JOURNAL OF MATHEMATICAL PHYSICS 53, 042503 (2012)

Constructing “non-Kerrness” on compact domains

Thomas Béckdahl'-® and Juan A. Valiente Kroon??)

'"Max Planck Institut fiir Gravitationsphysik, Albert Einstein Institut, Am Miihlenberg 1,
14476 Golm, Germany

2School of Mathematical Sciences, Queen Mary, University of London, Mile End Road,
London EI 4NS, United Kingdom

(Received 1 December 2011; accepted 23 March 2012; published online 19 April 2012)

Given a compact domain of a three-dimensional hypersurface on a vacuum spacetime,
a scalar (the “non-Kerrness”) is constructed by solving a Dirichlet problem for a
second order elliptic system. If such scalar vanishes, and a set of conditions are
satisfied at a point, then the domain of dependence of the compact domain is locally
isometric to a portion of a member of the Kerr family of solutions to the Einstein
field equations. This construction is expected to be of relevance in the analysis
of numerical simulations of black hole spacetimes. © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3702569]

. INTRODUCTION

The present article is concerned with the problem of measuring how different a given initial data
set for the Einstein vacuum field equations is from a Kerr initial data set. In Refs. 1,2, and 4, this
problem has been addressed by the construction of a geometric invariant—the non-Kerrness—on
hypersurfaces with at least one asymptotic end. This setting, although convenient for theoretical
discussions, is not ideal for numerical considerations where very often one needs to make use
of bounded computational domains on a hypersurface. The purpose of this article is to provide a
construction of non-Kerrness on bounded domains.

The construction of the non-Kerrness given in Refs. 1,2, and 4, is based on a very strong
property of the Kerr spacetime: the existence of a Killing-Yano tensor. A Killing-Yano tensor is an
antisymmetric, rank 2 tensor Y,,, satisfying the equation

V(M Yv))» = 0

Lets, =€ M‘W’ V.,Y,, denote the codifferential of Y,,. If Y, is a Killing-Yano tensor, then ¢,
satisfies the Killing vector equation. As discussed in Ref. 9, the theory of Killing-Yano tensors can
be conveniently reformulated in terms of the existence of a valence 2 Killing spinor, kg = K (ap),
satisfying the equation

Vaakpey = 0. (1)

The spinorial analogue of the codifferential ¢, is the spinor £44 = VaPlirap. In general, if kap
satisfies the Killing spinor equation, then &4 4 is a complex Killing vector. In the case of the Kerr
spacetime, the real and imaginary parts of this vector are proportional—and by multiplying with a
complex constant, the imaginary part can be set to zero. In general, the existence of a Killing-Yano
tensor is equivalent to existence of a Killing spinor « 45 such that £ 4 is real.

Killing spinors (or alternatively, Killing-Yano tensors) are useful in the characterization of the
Kerr spacetime as the existence of one of these objects severely restricts the algebraic type of the
curvature of the spacetime. Furthermore, the implied existence of a real Killing vector allows to make
contact with the theory of the Mars-Simon tensor—see Refs. 5 and 6. As a result of this analysis,
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it is possible to provide a purely local characterization of the Kerr spacetime—see Theorem 1 in
Ref. 6. Alternatively, one can obtain a somewhat simpler characterization if one combines local
and global requirements: the existence of a stationary, asymptotically flat region with non-vanishing
mass—see Theorem 2 in Ref. 6. Precisely, this result was used in the constructions of non-Kerrness
on non-bounded 3-manifolds described in Refs. 1,2, and 4.

The construction of the non-Kerrness on bounded domains discussed in the present article makes
use of the local spacetime characterization of the Kerr spacetime given in Theorem 1 of Ref. 6
to show that if the non-Kerrness vanishes on some three-dimensional bounded domain, then the
initial data prescribed on that region is locally isometric to data for a Kerr spacetime. We expect
that this result will be of utility to assess in a quantitative way how a given numerically constructed
dynamical black hole spacetime evolves towards a stationary state described by the Kerr spacetime.
In the process, it will be shown that the general theory of Killing spinor initial data sets used in
Refs. 1,2, and 4 can be simplified.

