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Multipolar equations of motion for extended test bodies in general relativity
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We derive the equations of motion of an extended test body in the context of Einstein’s theory of
gravitation. The equations of motion are obtained via a multipolar approximation method and are given up
to the quadrupolar order. Special emphasis is put on the explicit construction of the so-called canonical
form of the energy-momentum density. The set of gravitational multipolar moments and the correspond-
ing equations of motion allow for a systematic comparison to competing multipolar approximation

schemes.
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I. INTRODUCTION

The description of the motion of extended bodies in
Einstein’s theory of gravitation is a complicated and
many-faceted problem. Nearly all applications of general
relativity crucially depend on our ability to describe how
matter moves under the influence of the gravitational field.

When it comes to the description of extended bodies,
one usually has to resort to the use of approximation
schemes due to the complexity of the theory. In this work
we utilize a multipolar approximation method, originally
devised by Tulczyjew [1], to characterize the motion of
extended test bodies. We explicitly work out the equations
of motion at the monopolar, dipolar, as well as quadrupolar
order with the help of this method. In doing so, we put
particular emphasis on the definition of multipole mo-
ments, as well as on the definition of combined quantities,
e.g., the mass or the spin of objects, at different orders. The
process of canonicalization is carried out in detail, and the
resulting equations of motion are worked out in a fashion
which allows for an easy comparison of quantities at differ-
ent orders.

Without going into historical detail, we would like to
point out, that multipolar methods were among the first
methods to be studied in the context of the problem of
motion in general relativity. In particular, Tulczyjew’s
method can be traced back to the seminal work of
Mathisson [2]. We only note in passing, that several of
the pioneering concepts of Mathisson’s approach to the
problem also resurface in other (later) works. For a more
detailed account on the history of different multipolar
approximation schemes we refer the reader to [3].

Although we solely focus on the description of the
motion of test bodies, the results obtained here are also
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relevant for other approximation methods. Most important
are the post-Minkowskian [4-6] and the post-Newtonian
approximations—see, e.g., the reviews [7-9] and referen-
ces therein. The former method is useful to describe the
scattering of an unbound and the latter method is com-
monly used to describe the inspiral of a bound system of
two compact objects. For both approximation schemes the
test mass results in the present paper can be extended to
self-gravitating objects, if one relies on certain regulariza-
tion techniques. Furthermore, our results can be used as
input for higher order black hole perturbation schemes
[10-12] or other radiation reaction calculations [13,14].
All of the above mentioned methods are used to model
gravitational waves emitted from different astrophysical
sources and are therefore of direct relevance for the field of
gravitational wave astronomy [15].

The structure of the paper is as follows. In Sec. II, we
briefly recapitulate the basic ingredients of Tulczyjew’s
multipolar scheme. This is followed by the decompositions
of a general set of moments in Sec. III, which are crucial
for the derivations in the succeeding sections. In Secs. IV,
V, and VI we explicitly derive the monopolar, dipolar, as
well as quadrupolar equations of motion. In VIB, a de-
tailed comparison to the multipolar approximation scheme
by Dixon is performed. We draw our final conclusion in
Sec. VIIL. Appendices A, B, and C contain a brief overview
of different quantities and our conventions as well as some
useful transformation rules.

I1. BASIC DEFINITIONS AND THEOREMS

Conceptually the multipolar method of Tulczyjew [1] is
based on the assumption, that the motion of an extended
test body along a representative worldline can be charac-
terized by a set of multipolar moments, which are built
from the energy-momentum tensor 7¢° of the body.

As in the case of other multipolar approximation
schemes in the context of general relativity, the starting
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point is the covariant conservation of the energy-
momentum tensor, i.e.,

V,T% = 0. (1)

The general strategy consists of working out the constraints
of this equation on a general set of multipolar moments,
which are covariantly defined via an expansion of the
energy-momentum density of the following form:

~ +o0
Tab = /_ {tab5(4) + Vc[tc“b6(4)]
+ Vdvc[tdcab5(4)] + .. }dS (2)

Here the %“* are general multipole moments, &y =
O(4)(x* — Y?) is the delta function, Y“(s) characterizes a
representative worldline of the body, and s denotes the
proper time along this line. In other words, the continuous
energy-momentum density 7? of the extended body under
consideration is replaced by an infinite set of moments,
defined along a worldline—which is completely arbitrary
at the current stage. It is natural to expect, that the general
energy-momentum conservation law (1), imposes con-
straints on the moments defined via (2), which in turn
characterize certain properties of the body and its motion
through spacetime.

Of course, there is no simplification of the general
problem of motion at the present stage. Insertion of the
full representation (2) into (1) just yields a very compli-
cated differential equation for the moments r%°¢¢, which is
actually of infinite order. The approximation comes from
the fact, that one truncates the series in (2), and only
considers a finite number of moments. The general expec-
tation is, that certain features of the body and its motion are
adequately characterized by a small number of moments.
This is of course analogous to multipolar expansion tech-
niques as used in the context of classical mechanics or
electrodynamics. In the following, the order of approxima-
tion is characterized by the notion of single-pole, dipole, or
quadrupole, depending on which of the moments in the
expansion (2) are retained.

On a technical level, the method of Tulczyjew [1] is
based on a generalization of the Du Bois-Reymond theo-
rem—called theorem B in the following, cf. Sec. 3 in [1].
Before stating theorem B we need to define what
Tulczyjew calls the canonical form. An arbitrary singular
tensor density A°1~» is said to be in canonical form if it can
be written as

m o0
A~b1...b,, — Z / vClka[acl...ckbl...bn 5(4)(Xa _ Ya)],
k=0~

where the coefficients a¢1-<P1-n satisfy

acl“'ckbl“'bn = a(cbuck)bl"'bu’ (3)

Ue, acl.‘.ckb]“.bn =0. (4)
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Here, we used the abbreviation u := dY%/ds for the
tangent vector along the worldline. As was shown in
[16], it is always possible to achieve the canonical form.

Theorem B states that, if for a tensor density Abr-ba gnd
an arbitrary tensor field 7, , we have

/D AbrbaTy =0 (5)

in an arbitrary four-dimensional region D, then all the
coefficients a1~<b1+bn of the canonical form of the den-
sity A?1+?n vanish.

For further reading on the method of Tulczyjew, we refer
readers to lecture V in [16].

