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Abstract. This article contains a detailed and rigorous proof of the con-
struction of a geometric invariant for initial data sets for the Einstein
vacuum field equations. This geometric invariant vanishes if and only
if the initial data set corresponds to data for the Kerr spacetime, and
thus, it characterises this type of data. The construction presented is
valid for boosted and non-boosted initial data sets which are, in a sense,
asymptotically Schwarzschildean. As a preliminary step to the construc-
tion of the geometric invariant, an analysis of a characterisation of the
Kerr spacetime in terms of Killing spinors is carried out. A space spinor
split of the (spacetime) Killing spinor equation is performed to obtain a
set of three conditions ensuring the existence of a Killing spinor of the
development of the initial data set. In order to construct the geometric
invariant, we introduce the notion of approximate Killing spinors. These
spinors are symmetric valence 2 spinors intrinsic to the initial hypersur-
face and satisfy a certain second order elliptic equation—the approximate
Killing spinor equation. This equation arises as the Euler-Lagrange equa-
tion of a non-negative integral functional. This functional constitutes part
of our geometric invariant—however, the whole functional does not come
from a variational principle. The asymptotic behaviour of solutions to the
approximate Killing spinor equation is studied and an existence theorem
is presented.

1. Introduction

The Kerr spacetime is, undoubtedly, one of the most important exact solutions
to the vacuum Einstein field equations [32]. It describes a rotating stationary
asymptotically flat black hole parametrized by its mass m and its specific angu-
lar momentum a. One of the outstanding challenges of contemporary General
Relativity is to obtain a full understanding of the properties and the struc-
ture of the Kerr spacetime and of its standing in the space of solutions to the
Einstein field equations.
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There are a number of difficult conjectures and partial results concerning
the Kerr spacetime. In particular, it is widely expected to be the only rotating
stationary asymptotically flat black hole. This conjecture has been proved if
the spacetime is assumed to be analytic (C*)—see, e.g. [14] and references
within. Recently, there has been progress in the case where the spacetime is
assumed to be only smooth (C*)—see [29]. Moreover, it has been shown that
a regular, non-extremal stationary black hole solution of the Einstein vacuum
equations which is suitably close to a Kerr solution must be that Kerr solu-
tion—i.e. perturbative stability among the class of stationary solutions [1].

Another of the conjectures concerning the Kerr spacetime is that it
describes, in some sense, the late time behaviour of a spacetime with dynamical
(that is, non-stationary) black holes—this is sometimes known as the estab-
lishment point of view of black holes, cfr. [40]. A step in this direction is to
obtain a proof of the non-linear stability of the Kerr spacetime—this conjec-
ture roughly states that the Cauchy problem for the vacuum Einstein field
equations with initial data for a black hole which is suitably close to initial
data for the Kerr spacetime gives rise to a spacetime with the same global
structure as Kerr and with suitable pointwise decay. Numerical simulations
support the conjectures described in this paragraph.

A common feature in the problems mentioned in the previous paragraphs
is the need of having a precise formulation of what it means that a certain
spacetime is close to the Kerr solution. Due to the coordinate freedom in Gen-
eral Relativity, it is, in general, difficult to measure how much two spacetimes
differ from each other. Statements made in a particular choice of coordinates
can be deceiving. In the spirit of the geometrical nature of General Relativity,
one would like to make statements which are coordinate and gauge indepen-
dent. Invariant characterisations of spacetimes provide a way of bridging this
difficulty.

Most analytical and numerical studies of the Einstein field equations make
use of a 3+1 decomposition of the equations and the unknowns. In this context,
the question of whether a given initial data set for the Einstein field equations
corresponds to data for the Kerr spacetime arises naturally—an initial data set
will be said to be data for the Kerr spacetime if its development is isometric
to a portion (or all) of the Kerr spacetime. A related issue arises when dis-
cussing the (either analytical or numerical) 3+1 evolution of a spacetime: do
the leaves of the foliation approach, as a result of the evolution, hypersurfaces
of the Kerr spacetime? In order to address these issues it is important to have
a geometric characterisation of the Kerr solution which is amenable to a 3-+1
splitting.

A number of invariant characterisations are known in the literature, each
with their own advantages and disadvantages. For completeness we discuss
some which bear connection to the analysis presented in this article:

The Simon and Mars-Simon tensors. A convenient way of studying station-
ary solutions to the Einstein field equations is through the quotient manifold
of the orbits of the stationary Killing vector. The Schwarzschild spacetime is



Vol. 11 (2010) Construction of a Geometric Invariant 1227

characterised among all stationary solutions by the vanishing of the Cotton
tensor of the metric of this quotient manifold—see, e.g. [20]. In [43] a suitable
generalisation of the Cotton tensor of the quotient manifold was introduced—
the Simon tensor. The vanishing of the Simon tensor together with asymp-
totic flatness and non-vanishing of the mass characterises the Kerr solution in
the class of stationary solutions. In [36,37] a spacetime version of the Simon
tensor was introduced—the so-called Mars-Simon tensor. The construction of
this tensor requires the a priori existence of a Killing vector in the spacetime.
Accordingly, it is tailored for the problem of the uniqueness of stationary black
holes. The vanishing of the Mars-Simon tensor together with some global con-
ditions (asymptotic flatness, non-zero mass, stationarity of the Killing vector)
characterises the Kerr spacetime.

Characterisations using concomitants of the Weyl tensor. A concomitant of
the Weyl tensor is an object constructed from tensorial operations on the
Weyl tensor and its covariant derivatives. An invariant characterisation of the
Kerr spacetime in terms of concomitants of the Weyl tensor has been obtained
n [19]. This result generalises a similar result for the Schwarzschild space-
time given in [17]. These characterisations consist of a set of conditions on
concomitants of the Weyl tensor, which if satisfied, characterise locally the
Kerr/Schwarzschild spacetime. An interesting feature of the characterisation
is that it provides expressions for the stationary and axial Killing vectors of
the spacetime in terms of concomitants of the Weyl tensor. Unfortunately, the
concomitants used in the characterisation are complicated, and thus, produce
very involved expressions when performing a 3+1 split.

Characterisations by means of generalised symmetries. Generalised symme-
tries (sometimes also known as hidden symmetries) are generalisations of the
Killing vector equation—Ilike the Killing tensors and conformal Killing-Yano
tensors. These tensors arise naturally in the discussion of the so-called Carter
constant of motion and in the separability of various types of linear equations
on the Kerr spacetime—see, e.g. [11,31,42]. In particular, the existence of a
conformal Killing-Yano tensor is equivalent to the existence of a valence-2
symmetric spinor satisfying the Killing spinor equation. An important prop-
erty of the Schwarzschild and Kerr spacetimes is that they admit a Killing
spinor. This Killing spinor generates, in a certain sense, the Killing vectors
and Killing-Yano tensors of the exact solutions in question [27]. Moreover, as
it will be discussed in the main part of this article, for a spacetime which is
neither conformally flat nor of Petrov type N, the existence of a Killing spinor
associated with a Killing-Yano tensor together with the requirement of asymp-
totic flatness renders a characterisation of the Kerr spacetime. To the best of
our knowledge, this property has only been discussed in the literature—with-
out proof—in [18].

Although at first sight independent, the characterisations of the
Schwarzschild and Kerr spacetimes described in the previous paragraphs are
interconnected—sometimes in very subtle manners. This is not too surprising
as all these characterisations make use in a direct or indirect manner of the
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fact that the Kerr spacetime is a vacuum spacetime of Petrov type D—see,
e.g. [45] for a discussion of the Petrov classification. The art in producing a
useful characterisation of the Kerr spacetime lies in finding further conditions
on type D spacetimes which are natural and simple to use.

A Characterisation of Kerr Data

Characterisations of initial data sets for the Schwarzschild and Kerr space-
times have been discussed in [21,22,47]. These characterisations make use of a
number of local and global ingredients. For example, in [22] it is necessary to
assume the existence of a Killing vector on the development of the spacetime.

In this article we present a rigorous and detailed discussion of a geomet-
ric invariant characterising initial data for the Kerr spacetime. A restricted
version of this construction has been presented in [2].

The starting point of our construction is the observation that the exis-
tence of a Killing spinor in the Kerr spacetime is a key property. It allows to
relate the Killing vectors of the spacetime with its curvature in a neat way.
The reason for its importance can be explained in the following way: from a
specific Killing spinor it is possible to obtain a Killing vector which in general
will be complex. It turns out that for the Kerr spacetime this Killing vector is
in fact real and coincides with the stationary Killing vector. It can be shown
that the Kerr solution is the only asymptotically flat vacuum spacetime with
these properties, if one assumes that there are no points where the Petrov type
is either N or O.

Given the aforementioned spacetime characterisation of the Kerr solu-
tion, the question now is how to make use of it to produce a characterisation
in terms of initial data sets. For this, one has to encode the existence of a
Killing spinor at the level of the data. The way of doing this was first dis-
cussed in [23] and follows the spirit of the well-known discussion of how to
encode Killing vectors on initial data—see, e.g. [5].

The conditions on the initial data that ensure the existence of a Killing
spinor in its development are called the Killing spinor initial data equations
and are, like the Killing initial data equations (KID equations), overdeter-
mined. In [15], a procedure was given on how to construct equations which
generalise the KID equations for time symmetric data. These generalised equa-
tions have the property that for a particular behaviour at infinity they always
admit a solution. If the spacetime admits Killing vectors, then the solutions
to the generalised KID equations with the same asymptotic behaviour as the
Killing vectors are, in fact, Killing vectors. Therefore, one calls the solutions
to the generalised KID equations approzimate symmetries. The total number
of approximate symmetries is equal to the maximal number of possible Kill-
ing vectors on the spacetime. A peculiarity of this procedure is that if the
spacetime is not stationary, the approximate Killing vector associated with
a time translation does not have the same asymptotic behaviour as a time
translation.!

1 Here, and in what follows, for a time translation it is understood a Killing vector which
in some asymptotically Cartesian coordinate system has a leading term of the form 0.
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The Killing spinor initial data equations consist of three conditions: one
of them differential (the spatial Killing spinor equation)? and two algebraic
conditions. Following the spirit of [15] we construct a generalisation of the
spatial Killing spinor equation—the approzimate Killing spinor equation. This
equation is elliptic and of second order. This equation is the Euler-Lagrange
equation of an integral functional—the L2-norm of the exact spatial Killing
spinor equation. For this equation it is possible to prove the following theorem:

Theorem. For initial data sets to the Einstein field equations with suitable
asymptotic behaviour, there exists a solution to the approrimate Killing spinor
equation with the same asymptotic behaviour as the Killing spinor of the Kerr
spacetime.

A precise formulation will be given in the main text. In particular, it will
be seen that the conditions on the asymptotic behaviour of the initial data are
rather mild and amount to requiring the data to be, in a sense, asymptotically
Kerr data. Contrasted with the results in [15], this result is notable because,
arguably, the most important approximate symmetry of [15] does not share the
same asymptotic behaviour as the exact symmetry. The precise version of this
theorem generalises the one discussed in [2] in that it allows for boosted data.
This generalisation is only possible after a detailed analysis of the asymptotic
solutions of the exact Killing spinor equation.

The approximate Killing spinor discussed in the previous paragraphs can
be used to construct a geometric invariant for the initial data. This invariant
is global and involves the L? norms of the Killing spinor initial data equations
evaluated at the approximate Killing vector. It should be observed that only
part of the invariant satisfies a variational principle—this is a further differ-
ence with respect to the construction of [15]. As the initial data set is assumed
to be asymptotically Euclidean, one expects its development to be asymptoti-
cally flat. This renders the desired characterisation of Kerr data and our main
result.