A. Overview of the article

The content of this article is structured as follows. Section II provides a summary of key
properties of spacetimes with Killing spinors. It also contains a reformulation in terms of spinors of
a local characterization of the Kerr spacetime by Mars. Finally, a brief discussion of the notion of
Killing spinor candidates is provided. Section III provides a brief summary of the theory of the Killing
spinor initial data equations which encode the existence of a Killing vector at the level of initial data.
Section IV gives a brief discussion of the notion of approximate Killing spinors, the approximate
Killing spinor equations, and the elliptic theory required to discuss the existence of solutions to this
equation with Dirichlet boundary conditions. Section V provides a result regarding the realness of
the Killing vector constructed from the Killing spinor, which will be required in our subsequent
discussion. Section VI provides our main result: a theorem which characterizes Kerr initial data on
a compact domain of a three-dimensional manifold using the notion of approximate Killing spinors.
Finally, Sec. VII provides some concluding remarks. There is an appendix providing a proof of a
theorem discussed in Sec. III, which tells that one of the Killing spinor initial data equations can be
omitted.

B. Notation and conventions

All throughout, (M, g,,) will denote a smooth, orientable, and time orientable globally hy-
perbolic vacuum spacetime. Here, and in what follows, p, v, - - - denote abstract four-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

ViViée = ViV, & = Rvulné&n'

Spinors will be used systematically. We follow the conventions of Ref. 8. In particular, A, B, . .. will
denote abstract spinorial indices. Tensors and their spinorial counterparts are related by means of

’ . . ! ’ - . . . .
the solder form 0,4 satistying g, = 024 088 ¢, p€sp, where €,p is the antisymmetric spinor

% v
and €4 p its complex conjugate copy. One has, for example, that &, = GMAA’g aa. Let Vau denote
the spinorial counterpart of the spacetime connection V.

Il. ALOCAL SPACETIME CHARACTERIZATION OF THE KERR SPACETIME

Given a spacetime (M, g,,), let Cy,,, denote the Weyl tensor of the metric g,,. Let
Caappccpp denote the spinorial counterpart of C,,,,. There exists a completely symmetric
spinor W 4pcp such that

Caaspccepp = VYapcpéapécp +VYapcpeapecn.
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In terms of the spinor W4p¢p, the Bianchi identity can be rewritten as

V@4 Wapco = 0. )

We recall that the two classical invariants of the Weyl tensor are given by

1 ABCD
3Wapcp¥ ;

z
J

i CDEF\, . AB
sVYascp¥ Wer™”.

A. Properties of spacetimes with Killing spinors

In what follows it is assumed one has a region AV of the spacetime (M, g,,,) where one has a
solution « 45 of the Killing spinor equation, Eq. (1). It is then well known that the spacetime must
be of Petrov type D, N, or O at every point where the Killing spinor exists—see, e.g., Ref. 11. In
the sequel, we will concentrate our attention to the case when (M, g,,,) is of Petrov type D. In such
case, there exist spinors a4, 4, aQ,BQ =1, such that

Wupcp = —VauaaBeBp), 3)
where
Y =18J/1. @)

The sign convention used in this equation differs from the one used in Refs. 1,2, and 4. The reason
behind this choice is to avoid potential problems with the choice of branch of roots of complex
quantities. The valence 2 Killing spinor is then given by

kap =¥ PawpBs), Q)

where the branch with minimal absolute value of the complex argument is used. The conventions
used gives a real and positive ¥ for the Schwarzschild spacetime.
As in the introduction, let

Ean = V24K
Then &4 4 is (in general) a complex solution to Killing equation
Vaakpp + Vep&asa = 0.
If £4 4 is real, we define the Killing form of £4 4/ by
Fanps = 5 (Vanksp — Vepéan)
= Vanépp-

Vacuum spacetimes admitting a Killing spinor such that &4 4/ is real will be said to belong to the
generalized Kerr-NUT class—see Refs. 1 and 2. In the rest of this section, it is assumed that (M, g,.,)
is a generalized Kerr-NUT spacetime.