III. DECOMPOSITIONS WITH RESPECT TO THE
VELOCITY

Let us consider a set of general moments %7 with the
following symmetry properties:

tc]...cnah — tc]“.cn(ah)’ tc|...cnah — t(cl...cn)ub. (6)
Note that the symmetry in the second line is motivated by
the integral representation of moments in the multipolar
approximation scheme of Papapetrou [17], see also [18]. In
the context of Tulczyjew’s formalism, there is a priori no
reason to impose the symmetry in the first n indices. One
could carry out the calculation without imposing it.
However, this would only lead to an unnecessary compli-
cation of the derivation, for the contributions from the
antisymmetric parts of 1“*’ could be absorbed in the
course of the canonicalization procedure. We provide an
explicit example of the absorption process in Sec. VI.
With the help of the projector p§, 1= 87 — u“u,, we may
decompose the moments from (6) with respect to the four
velocity, remember u“u, = 1, in the following way:

0 0 0 0 .
19 = g 4 2playb) 4 pyayb, 0 == 1p%u,,
)
(O)ab = lCd

0
b «— scd
PEP g 1= 1%y

For the dipole moment, or three index quantity, we get

1o 1 1 1,
tabc — oahc + Zoa(buc) 4 Oaubuc + uatbc’

1

1 .
0% 1= tdef Oab = tdet

piucty, piplus, (8

1 e
oabc = tdef tbc = tdbcud.

b
PaPePy
For the quadrupole, or four index quantity, we get

tabcd — éabcd + 2(2)ab(cud) + éabucud _ uaub;cd + 2u(a;b)cd
0" =11 pl phuguy, 0" = 1T g plpu,

2 . 2 .
Oabcd = tefghpzp?pgpz’ tcd = tefcdueuf’

2
tacd = teacdue' (9)
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The decompositions in (7)—(9) are going to play a central
role in the upcoming derivations.

IV. SINGLE-POLE

If we consider a single-pole object we start from
0= Vaf”b = fva[tab6(4)]. (10)

In order to bring this equation into the canonical form, we
decompose the integrand with respect to the first index, i.e.,
the one which is contracted with the derivative. Here and in
the following, we abbreviate the orthogonal projection of
an index with respect to the velocity by a hat over the
corresponding index, e.g., 1%¢ := p’199¢ The decomposed
version of (10) then reads

0= f V(1 + ut, )8 ) an
This integral can be split up by means of

o STC1¢2
fva[uuTclcz...5(4)] — R

Sy, (12)

as follows:

0= f%[uctd’]c?m * /Va[t&b5(4)]. (13)

This form of the integral allows for the application of

theorem B, i.e., the equations of motion are now given by
E[uCth] =0, 14 = (. (14)
ds

If we insert the orthogonal decomposition of 1 as given in

(7)—note that in the single-pole case we could have started

right away with this decomposition, without making the

intermediate step in (11)—the equations of motion in (14)

take the form |
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0

) 0
210" +u't]=0, o™+ ot =0. (15)
ds

From the second equation, due to the orthogonality, we can
infer that

0

0" =0 and 0% =0, (16)
which leads to—after reinsertion into the first equation in
(15

0 0
t = const and d—u“= . (17)

s
In other words, we have shown that the equations of motion
of a single-pole particle take the form of the geodesic
equation. Equation (17) suggests to identify the quantity

¢ with the mass 1 of the test body. This result is of course
not new, with the method outlined above, it was already
derived by Tulczyjew in [1]. Finally, we note that the
corresponding singular energy-momentum tensor is then
given by

Tab = [%uau%@. (18)

V. POLE-DIPOLE

At the pole-dipole order we start from
0=V, T = f V,[1 8] + f V, V[0 8,] (19)

In order to be able to apply theorem B, we need to bring
(19) into canonical form. First, we focus on the second
term with the two covariant derivatives. Following the
procedure outlined in the preceding section on the single-
pole particle, we start with a decomposition of the indices
which are contracted with the derivatives, i.e.,

fVaVC[tC“b5(4)] = fvavc[(z@ﬁb + 1y ) S g)] + [Vavc[(tdﬁbucud + U U ugu, 1) 84|

52 o, .. ou .
= [W(tdebudue)ﬁ(@ + [Va[ﬁ(td“bud)S(@ + KuduetdebS(Af)] + fvavc(twb5(4))

+ [Vavc(l‘adbu”ud&@).

The last term in this equation can be rewritten with the help
of

1
Vi Vil =3 Ry T, 1)

and subsequent application of (12) as follows:

(20)

[
N 6, .
fvavc[t”dbu“ud]5(4) = /vc[a(fdbud)é;m)]

+ f Rucc utugtt® 8, (22)

In order to arrive at the canonical form, one still needs to
symmetrize the indices appearing in the second last term of
(20). This again produces a curvature term at the lower
order. Combining the rewritten form of (20) with the
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results at the single-pole order from the previous section,
Eq. (19) takes the form

62 )
[[W (t“Puoug) + a(f Pu,)

1 N .
+ ERaceb(2theu“ud + tcae)]5(4)

S, . . out .
+ [Va{[— (t9aby, + 144y ,) + Luduetdeb + t“b:l
ds ds
X 5(4)} + [ V V[P 5] = 0. (23)

This is almost the canonical form, we still need to ensure
the orthogonality of the first two terms in the second last
line in (23). Once again, we apply (12) and obtain

o, . .
/Val:— (tdahud + t"dbud)5(4):|
—2 (v, (fled)b ou (cd)b |5
= t u )_ ds U Ugt )

5uc
-2 f e (K udt(Cd)b)5(4). (24)

Reinsertion into (23) finally yields the canonical form of
(19):

52 5 Su,
[I:d g (thbl/t ud) + d_<th _ Zﬁudl‘(al)b)

1 R o
+ ERaceb(thdeuaud + tcae)]8(4)

o, . du ] X
+ [Va{[Zpgg(t(‘d)bud) - Wucudtd‘b + lab]5(4)}
+ f V, V[ 5,T=0. (25)

With the help of theorem B—starting at the highest
order—we can infer from (25) that

0 = (COh = pleal 4 plearyb, (26)

Here, we made use of the decomposition (8) in the last step.
Transvection of (26) with the projector pZ and the velocity
u;, yields two conditions, i.e.,

0l =0, and oW =0, 27)
From the last equation, together with the identity
peab — bleay 4 bbea _ bable (28)
we can infer that
0¢b = 0. (29)

At the second highest order theorem B yields

5 Sus i
200 2 (fledby ) — OUy y pdeb 4gab — 0 (30)
ds ds
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Insertion of the decompositions from (7) and (8) leads to
0

pe (0 + ot + 10) + 0% + 0%ub = 0. (31)
s

Multiplication by u, and reinsertion of the result yields two
equations. These allow us to express parts of the orthogo-
nal decomposition of the single-pole moment in terms of
the decompositions of the dipole moment as follows:

o
0t = —ugpt (0% + otul + 1), (32)

)
oab = —pﬂp?d—(écd + ocud + ;“'d). (33)
s

Taking the antisymmetric part of (33) yields
o
plpt— (oledl + oleydl) = 0, (34)
ds
We introduce the spin in the following way:

Sab = —2(olab] 4 blaybl), (35)

Note that the prefactor is conventional, in particular, the
minus sign comes into play because we started with a
positive sign in front of the dipole term in (19). Now (34)
turns into the well-known equation of motion for the spin
[2,17], i.e.,

