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Abstract

Starting from an important application of Conformal Yano—Killing tensors for the
existence of global charges in gravity (which has been performed in [17] and [18]),
some new observations at .# " are given. They allow to define asymptotic charges (at
future null infinity) in terms of the Weyl tensor together with their fluxes through #*.
It occurs that some of them play a role of obstructions for the existence of angular
momentum. Moreover, new relations between solutions of the Maxwell equations and
the spin-2 field are given. They are used in the construction of new conserved quantities
which are quadratic in terms of the Weyl tensor. The obtained formulae are similar to
the functionals obtained from the Bel-Robinson tensor.

1 Introduction

The global charges result in a natural way from a geometric formulation of the “Gauss law”
for the gravitational charges, defined in terms of the Riemann tensor. They lead to the
notion of the Conformal Yano-Killing tensor (see [17] and [18]). A Conformal Yano—Killing
(CYK) equation (3.3) possesses twenty-dimensional space of solutions for flat Minkowski
metric in four-dimensional spacetime. There is no obvious correspondence between ten-
dimensional asymptotic Poincaré group and the twenty-dimensional space of CYK tensors.
Only half of them (the four-momentum vector p,, and the angular momentum tensor j,,)
are Poincaré generators. This situation is analogous to that of electrodynamics, where, in
topologically nontrivial regions, we have two charges (electric + magnetic) despite the fact
that the gauge group is only one-dimensional. Let us notice, that for n = 2 (n is the dimen-
sion of spacetime) the space of solutions of the equation (3.3) is infinite and for n = 3 the
corresponding space is only four-dimensional. Possible dimensions are summarized below:

dimension of spacetime | n=2 | n=3 | n=4
dimension of (pseudo)euclidean group 3 6 10
dimension of conformal group 00 10 15
dimension of space of CYK tensors 00 4 20

The above table shows that there is no obvious relation between CYK tensors and the
group. In the most interesting case n = 4 CYK tensors are related to eleven-dimensional
group of Poincaré transformations enlarged by dilatation (pseudo-similarity transforma-
tions). Eleven-dimensional algebra of this group allows us to construct (via the wedge
product) all CYK tensors in Minkowski spacetime.
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A natural application of the CYK tensors to the description of asymptotically flat space-
times was proposed in [17]. It allows us to define an asymptotic charge at spatial infinity
without supertranslation ambiguities. The existence or nonexistence of the corresponding
asymptotic CYK tensors can be chosen as a criterion for the classification of asymptotically
flat spacetimes at spatial infinity. A definition of a strong asymptotic flatness, which was
presented in [17], is strongly related to the notion of asymptotic CYK tensor. According to
this definition, a spacetime is asymptotically flat if it admits maximal (i.e. 14-dimensional)
space of asymptotic solutions of CYK equations. The asymptotic conformal Yano-Killing
tensor introduced in [17] was analyzed for the Schwarzschild metric in [18], and it was
shown that this metric (and other metrics which are asymptotically “Schwarzschildean” up
to O(1/r?) at spatial infinity) is among the metrics fulfilling strong asymptotic conditions.
It is also clear from the result that 14 asymptotic gravitational charges are well defined
on the “Schwarzschildean” background. On the other hand, the concept of the asymptotic
CYK tensor which defines conserved quantity at null infinity is only possible for stationary
spacetimes. Moreover, the news function is an obstruction for the existence of a conserved
quantity associated with asymptotic CYK tensor. However, we show in Section 3.2 that one
can use CYK tensors from Minkowski background metric and define Bondi four-momentum
together with its flux through .#* in terms of the Weyl tensor. It is also shown that the
same construction for angular momentum is possible if we assume that the “ofam” charges
are vanishing (see table in Section 3.2).

We allowed us to remind the reader previous results (in the new extended and improved
form) about CYK tensors to be able to compare them with our new results which we present
in this paper. Here we show the relations between solutions of the spin-2 field equations and
Maxwell fields, and apply these relations for the construction of new conserved quantities
which are quadratic in terms of the Weyl tensor. The obtained formulae are similar to the
functionals obtained with the help of the Bel-Robinson tensor and they should be useful in
Christodoulou-Klainerman [6] method to control asymptotic behaviour of the initial data
in General Relativity.

It also occurs that our new (quadratic in terms of the Weyl tensor) functionals can be
nicely described by a universal object — a new tensor with six indices. We also examine
its formal properties. Our proposition is not included in the several generalizations of the
Bel-Robinson tensor which are called superenergy tensors (see e.g. [23]). One can say that
we propose a new super-tensor with interesting properties.

This paper is organized as follows: In the next Section we remind some basic facts about
spin-2 field. Section 3 contains small review about CYK tensors and their applications to
the asymptotic charges. In Section 4 we show the relation between spin-2 field and Maxwell
field. Section 5 is devoted to the new conserved quantities which are quadratic in terms of
the spin-2 field. To clarify the exposition some of the technical results and proofs have been
shifted to the appendix. Moreover, in Appendix A we have added, for completeness, some
general properties of CYK tensors. We include also the list of symbols in Appendix C.

2 Spin-2 field

Let us start with the standard formulation of a spin-2 field W a, in Minkowski spacetime
equipped with a flat metric n,, and its inverse n*¥. The field W can be also interpreted as
a Weyl tensor for linearized gravity (see [5], [17], [20]).

Definition 1. The following properties:
W,uozuﬁ = Wl/ﬂ,uoz = W[;ux][uﬂ] ) Wu[auﬁ] =0, nHVW,uow,B =0 (21)

can be used as a definition of spin-2 field W.



The x—operation defined as
1 y 1

(Wapys = 5eapuwWrs, (W agys = 5Was" e

has the following properties:

1
(*W*)aﬁ’yé = ZgaﬁunHvaepg’y(;’ *W = W* , *(*W) — W = *W,

where €45 is a Levi-Civita skew-symmetric tensor and *W is called dual spin-2 field. The
above formulae are also valid for general Lorentzian metrics.
Moreover, Bianchi identities play a role of field equations and we have the following

Lemma 1. Field equations

VisWjap =0 (2.2)
are equivalent to

V”Wuya@ =0 or V[)\*Wuy]aﬁ =0 or V“ *Wuyaﬁ =0.

The equations in the above Lemma are also valid for any Ricci flat metric and its Weyl
tensor.

3 Conformal Yano—Killing tensors

Let Q.. be a skew-symmetric tensor field. Contracting the Weyl tensor WHYEA with Quv
we obtain a natural object which can be integrated over two-surfaces. The result does not
depend on the choice of the surface if (), fulfills the following condition introduced by
Penrose (see [21] and [15]):

Q)\(K;o) - Qli(/\;a') + na[AQn]é;é =0. (31)

Following [17] one can rewrite equation (3.1) in a generalized form for n-dimensional space-
time with metric g,,:

3
Q)\(K;U) - Qn()\;a) + mga[)\Qn]é;é =0 (32)
or in the equivalent form:
2
Q)\/{;a + Qm{;)\ = m (go)\QVn;u + gn(AQo)“;u) . (33)

Let us define

Q/\HO'(Q7g) = Q/\f'i;o' + QU&;A -

n_1 (gokQUﬁ;V + gn(AQU)#;u) (34)

Definition 2. A skew-symmetric tensor @, is a conformal Yano—Killing tensor (or simply
CYK tensor) for the metric g iff Qaxo(Q,g) = 0.

