rin"Y, —DDY; =0, (3.4)
Rioa"Y, —D4DyY; =0, (3.5)
¢'° (Riap"Y, — DaDpY 1) =0, (3.6)

where D is the analogue on Ny of the derivative operator (1.2)—(1.3); similarly on N,; while
on S one needs further to assume that

(D1Y2 +DoYy)|s = 0. 3.7

Proof. The proof is essentially identical to the proof of theorem 2.1. The candidate field is
constructed as a solution of the wave equation (2.10); the delicate question of regularity of ¥
needed at the vertex in the cone case does not arise. Existence of the solution in J* (N} U N,)
follows from [11].

The main difference is that one cannot invoke regularity at the vertex to deduce the
vanishing of, say on N,, Ay, |y, from the equations which correspond to (2.21), (2.25) and
(2.30). Instead, one needs further to require (3.7) as well as

(Vo4 +Vahh)|[s=0 and WVY5|s=0.

However, the last two conditions follow from (3.1) and (3.2) on N;. [l
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3.2. Proof of theorem 1.2
We prove now our main result for transversally intersecting null hypersurfaces.

Proof of theorem 1.2. We want to show that (1.6)—(1.13) imply that all the remaining
assumptions of theorem 3.1, namely (3.1)—(3.7), are satisfied. The conditions (3.1), (3.2),
(3.4) and (3.7) follow trivially.

Lemma 2.7, adapted to the intersecting null hypersurfaces-setting, tells us that g'2V 4 Yz,
vanishes on Ny U N, due to (1.11) and (1.12). Hence (3.3) is fulfilled.

The analogue of lemma 2.9 for two intersecting null hypersurfaces requires, in addition
to (1.13), the vanishing of

D4D 1Yy ls = 0. (3.8)

Both (1.13) and (3.8) together imply vanishing initial data for the analogue of the ODE (2.73)
in the current setting. Equation (3.8) follows from (1.7), the corresponding equation on N,
and (1.10). Thus (3.5) is fulfilled.

A straigthforward adaptation of lemma 2.11 to the current setting shows that, say on N,
&' BSap — %rglezz vanishes, supposing that it vanishes on S. Using lemma 2.3 (i) we find

(¢"°Sap2 — 378"%An) Is = &' (Vudpp — 5 VaAss) — 5787An
=0,

because of (1.6)—(1.12). Hence also (3.6) is fulfilled. O

Remark 3.2. While 7 has no zeros near the tip of a light-cone, for two transversally intersecting
null hypersurfaces the expansion T may vanish even near the intersection. In that case the trace
of (3.3) on, say, N; will fail to provide an algebraic equation for X2. Also, corollary 2.8 cannot
be applied to deduce the vanishing of S»;, equivalently, the validity of (3.4), in the regions
where t vanishes. Instead one can use the second-order ODE (3.4) to find a candidate for
X2, and then lemma 2.7 guarantees that the trace of the left-hand side of (3.3) vanishes when

&BAupls = 0 = 3, (gBAup)ls.

3.3. Bifurcate horizons

A key notion to the understanding of the geometry of stationary black holes is that of a
bifurcation surface. This is a smooth submanifold S of co-dimension two on which a Killing
vector X vanishes, with S forming a transverse intersection of two smooth null hypersurfaces so
that X is tangent to the generators of each. In our context this would correspond to a KID which
vanishes on S, and is tangent to the null generators of the two characteristic hypersurfaces
emanating normally from S. In coordinates adapted to one of the null hypersurfaces, so that
the hypersurface is given by the equation x! = 0, we have X = X?9,, and X” = g;pX2dx'.
Then (2.84) holds, and therefore also (2.88)—(2.90) (which correspond to (3.2) and (3.3)).
Equations (2.89)—(2.90) show that this is only possible if T = o4 = 0, which implies that
translations along the generators of the light-cone are isometries of the (n — 1)-dimensional
metric g4pdx*dx®. Equivalently, N; and N, have vanishing null second fundamental forms,
which provides a necessary condition for a bifurcate horizon.

Assuming vacuum (as everywhere else in this work), this condition turns out to be
sufficient. Let ¢4 be the torsion one-form of S (see, e.g., [3], or (B.4) below). We can use
theorem 2.1 to prove (compare [8, proposition B.1] in dimension 3 + 1 and [9, end of
section 2] in higher dimensions):

18
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Theorem 3.3. Within the setup of theorem 2.1, suppose that the null second fundamental forms
of the hypersurfaces N,, a = 1, 2, vanish. Then:

(i) There exists a Killing vector field X defined on D™ (Ny U N,) which vanishes on S and is
null on Ny U N;.

(ii) Furthermore, any Killing vector Y = Y49, of the metric induced by g on S extends to a
Killing vector X of g on D™ (N U N,) if and only if the Y-Lie derivative of the torsion
one-form of S is exact.

Remarks 3.4.

(1) Killing vectors as above would exist to the past of S if the past-directed null hypersurfaces
emanating from S also had vanishing second null fundamental forms. However, this does
not need to be the case, a vacuum example is provided by suitable Robinson— Trautman
spacetimes.

(2) Concerning point 2. of the theorem, when the Y-Lie derivative of ¢ is merely closed the
argument of the proof below provides one-parameter families of Killing vectors defined
on domains of dependence D' (&) of simply connected subsets & of S. It would be of
interest to find out whether or not the resulting locally defined Killing vectors can be
patched together to a global one when S is not simply connected.

Proof.

(1) In coordinates adapted to the null hypersurfaces the condition that a Killing vector X is
tangent to the generators is equivalent to

Xs=0, X'lv, =Xy, =0, X*yum =0, 3.9)

= X,.ls =0, X|ly, =Xily, =0, Xulmun, =0. (3.10)

For simplicity we assume that the generators of the two null hypersurfaces are affinely
parameterized, i.e. ky, = kn, = 0. By hypothesis we have

Ty, = Ty, = 0ph = o2 = 0. (3.11)
The KID equations (1.6)—(1.13) for the candidate field Y reduce to

,0,Y| — 2T L7, + ((Th)* = %.TL)¥ |y, =0, (3.12)

00,172 — 253,75 + ((Th)° = ,T%,)Valy, =0, (3.13)

(0Y2+ 3,Y))|s =0, (3.14)

9 (0172 — 3, 1)|s = 0. (3.15)

Since ?u|S = 0 we need norl-trivial initial data 8,Y|s and 8,Y>|s for the ODEs (3.12)
and (3.13) for 9,Y 1 |n, and 0,Y3|w,, respectively.
Using the formulae in [2, appendix A], (3.12)—(3.15) can be rewritten as

hHY?|y, =0, (3.16)
30,7 |y, =0, 3.17)
(Y + 3,Y?)|s =0, (3.18)
@Y — 3Y?)|s=0. (3.19)

19
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Hence there remains the freedom to prescribe a constant ¢ # 0 for %(8171 — 3,Y%)]s.
(The constant c reflects the freedom of scaling the Killing vector field by a constant, and
is related to the surface gravity of the horizon; we will return to this shortly.) By (3.18)
one needs to choose 8;Y'|s = ¢ and 8,Y?|s = —c. Together with Y'|g = Y?|g = O the
functions Y2|y, and Y|, are then determined by (3.16) and (3.17), and existence of the
desired Killing vector follows from theorem 2.1.

(2) By assumption we have, using obvious notation,

Xy =x2=0 <= dgasly, = digasly, = 0. (3.20)

Now, the flow of a spacetime Killing vector field which is tangent to S preserves S. This implies
that the bundle of null vectors normal to S is invariant under the flow. Equivalently, the image
by the flow of a null geodesic normal to S will be a one-parameter family of null geodesics
normal to S. This is possible only if the Killing vector field is tangent to both Ny and N,. It thus
suffices to consider candidate Killing vector fields Y which satisfy, in our adapted coordinates,

V' =7 n =0 <= Yaly, =7Yily, =0. (3.2

To continue, we need a simple form of the KID equations (1.6)—(1.13), assuming (3.20)
and (3.21), and supposing again that the generators of the two null hypersurfaces are affinely
parameterized, i.e. ky, = ky, = 0. Using the notation Y =Y A|594 we find:

RY4 N, =0, Y|y, =0, (3.22)
(VY5 Ivuw, =0, (3.23)
39Y% |y, =0, 30,Y'|y, =0, (3.24)
@Y + 0,7 + g% Zg12)ls =0, (3.25)
VaY4s =0, (3.26)
[04(01Y" = 9,7%) + 2.%5841ls = 0. (3.27)
(The fields g, |s and
ta= 3Tl —T3)ls (3.28)

are part of the free initial data on S [11]; compare [5].) The first-order equations above are
straightforward; some details of the derivation of the remaining equations above will be given
shortly. Before passing to that, we observe that (3.22)—(3.23) and (3.26), together with (3.20),
are equivalent to the requirement that Y |s is a Killing vector field of (S, gapls), and that
YA = Y4 on Ny UN,, ie. that Y2 is independent of the coordinates x' and x*>. Supposing
further that %} ¢4 is exact, the remaining equations (3.24), (3.25) and (3.27) can be used to
determine Y! and Y2 on N; U Ns. (As such, on each connected component of S the difference
(3, Y"' — 3,Y?)|g is determined up to an additive constant by (3.27), which reflects the freedom
of adding a Killing vector field which vanishes on S and is tangent to the null geodesics
generating both initial surfaces.) The existence of a Killing vector field X on the spacetime
which coincides with ¥ on S follows now from theorem 1.2.

In appendix B it is shown that the KID equations (3.22)—(3.27) are invariant under affine
reparameterizations of generators. We also show there that the freedom to choose an affine
parameter on N; and N, can be employed to prescribe g;» on S, and also to add arbitrary
gradients to ¢. In particular exactness of ¢, and thereby solvability of the KID equations, is
independent of the gauge, as one should expect.

20
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Let us pass to some details of the derivation of the second-order equations above. The
calculation uses extensively

—_TH _T4
0=T%Im = Ihaln

similarly on N,. First, let us compute R4 ~, and Ry, A N,» as needed to evaluate (1.9). Making
use of [2, appendix A], we find

NIy, = g0:00812 + §'792(1828 — p812)
= g hdgin + 02(812¢"764") + £ Ddag15,
Chly, = %glngB zlgvl + &*80815 + g1 0812,
and thus
Ry = (02 + 8202812)T, — 01T, = 1128 P08},

where, using the notation in [5],52" = —2F§A|Nl and§,” = —2F%A|N2.Now for)(lf‘\i‘g = X/ivé =0
the vacuum characteristic constraint equations [2] imply 9,& f]‘v '=0and 0, évz = 0, hence

A A
Ri2% v, = Roi” v, = 0.

Further simple calculations lead to (3.24).
Next, on S, we consider the KID equation

0=VaViY' — Ruat'Y* = VuVi Y + R 5 Y5, (3.29)
Again on S it holds that
ViY" 9, = 0,Y'9 + T, Y"9,,
Vv Y'det = 0,7 dx' + T, Y dx*,
VAVIY! = 04 (0, 7" + T [pY") + T, ViV — T}V, 7'
= 0401Y" + 50" 4 (9T 5 + T4, Iy — T4 T)p) Y2

=035}, —R" 1
Inserting into (3.29) gives the following equation on S, in coordinates adapted to N;:
0=VAVi¥ —Ru'¥" = 947" + T ,0,75 + 051", V2. (3.30)
The analogous formula in coordinates adapted to N; reads
0= VaVol? — Ruap’ V" = 840,Y> + T3504Y 2 + 8513, Y7, (3.31)
Subtracting we obtain (3.27).

From the discussion so far it should be clear that the conditions are necessary. This
concludes the proof. 0

As an example, suppose that Yisa Killing vector on S and that the torsion one-form is
invariant under the flow of Y. It follows from the equations above that we can reparameterize
the initial data surfaces so that g;» = 1 on S, with the torsion remaining invariant in the new
gauge. Then Y' = Y2 = 0 and Y# = ¥4 provides a solution of the KID equations on N; U N;.

It is of interest to relate the constant c, arising in the paragraph following (3.19), to the
surface gravity (which we denote by « ,» here); this will also prove in which sense the seemingly
coordinate-dependent derivatives 9;X I = —8,X?|s are in fact geometric invariants. In the
process we recover the well-known fact, that surface gravity is constant on bifurcate horizons.
We have

G = =5 (VXY (VX)) Inuw, = —(ViX D) (V2X?) [y, - (3.32)

21
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On, say, N; we have due to (3.9) and (3.16)—(3.19)
VaX2y, = 8X? = —c, (3.33)
while Vi X!|y, can be computed from (2.10),
OX'ly, = —R'eX* = —g"RpX’ =0 = »ViX'ly, =0 < ViX'ly, =¢,
where we used (3.9), the vanishing of x4z, and V,X!|s = c. Hence
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Appendix A. Fuchsian ODEs

Since it appears difficult to find an adequate reference, we describe here the main property of
first-order Fuchsian ODEs used in our work.

Consider a first order system of equations for a set of fields ¢ = (¢H,I=1,...,N,of
the form

ro,p = A(r)¢ + F(r, ¢), (A.1)
for some smooth map F = (F') with F(0,0) = 0, 9sF (r,0) = 0, where A(r) is a
smooth map with values in N x N matrices. For our purposes it is sufficient to consider the
case where

A(0) = Ald,

where Id is the N x N identity matrix. It holds that the only solution of (A.1) such that
lim,_.o 7 *¢(r) = 0is ¢(r) = 0 for all r.

Appendix B. Gauge-dependence of the torsion one-form

In this appendix we consider the question of gauge-independence in point (ii) of theorem
3.3. Indeed, even within the gauge conditions imposed so far, that x' and x?> are affine
parameters on the relevant characteristic surfaces, there is some gauge freedom left concerning
the gravitational initial data. The point is that we can rescale the affine parameters x> on N,
and x! on N,
P B =e /T2y i = e /0 (B.1)
with some functions f* defined on S. Under (B.1), the metric on N; becomes
gly, = g1 (dx')? + 2812 + gia d') dx' + Zap o d”
= g0 (@) +2(e7 g2 dF + @ia + P/ Broa M) d)el d¥!
= 2 () +2(eV ™ Vg 4P + ¢/ (@ia + 120 fT) det) dX'

Elz =814

+ gap dx* dx”, (B.2)
with a similar formula on N,. This leads to
guls = e gpls, (B.3)
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as well as, using [5, equation (2.12)],

v 1 (0814 082
=28 (aﬂ ox ) |

2
_Lurerm g2 (ef“’ A/ (A +xgndaf) BézA)
2

- ax2 9x1

N

1
=+ 5(3AfJr =4S )ls. (B.4)
Letting ¥* = x*, in the new coordinates the Killing vector becomes
0x¥
axH
de x! d(e " x? 3xA
— Yuwaj, + yuuaﬁ Ty,
ox* axH axH
= (Y —FY 0 ) + (e Y2 — RYAu e + YA9u.  (B.S)
Invariance of (3.22)—(3.24) and (3.26) is clear. One can further check invariance of (3.25)
(recall that Y = Y49,s):
@' + 02V + §2Z81) s
= @u (e Y = HY0f) + 0V + e VgL (T g1))s
= @Y + RV =Y 0T+ )+ V0T + ) + 82 Len)ls

Y=Y"0u =YY"

dp

= @Y+ Y + g% Zg)ls. (B.6)
As such, on S the first two-terms in (3.27) transform as
9 (3p Y — 9pY?) = ny (0aY! — 92Y?)
A0y X2 = oA 1 \0x1 X2
= (Y — HY? + VB — ). (B.7)
Equation (B.4) can be rewritten as
{=¢43d(fM =) (B.8)

Thus
22, = L0 +d(ft — ) =2%¢ +d( L (fF — ),

which shows that the one-form

d@Y' —Y?) +2.%¢ (B.9)

is invariant under changes of the affine parameters, as desired.
We end this paper by deriving the behavior of {4 = 1(T'}, — T'3,)|s under arbitrary

coordinate transformations which preserve the adapted null coordinates conditions,

= e /T P =l 052 =X (B.10)
We set

[y = foa =0, =0,x4".
Then

g g oxt axt 98X ax*\ ax”  ax! 9% x> 3%x°
(F%A—F%A)B:Fa — |t
PP\ 9xe 9xl 9x@ 9x2 ) 9xA  0x° OxX19xA  9x° 9x29xA

, ox! ax! axf , a2 ax?ox® Xt %! a2 972

T IB gl gyt gxA 2Box2 952 9xA | 9x! 9X19xA  9x2 9x20x4
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1 2 1 2
+ OX — OX +  0X — _ 0Xx
=Tje —— —T3elh e liy—— —eogy—
14 X! A X2 ox! 0x2

=T, — T3+ 0a(fy = fo)
i.e. (B.8) holds under coordinate transformations of the form (B.10).

If we assume S to be compact, there is a natural way to fix the gauge: according to the
Hodge decomposition theorem ¢ can be uniquely written as the sum of an exact one-form, a
dual exact one-form and a harmonic one-form. The considerations above show that the first
term has a pure gauge character and can be transformed away, while the remaining part has an
intrinsic meaning. In particular, if ¢ is exact, the remaining gauge freedom can be employed
to transform it to zero.
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Abstract

As complement to Chrusciel and Paetz (2013 Class. Quantum Grav. 30 235036)
we analyse Killing Initial Data (KID) on characteristic Cauchy surfaces in
conformally rescaled vacuum space-times satisfying Friedrich’s conformal field
equations. As an application, we derive and discuss the KID equations on a
light-cone with vertex at past timelike infinity.

Keywords: characteristic initial value problem, Killing initial data, light-cone
with vertex at past timelike infinity, conformal field equations
PACS numbers: 04.20.Ex, 04.20.Ha

1. Introduction

Gaining a better insight into properties and peculiarities of space-times which represent
(physically meaningful) solutions to Einstein’s field equations belongs to the core of the
analysis of general relativity. One question of interest concerns the existence of space-times
which possess certain symmetry groups, mathematically expressed via a Lie algebra of Killing
vector fields on that space-time. A fundamental issue in this context is to systematically
construct such space-times in terms of an initial value problem. By that it is meant to supplement
the usual constraint equations, which need to be satisfied by a suitably specified set of initial
data, by some further equations which make sure that the emerging space-time contains one or
several Killing vector fields. In vacuum, such Killing Initial Data (KIDs) are well-understood
in the spacelike case as well as in the characteristic case, cf [1, 3, 10] and references therein.
In this article we would like to complement the analysis of the characteristic case given in [3]
to space-times satisfying Friedrich’s conformal field equations, and in particular to analyse
the case where the initial surface is a light-cone with vertex at past timelike infinity.

In a first step, section 3, we translate the Killing equation into the unphysical, conformally
rescaled space-time. The so-obtained ‘unphysical Killing equations’ constitute the main focus
of our subsequent analysis. Assuming the validity of the conformal field equations, recalled in
section 2, we will derive necessary-and-sufficient conditions on a characteristic initial surface

0264-9381/14/085007+29$33.00 © 2014 IOP Publishing Ltd  Printed in the UK 1
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which guarantee the existence of a vector field satisfying the unphysical Killing equations,
cf theorem 3.4.! In section 4 we then restrict attention to four space-time dimensions (it will
be indicated that the higher dimensional case is more intricate). As in [3] we shall see that
many of the hypotheses appearing in theorem 3.4 are automatically satisfied. The remaining
‘KID equations’ are collected in theorem 4.4 (cf proposition 4.9) for a light-cone, and in
theorem 4.13 for two characteristic hypersurfaces intersecting transversally.

In section 5 we then apply theorem 4.4 to the ‘special cone’ C;- whose vertex is located at
past timelike infinity (assuming the cosmological constant to be zero). As for ‘ordinary cones’
treated in [3] it turns out that some of the KID equations determine a class of candidate fields
on the initial surface while the remaining ‘reduced KID equations’ provide restrictions on the
initial data to make sure that one of these candidate fields does indeed extend to a space-time
vector field satisfying the unphysical Killing equations. However, contrary to the ‘ordinary
case’, and this explains our title, on C;- the candidate fields can be explicitly computed, and,
besides, the reduced KID equations can be given in terms of explicitly known quantities. The
main result for the C;--cone is the contents of theorem 5.1.