1
papb 5SLd
c

1 1 1
(Ssab . 550[) S Sac
— uu, —_—
ds ds ds ds
Furthermore, if we make use of the first equation in (27)
and the definition of the spin (35), we can express parts of

the orthogonal decomposition of the dipole moment in
terms of the spin and the velocity as follows:

=0. (36)

—u’u,

04 = —S§aby,, (37)

11 1
0 = — 55 = u, Selay?). (38)
From the lowest order in (25) we get, again via theorem
B and by insertion of the decompositions from (7) and (8),
the following equation':

0 01
7 (udd 140+ O + Ul — G0 — ucb“u”)
N
1
+ ERW”[ZM“(S)CE + 0°u¢) + 0cee + oyl = 0. (39)

Taking into account the symmetries of the quantities in this
equation and our findings in (27), (29), (32), (33), (37), and
(38), we can rewrite (39) as follows:

01

1
pb+ = ueS"CRace =0. 40
ds 2 (40

"Here we introduced the shortcut “”:= %.
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This is the equation of motion for some kind of generalized
momentum, which we define by

0 ! 01, o !
ph = (t — u g8 + ucud—t‘d>ub + uy— Sh4
ds ds

o1
= mub + uy,— Shd, (41)
ds

The second line serves as a definition of the mass m which
now—in contrast to the result at the single-pole order—
contains also contributions from the spin as well as from
the transversal component of the decomposition in (8).

Our equations of motion for the pole-dipole test body in
this section are the most general ones. No a priori restric-
tions were imposed on the decompositions in (7) and (8).
Furthermore, it should be stressed that no assumptions
were made regarding a possible spin supplementary
condition.

Equations (36) and (40) are nowadays usually called the
Mathisson-Papapetrou equations. In particular, the charac-
teristic spin-curvature coupling at the dipole-order is al-
ready present in Mathisson’s pioneering work [2]. Note
that Mathisson’s equivalent to Eq. (40) has a slightly differ-

ent form. This is due to the fact that he sets the o
component in the orthogonal decomposition of the dipole
moment to zero—in other words he makes use of a supple-
mentary condition—at an early stage in his calculation. On
the other hand, Papapetrou does not impose any supple-
mentary condition in his derivation in [17]. The equations
of motion given by him are formally equivalent to (36) and
(40), but his moments are defined in a different way, cf. [3]
for more details.

Finally, let us derive the energy-momentum tensor at the
pole-dipole order. In terms of the spin, we have

. g Ld 11. 1 d Led
0 + ou + 1¢ ——ESCd—i—ueS“(‘u)—i-tc,

hence (32) and (33) become

S ! S 1 1
Va — a ged — th> + —g,pascd 42
© MdpL(ds ds g HaPe> (42)

1
0 = —pﬁ;pz‘%?‘" + plalSeeu,. (43)
If we use this result—as well as all the constraints on the
components of the decompositions in (7) and (8) obtained
in this section—in (19), with the help of (12) the singular
energy-momentum tensor for pole-dipole particles be-
comes

T = f u@ph &y — f Vo(S@ul sy (ad)

Note that (44) is not in canonical form.
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Supplementary conditions and conserved quantities

The system of equations in (36) and (40) is under
determined. This is evident from the appearance of the
projectors in Eq. (36). Thus, supplementary conditions, or
constitutive relations, involving the spin are needed to
close the system. Before we discuss the impact of different
conditions, we rewrite the equations of motion as follows:

1. 1 |5 1) o1 )
mut = —EueS"‘Rdce” — p2%<uch”‘), (45)

o 1 . 1) lbc
%m ucg(uhS ), (46)

1
%S“” = 2play?], (47)

The first two equations are obtained from the orthogonal
decomposition of (40).

There are basically two covariant supplementary con-
ditions at the pole-dipole order which have been studied in
the literature, i.e.,

1
§Pu, =0(x),  SPp,=0().  (48)
To our knowledge, the first condition can be traced back to
an early work of Frenkel [19], and the idea for the second
condition appeared first in a work by Synge [20] in a

special-relativistic context, see also [1,2,21-24]. For both
conditions there exist constant quantities, namely

6 1 =

S to, 49
=" (49)
o 1 1) 11, %%

O = 2pap 2o, 50
o= goVPap (50)

6 1 O L1 avas
2—(8)?:=—8,,8% ="0. 51
dS( ) ds ab ( )

Note that without the imposition of any supplementary
condition the derivative of the alternative mass parameter

m fulfills

1
— §ab, 52
Py (52)
Furthermore, in case the background spacetime allows
for a Killing vector field ¢“, the quantity

31';*:3('“ + L sary )=0 (53)
g : ds P Pa 2 a®Pb ’

is conserved. For other (nonlinear) conserved quantities at
the pole-dipole order see [25,26] and references therein.
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VI. POLE-DIPOLE-QUADRUPOLE

At the pole-dipole-quadrupole order the variational
equation takes the form

0=V,T
= [Va[t“b6(4)] + /Vavc[lwb5(4)]

+ f ARATZIEIN] (54)
In order to bring this equation to canonical form, we focus
on the third term in (54) and proceed along the same lines

as in the single-pole as well as in the pole-dipole case. With
|
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the help of the projector, the quadrupole moment can be
decomposed as follows:

tdcab — td@ﬁb + uatdéebue + ucudtgf&hufug
dgfeb dféeb
+ uuults P u upu, + u(ulefe

+ uctafEb)ueuf + (udgetab 4 yepdeaby, —(55)
Because of their length, we provide the canonical form for
the separate terms in (55). As in the previous cases, the
canonical form is achieved by repeated application of (12),
and the generalized version of (21) for multiple deriva-
2

tives.

as an Al 1 A 5
fVanVC[tdC”b6(4)] = fVanVC{t(dC”)b6(4)} + /vc{RadebICda65(4) + gRadeCl‘edab(s@)}

1 6 2
+ _[ {g TR et 18 + §Rdaeb;c‘t6da66(4)}’ (56)
[Vavdvc[u“tdcebu68(4)] = [V(dvc){pgpj!g[tfe“bua]ém)} + [Vd{ZRacfbu“td“fue&@) + Racfdual‘fcebbteﬁm)
2¢15 p feéaby, 18 6 d,a, +féeb S b azédef S
— 2p; %[uct Ugldwyp + a[RaCf Uugt Cu 18wy = Ry qu 1 u, 84
o i .
+ 2d—[uductd"“bua]8(4) - Rdcebuduftf”“eua(‘)‘@)}, (57)
" .
5 . 52 5
[Vavdvc[ucudtgf“bufug5(4)] = fv(avd){udtgf“bufug5(4)} + [Va{pgﬁ[tgfgbufug](?@)}
6 62 gfab S 1R b dgfae S 58
+ % Maw(t I/tfl/tg) 4) +5 ade ucr I/lfl/lg @[ ( )
o
jVavdvc[u“ucudtgfebueufug5(4)] = fva{Su“%[tgfebueufug](sm + 2p2uhtgfebueufug5(4)}
+ 53 gfeb S -2 6 nar, 18feb S
F[I Ul Uy |64y a[u a7 u up1 g 16 4
+ Radcbudu“tgf“ueufug6(4)}, (59)
[ngdvc[u“(udtféeb + uct”?feb)ueuf5(4)]
A 8% . . .
= [V(CVQ){Zu“tf”ebueuf8(4)} + fVC{Zpgﬁ[tfgebueuf]ém) - Rgda”u“udtfgebueuf8(4)}
o . 0 8 ..
+ j{Zg(Racgbu”)tfcegueuf5(4) + ZXI:MCW(tf”bueuf)]ﬁm)

(60)

0 . ;a R
+ 3R, ul a[tfcegueuf]&@ + Rcdgb;au”udtfc“’gueuf5(4)},

“Note that one has to be careful when it comes to the usage of the
indices.

