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Abstract

Four-dimensional spherically covariant gauge-invariant quasilocal framework for the perturba-
tion of the Schwarzschild metric is given. An important ingredient of the analysis is the concept
of quasilocality, which does duty for the separation of angular variables in the usual approach.
Moreover, there is no need to represent perturbations by normal modes (with time dependence
exp(—ikt)). We consider fields in spacetime and the Cauchy problem for them is well defined
outside the horizon. A precise and full analysis for the “mono-dipole” part of the theory is p-
resented. Direct construction (from the constraints) of the reduced canonical structure for the
initial data and explicit formulae for the gauge-invariants are proposed. The reduced symplectic
structure explains the origin of the axial and polar invariants. This enables one to introduce an
energy and angular momentum for the gravitational waves, which is invariant with respect to the
gauge transformations. An explicit expression for the energy and new proposition for angular
momentum is introduced, in particular, compatibility of the Christodoulou-Kleinerman S.A.F.
condition with well-possedness of our functionals is checked. Both generators (energy and angular
momentum) represent quadratic approximation of the ADM nonlinear formulae in terms of the
perturbations of the Schwarzschild metric. The boundary-initial value problem for the linearized
Einstein equations on a Schwarzschild background outside the horizon is formulated. The previ-
ously known results are presented in a new geometric and self-consistent way. Both degrees of
freedom fulfill the generalized scalar wave equation. For the axial degree of freedom the radial
part of the equation corresponds to the Regge-Wheeler result and for the polar one we get Zerilli
result.

1 Introduction

We propose natural gauge-invariant canonical variables, which are assigned to the spherical foliation
of the Schwarzschild background in a spherically covariant way. The gauge-invariant quantities, we
obtain, are scalars with respect to the spherical angles (6, ¢) and the whole formulation does not
depend on the choice of the coordinates on a sphere. In the usual approach ([1], [2], [3], [5]) we deal
with spherical tensor harmonics. The tensor harmonics components transform in a nontrivial way
with respect to the diffeomorphism group on S2. For scalars the situation is much simpler. Roughly
speaking, we only need to fix radial coordinate r and temporal ¢, and the formulation is “spherically”
covariant (coordinate free formulation with respect to the spherical angles).

We distinguish the novel aspects of our work in subsection below (see also discussion in Section 8).
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In Section 2 we introduce standard notions for linearized gravity and its (3+1)-formulation.

Section 3 contains the main technical results related to the so-called (2+1)-decomposition of the
initial data and to the gauge invariant description of the evolution. The invariants introduced in this
Section contain the full gauge-independent information about initial data. If we “insert” the initial
value constraints into the canonical symplectic structure, we can express the symplectic two-form
in terms of the invariants. This is precisely shown in Appendix B. This way our invariants play a
role of the reduced unconstrained initial data, which is gauge independent. In particular, if we choose
usual spherical angles (6, ¢) and decompose our invariants with respect to the spherical harmonics,
we obtain Moncrief’s gauge-invariant quantities [5] (see also discussion in Section 8). Moreover, the
axial degree of freedom fulfills four-dimensional counterpart of the radial equation proposed by Regge
and Wheeler [1], [4], [5], and the polar invariant is related to the Zerilli equation [2], [4], [5].

In the next Section the analysis of constraints and Killing fields on an initial surface gives charges
for the linear field on the Schwarzschild background.

Section 5 is devoted to the stationary solutions, their behaviour on the horizon and precise inter-
pretation of the “mono-dipole” solutions.

Reduction of the symplectic form presented in Appendix B allows to introduce invariants from
the symplectic point of view in Section 6. In the next Section we define (in a gauge-invariant way) a
hamiltonian system, energy and angular momentum generators and boundary-initial value problem for
the linearized field on the Schwarzschild background. Although one can rediscover the formulae (4.19
and 5.34 in [5]) splitting the odd and even part of the energy (7.2) into multipoles, the expression
(7.3) for the angular momentum seems to be a new one. Moreover, we are able to show that the
obtained hamiltonian is a quadratic approximation of the ADM mass defined at spatial infinity for
the full nonlinear Einstein theory, and this particular result will be described elsewhere.

The energy and angular momentum generators are well defined for regular radiation data x,
X, ¥, Y which are finite on the horizon and vanishing at spatial infinity according to the S.A.F.
Christodoulou-Kleinerman condition [14].

In Appendix A we show how to reconstruct the full four-metric h,, from the invariants, assuming
the gauge conditions used in [1] and [3]. This construction explains the relations between our invariants
and the special form of the metric used in [1] and [3]. In particular, we examine precisely “mono-
dipole” part of the metric (I =0 and [ = 1), which seems to be not fully analyzed in the literature.

We believe that the methods proposed in this paper give a significant insight into a geometric
origin of the odd and even perturbations of the Schwarzschild metric. This paper seems to be also a
nontrivial review of known results in a self-consistent way'. Moreover, we hope that this framework
will help us to understand small but fully nonlinear perturbation of the spherically symmetric black
hole from the initial data point of view (see for example [18]).

1.1 New results

e Four-dimensional, spherically covariant, gauge-invariant, quasilocal description of the perturba-
tion of a Schwarzschild metric.

e Direct construction (from the constraints) of the reduced canonical structure for the initial data
and explicit formulae for the invariants.

e More precise and full analysis for the mono-dipole part of the theory.

e An explicit expression for the energy and new proposition for angular momentum, in particular,
compatibility of the Christodoulou-Kleinerman S.A.F. condition with well-possedness of our
functionals.

IThe author was not familiar with Moncrief’s results [5] during the calculations described in this article.



2 Linearized gravity

In this Section we remind some standard notions related to the Einstein equations and the initial
value problem.
Linearized Einstein theory (see e.g. [8] or [9]) can be formulated as follows. Einstein equation

2G,.,(g) = 167T,, (2.1)
after linearization gives

hpas'™ + hoay’ = hyw'®a — (naﬁhoﬁ);w - nuu[hozﬁ;aﬁ - hoza;ﬁﬁ} = 1671} (2.2)
where pseudoriemannian metric g, = 7 + Ruy, Ny is the background metric and “;” denotes four-

dimensional covariant derivative with respect to the metric 7,,. Moreover, we assumed that 7, is a
vacuum solution of Einstein equation (G, (1) = 0).

The (3+41)-decomposition of (2.2) gives 6 dynamical equations for the space-space components
hi; of the metric (latin indices run from 1 to 3) and 4 equations which do not contain second time
derivatives of hy;. It is possible to introduce this decomposition straightforward. However, a natural
way for the formulation of the (3+1)-splitting for the equation (2.2) is to linearize the ADM formulation
of the initial value problem for the full nonlinear Einstein equation (2.1). We shall introduce canonical
variables for the linearized case. They appear in a natural way, if we start from the ADM formulation
of the initial value problem for Einstein equations [7].

Let (gx1, P*) be the Cauchy data for Einstein equations on a three-dimensional space-like surface
Y. This means that gy; is a Riemannian metric on ¥ and P*! is a symmetric tensor density, which we
identify with the ADM momentum [7], i.e.

Pr = \/det g (gM Tr K — K*)

where K}, is the second fundamental form (external curvature) of the imbedding of ¥ into a spacetime
M.
The 12 functions (gx;, P*) must fulfill 4 Gauss-Codazzi constraints

Pl = 8m/det g Tyum* (2.3)
1
(det gmn)R — PH Py + §(Pklgkl)2 = 167 (det grmn) T ntn” (2.4)

where T, is an energy momentum tensor of the matter, by R we denote the (three-dimensional)
scalar curvature of gg;, n* is a future timelike four-vector normal to the hypersurface 3, and the
calculations have been made with respect to the three-metric gi; (”|” denotes the covariant derivative,
indices are raised and lowered etc.).