As a consequence of the symmetries of F4 4 pp/, there exists a symmetric, valence 2 spinor ¢4z
such that

Finpp = Gapéap + Pape€an,
_1 '
Pap = §FAQ'BQ-

Using (5), one finds the following expressions for €44/, and ¢4p in terms of i and the principal
spinors:

Ean = 39 (@aB? + Bac?) Vou ¥,

3 cp 1.,2/3
$ap = —2Wapcpk? = =2y auBp).
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The above expression for the spinor ¢4p is obtained using the Killing spinor equation and by
commutation of covariant derivatives.

For later use, we introduce the norm of the Killing form, the norm of the Killing vector and the
twist 1-form via

P

Pro9”C, A= Egn €Y,
wan = €anppccppElE VECTEPD
where
€anppccpp =1(€ac€ppénpépc — €ApEpcEncép p)

is the spinorial counterpart of the completely antisymmetric volume form, €,,,,, of g,.. Locally,
w44 18 exact, so that there exists w (the twist potential) such that w44 = Vs . Using A and o, we
define the Ernst potential, o, by

o=A+iw.

Using expressions (3) and (5), one readily finds the following expressions for @, A and wx '

® = -5y, (6a)
A==ty BV VAYy, (6b)
wax =Im@p,BEpa), (6¢)

In order to obtain an expression for the Ernst potential in terms of ¥, we notice the identities

Van (') = —L¢, Epa, (7a)

Vaar = Re(dpa®Epa). (7b)

These identities follow from the Bianchi identity (2), the Killing spinor equation and commuting
derivatives as necessary. One concludes that

Vaak +iwan = =2V ',
The latter can be integrated to give
o—c=—3y'" ®)

with ¢ a complex constant. The real part of ¢ is not arbitrary: using Egs. (7a) and (7b), one obtains
that

Re(c) = A + 3Re(y'?). €)

B. A local characterization of Kerr

The analysis of the so-called Mars-Simon tensor presented in Refs. 5 and 6 gives rise to a
local characterization of the Kerr spacetime among the class of spacetimes endowed with a Killing
vector. This characterization involves the Weyl tensor, the Killing form and the Ernst potential—see
Theorem 1 in Ref. 6. For the convenience of our subsequent analysis, here we present a slight
generalization of this result in the language of spinors.

Theorem 1 (Ref. 6): Let (M, g,,) be a smooth, vacuum spacetime admitting a Killing vector
g*. Let N C M be a non-empty open subset satisfying:
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(i) There is a point p € N where ® # 0.
(ii)  The Killing form and the Weyl tensor are related by

WYagcp = WHaBPCD),
where @ is a complex scalar function.

Then there exist two complex constants ¢ and k such that

12
= — , & = —k(c— o), on N.

If, in addition, Re(¢) > 0 and k = Re(k) > 0 then (N, g,.,) is locally isometric to a portion of the
Kerr spacetime.

Remark 1: This result follows from—and is equivalent to—Theorem 1 in Ref. 6 by introducing
a different normalization in the Killing vector and exploiting the fact that w is defined only up to an
additive constant.'?

Remark 2: As discussed in Ref. 6, it follows from the previous result that the Kerr spacetime is
everywhere strictly of type D. In particular, this implies that ¥ # 0.

C. Killing spinor candidates

The construction of non-Kerrness on a bounded domain requires the notion of a Killing spinor
candidate introduced in Ref. 4:

Definition 2: Let (M, g,,) be a vacuum spacetime. Consider a point p € M for which T # 0,
J # 0, and a symmetric spinor ¢ ap satisfying at p,

tap #0, ¥ Wporst PR + LoportC #£0.
The symmetric spinor given by
kap =9 PETVA (= Wapot Pl — Lias), (10)
with
E=—y "Wpoprst 20" — 10ppgh?,

will be called the ¢ op-Killing spinor candidate at p. The scalar  is obtained from the Weyl spinor
W pcep using formula (4).