Theorem. Consider an initial data set for the vacuum FEinstein field equa-
tions whose development in a small slab is neither of Petrov type N nor O
at any point, and such that the L? norm of the Killing spinor initial data
equations evaluated at the solution (with the same asymptotic behaviour as the
Killing spinor of the Kerr spacetime) to the approzimate Killing spinor equa-
tion vanishes. Then the initial data set is locally data for the Kerr spacetime.
Furthermore, if the 3-manifold has the same topology as that of hypersurfaces
of the Kerr spacetime, then the initial data set is data for the Kerr spacetime.

There are several advantages of this characterisation over previous ones
given in the literature. Most notably, it allows to condense the non-Kerrness
of an initial data set in a single number. That this invariant constitutes a

2 The idea of using the spatial part of spinorial equations to characterise slices of particular
spacetimes is not new. In [46] the spatial twistor equation has been used to characterise
slices of conformally flat spacetimes. See also [7].
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good distance in the space of initial data sets will be discussed elsewhere. Fur-
thermore, the way the invariant is constructed is fully amenable to a numeri-
cal implementation—the elliptic solvers that one would need to compute the
solution to the approximate Killing spinor equation are, nowadays, standard
technology.

Detailed Outline of the Article

The outline of the article is as follows: in Sect. 2 we study Killing spinors, and
their influence on the algebraic type of the spacetime. We relate the Killing spi-
nors to Killing vectors and Killing-Yano tensors. Using these results together
with a characterisation of the Kerr spacetime by Mars [37], we conclude that
the Kerr spacetime can be characterised in terms of existence of a Killing
spinor related to a real Killing vector. This has previously been overlooked in
the literature, but it is a key element in our analysis.

Section 3 follows with an exposition of space spinors, which will be the
main computational tool for the remainder of the paper. Following that, in
Sect. 4 we study a 3+1 splitting of the Killing spinor equation. A similar
analysis was carried out in [23], but here we manage to condense the result
into three simple equations, the spatial Killing spinor equation and two alge-
braic equations. We also present general equations for the spatial derivatives
of a general valence 2 spinor, which is not necessarily a Killing spinor. These
equations are also used in later parts of the paper.

In Sect. 5 we introduce the new concept of approximate Killing
spinors. These are introduced as solutions to an elliptic equation formed by
composing the spatial Killing spinor operator with its formal adjoint. That
this composed operator is indeed elliptic and formally self adjoint is proved.
We also see that the approximate Killing spinor equation can be derived from
a variational principle.

To get unique solutions to the approximate Killing spinor equation, we
need to specify the asymptotic behaviour. For a rigorous treatment of this,
we use weighted Sobolev spaces; these are described in Sect. 6. Here, we also
study the asymptotics of a Killing spinor on a boosted slice of the Schwarzschild
spacetime. In general, we study slices of an arbitrary spacetime with asymptot-
ics similar to those of the Schwarzschild spacetime. Using these assumptions,
we can then in Sect. 7 prove existence of spinors with the same asymptotics as
the Killing spinor in the Schwarzschild spacetime. We later use these spinors
as seeds for solutions to the approximate Killing spinor equation. In this way
we get the desired asymptotic behaviour of our approximate Killing spinors.

In Sect. 8 we study the approximate Killing spinor equation in our asymp-
totically Euclidean manifolds to gain existence and uniqueness of solutions with
the desired asymptotics. This is done by means of the Fredholm alternative on
weighted Sobolev spaces, transforming the existence problem into a study of
the kernel of the Killing spinor operator. In this process we get the first part
of the geometric invariant—the L? norm of the approximate Killing spinor.
This norm is proved to be finite. The geometric invariant is constructed in
Sect. 9, by adding the L? norms of the algebraic conditions. There follows our
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main theorem: the invariant vanishes if and only if the spacetime is the Kerr
spacetime. The invariant is as a consequence of the construction proved to be
finite and well defined.

We also include two appendices. The first describes an alternative proof
of finiteness of a particular boundary integral in Sect. 8. The other contains
tensor versions of the invariant—this can be useful in applications.

General Notation and Conventions

All throughout, (M, g,,,) will be an orientable and time orientable globally
hyperbolic vacuum spacetime. It follows that the spacetime admits a spin

structure—see [24,25]. Here, and in what follows, p,v,--- denote abstract
4-dimensional tensor indices. The metric g, will be taken to have signature
(+,—,—,—). Let V,, denote the Levi-Civita connection of g, . The sign of the

Riemann tensor will be given by the equation
ViuVi€e =V Vyée = Rvuénfn'

The triple (S, hap, Kqap) will denote initial data on a hypersurface of the
spacetime (M, g,,,). The symmetric tensors hqp, Kqp will denote, respectively,
the 3-metric and the extrinsic curvature of the 3-manifold S. The metric hqp
will be taken to be negative definite—that is, of signature (—, —, —). The indi-
ces a, b, ... will denote abstract 3-dimensional tensor indices, while 7, j, ... will
denote 3-dimensional tensor coordinate indices. Let D, denote the Levi-Civita
covariant derivative of hgy.

Spinors will be used systematically. We follow the conventions of [41].
In particular, A, B,... will denote abstract spinorial indices, while A B, ...
will be indices with respect to a specific frame. Tensors and their spinorial
counterparts are related by means of the solder form O'MAA/ satisfying g, =
;:1,4’ UIJ’BB/

o €AB€a B, where € 4p is the antisymmetric spinor and €4/p/ its com-

plex conjugate copy. One has, for example, that £, = UHAA/fAA/. Let Vaa
denote the spinorial counterpart of the spacetime connection V. Besides the
connection V 4 4+, two other spinorial connections will be used: D 45, the spino-
rial counterpart of the Levi-Civita connection D, and V 4, the Sen connection
of (M, g, )—full details will be given in Sect. 3.

The Kerr spacetime. For the Kerr spacetime the maximal analytic extension
of the Kerr metric as described by Boyer and Lindquist [8] and Carter [10]
will be understood. When regarding the Kerr spacetime as the development
of Cauchy initial data, we will only consider its maximal globally hyperbolic
development.

2. Killing Spinors: General Theory

As mentioned in the introduction, our point of departure will be a charac-
terisation of the Kerr spacetime based on the existence in the spacetime of a
valence-2 symmetric spinor satisfying the Killing spinor equation. To the best
of our knowledge, this characterisation of the Kerr spacetime has not explicitly
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been discussed in the literature, save for a side remark in [18]. In this section we
provide a summary of this characterisation and fill in some technical details.

2.1. Killing Spinors and Petrov Type D Spacetimes

A valence-2 Killing spinor is a symmetric spinor kap = k(4p) satisfying the
equation

Varakpeoy = 0. (1)

Killing spinors offer a way of relating properties of the curvature to properties
of the symmetries of the spacetime. Taking a further derivative of equation
(1), antisymmetrising and commuting the covariant derivatives one finds the
integrability condition

VY apc"kpyr =0, (2)

where W,pcp denotes the self-dual Weyl spinor. The above integrability
imposes strong restrictions on the algebraic type of the Weyl spinor. More
precisely, it follows that if ¥ 4pcp # 0 and kap # 0, then

Vapcp = YK(ABKCD)s (3)

where v is a scalar. Thus, ¥ opcp must be of Petrov type D or N—see, e.g.
[23,30]. The converse is also true [28,42,48]. Summarising:

Theorem 1 (Walker and Penrose [48]). A vacuum spacetime admits a valence-2
Killing spinor if and only if it is of Petrov type D, N or O.

From (3) it can also be seen that Wapcp is of Petrov type N if and
only if k4 is algebraically special. That is, there exists a spinor a4 such that
kap = aaap. Thus, an algebraically general Killing spinor kap = aafp) is
always associated with a vacuum spacetime of Petrov type D.

2.2. The Killing Vector Associated with a Killing Spinor and the Generalised
Kerr-NUT Metrics

Given a Killing spinor k4p5, the concomitant
éan = VP ykag, (4)

is a complex Killing vector of the spacetime: its real and imaginary parts are
themselves Killing vectors of the spacetime [27]. In relation to this it should
be pointed out that all vacuum Petrov type D spacetimes are known [33]. It
follows from the analysis in the latter reference that all vacuum, Petrov type
D spacetimes have a commuting pair of Killing vectors. A key property of the
Kerr spacetime is the following (cfr. [27,42]):

Proposition 2. Let (M, g,,) be a vacuum Petrov type D spacetime. The Killing
vector Eaar given by (4) is real in the case of the Kerr spacetime.

Remark 1. In what follows, the class of Petrov type D spacetimes for which
&aar is real will be called the generalised Kerr-NUT class—cfr. [18]. This
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class can be alternatively characterised—see, e.g. [31]—by the existence of a
Killing-Yano tensor

Yiw = Y, Vu¥r =0.

The correspondence between the Killing spinor k45 and the spinorial coun-
terpart Y 4/pps of the Killing-Yano tensor, Y,,,, is given by

Yaapp =i(kapean —e€apkap),
where the overbar denotes the complex conjugate.

Remark 2. In terms of the Kinnersley list of type D metrics, the class of gener-
alised Kerr-NUT metrics contains, in addition to the proper Kerr-NUT metrics
(I1.C), also the metrics IL.LE—see, [16].

An important property of the generalised Kerr-NUT metrics involves the

Killing form, Faaggr = —Fgpraas, of a real Killing vector {44/ defined by
Faapp = % (Vaaépp —Vepaa). (5)
Let
Faapp = % (Faarpp +1FAxpp) (6)

denote the corresponding self-dual Killing form, with F} ,, g5 the Hodge dual
of Fa4/pp/. Due to the symmetries of the Killing form one can write
Fanpp = Fapeap, (7)
with
1 Q'

Fap = §FAQ'B = FBa- (8)
One has the following result:
Lemma 3. For generalised Kerr-NUT spacetimes one has that

Fap = #KAB,

where 3 is a non-vanishing scalar function, so that the principal spinors of
Fap and YV apcp are parallel. Equivalently, one has that

UappFr? =0Fas,
with ¢ a non-vanishing scalar.

Proof. One proceeds by a direct computation. One notes that the expressions
(5), (6) and (8) assume that the Killing vector 44/ is real. Using Egs. (4) and
(8) and the vacuum commutators for V 44/ one finds that

3
fAB = E\IJABPQK/PQ-
As the spacetime is assumed to be of Petrov type D one has that kap = a(48p)
with a4 34 = ¢, where ¢ is a non-vanishing scalar. From Eq. (3) one finds then

that W apcp = YaaasfefBpy, so that

PQ _

1
VaBpQk *§¢<2/€AB,
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and finally that

1
Fap = —Z¢§2KAB,
from where the desired result follows. O

The property that allows us to single out the Kerr spacetime out of the
generalised Kerr-NUT class is given by the following result proved by Mars
[36,37]:

Theorem 4 (Mars [36,37]). Let (M, gu) be a smooth vacuum spacetime with
the following properties:

(1) (M, guv) admits a Killing vector {40 such that, Fap, the spinorial coun-
terpart of the Killing form of a4 satisfies

UappgFT? = pFap,

with @ a scalar,

(i) (M, guw) contains a stationary asymptotically flat 4-end, and €aar tends
to a time translation at infinity, and the Komar mass of the asymptotic
end is non-zero.

Then (M, g,) is locally isometric to the Kerr spacetime.

Remark. A stationary asymptotically flat 4-end is an open submanifold M,
C M diffeomorphic to I x (R? \ Bg), where I C R is an open interval and By
a closed ball of radius R such that in the local coordinates (¢, z°) defined by
the diffeomorphism, the metric g, satisfies

|gu1/ - 77uV| + |Taiguu| < Cr_a7
3tg,“, = 0,

with C, o« constants, 7,, is the Minkowski metric and r =
V(1) + (22)2 + (23)2. In particular « > 1. The definition of the Komar

mass is given in [34]. In this context it coincides with the ADM mass of the
spacetime.