The CYK tensor is a natural generalization of the Yano tensor! (see [3], [14] and [27])
with respect to the conformal rescalings. More precisely, for any positive scalar function

LA Yano tensor (often called Killing-Yano) fulfills stronger equation Qxy;s + Qor;x = 0 (ie. (3.3) with
vanishing right-hand side), hence every Yano tensor is a CYK tensor but not vice versa. The classification of
Killing-Yano tensors is given by Dietz and Rudiger in [11] where they also consider canonical line elements
of the metrics admitting KY tensors (cf. [9], [16]). A similar problems for CYK tensors seems to be not yet
solved. Several interesting applications of Killing-Yano tensors are proposed in [1], [22], [25], [26]. One can
also construct a scalar potentials for the Maxwell and massless Dirac equations by using CYK tensors (see

(2])-



Q > 0 and for a given metric g,, we obtain:

Qno (@, 9) = Q77 Qo (2°Q, %) . (3.5)
The formula (3.5) and the above definition of CYK tensor gives the following

Theorem 1. If Q,, is a CYK tensor for the metric g, than Q3Q,. is a CYK tensor for
the conformally rescaled metric Q2g,,,.

It is interesting to notice, that a tensor A, — a “square” of the CYK tensor Q,,, defined
as follows:

A;,w = QMAQXV

fulfills the following equation:

. 2
A(HD;K) = g(puAn) with AH = m@n/\@)\a;é (36)

which simply means that the symmetric tensor A, is a conformal Killing tensor. This can
be also described by the following

Theorem 2. If Q. is a skew-symmetric conformal Yano-Killing tensor than A, :=
QH)‘QA,, is a symmetric conformal Killing tensor.

Remark We show at the end of Appendix A that CYK tensor is a solution of the following
conformally invariant equation:

O+ gRIQ= 5@, ).

Moreover, we show in the same Appendix that if @) is a CYK tensor and the metric is Ricci
flat then K* := Q" ., is a Killing vector field.

For our purposes we need to specify the formulae (3.2) and (3.3) to the special case of
the flat four-dimensional Minkowski space (gW = Ny, N = 4). In this simple situation the
general CYK tensor assumes the following form in Cartesian coordinates (z*):

1
QM = ¢ + 2ultgVl — et it — ik“”x)\x’\ + 2k gty (3.7)

where ¢"¥, k*¥ are constant skew-symmetric tensors and u”, v* are constant vectors.
It is easy to verify that the charge given by @, is well defined. Indeed, we have:

/ W“V)\RQ)\KdSMV — / (WILD)\HQ/\H),V dZM —
ov \%

= / (Wﬂu}\l{w Q}\H + WHU)\KQ}\KZ?I/ )dzu = 07
\4

where the first term vanishes because of the field equations and the second term vanishes
because of the symmetries of the Weyl tensor and because of equation (3.1). The above
equality implies that the flux of the quantity W****Q,,, through any two closed two-surfaces
S7 and Sy is the same if there is a three-volume V between them (i.e. if 9V = 571 U S3). We
define the charge corresponding to the specific CYK tensor ) as the value of this flux.

For any skew-symmetric tensor ¢y, let us define its dual t¥ , as follows:

nv

. 1
th, = QeWMtM.



The above construction applied to the dual spin-2 field *W
/ *W#DARQ)\HdSNV —_ / W#VAHQ*AHdSHV
s s

(cf. (4.3)) does not give more charges because the dual tensor @* has the same form (3.7)
with the following interchange:

g+— ¢ k— k' u—nv.

Although, for generic metric, CYK equation is not invariant with respect to the x—operation
the space of solutions in Minkowski spacetime is closed with respect to Hodge dual. We can
summarize this property by the following

Lemma 2. If Q is a CYK tensor in Minkowski spacetime than the dual tensor Q* possesses
also a CYK property.

Let us also observe that the solutions of equation (3.7) form a twenty-dimensional vector
space. This means that

Lemma 3. A dimension of the space of CYK tensors in Minkowski spacetime is 20.

Remark The Theorem 1 implies that the above Lemma is also true for any conformally flat
metric.
Let D be a generator of dilatations in Minkowski spacetime. The generators

) ) ) , 0

= oo Ly, = x#—axu — ry—axﬂ , = Ere

(3.8)

of pseudo-similarity group (Poincaré group extended by scaling transformation) obey the
following commutation relations:

[T T] =0, [Zwﬁaﬁ] :77#07—5_77#57&’ [%71)] :%? [D7['aﬁ] =0,

wy v

[E,uua »Caﬁ] = n#a»cﬁu - nyﬁﬁau + nua»c,uﬁ - nuﬂc,ua .
The above algebra allows us to define a natural basis in the twenty-dimensional space of
CYK tensors in Minkowski spacetime: 7, AT, DAT,, (DAT,)*, DALy, —5n(D, D)1, AT,
with p < v.
The following conserved quantities has been introduced in [17]:

1
— T, AT, .
W= gm [ WETAT) (3.9)
e 2 rwaroaT) = — [ wrT AT
w =T v) = T v
g 167'(' ox H 16’/T on K
1
= | woonrT, 3.10
Pui= 167 oo WP AT (3.10)
1
b= — | *W(DAT, 3.11
" 167T £y ( H) ( )
1 1
P DA Ly — ~0(D,D)T, AT, 12
=16 [ W (DAL= Ju@. DT AT, (3.12)
1 1
e [ W (DAL — 20D DT, AT,
]py 1677/82 W( /\‘C# 277( )N/\ )



The conservation law for the charge w,, is a consequence of field equations:

WMVAHdUHV = /(WMV)\H)W dE# = 0
)3 b}

For p* and b* we obtain the conservation laws from the following observation:
/ P WH yodoy, = / (AW s 0, W3, ) B, = 0
)y by

(the same holds for *W).
For j*¥ the corresponding identities are as follows:

1
/ (a:AW‘“’)‘”xé — WA g izAxAW’“"M)dUW =
()]

1
_ / (.%‘/\WMV/\KLL'(S _ .T,\W“V)\(S.’L'K _ ixkx)\wuu&i)w dzu —
by
_ / (‘T/\WM(;AR _ x}\wumké _ LU)\WM/\(SK)dEH —
b

_ / x}\(wué)\m + Wp,mi)\ + WMAMS)dEM =0.
by

The charge p* is called energy-momentum four-vector or shortly four-momentum, j** —
angular momentum tensor and b* — dual four-momentum. Moreover, w*” vanishes if we
assume that W = O (%3) Hence only 14 charges remain when we pass to the limit at
spatial infinity. However, we don’t know any local argument (i.e. using only field equations)
for the vanishing of the charge w*”. We will also show in the sequel that it plays a crucial
role for the existence of angular momentum at future null infinity.

3.1 Asymptotic Conformal Yano—Killing tensors at spatial infinity

Let us restrict ourselves to the case of a Lorentzian manifold M of dimension 4. Consider an
asymptotically flat spacetime at spatial infinity, fulfilling the Einstein equations. Moreover,
suppose that the energy-momentum tensor of the matter vanishes around spatial infinity
(“compactly supported sources”). Let us analyze this situation in terms of an asymptotically
flat coordinate system. We suppose that there exists an (asymptotically Minkowskian)
coordinate system (z#):

Guv — Npv = 0(7‘71) Juv,x = 0(7172)
3 1/2
where r := (Zk:l(xk)2) :
For a general asymptotically flat metric we cannot expect that the CYK equation (3.3)

admit any solution. Instead, we assume that the tensor Q.. (@, g) (cf. (3.4)) has a certain
asymptotic behaviour at spatial infinity

Qlti})\ = O(T_C) ) c>0. (313)
Following [18], suppose that the Riemann tensor R, . behaves asymptotically as follows:
R[}.l/l{)\ = O(""izid) s d>0.

