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Abstract

Corvino, Corvino and Schoen, Chrusciel and Delay have shown the existence of a
large class of asymptotically flat vacuum initial data for Einstein’s field equations which
are static or stationary in a neighborhood of space-like infinity, yet quite general in the
interior. The proof relies on some abstract, non-constructive arguments which makes it
difficult to calculate such data numerically by using similar arguments.

A quasilinear elliptic system of equations is presented of which we expect that it can
be used to construct vacuum initial data which are asymptotically flat, time-reflection
symmetric, and asymptotic to static data up to a prescribed order at space-like infinity.
A perturbation argument is used to show the existence of solutions. It is valid when the
order at which the solutions approach staticity is restricted to a certain range.

Difficulties appear when trying to improve this result to show the existence of solu-
tions that are asymptotically static at higher order. The problems arise from the lack of
surjectivity of a certain operator.

Some tensor decompositions in asymptotically flat manifolds exhibit some of the diffi-
culties encountered above. The Helmholtz decomposition, which plays a role in the prepa-
ration of initial data for the Maxwell equations, is discussed as a model problem. A method
to circumvent the difficulties that arise when fast decay rates are required is discussed. This
is done in a way that opens the possibility to perform numerical computations.

The insights from the analysis of the Helmholtz decomposition are applied to the York
decomposition, which is related to that part of the quasilinear system which gives rise
to the difficulties. For this decomposition analogous results are obtained. It turns out,
however, that in this case the presence of symmetries of the underlying metric leads to
certain complications. The question, whether the results obtained so far can be used again
to show by a perturbation argument the existence of vacuum initial data which approach
static solutions at infinity at any given order, thus remains open. The answer requires
further analysis and perhaps new methods.



Abstrakt

Corvino, Corvino und Schoen als auch Chrusciel und Delay haben die Existenz einer grossen
Klasse asymptotisch flacher Anfangsdaten fiir Einstein’s Vakuumfeldgleichungen gezeigt,
die in einer Umgebung des raumartig Unendlichen statisch oder stationar aber im Inneren
der Anfangshyperfliche sehr allgemein sind. Der Beweis beruht zum Teil auf abstrakten,
nicht konstruktiven Argumenten, die Schwierigkeiten bereiten, wenn derartige Daten nu-
merisch berechnet werden sollen.

In der Arbeit wird ein quasilineares elliptisches Gleichungssystem vorgestellt, von dem
wir annehmen, dass es geeignet ist, asymptotisch flache Vakuumanfangsdaten zu berechnen,
die zeitreflektionssymmetrisch sind und im raumartig Unendlichen in einer vorgeschriebe-
nen Ordnung asymptotisch zu statischen Daten sind. Mit einem Stérungsargument wird ein
Existenzsatz bewiesen, der gilt, solange die Ordnung, in welcher die Losungen asymptotisch
statische Losungen approximieren, in einem gewissen eingeschrankten Bereich liegt.

Versucht man, den Giiltigkeitsbereich des Satzes zu erweitern, treten Schwierigkeiten
auf. Diese hédngen damit zusammen, dass ein gewisser Operator nicht mehr surjektiv ist.

In einigen Tensorzerlegungen auf asymptotisch flachen Rdumen treten d&hnliche Proble-
me auf, wie die oben erwdhnten. Die Helmholtzzerlegung, die bei der Bereitstellung von
Anfangsdaten fiir die Maxwellgleichungen eine Rolle spielt, wird als ein Modellfall disku-
tiert. Es wird eine Methode angegeben, die es erlaubt, die Schwierigkeiten zu umgehen,
die auftreten, wenn ein schnelles Abfallverhalten des gesuchten Vektorfeldes im raumartig
Unendlichen gefordert wird. Diese Methode gestattet es, solche Felder auch numerisch zu
berechnen.

Die Einsichten aus der Analyse der Helmholtzzerlegung werden dann auf die Yorkzer-
legung angewandt, die in den Teil des quasilinearen Systems eingeht, der Anlass zu den
genannten Schwierigkeiten gibt. Fiir diese Zerlegung ergeben sich analoge Resultate. Es
treten allerdings Schwierigkeiten auf, wenn die zu Grunde liegende Metrik Symmetrien
aufweist. Die Frage, ob die Ergebnisse, die soweit erhalten wurden, in einem Stérungsar-
gument verwendet werden kénnen um die Existenz von Vakuumdaten zu zeigen, die im
rdumlich Unendlichen in jeder Ordnung statische Daten approximieren, bleibt daher offen.
Die Antwort erfordert eine weitergehende Untersuchung und mdéglicherweise auch neue
Methoden.
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Chapter 1

Introduction

Gravitational waves are one of the many remarkable predictions of Einstein’s general the-
ory of relativity and have stimulated a great number of theoretical, mathematical and
experimental developments. A great effort has been underway in the last few decades to
observe their effects, yet there is still a large part of the studies of solutions to Einstein’s
field equations which is concerned with completing the mathematical foundations of the
theory.

The current concept of gravitational radiation in the non-linear regime was geometri-
cally idealized by Roger Penrose in the 60’s. It is based on the behavior of the field of
isolated gravitating systems as one moves along null geodesics to infinity. He proposed a
characterization of asymptotic flatness that relies on the assumption that the conformal
structure can be extended through null infinity with certain smoothness.

From the mathematical point of view, the Penrose proposal raises a number of difficult
mathematical questions regarding the long time evolution behavior of gravitational fields.
One of the main concerns was whether there exists a sufficiently large class of space-times
satisfying these assumptions such that physically relevant scenarios can be studied in this
way. In particular, the issue of whether the assumptions made allow for the existence of
non-trivial vacuum radiative space-times remained unsettled for a long time.

In the late 70’s Helmut Friedrich was able to construct a system of equations known as
the regular conformal Einstein field equations, which allowed him to prove a semi-global
existence result. This result is based on the hyperboloidal initial value problem in which
data is given in a hyper-surface in space-time that extends to null infinity.

In this setting Friedrich showed in [Friedrich, 1986] that suitable initial data evolve to
have a regular future null infinity locally in time. Furthermore, if such data are sufficiently
close to Minkowskian hyperboloidal initial data, then the evolution can be carried out for
sufficiently long as to obtain the complete future domain of dependence of the initial data.
This was later generalized to the Einstein-Maxwell-Yang—Mills equations in [Friedrich,
1991].

This result opened the door to the possibility of constructing non-trivial complete
vacuum space-times for the first time. This could in principle be done by finding Cauchy
data such that a suitable hyperboloidal surface was in their future development. A number
of complications appear which prevent a straight forward transition from Cauchy data in
a space-like hypersurface to null infinity and one needs to come up with a way to deal with
them.

There were efforts to surpass these obstacles by building particular types of initial
data tailored for the task. In [Cutler and Wald, 1989] time-symmetric initial data was
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constructed for the Einstein-Maxwell field equations to address this issue. The construction
is carried out on a manifold diffeomorphic to R? and it is assumed that the metric A is
conformally flat. The constraints for the Maxwell field are

divp, E =0 (1.0.1a)
divy, B =0 (1.0.1b)

where divy, is the divergence operator with respect to h. The electric field is assumed to
vanish while the magnetic B, field is compactly supported in a shell and such that B,B*
is spherically symmetric. The magnetic field is conformally rescaled and the resulting
constraint divy B = 0 is solved explicitly, while the hamiltonian contraint is used to solve
for the conformal factor afterwards. We want to emphasize that the fact that the divergence
operator is under-determined elliptic plays a role in allowing considerable freedom to set
up the magnetic field with the required properties, and this is something to which we shall
come back in a moment.

The resulting initial data coincides with Schwarzschildian data outside the support of
the magnetic field. This provided explicit control over the domain of dependence of the
exterior Schwarzschild-like region and thus of the first portion of future null infinity. By
making the magnetic field sufficiently small the authors were able to obtain the first global
space-time by fitting a hypersurface in the future of this initial data suitable to apply the
technique of Friedrich mentioned above.

Though the initial data constructed in [Cutler and Wald, 1989] succeeded in developing
a space-time with a smooth null infinity in the sense Penrose proposed, the question of
which other types of Cauchy data fall within the same category was still open. One would
like to know what features of an initial data set determine whether or not it develops into
such a space-time and furthermore if it is possible to construct these data in pure vacuum.

In [Friedrich, 1998] a systematic study was given which exposed the relation between
the behavior of Cauchy data at space-like infinity and the smoothness of future null infinity.
It was found that one can choose a certain gauge in which space-like infinity is blown-up
to a cylinder I which touches £+ and .#~ at two spheres I and I~ respectively. With
respect to Cauchy data for the physical space-time, points at infinity are represented in
this picture by a sphere I° on the cylinder I which lies in between It and I~.

The regular conformal field equations reduce on the above mentioned cylinder to interior
equations. This implies in particular that certain data can be given at I° from which
the solution at I* can be obtained. At these sets the conformal field equations show a
degeneracy which is a potential source of non-smoothness at null infinity.

It was found that, depending on the Cauchy data, certain logarithmic singularities
develop at the sets IT which are expected to propagate along .#* whenever they are
present. The internal nature of the equations on the cylinder allowed Friedrich to derive, in
the time-symmetric case, a set of necessary conditions on Cauchy data such as to avoid the
presence of this class of singularities [Friedrich, 2002]. It was later shown in [Valiente Kroon,
2004, with the aid of computer algebra, that at higher orders these conditions are in fact
not sufficient to ensure the smoothness of the fields at 7.

More recently, it has been shown that a concept of asymptotic staticity (or asymptotic
stationarity in the non-time-symmetric case) ensures that the solutions extend smoothly
on I to I* at all orders.

It is expected that the requirement that the conformal structure of null infinity be
smooth to a certain order p can be related to the imposition on the initial data of being
asymptotically static or stationary up to a certain order ¢ = ¢(p).
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1.1 Cauchy data with special asymptotics

As mentioned above, the construction of initial data given in [Cutler and Wald, 1989 relies
on finding of rather specific solutions to the Einstein-Maxwell constrains. As is the case
with the Einstein constraint equations in vacuum, the underlying under-determinedness of
the differential operators involved plays an important role in allowing sufficient room to
find such solutions.

More recently, it was shown by Corvino in [Corvino, 2000|, and subsequent work in
[Chrusciel and Delay, 2003| and [Corvino and Schoen, 2006], that there exist (in an abstract
sense) a large class of asymptotically flat vacuum initial data for Einstein’s field equations
which are static or stationary in a neighborhood of space-like infinity, yet quite general in
the interior. These new data are constructed by starting from an arbitrary asymptotically
flat initial data set by perturbing it in a transition zone and attaching it to the exterior
region of a known asymptotically flat stationary solution. This process is sometimes refered
to as ‘gluing’.

Initial data sets with such behavior near space-like infinity are therefore relevant in the
efforts towards global simulations of isolated systems because their evolution, as was the
case for the data of [Cutler and Wald, 1989], can be controlled explicitly in such regions.
As was later shown in [Chrusciel and Delay, 2002] and [Corvino, 2007], one can make
use of these data and the results on the hyperboloidal initial value problem to construct
space-times which have a smooth conformal structure at null infinity.

These results provide for the first time a satisfactory argument to say that the Penrose
proposal is not overly restrictive concerning the physical scenarios that can be considered.
There remains, however, the question of whether there are still more general data which
evolve into space-times with smooth asymptotics at null infinity. In fact, the requirement
that the data be static or stationary in a neighborhood of space-like infinity seems rather
strong. As mentioned above, it can be expected to be sufficient for the data to behave at
space-like infinity asymptotically like static or stationary data.

Unfortunately, from the point of view of numerical computations, the methods discussed
in the references above are quite different from the standard methods used so far in the
construction of initial data.

1.2 Asymptotic staticity

The initial motivation for the present work was to develop a framework by which initial
data with special asymptotics as discussed above could be generated by standard PDE
methods. Of particular interest was to obtain a system of equations that incorporated the
ideas of asymptotic staticity and which would lend itself to be treated by the techniques
currently used in numerical computations.

As a simplifying assumption, we shall consider time-reflection symmetric intial data.
The constraint equations reduce in this case to the problem of finding metrics hqp such
that

R(h)=0 (1.2.1)

where R(h) is the scalar curvature of hgy,. Equation (1.2.1) (as is the case for the general
vacuum Einstein constraints) is largely under-determined. This is manifestly used in what
is nowadays the most widely exploited method to construct solutions to Einstein’s con-
straint equations, i.e. the method of conformal rescalings. In it, a background metric is
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prescribed (subject to a certain condition) to which the solution is required to be confor-
mally related. This turns the constraints into an elliptic equation for the conformal factor
which can then be solved for. It seems that this method does not allow one to get the kind
of finer control on the asymptotics which we have in mind.

The equations we shall study in chapter 4 form a quasilinear elliptic system of equations
conceived with the aim of constructing solutions to (1.2.1) which are asymptotically flat and
asymptotically static up to a prescribed order at space-like infinity. The system is obtained
by altering Einstein’s static field equations in a way which we shall briefly describe here for
reference. A function v and a Riemannian metric hy, on a manifold M are said to satisfy
Einstein’s static vacuum field equations if they are a solution to

Apv =0 (1.2.2a)
—v Ric(h) + Hessp(v) =0 (1.2.2b)

where Ay, Hessy, and Ric(h) denote the Laplace operator, the Hessian operator and the
Ricci tensor associated to the metric hgp.

To begin with, the interest in studying the asymptotics of the solutions makes it rea-
sonable to consider a manifold M diffeomorphic to R3. Let o be a symmetric tensor field
defined on M and consider the system of equations

Apv + trh(a) =0 (1.2.3&)
—v Ric(h) + Hessp(v) +0 =0 (1.2.3b)

where try, is the trace operator with respect to hg. Solutions to this system of equations
are also solutions of (1.2.1), and are therefore admissible time-symmetric vacuum initial
data.

The objective of the introduction of the tensor o is twofold. First, if it were possible
to solve this system in a way as to guarantee that ¢ has strong decay at space-like infinity,
then one could interpret such solutions as asymptotically static vacuum initial data. On
the other hand, as was noted very early in [Lichnerowicz, 1955|, there do not exist non-
trivial asymptotically flat solutions to the static field equations (1.2.2) in R3, while it is
conceivable that the presence of the tensor ¢ in equations (1.2.3) relaxes this restriction.

One may not, however, freely prescribe the tensor . The contracted Bianchi identity
gives an integrability condition which reads

My (o) =0 (1.2.4)

where M, is the operator given by My (o) = divy (o) —dotry(o) = 0 and will be refered to
as the momentum constraint operator with respect to hyp for its importance in Einstein’s
constrains. We shall refer to the system of equations that consists of considering equations
(1.2.3) together with (1.2.4) as the asymptotic staticity equations.

It is remarkable that, although we are considering time-symmetric initial data (i.e. with
vanishing second fundamental form), the momentum constraint operator reappears from
taking into account the Bianchi identity. The first order operator M}, is under-determined
elliptic and we shall devote considerable attention to some of its properties. As is typical of
these situations, one needs a way to split the unknowns into a part which can be prescribed
arbitrarily so that the rest of them can be solved for.

A remark is due at this point in support of the expectations that there should exist
solutions to the system considered here such that they correspond to a ¢ with fast decay
at infinity.
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Consider a manifold M = R? and on it an initial data set of the type that can be
constructed by gluing. More specifically, let h be an asymptotically flat metric such that
it is a solution to the vacuum, time-reflexion symmetric constraints (1.2.1) and let R > 0,

v € C®(M\ Bg(0)) be such that v > 0, v — 1 at infinity and the static field equations
(1.2.2) are satisfied by (v, h) on M\ Bg(0).

It is possible to use such v and h to construct a solution to the asymptotic staticity
equations (1.2.3), (1.2.4). To do so, choose a smooth positive extension of v to whole of M
(possibly after choosing a slightly larger value for R) and let o := v Ric(h) — Hessp(v) on
M. This implies Apv+try(o) = 0 is satisfied on M, while the contracted Bianchi Identity
implies o satisfies (1.2.4). Then (v, h, o) are a solution to (1.2.3),(1.2.4) with o supported
on Br(0). One should also note that there remains a rather large freedom to specify the
extension of v and this could possibly allow for the imposition of further conditions.

The construction of the previous paragraph suggests that it is not the solvability of the
asymptotic staticity equations (1.2.3), (1.2.4) which is a problem but whether the solu-
tions can be obtained constructively, and in particular by methods accessible to numerical
computations. The construction also allows for generalizations by considering gluing data
which are asymptotically static up to a prescribed order as discussed in [Chrusciel and
Delay, 2003].

In chapter 4 an existence result is obtained for the system of equations (1.2.3), (1.2.4),
which holds when the order at which the solutions approach staticity is low. The strategy
used there to turn equation (1.2.4) into an elliptic equation relies on the standard York
decomposition. It consists of prescribing arbitrarily a symmetric tensor ¢ and considering
the ansatz

o=1—LyX (1.2.5)

where X is a 1-form and £ is the conformal Killing operator with respect to hgp. The
requirement o € ker (M}) turns equation (1.2.4) into the elliptic equation

Ly X — My (¢) = 0 (1.2.6)

where L, = My, o L;,. This equation is thought of as a condition on X and the tensor v
is considered as the free data. The system of equations consisting of (1.2.6) together with
what results of replacing (1.2.5) into (1.2.3) is studied using the implicit function theorem.
This allows to show existence of solutions in certain weighted Sobolev spaces under suitable
conditions on the weight parameters, which are used to control the decay rate at infinity.