2.3. Non-Degeneracy of the Petrov Type of the Kerr Spacetime

Finally, we note the following result about the non-degeneracy of the Petrov
type of the Kerr spacetime [37].

Proposition 5 (Mars [37]). The Petrov type of the Kerr spacetime is always
D—there are no points where it degenerates to type N or O.

2.4. A Characterisation of the Kerr Spacetime Using Killing Spinors

As a consequence of Theorem 1 and Propositions 2, 5 one obtains the following
invariant characterisation of the Kerr spacetimes. From this characterisation
we will extract, in the sequel, a characterisation of asymptotically Euclidean
Kerr data.
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Theorem 6. Let (M, g,.) be a smooth vacuum spacetime such that

Uapep #0, Vapcp¥ABeP £0

on M. Then (M, g,.) is locally isometric to the Kerr spacetime if and only if
the following conditions are satisfied:

(i) there exists a Killing spinor, kap, such that the associated Killing vector,
Eanr, s real;

(ii) the spacetime (M, g,.) has a stationary asymptotically flat 4-end with
non-vanishing mass in which €44 tends to a time translation.

Proof. Clearly, the conditions (i) and (ii) are necessary to obtain the Kerr
spacetime. For the sufficiency, assume that (i) holds, that is, the spacetime
has a Killing spinor xk4p such that the associated Killing vector 44/ is real.
Accordingly, the spacetime must be of type D, N or O. As ¥ gcp # 0 and
U 4 5opPABCD £ 0 by hypothesis, the spacetime cannot be of types N or O.
By the reality of €44/ it must be a generalised Kerr-NUT spacetime and the
conclusion of Lemma 3 follows. Now, if (ii) holds then by Theorem 4, the
spacetime has to be locally the Kerr spacetime. ]

Remark. Tt is of interest to see whether the conditions V,specp # 0 and
U agcpUABCD oL (0 can be removed. An analysis along what is done in the
proof of Theorem 4 may allow to do this. This will be discussed elsewhere.

3. Space Spinors: General Theory

As mentioned in the introduction, in this article we will make use of a space
spinor formalism to project the longitudinal and transversal parts of the Killing
spinor equation (1) with respect to the timelike vector field 7#. The space
spinor formalism was originally introduced in [44]. Here, we follow conven-
tions and notations similar to those in [23]. For completeness, we introduce all
the relevant notation here.

3.1. Basic Definitions

Let 7# be a timelike vector field on (M, g,,) with normalisation 7,7# = 2.
Define the projector

hw = Guw — =TuTo-

2
We also define the following tensors:
K = —h, M, VAT,
1
Kt = ——7"V 1.
2
Note that it is not being assumed that 7# is hypersurface orthogonal. Thus,

the tensor K, as defined above is not necessarily the second fundamental
form of a foliation of the spacetime (M, g,,.).
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Let 744" denote the spinorial counterpart of 7#. One has that A4 =
O'MAA T so that

! !
TAA/TAA :2, TAA/TBA ZEAB.
. ’ . .
The spinor 744" allows to introduce the spatial solder forms
AB _ _ (A _B)A’ Y
J# :JH( AT ) , (THAB:T(B UHA)A/,

so that one has

1
AB
ot apo, " =Wy, 9ot Aot = huwol goltp = §(EAC€BD +€apepc),

1
E _F
Tu0"aB =0, eapearp = §TAA/TBB’ + hyot Apc” gpTY AT B

If 7# is hypersurface orthogonal, then hqp, Kqp, K¢, 0,28, 0% ap denote,

respectively, the pull-backs to the hypersurfaces orthogonal to 7# of h,,, K,
K", O'HAB, ot ap—mnote that these objects are spatial, in the sense that their
contraction with 7# vanishes, and thus, their pull-backs are well defined. The
relevant properties of these tensors apply to their pull-backs. Often we will
begin with a space-like hypersurface S, and define 7# as the normal to this

hypersurface; we then automatically get the desired properties.

3.2. Space Spinor Splittings

. ’ . . . .
The spinor 744" can be used to construct a formalism consisting of unprimed

indices. For example, given a spacetime spinor (4 4/ one can write

1
Caar = §TAA'C — 714" Cpa, (9)
with
¢=7""¢pp, Cap=74" (Byp-
This decomposition can be extended in a direct manner to higher valence spi-
nors. Any spatial tensor has a space-spinor counterpart. For example, if T,”
is a spatial tensor (i.e. 7#T,” = 0 and 7,7,” = 0), then its space spinor
counterpart is given by TP = U“ABUVCDTH”.
3.3. Spinorial Covariant Derivatives
Applying formally the space spinor split given by (9) to the spacetime spinorial
covariant derivative V 44/ one obtains
1
Vaar = QTAA’V — 74PV 4,
where we have introduced the differential operators
V="V,
Vag =7 (4Vpya = 0" a5V,.
The latter is referred to as the Sen connection. Let K pcp denote the space

spinor counterpart of the tensor K,,. One has that

Kapop =% Vasroo, Kapop = KaB)(cD)-
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In the sequel, it will be convenient to write K 4pcop in terms of its irreducible
components. For this, define

Qupep = Kapepy, Qap=Ka“peo, K=K,

so that one can write

1 1

1
Kapcp = Qapcep — 56.4(0913)3 - §EB(CQD)A - geA(CeD)BKv (10)

If 7# is hypersurface orthogonal, then Q245 = 0, and thus K, can be regarded
as the extrinsic curvature of the leaves of a foliation of the spacetime (M, g,,,,).
Let K4p denote the spinorial counterpart of the acceleration K. It has the
symmetry Kap = K(ap) and satisfies

!
Kap =78 VTaar

If 7# is hypersurface orthogonal then the pull-back, D,, of D, = h",V,
corresponds to the Levi-Civita connection of the intrinsic metric of the leaves
of the foliation of hypersurfaces orthogonal to 7#. Its spinorial counterpart is
given by Dap = Dap)y = 0*apD,. The Sen connection, V 4, and the Levi-
Civita connection, D 4, are related to each other through the spinor Kapcp.
For example, for a valence 1 spinor m¢ one has that

1
Vapnc = Dapme + §KABCD7TDa

with the obvious generalisations for higher valence spinors.

3.4. Hermitian Conjugation

Given a spinor 74, we define its Hermitian conjugate via
~ E —
TA=TA TE’.

The Hermitian conjugate can be extended to higher valence symmetric spinors
in the obvious way. The spinors vap and {apcp are said to be real if

Uap = —vaB, &aBcp = &ABCD-

It can be verified that vapi?B,EapcpEABCP > 0. If the spinors are real,
then there exist real spatial tensors v,, &, such that vy and £4pcp are their
spinorial counterparts.

Notice that the differential operator D 4p is real in the sense that

Dapmc = —DapTc.

Crucially, however, one has that

—

. 1 .
Vapmc = —Vapfc + iKABCDﬂ'D-
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3.5. Commutators

The analysis in the sequel will require intensive use of the commutators of the
covariant derivative operators V and V 45. These can be derived from a space
spinor splitting of the commutator of V 44/.
Define
Oup =VeuVe©, Oap=7a? 6" Oup =14" 787 Vo Vi) ©.

The action of these operators on a spinor 74 is given by

1 P ! ’
A_ B F
Oapmc = Vapcon® + §A€C(A7TB)7 Uapme =74 787 ®Prcapm,

where ® 4pap- and A denote, respectively, the spinor counterparts of the
tracefree part of the Ricci tensor R, and the Ricci scalar R of the spacetime
metric g,,. Clearly, the above expressions simplify in the case of a vacuum
spacetime, where we have ® 445 =0, A = 0.

In terms of O4p and IﬁAB, the commutators of V and V 45 read

~ 1
[V, Vag] =0ap —Oap — 5KapV + KP 4Vpyp — KapepVEP, (1la)

1 1 ~ ~
[Vap,Vep] = 3 (eaccOpys + epcOpya) + 5 (GA(CDD)B + EB(CDD)A)

1
+§(KCDABV — KapepV) + KepgaVe)® — KapowVnp)©.
(11h)

3.6. Decomposition of the Weyl Spinor

The Hermitian conjugation can be used to decompose the Weyl spinor ¥ 4gcop
in terms of its electric and magnetic parts via

1 A i/a

Eapcp = 5 (‘IJABCD + \I/ABCD> , Bapep = 3 (\I’ABCD - ‘I’ABCD) )

2
so that
VYapep = Eapep +iBapep-

The spinorial Bianchi identity vAA g Aapcp = 0 can be split using the space
spinor formalism to render

VU apep = 2VF 4UpcpE, (12a)
VABY s pep = 0. (12b)

Crucial for our applications is that the spinors E4pcp and Bapcp can be
expressed in terms of quantities intrinsic to a hypersurface S. More precisely,
if Q4 = 0, one has that

1 1
Eapcp = —raBep) + §Q(ABPQQCD)PQ - EQABCDKa (13a)
Bapep = —i D2 (4Qpcpo. (13b)

where 74 o p is the space spinor counterpart of the Ricci tensor of the intrinsic
metric of the hypersurface S.
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3.7. Space Spinor Expressions in Cartesian Coordinates

In some occasions it will be necessary to give spinorial expressions in terms
of Cartesian or asymptotically Cartesian frames and coordinates. For this we
make use of the spatial Infeld-van der Waerden symbols ¢’ s, 0;*B. Given
z', & € R® we shall follow the convention that

AB _ _AB._i _
T =072, §aB = 0'ABE,

with

aB 1 [(—z'+ia? z? 1 =4 -6 &3
X - \/i 1'3 x] + i$2 ) £AB — \/i 53 51 . 152 .
(14)

4. Killing Spinor Data

In this section we review some aspects of the space spinor decomposition of
the Killing spinor equation (1). A first analysis along these lines was first car-
ried out in [23]. The current presentation is geared towards the construction
of geometric invariants.

4.1. General Observations

Given a symmetric spinor ka5 (not necessarily a Killing spinor), it will be
convenient to define the following spinors:

£ =V%pq, (15a)

§BF = gV(FDHB)D, (15b)
§acp = V(aBkcD), (15c¢)
Eanr = VP 4kap, (15d)
Harape = 3V arakBeoy, (15e)
Saape =Vaalpp +Vppaar. (15f)

We will use this notation throughout the rest of the paper. Clearly, for a Killing
spinor one has

Hypyapc =0, Saapp =0.
The spinors &, £4p and E4pcop arise in the space spinor decomposition of the
spinors H s apc and E44. To see this, let 744" denote, as in Sect. 3, the spi-

norial counterpart of a timelike vector with normalisation 74 A/TAA/ = 2. Some
manipulations show that

1 2 1
§aar = ETAA’E - gTBA’fAB + §TBA’V"€AB7 (16a)
3
Harape = Taralpo) + 5Tar(aVepe) = 3raPanep. (16b)

Furthermore, the spinors &, £€4p and £apep correspond to the irreducible
components of V 4pkcp so that one can write:
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1 1

1
Vapkep = €aBcp — §€A(C§D)B - §5B(C’€D)A - §6A(CGD)B§- (17)

Using the commutator (11b) for vacuum, one can obtain equations for
the derivatives of £ and £4p—these will be used systematically in the sequel.
The irreducible components of the derivative V ag€cp are given by

1 3 1 3
VABE 5 = —oKE+ ZQABC%ABCD + §QAB£AB — ZQABWAB, (18a)

3 2 1
VC (4épyc = Vapé+ iquBCD’iCD - §K§AB - §QABCD€CD
3 3 1 1
*§§(ACDFQB)CDF - §VCD5ABCD - §QAB§ + §Q(AC£B)C

3 3
JFZQCDSABCD - §Q(ACV/€B)C, (18b)
1
Vaséep) = 3¥rapckp)” + Kéapcep — §QABCD5 +Quasc"Epyr
3 1
_§QPQ(AB£CD)PQ +3V9uépepo + 59(,43501))

3 3
_§QF(A§BCD)F + §Q(ABV/€CD)~ (18¢)

We note the appearance of the term V4p¢ in (18b). Thus, there is no inde-
pendent equation for the derivative of .