Finally, in appendix A we recall a result on Fuchsian ODEs which will be of importance in
the main part, in appendix B we review conformal Killing vector fields on the round 2-sphere.

2. Setting

Our analysis will be carried out in the so-called unphysical space-time (., g, ®), related
to the physical space-time (., g), g being a solution to Einstein’s field equations, via a
conformal rescaling,

~ ¢ 2 R ;
g—>g:=0%g M —> H, ®|¢(//1)>0.

The part of 8¢(/~/ ) on which the conformal factor ® vanishes represents ‘infinity’ in the
physical space-time.

In (#, g, ®) Einstein’s vacuum field equations with cosmological constant A are replaced
by Friedrich’s conformal field equations (cf e.g. [7]), which read in d > 4 space-time
dimensions

V,duwe” =0, 2.1
VLo — Vil =074V, 04d,,,", (2.2)
V,V,0 = —0OL,, + sg,v, 2.3)
V,s=—L,, V"0, 2.4
(d —1)(20s — V,0V"0) = A, (2.5)
Ryo*18] = O/ dyue™ + 2(go1ul)® — 814" Lujo), (2.6)

with g,,, ©, s, L, and d,,,,” regarded as unknowns. The trace of (2.3) can be read as the

definition of the function s,
! &'V, Vv, 0 + ! RO 2.7
§i= - v ———RO. .
d ’ 2d(d — 1)

! This issue has already been analysed in [8]. However, it is claimed there that regularity of the principal part of
a wave equation suffices to guarantee uniqueness of solutions, and counter-examples of this assertion can be easily
constructed. For instance, let © be the unique solution of the wave-equation [J, ® = 1 which vanishes on the initial
surface which we assume to be a light-cone Cp, i.e. ®|c, = 0. Then O|;+ ) > 0, at least sufficiently close to O.
Consider the non-regular wave-equation [, f — % = 0. For given initial data f|c, = 0 there exist at least three
solutions: f =0, +0.



Class. Quantum Grav. 31 (2014) 085007 T-T Paetz

The tensor field L, is the Schouten tensor
1 1

Lyi=—R,y———— Rg.. 2.8
T T S~ ) —2) o (2.8)

while
du,uap = ®3idc;wap (29)

is a rescaling of the conformal Weyl tensor C,,,,,”.

The conformal field equations are equivalent to the vacuum Einstein equations where ©®
is positive, but remain regular even where ® vanishes. The Ricci scalar R turns out to be a
conformal gauge source function which reflects the freedom to choose the conformal factor
®. It can be prescribed arbitrarily.

In (2.1)—~(2.6) the fields s, L,,, and d,,,,” are treated as independent of g,,, and ®. However,
once a solution has been constructed they are related to them via (2.7)—(2.9). When talking
about a solution of the conformal field equations we therefore just need to specify the pair
(8uvs ©).

The conformal field equations imply a wave equation for the Schouten tensor, which will
be of importance later on: One starts by taking the divergence of (2.2). Using then (2.1),
(2.3), (2.6) and the tracelessness of the rescaled Weyl tensor one finds (cf [11] where the
four-dimensional case is treated in detail)

1 1
O,L., = —2R,*,PL, L+ ———V,V,R+ ——RL,,
81 123 /3+gﬂ||+2(d_1)ﬂ +d_1 "
+ (d — H[L,"Lie + @V, 0V;0d,° "],
with |L|? := L,"L,*. Supposing that ® has no zeros, or that we are in the four-dimensional
case, we can use (2.2) to rewrite this as

1 1
- V,V,R+ ——RL,,
2d—1) " tao e

+ (d = H[L, Ly +207'V*OV L, - (2.10)

OeLyw = —2R,* P Lop + g |LI* +

3. KID equations in the unphysical space-time

3.1. The Killing equation in terms of a conformally rescaled metric

Lemma 3.1. A vector field X is a Killing vector field in the physical space-time (A, 9 if
and only if its push-forward X := ¢.X is a conformal Killing vector field in the unphysical
space-time (M , g, ©) and satisfies there the equation XV, © = é@VKX’(.

Proof. By definition X is a Killing field if and only if (set X,, := g, X" and X,, := g,,,X")
VX =0
— VL. (07X,)) =0
= V,(07%X,)) + 207X, V,) log ® = g,,0 72X, V* log ®
— VX)) = 2,,07'X, VO
1 1
= VX, = EVKX" g & XV,0 = E@VKX“ (3.1)
(note that ®|¢(/2) > 0). O
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Remark 3.2. The conditions (3.1), which replace the Killing equation in the unphysical space-
time, make sense also where ® is vanishing, supposing that g can be smoothly extended across
{® = 0} (note that the conformal Killing equation induces a linear symmetric hyperbolic
system of propagation equations for ¢, X which then implies that ¢, X is smoothly extendable
across the conformal boundary [6]).

Remark 3.3. We will refer to (3.1) as the unphysical Killing equations.

The main object of this work is to extract necessary-and-sufficient conditions on a
characteristic initial surface which ensure the existence of some vector field X which fulfils
the unphysical Killing equations, so that its pull-back is a Killing vector field of the physical
space-time.

3.2. Necessary conditions for the existence of Killing vector fields

Let us first derive some implications of the unphysical Killing equations (3.1) under the
hypothesis that the conformal field equations (2.1)—(2.6) are satisfied.

From the conformal Killing equation we first derive a system of wave equations for X and
for the function

1
Y = EVKXK (3.2)
(set g := gV, V,):
OX, +R."X, + (d —2)V,Y =0, (3.3)
0.y + ! lX”V R+RY)=0 (3.4)
£ ooa—-1\2" " o '

With (3.1) and (2.7) we find
0=0,X"V,6 - 0Y)
= 0,X"V,0 4+ X"V,00,0 + X*R,"V,0 + 2V, X, V*V'©
~Y0,0 — ©0,Y — 2V, 0V"Y
=dX"V,s+sY —V,0VHY). (3.5)
We set
Auv = ZV(MXU) — 2Yg/w- (36)
Using the second Bianchi identity, (2.8), (3.3) and (3.4) we obtain
A =2V, 0eX0) + 2R (VX)) — 2RN°‘,,5AW; — 4R, Y
+ 2X“V Ry — 2X“V, R, — 20,V g,
= 2R, Ay — 2R, PAup — 2(d — 2) (L Ly + VYY), (3.7

(Recall that
ZxLyy =XV Ly, + 2L, Vi)X*.)
Hence the conformal Killing equation for X, which is A, = 0, implies

By = ZLyy + V,V,Y =0. (3.8)
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3.3. KID equations on a characteristic initial surface

3.3.1. First main result. We are now in a position to formulate our first main result. Here and
in the following we use an overbar to denote restriction to the initial surface.

Theorem 3.4. Assume we have been given, in dimension d > 4, an‘unphysical’ space-time
(A, g, ®), with (g, ®) a smooth solution of the conformal field equations (2.1)—(2.6). Assume
further that © is bounded away from zero if d > 5. Consider some characteristic initial
surface N C M (for definiteness we think of a light-cone or two transversally intersecting
null hypersurfaces). Then there exists a vector field X satisfying the unphysical Killing
equations (3.1) on DT (N) (i.e. representing a Killing field of the physical space-time) if
and only if there exists a vector field X and a function Y which fulfil the following equations
(recall the definitions (2.7) and (2.8) for s and L,,,, respectively)

(i) O, X, + R,"X, + (d —2)V,Y =0,

(ii) O, Y + 7~ (3X*V,R +RY) = 0,
(iii) ¢ = O with ¢ = X*V,0 — @Y,

(iv) ¥ = O with ¢y = X"V,.s +sY — V,OVIY,

(v) Ay = O with Ay = 2V, X0y — 2Y g0,

(vi) By := By — 38uBo® = O with B, = Ly, + V. V,Y.

Proof. ‘==>": Follows from the considerations above if one takes X = X and ¥ = év,()? k.
‘«<=": We will derive a homogeneous system of wave equations from which we conclude

the vanishing of A, and ¢ as well as the relation ¥ = $VKX “, which imply that X satisfies

(3.1). Since by assumption (3.3) and (3.4) hold we can repeat the steps which led us to (3.7),

A = 2R Avye — 2R, * P Agp — 2(d — 2)B,,,.. (3.9)
With (i), (ii) and the definition (2.7) of s we find
O =0X, Ve +X"V,0,0 + X*R,"V,0 + 2V, X, V/V"O
- YO0,0 — 60,y —2V,6V"Y

=dy — ———
2(d—1)
We use (i), (ii), (2.7), (2.8) and the conformal field equations (2.3) & (2.4) (which imply
Ogs = O|L> — z(dl_,) (sR + V*®V,R)) to obtain
O = 0,X, Vs + X'V, Oes + X*R,"Vys + A, Vs
+ 3V s + 50,7 4+ 2V,sV'Y — V,0,0V*Y —2R,"V,OV!Y
- Vtev,0,Y —2V,V,0ViV'Y
= |LI*¢ + A, (VAV"s — 20L ML) + 20L*"B,,,

R$p + A, VIV 0. (3.10)

+ ﬁ(AWV”RV”@ — V¥RV, ¢ — Rw). (3.11)
As an immediate consequence of the first Bianchi identity we observe the identity

VA + ViAau = ViVoXe + Ruci®Xa — 2V Y 8oy + VieY 8. (3.12)
Another useful relation which follows from the Bianchi identities is
2LP (Vg VigAuly — Vi VieAup) = 2LP XV Ry g

+ L (Rpu Ave = RupoAvc) + 4L (Roun VipXer + Ruppa® Vir X))

1
— 28, L*PVy VY + 4L, PV, VY — TRV (3.13)

5
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Employing (i), (ii), the conformal field equations, the wave equation for the Schouten tensor
(2.10) as well as the identities (3.12) and (3.13) a tedious computation reveals that

2
OBy = 2(g,wLaﬁ _ Ruavﬁ)Baﬁ — 2R(MKBV)K + HRB’”

+ 2L (Vg VigAuly — Vi VieAup)
1

Vi, Awgl + 2V A Ve — ———5,°VPR
+ (VuAiap) + 2VieAp1)( T rad—n™ )
+Aaﬁ [VaV,BL;w - 2L(/J.KRU)aKﬁ + 2Lp.aRvﬂ + LaK (ZRM./SVK + Rvﬁ;u()

1

= 28uLaw L 1+ 1L A + L Ryag“Ave — 7= RLG: Ay
+(d — D2L,PBoyg — L,"LPALs — OV, 0d,,,* (V¥ — V5 OAF)]
—(d - 40" %V,0V;0d," "
+(d —4HO7'V*ORVuBup + (VA + 2ViAd) Lal* 1. (3.14)

While the before-last line contains negative powers of ® merely in five dimensions, the last
line contains such powers in any dimension d > 5. This is the point where our assumption
enters that ® is bounded away from zero for d > 5, since this ensures that (3.14) is a regular
equation also in higher dimensions.

Note that the right-hand side of (3.14) involves second-order derivatives of A,,,, which is
why we regard V,A,, as another unknown for which we derive a wave equation. However,
since the right-hand side of (3.9) does not involve derivatives, such a wave equation is easily
obtained by differentiation (and, once again, the second Bianchi identity),

DgVaAp,v = zva (R(MKAU)K - RuavKAaK) + 2Aot(pt (Vv)Raa - VaRv)o)
— 4R (u*V*Ayyy + Ruoc VA, — 2(d — 2)Vs B,y (3.15)
In the current setting the equations (3.9)—(3.11), (3.14) and (3.15) form a closed homogeneous

system of regular wave equations for A,,, ¢, ¥, B, and V,A,,. The assumptions (iii)—(v)
assure that the first three fields vanish initially. By (ii) and (v) we have

_ 1 -
Baa = mX/LVMR + ZLMVVMXV + DgY = LMUAMV = 0,

which, together with (vi), implies
B,, =0. (3.16)

It remains to verify the vanishing of VA, . This follows from lemma 3.5 below, together with
(i), (1), (v) and (3.16). We thus have vanishing initial data for the homogeneous system of
wave equations (3.9)—(3.11), (3.14) and (3.15). It follows from [5] in the light-cone-case and
from [12] in the case of two characteristic hypersurfaces intersecting transversally that there
exists a unique solution, whence all the fields involved need to vanish identically.

It is important to note that we have treated X and Y as independent so far. The vanishing
of A,,, and ¢ implies that the unphysical Killing equations (3.1) hold for X only once we have
shown that Y = éV,(X “. Fortunately we have

0=A," =2V, X* — 24dY, (3.17)

and the theorem is proved. U
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3.3.2. Adapted null coordinates. Before we state and prove lemma 3.5, which is needed to
complete our proof of theorem 3.4, it is useful, also with regard to later purposes, to introduce
adapted null coordinates on light-cones and on transversally intersecting null hypersurfaces.
We will be rather sketchy here, the details can be found e.g. in [2, 12].

First we consider a light-cone Cp C .# with vertex O € .# in a d-dimensional space-
time (.#, g). We use coordinates (x” = 0,x' =, x*),A =2,...,d — 1, adapted to Cy in the
sense that Cp \ {0} = {x° = 0}, r parameterizes the null geodesics generating the cone, and
the x*°s are local coordinates on the level sets {x° = 0, r = const} = §?~2. On C, the metric
then reads

2 = 500 (dx")? 4 2vpdx® dx! + 2v4dx® dx? + gapdx® dx®.

Note that these coordinates are singular at the vertex of the cone. Moreover, we stress that we
do not impose any gauge condition off the cone. The inverse metric takes the form

7 =2v290; +3"'07 + 28" 9,04 + 259405,
with
V=)™, g4 =—"%v 3= )@ vavs — 200)

It is customary to introduce the following quantities:

xa® = %gBCalgAc null second fundamental form,
T .= XAA expansion,

T
o= )(AB -7 28AB shear tensor.

Next, let us consider two smooth hypersurfaces N,, a = 1, 2, with transverse intersection
along a smooth submanifold S. Then, near the N,’s one can introduce coordinates @, 2%, xM),
A = 3,...,d, such that N, = {x* = 0}. On N the coordinate x*> parameterizes the null
geodesics {x! = 0,x* = const"} generating N, and vice versa. Since the hypersurfaces are
required to be characteristic the metric takes there the specific form, on N; say,

gly, = 11 (dx")? + 2gppdx! do® 4 2g1adx! dxt + gapdy® di?,

similarly on N,. The quantities T, 045, x4? are defined on N; and N, analogous to the light-
cone-case.

3.3.3. Some useful relations. In this section we consider a light-cone. However, we note that
exactly the same relations hold in the case of two intersecting null hypersurfaces.

Recall that the wave equations for X and Y, (3.3)—(3.4), imply the wave equation (3.9) for
A,v. One straightforwardly verifies that in adapted null coordinates

DgA/u) = Zvo(vl VOA/u) + EO](;}.“ZU)D{) + gllvl VlAp.v
+ 28" (ViVaAw + Ratu“Anye) + 8P VaVaA .. (3.18)
We equate the trace of (3.9) on the initial surface with (3.18). Making use of the formulae
for the Christoffel symbols in adapted null coordinates in [2, appendix A], an elementary

calculation yields the following set of equations where f, f4 and f4p denote generic (multi-
linear) functions which vanish whenever their arguments vanish:

(uv) = (11):
T — — R — — — —
(31 +5—To - 2Fh)VoAn = Ri1 + |x1)Aq — (d —2)voBy1 + f(Ai)) (.19)

7
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(nv) = (1A):
(31 + ﬂf - VOaIVO)VOAlA — 0" VoAip = l(1_?11 +1x1*) Ao
2d—2) 2
+ Riat® + xc®xa)Aop — (d — 2)voBia + fa(Aij, Aor, VoArr) (3.20)
(nv) = (AB):

9 + d-6 -T2 |VeA 20, VoA
—T — — 20
1 2d —2) o1 | YoAaB @A VoA

= =" Ria1s + xacxs)Aoo — (d — 2)voBap + fap(Aij, Ao, VoAr)  (3.21)
(uv) = (O1):

T — - — — -
(al + 3 +T, — 2v081v0) VoAor = —(d — 2)voBoi + f(A,, Vodi)) (3.22)

(uv) = (0A):

d—4 _ _ -
(31 + m — 2F81)V0A0A —04"VioAos = —(d — 2)voBoa + f1 (A, VoAij, VoAor)

(3.23)
(nv) = (00):
T — _ — — PR —
(31 + 5= 3F81>V0A00 = —(d —2)voBoo + f(Auv, VoAij, VoAoi). (3.24)
The Christoffel symbols appearing in these equations satisfy
Iy, = 1v%og11, T}, =120 — 3100811 (3.25)

3.3.4. An auxiliary lemma.

Lemma 3.5. Assume that the wave equations for X and Y, (3.3) and (3.4), are fulfilled.
Assume further that AW = 0 = By, on either a light-cone or two transversally intersecting
null hypersurfaces. Then V,A,, = 0.

Proof. We start with the light-cone case. By assumption the equations (3.19)~(3.24) hold.
Invoking A, = 0 = B,,, they become

(al + % ST, - 2F}1)VOA11 =0, (3.26)

9 —1%8100) VoA 14 — 04BVoA 15 = f1(VoA1)), 3.27
1+2(d 2) V2091v0) VoAia — 04°VoA1s = f1(VoA11) (3.27)

o+ — T81>V0AAB — 20 VoA c = fas(VoA1), (3.28)

(
(55"
(
(

0 + +T, — 21)031\)0) VoAor = f(VoAi)), (3.29)

o+ — 2(d 2) — 2F81>V0A0A —04"VoAos = f1(VoAij, VoAor),  (3.30)

8
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T _
<31 + 5~ 3F81)V0A00 = f(VoAij, VoAoi). (3.31)

Taking the behaviour of the metric components at the tip of the cone into account, cf the
formulae (4.41)—(4.51) in [2], we have
d-2
T=——400), a®=0@), vw=1+00), dvy=O0(), (3.32)
r
and it follows from [2, appendix A] that
), =0(@), Tj =0(). (3.33)

With (3.32)—(3.33) we observe that the equations (3.26)—(3.31) form a hierarchical system of
Fuchsian ODEs which can be solved step-by-step. Existence of a regular conformal Killing
field X requires the tensor field A,, to be regular, as well. Then VyA,, needs to show the
following behaviour near the vertex:

VoAl = O(1), VoAix = O(r), VoAsp = 0(?), (3.34)

Vodor = O(1), VoAps = O(r), VoAgo = O(1). (3.35)

Standard results on Fuchsian ODEs (cf e.g. [3, appendix A]) imply that the only solution of
(3.26)—(3.35) is provided by VoA, = 0.

In the case of two transversally intersecting null hypersurfaces one can derive the same
hierarchical system of ODEs on N; and N,, respectively, which now is a system of regular
ODEs. The assumption A wv = 0implies V,A,,|s = 0. We thus have vanishing initial data for
the ODEs and the unique solutions are ViA,,,|y, = 0 and VA, |y, = 0. O

3.4. A special case: © = 1

Let us briefly analyse the implications of theorem 3.4 in the special case where the conformal
factor ® is identical to one,

0=1
(note that thereby the gauge freedom to prescribe the Ricci scalar is lost). Then the unphysical
space-time can be identified with the physical space-time. The conformal field equations (2.1)—
(2.6) imply the equations

! A
§= ——A,
2(d—-1)

L;w = S8uv — R,uv = )\gp,v,
i.e. in particular the vacuum Einstein equations hold.
_ Letus analyse the conditions (i)—(vi) of theorem 3.4 in this setting: condition (iii) gives
Y = 0, which we take as initial data for the wave equation (ii) which then implies ¥ = 0,
i.e. X needs to be divergence-free, as desired. We observe that (iv) is automatically satisfied.
Moreover,

By_v = XXLIW = S.i,ﬂxg/w = ZSV(MXV),
so (vi) follows from (v). To sum it up, the hypotheses of theorem 3.4 are satisfied if and only
if there is a vector field X which satisfies

OeX, +AX, =0,

VX =0.

This was the starting point of the analysis in [3].