[IZH

ITLE]

notation in combination with the hat notation for projected
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fvavdvc[(udzef&b + u"t‘zeﬁ”)ueﬁ(“)]

) A
= [V(dvc){Zpgp?%[t“efbua]&“)} + [Vd{

PHYSICAL REVIEW D 81, 044019 (2010)

5 g as g 0 "
Rfceduftacebua5(4) + Rf-cebuftaCdeua5(4) - 4p§%[uct“(“)bua]5(4)}

5 » s 5 .
+ /{%[Rdce“uaudtgcebug]3(4) + 4%[ucudt”(0d)bua]5(4) + Rdcebp;-pg%[t“fgeua](‘i@) 2R, u uft‘”feu 5(4)}

Together our results in (25) and (56)—(61) yield the canoni-
cal form of (54)—which we do not display here explicitly
due to its length. As in the previous sections, the next step
in the derivation of the equations of motion consists in the
insertion of the orthogonal decomposition from (7)—(9). To
save us some work at the quadrupole order, we are not
going to use the general decompositions in (7)—(9) directly
in the following, but rather transform them to a more
compact form first. The new decompositions shall be given
by

tab = pab + 2playd) 4+ pyayd, (62)
teab = peab 4 2pclayh) 4 peyty?, (63)
tdeab — ;ldcab + zrzldc(aub) + ;ldcuaub_ (64)

As becomes apparent from (63) and (64), the ]t and ; terms
in (8) and (9) have been absorbed in the new decomposi-
tion. The explicit transformation laws between the old and
the new decomposition read

oo, [5}ef NG < 5§gef)
! ellr] "as ds® ds\"¢ "ds
T 2usiedeR ] (65)
bo_Say [5'ff okl )0 ( 5?8€f>
n“=o |l ———+2—(u,——
Pelli"as — ds? ds\'® ds
1 ygedle Ry ]’ (66)

(61)
2 2
Vb _ Sab [azef 82 | 8 ( 5tgef)
=0 — —\uy——
pepy ds ds® ds\® ds
+ 2us1dCR, P ] 67)

2
1 . Bl‘efg
“= ot gy (—ate 220 69)

N
1 1 . 5te/¢
n = 0" + pgpiu ( ur's +2 y ) (69)
’ N
1 1 Stefe
peab — feab 4 mpf«ﬂ?( ut’s +2 7 ) (70)
N
;lab — éab, (71)
;lcab — (Z)cab’ (72)
;ldcah — édcab. (73)

Hence, the energy-momentum tensor is given by

Tab = [ 15y + f V[t 8] + f VaV [t §4) 1

(714)
From the form of the decompositions of the moments in
(62)—(64) and in (55) it becomes apparent, that only a small
fraction of n%°“~- terms contributes to the canonical form of
V, T, when we make use of the redefined t“** moments.
In particular, only the integrals in (56) and (57) yield
nonvanishing contributions.

The canonical form of the derivative of (74) becomes

déa (SN 5 éa é
f V,V,V,{tdas ) + f vdvc{[ £ pf) - HPu,] + 4 d>b]5(4)}

+ —/-vd{l:pga(teahua _ 2uctecubua) + Racfh(tdcuf + zuatdcefue) + Racfd(gtfcah + uatfcehue) + tzlb]8(4)}

1) fa 1
+ [{[a (Racfdu“udtf‘“"ue + gRade

—R

A i i i 2
Cu t8440 + 25y i by + teby, — ucudt“”’> +ZR

b tcdae
3 dae ;¢

1
wes gt u, = Ry Putiteecu,, + 5 Race” Q% uu, + tcae)]5(4)} 0. (75
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Application of theorem B and insertion of the decomposi-
tion from (64), yields at the highest order:

pldealb 4 pldeayb — g, (76)

Orthogonal decomposition with respect to the open index b
leads to two symmetry relations, i.e.,

pldeab = and pldea =, (77)
The first relation in (77) allows us to infer that
;ldcab — ;lubdc’ (78)

hence 7?4 has symmetries similar to the ones of the
curvature tensor.’

At the second highest order, again by application of
theorem B to (75), and insertion of the decompositions
from (63) and (64), we obtain

pgp}ldi(rzzfeb + nfeub) + pledb 4 pledyb — o (79)
s

The orthogonal split of (79) yields two ‘“‘constraint equa-
tions”’—here and in the following we are going to use this
name for equations, which allow us to express certain parts
of moments in terms of parts of higher order moments, e.g.,

1 . 1 .2 .2
nabc — nubc(nahc’ nub)_namely:

pledl = —pzp?pfé;(fszg +afeus),  (80)
N

7 (cd)

0 :
—pipfuy (/P + afeut). (81)
77 ds

Equation (80) can be used to rewrite n“ as follows:

pdeb — Jdob o fbd)e _ )(cb)d

-n
_ pepd b O (nRest _ Afeys — Rafye 4 esyf
—pepfpga(Zn T —n'eus — néu¢ + nu’)

_ 2dE;lcbd +2(n abd c 4 ;lcadub + ;lcbaud)ua
S

2dc b _

— néy die + pebyd, (82)

Note that in the second step we made use of the second
relation in (77), which yields an algebraic symmetry for

abc ie

e 4 phea 4 peab = 0, (83)

An analogous relation holds for nabed,

Usmg (77), and remembering pdeab = p(de)ad) one can check

that ntdeb 4 peadb 4 phdea 4 pebda — —an“”’ holds. On the
other hand, one also has pdabe y pbdac 4 peabd 4 pbead —
—2n“d¢ The left-hand sides of these equations are identical,
thus (78) holds.
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Equation (81) can be simplified as follows:
' (de) — (2dca 2a(d,,c));, 6 2dc
') = (pded — 2pdy )ua—d—n . (84)
s

Let us now turn to the next order, i.e., the second line in
(75). Applying the same procedure as before we obtain:

.0 >
nd + pdyb + pd p —[n 1t + peub — 2(121“” + nu)u,]
s
+Racfgpg[ (nfcab +nfca b) +(nfcb +nfc b)ua]

+R, b[nd”“f + ndeayf 4 2(ndel 4 pdeyfyye] = 0.
(85)

The orthogonal split of (85) yields two equations
ndb = —pep —[n"f +neul — 2(nf + necu )i,

—R g[pgnd””f + 8§ndcauf + 2p§ndcfu“

acf

) 1
F 28ttt + i pd 4 it (36)

nd = —pfub%[;lfh + neub — 2(nt + necub)a,]
R Cfg[ugizld”“f + Z;defu“ug + %pgﬁf"“
+ pinfuc]. (87)
The antisymmetric part of (86) can be viewed as the direct

generalization of (34), and suggests that the spin at the
quadrupole order should be defined as

Sab :— —o[Alab) 4 playp) — p(pclab) 4 pelaybly; ] (88)
yielding

1 62
0= —Ep‘jpf—S"f + R,

[bzd]caf [bzd]ca f
Y I:pg n + Sg ndleay

1
+ 2p([gbrzzd]cfu“ + ZSE,bI%Ld]Cufu“ + grzlf“‘[bpg]

- rzzfc["pglu“] (89)

lpepfda Sef — p[dpb]Racf [;" ;leacf + 4I%leafuc
+ Zée“ufuc:l. (90)

In contrast to our findings at the dipole order (36), this
propagation equation for the spin contains—as expected—
also contributions from the quadrupole moment, which
couple to the curvature of spacetime.
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From (84) and (88) we obtain

1 2 2
n® = 2n%u, — Sy, on
fllab _ u[bgva]cu _ E;ﬂb _ lgab _ 2(;[cba + ;lc(aub))u ,
“ ds 2 ¢
(92)

s
ds

+ R b [% (;Ldace + ;ldacue) _ ua(;lcde + ;Lcdue)il

ace d

PHYSICAL REVIEW D 81, 044019 (2010)

which can be viewed as the generalizations of (37) and (38)
to the quadrupole order.

What remains to be analyzed is the lowest order in (75).
Application of theorem B at this order yields

1
{Raced[u“ud(ﬁ“b FRUP) g RN + Qi (RO ) = (P Ru) + ,‘%ub}

1
+ Raceb[u“(rlz“ + ncuf) + E(,‘qwe + ncue) — ipu(n/e + rifcue)] =0. (93)

This equation is the analogue to (39) found at the pole-
dipole order. With the help of (82), (87), (9 12, and (92), it
can be rewritten in terms of S¢’ and the n¢- from the
decomposition of the quadrupole moment in (64). In order
to keep the equations at a manageable size, we introduce
the auxiliary quantity

A = n 4+ pub =20 + Uy, (94)

1:2 2 d 2 2 0 2, .
— _Esab + uCSc(auh) _ _snab + 2(nabc _ n‘(“uh))uc,

95)
with the properties
u, A% =0, (96)
i A = —y A, 97)
2
u A = — 2ncaq, = u,She, (98)
[ab] — _ L Gap
Al = — —gab, (99)
2
2
u up —A? = S5 u,. (100)
ds

This allows us to rewrite (86) and (87) as follows:

ndb = —AD) 4y Aoy, + u, Ay — ATy uubul

2
PR3 R0+ 2! + 2ot |

0= di[;mb +nb — A, + Racdeue(%lzid“‘b + %rzzd“ub + ndebya + ﬁdcubu“)]

N

— R . b. g;ldcae + %;deaue + ;ldceua + ;ldcueua
ace d 3

3

- Racebu“uf(;zzf“ + nfeue)

(101)
- _ o AdD) d, b dA (d ,b) g
= + uuu,uy s T ol pg R,.s
[Zir + it + 2t
sA¢f  sAles]
+2uldph) [ = ] 102
Hply ds ds | (102)
nd = —pdy EA”’ — R__&| ndeafy + opdefyay
Pe bds acf 8 8
12fca d 2fe d,a
+ gn- pg T/ pout |. (103)
Hence Eq. (93) turns into
1 b 1 1 1 1
+ ERace (2nceua + 2ncueua 4+ pcae L ncaue)
(104)
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8T : 1, 1.
— _ Aed Acb + R ( 2 ocab + =
ds |: pe Uc ace ud 3 3

2 2 1,
_ Raced<nhcaeud + 2nhceuaud + gnecapz + necpbu

1
+ =~ Ry’
)] 2 ace
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ecaub + },zlechua + ;lecubua)

2 2 )
|:2u"u[eSC]fuf —u’Se + ueu”SCfuf

1) 1 2 1)
- 4I/lalz.id(;ldec + I%ld(cue)) - 2Llad7;lce - EueS"“ + 2ueu"(udeC + Zudlzid") + 2d7;laec
N

K

+ 2(n%ecy® + padeye + fa“duC)ud — AR — R 4 paehc + 2u° Lty ndea — (pfee 4+ pfeye)ya uf]

2 2 2 2 dca,,e 2 dce,a 2dc. e, a

- R,.." dSnC“e-i-gn u® + néu? + n“uu (105)
1) S8(Aby S5A%d 4 1 2
d—[nu + 2A[bd] —( Y @) + ueudub T + Raced(gﬁ“bceud + gigt“"ubud + 4r21b"“ucud + n“u”ubud

K K
L 1 2 8(neee)  8(ncu®)
b b e .

- — neeu +R —uSc — -

3 pd P )] ace [2 ds ds ]

b 2 dee 2 2 d 2d 2d

— R, d 3 + 3n Ayl + neeyt + néucu (106)
1) 2 4, 4 d 2
—[(n + S“Cua ZRacenu)ub + Ry = nCuy + 4nb*ucuy + - nph + 2121“eu"p'3> + ua—Sb“]
d 3 3 3 ds
+% aLebueg‘ac _ Race d[2 2 dcae + — 2dceua + g;laeduc + ;ldcueua + ;laeucud]' (107)

This concludes the derivation of the equations of motion at
the quadrupole order. Equation (107) replaces (39) as the
new center-of-mass equation of motion.

Analogously to the pole-dipole order, we introduce

combined quantities for the mass m and the generalized
momentum 127“ at the quadrupole order, as follows:

2 ._ 0 vac 2 d2eca
m:=n+ Su,u, — 3R,M n®““u,, (108)
]2jb — }’?’luh disba + Ruce (;" ;labceud + 4;lbaeucud
4
+ giﬂevp{; + 2n“€u‘ph) (109)

With these definitions the propagation equations for the
spin (90) and the center-of-mass (107) take the form

ab6

: 8
pepy 58 = p%”p?]Rdcfg[g nedel o+ 8nelue

+ dn“u/ u] (110)

1 2
- 7Racehuesm + vdRace

82y
ds? 2

[2 2 dcae + = 4 zdce ut
3 3

+ %izi“"duc + ndeyey® + rzz“eucud:l. (111)
Our equations of motion for the pole-dipole-quadrupole
test body in this section are the most general ones. It should
be stressed that no assumptions were made regarding a
possible spin supplementary condition.