Finally, we consider the equations for the second-order derivatives of &.
For the sake of simplicity, we restrict our attention to the case when Q245 =0
so that Kapcp = Kcpap. For notational purposes we define Qapcprr =
V(ABQCDEF)~ One finds

VABY 4pé
1 1
= —6K2§ - §QABCDQABCD£ + 3V, P Qpepri? + €4 VAPK
3. 9
+X\I/ABCD§ABCD - i\IJABCDfABCD +2K0*BP e pop
15 9
—ZQABFHQCDFHgABCD + §QABCDVFD§ABCF
3
+§VABVCD£ABCD7 (19a)
1 1
VuVp)cé = §QABCDVCD£ - gKvABfa (19b)
VsVep)é
P 1 5 20,
= —4KVY spc kpyE + §‘IJABCD€ - §‘IJABCD£ - g‘I’(ABc $D)E
10 4
_E\IJ(ABCEfD)E + Qapeppré®t + §K2£ABCD +3QprLapcén "

3
+3V 4" éopypL — §§(AELFQBCD)HQELFH —3Upra" K" Qpepyr

2 1
—& " QprraQpen)” + gKf(AEQBCD)E + igELFHQEL(ABQCD)FH
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=3V " kA" Qepyr = 3¥pas" K7 Qo)L — QerrBéa”Qop) ™"

1 3
—4K&ap" " Qepypr — §§Q(ABELQCD)EL + §§ELFHQE(ABCQD)LFH

1 1
—2Qpc €A QpyLrm + ZEELFHQABCDQELFH - §K€QABCD

1 2 12
+§§(ABELQCD)FHQELFH + gf(CDvAB)K + gSE(BCDVA)EK
3 3
—3QpepVa)E - §Q(AELFVCD£B)ELF - §QF(AELVDF£BC)EL

9 9 3
_§Q(ABELVDF§C)ELF - ivL(DvCEgAB)EL - §VL(DVEL§ABC)E

—6KV pnéapcy” + 35"V écpypr — 3Quunc "V Ep)pLE

=3PV 0¥ apcys + 364"V U poypr- (19¢)

The equations presented in this section have been deduced using the
tensor algebra suite xAct for Mathematica—see [38].

4.2. Propagation of the Killing Spinor Equation

A straightforward consequence of the Killing spinor equation (1) in a vacuum
spacetime is that

Okap = —Vapcpk©?, (20)

where O = VA4V 4 4.. The latter equation is obtained by applying the dif-
ferential operator vA4Y to Eq. (1) and then using the vacuum commutator
relation for the spacetime Levi-Civita connection.

The wave equation (20) plays a role in the discussion of the propagation
of the Killing spinor equation. More precisely, one has the following result—cfr.
[23] for further details:

Lemma 7. Let kap be a solution to Eq. (20). Then the corresponding spinor
fields Harapc and Saa ppr will satisfy the system of wave equations

OHarapce =4 (\I’(ABPQHC)PQAf + V(AQ/SBC)Q’A’) ; (21a)
OSaapp = —Vaa (V""" Hp por) — Ve (Y4 Ha por)
20457 paon + 20 Y Sapipg. (21b)

The crucial observation is that the right-hand sides of Egs. (21a) and
(21b) are homogeneous expressions of the unknowns and their first-order deriv-
atives. The hyperbolicity of Egs. (21a) and (21b) imply the following result—
again, cfr. [23] for further details:

Proposition 8. The development (M, g,.,) of an initial data set for the vacuum
Einstein field equations, (S, hay, Kap), has a Killing spinor in the domain of
dependence of U C S if and only if the following equations are satisfied on U:
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HA/ABC = 0, (22&)
VHy apec =0, (22b)
Saap =0, (22¢)
VSaagr =0. (22d)

4.3. The Killing Spinor Data Equations

The Killing spinor data conditions obtained in Proposition 8 can be
re-expressed in terms of conditions on the spinor k4 g which are intrinsic to the
hypersurface S. For this one uses the split of €44 and Harapc given by Egs.
(16a)—(16b). Extensive computations using the xAct suite for Mathematica
render the following result:

Theorem 9. Let (S, hap, Kap) be an initial data set for the Einstein vacuum
field equations, where S is a Cauchy hypersurface. Let U C S be an open set.
The development of the initial data set will then have a Killing spinor in the
domain of dependence of U if and only if

§aop = 0, (23a)
Yapct kpyr =0, (23b)
36A"VE " Uepypr + Y apc Epyr =0, (23¢)

are satisfied on U. The Killing spinor is obtained by evolving (20) with initial
data satisfying conditions (23a)—(23c) and

2
Vkap = —§§AB (24)
onlU.

Remark 1. Conditions (23a)—(23c¢) are intrinsic to U C S and will be referred
to as the Killing spinor initial data equations. In particular, Eq. (23a), which
can be written as

Vakcp) =0, (25)

will be called the spatial Killing spinor equation, whereas (23b) and (23¢) will
be known as the algebraic conditions.

Remark 2. Theorem 9 is an improvement on Proposition 6 of [23] where the
interdependence of the equations implied by (22a)—(22d) was not analysed.

Proof. The proof of Theorem 9 consists of a space spinor decomposition of the

conditions (22a)—(22d) and of an analysis of the dependencies of the resulting

conditions. All calculations are made on U C S.

e Decomposition of equation (22a). Splitting 75 Hprape into irreducible
parts gives that (22a) is equivalent to

€apep =0, (26a)

2
Vkap = —§§AB- (26b)
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e Decomposition of equation (22b). It follows that
oA VHu apc = V(rp* Harape) + HaapcKprr™.'.

Hence, under the condition (22a), the irreducible parts of A VHa agc
are given by

Véapep = 0, (27a)
VZkap = —%V@;B. (27b)
From the commutator (11a) together with (26a) and (26b) we get
Véapcp = VV(apkcp)

=2V apc’ kpyr — éQ(AB§CD) - éQABCDg
JF;Q(ABCFfD)F - %V(ABgCD)-
Equation (18¢) and again (26a) and (26b) then yield
Véapep = 4¥ apc’ kpyp. (28)
Using the commutator (11a) one obtains that
VE = VanVit - SKE+ 2K eap + 20V e

1
—QABCDfABCD — 5KABV/6AB (29a)

3 1 1 1
Véap = §\I/ABCD/~€CD - §KAB£ - gKﬁAB + QKC(AgB)C

3 1
+ZKCD§ABCD — §§QAB

1 3 3 1
_ifc(AQB)C + ZQCDéABCD + §E(ACDFQB)CDF + ifCDQABCD

3
7ZKC(AVI€B)C+Vc(AVKJB)C (29b)
In terms of the normal derivative and the Sen connection, Eq. (20)
reads
V2I$AB = —Q\I/ABCDKJCD - KVI{AB
2 4
—§VABf - gVC(AfCB) —2VPeupen
1 2 2
+§KAB€ - gKC(A@B)C + KPéapep + gQAB§
4
+§EC(AQB)C +26apcpQ°P. (30)

It is worth stressing that Eqgs. (29a), (29b) and (30) are valid not only on
U, but on the spacetime. Hence, it makes sense taking normal derivatives
of these equations. Using (29b), (26b) and (26a), the wave equation (20)
is seen to imply
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2 4 1
Vikan + gvaB = —Uapcopr? + §K§AB + gQABf + €€ 40 c

1 2 2
+§QABCD§CD - gvABf - §VC(A§CB)~

Using Eqgs. (18b), (26b), (26a), the latter equation reduces to (27b). This
far we have that for all solutions to (20), the system (22a), (22b) is equiv-
alent to the system (23a), (23b), (24).

e Decomposition of equation (22c). Splitting 7 7B Saa g into irreduc-
ible parts yields

4
VsVEkcpy — Qapepé + gK(ABcFﬁD)F

4
—Kapc"VEpyp — gV(ABﬁcp) =0, (31a)
4
2VE — gKABfAB + KBV kg =0, (31b)
4 4
gVABﬁAB + K¢ — gQABfAB + QABVKAB — VABVI{AB =0, (31C)
1 2 1 2
§KBD§ - gKA(BSD)A + §KA(BVHD)A - gKBDAcﬁAC
1 ac 2 1_,
+§KBDA0VI£ +§V§BD*§V kpp + Vpp& =0. (31(1)

Using Egs. (18a), (18¢), (26a), (26b) and (27b), one sees that Egs. (31a)-
(31c) simplify to

U upckpyr =0, (32a)

Ve = KABgy,p, (32b)

1
Vépp = —§KBD€ + K (5épya + Kppacé™®® — Vppé, (32c)

while Eq. (31d) is seen to be satisfied identically. Furthermore, employing
equations (18a), (18b), (29a), (26a), (26b) and (29b) one obtains Eq. (32b)
and (32c). Hence, they are a consequence of the commutators, (26b) and
(26a). One concludes that for all solutions to (20), the Eqgs. (23a), (23b)
together with (24) are equivalent to (22a), (22b), (22¢).

e Decomposition of equation (22d). A straightforward computation shows
that

A_ B A_ B
Tc” " VSaasp = V(1c” 0" Saa )

!’ ’ ’ ’
+KcopSaapp o 7Y +KppSaapp e 7FF.
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Hence, if condition (22¢) holds, the irreducible parts of 7cA7p?’

VSaapp are V-derivatives of (31a)—(31d). Using Eq. (27b), these com-
ponents become

2
QapcpVE+ QapVécop) — 29" upcVépyr + §€(ABVQCD)
1 4
—§VH(ABVQCD) +&VQapep + §§F(AVQBCD)F

4
—(VEF (4)VQpepyr + gVV(Achm — VV(aBVEep) =0, (33a)

4
2V2E — 2K*BVEap + (VKAP)VEap — ggABVKAB =0, (33b)
4
EVK + KVE — 2048V p — ggABVQAB + (VEABYWVQup
4
+§VVAB£AB — VVapVEAE =0, (33¢)

2 4 4
Vekpp + §V2§BD = ng(BVHD)A +&VEpDp — gﬁACVKBDAc
+(VE* (3)Vipya + (VKppac)VeAY + KppVeE — 2K 5VEp)a
—2KppacVAY +2V%¢pp +2VVppE. (33d)

Now, using the commutator (11a), and Egs. (27b) and (26b) it is easy so
see that

2
VVapVEkcp = *EVVABSCD- (34)

Taking the normal derivative of the spacetime equations (29a)—(29b) and
using the relations (34), (18a), (18b), (26a), (26b), (27a) and (27b) one
gets

V2% = BV K p + KAPVEys,
1 1 1
V€ap = _§§VKAB —¢¢uVEKpc + gSABVK - §KABV§

1
+ gKVSAB + K€ uVépye — Q% aVép)c + QapcpVESP

+£6°uV Qe + PV Qapep — VVaBE.

Using these last two equations together with Eqgs. (18a), (18¢), (26a), (26b),
(27a), (27b) and (32b) one finds that the system (33a)—(33d) reduces to

AVF s pcépyr + 667 (AVUpep)r = 0, (35a)
2
V3kBp + §v2§BD =0. (35b)

Taking the normal derivative of equation (30) and using Eqgs. (18b), (26a),

(26b), (27a), (27b) and (32b) one gets Eq. (35b). Finally, using the Bianchi
equation (12a), one has that Eq. (35a) reduces to

364"V Vepypr + Yapc Epyr =0 (36)

This completes the proof. O
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Remark. Note that the result is independent of K 4p and Q4p.