The Einstein equations and the definition of the metric connection imply the first order (in time)
differential equations for gz, and P* (see [7] or [8] p. 525), and contain the lapse function N and the
shift vector N¥ as parameters

2N 1
ki = — | Pri — _gklP) + Nigj + Ny (2.5)
Ve ( 2 e

where g := det g,,, and P := Pklgy,

pkl — _N\/ngl +E (N\kl _ gkzN\mlm) +

1 2N 1
—N.,/gg"R - — ( pFmp,,! — —PPH pPHN™
kl kl 1 2 k l l k k l
N P¥PpP,, — =P%) — N*¥, P™ — N!  P™F 4 8r N, /gT mgln 2.6
+2\/gg( T [ | + 87N \/gTmng™™g (2.6)



Let us consider an initial value problem for the linearized Einstein equations on the Schwarzschild
background 7, i.e.

-1
N dat da¥ = — (1 — 27m> dt® + (1 — 2Tm> dr? 4 r2d6? 4 r? sin” 0dp? (2.7)
together with the radial coordinates: x> = r, z! = 6, 22 = . Moreover, t = x° denotes the time
coordinate. We consider only the part of the Schwarzschild spacetime outside of the horizon, r > 2m.

We use the following convention for indices: greek indices u, v, ... run from 0 to 3; k,[,... are
spatial coordinates and run from 1 to 3; A, B,... are spherical angles (,¢) on a two-dimensional
sphere S(r) := {r = 23 = const} and run from 1 to 2. Moreover, let 745 denote a two-dimensional
metric on S(r).

2
Let v:=1— = There are the following non-vanishing Christoffel symbols for the metric (2.7):
r

3 m g v A | mv o M oopa
Fgngm,FABzi;nAB;F3B:;5 B’FOO:T.Q’F30:U7“27FBC

where 04 g is the Kronecker’s symbol and ' g are the same as for a standard unit sphere S(1) (in
usual spherical coordinates I'? ,, = — sin @ cos § and I'? .y = cot 6).

The curvature of the background metric we denote by C*, ., and the following components of the
Riemann tensor are non-vanishing (up to the symmetries of the indices)

2m
— (

0A 3A mea AB A B A B 03
C*op=C 3B=r—35 B; C™cp= 64coPp —64piPce) s C%es ==

We can introduce the submanifolds of the Schwarzschild spacetime M:
Yoi={x e M : a"=s2°>2m}= U S,(r) where Sy(r):={zxe%, : 23 =r} (2.8)
re[2m,oo0|
and X, is a partial Cauchy surface outside the horizon.
The surface X carries the induced Riemannian metric 7y, i.e.
1
ndy®dy! = —dr? + r2(d6? + sin? Adp?) (2.9)
v
Usually it is convenient to change the coordinate r to r,, which is a solution of an ordinary differential
equation (see [4])

dr, 1 r
T » r r+2mln 5 (2.10)

and moves horizon to —oo.

The ADM momentum P* for the metric (2.9) on each slice X4 vanishes (P*! = 0). The shift vector
is also trivial (N* = 0) and the lapse N = /v is vanishing on the horizon. Moreover, the Ricci tensor
for the three-metric 7;; has the components

1
R = NNW

and the scalar curvature R vanishes.
Let us define the linearized variations (hy;, P*') of the full nonlinear Cauchy data (g, P*') around
background data (ny, 0) as

Akt o= gkt — Mkt , P i=PH (2.11)

We should now rewrite equations (2.3)—(2.6) in a linearized form in terms of (hy;, P*!). Let us
denote P := nklP’“l and h := nklhkl. The vector constraint (2.3) can be linearized as follows

Py~ Pl (2.12)



Let us stress that the symbol “|” has different meanings on the left-hand side and on the right-hand
side of the above formula. It denotes the covariant derivative with respect to the full nonlinear metric
g when applied to the ADM momentum P*', but on the right-hand side it means the covariant
derivative with respect to the background metric 7. The scalar constraint (2.4) after linearization
takes the form

1 1
R— = (PHP,, — Z(PFga. )2 | ~ (R¥, — hIF) — h¥R 2.13
o ( Kl 2( ki) ( |l )Ik kl ( )

where 1 := det ng;.
The linearized constraints for the vacuum (7}, = 0) have the form

P* =0 (2.14)
(hkl‘l - h|k>|k _ hklel =0 (215)

The linearization of (2.5) leads to the equation

. 2N 1
hey = — | Pu— =nuP h h 2.16
ki NG ( Kl STk ) + hogjr + Notk ( )
where N := —L— = /v, Ny = nor, = 0 are the lapse and shift for the background. Let us denote

A /_7]00

the linearized lapse by n := $+/vh{. The linearization of (2.6) takes the form

1 . g
%Pkl = —nRy — NoRg + njpg — N 0™ 1 — Mkt (ﬂ‘m|m =176 i Ny, — hmnN|mn) (2.17)

1
O gy = 3 (hmk\l + R — hmzlk)
is the linearized Christoffel symbol and similarly
1 m m m
ORy = 3 (R™ kjim + D" erm, — Ptp™ — i)

is the linearized Ricci tensor.
It is well known (see e.g. [19]) that the linearized Einstein equations (2.2) are invariant with
respect to the “gauge” transformation

huu - hpy + fu;y + fu;u (218)

where £, is a covector field. The (3+1)-decomposition of the gauge acts on the Cauchy data in the
following way

2vA*1Pkl — QUAilpkl + (Uflok)u + (Ufﬁ)‘k — T]kl(vfo‘m)m (2.19)
her — g+ S+ S (2.20)

where A := \/v\/detn, (= r?sinf). It can be easily checked that the scalar constraint (2.15) and
the vector constraint (2.14) are invariant with respect to the gauge transformations (2.19) and (2.20).

The Cauchy data (hg;, P*) and (hs, Fkl) on ¥ are equivalent to each other if they can be related
by the gauge transformation £,. The evolution of canonical variables P*! and hy,; given by equations
(2.16), (2.17) is not unique unless the lapse function n and the shift vector hoy are specified.

We will show in the sequel that it is possible to define a reduced dynamics in terms of invariants,
which is no longer sensitive on gauge conditions. The construction is analogous to the analysis given
in [16].



3 Equations of motion for the invariants

The radial foliation of the Cauchy surface ¥ related to the spherical symmetry allows to perform
(2+1)-decomposition of the initial data. In this Section we introduce reduced gauge invariant data
on ¥ for the gravitational field, similar to the invariants introduced in [16]. For this purpose we use
a spherical foliation of ¥ (see formulae (2.8) and (2.9)).

Let & denotes the two-dimensional Laplace-Beltrami operator on a unit sphere S(1). Moreover,
H :=n"Phap, xap := hap—3napH, S :=n*BPap, Sap := Pap—inapS according to the notation
used in [16].

