PHYSICAL REVIEW D

VOLUME 51, NUMBER 6

15 MARCH 1995

Second-post-Newtonian generation of gravitational radiation

Luc Blanchet
Département d’Astrophysique Relativiste et de Cosmologie, CNRS (UPR 176), Observatoire de Paris,
92195 Meudon Cedez, France
(Received 12 August 1994)

This paper derives the expressions of the multipole moments of an isolated gravitating source with
an accuracy corresponding to the second-post-Newtonian (2PN) approximation of general relativity.
The moments are obtained by a procedure of matching the external gravitational field of the source
to the inner field, and are found to be given by integrals extending over the stress-energy distribution
of the matter fields and the gravitational field. Although this is not manifest in their expressions, the
moments have a compact support limited to the material source only (they are thus perfectly well
defined mathematically). From the multipole moments we deduce the expressions of the asymptotic
gravitational waveform and associated energy generated by the source at the 2PN approximation.
This work, together with a forthcoming work devoted to the application to coalescing compact
binaries, will be used in the future observations of gravitational radiation by laser interferometric

detectors.

PACS number(s): 04.30.Db, 04.25.Nx

I. INTRODUCTION
A. Motivation and relation to other works

The problem of the generation of gravitational radi-
ation by a slowly moving isolated system is presently
solved with an accuracy corresponding to the 1.5-post-
Newtonian (in short 1.5PN) approximation of general rel-
ativity [1-3]. This approximation takes into account all
contributions in the radiation field at large distances from
the system up to the relative order 3, where ¢ ~ ¢!
is a usual post-Newtonian parameter. The objective of
this paper is to go one step further in the resolution of
this problem by deriving the expression of the gravita-
tional radiation field with an accuracy corresponding to
the second-post-Newtonian (2PN) approximation, tak-
ing into account all contributions up to the order £%. In
a forthcoming paper [4] we shall consider specifically the
case of the radiation generated by a coalescing binary
system made of compact stars (neutron stars or black
holes).

It is now well known that post-Newtonian effects in the
radiation generated by a coalescing compact binary sys-
tem should be detectable by future gravitational-wave in-
terferometers such as the Laser Interferometric Gravita-
tional Wave Observatory (LIGO) and VIRGO [5-10]. It
has even been realized in recent years that an extremely
accurate theoretical signal is required in order to achieve
the full potential precision on the measurement of the bi-
nary’s parameters [8]. This remarkable state of affairs is
made possible by the fact that the signal will spend hun-
dreds to thousands of cycles in the detector bandwidth,
and that as a result the instantaneous phase of the sig-
nal will be amenable to a very precise determination.
The main influence of the higher-order post-Newtonian
corrections is thus located in the phase of the signal,
which is itself mainly determined by the rate of decay
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of the binary’s orbit resulting from the gravitational ra-
diation reaction. Note that this potential high precision
on the extraction of the binary’s parameters is interesting
not only for doing astrophysical measurements of masses,
spins, etc., of stars, but also for testing some aspects of
the nonlinear structure of general relativity [11].

Analytical and numerical computations of the radia-
tion generated by a small mass in circular orbit around a
large one have indicated that post-Newtonian corrections
beyond the 3PN approximation may be needed [12-15].
The 2PN approximation worked out in this paper and
its sequel [4] thus does not yet reach the ideal precision
required by the observations of coalescing binaries, but
still represents an appreciable improvement to the exist-
ing situation.