9
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4. KID equations in four dimensions

Theorem 3.4 can be applied to dimensions d > 5 only when the conformal factor ® is bounded
away from zero. In fact, this situation is rather uninteresting since then there is no need to
pass to a conformally rescaled space-time (or to put it differently, it is just a matter of gauge
to set ® = 1). One reason why we included this case, though, was to emphasize that there
arise difficulties when one tries to go from four to higher dimensions (which is in line with the
observation that the conformal field equations provide a good evolution system only in four
space-time dimensions). Another reason was to be able to consider the limiting case ® = 1
in any dimension d > 4 where the unphysical space-time can be identified with the physical
space-time, and to compare the resulting equations with those in [3]. This is also a reason
why we avoided to make the common gauge choice R = 0: ® = 1 is compatible with R = 0
solely when the cosmological constant vanishes. Henceforth we restrict attention to d = 4
space-time dimensions.

4.1. A stronger version of theorem 3.4 for light-cones

A more careful analysis of the computations made in the proof of lemma 3.5 will lead us to
a refinement of theorem 3.4. We first treat the light-cone case. We will assume the vanishing
of Zij and B; ; together with the validity of the wave equations (3.3) & (3.4) for X and Y,
and explore the consequences concerning the vanishing of other components of these tensors,
including certain transverse derivatives thereof.

Indeed as a straightforward consequence of theorem 3.4 and lemmas 4.2 and 4.3 below
we establish the following result.

Theorem 4.1. Assume that we have been given a 3 + 1-dimensional space-time (M, g, ®),
with (g, ®) a smooth solution of the conformal field equations (2.1)—~(2.6). Let Co C A be a
light-cone. Then there exists a vector field X satisfying the unphysical Killing equations (3.1)
on DY (Cp) if and only if there exists a pair (X,Y), X a vector field and Y a function, which
fulfils the following conditions:

(i) O.X, + R, X, +2V,Y =0,

(ii) OgY + $X"V,R + JRY =0,
(iii) ¢ = O with ¢ = X"V, 0 — @Y,

(iv) ¥ = O with y = X*V,s +sY — V,OVHY,

(v) Aij = 0 with Ay, = 2V, Xy) — 2Y g0,

(vi) Ag1 =0,
(vii) B;; = O with B, = %Ly, + V,V,Y.

In that case one may take X = X and V,()A( ¥ = 4Y. The condition (vi) is not needed on
the closure of those sets where T is non-zero.

4.1.1. Vanishing of A,,. We take the trace of (3.12) which together with the wave
equation (3.3) for X implies the relation

ViA — 3V,AY = 0. (4.1)
On the initial surface that yields in adapted null coordinates,
0=12"2VAn, — V,Ao) + 3" (Vidu — 1V,A1)

+8" @VaAn, — ViAia) + 8% (VaAus — 5 ViAas)- 4.2)

10
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In the following we shall always assume that (3.3) and (3.4) hold, and thereby in particular
(4.2) and 3.19-3.21). _
With the assumptions A;; = 0 and By; = 0 equation (3.19) becomes

(81 + %‘L’ _Fil — voalvo)VoAu = —201 (31 _F}I)T’

where we have fallen back on the identity [2]

Ri=—(0,—-T})r — x> (4.3)
Moreover, we deduce from the 4 = 1-component of (4.2) that

tAo1 + VoAr =0, (4.4)
which leads us to an ODE satisfied by A,

(1 4+ 37 — v°91v9)Ag = 0. (4.5)

Since t has no zeros sufficiently close to the vertex it follows from regularity, which requires
Ao to be bounded near the vertex, that Ag; = 0 (and thus VoA;; = 0) in that region. Even
more, Zm = 0 will automatically vanish on the closure of those sets on which t is non-zero.

Next we assume A;; = 0, Ag; = 0, VoAj; = 0, Bj4 = 0. Then, due to (3.20), (4.3) and
the identity

Ria® = —(0 = T})xa” — xax” (4.6)

we have

(@1 — v°3110) VoA — 04®VoA 1 = _ZOA(al - Fh)f —203(31 - Fh)CfAB-
With the current assumptions the 4 = A-component of (4.2) can be written as

VoAis + (31 + 7 — T, )Aos = 0, 4.7)
whence

(@ 4+ 7 —v°91v0)[(81 — Ty )Aoa — 04®A0s] = 0. (4.8)

Regularity requires Aoy = O(r), and Aoy = 0 is the only solution of (4.8) with this property.
Of course, VyA 14 will then vanish as well. _ _
In tlle final step we assume (in addition to (3.3) and (3.4)) A;; = 0, Ag; = 0, VoA; =0
and g8 B,z = 0. Taking the g4p-trace of (3.21) and using again (4.3) we find
(31 4 37+ T} —1%9110) (88 VoAap) = v?Ago (01 — T,
From the u = 0-component of (4.2) we derive the equation

V2(3) + 1 + 2T, — 2009 1v9) A0 — 188 VoAap = 0,

and end up with an ODE satisfied by Aoo,
(01 + 7+ T}, —v%,w) [V (01 + 37 4 2T}, — 20°8100)Ag ] = 0. (4.9)
Regularity requires Ago = O(1), which leads to Agy = 0, which in turn implies g"8VyA,5 = 0.

Assuming Bsp = 0 we further have VyA,p = 0 due to (3.21).
Altogether we have proved the lemma.

Lemma 4.2. Assume that (3.3) and (3.4) hold, and that A;; = Ag; = 0 = B;j. Then A, = 0
and VoA;; = 0. On the closure of those sets where t is non-zero, in particular sufficiently
close to the vertex of the cone, the assumption Agy = 0 is not needed, but follows from the
remaining hypotheses.

11
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4.1.2. Vanishing of By,. By the second Bianchi identity we have
ViB." — 3VuB," = Aup(VOL.P — 3V, L)

+ L, (OpXe + RXe + 2V Y) + 1V, (O, + $XVV,R + iRY).
Assuming the wave equations (3.3) and (3.4) for X and Y as well as wa = 0 this induces on
the initial surface the relation

V,B,” — 1V,B,” = 0. (4.10)
As for A,,, equation (4.2), we deduce that in adapted coordinates we have
0 =v"2VB1), — V,.Bor) +§“(V1§“1 - %VuBn)

+8"2V(Bayu — ViBia) + 8 (VaByus — 3V,Bas). (4.11)
Recall that (3.3), (3.4) and the conformal field equations imply a wave equation (3.14) which

is satisfied by B,,,. Assuming A,, = 0, Vp4;; = 0 and I_Qij = 0, evaluation on the initial
surface yields

O¢Bij = 2(8;L*” — R *)Bog — 2R B + 2L (Vg ViuA ji — ViVieA j1p). (4.12)
In adapted null coordinates we have, as for the corresponding expression (3.18) for A,,,,
0,B;j = 2v°(ViVoBi; + Ro1(“Bjy«) + &' ViViB;;

+28"(ViVaBjj + Rai“Bja) +8"*VaViBy;. (4.13)
Moreover, we have > seen that (3.3) & (3.4) imply that the wave equation (3.15) is satisfied by
VsAuy. Assuming A, = 0 and VpA;; = 0 we compute its trace on the initial surface,

O,VoA;; = 20" R + 2v"Ro110) VoA jo — 2R VoAax — 4VoBi;.  (4.14)
In adapted null coordinates and with the current assumptions the left-hand side becomes
OcVoAij = 20"V VoVoA;; + 20 Ro1* VioA jy + 28" V1 VaAVoA;;

+ 28" Ra1 VoA jyu + &P VaVEVoA;;. (4.15)

Recall that Z,“, = 0 suffices to establish B,* = 0. In that case B; ; = 0 implies

By =0, (4.16)
and, by (3.22),

Vodor = 0.
As for A, the © = 1-component of (4.11) yields

tBoi + VoB;1 =0 = VyB;; =0. 4.17)
The (ij) = (11)-component of (4.14) reads

DgVQA“ =0 (4:15>) (81 + %7,’ — 21)081U0)V0V0A11 =0

= VoVod1 =0

by regularity. _ _ _
At this stage we can and will assume A, = VoA;; = VoAo1 = VoVoA || = B;j = Bo1 =
VoB11 = 0. With (3.23) we then find for the (ij) = (1A)-components of (4.12)

O,B1a = 2v°R141"Bos + 5 (0°)’R11VoVoA1a + 11 (V") R11 Vodos + 5 (v°)?R11045VeAgs.
The (ij) = (1A)-components of (4.13) read
OeBia = 20031 — v°91v0) VoB1a — 20°04VoB1g — O (I x I*Boa + 2x4 xc”Bog)-

12
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Equating both expressions for m and using (4.6) we deduce that
2(3y = v°91v0)VoB1a — 204"VoBig = —2Bog(dh — T'j;) xa” + X IBoa + 3v°R11VoVoA 1
+ 27v°R11 VoAos + 3V R 11045 VoAgs. (4.18)
Evaluation of (4.14) for (ij) = (1A) leads to
O, VoA14 = V'R VoAoa + 20 R4 5VoAos — 4VBia,
while (4.15) becomes
O,VoA 14 = 20°(8; + T}y — 20°91v0) Vo VoA s — 20°045Vo VoA 5
— V21X *VoAos — 20 % xc” VoAos.
Using (4.3) and (4.6) we end up with
23 + Tj; — 20%9110) VoVoA 14 — 2047V VoA 5
= —2VpAoa (31 — T'};)T — 2VoAos(d1 — T'},)oa® — 419 VoBia. (4.19)

The n© = A-components of (4.11) give, again in close analogy to the corresponding equations
for A

MV
(31 + 17— Fgl)EOA + V()B]A =0. (420)
By (3.23) we have
(81 — 2F81)V0A0A — O’ABVOAQB = _ZVOEOA' (421)

Taking the behaviour of the metric components at tlie vertex into account, cf [2, section 4.5],
we observe that the ODE-system (4.18)—(4.21) for Boa, VoB14, VoAoa and VoVpA i, is of the
form

2r '+ 0(r) 1 0 0 Boa
e 224+ 0(1) O@r) oY o(1) VoBia | _
! 24002 0 o(r) 0 Vodor | —
0 2400% =2r240(1) O®) YoVoAia

where each matrix entry is actually a 2 x 2-matrix. Regularity requires

Boa, VoB1a, VoAos, VoVoAia = O(r).

But then a necessary condition for (4.20) to be satisfied is

Bos = 0(), (4.22)
whence it follows from (4.21) and (4.19) that
Voldos = O(F), VoVoAis = O(?). (4.23)

Setting Bos := r~?Boa, VoBia = r~'VoBia, VoAoa := r>VoAos and VoVoA 14 = r 2V VoA 4
the ODE-system adopts the form

4 1 0 0 Bu
a +r ! -2 00y v=0, v:= VoBia =0(1),
2 0 3 0 VoAon
0o 2 -2 2 m
where M = O(r) is some matrix. Setting
v:=T"'v=0(1), (4.24)

13
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where
0 —1/2 —1/3 0
r_|0 12 23 0
-1 =12 2/3 0
2 0 0 1

is the change of basis matrix which transforms the leading order matrix to Jordan normal form,
we end up with the Fuchsian ODE-system

3100
- 0 3 0 0], - ~
1 _ =l
v+ r 00 2 0 V+Mv=0, M:=T "MT = O(r). (4.25)
0 0 0 2
In appendix A it is shown that any solution of (4.25) which is O(1) needs to vanish identically
(take, in the notation used there, A = —1). Hence Boy = VoBia = VoAox = VoVpAia = 0,

which we can and will assume in the subsequent computations.
The gap-trace of the (ij) = (AB)-component of (4.12) reads

g °0,Bap = 5 (V") R112*¥VoVoAas — 37 (V°)*R11 VoAgo.
For the corresponding component of (4.13) we find

2" °0Bas = 20°(d1 + 37 — T7,) (@*VoBas) + 2(v°)?| x|*Boo,
and thus

(81 + 37 —T,) (8" VoBag) + v°|xI*Boo

= R ZPVoVoAas — 17 (V*)2R11 VoAg. (4.26)

From (4.14) we deduce

20,VoAas = —2(v°)’R11 VoA — 48 VoBas,
while from (4.15) we obtain

g0, VoAap = 20°(9) + 37 — 2T0,) @ VoVoAan) +20°)* [ x 1 VoAco-

Invoking (4.3) we are led to the equation

(31 + 37 —2T9)) (@5 Vo VoAus) = v"VoAno (81 — T'};)T — 20088 VoBas. (4.27)
The . = 0-component of (4.11) reads

(31 + 1 — 2T0)Boo — 31085 VoBag = 0. (4.28)
Recall that by (3.24) we have

(31 + 37 — 3T, ) VoAoo + 2v9Boo = 0. (4.29)

Using again the results of [2, section 4.5] we find that the ODE-system (4.26)—(4.29) for Buo,
gABVOBAB, VoAgo and gABVOVOAAB is of the form

2o —1+o0?) 0 0 By
9 + 2r24+0(0) rl+0@w o™ o(1) 2'8VyByp 0
! 24032 0 L+ 0(r) 0 VoA '
0 24002 2r24001) 40 75V VoAas

Due to regularity we have

Boo » ©5VoBag, VoAno, 8'5VoVoAss = O(1).
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Even more, from (4.28) we conclude that

Boo = O(r). (4.30)
From (4.29) and (4.27) we then deduce
VoAo = 0(r*),  §"*VoVoAss = O(r). (4.31)

In terms of the rescaled fields g'8V(Vodag = r'g"*VyVoAsp and §oo = By,
VoAoo 1= r"*VyAg the ODE-system takes the form

3 -1 00 gABFOO
412 1 0 o0 8" VoBag
B ! M|v=0, = ~ =0(1),
1+7r 2 0 3 0 + v v Vodog (1)
o 2 2 2 e
&8V VoAup

with M = O(r) being some matrix. The change of basis matrix
0 —-1/3 —-1/3 0
T 0 -2/3 0 0
N5 23 43 of
2/v/5 8/3 0 1
transforms the indicial matrix to Jordan normal form, and we end up with another Fuchsian
ODE-system,

(=N

0
; b4+ Mv =0, (4.32)
0 2
where 7 := T-'v = O(1) and M = T~'MT = O(r). Again, lemma A.1 in appendix A (with
A=—1) 1mp11es v = 0, and thus Byg = gABVOBAB = VoA = gABVoV()AAB =0.

In this section we have proved:

Lemma 4.3. Assume that (3.3) and (3.4) hold, and thatZ,w =0= E,-j = VoA;;j. Then 1§0M =0,
V()Bl,' = gABV()BAB = O, VOAOM = 0 and V()VOA” = gABVQVOAAB = O

4.1.3. The (proper) KID equations. The conditions (iv), (vi) and (vii) in theorem 4.1 are not
intrinsic in the sense that they involve transverse derivatives of X and Y which are not part
of the initial data for the wave equations (i) and (ii). However, they can be eliminated via
these wave equations. In fact, this is crucial if one wants to check for a certain candidate field
defined only on the initial surface whether it extends to a vector field satisfying the unphysical
Killing equations or not. In essence this is what we will do next.

We have
O =2°(Vi + 37) VY +3/D,D}Y, (4.33)
where D; is the derivative operator introduced in [3],
DY := VY,
DX, := ViX,,

DD;Y :=9D;Y —T}D,Y,
DD,;X, :=9D;X, — T} DY, —T}D;Y,,
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i.e. one simply removes the transverse derivatives which would appear in the corresponding
expressions with covariant derivatives. Since the action of V; and D; coincides in many
cases relevant to us one may often use them interchangeably. Nevertheless, we shall use D;
consistently whenever derivatives of X or Y appear to stress that no transverse derivatives of
these fields are involved.

By (ii) and (4.33) the function Y := 8yY (note that Y is not a scalar) satisfies the ODE

(3 4+ % —T,)Y —T5, VY + 3vo(g/DD,;Y + X"V, R+ 1RY) = 0. (4.34)

Regularity requires T = O(1).
It is useful to make the following definition

Swo = VuViXo — Rov* Xe =2V Y800 + VoY 8. (4.35)
It follows from the identity (3.12) that

Suve = VAo — $VeAu. (4.36)
Note that this implies the useful relations

28,00y = V,Ays, (4.37)

Siwie = 0. (4.38)
Recall that (4.4) is a consequence of (i) and (v). Hence

Sii0 = ViAo — VoA = (31 + 1t —v%911)Ay,. (4.39)

Taking regularity into account we conclude that
ZOI =0 < 3110 =0.
This leads us to the following stronger version of theorem 4.1:

Theorem 4.4. Assume that we have been given a 3 + 1-dimensional space-time (M, g, ©),
with (g, ®) being a smooth solution of the conformal field equations (2.1)—(2.6). Let X bea
vector field and Ya function defined on a light-cone Co C M. Then there exists a smooth
vector field X with X = X and V. X< = 4Y satisfying the unphysical Killing equations (3.1)
on DT (Cp) (i.e. representing a Killing field of the physical space-time) if and only if

(a) the conditions (iii) and (v) in theorem 4.1 hold,

(b) Y™ := XMV, 5 + 57 — VIOD,Y —1OTV,0 =0,

(c) Si10 = DiDiXo — Roi1*X, — 210D,V = 0,

(d) By = X*V, Ly, + 2L,1DyX* + D\D;Y =0,

(e) Eixlg ZZO)%KVKZAB + ZZK(ADB)}O(K + DADB? + VOTXAB =0,

(f) X and Y are restrictions to the light-cone of smooth space-time fields.

The function Y is the unique solution of
— —. o 1 p o 1o ——  1—
(al n % - r81>r LD + 5w (g”D,-D i+ XV R+ gRY) —0 (4.40)

which is bounded near the tip of the cone. The condition (c) is not needed on the closure of
those sets on which the expansion t is non-zero.

Proof. It needs to be shown that ()o( , Y ) extends to a pair (X,Y) satisfying (i)—(vii) in
theorem 4.1. From the considerations above it becomes clear that (a)—(e) do imply (i)—(vii) in
theorem 4.1 if X and ¥ can be extended to smooth solutions of the wave equations (3.3) and
(3.4) for X and Y. However, this follows from [5] and (f). O
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Remark 4.5. The conditions (a)—(e) will be called (proper) > KID equations (cf proposition 4.9
below which shows that condition (f) is not needed).

Remark 4.6. Theorem 4.4 can e.g. be applied to a light-cone with vertex at past timelike
infinity for vanishing cosmological constant (this is done in section 5), or to light-cones with
vertex on past null infinity for vanishing or positive cosmological constant.

4.1.4. Extendability of the candidate fields. A drawback of theorem 4.4 is the condition (f): it
is a non-trivial issue to make sure that the candidate fields X and ¥ which are constructed from
(a subset of) (a)—(e) are restrictions to the light-cone of smooth space-time fields. (Nonetheless
we shall see in section 5 that (f) becomes trivial on the C;--cone.) We therefore aim to prove
that (f) follows directly and without any restrictions from the KID equations (a)—(e).

Since the validity of (f) is non-trivial only in some neighbourhood of the vertex of the
cone, we can and will assume in this section that the expansion t has no zeros.

The procedure will be in close analogy to [3, section 2.5]. First of all we shall compute the
divergence V7 Sy, which contains certain transverse derivatives of X and ¥ (which eventually
drop out from the relevant formulae). For these expressions to make sense let X and Y be any
smooth extensions of X and ¥ from the cone Cy to a punctured neighbourhood of O. We stress
that no assumptions are made concerning the behaviour of X and Y as the tip of the cone is
approached.

By (4.35) and the second Bianchi identity we have

V7Svo = 3V VoAs® + 2By + tRAu + (B — L*PAup)g 0. (4.41)
In adapted null coordinates the trace of the left-hand side on the cone reads,
VJS;LUU = VO(VOS;LUI + VIE/LUO) + glA (Vlgll.l)A + VAS/LVI) + g’llvlguvl + gABVAEMVB-

(4.42)
The undesirable transverse derivatives which appear in V.T,wl can be eliminated via
VoViViXo =V, ViAoe — ViV Ve Xo + 2800 Vi VoY + Vi (Rove " X )
+Rouw" VieXs + Ropo " Vi Xic. (4.43)

Lemma 4.7. Assume A;; = 0. Then

2§11 = TUOEH().