Formula (10) can be evaluated for any vacuum spacetime (M, g,,,) satisfying the explicit
conditions in Definition 2, that is, it is not restricted to a special Petrov type. The name Killing
spinor candidate is justified by the following result also proved in Ref. 4:

Proposition 3: Let (M, g,,,) be a vacuum spacetime. If on N' C M, the spacetime is of Petrov
type D and ¢ op is a symmetric spinor satisfying

E =9 " Wporst "™ + £2por”C #0,
Cap #0 onN,

and N contains no branch cuts of ' and ', then

kap =Y PETVA (= Wappot "l — Liap) (11)

is a Killing spinor on N'. The formula (11) is independent of the choice of £ zp.
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Remark. Different choices of branch cuts in ¥ /3 and ! only change the right hand side of (11)
by a constant complex phase. The assumption on the no existence of branch cuts of !/* and ' is
included to ensure the smooth existence of derivatives of the various fields—see also Assumption 7
below.

lll. THE KILLING SPINOR INITIAL DATA EQUATIONS

Key for the construction of the non-Kerrness discussed in Refs. 1,2, and 4, is the idea of how to
encode that the development of an initial data set (S, &;;, K;;) admits a solution to the Killing spinor
equation, Eq. (1). This question can be addressed by means of the space-spinor decomposition of
the Killing spinor equation, Eq. (1). For a more detailed description see Ref. 2.

In order to perform a space-spinor decomposition of Eq. (1), it is convenient to define the spinors

&apcp = Vaskcp), &a = %V(ADKB)D, &= VPQKPQ, (12)

where V4p denotes the spinorial version of the Sen connection associated to the pair (h;, Kj;) of
intrinsic metric and extrinsic curvature. It can be expressed in terms of the spinorial counterpart,
Dy of the Levi-Civita connection of the 3-metric /;;, and the spinorial version, Kagcp = Kupycp)
= Kcpag, of the second fundamental form K;;. For example, given a valence 1 spinor 4, one has
that

Vapmc = Dapme + %KABcQﬂQ,

with the obvious generalizations to higher valence spinors. For expressions involving the commuta-
tors, we refer to the paper.” The Hermitian conjugate of  » is defined via

fia =l 7,

where 744 is the normal to S with length /2. The Hermitian conjugate can be extended to higher
valence symmetric spinors in the obvious way. It can be verified that &4 5cpEA2CP > 0.

Using the notation described in the previous paragraph, we find that the space-spinor decompo-
sition of Eq. (1) renders a set of three conditions intrinsic to the hypersurface S:

&apcp =0, (13a)
Wiapc kpyr =0, (13b)
3k 5V Wepyer + Wapc Epyr =0, (13c¢)

where the spinor W,pcp denotes, in a slight abuse of notation, the restriction to the hypersurface
S of the self-dual Weyl spinor. For the ease of notation, a similar convention will be adopted for
the restriction of other spacetime fields. Whether one is considering the field on spacetime or its
restriction to S will always be clear from the context. Crucially, the spinor W 4pcp in Egs. (13b) and
(13c) can be written entirely in terms of initial data quantities via the relations,

Wapcp = Eapcp +1iBagep,
with
E = — 1Qp"oQ -1 K
ABCD = — I(ABCD) + 52(4B cpypo — QacpK,
Bagcp = —1iD?uQcn)o0,

and where Qupcp = Kuscp), K = KPQP 0 Furthermore, the spinor r4pcp is the Ricci tensor, 7y, of
the 3-metric h;;.

In the Appendix, it is shown that the second algebraic condition (13c) is, in fact, redundant and
a consequence of the conditions (13a) and (13b). In particular, it follows:
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Theorem 4: Let Egs. (13a) and (13b) be satisfied for a symmetric spinor Kap on an open
set U C S. Then the Killing spinor equation, Eq. (1) has a solution, k s, on the future domain of
dependence DT (U).

Remark. This means that the term I, in the invariants of Refs. 1,2, and 4 can be omitted.

IV. APPROXIMATE KILLING SPINORS
A. The approximate Killing spinor equation

The spatial Killing spinor equation, Eq. (13a) can be regarded as a (complex) generalization of
the conformal Killing vector equation. As in the case of the conformal Killing equation, Eq. (13a)
is clearly overdetermined. However, one can construct a generalization of the equation which under
suitable circumstances can always be expected to have a solution. One can do this by composing the
operator in (13a) with its formal adjoint—see Ref. 1. This procedure renders the equation

Licp = VA8Viapiepy — QY2EF aViprikpe — QA aVgyrkep = 0, (14)
which will be called the approximate Killing spinor equation. One has the following result proved
in Ref. 2:

Lemma 5: The operator L defined by the left hand side of Eq. (14) is a formally self-adjoint
elliptic operator.