The spatial gauge (2.20) splits in the following way

hss  — haz+ %(Nﬁ?,),s (3.1)

hsa — hsa+8&a+8as— %514 (3:2)

hap — hag+&a s +E&Bja+ %nABﬁ?’ (3-3)
where by “||” we denote the covariant derivative with respect to the two-metric n4p on S(r). Similarly,

the temporal gauge (2.19) can be splitted as follows
2

ATIP3, o ATIp3, _gollA, ;5073 (3.4)
1 1
APy — AT'Pya+ N(Ngo),3 - ;50 || (3.5)
A
1
A'Sap = AT'Sap +&fap — 5nant’c (3.6)
2 2
A—IS N A—IS _ N(N€073),3 o ;50,3 _ €0||CC (37)

It is also quite easy to rewrite the (241)-decomposition of (2.16) as
2

has = A"H(P%; — S) + N(Nhos), 3 (3.8)
. . 9

h3a =20A"" Psa + hosjja + hoa, 3 — ;hOA (3.9)
hap = 20A7 Sap — napA~ P* + hoay s + hop|ja + 207 'naphos (3.10)

The dynamical equations (2.17) take the following (2+1)-form

. 1 1
A Py = 1004 = 2r T 00,5+ A 2Pkt

+(H, 35— 2h3)a — 2r ' hs®), 5 + 20 "1 (H, 5 — 2hs® |4 — 27 hs®) (3.11)
17 1 0 —1;0 m.3 1 A -113
2A" P3o = ﬁ(ﬁh 0),3—1 "h'o HcfmhgncﬂLé(H’:a*?h:s la —2r " h°3)|jc+
1
+hacyallt + r—ghsc —x"cass (3.12)

s 1 1
20" Sap = h'an — 577ABhOOHCC +h’s a8 — inABhBSHCC‘F

—(B® a5 + B’ 5ja — naBh®C|c), s + (WX B, 3nca), s+



2
+x48"°1c = X a5 — X Bl1ac + 1asx“Pjcp + 2 XAB (3.13)

L 1 2 12m
20718 = —Vu(VohG ) — —h0s — ho "+ (W5 + )+ S(h% 4+ H) = —5mh®s

7,_
2m 4 A —17 3 v A —17 3 CcD
+’I“_2h 373+U(H,3—2h3 ||A_2T hs ),3+4;(H,3—2h3 ||A_2T hs )—2X l|CD (314)

The vector constraint (2.14) splits in a similar way
1
%(\/EP33),3+P3AHA —r18 =0 (3.15)

1
P3A,3+SABHB+§SHA:0 (3.16)

And finally the (2+1)-decomposition of the scalar constraint (2.15) can be written in the form

v

= 1M g + BF Ry = % r?Vo(rH, s — 2rhsa'* — 2hs%)| 5+
3 A —2;3 6m , 5 1 e -2 AB
+h3||A + 2r h377a73h3+§H c+r “H—x ||AB:0 (317)

Let us notice that we can split the dynamics into two separate parts, which we call axial and
polar respectively. The axial part of initial data consists of two momentum components P34!1B¢ 4,
5S¢ 4)1c5e™? and two metric components hsajpe??, X© 4cpe*”. The only gauge freedom is con-
tained in §A||BEAB, which acts on the metric components. The gauge invariants P341Be 5 and

5¢ 4jcpe?® are related by the curl part of the vector constraint (3.16) as follows:
(T2P3A||B€AB),3 +’I“QSCAHCBEAB =0 (3.18)
It is easy to verify that the following pair of gauge invariants:

y = 20" 12 p3AlBe g (3.19)

Y =A(A+ 2)h3AHB€AB — TQ(AXCA”CBsAB),g (3.20)

contains the whole information about axial part of initial data up to the gauge freedom (see also
Appendix A). We will show in the sequel, that this is a canonical pair with respect to the symplectic
structure of linearized Einstein equations.

Let us define the polar invariants as follows

1 o
X = TQXABHAB — 5( A+2)H+B [2h33 + 27“h30||c —rvH,3) (3.21)
X = QTQSAB‘|AB+B|:2TP3A||A+ £P33} (3'22)
where
o o 6m\
B:z(A+2)<A+2—T>

is a quastlocal operator — it is local with respect to the coordinates t,r but non-local on each sphere
S(r). The proof that x and X contain the whole information about polar part of initial data P3AH As
S4B, 4p, P%s3, S, h3% 0, x*P|ap, h®s, H up to the gauge transformation £°, &3, &4 4 we give in
Appendix A. Moreover, in Appendix B we show that (x,X,y,Y) is the reduced canonical initial data
on X.



We can check the reduced field equations for the axial invariants

y = %Y (3.23)

'YZA{@[%@%m{y+%(£+2w} (3.24)

More precisely, the curl part of (3.12) gives (3.23) and (3.24) follows directly from (3.9), (3.10) and
may be checked by inspection.

It can be easily verified, that the axial invariant y fulfills (as a consequence of the above dynamical
equations) the generalized scalar wave equation

(D + i—?) y= (3.25)

where [] denotes the usual wave operator with respect to the background metric Ny -
There exists a simple relation between the equation (3.25) and the so-called Regge- Wheeler equation
[1], [4], [5]. Let us rewrite equation (3.25) in the form

.. v _
—¥+ —lry) sl =y (3.26)

where V(=) is a “spherical operator” defined as

o 6
V) = :Q(A+m>

r

If we insert the invariant y in a special form y = exp(iot)Y;(6,¢)Z(7)(r)/r into equation (3.26), we
obtain the Regge-Wheeler equation

d2
(d2 N gz> 75 (=) 75
T%

Here Y] is a spherical harmonics such that &Yl = —I(l+1)Y; and coordinate r, is defined by (2.10).
The polar invariants fulfill the following equations:

X = %X (3.27)
X = % {(vr2x, 5) s+ { A +o(1—2B) + 1} Bx} (3.28)

To obtain (3.27) we need equations (3.8-3.10) and vector constraints (3.15), (3.16). Similarly, (3.28)
is a consequence of (3.11-3.13) and scalar constraint (3.17) (see also Appendix A).

There exists also a generalized scalar wave equation for the polar invariant but it is no longer local,
it is only quasilocal:

8m , o o 3m o 6m —2
D+T—3(A—1)<A+2—7><A+2——> x =0 (3.29)

r

The similar equation to the (3.26) can be presented in the analogous form
%+ % [0(rx) 5] 5 = VPx (3.30)

but now the operator V{+) is defined “quasilocally”

o o 2 o 2 o —2
v =2 {(A+2)2<A—6—m>+36;: <A+2——m>} <A+2—6—m>

r r




If we insert the invariant x in an analogous special form x = exp(icot)Y;(6, ) Z*) (r)/r into equation
(3.30), we obtain the Zerilli equation [2], [4], [5]

2
(dz N g2> 74 _ ) g®)
dr?

This way we have shown, that both equations (Regge-Wheeler and Zerilli) posses gauge invariant for-
mulations, and their solutions contain the entire gauge-independent information about the linearized
gravitational field on the Schwarzschild background (see also [5]).

Let us notice, that x and y are scalars on each sphere S;(r) with respect to the coordinates 4.
For the scalar f on a sphere we can define a “monopole” part mon(f) and a “dipole” part dip(f) as a
corresponding component with respect to the spherical harmonics on S2. Similarly, the “dipole” part
of a vector v4 corresponds to the dipole harmonics for the scalars vAH 4 and €48y A||B- Let us denote
by f the “mono-dipole-free” part of f. According to this decomposition we have

x = mon(x) + x
y =dip(y) +y

The dipole part of x and monopole part of y are vanishing®. The rest of the mono-dipole part of each
scalar can be solved explicitly from the equations (3.23)—(3.28) and the solution has the form

4m
X—X=
- r—3m
12s
y—Y¥Y="32

From (3.23), (3.27) and the observation, that mon(X) = dip(Y) = 0, we obtain
m=s=20

Moreover, &m =0, ( 5 + 2)s = 0, which simply means, that m is a monopole and s is a dipole,
and they are constant with respect to the coordinates ¢,r. They correspond to the charges which will
appear in the next Section. More precisely, m = p’. Moreover, the angular momentum charge (4.3)
can be obtained from the relation between spatial constant three-vector in cartesian coordinates and
dipole harmonics

where z; are cartesian coordinates, r = /8% 2,2 and stisa corresponding three-vector representing
angular momentum (see [19]).