It can be easily checked (see e.g. [15]) that the vacuum Einstein equations imply the equality:

1
Va (*R*”)\aBQDﬁ) = 3B Qup (3:.14)



The left-hand side of (3.14) defines an asymptotic global charge provided that the right-
hand side vanishes sufficiently fast at infinity. It is easy to check that, for this purpose, the
exponents ¢, d have to fulfill the inequality ¢+ d > 1. In a typical situation when d = 1, the
above inequality simply means that ¢ > 0. In this case a weaker condition is also possible
(for example Q,,x = O((Inr)~'7¢) with € > 0). Moreover, when @ is a CYK tensor (i.e.
Qv vanishes) the formula (3.14) gives an exact charge (not only asymptotic):

Lemma 4. If Q is a CYK tensor for the Ricci flat metric g and R is its Riemann tensor
than the integral

I(Q) ::/*R*N/\aﬂQaﬁdSu)\
S

does not depend on the choice of the closed surface S.

More precisely, it gives the same number for two “spherical” surfaces which can be
connected by three-dimensional volume which is located in the Ricci flat region.

Definition 3. An Asymptotic Conformal Yano—Killing tensor (ACYK tensor) for the asymp-
totically flat metric g is a skew-symmetric tensor Q. such that Q.1 (Q,g) — 0 at spatial
infinity.

Suppose that @, behaves at spatial infinity as follows Q,, = O(r%), Qan,e = O(r*™1).

For constructing the ACYK tensor, we can begin with the solutions of (3.1) in flat
Minkowski space. The asymptotic behaviour of ACYK tensors for the flat metric explains
the following behaviour in general case:

Q/u/ = (2)Quu + (I)Quu + (O)Quu

where ?Q,,, = O(r?), VQ,, = O(r) and Q,,, = O(r'~°).

It is easy to verify that a < d is sufficient for the convergence of the integral I(Q) from
Lemma 4. In particular, for a = 1 — ¢ the integral 1 ((O)Q) vanishes if we assume that d = 1.
Moreover, for d = a = 1 any (NQ uv gives finite limit at spatial infinity for the surface integral
I(Q) but the ACYK property is needed to be sure that this limit does not depend on the
sequence of two-dim. spheres approaching spatial infinity. These considerations show that
the energy-momentum four-vector and the dual one are well defined for any asymptotically
flat spacetime.

The situation becomes less trivial when we pass to the case of (2)62”,, which corresponds to
angular momentum. The integral I((2)Q) for a generic (2)62“,, is divergent but if ACYK prop-
erty for (AQ v is fulfilled it has to converge (the divergent part of the integrand in Lemma
4 integrates to zero). However, the existence of nontrivial (Z)QW with ACYK property for
any asymptotically flat spacetime is not obvious? and this is the origin of the difficulties
with the definition of the angular momentum.

We proposed in [17] a stronger definition of the asymptotic flatness. This definition is
motivated by the above discussion.

Suppose that there exists a coordinate system (z*) such that:

Guv =My = O(r™1), T =0(7?), Ruper = 0(r™%).

In the space of ACYK tensors fulfilling the asymptotic condition

2 _
Qxrio + Qorin — 3 (gaAQyn;v + gn(AQU)M;M) = Qxko = O(r 1) (3.15)

2Let us notice that the first derivatives of (UQ,, are finite ((VQuu.c = O(1)) so it is easy to believe
that for particular (1)QW some combinations (in our case Q,,,, ) of the first derivatives may have better

asymptotics and they vanish at spatial infinity. On the other hand (2>Qm,yg = O(r) and now we need to
lower more than one order which is harder.



we define the following equivalence relation:

Qv =Q,, < Qu —Q,, =0(1) (3.16)

for r — oo. We assume that the space of equivalence classes defined by (3.15) and (3.16)
has a finite dimension D as a vector space.

Definition 4. A spacetime is strongly asymptotically flat at spatial infinity iff the number D
of gauge equivalence classes of relation (3.16) equals 14 and the total dual four-momentum
b* vanishes.

It was shown in [18] that the Schwarzschildean metrics® are examples of strongly asymp-
totically flat spacetimes and they possess the full set of 14 asymptotic CYK tensors. The
maximal dimension D = 14 corresponds to the situation where there are no supertranslation
problems in the definition of a total angular momentum at spatial infinity. In the case of
spacetimes for which D < 14 the lack of certain ACYK tensor means that the corresponding
asymptotic charge is not well defined. The example of Kerr-NUT spacetime analyzed in
[18] suggests that we should also assume that the asymptotic dual four-momentum b* is
vanishing.

3.2 Non-conserved charges at future null infinity

The equality (3.14) rewritten in terms of the Weyl tensor for the Einstein vacuum metric
can be also used in the radiating regime. Let us fix the conventions related to conformal
rescaling (see e.g. [12]) at .#T. The non-physical metric we denote by § and the physical
metric by g. They are conformally related as follows

G =L, PGV =g"" Wn(@) = Wunl9),

where W is the Weyl tensor for the metric §. Moreover, from (3.5) we have
Qo (@,9) = 070 (Q.9),  Q7(Q,9) = 2*QM(Q,9),

where the corresponding rescaled CYK tensors are defined as follows (cf. Theorem 1)
Qap:=2Qas, Q™ =071Q.

From above formulae we can examine the conformal rescalings of the equation
1
Vs (WkuaﬁQaﬁ) _ gWM)\aﬁ Qapr (3.17)

which is equivalent to (3.14) for Einstein vacuum metric. Let us observe that the right-hand
side

WHaQ™NQ, g) = BPWH 0307 (3.18)

of the formula (3.17) can be interpreted as the flux of the quantity
1) i= [ W05Q°d5,
s

which is defined by the surface integral (the left-hand side of (3.17)). We assume that two-
surface S is a sphere and it is close to null infinity. We have the following transformation
rules for the corresponding densities with respect to the conformal rescalings:

V—det gWHA 5Q%%(g) = /— det gQTITWHA 507 (9) . (3.19)

3e.g. Kerr metric is included in this group. Moreover, according to [7] and [10] there exist a non-trivial
class of metrics which are Schwarzschildean.