In order to discuss the solvability of Eq. (14) on abounded domain, i C S, one has to supplement
it with appropriate boundary conditions. On dl{, we will consider the homogeneous Dirichlet operator
B given by

Bu(y) = u(y), ye€aS.

The combined operator (L, B) satisfies the so-called Lopatinski-Shapiro compatibility conditions—
see Ref. 12 for detailed definitions and discussion. Thus, (L,B) is L-elliptic—see again,
Theorem 10.7 of Ref. 12. Moreover, one has the following theorem—see also Ref. 7.

Theorem 6: Let L denote a smooth second order homogeneous elliptic operator on U. Fur-
thermore, let 0U be smooth and let B denote the Dirichlet boundary operator. Then for s > 2 the
map

(L,B): H'U) - H'>U) x H~'*U)

is Fredholm. Furthermore, the boundary value problem
Lu(x)= f(x), feHU), xel,
u(y) =g(y). ge€H(U). yel,

has a solution u € H*U) if

/f~MM=Q
u
forallv e H2U) such that

L*v(x) =0, xel,
v(y) =0, yedl.

Remark 1. In the previous Theorem, the action of B on u is to be understood in the trace
sense—see Ref. 12.

Remark 2: If L has smooth coefficients and Lu = 0, then it follows from Weyl’s Lemma—see,
e.g., Ref. 12—that if a solution to the boundary value problem exists and the boundary data is
smooth, then the solution must be, in fact, smooth—this is the so-called elliptic regularity.
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In what follows let nqg = np) denote the spinorial counterpart of the inward pointing normal
to dU. As a consequence of our signature conventions, one has that npon’? = — 1. Theorem 6 will
be used to establish the existence of solutions to the approximate Killing spinor equation, Eq. (14)
with Dirichlet boundary data given by the n4p-Killing spinor candidate. In order to ensure that the
Killing spinor candidate can be constructed on dl/, we define the set

Q={zeC|z=E(p), pei}

where we have chosen ¢ 4p = n4p in the function E. We make the following assumption:

Assumption 7: The initial data set (S, h;j, K;;) and the compact set U are such that T # 0,
J # 0 on 0U and that B is a smooth function over 0U satisfying

(i) 0¢Q,

(ii)  Q does not encircle the point z = 0,

when we choose § ap as the inward pointing normal to 0U.

Remarks: As a consequence of this assumption one can choose a cut of the square root function
on the complex plane such that E'2(p) is smooth for all p € 3. Notice that the n,3-Killing spinor
candidate is only defined at /. The assumptions Z # 0, J # 0 are justified on the basis that we
are mainly interested in discussing configurations close to Kerr initial data—for which v # 0.

One has the following result:

Proposition 8: Let (S, h;j, K;;) be an initial data set for the Einstein vacuum field equations.
Furthermore, let U C S be a compact subset with boundary 9S8 satisfying Assumption 7. Then,
there exists a unique smooth solution, k o, to the approximate Killing spinor equation, Eq. (14) with
boundary value given by the ng-Killing spinor candidate given pointwise by Eq. (10) on oU.

Proof: The proof of this result follows directly from the second part of Theorem 6. Notice that
as the equation is homogeneous, there is no potential obstruction to the existence of solutions and
one does not need to verify the triviality of the Kernel of the adjoint operator as it is in the case with
asymptotically Euclidean ends—see Refs. 1,2, and 4. O

V. REALITY OF THE KILLING VECTOR

As discussed in the Introduction, the existence of a Killing spinor is not enough to single out
the generalized Kerr-NUT family from the type D solutions. We also need that the Killing vector
constructed from the Killing spinor is real. This section provides some tools to determine that.