4 “Charges” on the Schwarzschild background

The vector constraint (2.14) allows to introduce “charges” related to the symmetries of the background
metric. There are three generators of the rotation group, which are simultaneously Killing vectors on
the initial surface 3. Let us denote this Killing field by Z*. It is a solution of the Killing equation

Zei+ Zyk =0 (4.1)
2This is included in the definitions (3.21) and (3.19). More precisely, y is a divergence (see also (B.1)) and x =

o
TQXABHAB + (A +2)[...]- Moreover, dip(xABHAB) = 0 because double-divergence of any traceless tensor is “mono-
dipole-free” (see also (B.2) in Appendix B).



Let V' C X be a compact region in X. For example V := U Ss(r) and OV = Ss(ro) U Ss(r1).

r€[ro,r1]

From (2.14) and (4.1) we get

oz/ Pkl”Zk:/(Pkle)”:/ P37 (4.2)
14 14 ov

The equation (4.2) expresses the “Gauss” law for the angular momentum charge “measured” by the
flux integral. It is easy to relate this charge to the dipole part of invariant y, which will appear in the
sequel — (3.19) in the next section. For example, when Z = 9/9¢ we have

167s = 16mj*Y = —2 - P, = —2/6‘/ P2 4(r?%e48 cos )1 =

=2 /8\/ r2P3A||B£AB cosf = /av Ay cosf (4.3)

The time translation defines a mass charge from the scalar constraint (2.15) as follows

O/VN\/ﬁ[(hkl”h'k)lkh’“Nkl} -

_ /V {N\/ﬁ (h”ﬂk - h”) + (N”h - N|khkl)] -

|l

1 1
=[ A <h3’“ g — hi3 4+ ZhNB - —hk3Nk) (4.4)
/av | N N©
and it can be related to the monopole part of an invariant x introduced in the next section by (3.21).

167p° = /(9 A (Nh3k|k — Nh® 4 N3 — N3h) —
1%

:/ A (2h33 —wvrH,3 —(1— 3—m)H> = / A p-1x (4.5)
v T r ov T

5 Stationary solutions

For the axial degree of freedom y we can rewrite equation (3.26), using the new coordinate z := =%,
i.e.

. 0%y oy o
20 _ 2 4 (1A L2
dm°y = (1 —2)°z 5.2 (1—2)z o +(1—=2)2°( A +42)y

This way the horizon corresponds to z = 1 and the spatial infinity to z = 0. Let us consider stationary
solutions of the above equation

0? ) o
(lfz)z2a—§fzza—z+(A+4z)y:0 (5.1)

which are regular at the spatial infinity (corresponding to z = 0). Moreover, if we separate the angular
variables and include standard asymptotic behaviour at z = 0:

y =2 Yi(e?)u(z)
then the equation for the function v is relatively simple

(1—2)zu" +[204+1— 20+ 3)z]u’ — (I —1)({+3)u=0

10



and the regular solution at z = 0 is given by the hypergeometric function
u=F(I—-1,143,2l4+2;z)

In particular, for I = 1 the function w is constant, it represents the angular momentum charge solution
(4.3), and the corresponding y is finite on the horizon. On the other hand, for I > 2 we obtain
logarithmic divergence of the hypergeometric function F' at z = 1. More precisely,

F(l—1,143,2142;2) = 2727 [P(2) + P(2)In(1 — 2)]

where P and P are polynomials. The solution is not regular at z = 1 and it confirms the result of
Vishveshwara [3], that the only nontrivial stationary perturbation is given by the axial perturbation
with [ = 1. The interpretation of this solution is given by (4.3). One can check by direct computation
for the Kerr metric [10], [11]

p2i=r24+a%cos’0; A:=1r2—2mr+a’
2mr 2mrasin® 0 p? 9
900:_1+7; gw:_T; Grr =N 5 90 =P

2mra? sin®
Gpp = sin? 6 (’I“2 +a®+ —mrap;ln )

that the infinitesimal angular momentum gives the same result. More precisely, the linear part of the
Kerr metric g, with respect to the parameter a

gudatda” = n,,dztda” — 4? sin2 0dtdy + O(a?)

gives only the one non-vanishing component of the linearized Kerr metric on the Schwarzschild back-
ground:

2ma

hop, = — sin? 0
From the definition (3.19) and the equation (3.9) we can calculate the invariant y = 12macos 6/r2.
It is easy to compare the result with (4.3) and it gives angular momentum charge s* = ma.

Can we consider a monopole solution in axial invariant? The definition (3.19) in terms of the initial
data does not allow nontrivial monopole part of the axial invariant. However, we can consider such
situation, if we admit singular metric. Formally, this case corresponds to the infinitesimal Taub-NUT
solution. The Taub-NUT metric [12], [13]:

gudatda” = (r? +12)(d6? + sin”® dp?) + o~ 'dr? — (dt + 2l cos Odyp)? =

2 _ 2 _ l2
— udztda” — 4ol cosbdtdp + O(1%); &= —

r2 4 2
. . . . A . 41 3m
gives the linearized metric hg, = —2lv cos @ and the monopole axial invariant y = ——(1 — —). We
should stress, that this is only a formal calculation because the tensor hg, = —2lvcosf is not well

defined along the z-axis, and is excluded as a global solution. The monopole charge in y plays a role
of the topological obstruction for the existence of the global metric. It is similar to the magnetic
monopole in electrodynamics (see also [19]).

For polar degree of freedom x from equation (3.30) we get

2 1 2 o o o o
4m25'(:(1—2)224%—(1—z)z4%+(1—2)22 §+§(A ~1D(A+2)(A+2-32)"2 (A+2)x
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and the corresponding stationary equation has the following form

9°x ox 1 2 o o o o
20X pox (12 e a2 _
(1-2)z 52 %9, T3t 3( A-1D(A+2)(A+2-32)"(A+2)x=0 (5.2)

For | = 0 the solution x = is related to (4.5) and corresponds to the mass charge. More

— 3z
precisely, if we put in the metric (2.7) m + dm instead of parameter m and take the linear part in dm,

we get

26 20
Ny (m + dm)dztdz” = n,,, (m)datdz” + kL V0 derz +0(6m?)
r v2r
. . .3 33 4ém 3m\ " .
and the even invariant® x = 2Bh*> = — |1 — — . If we compare with mass charge (4.5), we
r T

obtain p® = §m (see also [1]).
For | > 2 we have the following transformation law:
o o o o o o
A(A +2)x = —622(1 —z)a—z + [A( A+2)+62(1—2)—18221—2)(A +2-32)" ]y
which moves the solution of (5.1) into solutions of (5.2). In particular, it is clear, that for [ > 2 the
stationary solutions of the equation (5.2) have the same logarithmic divergence on the horizon as the
solutions of the equation (5.1). The explicit stationary solutions (in a specific gauge) were also given
by Zerilli in [2], and here we present a gauge invariant confirmation of this result.
Remark Although [ =1 is excluded in the definition of x, we can consider another variable

o o

—1
1 o 6
(A+2) 7%= A+ - JH + ( A+2- Tm> 2138 4 2rh3A 4 — roH 5]

which is no longer gauge-invariant in its dipole part (see also (A.8) in Appendix A). More precisely,
it transforms with respect to the gauge transformation as follows

dip @H i G;WQ) = dip(—( A +2)7'x) — dip(—( A +2)7'x) + dip(¢?)4)

where @ is defined in Appendix A by (A.2). Formally, the dipole solution ( & +2)71x = In(1-2)Y;(z4)
fulfills the same equation (5.2), and it corresponds to the Regge-Wheeler infinitesimal translation as
a gauge transformation® (eq. 32 in [1]):

in 6 2 0 2
€ =cosh; fez—sén In (1m> : gAHA:COS In <1m>
m r m r

This way the stationary polar dipole solution corresponds to the infinitesimal translation gauge and
it is also logarithmically divergent on the horizon.