Moreover, the flux transforms in the similar way

V= det g W 5Q%N(Q, 9) = /= det GO 5,5Q°, (3.20)

and the asymptotic behaviour
Whiap =0(Q) Q" =0(1) = Q" (3.21)

gives the finite integrals at .# . The formulae (3.19-3.20) allow us to define the flux of the
energy (or other quantity associated with Q) through the piece of #T between any two
cross-sections of the null infinity. More precisely, let s; : S2 — £+ for i = 1,2 be two
different cross-sections of £+ such that there exists N C £+ with ON = s5(5?) U 51(S?).
Then we have

I(s2) = I(s1) = /aN V=det gQTIWHA L 5QP0, AN dY° AL A dyP =

1 - ~
-3 / Vet g 05020, |y A ... A dy? = (flux through N) (3.22)
N
In Minkowski spacetime for Q =z = % we have
Nudzhdz” = —z2du? + 2dudz + ﬁAdeAdyB (3.23)
0,0, = x20,0, + 20,0, +h*P040p (3.24)
and the corresponding CYK tensors take the following form:
charge Poincaré Q Q
ofam — T NTo U7AdyA Adx
ofam — T N1, sABf),deA A dx
energy time transl. D AT du A dx
linear mom. | space transl. D ATy vdu A dz
1
angular rotation DALy — 533“30”776 AT | eaPt pdy? A (z71dx + du)
momentum +%@<€A3dyA A dy®
1
static moment boost DA Loy, — 553“9%76 AT v7AdyA A (z71dz + du)

where v = #& ) = 5klm% are dipole functions on a sphere S? which is parameterized by co-

ordinates y. The above asymptotics (at future null infinity) for CYK tensors in Minkowski

spacetime, provided for any asymptotically flat manifold, suggest that the energy-momentum

four-vector and its density of flux (3.20) is always finite (Q = O(1)) but for angular momen-

tum, in general, we may have divergences (Q = O(Q2~1)). The extra condition for finiteness

of angular momentum at .# T is related with the term:

N - { x_2V~VWA“”v’A +0(1) for boost
W Qaﬁ - —27i/uzAz~ B :

x W €a”0p+ O(1) for rotation

and it becomes finite if we assume that dipole part*

dip (WwAr) — 0(z?). (3.25)

4The dipole part of a vector field on S? is its orthogonal projection onto the six-dimensional space of
conformal vector fields which is simultaneously a “first” eigenspace (with unit eigenvalue) for Laplace—
Beltrami operator A (see also Appendix E in [20]).




This also means that ofam-charges are obstructions for the existence of angular momentum
at .# . The asymptotic conditions which guarantee finiteness of the four-momentum at fu-

ture null infinity are as follows: energy — mon (:E*lW“z““’) = 0O(1)%, linear momentum —
dip (:cflwum) = O(1) and they are fulfilled for any asymptotically flat spacetime satisfy-

ing (3.21). However, for angular momentum the asymptotic condition dip (x_2W“””A“’ =

O(1) is an extra assumption which is fulfilled for Bondi metrics (see [8] p. 91, [24]) but it is
not obvious (see also [15]). More precisely, for Bondi metric in the asymptotic form given
in Section 5.6 of [8] we obtain

AT — m*lg”g”g}f“BW“uBu + higher order terms

and the main asymptotic term takes the following form

= 1
pTtWerAT o eI pABY b~ —2729,U4 = §BUXAB||B +O(x).

Hence, the asymptotics of 271 W4¥4% at #+ corresponds to %(%XAB | and the dipole part
of XABH p vanishes because x5 is a traceless symmetric tensor on a unit sphere (see also
Appendix E in [20]).

The corresponding components of the Weyl field in linearized gravity derived from (B.1)
(presented in Appendix) are the following:

o =, 9Ty
WA ) = d,x, 217[/‘"””,4”35‘43 =0y
Moreover, in linearized theory
dip (0yx) = 0 = dip (0yy) -

The condition (3.25) means that zero from the linear case should be replaced (in nonlinear
case) by higher order asymptotics.

4 Spin-2 field + CYK tensor — Maxwell field

Let us define a skew-symmetric tensor
F;Ll/(m Q) = W,LLV)\K/Q)\K 5 (41)
where W is the spin-2 field and @ is the CYK tensor.

Theorem 3. For any spin-2 field W satisfying field equations (2.2) and any CYK tensor
Q in Minkowski spacetime the skew-symmetric tensor F,, (two-form F) defined by (4.1)
Sulfills vacuum Mazwell equations i.e.

dF =0 =dF* <= V" =0=V, ",

*uA _ 1 _pulpo
where F' = 3¢ Fy.

5By mon we denote monopole part of a scalar field on S? i.e. its orthogonal projection onto the one-
dimensional kernel of Laplace-Beltrami operator A (see also Appendix E in [20]).
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Proof. This is a simple consequence of the spin-2 field equations and the definition of CYK
tensor. More precisely, from (3.14) we have

0=-Va\ (W*#AaﬂQaﬂ) =V (WH,5Q%F) = VAF*" (W, Q), (4.2)
so half of Maxwell equations are proved. Moreover,
F*#A(W Q) — *Wu)\aﬁQaﬂ _ W*#AaﬁQaB _ Wu)\aﬂQ*aﬁ _ F;L/\(W Q*) (4.3)

and if @ is a CYK tensor than Q* is also a CYK tensor (Lemma 2) hence from (4.2) and
(4.3) we get the second half of Maxwell equations:
0= VAF"™ W, Q") = VAF*" W, Q). O

This way for each spin-2 field we can assign 20 linearly independent Maxwell fields. Each
of them may carry electric charge which is described by (3.9-3.12). Moreover, we can define
standard energy-momentum tensor for each of them which is obviously quadratic in terms
of F so it would be also quadratic in terms of WW. This phenomenon is presented in the next
section.

The Theorem 3 can be generalized for Ricci flat metric, but we have to add an assumption
that @* is a CYK tensor because the Lemma 2 is no longer valid in this case.

5 Conserved quantities as quadratic polynomials in terms
of spin-2 field

Let us start with the standard definition of energy-momentum tensor for Maxwell field F':

1 1
TE,V[(F) = 3 (FuoF)7 + F* 1o F*°) = Fuo F,7 — Zgw,ngng (5.1)
The energy-momentum tensor 7,7)'(F) is symmetric, traceless and satisfies the following
positivity condition:

for any non-spacelike future-directed vector fields X,Y" we have T} (F)X*Y" > 0.
Straightforward from the definition we get

T (F) =T, (F"). (5.2)
Moreover, if F' is a Maxwell field than
VHT(F) =0, (5.3)

and if X is a conformal Killing vector field than the quantity
CQPY(X,5; F) := / T Xrdyy
b

defines a global conserved quantity for the spacelike hypersurface Y with the end at spacelike
infinity.

Let us restrict ourselves to the spacelike hyperplanes ¥; := {x € M : 2% =t = const}.
We use the following convention for indices: (z*) u =0,...,3 are Cartesian coordinates in
Minkowski spacetime, z° denotes temporal coordinate and (z*) k = 1,2,3 are coordinates
on the spacelike surface ;. If the quantity CQ”™ (X, ;) is finite for ¢ = 0 than it is constant
in time. If we want to get a positive definite integral CQ*", we have to restrict ourselves to
the case of non-spacelike field X. We can choose time translation 7y or time-like conformal
acceleration Ky, where

K, = —-2x,D+ 22,7, (5.4)
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is a set of four “pure” conformal Killing vector fields which should be added to the eleven
fields 3.8 to obtain the full 15-dimensional algebra of conformal group. This way we get

Theorem 4. There are two conserved (in time) positive definite integrals CQ= (7o, X¢; F)
and CQ"M (Ko, X¢; F) for the field F' satisfying vacuum Mazwell equations.