The investigation of this paper will be based on
a “multipolar-post-Minkowskian” formalism for dealing
with the gravitational field in the external vacuum region
of the source. Such a formalism combines a multipole mo-
ment expansion, valid in the exterior of the source, with a
post-Minkowskian expansion, i.e., a nonlinearity expan-
sion or expansion in powers of Newton’s constant G, valid
wherever the field is weak. This double expansion formal-
ism is originally due to Bonnor and collaborators [16-19],
and has been later refined and clarified by Thorne [20].
In recent years, the formalism has been implemented in
an explicit and constructive way [21,22] (with the help of
some mathematical tools such as analytic continuation),
and applications have been made to the problems of grav-
itational radiation reaction [23,24] and wave generation
[1-3]. The field being determined only in the ezterior of
the source, the multipolar-post-Minkowskian formalism
must be supplemented by a method of matching to the
field inside the source. We shall use a variant of the well-
known method of matching of asymptotic expansions (see
e.g., [25]) which has already, on several occasions, found
its way in general relativity [26-29].
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Inspection of the solution of the wave generation prob-
lem at the 1.5PN approximation [1-3] readily shows what
is needed for extension at the 2PN approximation. In-
deed, the works [1] and [2] have obtained, respectively,
the expressions of the mass-type and current-type mul-
tipole moments of the source with relative precision &2,
the next-order correction being of order O(e*). The in-
clusion done in [1] of the terms 2 in the mass multipole
moments permits solving the wave generation problem
at the 1PN approximation (in fact, only the terms &?
in the quadrupole mass moment are needed). This has
set on a solid (and well-defined) footing previous works
by Epstein and Wagoner [30], and Thorne [20] who ob-
tained formally correct but divergent expressions of the
moments at the 1PN approximation (see [1] for discus-
sion). In the work [3] the nonlinear effects in the radi-
ation field were added and shown to arise at the level
€3, essentially due to the “tails” of gravitational waves.
Higher-order nonlinear effects were shown to be of or-
der O(e®) at least. Now recall that the contribution of
a moment with multipolarity [ scales like &' in the radi-
ation field, and that the current moments always carry
an additional factor £ as compared with the correspond-
ing mass moments. Therefore, we conclude that what is
needed for solving the 2PN wave generation problem is
only to find the extension of the expression of the mass
quadrupole moment of the source with relative precision
€*. Note that the computation of the moments of the
source can be done in the near zone of the source.

This paper will thus mainly focus on the matching be-
tween the external and internal gravitational fields in the
near zone of the source (both fields are expressed in the
form of a post-Newtonian expansion when ¢ — 0) with a
precision consistent with the inclusion of the terms £* in
the mass multipole moments. (Although the quadrupole
mass moment is sufficient for our purpose, we shall com-
pute the terms ¢4 in all mass moments of arbitrary multi-
polarity I.) The matching performed in [1] was based on
a particularly simple closed form of the internal gravita-
tional field of the source including 1PN corrections. On
the other hand, the matching performed in [2] made use
of some specific distributional kernels to deal with the
quadratic nonlinearities of Einstein’s equations. None of
these methods can be applied to our problem, which ne-
cessitates the inclusion of the full 2PN corrections in the
field, depending not only on quadratic but also on cu-
bic nonlinearities of Einstein’s equations. In this paper
we shall employ a matching procedure which is far more
general than the ones followed in [1,2]. In particular, we
shall show how one can deal with the cubic nonlinearities
of Einstein’s equations without any use of distributional
kernels.

The end result obtained in this paper expresses the
multipole moments of the source as integrals extending
over the distribution of stress energy of the matter fields
in the source and of the gravitational field. This re-
sult is similar to the one we would obtain by using as
the source of the radiation field the total stress-energy
(pseudo)tensor of the matter and gravitational fields, and
by considering formally that this tensor has a spatially
compact support limited to the material source. It is
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well known that by proceeding in this formal way (i.e.,
in the manner of Epstein, Wagoner, and Thorne), we ob-
tain integral expressions of the multipole moments which
are divergent, because of the noncompact-supported dis-
tribution of the gravitational field. (Indeed, the integral
expression of a moment with multipolarity ! involves a
large power ~ |x|' of the radial distance to the source,
which blows up at infinity.) We prove in this paper that
the correct expressions of the multipole moments must
involve also an analytic continuation factor |x|Z, where
B is a complex number, and a “finite part at B = 0”
prescription to deal with the a priori bad behavior of the
integrals at spatial infinity. In such a way the expressions
of the moments are perfectly well defined mathematically.
When a pole ~ 1/B occurs in an integral due to the bad
behavior of the integral at spatial infinity, the finite part
at B = 0 introduces an additional contribution to the
moment which must absolutely be taken into account.
(However, we shall see that no poles occur at the level
investigated in this paper.)