A. Imaginary part of the Killing vector data

In what follows, let « 45 solve the Killing spinor equation, Eq. (1) in a spacetime domain D, and
let £ and £ 45 be defined as in (12). In this section, we only study what happens in the domain D. A
computation using the suite xAct for MATHEMATICA starting from Eqs. (13a)—(13c) shows that

Daplm(E*?) = — JIm()K, (15a)

Dslm(cp) = — 5Im(E)Qapcp. (15b)

This can be seen by using Eqgs. (18a) and (18b) in Ref. 2 and splitting into real and imaginary parts.

Equation (1) implies Vkap = — %é 4B, Where V denotes the normal derivative Ady A4’- Commuting
derivatives and simplifying one obtains

VIm(€) = Im(E**)K 4, (162)

VIm(Eap) = — 3Im(E)Kap + 3ImEap)K + QapcpImE?) — DapIm(é) — ImEa)Kpc.
(16b)
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where K43 is the acceleration vector. For more details about the derivation see Egs. (32b) and (32c)
in Ref. 2 and their derivations. Making a space spinor split of £44 = V5 sk 45 and using Eq. (1),
we find

Im(§aa) = 31m(E)Tan — ImEap)t’ .
After differentiating once more, making a further space spinor split, and using Egs. (15a), (15b),

(16a), and (16b), we have:

Lemma 9: Let k ap solve the Killing spinor equation, Eq. (1) in a spacetime domain D. Assume
that

ImE) =0, ImEap) =0, Daplm(€) =0, D ImEpyc)=0, A7)

at a point p € D. Then Im(Exa) = 0 and V 4o Im(Egp’) = 0 at p.

VI. THE NON-KERRNESS INVARIANT

The approximate Killing spinor « 45 obtained in Proposition 8 will now be used, in the spirit
of Ref. 1, to construct a geometric invariant measuring the non-Kerrness of the initial data on the
compact set 4. More precisely, we define

I = fV(ABKCD)VABKCDCIM-{-/\I/(ABCPKD)p\I—’ABCQKDQd/L. (18)
u U

A. The main result

The main result of our analysis is the following theorem:

Theorem 10: Let (S, h;j, K;j) be an initial data set for the Einstein vacuum field equations, and
let U C S be a compact connected subset with boundary 0U satisfying Assumption 7. Let I be as
defined by Eq. (18) where kap is given as the only solution to Eq. (14) with boundary behaviour
given by the nap-Killing spinor candidate K sp where nap is the inward pointing normal to 0U. If

(i) I1=0,
(ii)  there exists a point on U for which

Im() =0, Imsp) =0, Daplm@) =0, D, Im(Epc) =0, 19)

then the future domain of dependence, D+ (U), of U is locally isometric to a subset of a generalized
Kerr-NUT spacetime. If, in addition,

(iii)  there exists a point on U for which ® # 0,

(iv)  there exists a point on U for which

A+ 2Re(y'?) >0, (20)

then DY (U) is locally isometric to a portion of a Kerr spacetime. Conversely, on a compact subset
U C S of a Kerr initial data set, (S, h;j, K;j), the properties (i), (ii), (iii), and (iv) are satisfied.

Remark 1: If DT (U) is locally isometric to a portion of a Kerr spacetime, the conditions (ii),
(iii), and (iv) are satisfied on every point. Hence, the choice of which point to check the conditions
in, is not important.

Remark 2: If U is not connected, the conditions (ii), (iii), and (iv) needs to be checked for each
connected component of /.

Remark 3: The conditions (iii) and (iv) can be replaced by an asymptotic flatness condition.
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Proof: If I = 0, then it follows from our smoothness assumptions that Egs. (13a) and (13b) are
satisfied on Y. Hence, from Theorem 4, it follows that D+ () will contain a Killing spinor « 3.
Then &4 4/ is the spinor counterpart of a (possibly complex) Killing vector. Now, using assumption
(ii) together with Lemma 9 gives Im(§44/) = 0 and V44 Im(&pp/) = O at a point. Using a standard
result about Killing spinors (see Appendix C.3 in Ref. 10), one concludes that Im(§) = Im(§4p)
= 0 everywhere on Dt () so that &4 4 is, in fact, real. Thus, D™ () is locally isometric to a portion
of a generalized Kerr-NUT spacetime.