6 The symplectic form and its reduction

In this Section we show the relation between the symplectic structure and the invariants introduced
in Section 4. Let (P*', hy;) be the Cauchy data on a hypersurface ¥. Let us consider the symplectic
structure

Q= / SPFUA Shyy
>

3Ts there any relation between singularity of x in 7 = 3m and the lower limit for the orbits of the geodesic motions?

4If we assume that the translation corresponds to the 3 = cos @, then the component &9 is uniquely defined as the
polar gauge transformation preserving the gauge condition h3AHA = 0, which has been used by Regge-Wheeler [1] and
Vishveshwara [3].
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It is invariant with respect to the spatial gauge transformation, which is fixed on the boundary
(5§k’az =0):

k
/ SPUA Ghy S / SPP A Shyy +2 | 6P3 A€l
b by %
Moreover, it is invariant with respect to the temporal gauge, if we assume that £° and its normal
derivative® are fixed on the boundary:

/ SPM A Shy / SPM A Sl +
b >
+ /82 NG [5(1\150)‘,6 A Sh3E — §(NEYYB A Sh + NSO A S(RI® — h3))

Roughly speaking, the symplectic structure is invariant with respect to the gauge modulo boundary
terms. The quadratic form fz SP* A §hy; can be decomposed into monopole part, dipole part and
the remainder in a natural way.

From the considerations given in Appendix B (formulae (B.5) and (B.13)) we can easily see, that
the “radiation” part

Q:/ég’“’AéﬁklN/éXA AN A+2)7x+6Y A AT (A +2)" 1y
> P -

where symbol “~” denotes equality modulo boundary term. Moreover, the “mono-dipole” part has
the form (see (B.9) and (B.4) respectively)

1 1
mon(/ SPFU A Shyy) = / ~6Ps3 A 9B~ 'mon(x) + —/ rd P33 A dmon(H) (6.1)
) 2 2 2 Jos

dip( / SPM A Shyt) ~ — / ASdip(y) A A6y a 5P (6.2)
b b

The monopole part of the polar invariant mon(x) and the dipole part of the axial one dip(y)
represent mass and angular momentum respectively, and they are supposed to be fixed. These quan-
tities are analogous to the electric charge in electrodynamics. If we assume, that there is no matter
inside volume 3, then both of them are fixed by the constraints, provided that they are controlled
at r = 2m as a boundary condition on the horizon. Let us assume, that (5m0n(x)|s(r:2m) =0,
6dip(y)|g(r—2m) = 0, then the mono-dipole part (6.1) and (6.2) vanish, and the symplectic structure
reduces to the “mono-dipole-free” invariants

/5PklA5hkl ~/5X/\ ATYA+2) 7 0x+0Y A AN (A +2) 'y (6.3)
b b

This way we obtain X, X, Y,y as the quasi-local canonical variables, describing reduced unconstrained
initial data on X. B

Remark One can ask the question, when (6.3) is a strict equality not only modulo boundary term.
The symplectic two-form €2 reduces to the mono-dipole-free invariants, if we assume the following
boundary conditions, which fix the gauge freedom on the boundary:

ShaBlys =05  8(2h3 +2rhs™ a4 —rH3)|,. =0

os
o —1
S(PPAIBe, ) =0 §(PE+2rA PP =0 (6.4)
)3 )

B

In Appendix A we analyze the possibility, when H, @, II and XACHC BEa®” are precisely the gauge

conditions, and then y48 ||aB corresponds to the control of x. Roughly speaking, the “control mode”

5You may “correct” the symplectic form by a boundary term in such a way, that the result is gauge invariant for &*
vanishing on the 93 without an extra assumption about derivatives (see [20]).
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given by (6.4) contains four boundary conditions related to the gauge freedom plus two boundary
conditions for the unconstrained degrees of freedom which we propose to call Dirichlet boundary data.
If we introduce quasilocal coordinates

¢t = &—1/2(1 +2)—1/2§; Py = &—1/2(3 +2)_1/2X

¢ = 5_1/2( & +2)_1/2X; po 1= 5_1/2( & +2)_1/2X

we can rewrite the reduced symplectic structure (6.3) in the canonical form
o o o e} 2
0= / SXARUA 42 x 1 6Y A A A +2) sy = Z/ 5pn A 8"
b —1Ys

Unconstrained initial data for the full nonlinear theory (which is similar to the considerations in this
article) has been proposed in [18]. Moreover, the concept of quasilocality appeared in [17] and has
been developed in [20]. The boundary data possesses its counterpart in the full nonlinear theory (see
proposition in [20]), and it will be discussed elsewhere.

7 Energy and angular momentum of the gravitational waves

The reduction of the symplectic form (6.3) allows to formulate the hamiltonian relation in terms of
the reduced canonical variables

/ XA YA +2)710X - X ATN(A +2) ot
b

+/ YATU(A+2)7Y -~ Y AN (A +2)" 16y = 1676H+
by
A o o A o o
—|—/ ?’U(T’X),g ATHA+2)7Tox + ?v(ry),g ATHA +2)7 Ny (7.1)
os
where

167H ::3/ UXATUMA+)TIX+ LY AT(A +2) 7Y+
2 )R A

1 [ A o e .
+§/ ﬁ |:U(TX),3 Ail(A +2)71(TX)73—|—X%V(+) A*I(A +2)1X:| +
P

o o

1 A 2 o o
+5/ 2 [v(ry>,3 AT A+2) 7 ry) s +y VO AT(A +2)‘1y} (7:2)
%

(see also eq. 4.19 and 5.34 in [5]).
Similarly, for angular momentum J we propose the following expression

J(Z) = —

= = / XA NA+2) 1 Z4,x + Y AL A +2)" 240y (7.3)
>

where Z is a Killing field (4.1). In particular for Z = 9/9¢p the z-component of the angular momentum
takes the form:

1

J, = —
167

[XA A 42k, YA (A 4y, (7.4)
b

The conservation laws for the energy and angular momentum

OoH =0
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80J(Z) =0

are fulfilled, if we assume appropriate boundary conditions on the horizon and at the spatial infinity.
The natural choice of those conditions is to assume that x and y are vanishing on the boundary 9.

After separation of the angular variables in (7.2) we obtain a hamiltonian, which has been used
for the energy method by Wald [6] (see also eq. 386 in [4]), and it confirms the stability of the
Schwarzschild metric (see also [5]). Here we have shown how to combine an energy of different
multipoles together.

7.1 Regular initial data

If we assume, that the invariants x, y are vanishing on the horizon, then we get a nice hamiltonian
system outside the horizon. We can also assume, that x and y are fixed and finite on the horizon.
More precisely, we propose the following initial-boundary data:

1. mon(x)=0, because of the singularity at » = 3m; moreover, this charge indicates that we have
chosen wrong parameter m in the background.