Proof. This is a simple consequence of (5.3) and traceless property of T which implies

v (Tf},‘“X ”) = 0 for any conformal Killing vector field X. O
Following [5], for the Bel-Robinson tensor defined as follows

o= Wipro WP 37 + W7 e WP\ (5.5)

= WaoWls” + Wapra W — < gpuur Wasss W0 (5.6)

where W is a spin-2 field, one can find a natural generalization of the Theorem 4 which
is a consequence of the properties similar to 5.3. More precisely, T/ is symmetric and
traceless in all pairs of indices. Moreover,

TN (W) = T (W),
and if W is a spin-2 field than
VAT (W) =0. (5.7)

UVAR

If X,Y, Z are conformal Killing vector fields than the quantity

CQP™(X,Y,Z,%; W) := / e XHYY ZA D"
pon
defines a global charge at time ¢. The quantity T2%(X,Y, Z,T) is non-negative for any non-
spacelike future-directed vector fields X, Y, Z, T whenever at most two of the vector fields

are distinct. From above properties we obtain an extension of the Theorem 4 for the case
of spin-2 field W:

Theorem 5. There are four conserved (in time) positive definite integrals
OQBR(/T(M 76’ ,]67 Zt7 W)7 CQBR(,CO7 767 76’ Etv W)7 CQBR(KOa KO? 767 Zta W)
and CQPR (Ko, Ko, Ko, Z¢; W) for the spin-2 field W satisfying field equations (2.2).

Proof. Similarly as in the Theorem 4, from (5.7) and traceless property of T2% we get

vH# (TigAKX’“Y”ZA) = 0 for any conformal Killing vector fields X, Y, Z. O

Although the last integral CQ"" (K, Ko, Ko, Xt; W) was not considered by Christodoulou
and Klainerman, it seems to be natural to include this quantity in the above Theorem.

We propose the following generalization of the above considerations, namely, let us apply
Maxwell field F' defined by (4.1) into Theorem 4. Hence for any spin-2 field W satisfying field
equations and for each CYK tensor ) we obtain two conserved positive definite quantities:
CQ"M (7o, Xp; F(W,Q)) and CQ"M (Ko, Xt; F(W, Q)). Because of the duality property (5.2)
for T and Lemma 2 the number of the functionals CQ** reduces to 2 -20/2 = 20. We
will show in the sequel that not all of them are independent and they fulfill some relations
(cf. (5.17-5.20)). Let us denote by © the following functional:

O(X,V;Q) == /VCE T (F(W, Q) X*ds (5.8)

It seems natural to consider the following question:

what is the relation between four conserved quantities CQP" from Theorem 5 and our func-
tionals © ¢

The answer is very simple:

12



Theorem 6. The four conserved quantities CQP" from Theorem 5 are contained in our

functionals ©.

This problem can be easier analyzed if we pass to 3+1-decomposition of the spin-2 field.
The ten independent components of W split into two 3-dimensional traceless tensors: electric

part
EX,)Y):=W(X,7y,7,Y)
and magnetic part
H(X,Y) =W (X, T0, T, Y).
and the full spin-2 field W expresses in terms of £ and H as follows:
Wokio = Erts, Wokij = Hieli; s Whiimn = €' e’ mnEij - (5.9)
Let us notice that on the surface Xg = {2° =t = 0} the vector fields Ky and 7 are parallel:
Ko(t =0) =Ty = r?0;

and obviously the CYK tensor D A 7y = rd, A Oy where r is a radial coordinate. The above
observations give the following result for our integrands on the surface t = 0:

T2 (Ko, To, F(W, Q) = r*T* (To, Ty, F(W, Q) (5.10)
T (To, To, FW, T, AN Tp)) = % i (EwE"; + Hy, HY)) (5.11)
k=1
T (To, To, F(W,D A Tp)) = %7‘2 (B E*, + Hy HY,) (5.12)
T (To, To, F(W,D A T;)) = % v 40, 5P (Bro EX p + Hyc H p) (5.13)
where v = 2.
5 (To, To, F(W, D A Lo; — %x#xﬂ% AT)) = (5.14)

(kaT — T’UHAEkA)(’UEkT — rv||BEkB) + (kaT — TUHCHkC)(UH]W — rvHDHkD)

T%"(Ko, Ko, Ko, To) = 1*T"%(Ko,Ko,To,To) = r*T"% (Ko, 70,70, To)
= T""(To, 7o, To, To) (5.15)

T°%(To,70,70,70) = EE + Hyy HM

In Appendix B we present the details how the conserved quantities CQ?™ are included in ©.
In particular, the above formulae integrated by parts on each sphere S(r) give the following
relations between corresponding functionals:

/TBR(%,TO,TO,% - 22/ To (T, Ty, FOW, T A T))d% (5.16)
3o
3
/TBR(ICO,TO,TO,’ZI))dS:c = 22/ TM (Ko, To, F(W, T, A Tp) ) d3a (5.17)
E(] k=1 E(]
= 22/ T (T, To, F(W, T, AD))d*x (5.18)
pn=0
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3

/TBR(ICO,KO,TO,%)d% = 22/ T (Ko, To, F(W,T,, AD))d’x (5.19)

3o =0 3o
> 1

= 22/2 TEM(TO,TO,F(W,DMOFix%mATi))d% (5.20)

i=1

3
1
/E TP (Ko, Ko, Ko, To)d*z = 22/2 T2 (Ko, To, F(W, D A Lo — a'a, Ty A Ty) ) d*a
0 i=1 0
(5.21)

The formulae (5.16-5.21) imply the Theorem 6. It is also clear from (5.17-5.20) that not all
twenty functionals © are linearly independent. Although we have only checked the linear
dependence at ¢ = 0 the conservation law implies that they are related in the same way at
any time ¢ (provided they are finite).

Remark The following problem should be examined: How many independent functionals ©
do exist for a generic spin-2 field?

We leave this problem opened, however, we show below (for some examples of © functionals)
the method which should lead to the answer to the above question.

We should remember that the electric and magnetic tensors on X are not free, they are
constrained by the following equations

EM,=0, HM;=0 (5.22)

which are simply tangent to ¥ parts of spin-2 field equations (2.2). This means that one
should examine the integrals © and CQ”” in terms of the unconstrained degrees of freedom
which are no longer constrained. This can be done in a systematic way, using quasi-local
variables x = 2W(’ZI),D7D,'ZZ)) and y = 2*W(’ZB,D,D,76) which are extensively used in
[19] and [20]. The full spin-2 field W on surface ¥ expresses in terms of Cauchy data
X, JoX,y, doy due to the following Theorem proposed in [20]:

Theorem 7. The linearized Riemann tensor for the vacuum FEinstein equations depends
quasilocally on the invariants (x,y) which contain the full information about the linearized
gravitational field. Moreover, the invariants x and 'y fulfill usual wave equation.

The precise form of the Weyl field is given in Appendix B. In particular, electric part
E; expresses in terms of x, dyy:

1 1 1
1B, = —r*n*BEp = 7% e P E, 4 = 5303’, rPE™ 4 = —537-(7“?()

and two-dimensional traceless part E‘ AB = Eap — %77,4 BnCD Ecp is given by (B.7) and
(B.8). Similarly magnetic part Hy; depends on y, dox:

1 1 1
r?’Hyp = —r*n*PHyp = 3 r?e"P H, g4 = 550X, rPH™) 4 = —iar(TY)

and traceless part IO{AB is given by (B.12) and (B.13). Hence all these components of the
spin-2 field inserted into T2*# and integrated by parts (see Appendix B) give the following
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result:
= / TBR K07,T(J77'0376) (523)

(BB + Hiy H*)r? sin 0drdody (5.24)

= 5/‘/((TX)(—A)’1(7“5<)+8T(rx)(—A)*1aT(TX)+X2

+(ry)(—=A) T (ry) + 0. (ry)(—A) 710, (ry) +y2)drsin0d9dgo+

% / [a (%) A"H(A +2)719,(r2%) + %XQ (5.25)
(0,0, (1)) + ;Ax)A_l(A +2)7 (9, 1, ()] + %Ax)

F@ 0. (ry)] + 5 AY)ATA +2) 7 (0,150, (ry)] + 5 AY)

+0,.(r*y) ATHA +2) 710, (rPy) + %yﬂ dr sin 6d0dp

where by dot we have denoted as usual time derivative and similarly we analyze:

9[) = / TEM(’]?]’%jF(W'D/\’]B))d?’x
Vv

— % / r? (E;WE’" + Her]”) 72 sin fdrdfde
%
1
= Z/ (80(rx)(—A)_180(rx) + 0p(rx) (= A) 0, (rx) 4+ x2 (5.26)
%

+00(ry)(—=A) 0o (ry) + O (ry) (= A) 0. (ry) + y2>dr sin 6dfde .