Let us stress that the expressions presented here of
the multipole moments are not manifestly of compact-
supported form (contrarily to say the lowest-order ex-
pressions at the 1PN level [1]), but are numerically equal,
thanks to the properties of the analytic continuation, to
some compact-supported expressions which could be con-
structed at the price of introducing more complicated
potentials in addition to the usual Poisson integrals of
the mass and current densities in the source. Such a
construction is, however, unnecessary (and is somewhat
awkward) in practical computations of the moments for
specific sources.

It is likely that the expressions of the moments ex-
pressed in this way as integrals extending over the total
stress-energy distribution of the matter and gravitational
fields and regularized by means of analytic continuation,
will admit a generalization to higher nonlinearities in the
field, and higher post-Newtonian approximations. Such
a generalization, which will be the subject of future work,
should permit the resolution, at least in principle, of the
problem of the generation of gravitational radiation by a
general isolated system up to the high level of approxima-
tion required by the observations of coalescing compact
binaries.

This paper is organized as follows. In Sec. II we com-
pute the gravitational field both in the near zone of
the source (where a direct post-Newtonian expansion of
the field equations is performed), and in the external
near zone of the source (where we use the multipolar-
post-Minkowskian solution of the vacuum equations). In
Sec. III we impose that the two fields are isometric in
their common domain of validity, namely the external
near zone of the source. This yields a matching equa-
tion valid up to an appropriate post-Newtonian order,
and which is used in Sec. IV to obtain the expressions
of both the mass and current multipole moments of the
source. The formulas for the asymptotic waveform and
the associated energy generated by the source at the 2PN
approximation are also given in Sec. IV. The paper ends
with three Appendices, and we start with our notation
for Einstein’s equations.
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B. Notation for Einstein’s equations

Throughout most of this paper, we shall use Ein-
stein’s equations in harmonic coordinates. The field de-
viation from Minkowski’s metric is denoted by h*? =
V—99°# — 1°#, where Greek indices o, 3, p,v... range
from 0 to 3, gog is the usual covariant metric, g°P is
the inverse of gog, g is the determinant of g.g, and
n*8 = diag(—1,1,1,1) is the Minkowski metric. The
condition of harmonic coordinates reads as

8sh*® =0, (1.1)

where 93 = 8/9zP is the usual derivation with respect to
the harmonic coordinates. Einstein’s equations reduced
by the condition (1.1) are written in the form

167G

OheP = 6—4,\1’“’3 + AP (h) . (1.2)

J

We denote by 00 = n*#9,85 the flat d’Alembertian op-
erator, by TP the stress-energy tensor of the nongravi-
tational fields (7% has the dimension of an energy den-
sity), and by A the absolute value of g, i.e. A = |g| = —g.
In terms of a series expansion in the field variable A%,
we have

1
A=1+h+ 5 (A = huh*) + O(h%) (1.3)

where h,, = Nuafsh®® and h = nagh*P. The second
term in (1.2) is an effective gravitational nonlinear source
including all the nonlinearities (quadratic, cubic, ...) of
Einstein’s equations. We denote

A°P(h) = N*B(h, h) + M°P(h,h,h) + O(h%) , (1.4)

where the quadratically nonlinear term is given by

N°B(h,h) = —h*Y8,8,h*P + %3"hu,,c’)"h"” - %a‘*haﬁh — 20*h,, 0" KA + 8, (8" hB + 8,hP")

1
+n*P [—‘—llaph,w@"h“" + %Buhaf‘h + §6yh,,,,8"h”f’] ,

and where the cubically nonlinear term is given by

(1.5)

M®P(h, b, k) = —h**(8%h,,0°hE + 8,h20°hE — 8,hS8,hPP) + h*P [-ia,,h,waphw + -;—B”ha“h + %a#h,pa”hﬂp]

+%h‘“’6("h,‘,,8ﬁ)h + 2h**8,h(*0P hE + hH (= (Bﬁ)h,,pa,,h"” —28,hP8,h*° — %aﬂ)ha,‘h)

+noP [%h‘“’@uh&,h - %h“"a,,hu,aph - %h”"aphw&,h“" - %h""a,‘h,,ya"hg + %h""a,,hza"h,,,] .