As in the main text, let ¢45 denote the spinorial counterpart of the Killing form for of £44'.
From the discussion in Subsection II A, one concludes that

Vapcp = W PapPcp),
for some function @ . Now, if ® # 0 on U/, then using Theorem 1, one has that
12

c—o

w = —

, ® = —k(¢ —o0)*,

for some (possibly complex) constants ¢ and k. Using formulae (8) and (6a), one can identify the
constants ¢ and ¢ and set k = 8—81 Evaluating c at the point where (20) holds, one obtains that Re(c)
> 0. Thus, the hypothesis of Theorem 1 hold and one concludes that D*(l{) is locally isometric to
a portion of the Kerr spacetime.

Now, given a compact subset/ C S of a Kerr initial data set, (S, h;;, K;;), one knows there exist
a spinor k 4p for which the spatial Killing spinor equation, Eq. (13a), and Eq. (13b) are satisfied. This
spinor coincides at df (up to an irrelevant constant numerical factor) with the n4p-Killing spinor
candidate. Thus, by uniqueness of the elliptic problem (14), the approximate Killing spinor obtained
from solving the equation and « 45 coincide (again, up to an irrelevant numerical factor) and one has
I = 0 and (i) is satisfied. As k4p satisfies the spatial Killing spinor equations, it follows from the
general theory of Ref. 2 that (£, £ 4p) is a Killing vector initial data set. For Kerr this data corresponds
to the real stationary Killing vector, thus (ii) is satisfied. Now, as ¥ # 0 for the Kerr spacetime, one
has from Eq. (6a) that ® # 0 and thus (iii) holds. Finally, an explicit computation with the Kerr
spacetime shows that (20) holds for any point of the Kerr spacetime—hence one obtains (iv). m|

VIl. CONCLUSIONS AND DISCUSSION

In this paper, we have devised a way to measure the deviation from Kerr initial data for bounded
domains. The main result is presented in Theorem 10. In the previous papers,’>* a similar result
was obtained for cases where the computational domain reached spatial infinity. For such cases, the
asymptotic behaviour of the approximate Killing spinor could be specified in a way that helped us to
exclude all other Petrov type D solutions. Therefore, we could conclude that the data was Kerr data
if and only if I = 0. As the present paper deals with bounded domains, we constructed the boundary
data for the approximate Killing spinor from the curvature. The drawback is that this gives I = 0 for
all type D solutions. Therefore, one requires conditions (ii), (iii), and (iv) in Theorem 10 to single
out the Kerr solution. An effort was put into formulating the conditions so they can be verified at
a single arbitrarily chosen point of the computational domain. Furthermore, we have shown that a
part of the invariant constructed in Refs. 1,2, and 4 can be omitted in the case of a bounded domain
as well the unbounded case.

The results of this paper can be used to numerically evaluate how much any slice of a spacetime
deviates from Kerr data. This gives a tool to quantify decay towards Kerr data for a numerically
evolved spacetime. A project along these lines have been initiated.
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APPENDIX: REDUNDANCY OF THE SECOND ALGEBRAIC CONDITION

The purpose of the present appendix is to prove the assertion made in Theorem 4 that the second
algebraic condition given by Eq. (13c) is a consequence of the conditions (13a) and (13b). As a
consequence of this result, the conditions required on an initial data set to have a development with
a valence 2 Killing spinor become completely analogue to those required to have a valence 1 Killing
spinor—see, e.g., Ref. 3.

The analysis in this appendix proceeds by discussing the various possible algebraic types that
the spinor x 45 can have. Our first result is the following:

Lemma 11: Assume that the symmetric spinor k s satisfies
kapk™® #£0,  Viagkepy =0, Wapc kpyr =0,
on an open subset U C S. Then the algebraic condition (13c) is satisfied on U.

Proof: The condition k4548 # 0 allows us to choose a spin dyad (o4, t4) and a scalar field s
such that 04" = 1 and kap = e”0(atp). Similarly, the condition W 4zc"k p)r = 0 implies that there
is a scalar field v such that Wapcp = Youostcip).