The above reduced expressions for the close to each other quadratic functionals® show the
differences between them, in particular, CQ{" contains second derivatives of the reduced
data x,y. This is also a typical attribute of all functionals associated to the densities
(5.11-5.14) except © built from (5.12). In our opinion the functional (5.26) seems to be the
most natural one because it contains only first (radial and time) derivative of our quasi-local
variables. Moreover, one can easily check the conservation law for compactly supported data
straightforward from the wave equation which is fulfilled by our quasi-local unconstrained
degrees of freedom (see Appendix B). The functional ©g is also very close to the energy
functional proposed in [19] which takes the following form in Minkowski spacetime:

1
8TH = 1/ [(m)A (A+2)7'(rx) + (ry) A" (A +2) 7 (ry) +
b
+ (rx) sATHA +2) 7 (rx) 3 — x(A +2) " Ix + (5.27)
+ (ry)sA7 (A +2)" N (ry) 3 — y(A +2)"'y|drsin6dfde.
The integrals (5.26) and (5.27) differ by the operator (A + 2)~! hence for each spherical
mode (i.e. after spherical harmonics decomposition) they are proportional to each other.
In nonlinear case the quadratic functionals (5.8) should be useful in the so called exte-

rior initial value problems (V = X\ B(0, R)) and they should allow to control asymptotic
behaviour of the various components of the Weyl tensor.

6The other expressions may differ also by certain power of r according to (5.10) and (5.15).
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5.1 Natural (super-)tensor

Let us consider a tensor

1 * * O * * O
Tiwvapys = 5 WaoapWoT 5 + WiarsWoap + WioapW 05 + W iors W07 ap) (5.28)

which is naturally related to our new conserved quantities by the following equality

1

TfyM(F(Q)) = iTuuaﬁ'ﬂiQaﬁQ’yé .

Tensor T has the following properties:
Tywapys = Tysas = Tyw)iapivsl s Tuvaprsg™” =0 (5.29)

which are simple consequences of the definition (5.28) and spin-2 field properties. Moreover,
T is related with Bel-Robinson tensor as follows

gﬁéTlﬂ’aﬁ’Y‘s = T;fVRa'y .
One can also show the following properties of tensor 7"
VT wapys =0, Tupaspys = 0. (5.30)

Proof. The divergence-free property for T is a consequence of spin-2 field equations which
simultaneously hold for W and W*, hence we get

1 * O *

VMTW&BMF = Zvv (WWQHWMMY +w apW #675) =0
where the last equality is a consequence of the following formula

W“”agwumg + W*”"(wW*WWg =0
which is equivalent to traceless attribute of T' in (5.29) and can be easily checked from
properties of spin-2 field with respect to *—operation (e.g. > = —1). The second equality
in (5.30) is implied by the Bianchi identity for W and W™*. O

The above properties of tensor T" allow us to check the following final

Theorem 8. If P, are CYK tensors, X is a conformal vector field and T obeys the
properties (5.29) and (5.30) then

VH (Tvaprs XY P*PQY) = 0.
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A General properties of conformal Yano—Killing ten-
sors

In this appendix, following [18], we remind some general identities for Killing vector fields
and conformal Killing vectors together with the CYK tensors properties.
Let M be a differential manifold of dimension n > 1 with a riemannian or pseudorieman-

@

nian metric g,,. By “” we denote the covariant derivative associated with the Levi-Civita
connection, and by R, we denote the curvature Riemann tensor. R, is the Ricci tensor.
If we have a tensor object 7' ... then by T (,,)... we denote the symmetric part and

by T’ [uu)... the skewsymmetric part of T’ ... with respect to the pair of indices uv. The
indices are raised and lowered with respect to the metric g, or its inverse.
A.1 Killing vectors
The Killing vector field X* on M can be defined as a solution of the following equation:

X>\;H+X“;A:0. (Al)
Let us write explicitly three similar identities for any covector field X,:

XA;;U/ - X/\;l/u = XURUMW

Xp,;)\u - X/,L;l//\ = XURU;L)\V

XV;)\;J, - XV;p,/\ = XURUV)\M
From the above equalities we can derive as follows:

72Xﬂ;”>\ - (XA;W + XM)\V) - (X>\§V# + XV;M) + (XV;;M + Xu;vk) - QX,u;vA =

= (XA:,W - XA;VM) + (Xlt?)\l’ - X/MV)\) - (XV;)\M - XV;/M) =

=X, (RU/\[U/ + Rau)\u - RUV)\M) =

=-X, (RU)\MV + Rguyk + RUVAM) + QXURJ)\MV = —QXURU)\VM .
The above manipulations lead to the following second order equation:

Xp,;u/\ = XURU/\V/J, . (A2)
The trace of the above equality gives:

Xpng™ = XoR% ), = —X, R, (A.3)
So, if the Ricci tensor vanishes than any covector Killing field X, is a harmonic one-form:

X", = —X,R%, =0.

A.2 Conformal Killing vectors
A natural conformal generalization of the equation (A.1) has the following form:
2 (o}
ZA;/L + Z[L;>\ - EgA,U.Z o = 0.

The solution Z* of this equation we call conformal Killing vector field. Let us denote
Z :=7°%,,. We can perform the similar trick as for Killing vectors, namely:

ZA;,ul/ + Z,u;)\l/ - Z)\;u,u - Zy;)\,u + Zy;,uA + Z,u;uA - QZ,u;l/)\ = 72ZJRU>\V/.L )
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and we obtain the following expression for second derivatives:

1
Zp;uA + E (g)\VZ;M - g/\p,Z;z/ - g,uVZ;)\) = ZO'RU)\V;L . (A4)
Taking the trace in the indices uA we get

TPy — Zoy = Zy R,

3

which is trivial if we remember that Z = Z7,.
The trace with respect to the indices uv in equation (A.4) gives the identity, but the
trace with respect to v leads to the result:

n—2

Z, + Z, = —ZsR%,,. (A.5)

If we take the derivative with respect to the index p (a contraction) in equation (A.4)
and perform some further straightforward manipulations, we obtain the following result:

1 .
Z;)\V + QZU;(ARU)G’ + ZUR)\V;U + E (g)\VZ’Mp, - Z;V)\ - Z;)\V) =0. (AG)
We can also take a trace in (A.6):

. 2
Zh, 4 27(?@?1— 5 <nZR + Z"R;J) =0,

where we used the following identity for the conformal vector field:
ZR =nZ,, R" .
And finally the second derivatives of Z fulfill the property:

-2 1 1 1
u Z')\V - 1g>\u <nZR + 2ZGR;U) + ZJR)\V;J + QZU;(,\RV)U =0.