Difficulties appear when trying to improve this result to show the existence of solutions
which are asymptotically static to higher order. The problems arise from the lack of
surjectivity of the operator Ly under stronger decay conditions.

1.3 Tensor decompositions with fast decay

The difficulties mentioned above are found in the present work to be related with the
possibility of carrying out the York decomposition in an asymptotically flat manifold under
the imposition of fast decay conditions. This served as the initial motivation for our study,
as a model problem, of what is known in the literature as the Helmholtz decomposition.
It turned out to be a problem of interest on its own right and which, though simpler to
treat in some respects, retains some of the features present in the York decomposition.
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Both the Helmholtz and the York decomposition can be viewed as methods to generate
solutions to particular under-determined equations. In the case of the former the operator
in question is divy, while in the latter it is Mjp,.

As was mentioned above, the construction of [Cutler and Wald, 1989] relies on an ex-
plicit solution with compact support to (1.0.1). We were interested, however, in a system-
atic approach that would allow one to generate a large class of solutions, while considering
weaker decay conditions. In this respect weighted Sobolev spaces play a fundamental role
by allowing one to rely on the results available in the literature concerning the properties
of the differential operators involved as maps between such spaces. A choice of a certain
weight parameter determines, roughly speaking, the decay conditions under which one is
considering the problem.

The Helmholtz decomposition consists of splitting a 1-form field into a part in the set
ker (divy,) plus a part which is the gradient of a function. Roughly speaking, the issue of
whether one can do this or not depends on the properties of the Laplace operator as a map
between certain weighted Sobolev spaces.

As will be discussed in chapter 3, one might not be able to carry out the decomposition
in the standard more familiar form on account of a lack of surjectivity of the second order
operator in question, namely Ay in the case of the Helmholtz decomposition, or Ly in the
case of the York decomposition.

To fix ideas, consider for example the problem of constructing solutions to divy o =0
such that they behave as

0 (r*%> for r— o0 (1.3.1)

at space-like infinity. To do this using the standard Helmholtz decomposition, one pre-
scribes a 1-form 1 satisfying (1.3.1), and then sets 0 = ¥ — dv. Requiring o to have
vanishing divergence gives the equation Apv = divy ¢ which one then solves for v. If the
solution v is such that dv also satisfies (1.3.1) then one is done, yet this might not always
be the case.

A method was developed to circumvent the problems caused by this lack of surjectivity
and is exhibited first in abstract terms in chapter 3. The key property used is that the
second order operator is a Fredholm map. This method allows one to find a certain finite
number of fields f, which serve as an extension to a given decomposition.

In the light of these abstract results one may consider the example above using what
we will refer to in the sequel as the extended Helmholtz decomposition and which shall be
discussed in detail in chapter 3. It is shown that one can choose fields fi, fa, f3 satisfy-
ing(1.3.1) such that, given any 1-form v satisfying (1.3.1), it can be decomposed as

b=dv+o+k'fi +Ef+ k2 fs (1.3.2)

where o € ker (divy) and dv satisfy (1.3.1), and where k', k%, k3 are constants.

As will be seen, the number of fields f, that are required to extend a decomposition
depend on the behavior at infinity one is aiming for. In general, it increases as one looks
for solutions with faster decay. The function v and the constants k¥ are unique, once the
fields f, are fixed. What this leads to is a systematic method to produce, by prescribing
a 1-form v, a divergence-less 1-form o with the desired behavior at space-like infinity.

Afterwards it is shown that under certain conditions a given constructed extension
enjoys of a type of stability. Let {f,} be an extension to the Helmholtz decomposition with
respect to a given background metric hqp and let hgp be a another Riemannian metric. It is
shown that if h,p, is sufficiently close to hgyp, then the set { f,} also serves as an extension to
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the Helmholtz decomposition with respect the metric /f;ab- In particular, explicit expressions
for extensions with respect to the Euclidean metric are given which, by the above stability,
can be used for metrics which are sufficiently small perturbations of Euclidean space.

The abstract discussion from chapter 3 are used in chapter 5 to derive results about
the York decomposition. It is shown that given a fixed background, extensions can be
constructed for the York decomposition in a way analogous to those obtained for the
Helmholtz decomposition in the same circumstances.

It is shown, however, that while in the Helmholtz case the number of fields in an
extension depends only on the fall-off considered, in the case of the York decomposition it
depends in addition on the number of Killing fields of the background geometry.

This is reflected in the fact that the kind of stability that was obtained for the Helmholtz
decomposition only carries through to the York decomposition in a direct way under certain
assumptions on the presence of symmetries for the metrics involved. In fact, a stability
result is obtained for the York decomposition in which it is assumed that the metrics
involved do not have Killing fields.

Explicit expressions can be obtained for the extended York decomposition with respect
to Euclidean R3. One cannot, however, apply the stability result to use this construction
for a different background. Loosely speaking, the dimension of the extension with respect
to the Euclidean metric falls short of allowing one to solve the issues regarding the lack of
surjectivity of the operator Ly.

1.4 Discussion

A system of equations is presented of which we expect that it can be used to construct vac-
uum initial data which are asymptotically flat, time-reflection symmetric, and asymptotic
to static data up to a prescribed order at space-like infinity. A perturbation argument is
used to show the existence of solutions. It is valid when the order at which the solutions
approach staticity is restricted to a certain range.

The York decomposition, which is part of the system used in the proof, gives rise
certain to difficulties when trying to show the existnece of solutions that are asymptotically
static at higher order. To explore those difficulties the Helmholtz decomposition, which
plays a role in the preparation of initial data for the Maxwell equations, is discussed as a
model problem. This decomposition, when considered under the imposition of fast decay
conditions, exhibits some of the features encountered above. A method to circumvent
those difficulties is discussed in a way that opens the possibility to perform numerical
computations.

The insights from the analysis of the Helmholtz decomposition are applied to the York
decomposition. For this decomposition analogous results are obtained. It turns out, how-
ever, that in this case the presence of symmetries of the underlying metric leads to certain
complications.

It remains to be seen whether the results obtained so far can be used again to show
by a perturbation argument the existence of vacuum initial data which approach static
solutions at infinity at any given order. The expectation is that the system of equations
presented here does indeed have solutions with such behavior. A rigorous proof, however,
requires further analysis and perhaps new methods.

In this respect, a further possibility to be explored is that one may somehow consider a
family of free data 1 (t) to the asymptotic staticity equations with ¢(0) = 0 and such that,
by imposing a parity condition for example, result in solutions having no Killing fields
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whenever ¢ > 0. One may be able to use this family of free data along with the stability
results presented in this work to construct Cauchy data which are asymptotically static up
to a higher degree than obtained here.

We would like to point out that as a spin-off of the results of chapter 5, the techniques
used there can be used in the context of the construction of solutions to the non-time-
symmetric constraint equations by conformal rescalings. There, a background metric is
given a priori up to a condition on its conformal class. One can choose this metric so
that it has no non-trivial conformal Killing fields and then, using the results of this work,
obtain a large class of symmetric tensors K,;, with prescribed fast fall-off at infinity which
are solutions to the momentum constraint with respect to that metric. These tensors, upon
a conformal rescaling which does not alter the fall-off, are admissible as second fundamental
forms for initial data sets.



Chapter 2

Operators and Function Spaces

2.1 Notation

M
Brg(p)
TP M
6ab

hab
dp(zp, )
[wlp

dpn

AO

Al

manifold diffeomorphic to R™,

ball centered at p of radius R in R,

vector bundle of (r, p)-tensors over M,

Flat metric in R™,

Riemannian metric on M,

geodesic distance between g, x with respect to hgp,
pointwise norm with respect to hap, €.g. |wa|? = wewph®,
volume element associated to hgp,

space of scalar functions,

space of 1-forms,

space of symmetric 2-tensors,

trace operator associated to hgp,

connection associated with dg,

connection associated with Ay,

divergence operator associated to hgp, i.e. divy u = V%ug,
Hessian operator associated to hgp, i.e. Hessy, = V,Vy,
Symmetrization operator, e.g. Sym (uqvp) = %(uavb + upvg),
Laplace operator associated to hgp, i.e. Ap = try, o Hessy,
Banach space,

norm of x € X,

open set in X containing z,

Weighted Sobolev space,

pairing of the tensor fields u € T"? M and v € (TP M)* defined by

(1, o) = /Mvw)duh

whenever the right hand makes sense.

11
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2.2 Abstract Banach Spaces

A normed space (X, || ||,) which is complete with respect to its norm is called a Banach
space. We collect here a number of abstract general statements that will be used in this
text.

Definition 2.2.1. The space of all continuous linear forms f : X — R is the dual space
to X and it is denoted by X*. By

1] = sup L&)

. (2.2.1)
TEX ||x|‘)('

a norm is defined on X* which makes it a Banach space.

We denote by f(x) or alternatively by (f,z) the application of f € X* to x € X.

Definition 2.2.2. [Kato, 1995] Let T': X — ) be a bounded operator. The dual operator
of T, denoted by T, is a map
Ty = X*

where X'* and Y* are the dual spaces to X and ) respectively. This map is defined by
(T*u,v) = (u, Tv), YueY*veX

Theorem 2.2.3 (Banach’s closed range Theorem |Zeidler, 1993|). Let X and ) be Banach
spaces and let T : X — Y be a bounded linear operator. The following statements are
equivalent

i) ran (T') is closed
ii) ran (T*) is closed
iii) ran (T) = ker (T*)"
iv) ran (T*) = + ker (T)
where ran (T') and ker (T') denote the range and the kernel of T respectively and
ker (T)" ={y €Y : (y*,y) =0 for all y* € ker (T™)} (2.2.2)
Lker (T) = {z* € X* : (z*,2) =0 for all x € ker (T)} (2.2.3)
Definition 2.2.4 (|[Kato, 1995]). An bounded linear operator S : Y — Z is said to be
i) upper semi-Fredholm if ran (S) is closed in Z and dim (ker (5)) < oo
ii) lower semi-Fredholm if ran (S) is closed in Z and dim (coker (5)) < oo

iii) Fredholm if it is both upper and lower semi-Fredholm, and then its index is given by
index(S) = dim (ker (S)) — dim (coker (.5)).

where coker (S) denotes the cokernel of S defined by coker (S) = Z/ran ().

Lemma 2.2.5 ([Palais, 1965| section VI, Theorem 7). Let Z be a Banach space and let
X C Y be subspaces of Z. If X is closed and of finite codimension in Z, then the same is
true for Y.
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Definition 2.2.6 (Complemented set, [Rudin, 1991|). Suppose X is a closed subspace of
a topological vector space Z. If there exists a closed subspace ) of Z such that

Z=X4Y and XNY=0 (2.2.4)

then X is said to be complemented in Z. In this case Z is said to be the direct sum of X
and ) and the notation Z = X @ ) is used!.

Lemma 2.2.7 (|[Rudin, 1991]). Let X be a closed subspace of a topological vector space Z.
If dim (£/X) < oo, then X is complemented in Z.

Note that Lemma 2.2.7 implies that the range of any lower semi-Fredholm operator

S :Y — Z is complemented in the target space Z, so there exists a closed subspace Z C Z
such that

Z=8SY)®Z and SY)NZT=0. (2.2.5)

We will refer to this by saying 7 is a complement to the range of S.

Projectors

Two families of s elements ej,...,e; € X and e],..., e} € X* define a bi-orthogonal system
if and only if they satisfy

(€7, €j) = 0ij fori,j=1,...,s. (2.2.6)

Given s linearly independent elements in X, one can always find s elements in X* to
construct a bi-orthogonal system. Their existence is guaranteed by the Hahn-Banach
theorem. (See |Zeidler, 1993, A.51])

Consider now the subspace X1 = {e;}7_; generated by s linearly independent elements
e1,...,es € X. Choosing elements {e; 7_1 € A" such that they form with {e;}7_, a
bi-orthogonal system, a projection operator P: X — A7 is defined by setting

P(-)=> (e, )ei - (2.2.7)

=1

If s < dim (X) the space Xy = (I — P)X" depends largely on the choice of {e}}7_;.

2.3 Weighted Sobolev Spaces

In our applications the Banach spaces will mainly the weighted Sobolev spaces that where
initially introduced in [Cantor, 1975]. However, we follow the conventions for the weight
parameter used in [Bartnik, 1986]. 2

Consider v € R, k € Z with k > 0 and p € Z with 1 < p < co. Let zg be a point in R”
and define the function oy by

o5(z) = /1 + ds(zo, x)? . (2.3.1)

I This is also refered to as the topological direct sum, |Zeidler, 1993]
2The substitution v — —(y +n/p) changes from the notation for the weights used by [Cantor, 1975] to
the one used in the present work and viceversa.
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The weighted Lebesgue spaces of tensor fields L and weighted Sobolev spaces Wf P over
R™ are defined to be the closure of C§° in the norm

</ 1/p
IUIf?ff(s_w_"dua> , p<o0
lullp = § \r (2.3.2)
ess Suppn (]u|50577) , p =00
and
k
_ vei
lellyr =3 vl (2.3.3)
J:O Y7
respectively.
Note: This convention for the weights permits the interpretation of the parameter ~y

directly as a measure of the growth at infinity for if [luf|;r, < co with k& > 2, then
Y

|u(z)| = o (r7) for |x| — oo (see [Bartnik, 1986]).

2.3.1 Properties

Lemma 2.3.1 (Holder inequality [Bartnik, 1986]). If u € L1, v € LY, and v = v + 72,
1<p,gq<oo, 1/p=1/q+1/r, then
lwollpy < llullpg 0]l (2.3.4)

Lemma 2.3.2 (Multiplication Lemma, see [Maxwell, 2005|). If m < min (j,k), p < g,
€ >0 and % < j 4+ k —m, then multiplication

J»q k,p m,p
Ww X I/V,Y2 — I/VnerJre

acting by
(u1,u2) = u1 @ ug (2.3.5)

for tensors uy € WAJ,';q, Uy € Wflfz’p defines a continuous bilinear map. If furthermore % <k

and v < 0, then ka’p 1s a Banach algebra.

Lemma 2.3.3 (Sobolev inequality, |Bartnik, 1986]). If u € Wff’p with 3 < k, then there
exists a constant C' depending only on the dimension such that

HuHWgW <C HUHWAI;«P (2.3.6)
holds.

Lemma 2.3.4 (Poincaré inequality, [Bartnik, 1986]). If v < 0 and u € Wg’p, then there
exists a constant C' depending only on the dimension such that

Jullysr < Cl[Fullyss, (237)
holds.

Proof. A Poincaré inequality for weighted spaces was proven in [Bartnik, 1986 for func-
tions. For tensor fields, it follows from the Cauchy-Schwartz inequality that |V]w|,| =

2% < 2|Vw|p, hence

[@lygr = Crlwlllyos < CIVIwlallyas <2 [Vulyos — (238)

holds. O
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2.3.2 Dual Spaces

For given p, we shall always designate the conjugate exponent p’ by

1 if p=oo
p = p%l if 1<p<oo (2.3.9)
oo if p=1

At the level of LP spaces it is known (see [Adams, 1975]) that if 1 < p < oo, then (LP)*
is isometrically isomorphic to LY Tt is customary to denote this by

(LPY =~ ¥ .

This statement is sometimes refered to as the Riesz representation theorem for LP. It is
straight forward to carry out an analogous argument to conclude that a similar statement
holds for L% spaces. In fact, if 1 < p < oo, then (L%)* is isometrically isomorphic to L”
Thus if 1 < p < co we write

n-
Ly =¥ .

In the case of Sobolev spaces involving derivatives, the properties of the dual spaces
are most easily obtained by regarding W*P? as a closed subspace of a Cartesian product of
LP spaces, consisting of as many factors as there are multi-indices j satisfying 0 < |j] < m.
Applying the considerations about duality for LP spaces to such Cartesian producs, one
can conclude that if 1 < p < oo then every element of f € (W#P)* is an extension of a
distribution 7" € D’ to a bounded linear functional on W*P, If 1 < p < co and s € N it is
customary to denote this space by W_SJD/, SO we write

(WePy* =2 s

The considerations about duality in WP carry over to W5? with minor modifications to
account for the presence of different powers of the weights in each factor of the Cartesian
producs referred to above. The space (W5*)* is then seen to consist of those elements of
D’ which extend to give bounded linear functionals on W3*, and is denoted by W__if;.
Then if 1 < p < oo and s € N we write

(WSP) = W3P,

2.3.3 Operator Duals

Concerning operators and their duals, it is important to clarify some aspects of the use
that will be made of weighted Sobolev spaces. Consider the divergence operator as a map

divy, : WIZPP(AY) — WEZ3P(AY) (2.3.10)
for a given weight parameter v. The operator dual is defined to be the map

(divy)* s WZSTP (M%) — W22 (AY) (2.3.11)

such that
<dth wv w>h = <¢7 (dth)*Q))h (2312)
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for every ¢ € W;j:i’p(Al) and w € W;jigf’; (A%). A formal expression for (divy)* can be

obtained as follows. Let there be a function p € C§° and a 1-form ¢ € C§°. Then

(pudiva & = [ pdivi dun = = [ W(dp)a(@)s dpn = ~(dp, &) (2.3.13)

on account of the compact support of the integrand. One can now interpret this as a
representation (by Riesz’s Theorem [Adams, 1975]) of the action of divy ¢, considered
as an element of Wj:g P on an element p € (W,f:;’p )*. Then, when acting on compactly
supported functions, the operator —d coincides with divy. The set C3° is densely contained
in every W3 and therefore this operator extends by continuity to the respective space.
One can therefore regard the operator —d as the formal dual to divy, as long as the pair-

ing considered is consistent. To be more precise, the operator dual to divy, : W,‘:j PAY) —
W,‘::g’p(AO) acts as the map

—d WS (AY) = WIS (AL (2.3.14)

In the same sense it can be seen that if one considers the Laplace operator A, =
h®V,V, as the map

-2,
Ap WP — Wi (2.3.15)

then its operator dual Aj is the map
A WIS we (2.3.16)

and it acts as A} = h?®V,V, (in the sense of distributions).