4.3.1. The Killing Spinor Initial Data Conditions in Terms of the Levi-Civita
Connection. It should be stressed that the Killing spinor equations (23a)-
(23c) are truly intrinsic to the hypersurface S. This can be more easily seen
by expressing the Sen connection, V ap, in terms of the intrinsic (Levi-Civi-
ta) connection of the hypersurface, Dap, and the second fundamental form
Kapcp- One obtains the following completely equivalent set of equations:

Daptcp) + Qasc rkpyp =0,

VY apckpyr =0,

3 3
3ka" D" Vepypr — Z\I’L(ABCDHLKD)H - Z\I’L(ABCDD)FKLF

3 3 3
+Z‘I’(ABCLQD)FHLHFH + §‘I’(ABHLHCFQD)FHL - §‘I’FH(ALQBCD)LHFH

3 3
+§‘I’FH(ABF~'CD)QFH + Z\IJFH(ABQCD)HFH =0,

where the last expression was simplified using the first algebraic condition, and

the value of the Weyl spinor is expressed in terms of initial data quantities via
formulae (13a)—(13b).

4.4. The Integrability Conditions of the Spatial Killing Spinor Equation

For the rest of the paper we assume that the tensor K is symmetric—accord-
ingly, Qap = 0. The condition {apcp = V(apkep)y = 0 does not immediately
give information about the other irreducible components of V 4pkcp, namely
¢ and &4 p. However, using £4pcp = 0 and Q45 = 0 in the relations (18a)—
(18c¢) one finds that V 4pécp can be written in terms of V 45 and lower order
derivatives of k4 g. Furthermore, using €4 gop = 0 in the relations (19a)—(19¢),
we see that the second-order derivatives of £ can be expressed in terms of lower
order derivatives of K 4p. This yields the following result which will play a role
in the sequel:

Lemma 10. Assume that V(aptcp) = 0, then

VaBVepVerker = HapepercH,

where Hapcperar 1S a linear combination of kap, Vapkcp and Vap
Vepkger with coefficients depending on Vapcp, Yapep and Kapep-

Remark. Tt is important to point out that the assertion of the lemma is false
if Vi aBkcp) #0.

5. The Approximate Killing Spinor Equation

In what follows we will regard the spatial Killing spinor equation (23a) as the
key condition of the Killing spinor initial data equations. Equation (23a) is an
overdetermined condition for the 3 (complex) components of the spinor kap:
not every initial data set (S, hap, Kqp) admits a solution. One would like to
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deduce a new equation which always has a solution and such that any solution
to Eq. (23a) is also a solution to the new equation.

5.1. The Approximate Killing Spinor Operator

Let &5 and G4 denote, respectively, the spaces of totally symmetric valence
2 and valence 4 spinors. Given Capcp, Xapcp € ©4, we introduce an inner
product in &4 via

(CaBCDs XEFGH) = /CABCD)A(ABCDdM
s

where dyu denotes the volume form of the 3-metric h,p,. We introduce the spatial
Killing spinor operator ® via

®: 6y — 64, P(k)apcp = V(apkcD)-

Now, consider the pairing

(Vapkcp),CErcH) = /V(ABnCD)fABCDdH
5

= / VapkepCABCPdp.
s

The formal adjoint, ®*, of the spatial Killing operator can be obtained from
the latter expression by integration by parts. To this end we note the identity

/VABﬁcDéABCDdM—/KABVCDCABCDdM+/2ﬁABQCDFA§BCDFdM
u u u
= /nABmCDéABCDdSa (37)
au

with U/ C S, and where d.S denotes the area element of OU, n 4 is the spinorial
counterpart of its outward pointing normal, and {4gcp is a symmetric spinor.
From (37) it follows that

"8y — &y, D (Oep = V*PCnep — 2077 (o (pyapr- (38)
Definition. The composition operator L = ®* o & : G5 — S5 given by

L(kep) = VAPV apkop) — QPF 4V priksc — QOPF 4V prep =0,
(39)
will be called the approzimate Killing spinor operator, and Eq. (39) the approz-

imate Killing spinor equation.

Remark. Note that every solution to the spatial Killing spinor equation (25)
is also a solution to Eq. (39).
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5.2. Ellipticity of the Approximate Killing Spinor Operator

As a prior step to the analysis of the solutions to the approximate Killing
spinor equation (39), we look first at its ellipticity properties.

Lemma 11. The operator L defined by Eq. (39) is a formally self-adjoint elliptic
operator.

Proof. The operator is by construction formally self-adjoint as it is given by the
composition of an operator and its formal adjoint. In order to verify ellipticity,
it suffices to look at the operator

L'(k)cp = 0*PdaBkcD),

corresponding to the principal part of L in some Cartesian spin frame. In the
corresponding Cartesian coordinates (x!, 22, 23) one has that

1 (3115'2 03 ) H9AB _ 1 (31 + 10 O3 )

OaB = —= : == :
AB T 5 s O1 — s V2 s O1 + 0o

In particular, 0ABdap = A = 92 + 03 + 02, the flat Laplacian. One notes that
1 2 1
"W pqran) = gaanleiAB + gaanP(AKB)Q + EaanABKPQ-
Now, writing
Ko = Koo, K1 = Koi, K2 = K11,

one has that L’ can be expressed in matricial form as A%9;0;u, where

. 1
5.9 = -
AY9;0; = 3
TA—02 —2010; 03— 0% 0 —20203  —2010
—0105  6A +203 0103 0203 0 0203
» 03 — 0% 20103 TA—03  20:0, —20,03 0
0 20505 20102 TA—02 —20,03 03 -0% |’
—0s03 0 —005 —0103 6A + 28% 0103
—20105 0203 0 02 — 07 20103 TA — 03
(40)
and
Re(ko)
Re(k1)
_ | Re(k2)
Im(kq)
Im(k2)
The symbol, I(&;), of the operator given by (40) is then given by replacing 0;

with & € R?. One finds that

det (&) = % (€)% + (&)% + (&)2)°,
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so that det [(&;) = 0 if and only if & = 0. Accordingly, the operator L = ®* o ®
is elliptic. O
5.3. A Variational Formulation

We note that the approximate Killing spinor equation arises naturally from a

variational principle.

Lemma 12. The approzimate Killing spinor equation (39) is the Euler-Lagrange
equation of the functional

J = /V(ABHCD)VABHCDdM. (42)
S
Proof. This is a direct consequence of the identity (37). O

6. Asymptotically Euclidean Manifolds

After having studied some formal properties of the Killing spinor initial data
equations (23a)—(23c),(24), and the approximate Killing spinor equation (39),
we proceed to analyse their solvability on asymptotically Euclidean mani-
folds. In order to do this we introduce some relevant terminology and ancillary
results.

6.1. General Assumptions

In what follows, we will be concerned with vacuum spacetimes arising as the
development of asymptotically Euclidean data sets. Let (S, hap, Kap), denote
a smooth initial data set for the vacuum Einstein field equations. The pair
(hab, Kap) satisfies on the 3-dimensional manifold & the vacuum constraint
equations

—2r — K% K% + K, K™ = 0, (43a)
DKy, — DyK%, =0, (43b)

where r and D denote, respectively, the Ricci scalar and the Levi-Civita con-
nection of the negative definite 3-metric hyp, while K, corresponds to the
extrinsic curvature of §. The unusual coefficients in the formulae above come
from our normalisation of 7#. For an asymptotic end it will be understood
an open set diffeomorphic to the complement of a closed ball in R*. In what
follows, the 3-manifold S will be assumed to be the union of a compact set
and two asymptotically Euclidean ends, i1, io.

6.2. Weighted Sobolev Norms

In order to discuss the decays of the various fields on the 3-manifold & we
make use of weighted Sobolev spaces. In what follows, we follow the ideas of
[9] written in terms of the conventions of [3]. Choose an arbitrary point O € S,
and let

1/2

o(z) = (1+d(0,2)%) ",
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where d denotes the Riemannian distance function on S. The function o is
used to define the following weighted L? norm:

1/2

|ulls = / |u\20725*3dx , (44)
S

for § € R. In particular, if § = —3/2 one recovers the usual L? norm. Different
choices of origin give rise to equivalent weighted norms—as mentioned earlier,
the convention of indices used in the definition of the norm (44) follows the
one of Bartnik [3]. The fall-off conditions of the various fields will be expressed
in terms of weighted Sobolev spaces Hj consisting of functions for which the
norm

llulls,s = Z [D%ull5—ja) < o0,
0<al<s

with s a non-negative integer, and where o = (a1, a9, a3) is a multiindex,

|a| = a1 + s + 3. We say that uw € Hg® if u € Hj for all s. We will say that a

spinor or a tensor belongs to a function space if its norm does. For instance, the

notation (4p € Hj is a shorthand notation for (CABéAB + CAAfBB)l/Q € Hj.
We will make use of the following result:

Lemma 13. Let u € Hg°. Then u is smooth (i.e. C*) over S and has a fall
off at infinity such that D'u = o(ro~I!).

The smoothness of u follows from the Sobolev embedding theorems. The
proof of the behaviour at infinity of u can be found in [3]—cfr. Theorem 1.2
(iv)—while the decay for the derivatives follows from the definition of the
weighted Sobolev norms.

Remark. Here, r is a radial coordinate on the asymptotic end—see the next
section for details.

We also note the following multiplication lemma—cfr. e.g. Theorem 5.6
in [9].

Lemma 14. Let uw € Hg?, v € Hg7. Then
uwv € HyY 5,00, €>0.

Notation. We will often write u = 04 (1°) for u € Hg° at an asymptotic end.

For the present applications we will require a somehow finer multiplica-
tion lemma concerning the behaviour at infinity. For this we exploit the fact
that we are working with smooth functions. More precisely

Lemma 15. Let u = 050 (r%), v = 000 (1%?) and w = O(r"). Then

wv = o(r1192) yw = o(r®17).
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Proof. Let 9S8, denote the surfaces of constant r. For sufficiently large r (so
that one is in an asymptotic end), the surface 9S, has the topology of the
2-sphere. Now, the functions u, v are continuous and the surfaces 9S, are
compact. Therefore, for sufficiently large r the functions

f(r) =maxur="|, g(r) = max|or="|,

are finite and well defined. Furthermore 7t |u| < f(r), r%2|v| < g(r). By con-
struction, one has that f(r) = o(1) and g(r) = o(1)—that is, f, ¢ — 0 for
r — 00. One also has that |wr~7| is bounded by a constant C'. Hence,

uv] < F(r)g(r)rots = o+,

luw| < flr)rdjw| < Cf(r)rf+T = o(rf+7),

from where the desired result follows. O

Remark. The lemmas extend to symmetric spatial spinors with even number
of indices by the Cauchy—Schwartz inequality.

6.3. Decay Assumptions

As mentioned earlier, our analysis will be restricted to initial data sets (S, hap,
Kp) with two asymptotic ends. Without loss of generality one of the ends will
be denoted by the subscript/superscript + on the relevant objects, while those
of the other end by —. Often, when no confusion arises the subscript/super-
script will be dropped.

Remark. We do not need to assume any topological restriction apart from
paracompactness, orientability and the requirement of two asymptotically flat
ends. Hence, we can have an arbitrary number of handles. For black holes, this
means that we can handle Misner-type data with several black holes [39].