2. dip(y) — a weak internal angular momentum.

3. The radiation data (x, X, y, Y) have to be finite on the horizon; moreover, x, y should be controlled
as a Dirichlet boundary condition. We assume also that huw = O(1/r) at spatial infinity. The center

of mass contained in dip[( A+ 2)~1x] and linear momentum in dip(IT) can be always “gauged out”,
see Appendix A.1, and those gauge transformations correspond to the infinitesimal translation and
boost, respectively. Performing those gauge transformations, we pass to the “center mass rest frame”.
4. The asymptotics of the invariants x, y at spatial infinity should guarantee finite hamiltonian, and
this can be achieved for standard asymptotics hyuw = O(1/r). Unfortunately, the standard asymptotics
% does not guarantee finite angular momentum. More precisely, standard asymptotics at spatial
infinity x,y = O(1/r), X,y = O(1/r?) give logarithmically divergent integral in (7.4). The proposition
by Christodoulou and Kleinerman [14], so-called S.A.F. condition, fits perfectly, if we adopt it to the
linearized theory. We propose the following asymptotics at spatial infinity

x,y =0(r=3%), %xy=00""?)

Remark Christodoulou and Kleinerman assume, that the full ADM data have better asymptotics
(except conformal factor in the Riemannian metric). Let us notice that, if we assume that P =
O(r=*/?) and hy; = O(r~3/2), then all boundary terms in the symplectic form (analyzed in Appendix
B) are vanishing like 71 at spatial infinity.

8 Conclusions

We have shown the natural functionals, which represent energy and angular momentum of the weak
gravitational radiation on a Schwarzschild background. Particularly, we do not have to separate
angular variables, and the result is gauge-invariant.

We give also a complete (together with the interpretation) analysis of the stationary solutions.
In particular, the result of Vishveshwara [3], that stationary axial perturbation can exist only for
dipole perturbation, can be easily recovered. However, if we assume more general conditions on a
horizon, we may have other solutions. The dipole part of the axial invariant corresponds to the
spherical symmetry of the background metric and represents angular momentum. On the other hand,
there are no dipole invariants in the polar part because the background metric is not invariant with
respect to the boosts and spatial translations®. Moreover, the lack of invariant in the dipole polar
part corresponds to the fact, that this part of the metric can be always “gauged away”. We would like
to stress, that mono-dipole perturbations of the Schwarzschild metric represent different phenomena
than the higher-pole perturbations. It is clear from the approach that | > 2 represents gravitational

6Dipole invariants exist in flat Minkowski space and they represent linear momentum and center of mass respectively
(see [19]).
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wave perturbation, whereas | = 0 and [ = 1 correspond to the charges. For example, [ = 0 in polar
part represents infinitesimal perturbation of the mass (we move in the space of solutions from one
Schwarzschild solution to another), dipole part in axial part corresponds to the infinitesimal angular
momentum (we move from Schwarzschild to Kerr solution). Formally also monopole part in axial
degree of freedom can be analyzed, and represents the Taub-NUT charge, but this move is excluded
by topology.

Moreover, the equations of motion for the gauge-invariant degrees of freedom correspond to the
well-known Regge-Wheeler and Zerilli results. In particular, if we choose usual spherical angles (6, )
and decompose our invariants with respect to the spherical harmonics, we obtain Moncrief’s gauge-
invariant quantities. More precisely, even mode position Qumoncrier (€q. 5.34 in [5]) corresponds to our x

(rx = ( ﬁ +2)QMonerief) but in [5] there is no explicit formula for the momentum? P corresponding to
our invariant X. Moreover, in odd part of the reduced hamiltonian Hy (4.19 in [5]) the interpretation
of the k; as a position is wrong. In fact, the equation (4.20 in [5]) is not a consequence of the reduced
Hamilton equations for the Moncrief’s hamiltonian Hr. This equation holds rather for 71 than for k.
It is clear from our equations (3.23) and (3.24) that the role of the canonical position and momenta
in [5] should be exchanged for the odd waves.

A Reduction of the initial data to the invariants
It is convenient to introduce the following variables:
IT:=2rP%4 4 + AP (A1)
Q = 2h3 + 2rhs™ ) 4 —rH 3 (A.2)
The scalar constraint (3.17) takes the form

v 1, o o 6m
%(ﬁﬁ@),g + 1228 g — S(A+2)H - (A +2 - T) h3 =0 (A.3)

From vector constraint (3.15-3.16) we get

o 6
r/u(Voll) 5 + ( A+2- Tm> rP3A 4+ 2007848 g = 0 (A4)

A.1 Dipole polar part of the initial data

In this subsection we consider only dipole parts of the variables, and we denote by the same letter
their dipole parts as the full objects in the rest of the paper.
1. From vector constraint (A.4), (3.15) and the definition (A.1) we have

rP 4 = TZf(ﬁH)’B (A.5)
Py =Ty, (A6)

r2\/v
S = I A7
ey )
This means, that IT contains the full information about the dipole polar part of P*.

2. From scalar constraint (A.3) we get

v
hy = —£ 2\
3 Gm( VQ) 3

"It appears in a hamiltonian H* (5.34 in [5]).

16



Moreover, from the definition (A.2) we have

v
27“h3A||A =Q+ %(HWQM +7rH 3

This way we can see, that @) and H contain the full information about the dipole polar part of the
linearized metric hg;.
3. The polar dipole gauge can be described by the following transformations:

3 3

-
n— I+ ¢°
12mA 12mA +<

1 K
“H4+—Q— H+—Q+&Y4 (A.8)
m 2 6m
and they show, that we can always perform quasilocal gauge transformation in such a way that II, @
and H are vanishing.

Moreover, from (3.8-3.12) we can check the evolution equations:

3
0 re . 1
R0 — T+ =
ho 6mA +6Q
r?v r? .
hos — — 2 (PTI) & — —
03 = 75,3 s = 5@
1. rU - rv
A
hota = gH+ 5@ GoR

Finally we have shown, that quasilocal gauge Il = @Q = H = 0 gives vanishing dipole polar part of the
full metric hy,.

A.2 Radiation polar part of the initial data in Regge-Wheeler gauge
The special form of the metric h,,, proposed in [1] will be called Regge- Wheeler gauge®. In polar part
it gives the following gauge conditions:

[e]
XA ap = hoal* = hgalh =05 v2x*8 1 up — 2P ap + (A +2)6%4

TzhoAHA —>7’2h0AHA+ Ago_,’_,r,QéA”A; 7’2h3AHA —>’l"2h3AHA+ A53+7“2(§AHA),3 (A.9)

which allow to reconstruct the polar part of the metric h,, as follows:
1. Equation

QUAilsABHAB = XABHAB — (A +2)hoall?

follows directly from (3.10) and gives S45 45 = 0. The variable II (defined by (A.1)) contains the
same information as X = 22948 , 5 + BI. From (A.4) we reconstruct P34 4, and (A.1) gives
I Il

P35. Finally, we reconstruct S from vector constraint (3.15). This way we have obtained four polar
components of the ADM momentum P, namely SABHAB, £3A||A, P33 and S. The remaining two
axial components are analyzed in subsection A.4.