Example Application

We now consider the classical Poisson equation in (R?’, hab) as an example. Let p € W,::g P
and consider

Apv=p (2.3.17)
as an equation for v. Let Q(p) be defined by

Q(p) z/pduh- (2.3.18)

Without restricting the weight ~, there is no guarantee 2.3.18 will be finite. However if
v < —1 then (2.3.18) is finite and 1 € (Wj:g’p)* = W__jff’p . One can write

Qp) = (L, p)n -

Then it is possible to conclude for example that if p = divy ¢ for a 1-form ¢ € Wj:ll’p
then Q(divy ) = —(¢,d(1)), = 0.

2.3.4 The Hilbert space case, p = 2

For p = 2, the weighted Sobolev spaces acquire the structure of a Hilbert spaces, and it is
customary to adopt the notation W::’Q = HJ. Let uj,uz € HS' The scalar product of u;
and ug is given by

(U1|U2)Hg = /M uy ug (0777 2)2dps .
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In order to have
2
lulldy = (ule)

one needs to set

Mw

U1|UQ (Vjul ‘VJUQ)H
7=0 vl

2.3.5 Asymptotic Flatness

Let o € M be a given point and for any R € R, let {¢, (1 — ¢)} be a partition of unity
such that ¢(z) = 1 if dp(x, z0) > R.

Definition 2.3.5. Let (M, hy) be a Riemannian manifold. We call it asymptotically flat
of class (p,t,7) if there exists compact sets K1, Ko with Iy C Ky C M, a function ¢ : M —
[0,1], ¢(K1) = 0, ¢(M \ K2) = 1 and a coordinate system {z7 : M\ K1 — R\ B1(0)}
(refered to as end coordinates) such that in these coordinates one has

(1-phewt? (2.3.19a)
(ﬁ(x)(hw — (SU) S W;’p (2.3.19b)

with 7 < 0.

We will be working with metrics hy which are sufficiently close to the flat metric in
the norm used to define asymptotic flatness. Because of this, we will consider the end
coordinates to be defined globally on M.

Lemma 2.3.6 (Proposition 7.3 in [Cantor, 1981]). Let (R™, hqp) be asymptotically flat of
class (p,t, 7). with t > % +1 and 7 < 0. Then if s < t, the W3* norm with respect to end
coordinates is equivalent to the intrinsic norm

1/p
</| (Ve o, " "duh> : (2.3.20)

Lemma 2.3.7 (Bound for the inverse metric). Let (]RS, hab) be asymptotically flat of class
(p,t, 1), t > %. Assume that in (globally defined) end coordinates one has for 0 < 3e < 1

la|<s

1hij = Ojllyyer <. (2.3.21)

If hijhjk = 6;%, then in end coordinates it holds

ij ij 3e
17 =09 | yer < 752 - (2.3.22)
Proof. Defining 7;; = h;; — 0;; one has
(675 4 0%y hIt = 5 (2.3.23)

Consider the (1, 1)-tensor Tij = —5ik'ykj. One can define the square of T' by

(T)? = TT*, (2.3.24)
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and similarly higher powers. By hypothesis HTij|’Wt,p < €, S0 now one can compute the
weighted norm of (T)? by first noting

T, T | 5=[6% 1T, T |5 <|6%1]s| T T 5

< 3|T% T s (2.3.25)
and using the multiplication Lemma 2.3.2
12|y = H|Ti’“Tkj|5Hw:”’ <3 H|Tilej|6HW_f;’p
< 3¢ (2.3.26)

where 7 < 0 and % < t where used. Finally one has for ¢ > 1

(3¢)1
) lyyer < (2.3.27)
so now it is possible to consider the series
oo o
(T)7 = 6%+ Y (=% )" (2.3.28)
q=0 q=1

is absolutely convergent if 3¢ < 1 and therefore constitutes the inverse to (8% + Sik’ykj).
This gives

Rl _ §ii — i (_(y‘k%e)S 5€i (2.3.29)

q=1

and consequently

[P — || ype <3 (_5%%6)]' (2.3.30)
T J:1 W.,?’t

<< 3636 . (2.3.31)

O

2.4 Linear Partial Differential Operators

Suppose @ = (Q4j) is a N x N system of linear partial differential operators in R"”. We
use the generalized definition of ellipticity provided by Douglis and Nirenberg [Douglis and
Nirenberg, 1955].

It is usual to define ellipticity first at a point, and then to say a system is elliptic in a
region §2 if it is elliptic at every x € €. In what follows, it is to be understood that elliptic
refers to the complete manifold.

Definition 2.4.1. Two N-tuples, t = (¢1...ty) and s = (s7...sx) of nonnegative integers
form a system of orders for @ if for 1 < i,j < N we have order(Q;;) < t;—s; (ift;—s; <0
then Qij = 0) Then
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e the (t,s)-principal part of Q, denoted by o(Q), is obtained by replacing each Q;; by
its terms which are exactly of order t; — s;,

e the (t,s)-principal symbol of Q, denoted by o¢(Q), is obtained by replacing each 0,
in the (t,s)-principal part by the covector &, € S" 1,

e the operator Q) is elliptic with respect to (t,s) if the (t,s)-principal symbol of @ has
determinant bounded away from zero for z € R” and &, € S~ L.

Assumption 2.4.2. Let @ be a system of linear partial differential operators and let (t, s)
be a system of orders for ). We write

Q=Qx+S (2.4.1a)

and assume
Q is elliptic with respect to (t,s) and

each (Q«)ij is either zero or a constant (2.4.1b)
coefficient operator of order ¢; — s;,

and writing? S = E‘a|§tj_5i(5a)ij6“ we assume

(Sa)ij € C%1(R™) (2.4.1¢)
lim |oti—si=1ol+18l9,(8,)] =0 (2.4.1d)

T—r00
for all 5 <s; € N.

Let 4 represent the N-tuple of weights ¥ = (71, ...7n). Define the weighted Sobolev
spaces

”’ (RN) = H w,1? (2.4.2)

In abuse of this notation, we omit the arrow and write simply - if all the components of ¥
are identical and take the value 4. Under the assumptions 2.4.2 the maps

Qoo WtMRN) — WP (RY) (2.4.3)
. , N » N
S WVJ’:{(R ) — vaS(R ) (2.4.4)

define bounded operators.
Let Poly() be the space of polynomials in x1, ..., x,, of degree < «y and denote by dp(7)
its dimension (note that Poly(y) = {0} if v < 0). The number of homogeneous polynomials

of degree k is
(k+n—1)!

“H =T (2.4.5)

and thus .
dp(7) =) W (2.4.6)

k=0

where [y] represents the largest integer smaller than or equal to .

3By a we denote a standard multi-index.
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Theorem 2.4.3. Let Qx be a linear partial differential operator satisfying assumption
(2.4.1b). Then the map (2.4.3) is Fredholm if and only if

Y+t EN if 0<y+t; (2.4.7a)
—(y+s;+n)¢N if y+t;<0 (2.4.7b)

for every j = 1..N. Furthermore,
v<—t; Vj = Qo s injective (2.4.8a)
—s; —n<y<—t; Vj = Qo 15 an isomorphism (2.4.8Db)
—s;—n<y Vj = Qo 15 surjective (2.4.8¢)

The kernel and co-kernel of Qs consist of polynomials. Their dimensions are

dim (ker (Qo)) de (v +t;) —dp(y+sj) (2.4.9)

dim (coker (Qoo)) de (v+sj+n)) —dp(—(y+1t; +n)). (2.4.10)

Proof. This theorem was proven with a different notation for the weights in [Lockhart and
McOwen, 1983]. O

If it is the case that Order(Q;;) = m for all 4,5 = 1..N, then it is convenient to set
=(k+m,...k+m) and §= (k,...,k). We restate the previous Theorem in this special
but useful case.

Theorem 2.4.4. Let Qs be a linear partial differential operator satisfying assumption
(2.4.1b) with respect to the system of orders given byt = (k+m, ....k+m) and § = (k, ..., k)
with k € N. 4. Then the map®

Qoo WHMPRN) — WHP (RY) (2.4.11)

18 Fredholm if and only if

v¢N if 0<%y (2.4.12a)
—(y+n-m) €N if v<0 (2.4.12b)
Furthermore,
7<0 Vy = Qo is injective (2.4.13a)
m—n<y<0 Vj = Qo @5 an isomorphism (2.4.13Db)
m—n<y Vj = Qo 1S surjective (2.4.13c)

The kernel and co-kernel of QQ consist of polynomials. Their dimensions are

dim (ker (Qoo)) = N (dp(y) —dp(y —m)) (2.4.14a)
dim (coker (Qw)) = N (dp(—y —n+m) —dp(—y —n)). (2.4.14b)

*Observe that this implies that Order((Qwo)ij) = m for all 4, ]
>Observe that we have shifted the weight from v + # to
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Theorem 2.4.5. Let @ be a linear partial differential operator satisfying assumptions
(2.4.1b) and (2.4.1c) with respect to the system of orders given by t = (k+m, ...,k +m)
and § = (k,...,k) with k € N. Then the map

Q: WHMPRN) o WP (RY) (2.4.15)
is Fredholm if and only if conditions (2.4.12) are satisfied. Moreover
index (@) — index (Qoo) (2.4.16)

1 a constant independent of v. In particular, if QQ is an operator on scalars, then it holds

that index (@) = index (Qwo)-

Remark 2.4.6. Theorem 2.4.5 was proven in [Lockhart and McOwen, 1985, Corollary 9.2],
and the statement about scalar operators is from [Lockhart and McOwen, 1983]. See also
[Lockhart and McOwen, 1984].

2.5 The Laplace operator

Consider in an asymptotically Euclidean manifold (R3, hab), the Poisson equation for a

. . -2,
potential v with source p € W::,Q P
Aptp=p (2.5.1)

under the assumptions that v € Z and v < 0.
The Laplace operator Ay, is considered (as described in section 2.3.3) as the mapping

. ISP 5=2,p

and Theorem 2.4.4 implies this map is Fredholm, hence ker (A}) is finite dimensional.
Furthermore it will not be empty whenever v < —1. By the closed range Theorem one has

ran (Ay) = ker (A})*"

- {p € W2V (puhy =0 Vu € ker (A;)} . (2.5.2)
After introducing some notation, we will consider in section 2.5.1 the case of Euclidean
R3, both as an illustration of the above discussion and as a matter of convenience for later
application.

Notation for basis of ker (A})

We will denote the elements of a basis for ker (A}) by a*, where the index u =1,..., M
enumerates the elements. We use the same notation but with a little circle above (e.g. a)
when working with the Euclidean metric. Thus we write

ker (A7) ={ar}L), and  ker(A}) = {ar}}, (2.5.3)

where the overline denotes the linear span of the elements in brackets.

Whenever the sets (2.5.3) are not empty, they contain the constants. As a matter of
convenience, the index u will be chosen so that the first element corresponds to a constant,
that is

al=a'=1. (2.5.4)
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2.5.1 The case of Euclidean R?

To describe in more detail the set (2.5.2) when the manifold under consideration is (R3, 6ab);

one must consider the problem of solving for all the v € W, s+27" Such that
Al(u) = 0. (2.5.5)

The results of Theorem 2.4.4 apply also to this equation, so the solutions to (2.5.5) are
polynomial functions of the coordinates.
The set ker (A}) consists of the harmonic polynomials that are contained in the domain.

v
This means they are the ones that have growth at infinity slower than ( 1+ ds(xo, x)2>

where ¢ is any given point in R3. We shall denote by H., the set of harmonic polynomials
or order < 7.

Counting the harmonic polynomials
By Theorem 2.4.4 the dimension of H,, is given by
dim (Hy) = dp(y) —dp(y = 2)
(

() +n—-2)
A1t —1)!

where (2.4.6) was used. For the case n = 3 this gives dim (#,) = ([y] 4+ 1)?. This coincides
with the result of adding the dimensions of the independent spherical harmonics up to

L= D,

2] +n—-1) (2.5.6)

[

> o@+1)=([y]+1)>. (2.5.7)

=0

Basis of harmonic polynomials

We now describe a basis to ker (Aj) given explicitly. We start by choosing a set of indices

w=1,..., M so that they enumerate the standard spherical harmonics Y},,, where [ =
0,...,lp (for an adequate maximum value [j;) and for each given [, the integer m runs in
the range m = —I[,...,[. Then we set

it =rYi,(0, ) . (2.5.8)

The way in which the numbering
<> (I,m)

is constructed need not be specified at this point, except for the condition mentioned earlier
that u =1+ (I = 0,m = 0) in order to make &' a constant.

2.5.2 Complement to As(W:7)

In this section we construct explicitly a finite dimensional subspace Zs C Wj:g P such that

W2Z3P = Ag(WiP) & T . (2.5.9)

The set Zs is a complement to Ags(W5P).
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Lemma 2.5.1. Let v € Z. Let the functions g, = 1,.., M, be defined by

d (r*x(r)
Gy = { ~ndr ( et ) pl } % Y im (6, ) (2.5.10)
x(r) p=1

where Yy, denotes the complex conjugate of Yy, the function x(r) € C§° has support away
from the origin and satisfies

/OO x(r)ridr=1. (2.5.11)
0

Then the two families {&“}ﬁil and {g,,}ﬁ/lz1 form a bi-orthogonal system. Furthermore,
the set Is = {gu} satisfies

W23 = Ag(WaP) @ T . (2.5.12)

Proof. First of all, having x(r) € C3° supported away from the origin implies that g, €
Wj:g’p independently of the weight and differentiability degree under consideration.

Let f € W,‘::g’p be arbitrary. The operator Aj is Fredholm by Theorem 2.4.4. Using
Theorem 2.2.3 we know there exists a solution v to

M
Asv + Zk”f]u = f where k¥ eRM (2.5.13)
v=1
if and only if
M
> kg, at)s = (f.d")s Yp=1,..., M (2.5.14)
v=1

where ker (A}) = {a#}. Under the given assumptions, it holds
(Gv,@")s = 6,1 (2.5.15)
which implies k* = (f, @")s and proves the claim. 6 O

Using the bi-orthogonal system constructed above one can build a projection operator

J:WEZP — Ag(Whe) (2.5.17)
by setting
M
J(p) =1p) = 4u(@", p)s (2.5.18)
p=1

for every p € Wf__; P,

6 Remark (simpler basis): ITn Lemma 2.5.1, the choice of basis fields that generate Z; was made for
convenience in a later application. With this choice, it is possible to write g, = divs f, for v # 1, as will
be shown latter on. A simpler choice for basis fields g, is for example:

G =X Y im (0, 0) . (2.5.16)

with the same conditions on x(r) as stated in the lemma.
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2.6 The Implicit Function Theorem

Let Oy, € X and Oy, € Y be neighborhoods of o € X and yy € Y respectively. Consider
an operator
U(z,y): Oy X Oyy = Z

and assume it is C”, r > 1 (see [Abraham et al., 1988]). Then we denote the derivative
of the map ¥ by DW. Also for = € Oy, the derivative of the map ¥(x,yp) : Oy, — Z is
called partial derivative of ¥ in the direction of the first argument and will be denoted by
DaV.

Theorem 2.6.1 (IFT [Abraham et al., 1988]). Let Il : X x Y — Z be C", r > 1 and
consider g € Oy, C X, yo € Oy, C Y such that I1(xo, yo) = 0. If

(DA gy o) X — T (2.6.1)

Z0,0)

18 an isomorphism, then there exist a meighborhood 07/40 C Oy, and a unique C" map
g: Oy, — X satisfying
(g(y),y) =0 (2.6.2)

forally € O, .

Corollary 2.6.2. Let ¥ : X x Y — Z be C" with r > 1 and consider xg € Oy, C X,
yo € Oy, C Y such that ¥(zo,yo) = 0. Assume that the operator Dx¥ at (zo,yo) has
closed ran (DxV) = Z C Z and that dim (Z/Z) is finite. Let P : Z — T be a bounded
projection operator so that

P(Z)=T. (2.6.3)
If (Dx¥)|(ygy0) © X = Z is injective then there exists a neighborhood Oy C Oy C Y and
unique C" map q : (’);O — X satisfying

Po ¥ (q(y),y) =0 (2.6.4)
for ally € Oy .