Proof. Equation (4.41) with (uv) = (11) yields
VoSie = V°'ViViAg + 2By;. (4.44)

Note that it follows from (4.36) that the vanishing of _X li implies the vanishing of S11; and all
permutations thereof. Due to (4.42) we further have Sjap = Sa15 = 0. From (4.42) we then
obtain with (uv) = (11)

VoSiie = v'VoSii + v°ViSii0 — 2x*ES 145 + TvS1 10, (4.45)
while (4.43) gives

VoSiit = VoViViXi = ViVide — ViSimo.
Equating (4.44) with (4.45) yields the desired result. [l

2 In the sense that they do not involve transverse derivatives of X or Y.
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Lemma 4.8. Assume K,-j =0and S110 = 0. Then
200Bia = (31 + T — v°31v9)Sa10.

Proof. From the (uv) = (Al)-components of (4.41) we deduce

Vo810 = 3VaViA,% + 2Bia. (4.46)
It follows from (4.43) that

VoSan = VoVaViXi = VaViAo — VaSiio = VaVidor + 2x4%Ssi0.

Recall that S};; as well as all permutations thereof vanish, and that Sy;3 = Siuz = O.
Equation (4.42) with (uv) = (A1) and (4.37) then yield

VoSt = v"VoSan 4+ v'ViSa10 + 85 VeSai + 85 VeSas

=1V, ViAgr +20°x4%Sp10 + 1OViSa10 + 18'EVEVaA || + 85 VeSais. 4.47)
Combining (4.46) and (4.47) and invoking again (4.37) we obtain
2B1a = vV Sa10 + 20" xa”Sp10 + 28% VicSans + 82 (3 VeVaAil — VaViAjg). (4.48)

Since

IVEVAAL — VaViAjp = —VaS115 =0,

and
28" VicSans = 1°Sa10 — V0 xa®Ss10 + 28% x1a"Scios
=0 by (4.36)
the lemma is proved. U

As in [3] one checks via the formulae in [2, section 4.5] and assuming

Xy, 09X = 0(1), X, 0Xo, 9401 X0 = O(1), (4.49)

Xy, 95Xy = 0(r), 01X, =0(1), Y,0Y =0(), (4.50)
that S0 needs to exhibit the following behaviour near the tip of the cone:

Sat0=0@""). 4.51)

Note that (4.49)—(4.50) are necessarily satisfied by any pair ()o( , f/) = X, %divX ) with X a
smooth vector field.
It now follows immediately from lemmas 4.7 and 4.8 that for any vector field X and any
function Y which satisfy A;; = 0 and B;; = 0 the equation
Sin=0 (4.52)

holds sufficiently close to the vertex of the cone where t has no zeros.
Let us define an antisymmetric tensor field F},, via

Ej = ViXj, (4.53)

Fy := ViXo — 30iY . (4.54)
We also define a covector field H s

H; = VY, (4.55)

H, :=0. (4.56)
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In the following computations we assume
Sio =0=A;; = By.. (4.57)
Then, due to the first Bianchi identity,
Fi=ViX, — A, — Y3 = ViX,,
ViF; = VA — 28iiH ) — Rin*Xe = —Riji"Xa,
ViFip = Sino — Rio1®Xe + vol; — 21;VoY = voH; — Rig1 X,
Moreover,
V\H; = By — ZxLi; = By, — La’Ay; — XYoLy — 2Z(laﬁi)a —2L,;Y
= — X*VoLy; — 2L0* (Fye + 8aY),
V][f]() = — Fé)l[f[,

Therefore the candidate fields X and ¥ solving (a)—(e) in theorem 4.4 form a solution of the
following problem on Cp,

vl)o(p. = ﬁlp, +§1,ﬂo/,
v113‘//.11 = 2?1[\}}01#] - E}wla)%ou
v\¥ =H, (4.58)
VIIfI/I. = _)o(avole/t - Zz(la(ﬁu)a +gu)oz§)
— 81V [Th Hi — X*VoLot — 2L (Foye + Z0a )],
which is uniquely defined by the values of X,,, £,,,, ¥ and H,, at the vertex of the cone.
We want to show that the fields which solve (4.58) are restrictions to the cone

of smooth space-time fields: Given any vector ¢/ in the tangent space at O define
(xH(s), X" (s), Fuu (s), Y (s), H, (s)) as the unique solution of the problem

A e dif
T )
ds? “B ds ds

dXx,, re x dx? _F dx® n dea

ds e P PR (L P

dFu r* F e re F, dxy—z H il R “dey

ds Hy 4 vy e g = S8y v Ty Hy gy
&, e .
ds ds

dHl/- o d‘xﬂ o o

a4 FuﬁHaK = {=X"VaLy, = 2Lo" (Fua + 8uyaY)

ds
- dy
—8yuV [Ty Hi — X*VoLot — 2L * (Foye + gO)aY)]}K,

dxc
x(0) =0, —(0)=1¢",

ds
for given initial data (X*(0), F,,,(0), Y (0), H,(0)). As in [3, section 2.4] the system (4.59),
together with the property that solutions of ODEs depend smoothly upon initial data, and that

the trace of solutions of (4.59) on Cy solve (4.58), shows that the fields solving (4.58) are
restrictions to the cone of smooth space-time fields. We have proved:

Proposition 4.9. The condition (f) in theorem 4.4 can be removed.
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4.2. A stronger version of theorem 3.4 for two transversally intersecting null hypersurfaces

4.2.1. Stronger version. We want to establish the analogues of lemmas 4.2 and 4.3 for two
transversally intersecting null hypersurfaces.

Lemma 4.10. Assume that the wave equations (3.3) and (3.4) for X and Y hold, and that,
on Ni, ZZM =Ausp = 0 = By, = Bas = Bup, similarly on N,. Furthermore, we assume that
ViiAguls = 0. Then, on Ny, Aj; = Ajq = 0 and ViAy = ViAy = ViAsg = 0, and a
corresponding statement holds on N,. On the closure of those sets where T is non-zero the
assumption Ay, = 0 is not needed but follows from the remaining assumptions, supposing that
Apls =0.

Proof. We can repeat most of the steps which were necessary to prove lemma 4.2. The only
difference is that the ODEs are not of Fuchsian type anymore, but regular ones. To make sure
that all the fields involved vanish on N; U N, we therefore need to make sure that we have
vanishing initial data on S. This is the case if, on S,

Al =Apn =Aja = Ay = ViAu = VoA = §PV1Au = ¢ VoA = 0.
Observing that the analogue of (4.7) for light-cones holds, i.e.

Vodan =0
this is an obvious consequence of the hypotheses made above. (]

In analogy to lemma 4.3 we have

Lemma 4.11. Assume that (3.3) and (3.4) hold, and that Z,w = 0. Moreover, assume
that, on Ny, Ezz = §2A = EAB = 0 and ViAyp, = ViAyy = VA = 0, similarly
on Ny. Then, on Ny, By, = 0, ViBy = ViByu = g8ViBag = 0, VIA;, = 0 and
ViViAy = V| ViAy =28V V Ag = 0, and similar conclusions can be drawn on N.

Proof. Again, we just need to make sure that all the initial data for the ODEs vanish on S. For
all the field components involving covariant derivatives of A,,, this follows directly from the
vanishing of Zuv- The vanishing of those field components involving (covariant derivatives
of) B,,, follows from the same fact, since, by (3.9), they can be expressed in terms of A, and
covariant derivatives thereof. (]

Altogether we have proved

Theorem 4.12. Assume that we have been given a 3 + 1 dimensional space-time (M, g, ©),
with (g, ®) a smooth solution of the conformal field equations. Let N, C M, a = 1,2, be
two transversally intersecting null hypersurfaces with transverse intersection along a smooth
two-dimensional submanifold S. Then there exists a vector field X satisfying the unphysical
Killing equations (3.1) on DT (N, U N») if and only if there exists a pair (X,Y), X a vector
field and Y a function, which fulfils the following conditions:

(a) the conditions (i)—(iv) in theorem 3.4 hold,

(b) A1y = O withA,, =2V, X,) — 2Yg,.,

(c) Aap = 0 = An|y, = Aoaly, = A1lly, = Araln,,

(d) ViAyuls =0, _ _ _

(e) Bap = 0 = Bn|n, = Boaln, = Biiln, = Bialn, with By, = ZxL,, + V.V, Y.

In that case one may take X =X and V,()A(" = 4Y. The condition (b) is not needed on the

closure of those sets where T is non-zero, supposing that A;|s = 0.
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4.2.2. The (proper) KID equations. Again, we would like to replace the non-intrinsic
conditions (b), (e) and E = 0 by conditions which do not involve transverse derivatives
of X and Y. For the latter two this can be done as in the light-cone case. We just note that the
ODE:s for Ty,, a = 1, 2, corresponding to (4.34), need to be supplemented by the boundary
condition Yy,|s = 9,Y. To replace (b) one needs to take into account that, due to (4.39), we
have

Ap=0 << Apls=0=Snly =Sinzly.
Furthermore, (b) and (c) imply

Satzls = 2VuA1y — VoA = 2V A,
i.e. (d) can be replaced by the condition

0 = Sai2ls = 2VaViXo — 2Ry14" X — 4V uY g1y2 +2VoY ga
=2V4ViXy — 2Rp14" X — 2812V4Y.

As a direct consequence of theorem (4.12) we end up with the result:

Theorem 4.13. Assume we have been given a 3 + 1-dimensional space-time (M, g, ®), with
(g, ®) a smooth solution of the conformal field equations. Let X be a vector field and Y a
function defined on two transversally intersecting null hypersurfaces N, C M, a = 1,2, with
transverse intersection along a smooth two-dimensional submanifold S. Then there exists a
smooth vector field X with X = X and V X< = 4Y satisfying the unphysical Killing equations
(3.1) on DT (N; U N,) (i.e. representing a Killing field of the physical space-time) if and only
if the KID equations are fulfilled (we suppress the dependence of D; on N,):
(i) X'V, 0 - 8Y =0,
(ii) X"V,5 +5Y — V2OD,Y — VAOD,Y — Ty,32V,0|y, =0,
X1V,5 4357 — VIOD,Y — VAGD,Y — Yy,3'2V,20|y, = 0,
(iii) DaXg) — Vs = 0,
DoXolv, = DXy ln, =0,
DiX; |1(\)/2 :_D(IXAO) v, =0, .
(iv) D2D2)§1 - 1_3122'{)0(;( - 2§12D2¥|N, =0,
DiD1X; — Ront“Xi — 2812D1Y |y, =0,
(v) X*V Ly + 2L, 2Dy X* + DD |y, =0, i = 2, A,
XV, Li; + 2L 1Dy X* + DIDi¥ |y, =0, i =1, A,
(vi) X¥ViLap + 2L, D) X* + DaDpY + YTy, 82 x1%ly, =0, a = 1,2,
(vii) D Xz) — Yg1als = 0,
(viii) 2DAD1Xs — 2Ry14* X, — 2812Da¥ |5 = 0,

where Yy, is given by Ty, |s = DY and

T, — — o — o

(82 + 5= F}z) Y, — T,Do¥ — T4D, Y
1_ (. c o o ag o 1o — 1.

+ Eglg gZ D2D2Y + 2g DQDAY + gA DADBY + EXMVMR + gRY = O,

similarly on N,.
The condition (iv) is not needed on the closure of those sets on which the expansion t is
non-zero.
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Proof. Once (i)—(viii) have been solved one uses the solutions X and Y as initial data for the
wave equations (3.3) and (3.4). A solution exists due to [12], and the rest follows from the
considerations above. O

Remark 4.14. As in [3] one could replace the condition g*2D 4 X —2¥ = 0 of (iii) by certain
conditions on S if one makes sure that (iv) holds regardless of the (non-)vanishing of 7.

Remark 4.15. Theorem 4.13 can e.g. be applied to two null hypersurfaces intersecting
transversally with one of them being part of .# .

5. KID equations on the light-cone C;_

Let us analyse now in detail the case where the initial surface is the light-cone C;- with vertex
at past timelike infinity i~ in 3 4 1-space-time dimensions (note that this requires a vanishing
cosmological constant ). In particular that means

©=0. (5.1)
That the corresponding initial value problem is well-posed for suitably prescribed data has
been shown in [4]. Our aim is to apply theorem 4.4 and analyse the KID equations in this
special case.

5.1. Gauge freedom and constraint equations

To make computations as easy as possible it is useful to impose a convenient gauge condition.
We will adopt the gauge scheme explained in [11, section 2.2 & 4.1], where the reader is
referred to for further details. Let us start with a brief overview over the relevant gauge degrees
of freedom.

The freedom to choose the conformal factor ®, regarded as an unknown in the conformal
field equations (2.1)—(2.6), is comprised in the freedom to prescribe the Ricci scalar R and
the function 5, where the latter one needs to be the restriction to C;- of a smooth function,
non-vanishing at i~ (which ensures d®| #- # 0).

As above, we will choose adapted null coordinates @ =ux' =rx),A=273 on
C;i-. The freedom to choose coordinates off the cone is reflected in the freedom to prescribe
an arbitrary vector field W for the g-generalized wave-map gauge condition

H” = ¢ (Tgy = T5) =W =0,
where g denotes some target metric. The choice W7 = 0 is called wave-map gauge.

This still leaves the freedom to parameterize the null geodesics generating C;-, due to
which it is possible to additionally prescribe the function

k=" — 17 — %vo(gf‘”ng + W?).

The choice k = 0 corresponds to an affine parameterization. Moreover, when H° = 0 it holds
that

=T,
Henceforth we choose as in [4, 11]
R=0, 5=-2, W°=0, «=0, g=n, (5.2)
where

n:i= —(du)2 + 2dudr + PPsyp d? dx®
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denotes the Minkowski metric in adapted null coordinates, with s = s45 dx* dx® being the
standard metric on S2.

Let us assume we have been given a smooth solution (g, ®) of the conformal field
equations (2.1)—(2.6) in the (R = 0,5 = —2,x = 0, § = n)-wave-map gauge.’ It is shown in
[11, section 4] that then the following equations are valid on C;-,

8w = Nuvs L, =0, Lip=wap, L= %~B)LABv (5.3)
30O = —2r, g1, =0, (5.4)
T=2/r, & :=-2T},=0, ¢:=28%T\;+1t=-2/r, (5.5)
@ —r g = 2wap, Mt =wa* =0, (5.6)
where Asp = dogup = O(r*). The operator V denotes the Levi-Civita connection of
g = gapdx?dxB. The s-trace-free tensor wyp = o) may be regarded as representing

the free initial data in the corresponding characteristic initial value problem [4, 11].
For convenience we give a list of the Christoffel symbols in adapted null coordinates on
C;-, which are easily obtained from (5.3)—(5.6) and the formulae in [2, appendix A],

Fgu = F& = Flﬁ = F(I)A = F(I)A = F%A =0,

1 _ o 1

T = 530800, TS = 2 d0gop, FSB = & r$, = ;(SAC,
_ _ ~ 1 _ 5

T4 = E)LACv Tip= — 848~ ?‘AB, Ts = Tip = Sip

5.2. Analysis of the KID equations
5.2.1. The conditions ¢ = 0, ™ = 0, A;; = 0 and S;;o = 0. With ® =0 and 3,0 = —2r it
immediately follows that (recall that ¢ has been defined in theorem 4.1)

p=0 — X°=0, (5.7)

i.e. any vector field satisfying the unphysical Killing equations necessarily needs to be tangent
to Cj-.

Taking further into account that § = —2 and vy = 1 we obtain (recall that Y™ has been
defined in theorem 4.4)
YN =0 = 0 -rHY =0 < Y=ctMr (5.8)

for some angle-dependent function c. The condition Aj; = 0 is then automatically fulfilled.
Furthermore, one readily checks that (we denote by & the Levi-Civita connection associated
to the standard metric on S?)

Ap=0 <— _X'=0 < X'=d'0P), (5.9)
?PAp=0 < X'=-1rd*+c? (5.10)
EAB =0 <<= d*isaconformal Killing field on (52, s4z). (5.11)

Here and in what follows © denotes the ssp- (equivalently the g4p-) trace-free part of the
corresponding rank-2 tensor field.
Since T = 2/r > 0 the condition S;19 = 0 holds automatically for all » > 0.

3 In fact it is not necessary here to require the rescaled Weyl tensor to be regular at i .
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5.2.2. The conditions B;; = 0 and B = 0. First we solve (4.40) for Y, which in our gauge
becomes

@ +r DY+ 1 2AF +r719Y =0, (5.12)

where we have set A, := s*8 9, . With Y =crand Y = O(1) we obtain as the unique
solution of (5.12)

T=—1(A;+2)c. (5.13)
For B;; we find
By = X“V, Ly, +2L,aDyX* + D,D,¥
=0,
Bis = X“V,Lis 4+ 2L,1DyX* +D DY
= wapd XZ 4+ 94(3) — r Y
=0
without any further restrictions on X s Y or the initial data wyp. It remains to determine Ez‘g,
B = X'V,Lyp + 2LoaDp)X° + 2LcaDpy X€ + DaoDgY + r 245X
= X'9104 + X Vewpp + 20ca VpXE + VaVeY + Ihapd ¥ + r '8 (Y + ).
We first compute its trace,
FEBIY = 20 (VuXp) + AgY + 25719 Y 4+ 27T = 0,
again without any further restrictions. For its traceless part we find
fg%r = X" wpp + X Vewap + 2CUC(A63))2C — 80P (VeXp) + (VaVY ) + %)»ABalff
= Ljwap — %rﬁlwAB.@CdC + cr*dwap + %CAAB + r(DyDpc).

Recall that regularity of the metric requires wap = O(r?) and Ap = O(r?), in particular
Zywap = O(r*). Hence B = 0 if and only if

%Ac is a conformal Killing field on (82, sap dx? dxP), (5.14)
Liwap — %Vala)AB%cdc + cr281a)AB + %C)\AB =0. (5.15)

5.2.3. Summary. By way of summary the conditions (a)—(f) in theorem 4.4 hold if and only if

X% =0, (5.16)

XA = a*, (5.17)

X' = —1rgud* + o, (5.18)

¥ =ocr (5.19)
such that

Psc and dy are conformal Killing fields on (S2, 545 dx* dx?), (5.20)

Lywap — %r@cdcalwAB + cr?diwap + %C)\AB =0. (5.21)
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In section 4.1.4 we have shown that solutions of the KID equations are restrictions to the
light-cone of smooth space-time fields. On C;- this turns out to be a trivial issue anyway: the
candidate fields satisfying (5.16)—(5.20) are explicitly known* and coincide independently of
the choice of initial data wsp, with the restriction to C;- of the Minkowskian Killing fields.

While in the Minkowski case wap = 0 every candidate field does extend to a Killing
vector field, equation (5.21) provides an obstruction equation for non-flat data. We call (5.21)
the reduced KID equations.

As a corollary of theorem 4.4 we obtain:

Theorem 5.1. Assume that we have been given a 3 + 1-dimensional ‘unphysical’ space-
time (A, g, ©) which contains a regular Ci--cone (the cosmological constant A thus needs
to vanish) and where (g, ®) is a smooth solution of the conformal field equations in the
(R=0,5 = -2,k =0, g = n)-wave-map gauge. Then there exists a smooth vector field X
satisfying the unphysical Killing equations (3.1) on D (Ci-) (i.e. representing a Killing field
of the physical space-time) if and only if there exist a function ¢ and a vector field d* on S? with
D¢ and dy conformal Killing fields on (82, sap dx* dxP) such that the reduced KID equations

fda)AB - %ralwABQCdc + cr281a)AB + %C)\AB =0 (522)
are satisfied on Ci- (recall that g is the unique solution of (3; — r iap = —2wap with
Mg = O(7)).

The Killing field satisfies
X'=0, X*=d' X'=-1r9d"+c? V,XF=dcr (5.23)

Remark 5.2. The reduced KID equations (5.22) can be replaced by one of their equivalents
(i)—(iii) in lemma 5.3.

5.3. Analysis of the reduced KID equations

5.3.1. Equivalent representations of the reduced KID equations. We provide some alternative
formulations of the reduced KID equations.