The standard assumption for asymptotic flatness is that on each end it
is possible to introduce asymptotically Cartesian coordinates z% with r =
((x1)? + (#2)% + (#3)%)Y/2, such that the intrinsic metric and extrinsic curva-
ture of S satisfy

hz] = _61J + Ooo(’l”_l/Q), (45&)
Kij = 000 (r™3/?). (45b)
Note that the decay conditions (45a) and (45b) allow for data containing non-
vanishing linear and angular momentum. For the purposes of our analysis, it
will be necessary to have a bit more information about the behaviour of lead-
ing terms in h;; and Kj;;. More precisely, we will require the initial data to

be asymptotically Schwarzschildean in some suitable sense. For example, in [2]
the assumptions

hij = — (1+2myr™") 65 + 000 (r3/?), (46a)
Kij = 00 (r™>?), (46h)
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have been used. This class of data can be described as asymptotically non-
boosted Schwarzschildean. Here, we consider a more general class of data which
include boosted Schwarzschild data. Following [6,26] we assume

== (14 2 ) 0= 2 (B -0 ) +olr), aTa)

T2
- ﬂi (23%'37]'

K. = P£
k r2 72

- 5ij> + 000 (r7272), (47b)

where a4+ and [+ are smooth functions on the 2-sphere and A4 denotes a
constant. The functions o and (8 are related to each other via the vacuum
constraint equations (43a) and (43b). We will later need to be more specific
about their particular form. The decay assumption for the metric, Eq. (45a)
and hence also (47a), is included in the analysis of [9].

Important for our analysis is that boosted Schwarzschild data are of this
form—see [6]. It is noticed that a second fundamental form of the type given
by (47b) is, in general, not trace-free:

K" = % + 000 (r7%/?).

Henceforth, we drop the superscripts/subscripts + for ease of presenta-
tion. If + appears in any formula, + is assumed for the (+)-end, — for the
(—)-end. For the F sign we assume the opposite.

6.4. ADM Mass and Momentum
The ADM energy, F, and momentum, p;, at each end are given by the integrals

k
1 / 59 (Dihge — Dehiz) -,

~ 167
9S00
1 xd
P = — K;; — Kh;;) —dS,
P 8 ( J) T
0SS0

so that the ADM 4-momentum covector is given by p, = (E,p;). In what
follows it will be assumed that p,, is timelike—that is, p,,p* > 0. The need of
this assumption will become clear in the sequel. From the ADM 4-momentum,
we define the constants

m=p'p,, p>=FE?—m’

6.5. Asymptotically Schwarzschildean Data

Boosted Schwarzschild data sets are initial data for the Schwarzschild space-
time for which p; # 0. They satisfy the decay assumptions (47a)—(47b). This
type of data satisfy
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m

V1—02’

~1/2
(n-v)? (n-v)? 2m
—2m (142 1 -
“ m<+ =02 )\ T T Viperra

B n-v (3 (n-v)? (n-v)? —3/2
f=mi—s gt )10 ’
where nt = :ci/r7 n-v= nivi, v? = 5”1)1'1)]», v; 1s a constant 3-covector—cir.

[6], and my = m. Note that if v; = 0 then (47a)—(47b) reduce to (46a)—(46b).
It can be checked that

A:

_m MU
V1—02’ bi V1—02

Rewriting this in terms of (E,p;), we get

B 2m? + 4(n - p)?
T (n P2

(n-p)E(3m?* + 2(n - p)?)
(m?+ (n-p)2)3/2 7

A=F, « E, p= (48)

where n - p = n'p; = r~aip;.

Assumption. In the sequel, we will restrict our analysis to initial data sets
which are asymptotically Schwarzschildean to the order given by (47a)—(47b).
For any asymptotically flat data that admit ADM 4-momentum, one can com-
pute (E, p;), and then try to find coordinates that cast the metric and extrinsic
curvature into the form (47a)—(47b) with (A, o, B) given by (48) with m = m.
If this is possible, we will say that the data are asymptotically Schwarzschil-
dean. We expect this to be the case for a large class of data. The initial data
sets excluded by this assumption will be deemed pathological. Examples of
such pathological cases can be found in [26]. We stress that all data of the
form (46a)-(46b) are included in our more general analysis.

The need to restrict our analysis to asymptotically Schwarzschildean data
as defined in the previous paragraph will become evident in the sequel, where
we need to find an asymptotic solution to the spatial Killing spinor equation.

7. Asymptotic Behaviour of the Spatial Killing Spinors

In this section we discuss in some detail the asymptotic behaviour of solutions
to the spatial Killing spinor equation on an asymptotically Euclidean mani-
fold. We begin by studying the asymptotic behaviour of the appropriate Killing
spinor in the Kerr spacetime. Then, we will impose the same asymptotics on
the approximate Killing spinor on a slice of a much more general spacetime.
In what follows, we concentrate our discussion on a particular asymptotic end.

7.1. Asymptotic Form of the Stationary Killing Vector

As seen in Sect. 2, the Killing spinor of the Kerr spacetime gives rise to its
stationary Killing vector £#. It will be assumed that the spacetime is such
that p, = (E,p;) is timelike at each asymptotic end. If this is the case, then
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p*//p’py, gives the asymptotic direction of the stationary Killing vector at
each end—see, e.g. [4]. Let

m=p’p,, p?=E*—m?
Recall now, that ¢ and £ 45 denote the lapse and shift of the spinorial counter-
part, €447, of the Killing vector £€#. One finds that for non-boosted initial data
sets of the form (46a)—-(46b), one has in terms of the asymptotic Cartesian
coordinates and spin frame, that

§=2V2+400(r %), €aB =0n(r™/?).

The factor of v/2 arises due to the particular normalisations used in the space
spinor formalism. This particular form of the asymptotic behaviour of the
Killing vector has been discussed in [2].

Now consider the more general case given by (47a)—(47b). Again, adopt-
ing asymptotically Cartesian coordinates, we extend p; to a constant covec-
tor field on the asymptotic end. In terms of the associated asymptotically
Cartesian spin frame, we then define pap = o®agp;. One finds that

2F
£= :I:LW; + 000 (r™1/?),

Eap = | Vas 00 (r71/2). (49)
m

We see that the conditions (49) are well defined even if we do not have
a Killing vector in the spacetime. Hence, for the general case when the met-
ric satisfies (47a)—(47b) and the ADM 4-momentum is well defined, we can
still impose the asymptotics (49) for our approximate Killing spinor. We will,
however, need to assume that the functions in the metric are given by (48).
Otherwise, we will not be able to assume £4pcp € HS%/Q, as we will do in
the next section. We will later see that this condition is important for the
solvability of the elliptic equation (39).

7.2. Asymptotic Form of the Spatial Killing Spinor

In the sequel, given an initial data set (S, hap, Kqp) satisfying the decay con-
ditions (47a)—(47b) with A, a and § given by (48) with m = m, it will be
necessary to show that it is always possible to solve the equation

V(apkop) = 00o(r /%), (50)

order by order without making any further assumptions on the data. A direct
calculation allows us to verify that

Lemma 16. Let (S, hap, Kop) denote an initial data set for the vacuum Einstein
field equations satisfying at each asymptotic end the decay conditions (47a)-
(47b) with A, o and B given by (48) and m the ADM mass of the respective
end. Then
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2F

KAB = F 7\[ <1+>$AB
3m

2v2 <1+4E m? +2(n - p)?

L 2ve
3m r m2 + (n-p)2r

> PQ(AfB)Q + Ooo(flm)a

(51)

1

with zap as in (14), and n-p = r12ABpap satisfies equation (50).

Remark. Formula (51) implies the following expansions for ¢ and £ap:
V2E _ V2E(m? +2(n-p)?) _;
F r
m T my/mit (np)?
B 2V2F f(E2+4(n p)?) mE? 2
5ABi< m o T VamE oz ) DT A
L (V2 2VRE VA 20 p)) o), (52b)
m mr my/m?2 + (n - p)3r
In the case of non-boosted data the expansions (51), (52a) and (52b) reduce
to

E=4 + 000 (r73/?), (52a)

2 2
() i,

E=V2FV2mr—t 4+ 000(7“73/2),
gAB - 000(7"73/2),

as discussed in [2].

7.3. Existence and Uniqueness of Spinors with Killing Spinor Asymptotics

In this section we prove that given a spinor k4p satisfying equation (49) and
(50), then the asymptotic expansion (51) is unique up to a translation.

Theorem 17. Assume that on an asymptotic end of the slice S, one has an
asymptotically Cartesian coordinate system such that (47a)—(47b) hold. Then
there exists

KAB = Oco (7“3/2)7 (53)
such that
. 2
(32), ap = £ YZPAB | o (1)
m

EABCD = O

&= 1Q+ 00 (171/2).

(54)
The spinor kaB is unique up to order os(r=/2), apart from a (complex) con-
stant term.

Remark 1. The complex constant term arising in Theorem 17 contains six
real parameters. In the sequel, given a particular choice of asymptotically
Cartesian coordinates and frame, we will set this constant term to zero. Note
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that a change of asymptotically Cartesian coordinates would introduce a sim-
ilar term containing only three real parameters—which by construction could
be removed by a suitable choice of gauge. In what follows, we will use coordi-
nate independent expressions, and therefore, this translational ambiguity will
not affect the result.

Remark 2. Note that éapcp = ooo(r"g/z) implies éapcp € L?. The condi-
tions in Theorem 17 are coordinate independent.

Proof. A direct calculation shows that the expansion (51) yields (52a), (52b)
and éaBcp = ooo(r’3/2). Hence, (51) gives a solution of the desired form.
In order to prove uniqueness we make use of the linearity of the integrability
conditions (18a)—(18¢c) and (19a)-(19c¢). Note that the translational freedom
gives an ambiguity of a constant term in kap. Let

V2E
KAB = F—— +* TAB

3m
2f m? +2(n-p)? Q

+— x . 95
= ( . () ) PRATE) (55)

Let #aB, be an arbitrary solution to the system (49), (50). Furthermore, let
KAB = RAB — kaB- We then have

), ta = 00(rT?), €= 00(rT?), maB=000(r*?).

§ABCD = 0o (T

To obtain the desired conclusion we only need to prove that kag = Cap +

000(7“_1/2)7 where Cap is a constant. This is equivalent to Dagkcp = 0o

(r=3/2). Note that we now have coordinate independent statements to prove.
We note that from (47a)—(47b) it follows that

—2+8) —3—i—&)7

Kapcp = 0so(r , Vapep = 00o(r

with € > 0. From (17) and Lemma 14 we have

Dapkep

1 1 1
=&aBCD — gEA(CfD)B - gGB(cﬁp)A - géA(cED)BE — Kapc"kpye

= 000 (r71/2FE),

Integrating the latter yields

KAB = 0o (r/?7).

The constant of integration is incorporated in the remainder term. Repeating
this procedure allows to gain an ¢ in the decay so that

Dapkcp = 00o(r™Y?),  kap = 0s(r'/?).
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Estimating all terms in (19a), (19b) and (19¢) gives

VABY 4p€ = €A VAP K 4 050 (r~7/?)

= 000 (r77/219), (56a)
1 1
VY aVpcé = §QABCDVCD§ - gKvABg
= 000 (r77/?T9), (56b)

1. 5 2 . 10
VsVep)§ = +§\IIABCD£ - §‘IIABCD5 - §\I’(ABCE£D)E - ?‘P(ABCEgD)E
2
+Quapcperé™t + gﬁ(CDVAB)K —3QpBepVa) e
— 36V L0V apeye + 3kaEV D U oy gL + 00 (177/?)
= 000 (r7 /7). (56¢)

Hence, VaApVepé = 000 (r~7/2%2), and therefore Do Depé = 0o (r~7/2F¢).
Integrating this yields Dapé = 000 (r~%/?%%). In this step the constants of
integration are forced to vanish by the condition D4 = 0 (r*3/2), which is
a consequence of & = 04 (r~/?). Integrating Dpé = 0oo(r~°/?¢) and using
& =0 (7“_1/ 2) to remove the constants of integration yields

£ = 05 (7'73/2“).