Before we introduce a new combined quantity for the
quadrupole moment, we make contact with the multipole
formalism of Dixon in Sec. VIB. This will allow us to
bring the equations of motion (110) and (111) into a very
compact form.

From the system of Eqs. (110) and (111), it becomes
clear that the evolution of quadrupole components is not
constrained—in the sense that there is no dedicated propa-

gation equation for the nd . Equation (1) seems to gen-
erate only equations of the constraint-type at higher orders.
Furthermore, one is already forced to introduce a supple-
mentary condition at the pole-dipole approximation in
order to obtain a closed system of equations. Hence, it is
rather natural to expect, that additional supplementary
conditions, now also involving the higher order moments

297~ are needed at the quadrupolar order. The choice of

such conditions depends on the type of body under con-
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sideration. We are not going to touch upon the question of
possible choices for such a condition in this work.

A. “Non”-conserved quantities
In this section, we calculate the derivatives of the masses
m and é, the spin length 3’ , and a combined quantity é at
the quadrupole order. As definitions for the quantities 3‘ and
2

E, we use expressions which are completely analogous to
the ones introduced at the pole-dipole order, see (51) and
(53).

d > 2., 2
am 7(1/! Sub) + ubRace d(3 ndcue + 2naeduc
2 4
+ n“eucud> + Raced<§ rzz“b“udub + 4r21b“ez'4buduc
4 20@6‘ Y 2206 y c 12
~|—§n i, + 2n%u,uc ), (112)
6 2 . 6 2 2a
—m:i=—
s ds PaP

cde

—éi’il u va ( bede + 3;ldebuc

3, . 8, 6> 2 pede
+ Endeuhu‘> _ gp[b %pa]Rcdea<nb 1

+ edcu +3nbL€ d+3nbcu e_;’_éildeubuc)]
2 2 '

(113)
S 2 S5 2 2
2 2= ab
dS(S) ds(SabS )

2 16 2 2
— 4Sab]27aub + ?SubR a(;lbcde + nedcub

cde
+ 3pbeeyd + %;tbcu u + ind‘f b )

(114)

e

13} 12
= d—<Pa€0 + zsabva%)

&l

s
i(@avb ode a 4 2R qup )( bede 1 nedc b
bce d 32 2 be d e 3. 2 de b )
+3n +=n u® +—-n (115)
2 2
As becomes clear from (112)—(115), these quantities are no
longer conserved at the quadrupolar order. Note that this
observation is independent of the choice of supplementary
condition for the spin. A direct generalization of (48)—in
terms of the quantities at the quadrupole order—only
nullifies the first terms in (112)—(114). The conservation
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of the quantities in (112)—(115) depends on the details of
the extended test body under consideration. Since we did
not introduce any specific supplementary condition for the
quadrupole components, the lack of conserved quantities at
the current order of approximation is not unexpected.

B. Comparison to Dixon’s scheme

Our starting point are the equations of motion given by
Dixon in (13.7) and (13.8) of [27], see also (168) and (169),
as well as (171) and (172) in [28]. According to Dixon, the
spin and the center-of-mass equations of motion—up to the
quadrupole order—can be written in the form

4
%S“b = 2plaut] + 3R g la1Pkede, (116)
0 1 b ¢ed 1 bedc
%pa = ERabcdu S = gvaRbcdeI ’ (117)
where 1%°? has the following symmetries:
]abcd I(ah)(cd) — chab (1 1 8)
I(abc)d =0 Iabcd + Ibcad + Icabd = (. (119)

Note that 7°? has no orthogonality properties with respect
to u“, except the ones that can be deduced from its sym-
metries. In Dixon’s work the equations of motion in (116)
and (117) are also often written in terms of a different set of
moments, termed J by him. To allow for a direct compari-
son, we provide the explicit transformation rules between
the /- and J-moments in Appendix A.
Orthogonal decomposition of (116) leads to

0 4
a b 7 [a  b] f gcde
PPy dsS =3P Py Real’ (120)
b — ¢ab 4 [a yblcde
p P =S u, — gubRLde 1 . (121)
With the definition m = u,p* Eq. (121) turns into
i 4
p¢ = mu® + $%u, — JUR, L G (122)
Further, Eq. (117) can be written as
1
%p“ = _ER“”’ ubs§ed — —Vthde"Idee. (123)

Insertion of (122) into (123) and orthogonal decomposition
of (123) leads to separate equations of motion for u“ and m.
This is completely analogous to the pole-dipole case, c.f.
Egs. (45) and (46).

The form of Dixon’s equations of motion in (120) and
(123) is the most suitable one for a comparison with our
results from the previous section. We introduce the or-
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thogonal decomposition of 1¢°¢¢, with its symmetries from
(118) and (119) already implemented,

Idcah — Qdcub + 2Qdc(aub) + zQab(duc) + Qdcuaub

+ Qabuduc — 2u(dQC)(aub)y (124)

where*
Qabcd = Q(tlh)(Cd) = QCd“b) (125)
Q(abc)d =0 Qabcd + chad + Qcahd =0, (126)
Qabe = Q(ﬂb)C’ 127)
Q(abc) =0 Qabc + cha + Qcab =0, (128)
Qab = Q(ab)’ (129)

and all Q" are orthogonal to the four velocity u“. Notice
that the symmetries of the Q-moments are identical to the

symmetries of the n-moments, which suggests that they are
proportional to each other.

With the help of (124) and the momentum in terms of the
O-moments, i.e.,

. 2
pb — mub + Shaua + Raced<§ Qabceud + 2Qbaeucud

2 ) :
+ gQ“e‘pZ + Q”eu‘pZ), (130)
the equations of motion (120) and (123) turn into
554 4
a b _ la 0] edc edf ;,c
PePa—g— = P Pe Rdcfg[gQ I +40u
+2Qedufu"], (131)
6

1 : P2
%pb —_ _ 5Racebuesac + vdRacebl:g Qdcae + g Qdceua

2 1 1
+ = aed c 4 dc,,a e 4+~ 0aeyc dil' 132
3Q u 2Q u'u 2Q uu (132)
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Comparison of (131) to our equation of motion for the spin

(110) shows that the Q- and the n-moments only differ by a
factor of 2, i.e.,

Idcah — z(édc‘ab + 2;ldc(aub) + 2flah(duc) + ;ldcuauh

+ b ydye — 2ydpoayb)y, (133)

2
as well as $9 = §9_ Furthermore, comparison of our
equation of motion for the center-of-mass, i.e., Eq. (111),

with (132) yields m = m, and p® = p°.