Lemma 5.3. The reduced KID equations (5.22) are equivalent to each of the following
equations:
(i) Larap — (5rcd® — cr’)dihap + (3 Ded® — 2cr)hap = 0,
(ii) (01 — r ") Lywap — 519}, wasPDed” + cr?d1 (01 + r s = 0,
(lll) ZXdZOA + (1 — ral)EOA@BdB + rwAC@C@BdB + 201’281Z0A — (ZCL)AB + r_l)\.AB)@BC =0
(recall that Loy = %%;AAB).

Proof. (i) Applying (3; — ') to (i) yields (5.22), equivalence follows from regularity.

(i) Applying (3; — r~!) to (5.22) yields (ii), equivalence follows from regularity.

(iii) We use the fact that on (52, s45 dx* dx®) the equations wyp = 0 and 28w,p = 0 with
wyp trace-free are equivalent. Taking the divergence of (i) and invoking the conformal Killing
equation for @4 complete the equivalence proof. g

Both wsp or A4 may be regarded as the freely prescribable initial data. So (i) and (ii)
in lemma 5.3 provide formulations of the reduced KID equations which involve exclusively
explicitly known quantities for all admissible initial data. In the case of an ordinary cone,
treated in [3], this is not possible: For generic KIDs there, neither the candidate fields nor all
the relevant metric components can be computed analytically.

4 The function c satisfies the equation Z4 (As + 2)c = 0 and can thus be written as linear combination of £ = 0, 1
spherical harmonics. Conformal Killing fields on the round 2-sphere are discussed in appendix B.
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5.3.2. Some special cases. We continue with a brief discussion of some special cases. There
exists a vector field X satisfying the unphysical Killing equations (3.1) on D" (Ci-) with

(1) V,X# =0 <= 3 a conformal Killing field d* on (8%, sqp dx? dx®) with Lywup =
1 C
3r01wapDcd”,

(2) X' =0 <= 3JaKilling field @4 on (5%, s4p dx* dx?) with Zwsp =0,

wag=0(r?)

B X' =0 < 0@ +rNosp=0 " ws5p=0
(wap=Lag =00 isa necessary condition for the Schouten tensor to be regular at i™).

The third case shows that the property X4 = 0 is compatible only with the Minkowski
case (supposing that i is a regular point). In the non-flat case any non-trivial vector field
satisfying the unphysical Killing equations has a non-trivial component X4 = d* # 0. Since

X" X" = gapX*X? = rPsapd*d®,

we see that there are no non-trivial vector fields satisfying the unphysical Killing equations
which are null on C;-. To put it differently, possibly apart from certain directions determined by
the zeros of @4, any isometry of a non-flat, asymptotically flat vacuum space-time is necessarily
spacelike sufficiently close to .# ~. This leads to the following version of a classical result of
Lichnerowicz [9]:

Theorem 5.4. Minkowski space-time is the only stationary vacuum space-time which admits
a regular Ci--cone.

5.3.3. Structure of the solution space. Let X and X be two distinct non-trivial solutions of
the unphysical Killing equations (3.1). Since solutions of these equations form a Lie algebra,

X := [X, X] is another, possibly trivial solution. We have

X’ =x,X1°=0,
XA = [X, X" = [d, d]",
X'= [X, }2]1 = —%r.@g[d, J]B + I’Z(dB.@BCA - dAB.@BC + %C.@BJB — %é@BdB)

Hence, by their derivation, the reduced KID equations are fulfilled with
d* = [d, d",
é = dB@Bé - jB@BC + %C@BJB - %6@3(18,

and d* and @Aé are conformal Killing fields on the standard 2-sphere. Indeed, via the relation

.,2”[ d.dhaB = [Za, Z;1ha, this can be straightforwardly checked. We refer the reader to

appendix B where the conformal Killing fields on the standard 2-sphere are explicitly given.
Let us consider for the moment flat initial data A4 = O which generate Minkowski

space-time. Then one has ten independent isometries.

e The four translations are generated by the tuples (c, @ = 0) with ¢ being a spherical
harmonic function of degree £ = 0 or 1.

o The three rotations are generated by the tuples (¢ = 0, d*) with d¢* being a Killing field
on (52, SABdXAde).

e The three boosts are generated by the tuples (¢ = 0, d* = 2" f) with f being a spherical
harmonic function of degree £ = 1.

We have already seen above that translations (in the above sense) cannot exists in the
non-flat case A4p # 0 if the Schouten tensor is assumed to be regular at i .
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Proposition 5.5. Minkowski space-time is the only vacuum space-time with a regular C;--cone
which admits translational Killing vector fields.

This is linked with another observation. Since, in the non-flat case, any non-trivial Killing
field of the physical space-time (i.e. a vector field satisfying the unphysical Killing equations)
has a non-trivial @, for a given d* there can be at most one c such that (c, d*) solves the
reduced KID equations. Now the standard 2-sphere admits six independent conformal Killing
vector fields @*. We thus have:

Proposition 5.6. Any non-flat vacuum space-time with a regular C;--cone admits at most six
independent Killing vector fields.

Now let us assume that there are two distinct rotations, i.e. two Killing fields " and d®
on (82, sypdx*dx®) such that (c = 0,d = d?), i = 1,2, solves the reduced KID equations.
Then (¢ = 0,d = d®) with d® = [d", d®] provides another independent, non-trivial
solution of the reduced KID equations. Altogether we have

Lyorap=0, =123 = IapxXsapg = Iap=0,

since A4p is trace-free. This recovers the well-known fact that two rotational symmetries imply
Minkowski space-time.
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Appendix A. Fuchsian ODEs

As we have not been able to find an adequate reference, we state and prove here a key result
about Fuchsian ODEs which is used in our work.

Lemma A.1. Let a > 0, and for r € (0, a) consider a first-order ODE-system of the form
d¢ =r"'Ap +M(r)e, (A1)

for a set of fields ¢ = (¢*), I = 1,..., N, where A is an N x N-matrix, and where M(r) is a
continuous map on [0, a) with values in N x N-matrices which satisfies r||M (r)|lo, = o(1).
Let A denote the smallest number so that

(¢, Ag) < A1
Suppose that there exists € > 0 such that
¢ = 0(*).
Then

<
1
o

Proof. The proof is done by a simple energy estimate. Set

(@)= _¢'v". oI’ = (4. 9).
1
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then for any k € R
3 pl1>) = 2r *¢d, ¢ — 2kr 1B
=21 ((¢. A) + 1 (¢, M(r)p) — kllp1*)
<27 =k + rIM @) lop) P17
Applying -fr:) yields (assume ry < r)

2 loMIP < ry* g (ro)lI* + 2 / A =k + FIMF llop)F >l 12dF

<GNP +2(3 = k4 sup ML) [ 7 gl

O<rF<r ro
Due to our assumption ¢ = O(#**) any A < ko < A + ¢ satisfies 725 || ¢||> = O(*°), where
§ := X — ko + & > 0. We then take the limit ry — 0,

RNBMIP <2(h— ko + sup FIM@)lop) ) / P llg )P dr
0

O<r<r
< 0 for sufficiently small r.

Thus ¢ vanishes for small r, but then it needs to vanish for all r. O

Appendix B. Conformal Killing fields on the round 2-sphere

We consider the 2-sphere equipped with the standard metric

s = sapdx? dxf = do? + sin’ 0 d¢2.
It admits the maximal number of independent conformal Killing vector fields, which is 6.
There are three independent Killing vector fields,

Kay = 8y,
Ky = sin@dg + cotf cos ¢d,,
K3y = cos pdy — cot sin @dy,,
and three independent conformal Killing fields which are not Killing fields,
C(l) = Sineag,
Cp) = cosf cosgdy — sin~! 9 sin 0y,
C3) = cos @ sinpdy + sin~! 6 cos ¢d,.
All the Cy;)’s turn out to be gradients of £ = 1-spherical harmonics,
Cfl) = 2%, where ¢y =cosé,
C?Q) = 9P%c), where c() = sinf cosg,
C?_%) = @AC@), where c3)y = sin 6 sin Q.
Moreover,
.@ACZ) = ASC(,') = —ZC(i), i= 1, 2, 3.
The conformal Killing fields satisfy the commutation relations
(K, Kipl = )€Ko

k
[Ci, Cpl = — Zﬁij(k)v
k
[Kiy, Chl = Zgijkc(k)v
k

28
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i.e. they form a Lie algebra isomorphic to the Lie algebra so(3, 1) of the Lorenz group in four
dimensions. The Killing fields form a Lie subalgebra.
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1 Introduction

Symmetries are of utmost importance in physics, and so is the construction
of space-times (.7, §) satisfying Einstein’s field equations in general relativity
which possess k-parameter groups of isometries, 1 < k < 10 when dim.Z =
4, generated by so-called Killing vector fields. Indeed, such space-times can
be systematically constructed in terms of an initial value problem when the
usual constraint equations, which are required to be fulfilled by appropriately
prescribed initial data, are supplemented by certain additional equations, the
Killing Initial Data (KID) equations.

The KID equations have been derived on spacelike as well as characteristic
initial surfaces (cf. [1,3] and references therein). In [10] the same issue was
analyzed for characteristic surfaces in conformally rescaled vacuum space-times
satisfying Friedrich’s conformal field equations. In particular, for vanishing cos-
mological constant, the KID equations on a light-cone with vertex at past time-
like infinity have been derived there. The aim of this work is to carry out the
corresponding analysis on spacelike hypersurfaces in conformally rescaled vac-
uum space-times. As a special case we shall derive the KID equations on .¢~
supposing that the cosmological constant is positive so that .#~ is a spacelike
hypersurface.

In Section 2 we recall the conformal field equations, discuss their gauge
freedom and derive the constraint equations induced on .#~. Well-posedness
of the Cauchy problem for the conformal field equations with data on .#~ was
shown in [4], we shall provide an alternative proof based on results proved in
Appendix A by using a system of wave equations.

The “unphysical Killing equations”, introduced in [10] replace, and are in
fact equivalent to, the original-space-time Killing equations in the unphysical
space-time. Employing results in [10] we derive in Section 3 necessary-and-
sufficient conditions on a spacelike hypersurface in a space-time satisfying the
conformal field equations which guarantee existence of a vector field fulfilling
these equations (cf. Theorem 3.3). Similar to the proceeding in [3,10] we first



derive an intermediate result, Theorem 3.1, with a couple of additional hypothe-
ses, which then are shown to be automatically satisfied.

In Section 4 we apply Theorem 3.3 to the special case where the spacelike
hypersurface is .# . We shall see that some of the KID equations determine a
set of candidate fields on .# ~. Whether or not these fields extend to vector fields
satisfying the unphysical Killing equations depends on the remaining “reduced
KID equations”. As for a light-cone with vertex at past timelike infinity it
turns out that the KID equations adopt at infinity a significantly simpler form
as compared to “ordinary” Cauchy surfaces (cf. Theorem 4.1).

2 Setting

2.1 Conformal field equations

In 341 dimensions Friedrich’s metric conformal field equations (MCFE) (cf. [5])!

Ve’ =0, (2.1)
Vilve =ViLue =V,0dyu." (2.2)
V. V,0 =—-6L,, + sgu , (2.3)
Vus=—-L,V'0O, (2.4)
205 — V,0V*O = \/3, (2.5)
Ruve"9) = Odyne”™ + 2(9go(u L) — 61" Luyo) (2.6)

form a closed system of equations for the unknowns g,,, ©, s, L, and d,,.".
The tensor field L, denotes the Schouten tensor,

1 1
LMV = iRMU — I—ZRQHV y (27)
while
d;u/ap = @710;L1/ap (28)
is a rescaling of the conformal Weyl tensor C),,»”. The function s is defined as
~ o604 Lre (2.9)
s = 19 21 . .

Friedrich has shown that the MCFE are equivalent to Einstein’s vacuum field
equations with cosmological constant A in regions where the conformal factor
O, relating the “unphysical” metric ¢ = ©%gpnys with the physical metric gpnys,
is positive. Their advantage lies in the property that they remain regular even
where © vanishes.

The system (2.1)-(2.6) treats s, L, and d,..” as independent of g,, and
©. However, once a solution of the MCFE has been given these fields are
related to g, and © via (2.7)-(2.9). A solution of the MCFE is thus completely
determined by the pair (g,.,©).

Mt is indicated in [10] that things are considerably different in higher dimensions, which
is why we restrict attention to 4 dimensions from the outset.
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2.2 Gauge freedom
2.2.1 Conformal factor

Let (g,0,9, 8, Ly, o) be some smooth solution of the MCFE.? From Guv
we compute R. Let us then conformally rescale the metric, g — ¢2g, for some
positive function ¢ > 0. The Ricci scalars R and R* of g and ¢?g, respectively,
are related via (set Oy := g""V,V,)

OR — ¢*R* = 60,0 . (2.10)

Now, let us prescribe R* and read (2.10) as an equation for ¢. When dealing
with a Cauchy problem with data on some spacelike hypersurface H (including
= for A > 0) we are free to prescribe functions ¢l =: $ >0 and Aoty =: ¢
on H.3 Throughout 20 = t denotes a time-coordinate so that dy is transverse
to H. According to standard results there exists a unique solution ¢ > 0 in
some neighborhood of H which induces the above data on H. The MCFE are
conformally covariant, meaning that the conformally rescaled fields

g = ¢’g, (2.11
0 = ¢06, (2.12)
1 1
* _  Z0.eF  pxQO* 21
s 1o 0" + 24R o, (2.13)
Luu = §Ruu[g ] - ER g;ux ’ (214)
d;uop = Qsilduuop ) (215)

provide another solution of the MCFE, now with Ricci scalar R*, which rep-
resents the same physical solution: If the conformal factor © is treated as an
unknown, determined by the MCFE, the unphysical Ricci scalar R can be ar-
ranged to adopt any preassigned form, it represents a conformal gauge source
function.

There remains the gauge freedom to prescribe the functions (;5 and 1/) on H.
On an ordinary hypersurface, where © has no zeros, this freedom can be used
to prescribe O]y and 9pO|3. A main object of this work is to treat the case
H = .#~, where, by definition, © = 0 (and d© # 0). We shall show that in this
situation the gauge freedom allows one to prescribe the function s on .4~ and
to make conformal rescalings of the induced metric on .# .

To see this we consider a smooth solution of the MCFE to the future of .7 .
Now (2.5) and dO|,- # 0 enforce g% < 0 (hence, as is well known, .# ~ must
be spacelike when A > 0). Due to (2.5), the function s can be written away
from ./~ as

1 1
s = 2@*1vuewe + EG*IA ,
and the right-hand side is smoothly extendable at .# ~. A conformal rescaling

O 0 =900, guwr— g, = 9, ¢>0, (2.16)

2For convenience we restrict attention throughout to the smooth case, though similar
results can be obtained assuming finite differentiability.

3The positivity-assumption on (1) makes sure that the solution of (2.10) is positive suffi-
ciently close to H and thereby that the new conformal factor ©* is positive as well (in the
& ~-case just off the initial surface).



maps the function s to
1
s =07 (3007 V 0V, + 9 VIOV, + 5) (2.17)

The trace of this equation on .~ is

VEOV, ¢+ ds—¢?s* =0, (2.18)

or, in coordinates adapted to .# ~, i.e. for which .#~ = {2° =t = 0} locally,

gV OV, p+ ¢ps — ¢?s* =0. (2.19)

Here and henceforth we use overlining to denote restriction to the initial surface.
Let us prescribe 5* . We choose any (Z) > 0 to conformally rescale the induced
metric on .# ~. Then we solve (2.19) for 1) = V¢ (recall thatV,© and g% are
not allowed to have zeros on .#~). We take the so-obtained functions gb > 0
and 4 as initial data for (2.10).

By way of summary, the conformal covariance of the MCFE comprises a
gauge freedom due to which the functions R and s| - can be regarded as gauge
source functions, and due to which only the conformal class of the induced
metric on .#~ matters.

2.2.2 Coordinates

It is well-known (cf. e.g. [2]) that the freedom to choose coordinates near a
spacelike hypersurface # = {2° = 0} with induced Riemannian metric h;; can
be employed to prescribe

7% <0 and g”. (2.20)

Equivalently, one may prescribe
Goo and gop; such that goo — Eijgoiyoj <0. (2.21)

The remaining freedom to choose coordinates off the initial surface is comprised
in the g-generalized wave-map gauge condition

H? =0 (2.22)
with X
H? = g*P (T3 —T%4) — W° (2.23)

being the generalized wave-gauge vector. Here §,,, denotes some target metric,
' are the Christoffel symbols of g,,,. More precisely, the gauge freedom is
captured by the vector field

W = Wg(x'uv Guvy S, 0, Luua d;wopv guu)

which can be arbitrarily prescribed. In fact, within our setup, it can be allowed
to depend upon the coordinates, and possibly upon g,,,, as well as all other fields
which appear in the MCFE, but not upon derivatives thereof.
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2.2.3 Realization of the gauge scheme

Given some smooth solution of the MCFE and a new choice of gauge functions
R, 3, W7, Gou, as well as a conformal factor @ > 0 by which one wants to
rescale the induced metric g;;, a transformation into the new gauge is realized
as follows: ) )

In the first step we set ¢ := Q and solve (2.19) for 1) = V¢, which gives us
the relevant initial data for (2.10) which we then solve. This way § and R take
their desired values, and a new representative Q%g;; of the conformal class of
the induced metric on .# ™ is selected. Then the coordinates are transformed in
such a way that the metric takes the prescribed values for gy, on .# . Finally
we just need to solve another wave equation to obtain H? = 0 for the given
vector field W°.

2.3 Constraint equations in the (R =0,W* = 0,5 = 0,7y =
_1»§0i = 07 g;w = y;LV)'WElve map gauge

In the following we aim to derive the constraint equations for the fields g,., ©, s,

Ly, duye” on F~ as well as their transverse derivatives induced by the MCFE

on a spacelike .# ~ in adapted coordinates (20 = ¢, 2%) with .#~ = {t = 0}. The

surface .#~ is characterized by

© =0 and dO#0. (2.24)

Note that for .#~ to be spacelike a positive cosmological constant A > 0 is
required. The constraint equations will be relevant for the derivation of the
KID equations in Section 4.

To simplify computations we make the specific gauge choice

R=0, 5=0, goo=-1, go;=0, wWe =0, Qlwzglw. (2.25)

(Note that the target metric is taken to be g, for all £.) We shall show that
appropriate data to solve the constraint equations are g;; and do;o;, where the
latter field needs to satisfy a vector and a scalar constraint equation.
Let us start with a list of all the Christoffel symbols in adapted coordinates
Tk _ Tk TO _ 13-~ T0 _
I =14, ng = 7009ij e, =0, (2.26)
I8 = —2dogo0 . Thy=9"00go, Tk =313"0gu , (2.27)

where the ffj’s denote the Christoffel symbols of the Riemannian metric g =
gijdz’dz?. Throughout we shall use  to denote fields such as the Riemann
tensor, the Levi-Civita connection etc. associated to g.

Evaluation of (2.5) on .~ gives

VoO =+/N/3. (2.28)
The (uv) = (00)-component of (2.3) implies

VoVoO =0, (2.29)

while the (uv) = (ij)-components of (2.3) yield

— = [ A
0= VLVJ@ = —F%V()@ = — E a()g,‘j . (230)
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We compute the (uvok) = (ikjk)-components of (2.6),

Eikjk =L;; + gz‘j?klfkl )

where
Eikjk = 6kffj — aszk +f%f§k —ff‘kffa = Rikjk = Rij .
Hence 1
Lij = Rij— 29 = Lij , (2.31)

where iij is the Schouten tensor of §. The gauge conditions (2.25) imply

— — P — 1
0==-R= EMVLM,, = f_]”Lij — LOO = ZR — LOO . (2.32)

| =

From the pu = i-component of (2.4) we deduce
Lo =0. (2.33)
Next, we employ the wave-map gauge condition to obtain
0 = H'= gaﬁ(riﬁ - fiﬁ) = TG = —7"dogor ,
0 = H = gaﬁ(rgﬁ - fgﬂ) =-TQ = %Tgoo .