8Regge-Wheeler impose maximal number of gauge conditions: 1 axial gauge (A.10) and 3 polar gauge conditions
(A.9) in radiation part. They do not discuss mono-dipole part, except some stationary solutions. Chandrasekhar in his
book [4] does not impose axial gauge. Vishveshwara uses the same formalism as Regge-Wheeler plus axial gauge (A.11)
for the dipole and, moreover, in polar part he assumes dip(hg + hg) = 0. The monopole part is not discussed in the
literature.
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2. The spatial metric we reconstruct from the scalar constraint (A.3) together with (A.2) and the

observation that BQ = x + %( ﬁ + 2)H. More precisely, we get a system of two equations for two
missing components H, k35 of the spatial metric (we need boundary data to solve them!).

3. The lapse @8 we get from S4B ||AB, which is given by (3.13). And finally, the missing component
hys of the shift we can calculate from the equation

202 AT P34+ Ahos = 1%haaja — ri(hoa!™) 5

which may be easily checked from (3.9). The axial components of the spatial metric and the axial
part of the shift vector we analyze in subsection A.4.

The above analysis together with the results in subsection A.4 show, how to reconstruct the full
initial data (P*, h,,) together with lapse hJ and shift hg, in the Regge-Wheeler gauge (A.9) and
(A.10) from the reduced initial data (x, y, X, Y).

A.3 Radiation polar part of the initial data in quasilocal gauge

We do not like to impose any conditions directly on lapse and shift. It is more elegant to impose gauge
conditions on the initial data only. The “time conservation laws” of the gauge conditions obtained
from equations of motion give lapse and shift indirectly. For this purpose we propose the following
quasilocal gauge conditions

RQ=H=1I=0

which allow to reconstruct the radiation polar part of the four-metric in a quasilocal way.

er—>mQ+2(£+2—6m>§3

r

UQ—3<5+2—6—m>H—>vQ—1<ﬁ+2—6—m>H—<3+2—6—m)€A|A
2 T 2 r T

Moreover, each component of the metric h,, depends quasilocally on the invariants. This can be
shown as follows:
1. From (A.2) and (A.3) we obtain metric components

rPx*Pap=x; H=0

-1
° 6
m= i = (A +2- ) x

2. From (A.1), (A.4) and (3.15) we get the ADM momentum

22510, =X; S=

-1
2ur A1 <A+2—6—m> X] ~ ATIX
'
3

-1
AP} = *27"B3A|\A =2v <A +2- 6m> X
T

3. Moreover,

’I"H—AT’QZ <£+2—6—m> (’I"P33—2Ah03)
r
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and
. 1/ o 6 ) o 6
vQ — - <A+2——m>H:A1vH— (A +2——m) ho™|ja
2 r r
give the following components of the shift vector

-1
hoa!l* =0 h03:%A_1<A+2——> X

and finally the equation for II gives the lapse function

-1
o o 6 o
hoy = A—1<A+2—Tm> (A§—2’UB§—2’M)§73)

The above quasilocal formulae for the radiation polar part of the metric h,, allow to check the
equations of motion (3.27) and (3.28) by inspection from the (3.8-3.13).

Why we prefer the quasilocal gauge?
Because the initial data with compact support becomes more clear. The full (constrained) initial data
with compact support give the reduced initial data with compact support, and the opposite is true
only in quasilocal gauge. The data with compact support allow to avoid the boundary value problems.

A.4 Monopole part of the initial data

The monopole part of the data seems to be not analyzed in the literature. We propose here the
complete analysis of this simple “gap”. Let us prolongate the gauge condition H = 0, which fixes the
radial coordinate, and for the monopole part let us assume

mon(H) =0

This way mon(x) = 2vBmon(h33), and the monopole part of the metric takes the form
mon(H) =0; mon(h*) = %Bflmon(x) = 2‘%0
For time coordinate we propose the following gauge condition
mon(P33) = 0

which is no longer quasilocal, it needs the boundary data at spatial infinity for the parabolic equation
obtained from (3.4). A similar situation (nonlocal reconstruction) we encounter during the analysis
of the dipole axial part (see the next subsection).

From the vector constraint (3.15) and mon(P33) = 0 we obtain

mon(S) =0

This way the whole ADM momentum is trivial in its monopole part.
The trace of (3.10):

1. 2
§H =A"Ip33 + hlolﬁ + 71)}103

gives mon(hgs) = 0, and finally the lapse we get from the monopole part of (3.11):
2
mon(2%P33) = mon(—2rvh{ 5 + 2vh3)
If we assume, that h9 vanishes at spatial infinity, we obtain
0
p
hy) = —1
mon(hg) —Inv
The infinity, which we encounter in the monopole part of the invariant x at r = 3m, suggests that

we have to assume p® = 0, and this way we exclude the possibility of manipulation with the mass
parameter m in the background metric.
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A.5 Axial part of the initial data

P3AIIB gAC B

1. The ADM momentum components eap and cBEA” we get from y and axial part of the

vector constraint (3.18).
2. In radiation part (I > 1) we impose gauge condition

(o)
X cpea® =05 A 1cpea” — XA cpea” + (A +2)&4 5P (A.10)

B

which fixes 4| peP quasilocally. The component hg All peB is obviously contained in Y. Moreover,

from (3.10) we have
2
. r o
x4 icpea” = 2UXSAC||CB5AB + (A +2)hoape™”

which gives hg 4| pe*B = 0. This way we have shown, how to reconstruct axial part of the metric by,
from the invariants (y,Y).
3. The dipole part of the metric (I = 1) can be fixed by the gauge condition

dip(h3A||B€AB) = 0; dip(thHB€AB) — dip(h3A||B€AB) + [dip(fAHBsAB)] 3 (A].].)

which gives a “parabolic” equation for the angular gauge transformation dip(£y4, peAP) with the
boundary value at spatial infinity. Moreover, stationary solution in dip(y) appears in hgy, geiB.
More precisely, from the “time conservation law of the gauge condition”

0 = r2dip(ha 4 pe™?) = r?dip(hoa) pe*?) 5 + dip(y)

4s
we obtain the dipole axial part of the shift dip(hg4, el ) = and in particular for s = scosf we

7"_3 )
2ssin? 0 . . .
have ho, = - which has been proposed by Vishveshwara (eq. 5.2 in [3]).

B Reduction of the symplectic form

Let (p*,qx;) denote the Cauchy data on a hypersurface ¥. The (2+1)-splitting of the tensor gy,
2
gives the following components on a sphere: ¢:= n“Bqap, qs3 — scalars on S2, gs4 — vector and

o 2
dAB = qaB — %UA B 4 — symmetric traceless tensor on S2. Similarly, we can decompose the tensor

density p*’. On each sphere S(r) we can manipulate as follows
1 22 o o
/ M aw = / ¥ a3 + 20" gaa + 5 P+ PP 4 ap =
1% v

o —1 o —1 1 22
B / P s - 2(TPMIIA) A (rgsal™) —2(rp®Peyp) A (7”(13A||B€AB) + 2 pg +
v

-1 o ]

+2/(T26AC pABHBC) A (A +2)71(T2€AC qABHBC)+
v

—1 o

_’_2/(7,2 ;)ABHAB) A (A _’_2)—1(7,2 8AB||AB)
v
where we have used the following identities on a sphere
o —1 o —1
—/ vy = (T?TAHA) A (rvAHA) + (rr1Be,5) A (rvAHBsAB) (B.1)
S(r)

and similarly for the traceless tensors we have

—1 °

/ ;FAB’lO)ABZQ/ (7‘2€AC %ABHBC)A (
S(r) S(r)

o

A + 2)_1(T2<€AC UAB||BC)+
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—1 ° °

12 /S LB R AR 4276844 (B.2)