Proof. Define a new operator Il : X x ) — Z by II(z,y) := Po ¥(z,y) and consider the
equation II(x,y) = 0. The linearization of II in the direction of X is (DyII) =Po (Dyx¥).
It defines a map (DxIl)|, ,.) : & — Z, and is therefore an isomorphism. The Implicit
Function Theorem can be applied to II and this proves the corollary. O

Remark 2.6.3.

i) Observe that by Lemma 2.2.7, the closedness of Z and finite dimensionality of Z/Z
implies Z is complemented.

ii) Boundedness of the projection operator comes as a consequence of the closedness of
Z. See |Kato, 1995, pag. 156]
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2.7 Cokernel Stability for Elliptic Operators

Definition 2.7.1 (Continuous Family). Let X and ) be Banach spaces and let € € [0, 1].
Denote by Q¢ : X — Y a family of bounded linear operators with parameter e. We say
Qe : X — Y is a continuous family of operators if there exists a constant C' > 0 such that
Qe — Qollp, < Ce. The operator norm is defined as usual.”

Definition 2.7.2 (Uniform Injectivity). Let € € [0,1] and denote by Qc : X — )V a
continuous family of linear elliptic operators between the Banach spaces X and ). We say
the family is uniformly injective if there exists a constant C' > 0 independent of € such that

1yl < ClQy)ly (2.7.2)

for all y € X.

Lemma 2.7.3 (Stability Lemma [Butscher, 2007]). Let Q. : X — Y, € € [0,1] be a
continuous family of linear, elliptic operators. Assume that Q. is uniformly injective. If
ran (Qo) N C = {0}, where C is a finite dimensional linear subspace of ), then there exists
€0 > 0 such that ran (Q.) N C = {0} for all € < €.

Proof. Assume that for every € > 0 there exists a non-vanishing element z. € ran (Q.) NC.
Linearity allows for the assumption ||zel[y, = 1. Let {¢;} be a sequence converging to
zero. The finite dimensionality of C implies that the unit ball is compact. Thus there is a
convergent subsequence which we denote also by {z;} for convenience. The sequence {z;}
converges to a non-vanishing element z € C with [|z[|;, = 1. Because we have assumed
ze € ran (Q¢), there exist elements y. € X for which Q¢(ye) = z.. We now prove that the
sequence y; converges to an element y € X. If C' denotes the injectivity constant of the
family, it holds

lyi = w31l < € (1Q0 = Q0 wlly + 11(Qo — @) (w)lly
+1Qi () — Qi(u)ly )
< (@0 = @)wlly + Qo — @) wy)lly

+ Il = %l ) (2.7.3)

The continuity of the operator family implies the first two terms go to zero, while the last
term goes to zero because {z;} is Cauchy. This implies {y;} is a Cauchy sequence in the
norm X and therefore converges to an element y € X. Also we have

[z = QoW)lly < Iz — 2 + Qi(yi) — Qi(y) + Qi(y) — Qo(y)lly
<z = zilly + 1Qi(yi — vy + Qi — Qo)W (2.7.4)

which implies that z = Qo(y) and therefore gives z € ran (Qy) N C non-vanishing, contra-
dicting the hypothesis of ran (Qy) N C = {0}. O

"The operator norm is defined by

1Qello, = e {IQe(@)lly } - (2.7.1)



Chapter 3

Helmholtz decomposition with fast
decay

3.1 Introduction

In this chapter we focus our attention on a simple underdetermined model problem, namely
the construction of divergenceless 1-form fields. In particular where the solution is required
to have fast decay at space-like infinity, this problem exhibits certain difficulties that we
will encounter again in chapter 5, where we will use the findings of this case as a guide.
Consider in (R3, hab) the problem of finding 1-forms ¢ that are solutions to the equation

divp,o =0. (3.1.1)

A typical approach to constructing solutions to this equation consists of prescribing a
1-form 1) and using the ansatz
Y=dv+o (3.1.2)

where dv is the differential of a function v. The 1-form % is thought of as free data. It is
usual in some of the literature to refer to this procedure as the Helmholtz decomposition of
the field 1, a name we will also use here. Inserting (3.1.2) into (3.1.1) gives Apv = divy, ¢
and one is now in the position to study whether there exists a function v, with certain fall-
off conditions, that solves this equation for arbitrary free data. Weighted Sobolev spaces
provide an appropriate setting for analysing this equation.

3.2 Standard Helmholtz decomposition

We state a Theorem of [Cantor, 1981| concerning the Helmholtz decomposition on an
asymptotically flat manifold!.

Theorem 3.2.1 (7.6 in [Cantor, 1981]). Let (R3, hab) be asymptotically flat of class (p,t,T)
withp >1,t>3/p+1 and T <O0.
IfseN,3/p+1<s<t,vy¢Z and

—2<y<1 (3.2.1)

"While Cantor discusses more general situations, we only consider here the cases in which the number
of derivatives controlled for the decomposed field satisfies s > 3/p + 1.

26
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then it holds

WETPP(AY) = d(W3P) @ ker (div,) (3.2.2)

with d(W3*) being closed.

In the proof a 1-form ) is prescribed such that ¢ € W,f:ll’p(Al) and one tries to de-

compose it as in (3.1.2). The requirement that the 1-form o € Wjj’p(Al) be in ker (divy)
gives

S, s—2,
Ah : W’Y P(AO) - W’y—2 P(AO) (3 2 3)
Apv = divy, 3 -

which turns the underdetermined elliptic equation (3.1.1) into an elliptic problem. Above
and in the following we denote in parenthesis the type of objects of which each space is
made of. The details of the proof of this Theorem are posponed to section 3.2.2.

We will refer to the decomposition of Theorem 3.2.1 as standard Helmholtz decom-
position.

3.2.1 Abstract Banach space decompositions

Before addressing any further particularities of the Helmholtz decomposition, let us discuss
the situation from the abstract point of view which generalizes to the situation considered
later on. The feasibility of carrying out the Helmholtz decomposition can be understood
as of the possibility that a certain Banach space ) can be split into two pieces, one of
which is to be realized as the kernel of the operator S : ) — Z introduced by the problem.
To complete the decomposition, an auxiliary Banach space X is introduced, along with an
operator T': X — Y. The intention behind this is that ran (7) should loosely speaking
contribute the part of ) that is not contained in ker (5) so as to get a spliting

Y =ran(T) @ ker (9) . (3.2.4)

Decomposing an arbitrary element 1 € ) can be carried out successfully if one can
find v € X and o € ker (S) such that ¢» = T'(v) + 0. The condition o € ker (S) gives

SoT(v) = S() (3.2.5)

which is thought of as an equation for v.
In terms of this abstract formulation, the spaces and operators involved in the Helmholtz
decomposition are

X(A°) %’ﬁ Y(AY i;ls Z(AY) . (3.2.6)

The key issue is whether one can choose appropriate norms in each of the spaces involved
such that the decomposition can be carried out.

The Helmholtz decomposition and certain other Banach space decompositions can be
studied by means of the following Lemma by Cantor (see |Cantor, 1981]).

Lemma 3.2.2 (2.2 in [Cantor, 1981]). If T : X — Y and S : Y — Z are bounded linear
operators between Banach spaces, then the following are equivalent

i) ran (SoT) =ran(S) and ker (SoT) = ker (T)
it) Y =ran (T') @ ker (S)

In particular when i) and i) hold, ran (T') is closed in ).
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3.2.2 Differential Operators

In the following will shall not discuss the choices of p and ¢ in our assumptions regarding
asymptotic flatness, but we keep them for future reference. It is important to note that
a choice for a weight parameter v has to be made depending on the desired decay rate of
the prospective decompositions.

The values of 7 are taken to be in R\ Z to deal a technical issue with elliptic operators?
between weighted Sobolev spaces in n = 3, as can already be seen to some extent from
Theorems 2.4.3 and 2.4.4.

Assumption 3.2.3. Let ye R, pe N, 1 <p<ooand s € N, 2 <s. The 1-form fields o
and 1, and the function v, satisfy

o, € W P(AY) (3.2.7a)
v e ijP(AO) . (3.2.7b)

The differential operators considered here define the following bounded linear maps

divy, : W2 P(AY) = W2Z3P(A?) (3.2.8a)
d: WP(A%) — Wj_ll’p(Al) (3.2.8b)
divyod = Ay : WIP(AY) — WIZ3P(A%) (3.2.8¢)

and satisfy a number of properties collected in the following lemmas. Throughout the
chapter, the operators will be considered as maps acting between the spaces shown above.
We shall simply denote them by divy, d and Ay, when it is both convenient and clear.

Lemma 3.2.4 ([Cantor, 1981][Lockhart, 1981][Lockhart and McOwen, 1983]). Let (R?, hqp)
be asymptotically flat of class (p,t,7) withp > 1, 7 <0, t > % + 1. If s € N is such that
2 < s <t, then the operator
-2,
Ap WP — W;:_Q P

defines a Fredholm map if and only of v & Z. If so, then
i) It is injective iff v < 0,
i) It is surjective iff —1 < 7.

and
dim (ker (Ap)) = dim (ker (As)) . (3.2.9)

Proof. Follows from Theorem 2.4.5. O

The above Lemma states in particular that for metrics that are sufficiently close to the
Euclidean metric in the function spaces that define asymptotic flatness, the dimension of
ker (Ay) does not depend on the metric.

Lemma 3.2.5. The operator d : Wy? — Wj:ll’p satisfies
R if 0<~y
ker (d) = { O if <0 (3.2.10)

2Some authors refer to this by saying that « is not excepcional if v € R\ Z. In dimensions other than
n = 3, the set of non-excepcional weights takes a slightly different form.
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Proof. Clear. O

Lemma 3.2.6. Let (Rg,hab) be asymptotically flat of class (p,t,7) with p > 1, 7 < 0,
t > % + 1. If s € N is such that 2 < s < t, and if v # Z then the operator

divy, s WIZpP — WoZ3P (3.2.11)
1s lower semi-Fredholm and satisfies

WE2P if —1<~
div,) = { 12
ran (divp,) { (R} if 4 <1

Proof. 1t is clear that Ap(W3P) = divyo d(W5P) C divh(W,jill’p). By Lemma 3.2.4,

the set Ap(W5") is closed and has finite codimension. Then Lemma 2.2.5 implies that
divh(Wjill’p ) is also closed and of finite codimension, thus lower semi-Fredholm. The
characterization (3.2.12) follows from the closed range Theorem and the remarks of section

2.3.3. O

(3.2.12)

Proof of Standard Helmholtz Decomposition

Proof of Theorem 3.2.1. The decomposition (3.2.2) follows from Lemma 3.2.2 and the two
following facts.
i) It holds that

ker (d WP W;j:}’p) — ker (Ah WP - Wj:ip) (3.2.13)

if and only if v &€ Z and v < 1.

It is immediate that ker (d) C ker (Ap). If v < 0 then ker (Ay) = () and one gets the
claim. If 0 < v < 1, we know from Lemma 3.2.5 that ker (Aj) consists of constants only.
The constants are in ker (d) and then with ker (Ay) C ker (d) the identity follows. For
1 < 7 one has that dim (ker (Az)) > 1 so equality cannot hold.

ii) It holds that

ran (divh : W;:ll’p — Wj:g’p> = ran (Ah : Wi’p — Wj:g’p> (3.2.14)

if and only if v € Z and —2 < ~. This Follows similarly from Lemmas 3.2.4 and 3.2.6. [

3.3 Extended Banach Space Decompositions

As mentioned in the introduction, our main interest is the construction of divergenceless
1-forms with fast decay at space-like infinity. In terms of the weight parameter v for the
Helmholtz decomposition, ‘fast decay’ translates into the requirement that v be a large
negative number. Difficulties arise because the arguments in the proof of Theorem 3.2.1
do not apply for weights v < —2.

To overcome these difficulties we will extend the decompositions (3.2.4) by including a
finite dimensional subspace J C Y such that

Y=ran(T)@ker(S)® T (3.3.1)

holds. In the case of the Helmholtz decomposition, we shall refer to such a set J as a
complement extending the Helmholtz decomposition.

The Theorem that follows simplifies and extends earlier work of [Specovius-Neugebauer,
1990] where the Helmholtz decomposition was considered in Euclidean space (R, dgp).
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Theorem 3.3.1 (Abstract decomposition extension). Let T : X — Y and S : Y — Z
be bounded linear operators such that Q = SoT : X — Z is Fredholm. Then S is lower
semi-Fredholm. Furthermore, there exists a subspace J C Y of finite dimension Ny — N_
such that

Y=ker(S)aeTX)dT (3.3.2)
where Ny = dim (Z2/Q(X)) and N_ = dim (Z/5())).
Proof. Since @ is Fredholm, Q(X) is closed and Z/Q(X) is finite dimensional. Using
Q(X)=SoT(X)C S(¥) and Lemma 2.2.5 it follows that S()) is closed and Z/S()) is
finite dimensional, making S lower semi-Fredholm (note that this is the same argument of

Lemma 3.2.6).
By the closed range Theorem

Q(X) = {ker (Q9)}* (3.3.3a)
S(Y) = {ker (S*)}* . (3.3.3b)

Given that ker (Q*) = ker (T 0 S*), one knows that ker (Q*) D ker (S*). Let a* € Z*,
pw=1,..., Ny be linearly independent elements such that

ker (Q7) = {a',...,aM=,a=*1, . ot} (3.3.4a)
ker (§%) = {al,...,a"-} (3.3.4b)

where N, = dim (ker (Q*)), N_ = dim (ker (S*)). As was pointed out in section 2.2, there
exists a family of Ny fields g, € Z such that

(gy,aty = 0,1 Vu,v=1,...,Ny (3.3.5)

and thus the families {a“}gil and {gy}ivil form a bi-orthogonal system. By equation
(3.3.3b) and (3.3.5) one knows that g, € ran (S) for v = N_ +1,..., Ny. Thus there exist
Ny — N_ elements f, € Y such that

S(fy) =9v, v=N_+1,...,N, . (3.3.6)
We now let
T ={fv 11 fny ) (3.3.7)
Let 1 € Y be arbitrary. To show that (3.3.2) holds, let us assume 1 is of the form
Yv=0+T(x)+¢ (3.3.8)

where z € X, £ € J and o € ker (S). This gives the equation
Q) = S — &) (3.3.9)

which we consider as a condition on = and . A solution x to equation (3.3.9) will exist if
and only if

(S —€),a"y =0 Vu=1,...,N,. (3.3.10)

These conditions are satisfied for the first u = 1,..., N_ because of equation (3.3.4b). By
writing £ € J as

Ny
£ = Z K f, (3.3.11)

v=N_+1
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one obtains the linear system

Ny
(S(),a*y = > K(S(f),a") (3.3.12)

v=N_+1

which has the unique solution k¥ = (S(¢), a”) by (3.3.5) and (3.3.6). With the obtained &
one can solve equation (3.3.9) and the decomposition of ¢ is completed as claimed. O

3.3.1 Cokernel Stability

The Lemma that follows will be used in a stability argument later on, but it is convenient
that we state and prove it here.

Lemma 3.3.2. Let Q. : [0,1] x X — Z be a family of elliptic Fredholm operators. Assume
Q. is uniformly injective in the sense of definition 2.7.2 and that dim (ker (QF)) = N4 is
independent of €. Let {gl,}]yvi1 be a set of fields in Z such that Zop = {g,} satisfies

Z = Q(](X) DI . (3.3.13)
Then there exists eg > 0 such that
Z=Q(X)BIy for 0<e<e, (3.3.14)

and there exists an e-dependent basis {aﬂ}ﬁf; of ker (QF) such that the matriz (a*,g,) is
non-degenerate for 0 < € < €.

Proof. One wants to show is that it is possible to use, as a complement to Q.(X), the set
7y which is independent of e.
The hypothesis Qo(X)NZy = {0} and Lemma 2.7.3 imply there exists ¢y > 0 such that

Q(X)NZy={0} for 0<e<eg. (3.3.15)

By the closed range Theorem 2.2.3, one has Q.(X) = {ker (Q*)}" and by assumption
dim (ker (Q¥)) = N is independent of e. Let {Zi“}ﬁ;’l denote an e-dependent basis for
ker (Q?) and consider the square matrix A*, = (@*, g,). The matrix A*, is non-degenerate.
To see this, assume there exists k¥ € RV+ — {0} such that A*,k” = 0. Then one would
have that

(a", k" g,) =0 Vu (3.3.16)

and therefore 0 # k"g, € Q<(X) NZy in contradiction with (3.3.15).
To prove that the decomposition (3.3.14) holds, let f € Z be arbitrary. The equation

Ny
Q(z) + > _gk” = f (3.3.17)
v=1
can be solved for the coefficients k” by first setting k¥ = (A71)",(@", f), and then solving
forz € X. O
Remark 3.3.3. Note that one can choose a basis {Zi“}ﬁf:*l such that it satisfies
(@",g,) =0, for 0<e<ep. (3.3.18)

by a redefinition
at — (A7hHrav. (3.3.19)
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3.4 Extended Helmholtz decomposition

The abstract decomposition Theorem 3.3.1 can be applied to the study of divergenceless
1-forms. In what remains of this chapter the symbols ny and n_ are used specifically to
refer to

n4 = dim (coker (Ap,)) (3.4.1a)
n_ = dim (coker (divy)) . (3.4.1b)

This numbers depend on the weight parameter v. By Lemma 3.2.6 it holds that

0 if —-1<
=14 7 (3.4.2)
1 if y<-1

As for the Laplace operator (see equation (2.5.7)), one can learn from the Euclidean R3
case that ny behaves as

0 if —1<xw

1 if —2<y<-1

_ 3.4.3
T 4 i —3<y< =2 (3.4.3)

and continues to grow the further down the negative values of v one is looking at.
The following result shows that it is possible to construct a finite dimensional set to
extend the Helmholtz decomposition with respect to a given metric hgyp.