Altogether we have found that

dogw = 0. (2.34)
Thus (2.26)-(2.27) simplify to
Th=TF, TV, =T0,=T0,=T4, =T}, =0. (2.35)
We have
Ry = 0T -0, +TgTh, —ToTh,
= Rij+80—l“?j:f2ij+%aoaiogij.
Hence

308091‘]‘ = 4Zij — QRZ‘J‘ = QRij — gin. (236)

If we evaluate the y = 0-component of (2.4) on .#~ we are led to,

_ — /' =
V()S = L()()V()@ = @ R. (237)

The (uvo) = (0i0)-components of (2.2) yield

VoLoi = ViLoo = ~ViR . (2.38)

1
4
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Moreover, for (uvo) = (jki) we obtain

— 3~
doijk = \/ v[kL]]z \/;Cijk, (2.39)

where Cijy is the Cotton tensor of §. For (uvo) = (0ji) we find

VoLij = —+/\/3doioj - (2.40)

The gauge condition R = 0 together with the tracelessness of the rescaled Weyl
tensor then imply

0= ENVVOL,LLV = giijLij —VoLoo = —VoLgp . (2.41)

Via the second Bianchi identity the (uvo) = (0ij)-components of (2.1) become

Vodoio;j = —VF¥do = \/7chwk \/7 Bi; , (2.42)

where Eij denotes the Bach tensor of g. The (uvo) = (kji)-components give
Vodoijr = —Vidjri = 2V dkoio — 29:5V drjoro - (2.43)

Here we used that due to the algebraic symmetries of the rescaled Weyl tensor

dijit = 29" (Gkiidiimin — Tjidsimen — e[ 959" dpman)
= 2(Grudjj00 — Tupidjjoro) - (2.44)
The (uveo) = (0i0)-components of (2.1) imply a vector constraint for do;o;,
Vidpio; = 0. (2.45)

(A “scalar constraint”, which has already been used in the derivation of the
constraint equations, is simply given by the tracelessness-requirement on the
rescaled Weyl tensor,
g7 doioj = §"douor = 0.) (2.46)
To sum it up, we have the following analogue of a result of Friedrich [4]: The
free data can be identified with a Riemannian metric h;; := g;; and a symmetric
tensor field D;; := doo; on .~ satisfying

hijDi]‘ =0 and 6jDij =0 (247)

(that these are indeed the free data follows e.g. from the considerations in Ap-
pendix A). Then the MCFE enforce on .# ~ in the (R = 0,5 = 0,G00 = —1, go; =
0, Gpuv = v )-Wwave-map gauge,

Joo=-1, Goi=0, Gij=hiy, 0Oogu =0, (2.48)
©=0, 0,0= \f (2.49)

5=0, Jos=/nR. (2.50)

Lij = i/ij , Loi=0, Lgyp= iR ; (2.51)

OoLij = —\/gDij ., OoLo; =iViR, 3Ly =0, (2.52)
doioj = Dij , doiji = \/géijk , (2.53)

Oodoin; = \/géij , Oodoijr = 2?[jDk]i . (2.54)



Note that due to (2.35) the actions of Vi and 9y, as well as V; and V., respec-
tively, coincide on .# ~, so we can use them interchangeably.

We have seen in Section 2.2 (cf. also [4]) that there remains a gauge freedom
to conformally rescale the induced metric on .#~. Due to this freedom the
pairs (hij, Dij) and (Q2h;;, Q71D;;), with Q some positive function, generate
the same physical space-times. With regard to the constraint equations we note
that Q=1D;; is trace- and divergence-free w.r.t. Q*h;; whenever D;; is w.r.t. h;;.

In the following we shall write [h;;, Dy;] if this gauge freedom is left unspec-
ified and if we merely want to refer to the conformal classes of h;; and D;;.

2.4 Well-posedness of the Cauchy problem on a space-
like .7/~

In [9] a system of conformal wave equations (CWE) has been derived from
the MCFE. In Appendix A it is shown that a solution of the CWE, equations
(A.1)-(A.5), is a solution of the MCFE if and only if the constraint equations
(2.47)-(2.54) are satisfied. Using standard well-posedness results about wave
equations we thereby recover a result due to Friedrich [4] who proved well-
posedness of the Cauchy problem on .#~ (Friedrich used a representation of
the MCFE as a symmetric hyperbolic system, in some situations, however, it
might be advantageous to deal with a system of wave equations instead [6]). We
restrict attention to the smooth case (for a version with finite differentiability
see [4]):

THEOREM 2.1 Let H be a 3-dimensional smooth manifold. Let h;; be a smooth
Riemannian metric and let D;; be a smooth symmetric, trace- and divergence-
free tensor field on H. Moreover, assume a positive cosmological constant A > 0.
Then there exists an (up to isometries) unique smooth space-time (M , g, ©) with
the following properties:

(i) (A,qg,0) satisfies the MCFE (2.1)-(2.6),

(i) ©ly =0 and dO|y #£ 0, i.e. H =7 (and © has no zeros away from and
sufficiently close to H),

(11t) gijl = hij, doiojln = Dij.

The isometry class of the space-time does not change if the initial data are
Teplaced by (h7J7Dl]) with [hij,Dij] = [hij, ng]

REMARK 2.2 De Sitter space-time is obtained for H = 53, hij = s;; and D;; =
0, where s = s;;daz*dz’ denotes the round sphere metric, cf. Section 4.3.2

3 KID equations

3.1 Unphysical Killing equations

In [10] it is shown that the appropriate substitute for the Killing equation in
the unphysical, conformally rescaled space-time is provided by the unphysical
Killing equations

1 1
VX =1V Xogw & X°V,0=_0V,X7. (3.1)
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A vector field Xpnys is a Killing field in the physical space-time (.#phys, Gphys)
if and only if its push-forward X := ¢, Xpnys satisfies (3.1) in the unphysical
space-time (¢(Mpnys) C Mg = ¢(gphys) = O?gphys), where ¢ defines the con-
formal rescaling. The unphysical Killing equations remain regular even where
the conformal factor © vanishes.

In what follows we shall derive necessary-and-sufficient conditions on a space-
like initial surface which guarantee the existence of a vector field X which sat-
isfies the unphysical Killing equations.

3.2 KID equations on a Cauchy surface

Necessary conditions on a vector field X to satisfy the unphysical Killing equa-
tions are that the following wave equations are fulfilled [10],

O,X,+R,)"X, +2V,Y = 0, (3.2)
O,Y + SXV, R+ SRY = 0, (3.3)
where we have set .

Y = ZVUXU . (3.4)

It proves fruitful to make the following definitions:
¢ = X'V,0-0Y, (3.5)
Y o= XMV,s+sY —-V,0V'Y (3.6)
A = 2V, X)) —2Ygu , (3.7)
B, = ZxL,+V,V,Y. (3.8)

All these fields need to vanish whenever X is a solution of (3.1) [10].

The equations (3.2) and (3.3) together with the MCFE imply that the fol-
lowing system of wave equations is satisfied by the fields ¢, v, A, Vs A,, and
B, (cf. [10]):

OgAu = 2R4"Ayy. — 2R, %P Aas — 4By, (3.9)
Og¢ = di— %qus + A, VIV, (3.10)
Og¢ = |L?¢+ A, (VHVYs —20L, M LYF) + 201" B,

+% (AW VFRVYO — V*RV .6 — RY) | (3.11)

OyBu = 2(9uw L = Ry*.")Bag — 2R(," By + ;RBW

+2LQB(V5V[O¢AV]H — V#V[aAy]ﬁ)
« 1 «
Jr(V(uAmm +2V[QAB](#)(2V L,,)ﬂ — 551,) VBR)
+AP[V o VgL — 2L, Royans + 2LuaRup + La™ (2R upus + Rupun)
1
~2G LanLg®] + | LAy + LP Rpunp™ Auw — gRL(H“Al,)R . (312)

OyVod = 2Vo(Ry Avye — Bu® Anx) + 240(u(Vo) Ro® — VOR,,)
_4Rg)i(p,aVKAy)o¢ + Rao'vaAu,l/ - 4vo'BH1/ . (313)

In close analogy to [10, Theorem 3.4] we immediately obtain the following result:

10



THEOREM 3.1 Assume we have been given, in 3+ 1 dimensions, an “unphysical”
space-time (M ,g,0), with (g,©) a smooth solution of the MCFE (2.1)-(2.6).
Consider a spacelike hypersurface H C #. Then there exists a vector field
X satisfying the unphysical Killing equations (8.1) on DT (H) (and thus cor-
responding to a Killing vector field of the physical space-time) if and only if
there ezists a pair (X,Y), X a vector field and Y a function, which fulfills the
following equations:

(i) 0,X, + R,* X, +2V,Y =0,
(i) OgY + § X'V, R+ JRY =0,
(ii) ¢ =0 and oo = 0,
(iv) ¥ =0 and Opp = 0,
(v) ZW:O, m:D andm:(),
(vi) EW =0 and TBM =0.

Moreover, X = X, VoX =VoX, V, X1 = 1Y and VoV, X1 = ivo?.

3.3 A special case: © =1

Let us briefly discuss the case where the conformal factor © is identical to one,
0=1,

so that the unphysical space-time can be identified with the physical one. Then

the MCFE imply

1
§= é)‘ ) L;w = S9uv R,uu = )\g,uu ,

i.e. the vacuum Einstein equations hold. We consider the conditions (i)-(vi) of
Theorem 3.1 in this setting. Condition (iii) is equivalent to Y = 0 and 9pY = 0,
which provide the initial data for the wave equation (ii). The only solution is
Y = 0, i.e. X needs to be a Killing field, as desired. Condition (iv) is then
automatically satisfied. Since

Buy = gXLHV = ngg;w = QSV(MX,,) s (3.14)

the validity of (vi) follows from (v), and we are left with the conditions

O,X,+XX, = 0, (3.15)
VX, = 0, (3.16)
VoV X, = 0, (3.17)
VoVoV X,y = 0. (3.18)

Note that B, = 0 due to (3.14) and (3.16), so that (3.15)-(3.17) imply via the
trace of (3.9) on H the validity of (3.18).

The equations (3.15)-(3.17) form a possible starting point to derive the KID
equations on Cauchy surfaces in space-times satisfying the vacuum Einstein
equations (cf. [1, 8]).

11
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3.4 A stronger version of Theorem 3.1

Let us now investigate to what extent the conditions (iii)-(vi) in Theorem 3.1
imply each other. For this purpose we choose adapted coordinates (2° = t, xz)
in the sense that the initial surface is (locally) given by the set {z" = 0} and
that, on H, the metric takes the form

gl = —(dt)* + gijda'da? = —(dt)? + hyjda’da? | (3.19)

with h;; some Riemannian metric. Moreover, we denote by f, f; and f;; generic
functions which depend on the indicated fields (and possibly spatial derivatives
thereof) and vanish whenever all their arguments vanish. The symbol * is used
to denote the h-trace-free part of the corresponding 2-rank tensor on H, i.e.

1
ijij = Ul‘j — ghijhkl’l)kl . (320)
We start with the identity [10]
1
VoA = 3VuAY = OX, + RV X, +2V,Y (3.21)

Because of (3.2) the right-hand side vanishes and we obtain

Yodoo = 29°'ViAgy —7"Vodn = —-7"Vodu + f(AL),  (3.22)
Vodoi = %Vizoo + 7"V A — %yklvizkl = fi(Aw), (3.23)
VoVodon = 25"VoVida — 7" VoVodr
= 25"'ViVoAo — 7" VoVodu + f(Au) (3.24)
VoVodp = %voviAOO + 7" Vo Vidy — %?klm

= ViAo + ViV — 23"V Vo A + fi(Au) (3.25)
We further have the identity [10]
V.B," — %V“Bu” = Aus(VOL, - %VML“[B)
L, (0, X 4 R Xo +2V,Y) + %vu(mgy + %X"V,,R + %RY) ‘

With (3.2) and (3.3) we deduce

VoBo = QEMVkEoz EleoBkz + f(Aw)

79 VO-Bkrl + f( MIM ) ) (326)

VoBoi = —Vz'Eoo + 3"V By — iﬁklvzﬁkz + fi(Auw)
= fi(Au,Bu) - (3.27)

Evaluation of (3.9) on the initial surface gives with (2.26)-(2.27)

VoVodi; = 4By —g"TLVoA; + fi;(Au) (3.28)
VoVodAg = 4Boi —§" Ty VoA + fi(Au) (3.29)
VoVoAg = 4§00 — gklfglVOAoo + f(Z ) (330)

12



From the definition of B,,, we obtain with (3.3) (set B := g"*B,,,)

B = T"Au+0,¥ + X'V, + RV
= L"Au, (3.31)
VoB = Vo(Lr"Au) + Vo(O,Y + éX#VHR + %RY)
= Vo(LrAu) . (3.32)

We use the equations (3.22)-(3.32) to establish a stronger version of Theo-
rem 3.1. Let us assume that

v

AHV =0, VoAij =0, Bi]' =0, (VoBij)u: 0. (3.33)

Then by (3.22) and (3.23) we have VoA, = 0. From (3.31) and (3.32) we
deduce B = V(B = 0. The equations (3.24), (3.28) and (3.30) yield the system

VoVodon = —37VoVod; ,
79VoVodi; = 49YB; =2 4By,
VoVodoy = 4Boo,

from which we conclude VoVoAgy = §7V(VoA;; = By = 0. From (3.25) and
the trace-free part of (328) we then deduce V(VoA,, = 0, and the equations
(3.29) and (3.31) imply B, = 0. Moreover, invoking (3.26) and (3.32) yields

V(]Boo = —yijVOBij )
0 =VoB = gijVoBij - VoDBoo ,

i.e. VoBoo = §¥VB;; = 0. The equation (3.27) then completes the proof that
VoBu, = 0.
We end up with the result

THEOREM 3.2 Assume we have been given, in 3+ 1 dimensions, an “unphysical”
space-time (A ,g,0), with (g,0©) a smooth solution of the MCFE (2.1)-(2.6).
Consider a spacelike hypersurface H C .# . Then there exists a vector field X
satisfying the unphysical Killing equations (5.1) on DT (H) if and only if there
exists a pair (X,Y), X a vector field and Y a function, which fulfills the KID
equations, 1.e.

(a) equations (i)-(iv) of Theorem 3.1,
(b) Z#V =0 and V()Aij =0 with A;w = QV(HXV) — 2ng.V}

(C) ﬁij =0 and (VQBij)v: 0 with B;w = XXLHV + V,LVVY.

Moreover, E = Y, VOX' = VX, VHX/" = 1Y and VQV#X“ = VOY/.

1 1
1 1

3.5 The (proper) KID equations

We want to replace the equations dpy) = 0 and (VB;;)'= 0 appearing in The-
orem 3.2 by intrinsic equations on H in the sense that they involve at most
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first-order transverse derivatives of X and Y, which belong to the freely pre-
scribable initial data for the wave equations (3.2) and (3.3). The higher-order
derivatives appearing can be eliminated via (3.3) which implies

N _— 1 1
VoVoY = yleleY—ng“V”R—kgRY. (3.34)

We are straightforwardly led to

THEOREM 3.3 Assume that we have been given a 3 + 1-dimensional space-time
(A ,g,0), with (9,0©) being a smooth solution of the MCFE. Let X and A
be spacetime vector fields, and Y and YT be functions defined along a spacelike
hypersurface H C .4 . Then there exists a smooth space-time vector field X with
X = X VoX = A V,XH = 1Y and VoV, X+ = —T satisfying the unphysical
Killing equations (3 1) on D*(H) (and thus correspondmg to a Killing field of
the physical space-time) if and only if in the adapted coordinates (3.19):

(i) = X'V, 0 —0Y =0,
0o = A"V ,0 + X'V, V0 — 0T — V(0Y =0,

(ii) = X'V, s +3Y —ViOV,Y + V0T =0,
Mintr = A”V#S + X“VHVOS + V—oSY + (§—|— VoVo(‘))T —ViVy0eV,Y +
VoO(ALY —TE T + LXHV, R+ 1RY) — VFO(V, T — T}, V,Y) = 0,

(iii) Aij = 2v(z i) —2Y7i; =0,

Ao = A+ ViXo =0,

A0052A0j-2¥20,_ . . o 3 B

V()Aij = QV(iAj) — 2F§(ikaj) — QF%AQ + QRO(ij)'uXM — QTgij =0,
(iv) By = (XM, Ly, + 20,6V X¥ + V¥,V —TOT) =0,

(Vo B"‘tr) L% VOL”—O—2LM(Z-(8J)A“+F“ Ae— Fk VkX“)—i-ka(iEj)uok)%”-l—
ViV, T T3 (MY + 3 X1V, R+ JRY ) - rgivj)vky+(30ij0+f’gifgk+
F?jF’gk)T + (Roijk — Ving)VkYT: 0.

PROOF: Assume that there exist fields X, A, ¥ and T which satisfy (i)-(iv).
These fields provide the initial data for the wave equations (3.2) and (3.3) for
X and Y. A solution exists due to standard results. Once (3.2) and (3.3) are
satisfied the considerations above reveal that (i)-(iv) are equivalent to (a)-(c)
of Theorem 3.2, i.e. all the hypotheses of Theorem 3.2 hold and we are done.
From the derivation of (i)-(iv) it follows that these conditions are necessary, as
well. O

REMARK 3.4 We call the equations in (i)-(iv) the (proper) KID equations on H.

4 KID equations on a spacelike .¥~

4.1 Derivation of the (reduced) KID equations

Let us restrict now attention to space-times which contain a spacelike .#
which we take henceforth as initial surface (recall that this requires a positive

14



cosmological constant \). We impose the (R = 0,5 = 0,500 = —1,G0; =0, § =
Juv)-wave-map gauge condition introduced in Section 2.3. Recall that the freely
prescribable data on .#~ for the Cauchy problem are the conformal class of
a Riemannian metric h;; and a symmetric, trace- and divergence-free tensor
D;;. The MCFE then imply the constraint equations (2.48)-(2.54) on .# ~. In
Appendix A it is shown that a solution to the MCFE further satisfies

VoV =0, Roijk =0. (4.1)

We are now ready to evaluate the conditions (i)-(iv) of Theorem 3.3.
The condition (i) becomes

X0=0, A=Yy. (4.2)
Then condition (ii) is satisfied iff (set Ag := g9V, V)
T=0, X'V,R+2RY +44;Y =0. (4.3)

The condition ZW = 0 requires

At = 0, (4.4)

o 1~ .

Y = VX', (4.5)
(VaXy) = 0. (4.6)

The condition VyA4;; = 0 is then automatically fulfilled.
We reconsider the second condition in (4.3). Observe that (4.5), (4.6) and
the second Bianchi identity imply the relation

o~ ~ o . o 1 o.~ =~ ~ ~ . o
0=VVIA4; = ViA;X"+A;Y +-X'V,R+ Rj,V/X*
2 — ——
—RY
= 4A;Y + X'V;R+2RY ,
i.e. (4.3) follows from (4.5) and (4.6).
We have
Eij = (Xk@kiij + Qi—;k(i@j)ik + @Z@J?)u
= gxkakiu —+ (61'6]‘)0/)U7
and
VoBintry — A(DyY + XF Dy + 2D XP
(VoBi™) = =/ 5(DyY + kDij + 2DV X")
by N
= — g('gfckakDij =+ D”Y) .

We observe that due to the second Bianchi identity and (4.5)
@i@kzjk = g)}'kakélu/ + @7@jY + QXkﬁ[iﬁj]k + Agﬁi)c(j
+2Rik‘jl@kil — 21%”10/ — R/“ij .
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Symmetrizing this expression, taking its traceless part and taking A;; = 0 into
account we end up with

gj{kakiﬁu/ + (@zﬁjf/)}: 0 5

i.e. B;; holds automatically, as well.

THEOREM 4.1 Assume we have been given a 3 + 1-dimensional “unphysical”
space-time (A, g,0), with (g, ©, S, Ly, dyuwe”) a smooth solution of the MCFE
with A > 0 in the (R =0,5=0,900 = —1,G0;: = 0, §u = G )-wave-map gauge.
Then there exists a smooth vector field X satisfying the unphysical Killing equa-
tions (3.1) on DY(F ™) (and thus corresponding to a Killing vector field of the
physical space-time) if and only if there exists a conformal Killing vector field
X on (7,5 = hijdaida?) such that the reduced KID equations

1 ~ o
zj}DiﬁgDijkak = 0 (4.7)

hold (recall that the symmetric, trace- and divergence-free tensor field D;; =
dooj belongs to the freely prescribable initial data). In that case X satisfies

_ — e = 1 . —

X0=0, X'=X'  VyX0= gvi)ﬁ , VoXi=0. (4.8)
REMARK 4.2 Note that, in contrast to the A = 0-case treated in [10], the candi-
date fields, i.e. the conformal Killing fields on .# ~, do depend here on the initial
data h = h,-jdxidxj.