i n —

n

A.3 CYK tensors

2
f)\,u;u + fwt;/\ = m (gu)\fa,u;a + gu()\fu)g;cr) (A7)

According to the Definition 2 the skew-symmetric tensor f,, fulfilling the equation (A.7)
we call the conformal Yano—Killing tensor.
Let us denote fy := f4.». By the similar trick as for (A.2) and (A.4) we get:

2

2f)\n;u,u = m (g)\ufn;u + gu)\fre;u - g,uufn;A - gn(Afu);u + gﬁ(p,fu);)\ - gl‘i(l/f)\);u) +

+fa)\Ran,u,l/ + fo’p,Ran)\u + fo’uRan)\u + 2fUI€Ra}LV)\ . (AS)

The trace in A\v in equation (A.8) leads to the identity but the trace in kv gives the following
result:

g/ﬂ/f/\;A + (Tl - Z)f(u;l/) = (’I”L - l)Ra(us)g . (Ag)

The trace of the equation (A.9) gives the equation:
A 1 v
Pa= =5 Ry =0.
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Remark: If R, = 0 then from equation (A.9) f(..,) =0, so f, is a Killing field.

The trace with respect to the indices pv in equation (A.8) gives as follows:

G fx + (0 =2) fu) = (0= D Ryuyo 7 + (n = DRy fi)° (A.10)

f)xmnuu = fU#R [kA] + mf[)\;n] - f [KR)\]G'7 (All)

where we have written the symmetric and skew-symmetric parts separately. The equations
(A.9) and (A.10) are equivalent because R[)‘(W)”] =0, so R,\(W)Uf” =0.

Let us notice that for n = 4 the second term on the right-hand side of the equation
(A.11) vanishes and the final form of this equality is the following;:

. 1 1
Prn = I W rs = Rfrn (A12)

where by W), we have denoted the Weyl tensor for the metric g. One can easily show that
the equation A.12 is invariant with respect to the conformal rescaling i.e. f is a solution
of (O4 + %R)f =iWfiff f = Q¥f is a solution of (05 + %R)f = %Wf, where all objects
Os, ]:2, W are calculated with respect to the metric § = Q2%g.

B Functionals © on initial spacelike surface

B.1 Unconstrained degrees of freedom on 3,

In [18] it was shown that a pair of solutions (x,y) of the wave equation” gives a Weyl field
in the following 2+2-form:

1
Wabcd = _502X5ab€cd
1,
WaBed = 5P YEABEd
B 1 b 3/ —1
Weo"caB = —5%ed€ ap (P %)
1 N
WchdHEgBE = *§€cdps(,0 ly),a (Bl)
° AB 1y 1y -2 1 —2.\b
W aaB = 3P Xed = 5P (P°%),cd — §7ch(/’ x)"

o]

1 _ _
WcABdHACé‘BC = ZP4 [é“cb(P 2Y),bd +€db(p 2y),bc]
where indices A, B, C' are related to the coordinates (6, ) along spheres
S(r) := {t = const, r = const}

but the indices a, b, ¢ correspond to normal to S(r) null coordinates u =t —r, v =t +r.

"The “mono-dipole” part of the field has a special form related to the Poincaré charges cf. [17] and [18].
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B.2 Constraints for £ and H

We have the following non-vanishing Christoffel symbols for the three-metric ng; on ¥; in
spherical coordinates I'® 45 = —%nAB, I, = %6’45, and the spherical part T'¢ 45 which
is not dependent on radial coordinate 3 := r and defines covariant derivative on a sphere
r =const which we denote by ||”. The angular coordinates z* parameterize spheres S(r).
Let us also denote by A a Laplace-Beltrami operator on a unit sphere S(1).

The 2+1-splitting of the constraint 5.22:

O3(r*E*) + B34 4 = 0, (B.2)
° 1

O3(r* B> 4) +1* BB a5 — §r2AE33 =0, (B.3)

O5(r*E® o) pe™P) + 7 EA®|1pce™ =0 (B.4)

allows us to express explicitly all electric components of the Weyl tensor in terms of x and
80y:

2°E* =x, 2r’Eyq P = —0oy (B.5)
28 B34 ) = —205(r3E®®) = —05(rx) (B.6)
2r éABHAB = —20;(r*E*) 1) + A(r*E*) = 95(r05(rx)) + %Ax (B.7)
2r %ABHB@?AC = —205(r*E® 4 5eP) = 95(r*Ooy) (B.8)

Similarly, we get the magnetic part in terms of y and Jyx:

2r’H3 =y (B.9)
2r? Hy 4 pe? = —0ox (B.10)
2T3H3AHA = —0s(ry) (B.11)
97t [P = 03 (r0s(ry)) + %Ay (B.12)
2% H 4P| peeC = 05(r200x) (B.13)

B.3 Reduction of the quadratic forms and the functionals

The “spherical” method from Appendix B in [19] can be easily applied for the reduction
of the functional f[i, r?(E? + H?). Let us for simplicity restrict ourselves to the case of
a three-dimensional ball B(0, R) with radius R, V = B(0,R) = S? x [0, R], 8V = S(R),
fv = fOR dr fS(T) dfdep. For exterior problems we also consider V' =3\ B(0, R).

The (2+1)-splitting of the tensor gy; gives the following components on a sphere:

2
two scalars on S? — ¢:= n*Bg,p and ¢33, vector gz4 on S? and symmetric traceless tensor

o 2
d AB = qAB — %77,43 q. Let p* = \/det nijqkl be a tensor density on Y. On each sphere
S(r) we can manipulate as follows

1 22 o o
/ PMaw = / P*2q33 + 2p* 4 q34 + 5 P+ PP qup =
S(r) S(r)
— _ 1 22
- / P53 2(rp3AHA)A 1(TCIBAHA) - 2(TP3AHB€AB)A 1(7“Q3AHB€AB) + 2 pq +
S(r)
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[e]

+2 /s( )(TQEAC PABHBC)Afl(A + 2)71(1"25‘40 QAB||BC)+

+2 /s( )(7”2 pABHAB)A_l(A +2)7(r? qABHAB)a

where we have used the following identities on a sphere
- /( )T(AUA = (’I“?TAHA)A_l(T’UAHA) + (7‘7TA”B€AB)A_1(rvAHBeAB), (B.14)
S(r

and similarly for the traceless tensors we have

o

/ TAB G 4p = 2/ (12 74P pe) ATHA +2) 71 (%€ 048 po)+
S(r) S(r)

+2 /S( )(r2 FABL ) AT A 4 2) 7 (2 84 ). (B.15)

The axial part of the quadratic form | S(r) p* i we define as
axial part = —2/ (rp?’A"BeAB)Afl(rquHBesAB)—F
S(r)

[e]

+2 /S( )(’I"QEAC pAB|‘Bc)A71(A + 2)71(1"28146' CIABHBc) .