The axial part of the quadratic form fv p* g we define as
o —1
axial part = —2/ (rp3A”B€AB) A (quAHBEAB)+
1%
[e] (e} -1 [e] o
—|—2/ (7“26‘40 pABHBC) A (A+ 2)_1(T2€AC CIABHBC)
%

The remainder we define as a polar part. Moreover, from the axial part of the vector constraint (3.18):

(r*p*1Beap),5 + 1% P A% pc =0 (B.3)

we obtain

-1

axial part = —2/ (rp3AHB€AB) & (TQ3A\\BEAB)+
1%

071 e} o

_2/‘/(r2p3AHB€AB),3 A (A +2)71(r2eAC QABHBC) =

[e] -1 o [e]
= *2/ (r*p*MPesp) A (A +2)7 (12 44" Bo)+
v

-1 ° o

—2/ (r?p*N1Be4p) A [QSAHBEAB — (A +2)71(r?e"¢ 44" 8c). 3]
v

We can see the invariants in the volume term, if we write the dipole part separately

dipole axial part = —2/ dip(r?p*A11Be 4 5) 5_1((]314”36143) (B.4)
v
and finally the radiation axial part contains gauge-invariants in the volume term
o -1 o o]
radiation axial part = —2/ (rPp*NBe gy A (A +2)7 1 (r2e2C 745 o)+
v
[e] -1 (e} [e] o]
—2/ (PP MWPeap) A (A +2)7' (A +2)g3a85*7 = (17" €47 150), 5] (B.5)
v

For the polar part we can use the rest of the vector constraints

r 2

ﬁ(\/EPSS),S +rp3ald—p=0 (B.6)
o 1 o 2

(7‘2p3AHA),3—|—(’I“2 pABHAB)—&—i A P=0 (B.7)

and we can reduce partially the polar part as follows

o r 2
polar part = / p23q3° — 2(rp3AHA) A (rquHA) + B (%(\/EPBS),S + TP3A|A) q+
1%

O_1 o

_2/\/ [(TQPBAA)@ + % A (L(\/EP?’?)),B +TP3AA>} A (A+2)7'(? EABHAB) =

Nz
- »/6V Tp33 |:

12 o B o o—1 o» -~ o
31 —(A+2)7'(¢? qABHAB)} - 2/6 r*p* ) A (A +2)71r? ¢ up)+
1%
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° 1

12 o —1 o o o —
—I—/ rpaalld [5 a+2rv A (A +2)71 (0 ‘JABHAB),:z — (A +2)7(r? qABHAB) -2A (Tq3A||A) +
v
o 3 5 2
3 3 9)~1 T oaB . ﬂ r B.
+/Vp3[q§; +Vu(A+2) <\/6‘1 14B |3 = 7 \/5‘1 '3 (B.8)

The above calculation shows, that we should consider the mono-dipole part separately. The monopole
part is very simple

Kl 1 1 1 3 2
mon( [ p¥qr) = —p33B~ mon(¢) + = rp3°mon(q) (B.9)
1% v 2 2 Jov
where invariant ( is defined as follows
33 34 2 2 2 AB 1 o 2
C:=B|2¢" +2r¢""ja—rv4q,3| +7r°4 HAB_E(A+2)‘1

Using (A.6), (A.7), (A.5) and integrating by parts, we can also rewrite (from the beginning) the
dipole part in the following way

o —1 1 22
dipole polar part = / p33qs3 — 2(Tp3AHA) A (rq?’AHA) + 3 pPg=
1%

-/ [ﬁf(ﬁn),g— 51 i~ 2L 5 B (g )+ [Z;{ (vor.| o=

r3\/v 2 g2 1 2
= / \/_(\/EH)’;), q +—6 II <T‘(]3A||A + q33 — —ur q13> +
F) m 2

v 12m
1 NG 1 2 r3\/v 2 ry
Y ANV D 0 SRV 3y O S A :/ il TV g =
/V {2q3+6m {T ﬂ(‘k” p" 43 4Tes7 A 5 oy 12m (VoI5 4 +15 - T1Q
S-1f R 6m )~ 2 34 R 12
= roll A A+2—T Q—?"p ||AA q (BlO)
av

where here IT denotes only its dipole part and II itself is defined by (A.1). We have also used scalar
constraint (A.3), and finally the dipole polar part takes its boundary form (B.10).

The radiation polar part can be also reduced, if we use scalar constraint (3.17) in two equivalent
forms (motivated by (B.8))

A(ima) s e (5] () ems a

1 o o 2 o o o o
SACA+2)a+2r0 (1047 45 ) 5 = Ar? 405 —2( A +2) (rg™ 1) =

= 20\v (%g) 5+ 20BC— (A +2)BY¢ (B.12)

Inserting (B.11), (B.12) into (B.8) and integrating by parts, we obtain

o 3 5 2
radiation polar part = /Vp33 |:Q33 +Vo(A+2)71 (% qAB“AB) ,3 — g (% q> ,3} +

o ] O_l

1 2 o —1 o o
—I—/ rpsalld [5 a+2rv A (A +2)71 (r2 qAB||AB) 3—(A+2)7 1 (r2 qAB||AB) -2A (7“(13A|A)] +
1%
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[e]

12 o o o —1 o
+/ Tp33 {5 qg—(A -‘r2)_1 (7“2 qAB||AB):| — 2/ (szSAHA) A (A +2)_1 (7“2 qABHAB) =
oV ov

12 o—1 » _ o _
:/6 a5 4 —rTTA (A +2) 1(T2qA3||AB>+/Vp33(A+2) 1[@(\% >,3+BC]+

where we used the equality

o r N -1 —
22 pABHAB + ﬁ (\/EH)73 +(A+2)B Ly lTpgAHA =0

which is a simple consequence of the vector constraint (A.4), (B.6) and (B.7). It is easy to check, that
the volume terms in the final form of (B.5) and (B.13) contain demanded gauge-invariant result.
Let us summarize the result we have proved

/ P qry = monopole part + dipole part + radiation part
v

where the monopole part is given by (B.9), the dipole part is a sum of (B.4) and (B.10):
dipole part = dipole axial part + dipole polar part

and the radiation part is a sum of (B.5) and (B.13):
[2r2 P ap + BH} ANA+2)7 ¢+

radiation part in V = /
v

o ]

_2/(T2p3AHB€AB) AL {Q3AHB€AB_(A —|—2)71(T26AC qABHBC)a?)
\%

6m 2

-1
boundary terms = / roll A1 (A +2— T) Q- r2p3A||A At a+

ov

-1 5 o

-2 /{9‘/(7"2193‘4”36,43) A (A+2)7 (¢ 44" 5c)

C (241)-decomposition of the gauge for lapse and shift

The gauge transformation (2.18) splits according to the (2+1)-decomposition, and we obtain the
following gauge transformation law, which acts on lapse and shift:

. 2m
hoo  —  hoo + 280 — T—2§3 (C1)
hoa — hoa+8&,a+8a0 (C.2)
hos — hos + & —vE% (C.3)

23



D Tensor harmonics against scalars

For the “historical reasons” we summarize in the table the quasilocal relations between tensor har-
monics decomposition and our scalars on S2:

tensor harmonics | corresponding
component scalar on S?
dd AB
h? h3a| BE
dd c AB
h3 X~ A||CBE
even A
hi hs”jja
HEven hS
2 3
K %H
AB
G X 7|1AB

where the three-metric hy; is decomposed into tensor harmonics as follows (see 4.1 and 5.1 in [5]):

hi = h3er + hgMeéy + WY fi + HSY ™™ fo + r* K fs + r°Gfa
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