REMARK 4.3 For initial data with D;; = 0 the reduced Killing equations (4.7)
are always satisfied, and each candidate field, i.e. each conformal Killing field
on the initial manifold, extends to a Killing field of the physical space-time.

In terms of an initial value problem Theorem 2.1 and 4.1 state that given a
Riemannian manifold (H, h) and a symmetric, trace- and divergence-free tensor
field D;; there exists an (up to isometries) unique evolution into a space-time
manifold (#,g,0) with H = #~, §i; = hyj and EOin = D;; which fulfills the
MCFE and contains a vector field satisfying the unphysical Killing equations
(3.1) if and only if there exists a conformal Killing vector field X on (7, h) such
that the reduced KID equations (4.7) hold.

4.2 Properties of the reduced KID equations

We compute how the reduced KID equations (4.7) behave under conformal

transformations. For this consider the conformally rescaled metric g := 025
with © some positive function. Expressed in terms of § (4.7) becomes
- 1 o M
ZLy(Q7'Dy) + 5(@ 'Di)ViXF = 0, (4.9)
i.e. they are conformally covariant in the following sense:

LeMMA 4.4 The pair (Gij, Dij;) is a solution of the reduced KID equations (4.7)
if and only if the conformally rescaled pair (22g;j, Q™' D;;), with @ some positive
function, is a solution of these equations.

This is consistent with the observation that conformal rescalings of the initial
data do not change the isometry class of the emerging space-time.
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4.3 Some special cases

Let us finish by taking a look at some special cases:

4.3.1 Compact initial manifolds

We consider a compact initial manifold (.#~, ) and assume that it admits a
conformal Killing field X. Then there exists (cf. e.g. [7]) a positive function
such that the conformally rescaled metric ¢ = Q2§ has one of the following
properties:

e Either (#7,3) = (5%, s;;dz’da?) is the standard 3-sphere,
eor Xisa Killing vector field w.r.t. g.

If (#7,g) is the round 3-sphere all the conformal Killing fields are explicitly
known. In the second case where X is a Killing vector field w.r.t. g the equation
(4.9) simplifies to

Ly 'Dy) = 0. (4.10)
That implies:

LEMMA 4.5 Consider a solution of the vacuum Einstein equations which admits
a compact spacelike S~ and has a non-trivial Killing field. If (#~,§) is not
conformal to a standard 3-sphere, then there exists a choice of conformal factor
so that space-time Killing vector corresponds to a Killing field (rather than a

conformal Killing field) of (£, ).

4.3.2 Maximally symmetric space-times

Let us consider the case where the initial manifold admits the maximal number
of conformal Killing vector fields. Clearly this is a prerequisite to obtain a
maximally symmetric space-time once the evolution problem has been solved. A
connected 3-dimensional Riemannian manifold (#, k) admits at most 10 linearly
independent conformal Killing vector fields. If equality is attained, (H,h) is
known to be locally conformally flat [12].

Let us first consider the compact case. We use a classical result due to
Kuiper (cf. [7]):

THEOREM 4.6 For any n-dimensional, simply connected, conformally flat Rie-
mann manifold (H,h), there exists a conformal immersion (H,h) < (S™,s =
sijdxidxj), the so-called developing map, which is unique up to composition
with Mébius transformations. If H is compact this map defines a conformal
diffeomorphism from (H,h) onto (S™,s).

Since only the conformal class of the initial manifold matters we thus may as-
sume (H, h) for compact H to be the standard 3-sphere from the outset. To end
up with a maximally symmetric physical space-time containing 10 independent
Killing fields one needs to make sure that each of the conformal Killing fields
extends to a space-time vector field satisfying the unphysical Killing equations
(3.1). In other words one needs to choose D;; such that the reduced KID equa-
tions (4.7) hold for each and every conformal Killing field on (S%,s). Via a
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stereographic projection onto Euclidean space one shows that this is only pos-
sible when D;; is proportional to the round sphere metric. But D;; is traceless,
and thus needs to vanish. For data (H,h) = (S%,s) and D;; = 0 one ends
up with de Sitter space-time. This is in accordance with the fact that de Sit-
ter space-time is (up to isometries) the unique maximally symmetric, complete
space-time with positive scalar curvature.

The non-compact case is somewhat more involved since the developing map
does in general not define a global conformal diffeomorphism into (S, s). For
convenience let us therefore make some simplifying assumptions on (#, k) which
allow us to apply a result by Schoen & Yau [11] (we restrict attention to 3
dimensions when stating it):

THEOREM 4.7 Let (H,h) be a complete, simply connected, conformally flat 3-
dimensional Riemannian manifold and ® : H — S its developing map. Assume
that |R(h)| is bounded on H and that d(H) < %.* Then ® is one-to-one and
gives a conformal diffeomorphism from H onto a simply connected domain of S°.

We conclude, again, that the emerging space-time will be maximally symmetric
iff D;; =0, and will be (isometric to) a part of de Sitter space-time.
4.3.3 Non-existence of stationary space-times

For (#,g,0) to contain a timelike isometry there must exist a vector field X
satisfying the unphysical Killing equations (3.1) which is null on .#~ (it cannot
be timelike since X° = 0),

0= gHVYHYV = hLJYlYJ — 71 =0.

But then the preceding considerations show that X* = VoX# =Y =V,Y =0,
and solving the wave equations for X and Y, (3.2) and (3.3), yields that X
vanishes identically. It follows that there is no vacuum space-time with A > 0
which is stationary near .# ~. (Compare [4, Section 4].)
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A Equivalence between the CWE and the MCFE

A.1 Conformal wave equations (CWE)

In [9] the MCFE (2.1)-(2.6) have been rewritten as a system of conformal wave
equations (CWE),

1
0L, = 4LuL," — guw|L|* — 20d,6,"L," + GVaVuR, (A1)
1 1
Oys = O|L)* - GVRRV"O - osh (A.2)
1
0,0 = 4s— EGR, (A.3)
o g = Odndopa —40d, .1, e, L A
g pvop pwrve YQopa T orlp @vlap + ERduVOpv ( 4)
1
R;(fj) [g] = 2L;w + ERg;w . (A5)
Here A
R = Ry — 9o,V H” (A.6)

denotes the reduced Ricci tensor. The reduced wave-operator DgH) (which is
needed to obtain a PDE-system with a diagonal principal part) is defined via
its action on covector fields vy,

1
—Rgux vt (A7)

DéH)w = Oguy — ga[A(@u]HU)U“ + (2Lux — Rfj\” + 6

and similar formulae hold for higher-valence covariant tensor fields.

In the following we want to show that a solution of the CWE in the gauge
(2.25) is a solution of the MCFE if and only if the constraint equations (2.47)-
(2.54) hold on .# |

hiD;j =0, ViDy;=0, (A.8)
Goo=—1, Goi=0, Gij=nhiy, Oogu =0, (A.9)
=0, AO=,/3. (A.10)
5=0, Oos=y/#R. (A.11)
] - Lzy 9 LO’L - 0 ZOO - %R, (A12)

— N Ly 57 _
OoLi; = \/7ng , OoLoi = 3ViR, 0oLoo =0, (A.13)
dojoj = Dij,  doiji = \/;Cijk ; (A.14)
Oodoinj = \/géij . Oodoijk = 2V [jDyy; - (A.15)

A.2 An intermediate result
In close analogy to [9, Theorem 3.7] one establishes the following result:

THEOREM A.1 Assume we have been given data (G, ID(W, §, 9, 0,0, i,“,,
MW, dWU", Dlwop) on a spacelike hypersurface H and a gauge source function
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R, such that g, is the restriction to H of a Lorentzian metric, lo(',“,, ID/W and
M, are symmetric, L = L,/ = R/6, M,» = 0oR/6, and such that d.." and

o

Dwe? satisfy all the algebraic properties of the Weyl tensor. Suppose further
that there exists a solution (guu, s, ©, Ly, duwe”) of the CWE (A.1)-(A.5)
with gauge source function R which induces the above data on H,

Gw =0, 5=5, =0, Lu=Lu, duwo’=dus",
oGy =Ky . Tos=95, 00=Q, Ly =My, Ooduo’ =Dy’
and fulfills the following conditions:
1. The MCFE (2.1)-(2.4) and their covariant derivatives are fulfilled on H;
2. equation (2.5) holds at one point on H;
3. WWJ”[Q] = @EWU’) and VoW, [g) = Vo(© dywo?);
4

. the wave-gauge vector H? and its first- and second-order covariant deriva-
tives V, H? and V,V,H? vanish on H;

5. the covector field ¢, = —4(V,L,” — +V,R) and its covariant derivative
V¢, vanish on H.

Then
a) H” =0 and Ry = R (where R, denotes the Ricci scalar of guu);
b) L, is the Schouten tensor of g ;
¢) Oduue’ is the Weyl tensor of guu;

d) (Guv, s, ©, Ly, duve”) solves the MCFE (2.1)-(2.6) in the (H° = 0,
Ry = R)-gauge.

The conditions 1.-5. are also necessary for d) to be true.

A.3 Applicability of Theorem A.1 on ¥~

We now consider the case where H = .#~. Using the gauge (2.25) we want to

show that the hypotheses of Theorem A.1 are fulfilled by any tuple (g, s, ©,

L., d;e”) which satisfies the constraint equations (A.8)-(A.15) and the CWE.
For R = 0 the CWE reduce to

0L, = AL..L," — gu|L® — 20d,0,"L,” , (A.16)
Oys = O|L%, (A.17)
0,0 = ds, (A.18)

D!(]H)d,uyap = Qd,u,l/rcadapozII‘C - 4@dm‘$[uadi/]ozp’i ) (Alg)

RIDlgl = 2L, . (A.20)

First of all note that L = 0 = R/6 and oL = 0 = JoR/6, as required.
Moreover (A.10) implies that (2.5) is satisfied on . ~, i.e. it remains to verify
that the hypotheses 1. and 3.-5. in Theorem A.1 are fulfilled.

Recall that in our gauge the only non-vanishing Christoffel symbols on %~
are ff‘j = ffj, and that this implies that the action of Vo and 0y as well as the
action of V; and V; coincides on .# .
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A.3.1 Vanishing of H, VH and VVH

We have
0 —  —pr (0 SN
H' = g™ ([, -T,)=0, (A.21)
H' = g™, -1, =0. (A.22)

Equation (A.20) can be written as

RHU - gU(HVV)H" = QLW, . (A23)

Invoking H? = 0 that gives

Foo + OoHO = QZOO ,
Ro; — 5?1'3‘50[1” = 2Ly,
R;; = 2L;;.

On the other hand, with (A.9) we find

_ _ 1
Roy = —0I'}, = —iﬁklaogogkl ;

Roi = -l =0,

_ - I
Rij = 80F?j + Rij = §aoaogij + Rij .

Taking (A.12) into account, we conclude that
9o00gi; = 2Ri; — iR , (A24)

as well as g H® = 0, and we end up with

V,H° =0. (A.25)
Note that this implies
0 = OoH® = g"olY, = %&ﬁogoo - %R, (A.26)
0 = 0oHF =g" oIk, = —g"dogo , (A.27)
ie.
3090900 = R, 900ogo: = 0. (A.28)

We give a list of the transverse derivatives of the Christoffel symbols on .#~,
9%y = —3R, 0Ty = Gir0olh; = Rij — 33: R, (A.29)
AL, = oLy = AT = 0. (A.30)

Using (A.23) that yields with H” = 0= V,H° the relation

aORuy - ga'(,u,au)aoHU = 280[/;“/ ) (Agl)
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and thus
OoRoo + 000oH® = 200Lqy ,
1 A —
OoRoi — 5@"73050[{3 = 200Lo; ,
80Rij = anLij .
We compute
__ _— 1 R
doRoy = —0000TE, = —Eﬁklaoaoaogkh
_ P — 1~ - 1~ =~
doRoi = ViOTh —000TF, = —=Vi(@'00ogr1) = ViR,
——— 2 2
=0
_ _ 1
Dl = 0l = 50000009 -
From (A.13) we deduce that
S A
(9()(908()91‘]' = —4 gDij y (A32)
from which we obtain dydyH = 0, and thus
V.V,H° = 0. (A.33)
A.3.2 Vanishing of ¢ and V({
In our gauge we have
CM = _4vaLp,a . (A34)
We invoke (A.12) and (A.13) to obtain
Co = 490Loo — 47" ViLo = 0, (A.35)
(= 489Lo; — AgMVieLy = 0. (A.36)

The computation of Vo(, requires the knowledge of certain second-order trans-
verse derivatives of L,,, which we compute from the CWE (A.16). Since H? =
0=V, H° we have

O,L,, =00 L, =40, L, — g, |L? <
v()VOL/J,V = Angw - 4L,uﬁlluN + y;u/ [Llelk + (LOO)Q} )

whence
- 1 ~ ~5 1 -5
VoVoLgog = ZA{,R — |R| + §R , (A37)
VoVoLlo, = 0. (A.38)
From
VOC# = 4VOV0L0’M — 4§kl@kVoLlﬂ — 4}_20@@1’“ — 4EOOZO#

22



and
Row' = —Ri'+ %&glé : (A.39)
Rowi' = 0, (A.40)
we conclude that
Vobo = 21%2 —4|R|* —4Rpw'Li* = 0, (A.41)
Vol = 4\@@'% —4Ro' L = 0. (A.42)

A.3.3 Validity of the MCFE (2.1)-(2.4) and their transverse deriva-
tives on /'~

The independent components of V,d,,.”, which is antisymmetric in its first
two indices, trace-free and satisfies the first Bianchi identity, are

Vpdijk/’ and Vpdmjﬂ

(similarly for its transverse derivatives).
It follows from (2.44), (A.14), (A.15) and (A.8) that

Vodijin? = V'diji — Vodowi = 2G4;V' Dy = 0, (A.43)
Vpd()ijp = V’“EOU;@ + VOdOin =0. (A44)

We consider the corresponding transverse derivatives. With (A.39) and
(A.40) we find

VoV,dijr? = VoVodori; + V'Vodijr — 2E0[j|0l80|i]kl + Roro'doiij + Roodowji

VoV,doii? = VoVodoio; + @kVOdOijk — Ro*o'dirji + Rojo* Dix — RooDij -

The second-order transverse derivatives of the rescaled Weyl tensor follow from
the CWE (A.19),

Oydpvop = DEJH)dWUp = 0 <= VoVoduop = Bjduvop »
hence
VoVodoije = Agdoijr = @Agéijk, (A.45)
VoVodoio; = Agdoio; = AgDj . (A.46)
The Bianchi identities together with the identity
Rijm = 2GRy — 29, Ry — Rapwdy; » (A.47)

which holds in 3 dimensions, imply the following relations for Cotton and Bach
tensor,

Cijry = i = V'Criy = 0,
ViCi = ViCuji + Riju™ Ligm + Riai™ Ljjm -

VB = RMCus,
5 B LA B LA L AL m 7 ey
ViBje = =580k + R Cow — 5Bk Crij — g€ )" Bim + 7RG -

23
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With (2.44), (A.8), (A.14) and (A.15) we then obtain

- 3/ - - R -~ R _
VoV,dijp? = \/;(QQk[ilej]l =2V iBjj — (A — E)iji + 2R Cypr — Rklclij>
= 0,
VoV, do,? = 0.
Set
Ew =V, V,0+0L,, — 59 - (A.48)

To compute Zgg we need to know the value of V(V0 which can be determined
from the CWE (A.18),

Dg@ =45 <= VoV =0. <A49)

Invoking (A.10)-(A.11) we then find

Z; = 0, (A.50)
S0 = ViVoO =0, (A.51)
S0 = VoVoO =0. (A.52)

To calculate the transverse derivative of ., on .# = we need to determine the
third-order transverse derivative of ©

- I . A =~
VODg@ = 4V0$ A VOVOVO@ = — ER . (A53)

One then straightforwardly verifies with (A.39) and the constraint equations

VOEij = VfLVJVQ@ + Eoioij@ + ZijV()@ — V—osgu =0,

VoZ0i = ViVoVeO + Ly;VeO = 0,

VoZ0o = VoVoVe0O +Z00V0@ + V—os =0.

Set
Y, =Vus+L,V'O. (A.54)
We observe that by (A.10)-(A.12)

T, = o5-T¥e0 = 0, (A.55)
T, = 0. (A.56)

To compute the corresponding transverse derivatives on .# ~ we first of all need
to calculate V(Vys, which follows from (A.17),

O,5=0 <= VoVos=0;. (A.57)

Employing further the constraint equations and (A.49) we then deduce

VOTO = VOVOS - VOLOOVO@ — LOOVOVO@ =0 5

VoT; V:Vos —VoLoiVoO + Li; VIVO = 0.

Set
Ko =2V oLy — VO dyo,” . (A.58)
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Due to the symmetries 5,(,5) = 0, 5[,0] = 0 and 3¢,,” = 0 (since Zﬂ =0 and
L =0) its independent components on the initial surface are

?ijk and Ttij() .
Since also V¢, = 0 an analogous statement holds true for VOTW. We find
with (A.10) and (A.12)-(A.14)
ik = 2ViLji—VoOdoje = 0, (A.59)
ijo = 2VioLyy + V0O doip; = 0. (A.60)

Before we proceed let us first determine the second-order transverse derivative
of Lij on #~. From the CWE (A.16) we obtain

OyLi; = 0y LijaLu L — g4I L1° — 9:;(Loo)® =
- - .- - 1 -
VoVoLi; = AjLij — 4L L% + G (IL1* + 1—632) ) (A.61)

For the transverse derivatives we then find with (A.39), (A.40) and (A.49) and
the constraint equations

Vorije = 2ViVjoLii — VoO Vodoye = 0,

Vorijo = VoVoLi; —V;VoLoi — Rojo"Lir. — RoiojLoo + V0O Vodoio;

J
. o 1 .- .
= VOVOLij — ViVjR + ijLik — ERQEU + Bij =0,

| =

where we have used that

Bij = _Agfiij + @z@jé — §23|E|2 + 3]:Jik1:4jk . (A.62)

-

A.3.4 Vanishing of W,,,” — ©d,,,” and Vo(W,,0" — O dws”)

The independent components of the conformal Weyl tensor in adapted coordi-
nates are

ngjk and Wi’ .
Using the definition of the Weyl tensor
Wiwo” = Ruve” = 2 (9ouLu)” = 0u"Lujs )
we observe that by (A.39), (A.40) and (A.12) we have
Woi* = GijLo" —6"Lo; = 0,
Woi? = Roio” + Li’ =67 Loo = 0.
To derive expressions for the transverse derivatives recall the formulae (2.35),

(A.29)-(A.30) for the Christoffel symbols and their transverse derivatives on .# .
Since, by (A.24), (A.27) and (A.32), we further have

1 - ~ ~
dodoly; = §§kl(vi8()aogjl + V,;0000gi1 — V10000 gi;)

_ o 1 .
= 2V(iRj)k - 5(iij)R — VkRij + EEUV’“R ,

: 1 _ B N
00Ty = §§]k(8080809ik + V0000 g0k — V000og0i) = —2\/;131‘] ,
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we find that
VOROijk = 80R0ijk = @iaorléj —60801“%
- I 1 -, -
= —V,R*+ 56,;’“ij+ VFR; — §§ijv’f}z ,
VoRoio? = doRoio? = —000oly = 2 gDiJ.
Hence
VoWoi* = VoRoi* +3i;VoLo* — 6:*VoLo; = VFLj; — V,L* = CyF,
. . - A
VoWoio! = VoRoio? + VoLl —6;?VoLoo = \/;Dij )
and we end up with
Vo(Woij* — ©doi*) = VoWoi* —VoOdo;" =0,
Vo(Woiod — Odoio?) = VoWoiod — VO doi’ = 0,

which completes the proof that Theorem A.1 is applicable supposing that the
initial data for the CWE satisfy the constraint equations (A.8)-(A.15) on .# .