Estimating all terms in (18a), (18b) and (18c) yields

VABEsp = 000 (r /279, (57a)
V€ ulp)c = g‘I’ABCDHCD - ;KfAB - %QABCDf(jD + VABE + 000 (r75/?)
= 00 (r75/2%9), (57h)

Viaséen) = 3V panchn)” — Qeanctn)” + 0o (r—>/?)
= OOO(T*S/2+5)' (57¢)

Hence, VApécp = 000 (r~/27¢), and therefore Dapécp = 000 (r~°/21¢). Inte-
grating and using {4 = 000(7"*1/2) to remove the constants of integration
yields

§aB = 0o (r?/7F9).
Now,
Dapkcep
1 1 1 .
=&aBCcD — §€A(C§D)B - §€B(C€D)A - §6A(CGD)B§ — Kapc"kp)E
= ooo(r_3/2+s).
Integrating the latter we get

RAB = CAB + Ooo({ril/ngE)v
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where C4p is a constant in some frame. To get a frame independent statement
one can still use the estimate K 4p = 000 (r¢). Re-evaluating the estimates (56a),
(56b) and (56¢) yields

VABY AB& = 000 (r™7/?),
vC(AVB)Cg = 0o (T79/2+6)ﬂ
ViasVen)é = 0w(r™?).
Hence, one obtains
VasVenE = os(r™?).
Integrating as before, we get
€ =000 (r%/?).
Finally, we can reevaluate the estimates (57b) and (57c¢), to get
VY aépyc = 00 (r™°/?)

Vasécp) = 00 (r°/?).

)

Combining this with (57a), we obtain

Vapfep = 000 (r2/?).

Integrating as before, we get

£an = 000 (r™*/?).
Hence,
Dapkcp = §aBep — %EA(CgD)B_%EB(CfD)A_%EA(CeD)Bg — Kapc"kpyE
— 0 (r2),
from where the result follows. 0

From the asymptotic solutions we can obtain a globally defined spinor
kap on S that will act as a seed for our approximate Killing spinor.

Corollary 18. There are spinors kap, defined everywhere on S, such that the
asymptotics at each end is given by (51), where opposite signs are used at each
end. Different choices of kap can only differ by a spinor in Hfol/2.

Remark. The opposite signs at each end are motivated by looking at the
explicit example of standard Kerr data.

Proof. Theorem 17 gives the existence at each end. Smoothly cut off these
functions, and paste them together. This gives a smooth spinor s4p defined
everywhere on S. Furthermore V(apkcp) € H /2 O
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8. The Approximate Killing Spinor Equation in Asymptotically
Euclidean Manifolds

In this section we study the invertibility properties of the approximate Killing
spinor operator L : &y — &4 given by Eq. (39) on a manifold & which is
asymptotically Euclidean in the sense discussed in Sect. 6. In order to do so,
we first present some adaptations to our context of results for elliptic equations
that can be found in [9,13,35].

8.1. Ancillary Results of the Theory of Elliptic Equations on Asymptotically
Euclidean Manifolds

8.1.1. Asymptotic Homogeneity of L. Let u be the vector given by Eq. (41).
The elliptic operator defined by (39) can be written matricially in the form
(AY + aéj)DiDju + aiDiu + agu = 0,

where A% corresponds to the matrix associated with the elliptic operator with
constant coefficients L' given by Eq. (40), and a3, a], ap are matrix-valued
functions such that

0/12] EHﬁ/Q} afi EHEOS/2, aOEH?%/2.

Using the terminology of [9,35] we say that L is an asymptotically homoge-
neous elliptic operator.® This is the standard assumption on elliptic operators
on asymptotically Euclidean manifolds. It follows from [9], Theorem 6.3 that

Theorem 19. The elliptic operator
L:H} — HY ,,

with § is not a negative integer is a linear bounded operator with finite dimen-
sional Kernel and closed range.

8.1.2. The Kernel of L. We investigate some relevant properties of the Kernel
of L. This, in turn, requires an analysis of the Kernel of the operator of the
Killing spinor equation (25).

The following is an adaptation to the smooth spinorial setting of an ancil-
lary result from [13].%

Theorem 20. Let va,p,...a,B, be a C° spinorial field over S such that

VEm+1Fm+1 T vElFl VA1By-+ApBy, = HEm+1Fm+1"'E1F1A131"'Apo

with m,p non-negative integers, and where Hp, . F, B FA1BA,B,
is a linear combination of VA By-AyBys VEFIVA By AyBpys-- s VE,Fp '

3 The sharp conditions for a second-order elliptic operator to be asymptotically homogeneous
are that
a € HE®, ai e HZ,, ape H,,

for 6 < 0. As one sees, our operator L satisfies these conditions with a margin.
4 The hypotheses in [13] are much weaker than the ones presented here. The adaptation to
the smooth setting has been chosen for simplicity.



1260 T. Béackdahl and J. A. Valiente Kroon Ann. Henri Poincaré

VE VA, B A, B, With coefficients by where k denotes the order of the deriv-
ative the coefficient is associated with. If by € Hg with

E—m—-1>6, 0<kE<m
and va,B,...A,B, € Hgo, B <0, then
VA, By--A,B, =0 onS.
This last result, together with Lemma 10 allows to show that there are

no non-trivial Killing spinor candidates that go to zero at infinity—in [13] an
analogous result has been proved for Killing vectors. More precisely,

Proposition 21. Let vyp € Hfol/Q such that V apvcpy = 0. Then vap = 0
onS.

Proof. From Lemma 10 it follows that V4pVepVprrey can be expressed as
a linear combination of lower order derivatives with smooth coefficients with
the proper decay. Thus, Theorem 20 applies with m = 2 and one obtains the
desired result. O

We are now in the position to discuss the Kernel of the approximate
Killing spinor operator in the case of spinor fields that go to zero at infinity.
The following is the main result of this section:

Proposition 22. Let vap € Hfol/Q. If L(vag) =0, then vap = 0.

Proof. Using the identity (37) with Capcp = V(apvcp) and assuming that
L(vep) = 0, one obtains

/VABZ/CDV(ABI/CD)d,u: / TLABI/CDV(ABVCD)dS,
S 0S5

where 0S5, denotes the sphere at infinity. Assume now, that v4p € H™ /2 It
follows that V apveopy € HY, /2 and furthermore, using Lemma 15 that

nABl/CDV(ABVCD) =o(r7?).
The integration of the latter over a finite sphere of sufficiently large radius is
of type o(1). Thus one has that

/ nABVCDV(Zg-V\CD)dS = 07

0800

from where

/VABZ/CDV(EI/\CD)dM =0.

s
Therefore, one concludes that

V(ABVCD) =0.

That is, v4p has to be a spatial Killing spinor. Using Proposition 21 it follows
that vap =0 on S. O
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8.1.3. The Fredholm Alternative and Elliptic Regularity. We will make use of
the following adaptation of the Fredholm alternative for second-order asymp-

totically homogeneous elliptic operators on asymptotically Euclidean mani-
folds—cfr. [9]:

Theorem 23. Let A be an asymptotically homogeneous elliptic operator of order
2 with smooth coefficients. Given § not a negative integer, the equation

A(CaB) = fap, fap € H)_,,

has a solution Cap € H} if
[ fano P du =0
s

for all vap satisfying
VAB €H91_5, A*(VAB):O7
where A* denotes the formal adjoint of A.

In order to assert the regularity of solutions, we will need the following
elliptic estimate—see expression (62) in the proof of Theorem 6.3 of [9]:

Theorem 24. Let A be an asymptotically homogeneous elliptic operator of order
2 with smooth coefficients. Then for any § € R and any s > 2 there exists a
constant C' such that for every Cap € H .NHY, the following inequality holds:

loc
Ianll; < € (IACaB) N gs + ICanl -2 ) -
Notation. H;

i denotes the local Sobolev space. That is, u € H; . if for an
arbitrary smooth function v with compact support, uv € H*.

Remark. If A has smooth coefficients, and A(C4ap) = 0 then it follows that all
the H§ norms of (45 are bounded by the HY norm. Thus, it follows that if a
solution to A(Cap) = 0 exists, it must be smooth—elliptic reqularity.

8.2. Existence of Approximate Killing Spinors

We are now in the position of providing an existence proof to solutions to Eq.
(39) with the asymptotic behaviour discussed in Sect. 7.2.

Theorem 25. Given an asymptotically Euclidean initial data set (S, hap, Kap)
satisfying the asymptotic conditions (47a)—(47b) and (48), there exists a
smooth unique solution to Eq. (39) with asymptotic behaviour at each end
given by (51).

Proof. We consider the Ansatz
kaB = kap + 04, 0Oap € H31/2,

with & given by Corollary 18. Substitution into Eq. (39) renders the following
equation for the spinor 04p3:

L(0cp) = —L(kebp). (58)
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By construction it follows that
Viapkcep) € HZ ),
so that
Fop =—L(kep) € HSOS/Q.

Using Theorem 23 with § = —1/2, one concludes that Eq. (58) has a unique
solution if F,p is orthogonal to all vap € HSW in the Kernel of L* = L.
Proposition 21 states that this Kernel is trivial. Thus, there are no restrictions
on Fp and Eq. (58) has a unique solution as desired. Due to elliptic regularity,
any H31 /2 solution to the previous equation is in fact a H> /2 solution—cfr.
Lemma 24. Thus, 645 is smooth. To see that k4p does not depend on the
particular choice of K4p, let /45, be another choice. Let £’y 5 be the corre-
sponding solution to (58). Due to Corollary 18, we have kap — i)y € H> 5.
Hence, we have kap — k45 € Hfol/Q and L(kap — Kyg) = 0. According to
Proposition 22, kap — Kk, 5 = 0, and the proof is complete. ]

The following is a direct consequence of Theorem 25, and will be crucial
for obtaining an invariant characterisation of Kerr data:

Corollary 26. A solution, kap, to Eq. (39) with asymptotic behaviour given by
(51) satisfies J < oo where J is the functional given by Eq. (42).

Proof. The functional J given by Eq. (42) is the L? norm of V(aBkcp)- Now,
if kap is the solution given by Theorem 25, one has that V aprcp) € Hﬂw.
In Bartnik’s conventions one has that

IVapkenllLe = IVaptep)llue,,, < oo

/

The result follows. O

Remark. Again, let kap be the solution to Eq. (39) given by Theorem 25.
Using the identity (37) with (apcp = V(apkcp) one obtains that

J = / nAPRCPY L pkopydS < oo.
0SS

Thus, the invariant J evaluated at the solution k4p given by Theorem 25
can be expressed as a boundary integral at infinity. A crude estimation of
the integrand of the boundary integral does not allow directly to establish
its boundedness. This follows, however, from Corollary 26. Hence, the leading
order terms of napkcp and V(apkcp) are orthogonal.

For an independent proof of this fact, see Appendix A.
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9. The Geometric Invariant

In this section we show how to use the functional (42) and the algebraic con-
ditions (23b) and (23c) to construct the desired geometric invariant measuring
the deviation of (S, hap, Kap) from Kerr initial data. To this end, let kap
be a solution to Eq. (39) as given by Theorem 25. Furthermore, let {45 =
%VP(AHB)]D. Define

11:

Cn\ e

U apc kpyr@rBOCED qdyp, (59a)

(35 "VE"¥epypr + Y asc €n)r)

x ( 3RAPVBQYCD 4 GABCPED )du. (59b)
The geometric invariant is then defined by

Remark. It should be stressed that by construction I is coordinate independent
and that I > 0. We also have the following lemma.

Lemma 27. The geometric invariant given by (60) is finite for an initial data
set (S, hap, Kap) satisfying the decay conditions (47a)—(47b).