Theorem 3.4.1. Let (]R3, hab) be asymptotically flat of class (p,t,7) with T < 0. Ify € Z
and v < 1 then there exist n,. —n_ fields f, € Wj:ll’p(Al) such that

WETIP(AY) = d(W3P) @ ker (divy) & Ty (3.4.4)

holds with T, = {fy},=1,n_, and where ny,n_ are those in (3.4.1a).

Proof. For values of —2 < ~, the statement coincides with that of Theorem 3.2.1. For
v < —2 it follows from the abstract version 3.3.1. O

3.4.1 Example Application: Euclidean Case

n

Fields fu will now be constructed explicitly so that J5 = { f,,} T satisfies

v=2

WP (AY) = d(W3P) @ ker (divs) © J; - (3.4.5)

The conditions that are required of the f,, can be stated in terms of explicit expressions
for the harmonic polynomials " and can be transformed into

(@, divs ]gl,>5 = —(da", ng>5 . (3.4.6)

With the choice of basis made in section 2.5.1, one can compute

. 0 for pu=1
M p—
da { rU N (qYymdr +1rdYy,) for p#1 - (3.4.7)
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Consider the 1-form fields fl, € WVS:% P given by

o Y
fl/ = _X(T) q/Tq/_l (dT) (34‘8)
for v =2,...,n4, where x(r) satisfies the hypothesis from lemma 2.5.1. This implies
o g , !
(da", fu)s = — /R, X(T)Yq'm'W (@Ygm + 70, Ygm) dpss

3
= —5q,q/5m7m/0/ X(’I")?“Qd’l“
0

= —o" (3.4.9)

for v =2,...,n4, and where C' is the normalization constant for the spherical harmonics.
Hence, they are an explicit construction of the fields of of equation (3.3.6) in this particular
case.

Remark 3.4.2. It should be noted that by construction, the fields fy satisfy
divd(ﬁ,) =g, for v#1 (3.4.10)

for the functions g, that where defined in lemma 2.5.1.

3.4.2 Extension Stability

A particular explicit construction of an extension to the Helmholtz decomposition in Eu-
clidean R? was shown in (3.4.5). In this section we study the possibility of using the set
Js as a complement for the extended Helmholtz decomposition with respect to another
metric hgp. It will be shown that

Y =ran (d) @ ker (divy) & Js (3.4.11)

holds when hgp is sufficiently close to the Euclidean metric. The proof of this statement
will rely on Lemma 3.3.2 and on the following estimate.

Lemma 3.4.3. Let (R?’,hab) be asymptotically flat of class (p,t,7), T < 0, t > %. If in
end coordinates
1hig — 0ijllyyer <€ (3.4.12)

for some 0 < ¢, then there exist a constant C such that

Qv di < - 3.4.13
Il(divp, 1V5)wHW3f2 < EHMHWWI ( )

—1—7

for every w € WWI’_Of_T(Al).
Proof. Define 74, and 8% by

Yab = hab - 5ab (3414)
g = pob — §ab (3.4.15)

and let V, be the derivative operator compatible with A, and V., the derivative operator
compatible with 4.
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By definition,

divs(wp) = 6Vawy ,  divy(wp) = h®Vwy, . (3.4.16)
Using )
Vowp = Vowy — Cop fe (3.4.17)
with
ab = %h“l <%ahbd + Vihag — %dhab) (3.4.18)
one obtains
(divy, — divg) we = (6% 4 09°)(Vqwy, — CSwe) — 6V qwp (3.4.19)
= 090V qwy, — h**Cw, . (3.4.20)
This gives
(v — diva) wellyos, < Heab%awbHW% + ‘ h®CC,w, s, (3.4.21)

Consider the first term of the right hand side in (3.4.21). By Hoélder’s inequality

Hab

%wbH (3.4.22)

abe
A Il

0,00
W’y—2—7

_y HwbHle’—of—T (3.4.23)
where the definition of the W,;ffq norm and the Wi* where used and each time a con-
traction is removed a factor 3 comes out.

For the second term of (3.4.21), first note that one can assume there exists a constant
(1 such that

habped - H §b 4 gaby(ged 4 ged H <L 3.4.24
R I [ R P (3424
Then
1 o o .
‘ wrcsu ,, <2 ‘ abped (va%d + Voo — chab) wel| (3.4.25)
y—2 y—2
C o 0 .
< ?1 H (Va’de + ViYad — Vd%b) Wel| oo (3.4.26)
wo?,
< HvavdeW% ”wC”WSf’f,T (3.4.27)

where Hélder’s inequality was used once more.
By the definition of the WT1 P norm of 7y, and the WVI’_OT_T norm of w, one obtains then

Coming back to (3.4.21), one gets

b
ha Cgbwc

wo, < O lwellyzr lwellyres - (3.4.28)

. T ab
(v, = divs) w0, < <9 ‘ 0

oo+ ColPuclss ) lllyas - (3429)

Using Lemma 2.3.7 it follows that it is possible to choose € small enough so that the claimed
estimate is obtained. O
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Theorem 3.4.4. Let v & 7 satisfying v < 1. Let (R3, hab) be an asymptotically flat metric
of class (p,t,T) with T <0, t > 3/p+1, and such that in end coordinates ||hi; — dj ||y is

sufficiently small. If s € N, %4— 1 < s <t and the set Js is a complement for the extended
Helmholtz decomposition in (R?’, 5ab); then the decomposition

WETPP(AY) = d(W2P) @ ker (divi) & T (3.4.30)

holds for v < 1.

Proof. The claimed decomposition holds if the matrix

AP, = (a*, divy, f,)p for v,u=2,...,ny (3.4.31)
is non-degenerate, where the elements {a“}Zil are a basis of ker (Aj). The fields f, satisfy
divs fl, =g, for v =2,...,n4, so one can write

Al = (a”, g,V + (0, (divy, — divs) f, ) - (3.4.32)

Using Lemma 3.3.2, one can assume that (a*, g,)5 is non-degenerate. Note also that both
terms in equation (3.4.32) are linear in ¢*, in f, and in g,.
We now show that the first term in (3.4.32) dominates the second term. By the defini-
tion of the pairing (, ), and Holder’s inequality one has
|<a'u7§u>h’ <O ||GM§VH{/VE’31
< Cullalyor Ngvllyor, (3.4.33)

where the constant C7 accounts for the supremum norm of the volume element associated
to hgp. Similarly one has

<a“, (divh — diV(;)foy>h‘ < C1 Ha“(divh — diV(;)foV

0,1
Wy

ll‘ . _ . M
< Crllat o, | (diva—divs), wos,
< CCie |a*|| £ (3.4.34)

0,p’
w ) ”71,00
—v-1 y—1—7

where Lemma 3.4.3 was used. Comparing (3.4.33) with (3.4.34) one can see that if
|hij — 0ijllyee is sufficiently small then A*, is be non-degenerate. O



Chapter 4

Asymptotic Staticity

4.1 Introduction

Consider a 3-dimensional manifold M, a Riemannian metric hy, and a symmetric tensor
K. One says that (M, hgp, Kgp) is an initial data set to Einstein’s vacuum field equations
if it satisfies the vacuum constraints, i.e. the Hamilton constraint

R(h) — |K|? + (tr, K)* =0 (4.1.1a)
and the momentum constraint
divp(K) —dotrp(K)=0. (4.1.1b)

Einstein’s vacuum constraints constitute an under-determined elliptic system of four
equations for twelve unknowns. It is not evident at first sight how one could prescribe a
priori some of these unknowns in a way that makes possible solving for the remaining ones.

A well established and widely used method for constructing initial data is what is
referred to the literature as the method of conformal rescalings. This method provides
a way to prescribe some of the unknowns —thought of as free data— and turns equations
(4.1.1) into a determined elliptic system for the remaining variables.

At the core of this method is the idea that one can specify (up to certain conditions) a
background metric iLab and require that the solution hg, to (4.1.1) be conformally related
to iLab so that R

hab = ¢ hab (4.1.2)

with a positive function ¢ on M, which possibly satisfies some boundary conditions. The
method also gives a prescription for how to give data for the symmetric tensor K, which
we will discuss later, but in a different context.

The construction of initial data discussed in the present work is specifically intended
to address certain aspects in the modeling of isolated gravitating systems, so we restrict
our attention to manifolds which are asymptotically flat in the sense of definition 2.3.5.

The method of conformal rescalings does not seem to provide one with the means to
get finer control on the behavior of solutions at space-like infinity.

For simplicity, we will focus on the construction of time reflection symmetric initial
data. The vacuum constraints reduce in this case (vanishing extrinsic curvature) to the
problem of finding metrics hg, that satisfy the equation,

R(h) =0. (4.1.3)

36
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The ansatz (4.1.2) then leads to the equation
A ¢ = LR(h)¢ (4.1.4)

and one requires the solution to satisfy the condition ¢ — 1 at space-like infinity. In a
reasonable function space the solution will then be determined uniquely.

We are interested, however, in constructing initial data with certain special asymptotics
which cannot be controlled by this method. A system of equations will be proposed with
this specific goal in mind. To motivate the introduction of our system of equations, we
consider first Einstein’s static vacuum field equations.

4.1.1 Static Vacuum Field Equations

Let (./\/1(4), gé?) be a four dimensional space-time and consider Einstein’s vacuum field

equations
Ric®[g] = 0 (4.1.5)

where Ric® denotes the four dimensional Ricci tensor. A space-time is said to be static
if there exists a timelike Killing field £ which is hypersurface orthogonal. In a static
space-time it is possible to construct a coordinate ¢ adapted to the integral curves of the
Killing field so that £ = 0; and ¢ is orthogonal to the hypersurfaces {t = const.}. Then
M® =~ R x M where M is a three dimensional manifold and the space-time metric takes

the form
gty = —v*(dt)? + hap (4.1.6)

where hgy, is a Riemannian metric on M and v : M — R is a positive function. Equation
(4.1.5) reduces in this case to the problem of finding a positive function v and a metric hg,
satisfying on M the static vacuum field equations

Apv =0 (4.1.7a)
—v Ric(h) + Hessp(v) =0 . (4.1.7b)

A solution (v, hgp) to the static vacuum field equations provides in particular a solution to
(4.1.3).

A few important remarks need to be made about the manifold M. To begin with, if M
is a closed manifold then the only solution to (4.1.7) is the trivial one, namely v is constant
and h is flat. We consider here open manifolds. There is a classical result of [Lichnerowicz,
1955] which implies that if (M, h) is an asymptotically flat and complete solution of (4.1.7)
with v — 1 at infinity, then v = 1 everywhere and the solution corresponds to Euclidean R3.
It was shown in more generality in [Anderson, 2000] that the hypotheses on the asymptotic
behavior are not necessary. These results suggest that one must consider equations (4.1.7)
on asymptotically flat manifolds having an inner boundary OM # () if one is to have
non-trivial solutions.

4.2 The system of equations
Let 0 be a symmetric tensor field defined on M and consider the system of equations

Apv + tl"h(U) =0 (4.2.1&)
—v Ric(h) + Hessp(v) +0 =0 (4.2.1b)
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For vanishing o these equations reduce to (4.1.7) and in this sense they generalize them.
Moreover, for suitable non-vanishing fields ¢ one may expect to find non-trivial solutions
on manifolds without boundary. Solutions to this system of equation are then also solutions
of (4.1.3), and are therefore admissible time symmetric vacuum initial data.

The idea behind this generalization is that if it were possible to solve this system in
a way such that o has strong decay at space-like infinity, then one could interpret such
solutions as asymptotically static vacuum initial data.

However, the symmetric tensor field o cannot be prescribed arbitrarily. To ensure
consistency it is necessary satisfy the contracted Bianchi identity

(div, —3d o try) Ric(h) = 0. (4.2.2)
Together with (4.1.3) this leads to the integrability condition
divy(o) —dotrp(o) =0. (4.2.3)

It is remarkable that this integrability condition has the same form as the vacuum momen-
tum constraint equation (4.1.1b). For this reason, we will call the operator M}, : S? — A!
defined by

Mj, = divy, —d o try, (4.2.4)

the momentum constraint operator.

Rewriting the time-symmetric vacuum Hamilton constraint (4.1.3) in the form of equa-
tions (4.2.1a), (4.2.1b) and (4.2.3) allows us to incorporate features of the static vacuum
field equations into the system. Moreover, this renders the underdetermined character of
(4.1.3) in a new form with may open new ways to exploit it.

The considerations regarding decay properties of the unknowns will now be made more
precise by selecting appropriate function spaces. We will use weighted Sobolev spaces as
defined in chapter 2.

The first characteristic we want to capture is that of asymptotic flatness. We will
require the solution to be asymptotically flat of class (p,t,7) with 7 < 0 (see definition
2.3.5). The Positive Mass Theorem further requires that if this metric is to be a non-trivial
solution of the constraint equations, then it must approach the flat metric at infinity not
faster that % This consideration is taken into account by the condition —1 < 7.

We want the function v to approach a constant at space-like infinity, so we require that
the function v should satisfy

v—1€Wkh? (4.2.5)

where, for consistency, we use the same weight as that for the metric.

The Laplacian is a second order differential operator and defines a bounded map Ay, :
th’p — Wﬁ:g’p . The Ricci tensor is also a differential operator of second order. Under
the conditions we have imposed for 7 and assuming that the differentiability parameter
satisfies t > % + 1, it is possible to use the multiplication Lemma 2.3.2 to conclude that

Ric : WHP(82) — W::g’p(52) is likewise a bounded map. This implies

Apv e WiT2P
—vRic(h) + Hessy, (v) € W27

We will be interested in constructing solutions for which ¢ has fast decay at space-like
infinity.
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Statement of the problem

To summarize the considerations above, we will be studying the asymptotic staticity equa-
tions which are given by

0=¢:=Apv+try(o) (4.2.6a)
0=V := M (o) (4.2.6b)
0=S5:=—v Ric(h) + Hessp(v) + o (4.2.6¢)

and consider the associated map

v—1 € WEP(AY) ¢ € WFEZP(A)
o€ WIS | — [V e wilrh (4.2.7)
h—6 e WEHP(S?) S e WFrrs?)

under the conditions

~1<7<0 (4.2.8a)
B<r—1. (4.2.8b)

where € R\ Z to comply with a technical requirement that shall become clear when
elliptic operators are analyzed.

Definition 4.2.1 (Asymptotic staticity). ! Let o € Wg:%’p with f<7—1landg=1t—1.
If (v, hgp) is a solution to (4.2.6) corresponding to o, we say it is asymptotically static to
order 3.

The condition 5 < 7 — 1 implies

Apv e WP (4.2.9)
—vRic(h) + Hess, (v) € Wi_1” (4.2.10)

which, loosely speaking, says that the solution (v, hyp) will behave in an asymptotic ex-
pansion at infinity as a solution of the static field equations up to O (7“’3“).

The quasilinear system (4.2.6) has two particular features which one needs to address.

First, Ric(h) is a geometric operator and coordinate invariance prevents it from be-
ing elliptic without further conditions. To obtain an elliptic operator, one can choose a
particular coordinate gauge and we will do that in section 4.2.1.

Second, the momentum constraint operator Mj, is underdetermined elliptic, it maps
symmetric tensors to 1-forms. A method to deal with this operator, which has proven
successful in the study of the constraint equations by the method of conformal rescalings
(see for example [Bartnik and Isenberg, 2004]), is what is called the York decomposition.
We will discuss it in section 4.2.2 in the context of the asymptotic staticity equations.

4.2.1 Harmonic Coordinates

Let {y/ }?:1 be a globally defined coordinate system in (R3, h). The Christoffel symbols of
h with respect to this coordinate system are given by

L5 = 50 (9ihji + Ojha — Oihij) - (4.2.11)

The introduction of ¢ = ¢t — 1 is made only for bookkeeping purposes.
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The components R;; of the operator Ric(h) in this coordinate system are given in terms
of the Christoffel symbols by

Rij = 0T — 0T} + T,Ty, — ThTY, (4.2.12)
Consider the quantities I = hij§k and I'; = hl-ij as functions of the coordinates

{y7}. In these coordinates we define the 1-form I' by

3

I = Zfi(yl,y2,y3) (dyl) . (4.2.13)
i=1

We note that the coefficients I'; of this 1-form do not transform covariantly under coordinate
transformations! We set furthermore in this coordinate system

3
vr = Y (o - T4 (dy') @ (dy?) (4.2.14)

3,j=1

which is the expression which formally looks like the covariant derivative of a 1-form with
coefficients T';.
We now define with respect to the coordinate system {y’} the reduced Ricci tensor
RicH (n)
Ric” (h) = Ric(h) — Sym(VT) . (4.2.15)

A computation shows that the highest order derivatives of the metric with respect to
{7} that appear in Ric(h) define an elliptic operator. Explicitly this is

Rj = —5h"0x0ihij + F(Oh, h) (4.2.16)

where F(Oh, h) is a function of the metric components and their first derivatives.
The coordinate system {3’} is said to be harmonic on (M, h) whenever the coordinate
functions y* satisfy
Apy' =0. (4.2.17)

If one writes equation (4.2.17) in terms of the coordinate system {4’} one obtains
W =0 (4.2.18)
Thus in a harmonic coordinate system, the reduced Ricci operator equals the Ricci operator
I' =0 = Ric(h) = Ric?(h) . (4.2.19)

The way in which this property is used is as follows: one assumes that a coordinate
system has been fixed and modifies the equations by using instead of Ric(h), the elliptic
operator Ricf (h) with respect to those coordinates. The resulting equations are stud-
ied in this coordinate system. Then, one must show that the solutions obtained satisfy
the harmonic coordinate condition (4.2.17) so that they are also solutions to the original
system.
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4.2.2 The York decomposition

As was mentioned above, the equation of the system (4.2.6) that involves the momentum
constraint operator M} is underdetermined elliptic. To deal with this operator we shall
study now the York decomposition. This will be done in a way which emphasizes the
analogy between this decomposition and the Helmholtz decomposition discussed in chapter
3.