C. Energy-momentum tensor

Our findings in the previous section allow for a compact
representation of the energy-momentum tensor. In terms of
Dixon’s moments, the decomposition in (62)—(64) takes
the form

tdcab — lldcab _ z;lab(duc) _ ;labuduc + zu(d;lc)(aub),

1 0
/vdvc[tdcab5(4)] — /vdvc[ildcab6(4):| — ‘[vcl:a (lelabc + ;ltlbuc _ 2;10(01/{1?))5(4)]

— [[ucRcde(a(zﬁlb)ed — yPjed — ,%lb)due)]g(“)’

leads to

(134)
tcab — Sc(a b) 6 2 abc 2ab ¢ 2 c(a,,b)
= —§clay +$(2n + n%yc — 2nclay?))
+ Alblye, (135)
2 2
tub — u(apb) + Rcde(a [g;l b)cde + gMb);ledc
(ab)
T oppedye 1 oppeyeyd | - AT (136)
ds
Simplification by means of, e.g.,
(137)

“Note that a similar decomposition has also been introduced in [29]. Therein quantities analogous to the Q%<?, Q¢ and Q" are
called stress-, flow-, and mass-quadrupole. In contrast to our decomposition with respect to u“, Ehlers and Rudolph use the vector p“ to
perform the orthogonal decomposition. Furthermore, in [29] the decomposition was applied to the J-moments instead of the

I-moments, see also (AS5).
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) 1 !
Tab = /(u(apb) + chde(“I”)Cde)cM) - /VC(SC(“MI’)SM)) ) [Vdvc(ldcab‘s(@)'

Notice that this expression is not in canonical form, how-
ever, it seems to be the simplest representation of the
energy-momentum tensor density expressed in terms of
the Dixon moments. All constraint-type relations have
been implemented into the energy-momentum tensor.
Thus, all consequences of (1) can equivalently be written
in a compact way as the equations of motion (116) and
(117), the symmetries of the quadrupole (118) and (119),
and the energy-momentum tensor in the form (138).

VII. CONCLUSIONS

In this work, we explicitly derived the equations of
motion for extended test bodies in general relativity with
the help of Tulczyjew’s multipolar approximation method
up to the quadrupolar order. To our knowledge, this is the
first time the method by Tulczyjew has been used beyond
the pole-dipole order. In our derivation, we put special
emphasis on a transparent notation, which allows for a
direct identification of the contributions of the multipole
moments at different orders, and explicitly carried out the
canonicalization process. We would like to stress again,
that we did not make any assumption for a supplementary
condition in our derivation of the equations of motion.

Our results are of direct relevance for other perturbation
methods in the context of the general relativistic problem
of motion. In particular, the equations of motion in (110)

TABLE I.  Structure of the equations of motion.
Order Quantity Type Equation
Single-pole
1 o C (16)
1 ,0° C (16)
0 1(0%) E (15)
Dipole
2 olab) C @7
2 0lab) 1 C 27)
1 0 (0, 0%, 1) E+C (33)
1 040, 0%, 1) C (32)
0 10, 0%, 1", 0%) E (39)
Quadrupole
3 nlabod C (76)
3 nlbo) C (76)
2 ’fl(ab)c(;labc’ ;lab) C (80)
2 n@) (nabe, pab) C 1)
1 ;’lab(;labcd ;labc ;lab ’llab ,lla) E+C (86)
1 ,‘,’la ;labcd, ;lubcy ;lab’ ;lub’ ;la) C (87)
0 ;,’l(,;labcd’ ;labc’ ;lab, ;labcy ,}lab, ;la) E (93)

Type: “C” = constraint, “E” = evolution
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(138)

I

and (111), or—alternatively—the ones given in (116) and
(117), as well as the energy-momentum tensor in (138), are
needed in approximation schemes which aim for a descrip-
tion of self-gravitating compact objects and the gravita-
tional radiation emitted by these systems.

A. Structure of the equations of motion

Table I gives a compact overview of the different equa-
tions, which were obtained from the conservation law (1)
and the decomposition (2) via repeated application of
theorem B. We introduced the classification of two differ-
ent types of equations, termed ‘“‘constraint” and ‘“‘evolu-
tion”. As becomes clear from Table I, the same type of
pattern of equations repeats at each multipolar order. In
particular, one does not expect more than two equations of
the evolution-type in the context of Tulczyjew’s approxi-
mation scheme. This can be viewed as support of Dixon’s
result [27,28,30,31], who provides a solution of what he
calls the variational equations of mechanics—i.e., the
combination of Eq. (1) and (2)—to any order.

Our results in (110) and (111) also allow for a direct
comparison to the quadrupolar equations of motion derived
in [18]. The results therein were obtained via a different
multipolar approximation scheme which goes back to
Papapetrou [17]. Although the same information is en-
coded in the system of equations—Tulczyjew’s as well as
Papapetrou’s method share the same starting point, i.e., the
“conservation” of energy in the form of (1), furthermore in
both methods the full moments are taken into account—the
final representation of the equations of motion is different.
This difference can mainly be ascribed to the use of the
orthogonal decomposition of the moments, which is an
integral part in Tuczyjew’s procedure, and is introduced
at a very early stage to support the derivation of the
canonical form. In particular, the recursive transfer of
higher order moments to lower differential orders in the
canonical form, see the final result (75) at the quadrupolar
order in this respect, yields structurally different equations.
While it is mainly a question of practicability which sys-
tem of equations of motion should be given preference, the
main benefit of the method by Tulczyjew is its intrinsic
covariance as well as its systematic—albeit somewhat
laborious—way to generate a hierarchical set of equations.

B. Open problems

Albeit the results obtained in this work are complete, in
the sense that they cover the quadrupolar order in the
context of Tulczyjew’s approximation scheme in the

5This notion goes back to Mathisson [2], see [3] for more
historical details.
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most general way, there remain several interesting open
questions to be addressed. Some of these open problems
are not specific to Tulczyjew’s scheme, and are also inher-
ent to other multipolar approximation schemes.

C. Supplementary conditions

As we have seen in Secs. Vand VI, additional conditions
are needed, starting at the pole-dipole order, to close the
systems of the equations of motion. The necessity for a
spin supplementary condition can be seen as connected to
the fixation of a specific representative worldline inside the
object. This is well known in the special-relativistic con-
text, where a spin supplementary condition selects a rep-
resentative worldline and vice-versa, see, e.g., [32]. In
general relativity, however, things are more subtle,
c.f. [29,33-38] in this respect. In particular, it is difficult
to prove that a spin supplementary condition fixes a repre-
sentative worldline in a unique way. This is, of course,

2
directly related to the fact, that the quantities ]2)“ and S
are combinations of geometrical quantities as well as of
multipolar moments from different orders. Further studies
are needed in the context of Tulczyjew’s scheme when it
comes to the choice of suitable supplementary conditions
at higher orders.