In the next step, we decompose the equation V 4p« cp) = 0 into its various components to obtain

02080V goc =0, (Ala)
oALBOCVABOC = —%OAOBVAB%, (A1b)
0208V ptc — 1180V goc = 2048V 5, (Alc)
0PV apie = 34 P Vg, (Ald)
4BV pie = 0. (Ale)

These equations imply, in turn, that

Cc,D

e %Erg = —3040505 1P F Vepip — 3iatg0°

LDOFVCDOF

+ %O(ALB)(OCODLFVCDLF + LCLDOFVCDOF). (A2)

Now, it is well known that the spacetime Bianchi identity Ve, W, pco = 0 implies the constraint
VP pcp =0, (A3)

on S. Substituting W apcp = Youoptcipy and contracting with combinations of 0" and *, one finds
that the content of (A3) is given by

voBVABw = 6¢0ALBOCVABOC, (Ada)
0%V = 3y P Vagoc — 3y0” 0PV pic, (A4b)
AV = — 6Y0t BV pic. (Adc)
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Using Eq. (A2) and the Bianchi identities (A4a)-(A4c), we get
Wiagc Epyr + 3k Ve Wepyrn
— %e%WLALBLCLDOMOPOQVPQOM
— %e”l/fvoBOCODLMLPLQVpQLM.

Finally using the information about the derivatives of the spin dyad contained in Eqs. (Ala)—-(Ale)
one finds that we get that the second algebraic condition, Eq. (13c), is satisfied on /. Notice that in
this argument one could have had ¢ = 0. m|

Using similar methods as before, one obtains the following lemma:
Lemma 12: Assume that the symmetric spinor k ap satisfies
kapk®® =0, kapk?® #£0, Vapkcpy =0, Wapc kpyr =0,
on an open subset U C S. Then the algebraic condition (13c¢) is satisfied on U.
Proof: By assumption the « 45 is algebraically special, that is, it has repeated principal spinors.

Thus, there exists 04 such that k4p = 040p. We then complete 04 to a normalized spinor dyad
(04, ta). The equation V 4k cpy = 0 is equivalent to

OAOBOCV(ABOC) = 0, (ASa)
OAOBLCV(ABOC) =0, (A5b)
OALBLCV(ABOC) = O, (ASC)
BV apoc) = 0. (A5d)
These equations imply, in turn, that
Eap = —20AOBLCVCDOD =+ 20(ALB)0CVCD0D. (A6)

The condition \I’(ABCFKD)F = 0 implies that there is a scalar field v such that W 4gcp = Y ou0p0ocop).
Using this together with (A6) yields

Wapc Epyr + 3ka" Ve Uepyrn
= —30A030C0D1ﬁ0P0QLRV(pQ0R)
+ 30(AOBOCLD)¢0P0Q0RV(pQOR). (A7)
Finally using the relations (A5a)—(A5d), we get that the second algebraic condition, Eq. (13c¢), is

satisfied on Uf. O

With the aid of the previous two lemmas, one can provide a proof of Theorem 4 in the main
text.

Proof: Let U; be the set of all points in S where « 4zk*® % 0 and U4, be the set of all points in S
where k45848 # 0. The scalar functions k4 4% : S — C and k45848 : S — R are continuous.
Therefore, U, and U, are open sets. Now, let V; and V;, denote, respectively, the interiors of S \ ¢} and
V1 \ Us. On the open set V; N U, we have that «k 4pc48 = 0 and k4 4% # 0. Hence, by Lemma 12,
the second algebraic condition, Eq. (13c), is satisfied on V; NU,. Similarly, by Lemma 11, the
condition (13c) is satisfied on /. On the open set V,, we have that k 43 = 0 and therefore Eq. (13c)
is trivially satisfied on V. Using the above sets, the 3-manifold S can be split as

intS C Uy U V1 NU) UV, Udl; U V.
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The left hand side of Eq. (13c¢) is continuous and vanishes on the open sets U}, V| NU,, and V;,. By
continuity, it therefore also vanishes on the boundaries dl{; and d),. We can therefore conclude that
(13c) is satisfied everywhere on int S. Again by continuity this extends to S. Finally, using Theorem 2
in Ref. 2, one obtains the existence of a valence 2 Killing spinor on D*(S). m|
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