Consider the first order differential operator £y, : A' — S? defined by

L4X = 2Sym(VX) — gh divp(X) | (4.2.20)

A 1-form X is called a conformal Killing field of (M, h) if and only if X € ker (L), so it
is customary to call Ly, the conformal Killing operator. We will also make use of a second
order operator Ly, : A — A! defined by

]Lh = Mh e} £h (4221)

which will be referred to as the conformal Killing Laplacian.
To construct solutions to
My (o) =0 (4.2.22)

we prescribe an arbitrary symmetric 2-tensor ¥ and assume the ansatz
oc=v—LpX . (4.2.23)

In a way analogous to the Helmholtz decomposition, this transforms the underdetermined
elliptic problem (4.2.22) into a elliptic equation for the field X, where v is considered as
free data.

In section 4.2 we have stated that we want o to be in Wg:i’p. For this to happen

equation (4.2.23) suggests to choose ¢ € Wg:i’p and look for solutions X € Wg’p. One is
therefore looking for solutions X to the following elliptic problem

TGP AL 9=2,p (Al
{ Ly : WP(AY) — W55 (AY) (4.2.24)

Lp(X) = Mu(¥)

One is reminded of the Helmholtz decomposition and equation (3.2.3). To study this
decomposition, we shall make use of a Lemma that is the analogue of Lemma 3.2.4 in this
context.

Lemma 4.2.2 ([Cantor, 1981][Lockhart, 1981][Lockhart and McOwen, 1983]). Let (R?, hqp)
be asymptotically flat of class (p,t,7) withp > 1, 7 <0, t > % + 1. If s € N is such that
2 < s <t, then the operator

Ly : WP — W2_3P (4.2.25)

defines a Fredholm map if and only of v & Z. Also
i) Ly, is injective iff v < 0,
i1) Ly is surjective iff —1 < 7.
Furthermore if% + 3 < s, then index Ly = index L. In particular this implies
dim (coker (ILy,)) = dim (coker (L)) = 3 dim (coker (Ay)) (4.2.26)

where Ag is considered as the map As : WP — Wj:g’p.
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Proof. The Fredholm property and parts (i) and (ii) are a consequence of Theorem 2.4.5.

For the equality of the indices, note that Lj; is an isomorphism for —1 < v < 0.
This was shown in [Christodoulou and O’Murchadha, 1981] for p = 2 under the condition
5 +3 < s, and generalizes to 1 < p < oo in a straight forward way. The operator L is also
seen to be an isomorphism if —1 < v < 0, so the indices coincide in this range, and are
therefore equal by Theorem 2.4.5. Equation (4.2.26) follows from equation (2.4.14b). O

Under the assumptions made in equation (4.2.8), the operator in (4.2.25) is Fredholm, so
ran (Lp,) = {ker (IL,;;)}l by the closed range Theorem. The set ker (L) is finite dimensional.

Remark 4.2.3. It should be noted that by a similar argument as that of section 2.3.3, it is
possible to see that the action of L} is given formally by the same expression as that for
Ly, shown in equation (4.2.21). Likewise, just as was the case discussed in section 2.3.3,
one considers them to be operators acting between different spaces.

Notation 4.2.4 (Basis). Let {A“}iv;rl denote a basis for ker (L}), where Ly, is considered as
in the map in equation (4.2.25) and where

N, = dim (ker (L})) . (4.2.27)

Furthermore let {G,})*, denote a family of fields in Wg:g’p which with {A”}gil forms a

bi-orthogonal system (see section 2.2). The symbols A and G, refer to such fields in the
case of the flat geometry (R3, 5ab)-

Using this notation one can construct a projection operator Pj, such that L, (W5?) =

Ph(Wi:g’p ). The projector P, is given by

Ny
Pp=1-) G,(A" ). (4.2.28)
v=1

where N depends on the parameter ~.
It should also be noted that one can give explicit expressions for a basis {A“} of

ker (L}) and in chapter 5 such expressions are given for any value of the weight parameter
B.

The necessary conditions for the existence of a solution X € Wg’p to equation (4.2.24)
are given in this notation by

(A" Myp(0))h =0 VA" € ker (L}) . (4.2.29)

4.3 A perturbative result

In this section and what remains of the chapter we will consider the manifold to be dif-
feomorphic to R3. It will be shown that, under a small free data assumption, a solution
to the asymptotic staticity equations (4.2.6) exists. The argument consists of two steps,
starting first by studying the linearized equations. We will obtain existence of solutions
to an auxiliary projected system of equations. In the second step, we will show that the
solutions so obtained are also solutions of (4.2.6) when a smallness requirement on the free
data is assumed and a further restriction on the asymptotic staticity parameter 3 (on top
of (4.2.8)) is met.

Consider the system of equations that results from replacing Ric(h) with Ric (k) and
from plugging the ansatz of the York decomposition (4.2.23) into (4.2.6). Then the set of
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variables consists of v € A?, X € A!, h € §? and a tensor ¢ € S? which will be thought of
as free data. The resulting equations are

0=¢:=Apv+trpe (4.3.1a)
0=V :=Ly(X) — My(s) (4.3.1b)
0= S := —vRicH (h) + Hessp,(v) — Lu(X) + ¢ (4.3.1c)

and the associated map is

v—1 € WEP(AO _
X c W‘M’EAlg (Z) € W::gp(Ao)
LN P Wﬁt,p s | Voe WiP(AY (4.3.2)
1p, S € Wt:%p(SZ)
Y€ Wi M(SY) T

where 7 and f satisfy the conditions (4.2.8). By writing

W = WEP(A%) x WEP(AY) x WEP(S?)

W = W57 (M%) x WESP(AY) x WI57(S%),
then (4.3.1) and (4.3.2) then read

U(v, X, h;90) =0 (4.3.3a)

W x WIS W (4.3.3b)

4.3.1 First Step

We want to study equation (4.3.3) perturbatively in a neighborhood of the trivial solutions
corresponding to ¥ = 0, namely v =1, X =0, and h = 4.

Linearization

The derivative of the map W at the trivial solution defines the map DV : W x Wg:i P(8?) —
W given for (u,Y,g,s) € W x Wi} ?(S?) by

As(u) + trs(s)
(DY) y—g (v, Y, 9,8) = Ls(Y) — Ms(s) . (4.3.4)
1Asg + Hesss(u) — L5Y + s
Setting s = 0, one obtains the partial derivative of the operator ¥ in the direction of

the unknowns (DW\II)W:O W — W and in this section we study its properties. In the
following it will be shown that under conditions (4.2.8), the map

(DWO)|yg : W = W (4.3.5)

defines an injective Fredholm operator with non-trivial cokernel.
Consider for some (¢g, Vo, Sp) € W the equations

Po = Asu (4.3.6a)

Vo = LsY (4.3.6b)
So = %A(;g + Hesssu — LsY (4.3.6¢)
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for the unknowns (u,Y, g) € W. Equations (4.3.6) define a linear partial differential oper-
ator in R3. A system of orders for this operator is given by t = (k + 2,k + 1,k + 2) and
s=(k,k—1,k), with k € N.

Although it will not be the route taken here, one could apply a more general version
of Theorem 2.4.3 (with different weights for each field) to the operator of equation (4.3.6).
It can be seen that the system satisfies the assumption of 2.4.2 and one can study its
Fredholm properties this way. It is actually easier and clearer to take advantage of the
particularities of this system and to deduce its properties by discussing its decoupled parts.

First, consider equation (4.3.6a). Lemma 3.2.4 and the condition —1 < 7 < 0 imply
Ay WEP(A?) — Wi:g’p (A%) is a Fredholm map with trivial kernel and cokernel.

Second, from Lemma 4.2.2 and conditions (4.2.8) one learns that the operator Ls :
Wg’p — ngg’p is Fredholm and injective, but not surjective. Using the notation intro-

duced in 4.2.4, one has Lg(Wg’p) = Pg(WE:;’p). Then, the operator
Ly : WEP — Ps(WE—2P) (4.3.7)

is an isomorphism. We will postpone a discussion on how to explicitly construct such the
projection operator Ps to Lemma 4.3.3.
Finally one considers, for given u € WX* and Y € Wg’p , (4.3.6¢) as an equation for g,
namely
Asg =2(So — Hesssu — L5Y) . (4.3.8)

By assumption one has Sy € Wij’p. Also v and Y satisfy Hesssu € Wf:g’p and LsY €
Wg:i’p respectively. Conditions (4.2.8), ¢ =t — 1 and the fact that

71 <2, S1>s2 = WP C WP (4.3.9)

holds, imply Sy — Hesssu — L5Y € W::g’p. Then by Lemma 3.2.4 one has that given u
and Y, there always exists a unique solution g to (4.3.6c).

To summarize these finding one says that, under conditions (4.2.8), the map (4.3.5) is
Fredholm and

ker (D), ) = {0} (4.3.10a)
ey

ran ((Dw\P)\¢:0> = | PBs (ngg’p) : (4.3.10b)
Wi3"

where Ps (ng:g’p ) has finite codimension N, (see (4.2.27) for the definition).

The projected system

We now return to the non-linear system (4.3.1). The perturbative analysis of the previous
section provides a way to come up with a new non-linear system of equations whose lin-
earization is in fact an isomorphism between Banach spaces. To construct this new system
we define the projection operator P : W — W by P (¢, V,S) := (¢,Ps5(V),S) where the
projector P : Wg:g’p — Wg:g’p was introduced in (4.2.28). We consider now a projected
system given by

PoW(v, X,h,¢) =0 (4.3.11)
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where U is the map in equation (4.3.2). Written in terms of v, ¢ and h, the projected
system consists of the equations

0=Apv+tryo (4.3.12&)
0= My(o) + A (4.3.12b)
0 = —vRic(h) + Hessy,(v) + o (4.3.12¢)

where o is given by 0 = ¢ — L, X (see (4.2.23)) and where the error term X is

Ny

A@) = (1= Ps)My(0) = > _ Gy (A, My(0))s - (4.3.13)

v=1

Lemma 4.3.1. Ifv{ € Wg:}’p is sufficiently small, then there exist

o) - v—1€WhP (4.3.14a)
o) : oeWiP (4.3.14b)
h(y) @ h—8¢€ Wk (4.3.14c)

satisfying equations (4.3.12) and depending continuously on the free data ).

Proof. The system (4.3.1), (4.3.2) satisfies the hypotheses of corollary 2.6.2, i.e. the lin-
earization of ¥ at the trivial solution is an injective Fredholm map (see equation (4.3.10)).
The projector used in equation (4.3.11) satisfies the condition (2.6.3) of the corollary and
therefore there exist {v (), X (¢), h(¢)} satisfying (4.3.11). From ¢ and the resulting X (¢)
we reconstruct o and write the equations as (4.3.12).

By Corollary 2.6.2 the solution (4.3.14) depends continuously on the free data ¢». [

4.3.2 Second Step

The system in (4.3.12) differs from (4.3.3) in two aspects. The first difference is that the
reduced Ricci operator appears in the projected system. The other difference is that in
the projected system there is the extra term A. In order for (4.3.14) to be a solution of the
system we started with in (4.3.3), one must make sure that for the solution (4.3.14), the
conditions

A=0 (4.3.15a)
r=0 (4.3.15b)

are satisfied. If these conditions are satisfied, then Ric*(h) = Ric(h) and (v,h,0) is in
fact a solution to (4.2.6). Using the contracted Bianchi identity (4.2.2) and the projected
system (4.3.12), we shall derive an equation relating A and T'.

First one replaces the reduced Ricci operator in equation (4.3.12c) using (4.2.15) and

obtains the equation

_ Hessy(v) +o

Ric(h) + Sym(VT) . (4.3.16)

The contracted Bianchi identity (4.2.2) then implies

<Hessh(v) +o
v

(divy, —1d o trp) + Sym(VF)) =0. (4.3.17)
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We will compute the action of the differential operator acting on each term separately.
First, by (4.3.12a) one has that trj, (Hessy(v) + ) = 0. Then one computes

divy (Hessh(v) + o) _ Apodv+divpo  (Hessp(v) q;J) (dv, -) (4.3.18)
v v v
and using the identity
Apodv=doApv+ Ric(h)(Vu, -), (4.3.19)
and equation (4.3.16) one gets
div, (Hessh(v) + O') _ doApv+divyo + Sym(VI)(dv, -) | (43.20)
v v
Replacing Apv using equation (4.3.12a) and then using (4.3.12b) gives
(div —1d o try) (Hessh(v) + 0) _ Sym(VI)(dv, -) — A . (4.3.21)
v v
A computation shows that
ApI' 4+ Ric(h)(T, -
(div, —3d o trp,) Sym(VI) = nt ¥ 12C( )T, ) (4.3.22)
so using (4.3.21) together with (4.3.22) in (4.3.17) one finally gets
VAR +2Sym(VI)(dv, - ) + vRic(h)(T, -) = 2X. (4.3.23)

The left hand side of equation (4.3.23) defines a linear homogeneous second order partial
differential operator we shall denote by H,, more specifically

t—1, t—3,
{ Hy: W PP(AY) — WESP(AY) (4.3.24)

Hy(T) :== vAR(I") +2Sym(VT)(dv, -) + v Ric(h)(T, -)

where the choices of weighted Sobolev spaces are such because I' is defined in terms of first
derivatives of the the metric h. The notation Hy is meant to emphasize that we want to
consider this operator in the following way: associated to given free data v there exists a
solution as given by Lemma 4.3.1, which in turn gives rise to the corresponding operator
Hy, by equation (4.3.24).

For clarity, let us briefly summarize the steps in the argument that follows. We will
use Lemma 2.7.3 to conclude that A vanishes for sufficiently small free data . To do this,
we will first study the range of the operator Hy, for trivial free data, i.e. when ¢ = 0. The
second result we need will take the form of an explicit characterization of the subspace of
Wg:g’p (A') to which the error term A belongs. The third piece of information we need
is the uniform injectivity of H,, for sufficiently small +. Finally, after concluding that X
vanishes, the injectivity of the operator Hy implies I' = 0.

One should point out at this stage that the characterization of the possible error terms
depends on the choice made for the asymptotic staticity parameter, which will limit the
applicability of this argument to certain range for 3.

In the Lemma that follows it will be shown that if ©» = 0, then the range of the
associated operator Hy—o = Hp can be explicitly characterized.
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Lemma 4.3.2 (Range of Hy). The 1-form fields
AP = (dat) for w=1,2,3 (4.3.25)

are a basis for ker (H) where Hy := Hy—o and Hy is the operator defined in equation
(4.3.24).

Proof. When v = 0, the operator Hy reduces to As : W' 1P(AY) — W' T3P(A!) and the

result follows from Theorem 2.4.4 and a computation in Cartesian coordinates. O

To give an explicit expression of the error term A defined in equation (4.3.13), one
needs to study the operator s in more detail. In the present context, it acts as a map in
the spaces shown in equation (4.2.24) where (3 satisfies the conditions (4.2.8).

As mentioned above, the argument given here applies when the asymptotic staticity
parameter 3 is restricted to certain interval. We therefore strongly emphasize that even if
in principle one would like to avoid any lower bounds on 3, we are only able to carry out
this argument when we restrict it to the interval

—2<B< 1. (4.3.26)

This in turn simplifies considerably the description of ker (), for there is a straight
forward way to find fields that give a basis for it.

Lemma 4.3.3. If —2 < 8 < —1 then the 1-form fields
AP = (dat) for w=1,2,3 (4.3.27)

are a basis for ker (L) where Ls is considered as in equation (4.2.24). Furthermore if
x(r) € C§° is such that [ x(r)dus =1, then the 1-form fields

G, =x(r)(de’)  for v=1,2,3 (4.3.28)

together with (4.3.27) form a bi-orthogonal system. This implies
W5T5P =Ls(W5") & {éb G, é3} (4.3.29)

Proof. The simplifying observation is that any Killing field of (R3, 5ab) in the domain of L}
will be in ker (j). The assumption on 8 implies one is considering fields which behave as
o (r) at infinity and by Theorem 4.2.2 the dimension of this kernel is 3. The three Killing
fields of (RS, 5ab) which generate translations have precisely o (r) growth at infinity. O

In particular the error term A\ € {(03'1, Co}'g, Gg} in equation (4.3.13) is then given by

3
A1) =D Gu(AY, My(0))s (4.3.30)

v=1
where the metric h and the tensor o both depend on the free data.

Lemma 4.3.4 (Injectivity of Hy). If ¢ is sufficiently small, then the operator Hy, defined
in (4.3.24) is injective.
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Proof. As was pointed out in Lemma 4.3.1, the solution depends continuously on the free
data t. This means that if ¢ is small in Wg:i’p(82), then v — 1, X and h — § are small in
the spaces given in equation (4.3.14).