The remainder we define as a polar part. Using the above formulae by inserting into them
qr1 = Hy; and qx; = Ey; respectively we obtain the following expressions

axial part of /

ﬁHWm:%/ (r%) (=) (%) + 0, (%) AT (A +2) 719, (r7%)
S(r)

S(r)

1 3
polar part of/ rPEME, = f/ “x? 4 0. (rx)(—=A) 1o, (rx) + (B.16)
S(r) 2 Jsw) 2

(0,170, (r)] + 3 Ax) A~ (A +2)7 (9, [r0, (rx)] + 3 Ax)

where we also used relations (B.5-B.8). Similarly from (B.9-B.13) we obtain

1 3
polar/ r2EM By + axial/ r2HM Hyy = f/ “y?2 4+ 0,(ry)(—=A) 1o, (ry) +
S(r) S(r)

S(r) 2 2
+% /S(T) (0 [rd(ry)] + %Ay)Aﬂ(A +2)" 10, [ro - (ry)] + % Ay)
* / (r9)(=A) 7 (19) + 0, () AT (A +2) 719, () (B.17)
S(r)

This way we obtain (5.25).
The similar manipulations give the following

/ B BY = / {(TQEW)Q — (PE AT E™ )
S(r) S(r)
_(T3ETA||BEAB)A_1(T3ETA||BEAB):|

1 2 —A)710,.(rx) + (ry)(=A) " (ry
_ 4me+&vw(A)&%)+(w(A)(w
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and similarly

/ r*H,, H* = i / Y2 4+ 0.(ry) (= A) 10, (ry) + (r%)(—A) "L (r%)
S(r) S(r)

which finally gives (5.26).
It is also instructive to see how the conservation law for the functional (5.26) can be
obtained straightforward from the wave equations

Ox =0, Oy=0. (B.18)
This can be shown as follows

9 % / [x2 + 0, (rx) (— A) 18, (rx) + (r%)(— A) "1 (r%)] dr sin #dBde =
14

= /V [x% + 0, (rx)(—A) 79, (r%) + (rk)(—A) " (r%)] dr sin dfdy =

/ [Ax + 1r0,(0,(rx)) — r’%] A~ '%drsin 0d6dyp
v

+ 0r(rx)(—A) " (rx) sin 0dfdep
oV

= / r?Ox A~ %dr sin dfdy + O (rx)(—A) " (rx) sin fdOdyp
% oV

The volume term vanishes because of the wave equation (B.18) and to get the result
80/ [x* 4+ 0, (rx)(—A) 710, (rx) + (r%)(—A) " (rx)] drsin #dfdy = 0 (B.19)
v

we need to assume that x or rather x vanishes on the boundary.
The other examples of our functionals © on surface ¥y can be expressed as follows:

T ViTAT) = [ T%(T Do FW.T ATy &%
1%
1
= 3 / (EkiEki + Hkini) 2 sin Odrdfde
1%
1
= 2 /V [(’UEkT + 7"U||AEkA)(UEkT + ’I“UHAEkA) (B.ZO)
+(vH* + TUHAHkA)(’UHkT + 7“’U||AH1CA)} r2dr sin #dfdy
1 1
= 5/ v? {EklEkl + §T2(EkAEkB)||AB — T(EkAE}W)HA
v

1
+HM Hyy + 5r2(15ﬂ““1rjrkf’)‘‘AB — T(HkAHkr)HA} r?drsin 6dfde,

where v = £,
T
O(TViTAD) = [ T°(TTo FW.T A D)%
\4
1
= 5/ v”AvHCsABaCD(EkBEkD+HkBHkD)r6drsin0d0d<p
\%4
1
_ 5/ V2 {EkAEkAnLHkAHkA (B.21)
\%4

1
—§r25ABECD(EkBEkD + HkBHkD)HAC} rtdrsin #dfde,

22



and for Q7> :=D A Loy, — %z“zu% A Ty we get

O(To, Vi Qi) = / TP (To, Ty, F(W, Q1)) dx
1%

1
= 5 / 7’4 [(UEIW - TUHAEkA)(’UEkT - T‘UHBEkB) (B.22)
\%4

+(vH* — 7”’U||AHkA)(UH]W - rvHBHkB)} r2dr sin 0dfde

1 1
_ §/ UQ{EMEM+§T2(EkAEkB)||AB+7“(EkAE/cr)||A
1%

1
FHM Hy - 52 (HE H) a4+ r(H Hig) ] 0 sin 06

3
N2
Hence, from the identity Z (ﬁ) =1 one can easily check that
r
i=1

3
2" [ T (0 T FOV T A T)) &P = [ 17 (T, T, o, To) % (B.23)
k=1 \% \4
3
22/ TEM(ICO,TO,F(W,?}C/\TO))d?’x:/ T°"(Ko, To, To, 7o) d*x (B.24)
k=1 \% \4
3
22/ TEM(%,ZLF(W,ZL/\D))d%:/ 7" (Ko, To, To, 7o) d*x (B.25)
u=0"V %
3
2 [ T (Ko, o POV T, A D)% = [ 727 (Ko Ko, To T % (B.26)
3
22/ TEM(%;%aF(VVaQZOOSt))d?)x:/ TBR(ICOJCOa%v,TO)de' (B27)
k—1 1% 1%
3
22/ TEM(ICO,TO,F(I/V,QZ‘“““))d?’x:/ T"" (Ko, Ko, Ko, To)d*z . (B.28)
k=1 1% 1%

The above formulae show explicitly how the functionals © include the functionals CQ?*.

C Index of symbols
M — spacetime
;0 — four-dim. covariant derivative also denoted by V,

€uvys — Levi-Civita skew-symmetric tensor in spacetime M

* — Hodge dual operation, ¢, := %sw)‘”tM
0, — partial derivative also denoted by ”,” (comma)

Ny — Minkowski metric
z# — Cartesian coordinates in Minkowski spacetime

7,, — translation Killing field, 7, : 9

= Dan

23



L, — boost or rotation Killing field, £, := asu% — IV%

D - scaling conformal Killing field, D := a¥ aiv

K, — “acceleration” conformal Killing field, K, := —2z,D + 22,7,
t — time coordinate
r — radial coordinate
x — “inverse” radial coordinate r = =1

u,v — null coordinates on M, u=t—r,v=t+r

6,¢ — spherical coordinates on S?

d — exterior derivative

W, v, ... — four-dimensional indices running 0, ..., 3
k,l,... — three-dimensional indices running 1,...,3
A, B,... — two-dimensional indices on a sphere

0O — d’Alambertian, wave operator
R — scalar curvature
X — vector field

U — spatial infinity

.

# — null infinity
#+ — future null infinity
&~ — past null infinity
o0*,, — Kronecker’s delta
S(r) — sphere with radius r parameterized by 6, ¢

nap — metric on S(r)

tap — two-dim. traceless part of the tensor ¢4z, fapi=tap — inasn“Ptep
|| — two-dimensional covariant derivative on a sphere
A — two-dimensional laplacian on a unit sphere
e4B — two-dimensional skew-symmetric tensor on S(r), r?sin#e?¢ =1
€™ — skew-symmetric tensor on the two-dimensional space orthogonal to S(r), e = 2
RF,\s — curvature tensor
R, — Ricci tensor
r uv — Christoffel symbol
W wae — spin-2 field, Weyl tensor

X,y — gauge-invariants
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p, — four-momentum charge
b, — dual four-momentum charge
Juw — angular momentum and static moment charges
wy, — “ofam” charge
Qv — CYK tensor
Q,uwa — CYK equation
Q — conformal factor
F,, — Maxwell field
T;)" — energy-momentum tensor for Maxwell field
T yep — Bel-Robinson tensor
CQF"" — conserved quantity for Maxwell field
CQP" — conserved quantity for Bel-Robinson tensor
© — conserved quantity for CYK tensor bilinear in Weyl field
3. — spacelike hypersurface
E — electric part of Weyl field
H — magnetic part of Weyl field

Tyvapys — (super-)tensor
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