However, from a more pragmatic point of view every
supplementary condition, which leads to a closed system of
equations, can be used. The important question for appli-
cations is, whether the equations describe the motion in an
accurate way.

The results derived in this paper could be interesting
when studying whether two sets of moments contained in
the energy-momentum tensor on the same, or infinitesi-
mally close worldlines, are equivalent. In the latter case,
one first has to shift the distributional energy-momentum
tensor from one of the worldlines to the other. If two sets of
moments are equivalent, then the coefficients in the ca-
nonical form of the corresponding energy-momentum ten-
sors must be the same (by virtue of theorem B). We will not
work this out in detail here. However, an immediate con-
sequence is that an infinitesimal change of the worldline
directly translates into an infinitesimal change of the mo-

ment 7%, This has been used in [1,2,16] to argue that, by a
suitable choice of the representative wordline, one can

restrict to n%(7) = 0 for all 7. In consideration of (91), a

change of nt corresponds to a change of Saby, and will
thus have an impact on the supplementary condition ful-
filled by the spin. In this way, an infinitesimal change of the
representative worldline can be related to an infinitesimal
change of the spin supplementary condition.

D. Combined and conserved quantities

While it is possible to generate a hierarchical set of
equations of motion, c.f. Table I, with the help of
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Tulczyjew’s method, it is nontrivial to devise ‘““‘combined”
quantities at higher multipolar orders. A good example is
the quantity 7%*“? as introduced in Eq. (133). There is no
straightforward algorithm in Tulczyjew’s scheme which
tells us how to construct it. While one may consider the
introduction of quantities like 77 as a mere question of
taste—after all the main benefit is a more compact form of
the equations of motion—it appears to be desirable to have
such quantities at one’s disposal. In particular when it
comes to the search for conserved objects.

As we have shown in Sec. VI A, several of the combined
quantities are no longer conserved at the quadrupolar order.
This is, of course, directly linked to the fact that we did not
assume any supplementary condition in the course of our
derivation. Even the direct generalization and use of the
supplementary conditions from the pole-dipole order does
not yield a set of conserved quantities at the quadrupolar
order. Our results in (112)—(115) make clear, that addi-
tional conditions for the quadrupole moments and/or sym-
metries of the underlying spacetime are needed to obtain a
set of conserved quantities.

E. Further approximations

Because of the complexity of the expressions at the
quadrupole order, further approximations are needed for
applications. Most interesting is the restriction to some
kind of mass quadrupole, i.e., neglecting the flow- and
stress-quadrupole.® Corrections from the mass quadrupole
are needed, e.g, for the contributions quadratic in spin to
the post-Newtonian dynamics, see [39-42]. The approach
to higher order post-Newtonian spin dynamics in [43—46]
can incorporate quadrupole corrections in a straightfor-
ward way. Further, it is possible to derive a canonical
formalism from the energy-momentum tensor given in
the present paper by the procedure outlined in [47,48] in
certain cases, c.f. [40]. Canonical methods also proved to
be very useful in the post-Minkowskian approximation of
single-pole objects, see, e.g., [49]. Our results may also be
used as input for perturbation methods [10-14] which aim
for a description of systems with high mass ratios. Such
methods have already been applied to single-pole as well
as to pole-dipole objects.

F. Regularization

A straightforward application of the results in the
present paper to self-gravitating compact objects is quite
subtle from a mathematical point of view. For short, a strict
mathematical definition of the product of distributions does
not exist, but would be required due to the nonlinearity of
Einstein’s field equations. Therefore a distributional
energy-momentum tensor as a source of the gravitational

®Notice that there can be slightly different ways to define such
mass-, flow-, and stress-quadrupoles. They only have to ap-
proach the correct Newtonian limit.
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field makes mathematically no sense in general relativity.
However, this problem can be overcome, as in quantum
field theory, by a regularization and renormalization pro-
gram. In particular, dimensional regularization [50,51] is
most useful for theories involving gauge freedoms, like
general relativity. Dimensional regularization has been
employed successfully in post-Newtonian calculations
[52-54] to a high order of nonlinearity. Notice that all
results in the present paper hold for an arbitrary dimension
of spacetime.
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APPENDIX A: FROM I-MOMENTS TO
J-MOMENTS

There is a one-to-one transformation from the
I-moments to the J-moments, which are used interchange-
ably in Dixon’s work [27,28]. At the quadrupole order it is
explicitly given by

1
Jahcd — I[u[cb]d] - 5(Ia[L|b|d] _ Ib[c|a|d:|)’ (Al)
Iabcd — i]d(ab)c — i‘]a(dc)b (AZ)
3 3 ’
where J has the following properties:
Jabcd — J[ab][cd] — chab (A3)
J[abc]d = () & Jabed 4 jbcad 4 jeabd — () (A4)

Thus, J*<? has the same (algebraic) symmetries as the
Riemann tensor. Equation (124) now becomes

Jabcd — Q[a[cb]d] _ zu[a Qb][cd] _ zu[ch][ah]

— 3ule@Plleydl, (AS)
In terms of J, the equations of motion turn into
4
%S”b — zp[uub] _ gR[acder]Cde’ (A6)
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1) 1 1
Pa = _RabcdubSCd + gvaRbcderCdex (A7)

ds 2

and the energy-momentum tensor becomes

~ 1
Tab — f(u(apb) _ §Rcde(a_]b)edc)5(4)

| 2 |
- f V(S ud) - 5 [ VY, (74 s ),
(A8)

APPENDIX B: COMB%NED QUANTITIES IN
TERMS OF 0o MOMENTS

In this appendix, we provide a summary of combined

quantities at the quadrupole order in terms of the 0 mo-
ments, as used in the original decomposition of /°¢¢ in (9).

Idcah — z(édcah + Zédc(aub) + zéub(duc) + édcuaub

+ 0% ydyc — 2u<dé")("uh)), (B1)
g‘ab — _2[(])[017] + é[aub] _ z(éc[aub] + éc[ab])uc
2 2
B t[ab]c S tcd[a

+ g + 2, + 2y o ul) ] (B2)

2 6 2 4
127" = mu® + uad—Sh“ + Raced<§é“b“ud + 4éb“eucud

K

4
307l + 2éaeucpg), (B3)
2 2 o1,
}’?’l = (; + S”buaub - gRabchZ)Cbaud + Mel/lf[%ltef
52 2 5 5 2 2 -
— — _zef _ _ s8ef d( f)
75 1+ st (ug s 18¢ ) + 2uf 1R, ., ]
(B4)

APPENDIX C: CONVENTIONS & SYMBOLS

In Table IT we provide a list of symbols used throughout
the text. Our convention for the signature of spacetime is
—2. The curvature tensor is defined by (21), or equivalently
by

h::F b

b b
dc ,a - F + 1—‘dcel—‘ea - Fdaer .

ec

(CDH

b
da ,c

The delta function 84y = 84 (x* — Y*(s)) is normalized as
Jow=1
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