To show that the operator Hy is injective, we set Hy(I') = 0 and show that this
implies I' = 0. Under the assumptions made on the differentiability % +1 < t, the Sobolev
inequality (Lemma 2.3.3) implies that |[v — 1| is bounded, so it is safe to assume that
v > 0. Thus it suffices to consider the equation Hy(I')/v = 0. Furthermore, consider the
contraction (Hy(I')/v,T'), which reads

(T, Ay, + 2(d(Inw) @ T, Sym(VID));, + (Ric(h),T®@T), =0 (4.3.31)

which will be analyzed term by term.
Using the identity

B(, AT) = SA4[DR — VI (4.3.32)
one gets for the first term in (4.3.31)
(T, ApD)p = 5(1, Ap|T[7)n — (VT, VD), . (4.3.33)

By Lemma 2.3.2, the condition (4.2.8) on 7 and the assumption ¢t > % + 1 (as mentioned
in section 4.2), one knows that |I'|7 € W!1P. Given that

ran (A;zwjjvp = ijgﬁp) = {feW! 3. (1, f), =0}, (4.3.34)
the first term in (4.3.33) vanishes. As for the second term in (4.3.33), one has
C1[|VT|[2,02 < (VL, VL), (4.3.35)
—3/2

where C is a constant that accounts for using h instead of ¢ in the definition of the
weighted Sobolev norm and is of the order of 1 in the present circumstances. The first
term in (4.3.31) then satisfies

(0, ALY, < =C1 VD202 (4.3.36)
—3/2
For the second term in (4.3.31) one has
2(d(Inv) @ ', Sym(VI)), < 2Cs / [Sym(VI)(d(lnw), )| dus
< 6C3 [d(100) e [8ym(VT) (- Ty
< 18Cy [ld(Inv)lyoge [IVTlyoz |Tllyoz, (4.3.37)

where Holder’s inequality 2.3.1 was used twice.? The constant Co = sup p(x) where dus =
p(x) duy, is of the order of 1. Finally one uses 2ab < a? + b* and

vI|I? < ||Ivr|? 4.3.38
IVTlyo2 < IVTy02 ( )
to obtain
2(d(lnv) & T, Sym (VD)) <

< 902< HVFHivggm + Hfllivg,lz/2> ld(nw)[lypoe . (4.3.39)

2Each factor of 3 comes from removing a contraction.
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For the last term in (4.3.31) we have
(Ric(h), I’ @ T'), < 9Cs |Ric(h) @ T' ® F||Wo,31
< 9C: [[Ric(h) |y 0,00 ||F||$4/3712/2 (4.3.40)

as a consequence of using Holder’s inequality twice and Co as in (4.3.39).
From (4.3.36), (4.3.39) and (4.3.40) one obtains

0 <9 (IRic() lynge + A 0) o) ITIGyoa

Ch

2
+ (9 (o) o0 - 02> 19Tz - (43.41)

Using the Poincaré inequality for weighted Sobolev spaces (Lemma 2.3.4) in the form

T2 02 < O3]V 4.3.42
| HWE’f/z— 5 ||Wg,32/2 ( )

one arrives at

. 2
0< [(04 IRic(h)]lyy0. + Cs Hd(lnv)HWE,;o) - 1} VT 02 (4.3.43)

for positive constants Cy and Cs. Letting ¢ be such that 2 < ¢ — 2 one knows that small

free data ¢ implies that ||Ric(h)||;;0.00 + [|d(Inv)][ ;0,00 is small, and therefore
-2 -2

vI|? -0. 4.3.44
| mﬁéz ( )

Using (4.3.42) this gives HFH‘Q/V(),Q = 0 and the regularity assumed implies that I" vanishes.
—1/2
O

Consider a family of free data (9, € € [0, 1] such that ¥»(© = 0. It will be shown in the
following Lemma that assuming 1 is sufficiently small for every e, there exists ¢y € (0,1]
such that the solution (4.3.14) associated to ¥(9) is also a solution of the asymptotic staticity
system (4.2.6).

Lemma 4.3.5 (Satisfying the Harmonicity condition). Let ¢(9), € € [0,1] be a family of
free data satisfying ¥ =0 and Hw(e)HWq_l,p <eCy. If
B—1

—2<B<71-1 (4.3.45)

and Cy is sufficiently small, then there exists g > 0 such that (4.3.14) is a solution of the
system (4.2.6) whenever 0 < e < €.

Proof. The proof is based on Lemma 2.7.3. The assumptions that § < 7 — 1 and that Cy,
is small imply there exists, for every (9, a solution to the projected system as given in
equation (4.3.14).

By Lemma 4.3.4 one knows that the resulting operators H, are injective for each e.

This can be used to conclude that for any U € W:j’p we have the estimate

1T llyy-10 < C | Hy(U)llyy-50 (4.3.46)
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where C© is a constant (see for example Proposition 1.11 in [Bartnik, 1986]). Taking the
largest C'(©) for € € [0,1] implies the family can be assumed to be uniformly injective in
the sense of 2.7.2.

Thus by Lemmas 4.3.2 and 4.3.3, the family of operators Hy, associated to (9 satisfies
the hypothesis of the cokernel stability theorem. This implies there exists ¢y > 0 such that
A = 0 whenever 0 < € < ¢p. Then the injectivity of Hy, implies I' = 0 for every 0 < e < ¢
from which the conclusion of the Lemma follows. O

4.4 Obstacles to obtaining faster decay

The perturbative result of the previous section is valid in a special range of values for the
weight parameters. To begin with, they were required to satisfy (4.2.8) when the problem
was stated, and no lower bound on 8 was imposed at that point. However, in the course
of the proof of the perturbative result, a lower bound on 8 was assumed in order to use
Lemma 4.3.3. This leaves one with conditions the the weights which can be summarized
as

2<pf<r-1<-1 (4.4.1)

thereby obstructing the applicability of the proof for lower values of 3, i.e. to perturbatively
showing the existence of solutions which are asymptotically static up to higher order.

The perturbative result imposes no further restrictions on the free data ¢ € Wg:i P(5?)
other than it being sufficiently small. In this sense it is analogous to finding a solution to a
Poisson equation as discussed in section 2.5 where Ay, is considered as the map in equation
(2.5.2). Under the restriction that the weight ~ satisfies —1 < v < 0, one finds then that
there are no further restrictions on the source term p other than having bounded norm in
W2Z3P(A9).

If one is interested, however, in solutions with faster decay at infinity, one needs to
choose weights more into the negatives (v for the example of the Poisson equation, § in
the case of the asymptotic staticity equations). One does not expect to find solutions
without imposing further conditions on the free data.

In the case of the Poisson equation, the conditions on the right hand side take the form

(@, p)p =0 ¥V at €ker(A}) (4.4.2)

where the notation a” was introduced in (2.5.3). These conditions are given in terms of
functions which depend on the background metric A but not on the source function p.

The situation is different in the case of the asymptotic staticity equations. If one allows
the asymptotic staticity parameter § to fall below —2, one needs to provide an analog of
Lemma 4.3.3 for the resulting situation. The space in which the error term A can vary is
enlarged as a consequence and the argument of Lemma 4.3.5 does not apply.

The problems encountered when trying to extend the perturbative result of the previous
section are found to be related to the possibility of constructing solutions to (4.2.22) with
fast decay, which is the topic of the next chapter.



Chapter 5

York decomposition with fast decay

5.1 Introduction

Motivated by the result of the previous chapter, we explore now the possibility for im-
provement in the asymptotic staticity rate for which existence was shown. To do this,
we will study the York decomposition in a given asymptotically flat background. We will
exploit the analogies between the York decomposition and the Helmholtz decomposition
as discussed in chapter 3.

Let (R3, hab) be an asymptotically flat manifold of class (p,¢,7) with 7 < 0. We recall
that, as was discussed in chapter 3, the standard Helmholtz decomposition can be viewed
as a method by which one can generate solutions to the equation

divy(o) =0 (5.1.1)
divy, : WIZPP(AY) — W2Z3P(A0) -
for suitable values of y. This method consists of first prescribing arbitrarily ¢ € W:::ll P(AL)

and considering the ansatz

c=1—dv, veWPA). (5.1.2)
The under-determined problem (5.1.1) is thereby transformed into the elliptic equation

{ Apv = divy Y (5.13)
s _27 P %
Ap s WyP(A%) — WIZ5P(AY)
which we consider as a condition on v. Whenever one can solve this equation for v we say
that the 1-form v has a standard Helmholtz decomposition into a sum of a divergenceless
part o and the gradient of a function v.
The problem we want to consider now is that of constructing, in (R3, hab), solutions to

Mp(2) =0
_1, —2, (5.1.4)
{ My : W P(8%) = WD (AY)
where M}, is the momentum constraint operator introduced in equation (4.2.4). To trans-
form this under-determined elliptic problem into an elliptic equation, one prescribes arbi-

trarily a symmetric 2-tensor ¥ € Wj:l1 P(8?) and considers the ansatz

S=U-L,X, XeWiPAh. (5.1.5)

o1
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where Ly, is the conformal Killing operator introduced in equation (4.2.20). This gives

Ly X = M,V
{ " h (5.1.6)

Ly, : WyP(AY) — W2Z3P(AL)

which we consider as an equation to be solved for X. Note that the symbols for the
fields used throughout this chapter are the uppercase format of the symbols for the fields
considered in chapter 3, so as to highlight the similarities between the two decompositions.

Some of the notation that will be used was introduced already in chapter 4. Because we
need to introduce some more notation, it will be convenient to recall and extend 4.2.4 here.
The notation that we introduce here is based on the fact that under suitable assumptions
on the weight parameter v, the operator IL; is Fredholm and the operator Mj is semi-
Fredholm. We will use the notation

N_ = dim (ker (M})) (5.1.7a)
N, = dim (ker (L})) (5.1.7b)

and note that Ly = M}, o L}, implies ker (M) C ker (L; ), hence N_ < N,. The notation
shall be changed accordingly whenever it refers to a different metric, e.g. when considering
operators with respect to the metric hy, we write Ny.

Lemma 5.1.1. Assume Y € ker (M}). Then Y is a Killing field of (R3,hab) and if
furtheremore —1 <~y then Y = 0. It follows that N_ < 6 and that if —1 <~y then N_ = 0.

Proof. A computation shows that the action of M, is given by
MY = hdivy(Y) — Sym(VY) . (5.1.8)

If Y € ker (M) then, by taking try oM} (Y) = 0, one finds that div, Y = 0. Plugging this
back in M;Y = 0 one gets Sym VY = 0, therefore Y is Killing. Lemma 4.2.2 implies Ly,
is surjective whenever —1 < =, thus N_ = Ny = 0. The upper limit on the number of
Killing fields in dimension 3 is well known. O

In the Euclidean case (R3,d,), denoting N_ = dim (ker (M ), it holds

6 for < —2 (transl. and rotat.)
N_=¢ 3 for —2<~vy<-1 (translations) . (5.1.9)
0 for —-1<v

In general the value of N_ depends on the given metric. In particular if the background
metric has no Killing fields, then N_ vanishes.

A crucial difference between the results regarding the Helmholtz decomposition and
the results that will be presented in this chapter is the fact that for the former (see Lemma
3.2.6)

n_ = for vy< -1
{ n — for  —1<~ (5.1.10)

while Lemma 5.1.1 gives in the present situation

{OSN_§6 for y< -1

N_=0 for —-1<7vy (5.1.11)
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5.2 Standard and Extended York decomposition

The Riemannian manifold (]R3, hab) is assumed to be asymptotically flat of class (p,t,7)
with —1 < 7 < 0. As was the case for the Helmholtz decomposition (see section 3.2.2), we
will not discuss the choices of p and ¢t. The choice for the weight parameter v has to be
made based on the decay rate one desires to achieve. As was mentioned in chapter 3, in
dimension 3 this choice must be in R\ Z for a technical reason.

Assumption 5.2.1. Let ye R, pe N, 1 <p< oo and s € N, 2 < s, and the symmetric
tensors X and ¥ and the 1-form V satisfy

2,0 e W P(S?) (5.2.1a)
s, 1
Ve WEP(AY). (5.2.1b)

The differential operators considered in the York decomposition define the following
bounded linear maps

My, : W3Z1P(8%) = W2Z3P(AY) (5.2.2a)
Ly WEP(AY) — W22 1P(S?) (5.2.2b)
Ly, : WEP(A) — WIT3P(A) (5.2.2¢)

where £}, and Lj, where introduced in equations (4.2.20) and (4.2.21) respectively. Through-
out the chapter the operators My, L, and Lj; will be considered as maps in the spaces
indicated in equations (5.2.2), and we shall omit the reference to these spaces if the choice
is clear from the context.

Let {A“}iv;rl be a basis for ker (L} ) such that {A“}fj;l is a basis for ker (M}). Fur-
thermore let {G, }*; denote a family of fields in Wj:g’p (A') which with {A“}iv;rl forms a
bi-orthogonal system (see section 2.2). The symbols A and G, refer to such fields in the
case of the Euclidean background (]R3, 5ab)~

Theorem 5.2.2 (Extended York decomposition). Let (R3,hab) be asymptotically flat of
class (p,t,7) with T <0, pe N, 1 <p < 00 andt>%+1. IfseN,2<s<t,yeR\Z
and

<0 (5.2.3)

then My, is lower semi-Fredholm. Furthermore, there exist No —N_ fields F,, € Wjj’p(Sz)
such that
My(F,))=G,, v=N_+1,...,N; (5.2.4)

and

WETIP(8%) = Lh(W3P) @ ker (M) @ {F 10y, (5.2.5)

N
holds.
Proof. From Lemma 4.2.2 and the assumption on ~, it follows that LLj, is a Fredholm map

when considered as the map in equation (5.2.2¢). Then using Theorem 3.3.1 with S = My,
T = Ly, Q =Ly, the result follows. O

We will refer to the set {Fv}]uvi]v, 41 as an extension to the York decomposition
for hgp.
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Corollary 5.2.3 (Standard York decomposition). Under the hypothesis of Theorem 5.2.2,
and if =1 <~y <0 then

WETIP(S?) = L,(W3P) & ker (My,) (5.2.6)
holds.

Proof. From Lemma 4.2.2 and the assumption on =, it follows that IL; is an isomorphism
when considered as the map in equation (5.2.2c). Then one finds that N = 0 and
consequently Ny > N_ > 0 implies N_ = 0. O

5.3 Stability

In this section we consider an asmptotically flat manifold (R?’, hab) having no Killing fields,
i,e. N_ =0 by Lemma 5.1.1. It will be shown that if one has an extension for the York
decomposition with respect to hy, generated by the set of fields

{F}o5 (5.3.1)

then it is possible to say that the same set of fields constitutes an extension to the York
decomposition for another metric hyp if the metrics are sufficiently close in a suitable
weighted Sobolev space. Whenever we refer to operators, fields or quantities associated to
the metric Eab, as described when the notation was introduced in section 5.1, a hat will be
added to denote this.

We state the main result of this section in Theorem 5.3.2. The estimate that follows is
a generalization of the corresponding Lemma 3.4.3 for the Helmholtz decomposition.

Lemma 5.3.1. Consider in R? metrics hq, and ?Lab which are asymptotically flat of class
(p,t,7), with t > % and T < 0. If in end coordinates holds

for some 0 < ¢, then there exists a constant C such that

1M, = M) |y, < Cellllyproe (5.3.3)

~

<e, (5.3.2)

t,
WP

holds for every i € Wvl’_o?_T(SQ).

Proof. Define 74, and 8% by

~

Yab = hab - hab (5.3.4)
gt = pab — pab (5.3.5)

and let V and V be the derivative operators compatible with h,; and lALab respectively.
By definition 4.2.4 we have

th = Va%b - Vb(hac¢ac) (5.3.6&)
My = V% — Vo (h*Yac) - (5.3.6b)

Using
Vetab = Vetbaph — CLtbay — Chtbag (5.3.7)
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with

1~

b = §h6d (va/ﬁbd + Vihaa — vdﬁab) (5.3.8)

one obtains

(Mz0)y — (Mph)p = 0°°Vetbay, — W (Clhay + Cohtbad) — Vo (0"%ac)

= 0% (Vetbap — Vtbae) — W (CL Y + CLiaq)
- vb(aac)wac (539)

which gives
1M, = M) | g0, < ‘ h*(Cigtban + Caytbad) + Vo (0°)hac o
o

+ ||9ac (Vcwab - vb¢a6)“w3f2 : (5'3'10)

For the first term of the right hand side in (5.3.10), first note that one can assume there
exists a constant C7 such that

/};abﬁcd

<C. 5.3.11
o < C1 ( )

Then

ﬁabﬁde (Vc’)/ae + va’Yce - ve’)/ca)

Tabd 2
he Ccad}de 0p §3 ‘
Wiz

won lasllypoce

< 3501 ‘|v67ae||wff’1 debHWSff,T (5'3'12>

where Holder’s inequality was used once more. By the definition of the WP norm and
Lemma 2.3.6 of 4. and the W,iffﬁT norm of ¥y, one obtains

RCEYa | 0y < FC aclio [Yasllyre - (5.3.13)
y—2

Similarly we have

HVb(Hac)waCHngQ < 32 HVanCHWg_Pl HwaCHW’?’_O;’_T

< 32 ||9@C||W;,p Hwac"%’_‘)f_T . (5314)
For the second term of the right hand side in (5.3.10), by Holder’s inequality
||0ac (vcd)ab - vbwaC)HWSf’Q <2 32 ||9aCHW‘9’P ”vcwabHW’?f;_T

< zg?(eab g [abllyre (5.3.15)

by Lemma 2.3.6 and the definition of the norms in W,; °° and WiP.