THEOREM A.2 Let us suppose we have been given a Riemannian metric h;; and
a smooth tensor field D;; on I~ . A smooth solution (guv, Ly, duwe”, ©,s) of
the CWE (A.16)-(A.20) to the future of &~ with initial data

(g;w = .é,ut/a 809;w = f(,uu, Z,uu = E,uy» aOL;w = y iz E;wap = dD;WUPa
60dwc,ﬂ = lo)lwgp, 0=0= 0, 000 = 627 5=8=0,0ps = S')

where G;; = hi; and the trace- and divergence-free part of doo,;oj = D;j are the
free data, is a solution of the MCFE (2.1)-(2.6) in the

(R =0,5=0,900 = —1,90; = Oag/w = .&/W)'wave'map gauge

if and only if the initial data have their usual algebraic properties and solve the
constraint equations (A.8)-(A.15). The function © is positive in some neigh-
borhood to the future of Z~, and d© # 0 on I~
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CHAPTER 16

Conclusions and outlook

“To doubt everything or to believe everything are two equally convenient truths; both
dispense with the necessity of reflection.”
J. HENRI POINCARE (1854-1912)

16.1 Conclusions

In this thesis we have analyzed and solved several issues related to the initial value problem
in general relativity. We contributed to a systematic construction of space-times with specific
physically reasonable properties in the sense that they possess certain symmetries, a certain
(positive) mass, and/or a certain asymptotic structure.

First of all, we have developed new ways to integrate Einstein’s wave-map gauge constraints
for the characteristic initial value problem. The so-obtained flexibility is advantageous in
various situations, for instance to prove well-posedness results for a larger class of matter
models. We have used it to eliminate all the gauge-dependent logarithmic terms appearing
in the asymptotic expansions of the solutions of the constraint equations at null infinity.
It turned out, though, that some logarithmic terms cannot be removed by coordinate
transformations. This led us to a gauge-independent no-logs-condition which characterizes
the occurrence of log terms on the initial surface, and is strongly expected to characterize
characteristic initial data leading to space-times which admit a “piece of a smooth .#+”. The
construction of such space-times which are (at least in certain null directions) asymptotically
flat in the sense of Penrose will be crucial to get a better understanding of the compatibility
of Penrose’s geometric notion of asymptotic flatness with Einstein’s field equations.

Another approach to construct asymptotically flat (or de Sitter) space-times is via
asymptotic initial value problems where (parts of the) data are prescribed on past null
infinity. We focused attention to those cases where the initial surface is .# ~. For positive
cosmological constant A\ this is a space-like hypersurface, whereas for A = 0 it is a null
hypersurface, which we assumed to form a light-cone whose vertex, representing past time-
like infinity, is a regular point as well. To analyze the corresponding Cauchy problems,
we extracted a system of wave equations from Friedrich’s conformal field equations. We
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proved that the wave equations are equivalent to the conformal field equations, supposing
that they are supplemented by an appropriate set of constraint equations on .# ~. In the
characteristic case we used these wave equations together with Dossa’s well-posedness result
for such systems to prove well-posedness of the conformal field equations with data on the
C;--cone near i~ . This result permits a systematic construction of solutions to Einstein’s
vacuum equations which extend arbitrarily far into the past and, at sufficiently early times,
have an asymptotic structure resembling the Minkowskian one. Moreover, it provides a first
step towards the construction of Friedrich’s purely radiative space-times. We were further
be able to use the system of wave equations to provide an alternative proof of Friedrich’s
well-posedness result for the conformal fields equations with data on a space-like ..

The analysis of the asymptotic behavior of solutions of the wave-map gauge constraints
led us to a new formula for the Trautman-Bondi mass, which we expressed in terms of the
data prescribed on the associated null hypersurface. Assuming this null hypersurface to be a
globally smooth light-cone, we have rewritten this formula as a manifestly positive expression,
and thereby obtained an unexpected and direct proof of the positivity of the Bondi mass.

Finally, we studied the construction of Killing vector fields in terms of initial value
problems, i.e. the issue which additional equations, the so-called KID equations, the data
need to fulfill; so that the emerging space-time contains a Killing vector field. Since symmetries
play an utmost important role in physics and Killing vector fields generate (local) isometries,
it is of great relevance to have such results available. The analysis had only been done for
the space-like case before, while we did it for the characteristic case. Moreover, we did the
same analysis for the asymptotic Cauchy problems. We first established a substitute for
Killing’s equation in Penrose’s conformally rescaled space-times, which we then analyzed
thoroughly to derive the KID equations. We have studied them in detail on a space-like .~
and a characteristic & .

16.2 Outlook and open issues

There are several open issues closely related to the problems which have been considered in
the course of this Ph.D. project, which we briefly discuss here:

e We have explained that one main motivation for analyzing the numerous possibilities
to integrate Einstein’s wave-map gauge constraints in [34] was to provide the basis to
include larger classes of matter models for which well-posedness results can be derived,
such as above all the Einstein-Vlasov system. While an approach to this has been given
in [14], a well-posedness result with non-vanishing Vlasov matter up to the vertex of
the cone is still lacking.

e The considerations in [38, 72] concerning the construction of smooth initial data for the
CFE up-to-and-including conformal infinity are just a first step towards the construction
of space-times which admit a piece of a smooth .#T. An appropriate well-posedness
result for smooth data for the evolution equations has been established in [10]. It might
be interesting to investigate, whether a corresponding result can be obtained in the
polyhomogeneous setting, as well, i.e. without imposing the no-logs-condition.

e Another question of interest is to establish the existence of a vacuum development which
includes at least a piece of a smooth or polyhomogeneous .#+ when data a prescribed
on the C;--cone. This would provide a way to construct space-times with a smooth ¢~
and .# ~, a regular i and a regular .# %, though it is hardly predictable what difficulties
one might encounter near i°, where the metric tensor cannot be assumed to be smooth,
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and whether one is (generically) led to a smooth or rather to a polyhomogeneous .# .
This would be a decisive step towards the construction of Friedrich’s purely radiative
space-times, for which it is not conclusively clear yet whether the very concept of such
a space-time is appropriate in that a sufficiently large class of solutions is compatible
with all its requirements.

e Asymptotic initial value problems provide a tool to construct systematically space-times

which are asymptotically flat or de Sitter (similarly, asymptotic initial boundary value
problems can be employed to construct asymptotically anti-de Sitter space-times).
However, no exhaustive knowledge is gained how restrictive such asymptotic conditions
on space-times are. The analysis of the asymptotic appearance of logarithmic terms
when integrating the constraint equations on a light-cone led to the no-logs-condition
as the only relevant obstruction. Nonetheless, this condition shows that, as in the
hyperboloidal case [1, 2], initial data which are smooth at conformal infinity are
not generic. Further investigations are necessary. In particular, it is an open issue
to characterize the set of asymptotically Euclidean space-like initial data sets, the
evolution of which lead to (null) asymptotically flat solutions of Einstein’s field equations
(compare [55] for an approach to this issue, where ¥ is blown up to a cylinder).
While the result in [53] shows that small perturbations of de Sitter initial data still lead
to a regular .#, the result on the non-linear stability of the Minkowski space-time [23]
give less hints in this respect. However, it is known that in the stationary case smooth
conformal extensions through .# are admitted [10]. Moreover, Chrusciel and Delay [29]
modified Corvino’s gluing technique [39] to construct large classes of asymptotically
flat space-time from asymptotically Euclidean initial data sets.
So before a conclusion can be drawn whether a smooth or a polyhomogeneous .# should
be required, the space-like Cauchy problem needs to be better understood. For instance,
it is not clear at all to what extent a smooth or polyhomogeneous .# is compatible
with space-times which are asymptotically flat in spatial directions, i.e. arises from the
evolution of asymptotically Euclidean initial data sets.

e Further open problems regard well-posedness results for the CFE with data on light-
cone with vertex at .#~ for A > 0 or for two transversally intersecting characteristic
surfaces whose intersection manifold is located at .#~ for A > 0, and to analyze which
are the freely prescribable data in these cases.

e Similarly, it might be of interest to derive the KID equations for these initial surfaces.

e Another task would be to generalize the KID equations to include certain matter
models.

e It would also be of interest to construct KIDs for which the corresponding Killing
vector fields have specific properties, so that the emerging space-time is, e.g., stationary,
static, axisymmetric etc.

e The formula for the Bondi mass derived in [37] could be generalized to include a
cosmological constant.

e An explicit computation, if possible, of the Bondi news function, or rather of d,mrg,
in terms of characteristic initial data would provide some information on the amount
of energy radiated away by the system. Moreover, it might be possible to establish
necessary and/or sufficient conditions on the null data this way to produce space-times
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where no gravitational energy is radiated away (at least for a certain retarded time
interval).

It is an open issue to derive — using elementary methods — a positive mass theorem
for a characteristic hypersurface with an interior boundary diffeomorphic to S? and
intersecting .# T in a smooth spherical cross-section. Starting from the corresponding
expression for the Bondi mass [37, Equation (54)], which is not manifestly positive,
this requires to gain a better understanding of the implications of the boundary terms
(cf. [37] for partial results on this issue).

The formula for the Bondi mass in [37] is derived in the physical space-time. It might
be auspicious to rewrite it in terms of unphysical fields in the conformally rescaled
space-time to obtain an expression which remains regular on the C;--cone. It then
could be compared with the ADM mass computed at i°.

An analysis of the asymptotic behavior of solutions of the Einstein wave-map gauge
constraints in a space-time with negative cosmological constant may shed some light
on how to satisfy the corner conditions arising at the intersection of the light-cone with
&, when reflective boundary conditions are imposed there. This would be particularly
interesting, since it is not clear how they can be fulfilled in the space-like case [58],
compare [30] where partial results are given.

A technical issue of rather mathematical relevance would be to derive all the above
results under lower regularity assumptions.



APPENDIX A

Mathematical preliminaries

“Mathematics is the queen of sciences [...]. She often condescends to render service to
astronomy and other natural sciences [...].”
CARL FRIEDRICH GAUSS (1777-1855)

A.1 Well-posedness results for wave equations

In this appendix we have collected some well-posedness results for (quasi-)linear wave
equations on which many results obtained in the main text are based. We restrict attention
to the smooth case and assume a dimension of space n > 1.

We start with a classical result for a space-like Cauchy problem, cf. e.g. [84]:

THEOREM A.1.1 Consider a quasi-linear system of wave equations for a collection of functions
v on R,
AM (x,v,00)0,0,v + f(z,v,0v) = 0, (A1)

where A and [ are smooth functions of the indicated variables, and where the quadratic
form A has Lorentzian signature. Consider further a space-like (w.r.t. A) hypersurface
¥ C R™*L, on which smooth Cauchy data are given,

1}‘2 = d) s (9,51}‘2 = ¢ . (AZ)

Then, there exist unique smooth functions v in some neighborhood of ¥ which solve (A.3) and
induce the prescribed data. The solution depends in a continuous manner on the initial data.

The following result for a Cauchy problem on two characteristic hypersurfaces intersecting
transversally is due to Rendall [76]:

THEOREM A.1.2 Consider a quasi-linear system of wave equations for a collection of functions
v on R,
AP (2,0)0,0,v + f(z,v,0v) = 0, (A.3)
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where A and [ are smooth functions of the indicated variables, and where the quadratic form
A has Lorentzian signature. Consider further continuous initial data ¢ on two transversally
intersecting characteristic (w.r.t. A) hypersurfaces Ny, No C Rt

U|N1UN2 = gb ) (A4)

whose restrictions to N1 and No are smooth.

Then there exist unique smooth functions v in some neighborhood to the future of the
intersection manifold which solve (A.3) and induce the prescribed data. The solution depends
continuously on the initial data.

A well-posedness result for quasi-linear wave equations with data on a light-cone goes back
to work of Cagnac [11] and Dossa [11], compare [16] for an English summary of their result.

THEOREM A.1.3 Consider a quasi-linear system of wave equations for a collection of functions
v on R
AMY(2,v)0,0,v + f(z,v,0v) = 0, (A.5)

where A and f are smooth functions of the indicated variables, and where the quadratic form
A has Lorentzian signature and takes the Minkowskian values for x =0 and v = 0. Consider
initial data ¢ on a light-cone Co C R™™ (w.r.t. A),

vle, = ¢ with $(0) =0, (A.6)

and assume that ¢ is the trace on Co of a smooth function.

Then, there exist unique smooth functions v in some neighborhood to the future of O
which solve (A.5), which can be extended to smooth functions in R" 1 and which induce the
prescribed data on Co. The solution depends continuously on the initial data.

For all of the corresponding Cauchy problems for linear systems of wave equations it
is possible to establish global existence results, though it appears partly difficult to find
adequate references, cf. e.g. [13, 45, 62]:

THEOREM A.1.4 Consider a linear system of wave equations for a collection of functions
v = (v;) on a space-time (A ,g),
9" (2)0u00vi + > (ai)*(2)0uv; + Y bij()v; = filx) (A7)
J J

where a;5, bij and f; are smooth on A .
1. Consider smooth initial data ¢ and ¥ on a space-like hypersurface ¥ C M
U‘g = d) 5 aﬂjlg = ’L/J . (AS)

Then, there exist unique smooth functions v in D(X) which solve (A.7) and induce the
data ¢ and Y on X.

2. Consider initial data ¢ on two null hypersurfaces N{UNo C A intersecting transversally
along a smooth submanifold,

v|N1UN2 = ¢ . (Ag)

Assume that the ¢’s are smooth on N1 and No and continuous at the intersection
manifold. Then, there exist unique smooth functions v in DT (Ny U Na) which solve
(A.7) and induce the data ¢ on Ny U Na.
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3. Consider initial data ¢ on a light-cone Co C M
— (A.10)

Assume that the ¢’s are traces on Co of smooth functions. Then, there exist unique
smooth functions v in DT (Co) which solve (A.7) and induce the data ¢ on Co.

In each case, the solution depends in a continuous manner on the initial data.
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Abstract

Initial value problems provide an extremely powerful tool to construct in a systematic
manner general solutions to Einstein’s field equations. Due to the Lorentzian geometry
of a space-time there are in fact various possibilities of choosing an initial surface, such
as e.g. characteristic ones, on which the main focus of this thesis lies. Now, aside from
predicting existence and uniqueness (up to isometries) of solutions to these initial value
problems for appropriately prescribed data sets, one would also like to say something about
the properties of the so-emerging space-times; or, to put it differently, one would like to
construct space-times via initial value problems which exhibit specific, physically relevant
properties.

One such property is that the space-time extends arbitrarily far, at least in certain (null)
directions, and that the gravitational field shows there a specific “asymptotically flat or
de Sitter”-like fall-off behavior. Such solutions to Einstein’s field equations constitute well-
suited candidates to model isolated gravitational systems and purely radiative space-times.
Another such property is that the space-time admits certain isometry groups. These play a
fundamental role in physics, since they e.g. give rise to conserved quantities, and are typical
features of the preferred states of a system. Finally, the Bondi mass is an important quantity
to capture the energy content of a space-time, while its dependence on the retarded time
measures the loss of energy due to radiation escaping to infinity. Its positivity is an important
physical expectation, though the proofs of the available positive mass theorems confirming
this lack in a physical intuition where this positivity originates from.

This thesis is concerned with the construction of solutions to Einstein’s field equations
from space-like and in particular from characteristic surfaces such that some insights regarding
these properties can be gained just from an analysis of the initial data. More concretely,
we construct vacuum space-times via “asymptotic initial value problems” which possess a
past-asymptotic structure similar to the Minkowskian one by using a novel system of wave
equations. We investigate under which conditions on the initial data the prospective vacuum
space-time admits a Killing vector field (that is a vector field generating a local isometry),
and analyze the existence of vacuum space-times which have both a Killing vector field and a
past-asymptotically flat (or de Sitter) structure. Moreover, we characterize null initial data
sets for Einstein’s field equations which are “smooth at infinity”, and thus provide the basis
to construct asymptotically flat vacuum space-times from ordinary (non-asymptotic) null
surfaces. We further present a manifestly positive-definite formula for the Bondi mass of
a globally smooth light-cone just in terms of the initial data given there. It is derived by
elementary methods, whereby we obtain a direct, simple positivity proof in this setting.
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Zusammenfassung

Anfangswertprobleme stellen ein duflerst méchtiges Werzeug dar, um auf systematische Art
und Weise allgemeine Losungen der Einsteinschen Feldgleichungen zu konstruieren. Die
Lorentzsche Geometrie einer Raumzeit bietet vielfaltige Moglichkeiten eine Anfangsfliche
auszuwéahlen, wie beispielsweise charakteristische Anfangsflachen, auf denen das Hauptau-
genmerk dieser Arbeit liegt. Nun méchte man nicht nur Existenz und Eindeutigkeit (bis
auf Isometrien) von Losungen zu solch einem Anfangswertproblem sicherstellen, sondern
vielmehr mochte man auch etwas zu den Eigenschaften der so entstehenden Raumzeiten
wissen. Das Ziel besteht also darin, iiber Anfangswertprobleme Raumzeiten zu konstruieren,
welche spezifische, physkalische Eigenschaften aufweisen.

Eine dieser Eigenschaften ist, dass die Raumzeit zumindest in gewissen (Null-)Richtungen
beliebig weit ausgedehnt ist, und dass das Gravitationsfeld dort ein spezifisches “asymptotisch
flaches oder de Sitter”-artiges Abfallverhalten zeigt. Derartige Losungen der Einsteinschen
Feldgleichungen bilden geeignete Kandidaten um isolierte gravitierende Systeme und soge-
nannte purely radiative space-times zu modellieren. Eine weitere Eigenschaft ist, dass die
Raumzeit gewisse Isometriegruppen besitzt. Diese spielen eine fundamentale Rolle in der
Physik, da sie z.B. die Existenz von Erhaltungsgrofien anzeigen, und typische Merkmale
von ausgezeichneten Zusténden eines System sind. Schliellich ist die Bondi-Masse eine
wichtige Grofle um den Energieinhalt einer Raumzeit zu erfassen; ihre Abhéngigkeit von der
retardierten Zeit misst den Energieverlust durch Strahlung, die ins Unendliche entkommt.
Die physikalische Erwartung, dass diese Masse positiv sein muss, wird durch die verfiigharen
positiven Massentheoreme bestéatigt. Allerdings geben deren Beweise keinerlei physikalische
Einsicht darin, warum das so ist.

Die vorliegende Arbeit beschéftigt sich mit der Konstruktion von Lésungen zu den Ein-
steinschen Feldgleichungen iiber raumartige und insbesondere charakteristische Anfangswert-
probleme, so dass nur iiber eine Analyse der Anfangsdaten etwas zu den gerade beschriebenen
Eigenschaften ausgesagt werden kann. Genauer gesagt, werden wir ein neuartiges System von
Wellengleichungen benutzen, um Vakuum-Raumzeiten iiber “asymptotische Anfangswert-
probleme” zu konstruieren, die zu hinreichend frithen Zeiten eine asymptotische Struktur
dhnlich der der Minkowski Raumzeit besitzen. Wir untersuchen weiterhin welche Bedingun-
gen Anfangsdaten erfiillen miissen, damit die aus ihnen entstehende Raumzeit Killingfelder
enthélt (d.h. Vektorfelder, die lokale Isometrien generieren), und analysieren die Existenz
von Vakuum-Raumzeiten, die sowohl Killingfelder als auch eine asymptotisch flache- (oder
de Sitter-) artige Struktur besitzen. Zudem beschreiben wir Nullanfangsdaten, die einerseits
mit den Feldgleichungen kompatibel und andererseits “glatt im Unendlichen” sind, und
daher die Basis fiir die Konstruktion von asymptotisch flachen Vakuum-Raumzeiten von
gewoOhnlichen (nicht-asymptotischen) Nullflachen aus bieten. Schliefflich prasentieren wir
eine Formel fiir die Bondi-Masse eines global glatten Lichtkegels, ausgedriickt nur durch die
dort gegebenen Anfangsdaten, die unmittelbar deren Positivitat zeigt und durch elementare
Methoden hergeleitet werden kann.
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