Proof. From Corollary 26 we already have J < co. From the form of the decay
assumptions (47a)—(47b) we have W apcp € H>, ., € > 0. By Lemma 14 and
rkap € H$, we have

Uapc' kpyr € HZ 5.
Thus, again one finds that I; < co. A similar argument shows that
3" VB " Vepypr + Yapc épyr € H )9,

from where it follows that Io < co. Hence, the invariant (60) is finite and well
defined. O

Finally, we are in the position of stating the main result of this article.
It combines all the results in the sections 2 to 7.

Theorem 28. Let (S, hap, Kap) be an asymptotically Fuclidean initial data set
for the FEinstein vacuum field equations satisfying on each of its two asymp-
totic ends the decay conditions (47a)—(47b) and (48) with a timelike ADM
4-momentum. Furthermore, assume that U agcp # 0 and U 4popUABCP £ 0
everywhere on S. Let I be the invariant defined by Eqs. (42), (59a), (59b)
and (60), where kap is given as the only solution to Eq. (39) with asymptotic
behaviour on each end given by (51). The invariant I vanishes if and only if
(S, hap, Kap) 18 locally an initial data set for the Kerr spacetime.



1264 T. Béackdahl and J. A. Valiente Kroon Ann. Henri Poincaré

Proof. Due to our smoothness assumptions, if I = 0 it follows that Eqgs. (23a)—
(23c) are satisfied on the whole of §. Thus, the development of (S, hqp, Kap)
will have, at least in a slab, a Killing spinor. Accordingly, it must be of Petrov
type D, N or O on the slab—see Theorem 1. The types N and O are excluded
by the assumptions ¥ 4zcp # 0 and U 45opTABCP £ 0 on S— by continuity,
these conditions will also hold in a suitably small slab. Thus, the development
of the data can only be of Petrov type D—at least on a suitably small slab.

Now, from the general theory on Killing spinors, we know that 44/ =
I A@ will be, in general, a complex Killing vector. In particular, both the
real and imaginary parts of €44/ will be real Killing vectors. The Killing initial
data for £44- on S consist of the fields £ and €45 on S calculated from kap
using the expressions (15a) and (15b). It can be verified that

E=E=0u(r™'?), Eap+Eap=ox(r?).
The latter corresponds to the Killing initial data for the imaginary part of £4.4/.
It follows that the imaginary part of €44/ goes to zero at infinity. However,
there are no non-trivial Killing vectors of this type [4,13]. Thus, £44/ is a real
Killing vector. This means that the spacetime belongs, at least in a suitably
small slab of S, to the generalised Kerr-NUT class. By construction, it tends
to a time translation at infinity so that, in fact, it is a stationary Killing vector.
By virtue of the decay assumptions (47a)—(47b) the development of the initial
data will be asymptotically flat, and it can be verified that the Komar mass of
each end coincides with the corresponding ADM mass—these are non-zero by
assumption. Hence, Theorem 6 applies and the slab of S is locally isometric
to the Kerr spacetime. O

Corollary 29. If furthermore, the slice S is assumed, a priori, to have the same
topology as a slice of the Kerr spacetime one has that the invariant I vanishes
if and only if (S, hap, Kap) s an initial data set for the Kerr spacetime.

Proof. This follows from the uniqueness of the maximal globally hyperbolic
development of Cauchy data—see [12]. O

Remark 1. A improvement of Theorem 6 in which no a priori restrictions on
the Petrov type of the spacetime are made—see the remark after Theorem 6—
would allow to remove the conditions ¥ apcp # 0 and U 4popPABCD £ 0,
and thus obtain a stronger characterisation of Kerr data.

Remark 2. It is of interest to analyse whether the same conclusion of the cor-
ollary can be obtained without making a priori assumptions on the topology
of the 3-manifold.

10. Future Prospects

We have seen that one can construct a geometric invariant for a slice with
two asymptotically flat ends. A natural extension of this work would be to
also allow asymptotically hyperboloidal and asymptotically cylindrical slices.
Furthermore, one would like to analyse parts of manifolds in the same way.
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In this case we need to find appropriate conditions that can be imposed on
kap on the boundary of the region we would like to study. A typical scenario
would be to study the domain of outer communication for a black hole, or the
exterior of a star.

Another natural question to be asked is how the geometric invariant
behaves under time evolution. A great part of this problem is to obtain a time
evolution of kap such that it satisfies (39) on every leaf of the foliation. If
the geometric invariant is small, one could instead use (20) as an approximate
evolution equation for the approximate Killing spinor. In this case the system
(21a), (21b) could be used to gain control over the evolution.

If some type of constancy or monotonicity property could be established
for the geometric invariant, this would be a useful tool for studying non-linear
stability of the Kerr spacetime and also in the numerical evolutions of black
hole spacetimes.
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Appendix A. An Alternative Estimation of the Boundary
Integral

In this section we present an alternative argument to show that the boundary
integral

[ K0V i ds,
IS,

is finite as r — co—cfr. the remark after Corollary 26. For simplicity, we only
consider the non-boosted case, so we have

2
KAB = ingAB + O(1).

A similar, but much lengthier argument can be implemented in the boosted
case. It is only necessary to consider the finiteness of the integral

r / nABnCDV(gm\CD)dS as r — oo. (61)

as,
We begin by investigating the multipole structure of apep =
Viapkcpy in an asymptotically flat end & C S. The equation satisfied by

&aBep is

VABEapop — 20T o€pyapr =0, (62)



1266 T. Béackdahl and J. A. Valiente Kroon Ann. Henri Poincaré

—see Eq. (39). AsU ~ (rg, 00) x S?, with ro € R, it will be convenient to work
in spherical coordinates. For simplicity, we adopt the point of view that all the
angular dependence of the various functions involved is expressed in terms of
(spin-weighted) spherical harmonics. Accordingly, we use the differential oper-
ators 0, 0 € TS* see, e.g. [41]. Let wy,w_ € T*S? denote the 1-forms dual
to © and 0:

@wy) =1, (@w)=1

In addition, we consider 9, € TU. The operators 9,0 are extended into TU by
requiring that

[0,0,] = [0,0,] = 0.
Again, let dr € T*U denote the form dual to 9,. One has that
Syde' @de? =dr@dr + 1% (wy @w_ +w_ @wy).

Now, recalling that
2
hij = - (1 * :1) 0ij + 000 (r=%?),
we introduce the following frame and coframe:

€01 = (1 — %) Oy + 00 (r73/?), " = (1 + %) dr + 0 (r=/?)
1

€00 = (1 — %) ;5 + 000 (r™%?), 0% = (1 + %) rwy + 000 (r7H?)
1.

en = (1 - T) ;5 + 000 (r7%?), ol = (1 + %) Tw_ + 000 (r71/?).

The fields e4p and o4 P satisfy
(eap, 0Py =hap“P, h=hapcpo?? @o°P.
where hapcp = —€acep)p- Let pap denote a smooth spinorial field. Its
covariant derivative Dprppuap can be computed using
Dprpiap = epr(pas) — Ter®anos — Ter®srag,

where I'g® 4 denote the spin coefficients of the frame esp.
The components of the spinor field £ 4 pcp with respect to the frame e4p
can be written as

0 1 2 3 4
§apep = &o€apep T &1€apep +&2€apep t&3€apop + 84€aBoDs

where

k —_ E F G H
fpop = eaFepecep) ™,

where (FFGH)k means that after symmetrisation, k indices are set to 1. In

terms of this formalism, Eq. (62) is given by

AP eB%po(€apep) — ATHPC (u€pep)g + 2K4P9 4€pep)g
—20489 €pyapg = 0. (63)
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Recalling that by assumption {4pcp = ooo(r*‘g/ 2), a lengthy but straightfor-
ward calculation shows that (63) implies the equations

1. 11 3
061 = 06+ 506+ = (1+ ) & = 0w (r), (64a)
31.. 31 3 m\ . s
Orba + 5086 + 506 + (1 + ?) §2 = 000 (r7), (64b)
1 11, 3
0,6+ 06 — =06 + = (14 ) & = 0x(r ™). (64c)

A computation shows that

BN CcD) = 6?41301)7
so that the boundary integral (61) involves only the component £;. Further-
more, only the harmonic Yy ¢ (monopole) contributes to the integral as €4 o
is a constant spinor in our frame. From the Eqgs. (64a)—(64c), it follows that the
coefficient £2,9 of & associated with the harmonic Y o satisfies the ordinary
differential equation

(1 - %) 87”62;0 + %52;0 = f(’f’), f('f’) = 000(7"_5).

Consequently, one has that
52;0 =

It follows that

(07

1 2
(rfm)3+(7a,m)3/r(r_m) f(r)dr, acC.

(e _
52;0 = Tis +000(T 4)-

Using this last expression in the integral (61) and recalling that dS = O(r?),
it follows that

r / nABnCDV(gn\CD)dS =4ra < o0.
9S8,

It is worth noting that the constant o contains information of global nature,
and it is only known after one has solved the approximate Killing spinor equa-
tion.

Appendix B. Tensor Expressions

For many applications, it is useful to have tensor expressions for the invariants.
To this end, define the following tensors on S:

_ AB _
Rg = 0q RAB, C = fa

Ca O—aABgAB7 Cab =0aq
Cue = Eye +1Bge.

Here €upe, Foe and B,. are the pull-backs of %T“e#am, %T’YT(SCag»yg and

AB

cD
oy EABCD

%E#V,Y(;Tﬁ’r&ca,gl“/, respectively. Observe that we are using a negative definite
metric. In this section we assume K., = Kp,.
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The tensorial versions of the Egs. (15a), (15b), (15¢) then read
C = Da‘%(u
3 . 3 3
Ca = 7i€abCDb"€b - 7Kab"€b + 7Kbb/€a7

2v/2 4 4

1 1.
Cab = D(akipy — ghabDCHc - %mcd(aKb)
Note that the spatial Killing spinor equation (., = 0 reduces to the conformal
Killing vector equation in the time symmetric case (Kq, = 0).
Expressed in terms of these tensors the elliptic equation (39) takes the
form

dﬁc.

1
Doy — —=i€aeaK™ % = 0. 66
Cab 5 €acd G (66)
Let rq € H3g, be the solution to (66) with the asymptotics
2F 2F
3m r
2i 4E 24 2(n-p)? .
L2 <1 L AE m* +2(n - p) ) eijkpjmk + 000(r—1/2)7

3m T m?+ (n-p)r

at each end, where p, = (E,p;) is the ADM-4 momentum, m = /p”p,,, and
n-p = r~'a’p;. The metric and extrinsic curvature are assumed to have the
asymptotics (47a) and (47b), respectively.

The integrand in (42) is

3= Eapcp€?POP = (™.
From the equation

1
AB5,CDy

o (aBc Kpyr = ﬁiecd(acb)dﬁc~

we get the integrand for the I7 part of the invariant

_ F T, ABCP ».D
J1 =¥ upc kpyr¥Y K™ p

1 = 1 - 1 ~
= —5()“0,,0&% + §CbCCacm“Rb + anccbcn%b.
In order to discuss the integrand of Iy we introduce the spinor X sgcp =

V(AF\IJBCD)F and its tensor equivalent Yo = 0P, PY Agep. One finds
that

i
V2
1 3
Edf(anCdb) + §CCchdhab + Cabef — §CC(aKb)C.

ABwCD b be - d
0=0,""V""Wupcp = D’Cop — —=€4cdC Ky,

i

Yab =
)
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The integrand for I, is given by
Jo = 3ka" Spepyr + ‘I’(ABcFép)F)(3’%ApiBCDP + PABCPED )
= —gszSbcm%a + gzbciacm%b + Zzacibcm%b + ;Sbccb%“ga
—%Saccbcf?&aCb - gibccacfia(b + gzbcébcﬁafa - %Eaccbcfiagb
290Gk + 5N+ GO Car" T + 1Ca T D
The complete invariant is given by

I:/(3+31 + Jo)dp.
S
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