—1-7

Using (5.3.13), (5.3.14) and (5.3.15) in (5.3.10), one gets

|5 = M|y, < 27 (18C Il + 10 yas ) Mol - (5.3.16)
v— —1—7

Finally, by Lemma 2.3.7 it follows that one can find € small enough so that the claimed
estimate is obtained. 0
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Theorem 5.3.2. Consider in R® metrics hq, and /ﬁab, both asymptotically flat of class
(p,t,7) with 7 < 0, t > 3/p+ 1, and assume that hy, does not have Killing fields. Let
v€R\Z, s €N, % +1 < s <t Assume that {Fy}iv;’l is an extension to the York
decomposition with respect to hg,. There exists 0 < € such that if in end coordinates it

holds

‘ hig = hig| . < (5.3.17)
and iALab has no Killing fields, then
WETIP(S?) = L (W2P) @ ker (M;) @ {F,} (5.3.18)
-1 Ay er U viv=1 9

holds.

Proof. Consider an arbitrary element ¢ € Wj:ll P(82). The decomposition (5.3.18) holds
if one can find X € W5” and k¥ € R¥+ such that

Ny
Y=L X +o+ ) K'F,. (5.3.19)
v=1
By requiring that o € ker (ME) one obtains the equation
Ny
My =1;X + > k"M;F, (5.3.20)
v=1

which is considered as a condition on X and k”. Letting {X“}g;’l denote a basis of
ker (]Lﬁ*), one has the equation

T, K = (AM, Mzo)s (5.3.21)
where the matrix T#, is given by
TH, = (A", Mz F,)= for v,u=1,...,N;. (5.3.22)

If the matrix T*, is non-degenerate, then one can solve for k¥ and then plugging them
back into (5.3.20) solve for X.

The fields F), are assumed to be an extension to the York decomposition with respect
to hgp which by assumption has no Killing fields, hence N_ = 0. They are constructed out
of a bi-orthogonal system {A“}i:[:*l, {G,,},JJV;1 by requiring that they satisfy M, F, = G,
for v =1,..., N.. Then one can write

TH, = (A", G,)z + (A" (M;; — My)F,); . (5.3.23)
Using Lemma 3.3.2, one can assume that @@‘, G );, is non-degenerate and the proof follows
that of Theorem 3.4.4. O

An important remark about Theorem 5.3.2 is that if the metric /ﬁab has non-trivial
Killing fields, one is not able to solve for the coefficients k" uniquely. In the notation we
have used, one would have that the first N_ of the elements in {A“}ﬁ]:*l are a basis for
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ker (M%) This implies that the first N_ rows of both the matrix T*, and the right hand

side of equation (5.3.21) vanish identlically. The equation (5.3.21) is therefore a system of
N, — N_ non-homogeneous linear equations can be solved for k¥ up to N_ free parameters.
If this is the case, the statement (5.3.18) must be replaced with

WETIP(S?) = L5 (WD) + ker (M5) + {F, )02, (5.3.24)
and one could say that there are N_ too many fields in the set {F,,},J/V:*1 which make the
decomposition not-unique.

One should also note that the set of metrics having no Killing fields is known to be open
in the set of asymptotically flat metrics. This implies there allways exist 0 < € such that
if hgp has trivial isometry group then the same holds for every ﬁab in an e-neighborhood
around hp.

5.4 The case of Euclidean R?

In this section the extensions discussed above are constructed explicitly for a Euclidean
background in dimension 3. In particular it will be shown that if one considers a weight
parameter 7 € (—2,—1) then it happens for (R3,(5ab) that Ny = N_ and so Theorem
5.2.2 reduces to the usual York decomposition. This accounts for the fact that whenever
v € (—2,—1), the translation generators are a basis for ker (M) as well as for ker (L}).

Throughout the section we will use standard spherical coordinates (7,6, ) in R3. The
spin-weighted spherical harmonics provide a framework to carry out the computations
needed, so they will be introduced in section 5.4.1.

In section 5.4.2 a basis {A“}ﬁ;*l for the set ker (Lj) is described. Also a set of fields

{G,,}ivil that forms a bi-orthogonal system with {A“}iv;rl is given. Some of the fields in

the set {A“}ivil are in ker (M), i.e. they are Killing fields. They are identified and labeled
conveniently.

One should note that there are other ways to derive explicit expressions for the elements
of ker (L}). In [Stavrov Allen, 2010] one such computation is given in terms of standard
spherical harmonics. The use of spin-weighted spherical harmonics is however much better
suited for the purposes of this work.

To construct the extended York decomposition for the flat background one wants to
find a set of symmetric tensors

{FV}M (5.4.1)

v=N_+1

such that they satisfy
Ms(E) =G, (5.4.2)

forv=N_+1,...,N;. To do this, an ansatz for the fields E, is proposed in section 5.4.3
by which one can actually find all the fields F;, sought-after.
5.4.1 Spin-weighted spherical harmonics

The spin-weighted spherical harmonics can be thought of as a generalization of the standard
spherical harmonics. For details and a thorough discussion we refer the reader to [Goldberg
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et al., 1967]. Consider an orthonormal triad given by

Ng = (dr)g (5.4.3a)
Mg = 7 ((df)q + isinb(de)a) (5.4.3b)
Mg = —— ((df) — isin0(de)s) - (5.4.3¢)

V2

They satisfy n*n, = m*m, = 1 and n*m, = n*m, = m*m, = m*m, = 0. One can write
the flat metric in the form d,, = nyny +memy +mgmyp. The vectors m, and T, are defined
up to a phase transformation

me —m'q = e¥my (5.4.4)

— — O —
me —m, = e ¥m,

which leaves the properties of the triad invariant. A function 7 is said to be of spin-weight
s if, under the transformation (5.4.4) it changes by

n = ey . (5.4.6)

Let 1, denote a function of spin-weight s. We define the operators & and @ acting on
ns by

1
6773 = — (89 + mad) — scot 0> Ms (547)
= 1
6775 = — <89 — mad) + scot 0) Ns - (548)

The resulting functions 97, and Ony have spin-weight s 4+ 1 and s — 1 respectively.
For integral values of s, j and m, the spin-s spherical harmonics can be defined in terms
of the standard spherical harmonics by

0 Yim if0<s<
si/]m(a’ﬁb) = Eitzg:(_l)f‘sgsygm ’ if —j <s<0 - (549)
0, if j < |s

They are eigenfunctions of the operators 80 and of —id,, with eigenvalues s(s—1)—j(s+1)
and m respectively. They satisfy

0sYjm = Vi +1) = s(s + 1)s11Yjm (5.4.10a)
0sYjm = 3G +1) —s(s = 1)s-1Yjm . (5.4.10b)

Differential operators using spin-weighted components

A 1-form field A can be writen in terms of n,, m, and m, as

Ay = Agng + Ay + A_my, (5.4.11)
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where Ag = Ayn®, Ay = AymP, and A_ = Aym?® are of spin weight 0, +1 and —1 respec-
tively. The field Ay is real if and only if Ay, = A_,. Similarly, a symmetric tensor ¥, can
be writen in the form

Wap = Vonanp) + Yoorn o)
+ Vongmy) + Vinmy) + Y_omgmy) + Vo my) (5.4.12)
where ¥y and Wgy have spin weight 0, and the ¥, have spin weight s.
The introduction of the operator d allows one to derive expressions for differential

equations in terms of the different spin-weight components of the fields involved. After
some computation, one finds that the momentum constraint operator is given by

ov_ + 0w
M(S(‘I’) = % {_GT(T\IIOO) + 2V — MJF}
my [0 (r3U_) 1 = ov_,
+ 7 { 27’2 + 2\/56 (2\11() + \I/(]O) - \/i
my [0y (r3,) 1 oV,

The conformal Killing operator is given by

2 A 0A_ +0A,
£§A = gn(anb) {27’8 ( r ) + \/?T}

B () 230
() -]
s (4] 5]

V2

— {mamyBA_ + T my0A, ) . (5.4.14)
The conformal Killing Laplacian is given by
Ls(A) = % {4 (0 (1?0, Ag) — 2A¢) + 30040 + (7 —10,) M*;;‘L}
+ ﬁ {— (rd, + 8) iﬁ +30, (r?0,Ay) + géﬁm + ;66/1_}
+ ﬁ {— (ro, +8) 5\’/4; + 30, (r*0,A_) + 25614_ + ;%A+} : (5.4.15)

The advantage of the expression above is that in the present context one can assume
that the spin-weighted components of the one form A are expanded as

(r,0,0) = Z Z 90jm (1) 0Yjm (0, 6) (5.4.16a)
Jj= 0m7—J
2
Aq(r,0,¢) = ;mzzj geim (1) |5 gy o Yim (0:9) (5.4.16b)

where ggjm(r) depend only on r. Note that for A4 the sum starts from j = 1 because by
equation (5.4.9) one has 1Yy, = 0.
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Conformal Killing fields of Euclidean R3

One can use the expansion (5.4.16) in equation (5.4.14) to study the conformal Killing
equation

Ls(A) =0 (5.4.17)
in Euclidean R3. The result is that a basis for the conformal Killing fields of Euclidean R3
is given by

A=Y cmr? {Ylm ny + (+ Y1y — —Yimmy) }

m=-—1,0,1
+ com1 (+Ylmmb + _Y1mmb) + c3rng
+ am {Yimmy = (Vi — ~Yimmy) } (5.4.18)
where m = —1,0,1 and ¢1m, cam, ¢3 and ¢4, are 10 constants. If one computes the diver-
gence of (5.4.18) one obtains
divs(Ag) = Z 6 oYimcimr + 3 oYoocs - (5.4.19)
m=-—1,0,1

Conformal Killing fields whose divergence vanishes, i.e. those with c1,, = ¢3 = 0, are
proper Killing fields.

5.4.2 The conformal Killing operator in Euclidean R3

In this section we start by studying the equation L;(A) = 0 in Euclidean R3 without
considering fall-off conditions on the solutions. Using the ansatz (5.4.16) in equation
(5.4.15) we obtain a system of ODEs for the functions gsjn,. Then, by requiring that the
solutions be regular everywhere and that they satisfy certain fall-off conditions it will be
seen that the resulting solutions span ker (IL}).

In terms of the unknowns

U() = gojm (5.4.20&)
Ut = Gt jm + g—jm (5.4.20b)
U_ = 9+,jm — 9—,im (5.4.200)
the system reads
(40, (r*0,) —6k—8)Up+ (rd, — ) U- =0 (5.4.21a)
—2k (r0, +8) Uy + (30, (r*0,) —8k) U- =0 (5.4.21b)
(0r (r*0,) —2k) Uy =0 (5.4.21c)
where we have set k = @ We now set Ug(r) = ugsr? where ug are constants and p € Z.
This gives
dp(p+1) — 6k —8 p—7 0 i
—2k(p +8) 3p(p+1) — 8k 0 u_ | =0. (5.4.22)
0 0 pp+1)—2k) \us

To find non-trivial solutions one sets the determinant of this matrix to zero. In terms of
j, this gives p = j 4+ 1,4,5 — 1,—j,—j — 1,—j — 2 and for each value of p one can find
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corresponding constants us. We are interested in solutions which are regular everywhere,
so we consider those having p > 0. To parametrize all the solutions obtained we consider
(in a way similar to what we did for the Helmholtz decomposition) some numbering by
indices = 1,..., Ny of the set of triples

p (s,7,m) (5.4.23)

where s = 1,2,3, j > 0 runs up to a certain maximum value, and for fixed j m = —j,..., J.
The solutions to Lj(A) = 0 obtained are given by

Yinp —
G+9 1 V2
+ 5§T‘j +ijmb + 7ijmb

V2

3 4 ] Ymi - —Iim
+5§rf—1{ I Vi — T = mb} (5.4.24)

An — 51Tj+1{ (J —6) J 4 Yjmmy — —ijmb}

j+1 V2

where the term corresponding to s = 3 vanishes for j = 0.

So far we have not said anything regarding which of the solutions found in (5.4.24) are
in ker (L3). A 1-form AP belongs to ker (Ly) if it grows at infinity no faster than o (r=771).
This means that in (5.4.24) one must consider for s = 1 the solutions with j < —y —2, for
s = 2 the solutions with j < —vy — 1 and for s = 3 those with j < —~. To illustrate the
way in which the solutions are enumerated, we have collected some of these properties in
table 5.1 for ranges of the weight parameter v down to —5. Each row indicates how many
solutions are in ker (§) in addition to all the solutions in rows above it.

v s=1 s=2 s=3 Ny | N_
€ (—1,0) 0 0 0 0 0
€(-2,-1) 0 013@GU=1) 3 3
€(-3,-2)|1(U=0)|3G=1)(50{=2) 9+3 6
€e(-4,-3)|3(U=1)|5({U=2)]7({=3) 154+9+3 6
€(-5,-4)|50(=2|7(=3)]19(U=4 |21+15+9+3 6

Table 5.1: Ordering of the fields A* € ker (IL3).

It is also important to stress that the number of solutions (5.4.24) obtained for each
v € R\ Z coincides with the general result of Theorem 4.2.2 and their linear independence
then guarantees that they are in deed a basis for ker (Lj).

The solutions with s =3, j=1and m =1,0,—1

: 1 +Yimy — —Yimmy
Ap = —= oY1imnp —

V2 V2

can be seen to correspond to Killing fields associated to translations while the solutions
with s =2, j=1and m=1,0,-1

(5.4.25)

o Yi..m _Y]
= elin T Yimm (5.420
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are seen to correspond to be Killing fields generating rotations. They are 6 linearly inde-
pendent elements of ker (M) and therefore constitute a basis for it.

The way in which the index p is assigned by (5.4.23) to each of the fields AF in
equation (5.4.24) need not be completely specified at this point, but to be consistent with
the notation introduced in section 5.1 and the fact pointed out above, it is convenient to

choose
p=1 <_>(27171) p=4 (3a17 )
uw=2 + (2, 1,0) , n=>5 (3, 1, ) . (5.4.27)
:u:3 <_>(2>1>_1) :u:6 (3a17 )

In this sense, the fields {jl“}ﬁ:l are a basis for ker (My). This will become important in
the next section.
It is convenient at this point to define fields Ly, Lr and Ly, by

LO = Oijnb (54283)
YjmTy + —Yjm
Lp— mb\% Jm T (5.4.28h)
Y’mmb — —YimMy
L= J (5.4.28¢)
V2

and note that they satisfy <LQ,L0>52 = <LR7LR>S2 = <LL,LL>52 =1 and <L0,LR>32 =
(Lo, L1)s2 = (Lr,Lp)g2 = 0. Let x(r) € C§° be supported away from r = 0 and such
that [ x(r)r’dus = 1. Writing (5.4.24) in terms of Lo, Lg and Ly, one can show that for
v=1,..., N the set of fields

X(r) (G + 1) +9) [
G =00 5T 49 {_LO_ j+1LL}
+5§/XZ)L

x(r) (G+1)(G +9) J (j —6)
+5§’,rj_1 277+ 3) { j—|—1L0+ . LL} (5.4.29)

satisfies (A", G,)s = 6%, where v stands for (s',5/,m’). Hence the sets
{AmD (G (5.4.30)

given by equations (5.4.24) and (5.4.29) form a bi-orthogonal system.

5.4.3 Construction of the complement

One now looks for symmetric tensors F,, such that

M;(F,) =G, (5.4.31)
for v =7,...,Ny. There is a large freedom in the way this is done and we now show a

construction of such tensors. Consider symmetric tensors of the simple form

ﬁab = \Ilon(anb) + \I’_QM(amb) + \If_:,_zm(amb) . (5.4.32)
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Assume the components are of the form
U, = Py(r)sYim(0, ¢) (5.4.33)

and change variables to fi = %(PJ,_ + P_). Using the expression for the momentum
constraint operator given in equation (5.4.13), one obtains

o L
M5(F) = 2P,

Lg [(j—1)(+2)

+ S fff2
P (s i R) . as

By comparing with equation (5.4.29) we obtain relations for the functions fs(r). These
are found to have solutions only for the cases with v = 7,..., Ny as expected. The solution
obtained reads

2j(j - 1) +2ijm(amb) + 2ijm(amb)>

+2Y; mm(amb ijm(amb)
-1 +2)
s X(r) G+ +9) J
0w 2 AT+ 3) UG
4) 2 Yimmmyy + —oYimm,m
+ +2 L im M (q 1) =21 imI7(qT1p) . (5435)
J + 9 -1 +2) V2

Example 5.4.1. To give an example, we consider the first non-trivial elements of this com-
plement which corresponds to considering weights v € (—3,—2). The complement is gen-
erated by 6 fields given by taking in the previous equation the values (s =1,j = 0,m = 0)
and (s =3,7 =2,m = —2,...,2). This gives the following 6 fields

3x(r)
1
O ™)

(5 ) (11[ ()YVQmTL( Npy — 45 (+2ngm(amb) + _QY'Qmm(amb)) ) . (5.4.36)
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