(1.6)

In (1.5) and (1.6), we raise and lower all indices with the Minkowski metric, and we denote t(o5) = 1(tap + tga). By
taking the divergence of (1.5) and (1.6), we obtain the relations

95NF = (—8,h% + 20k, — Loohy,, ) Ohv
(<] ulty 2 " 4 n

(1.7)

1 1 1
M = (a,,hg — 50%hu + 0% n,,,,) N 4 [Eh"“’a,,h,w — hyp0°hE + h,,8,h

1 1 1
+Zh“,,6°'h + Zh,wa"h”"n,“, - Zh“”é)‘,h Nuv

which are consistent, by Bianchi’s identities, with the
conservation (in the covariant sense) of the stress-energy
tensor of the matter fields.

II. THE INTERNAL AND EXTERNAL
GRAVITATIONAL FIELDS

A. Solution of Einstein’s equations in the internal
near zone

Let us define the internal near zone of the source to
be a domain D; = {(x,t)/|x| < r;} whose radius r; is

O A | (1.8)

adjusted so that (i) r; > a, where a is the radius of a
sphere which totally encloses the source, and (ii) r; <
A, where X ~ ac/v is the (reduced) wavelength of the
emitted gravitational radiation, and v is a typical internal
velocity in the source.

Defining D; in such a way assumes in particular that
a < A, or equivalently e < 1 where € ~ v/c is a small
“post-Newtonian” parameter appropriate to the descrip-
tion of slowly moving sources. [We shall also assume
that the source is self-gravitating so that GM/(ac?) ~ €2
where M is the total mass of the source, and that the
internal stresses are such that 7% /T% ~ ¢2.] In D;,
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we can solve Einstein’s equations (1.1)—(1.2) by formally
taking the post-Newtonian limit € — 0. The following
notation will be used for terms of small order in the post-
Newtonian parameter e. By A = O(p) we mean that A
is of order O(e?); by B® = O(p,q) we mean that the
zero component of the vector B* is B® = O(p), and that
the spatial components of B* are B = O(q); and sim-
ilarly by C*# = O(p,q,r) we mean that C°° = O(p),
C% = O(q), and C¥ = O(r). (The latin indices
%,J,... range from 1 to 3.)

From the contravariant components of the stress-
energy tensor T°? of the matter fields, we define a mass
demnsity o, a current density o; and a stress density o;;
by the formulas

TOO _I_Tii
= -—"c—z— 5 (2.13.)
TOi
T = ) 2.1
oi =~ (2.1b)
oy =T, (2.1¢)

where in (2.1a) T = ¥§;;T% denotes the spatial trace of
T8, In all this paper, we shall assume that the matter
densities o, 0;, and o;; are of order €% when e = 0, i.e.

g, 0iy O35 = 0(0) (22)

We introduce next some retarded potentials generated by
the densities o, 0; and o;;. First, V and V; are the usual
retarded scalar and vector potentials of the mass and
current densities o and o3, i.e.,

Vix, t)—G’/' @x’ (x',t—%lx~x’|> . (2.3a)

3/
Vi(x,t) G/ d’x
[x — x|

satisfying OV = —4nGo and OV; = —4wGo;. Second,
W;; is a more complicated retarded tensor potential de-
fined by

(x’,t—%lx—x’]) , (2.3b)

d3x’ 1
Wii(x,t) = G/ —_lx —x [O'ij + yPvel (6:;Vvo;v
1 ’ 1 '
—56”8sz9kV) X ,t - E|x — X | . (24)

Note that while the potentials V and V; have a com-
pact support limited to that portion of the past null cone
issued from the field point (x’,t) which intersects the
source, the potential W;; has not a compact support.
From (2.3a), we see that V(x/,t — 1|x — x’|) behaves like
GM/|x'| when |x/| = oo, where M = [d3yo(y,—oo)
+0(2) is the initial mass [or Arnowitt-Deser-Misner
(ADM) mass] of the source, and we can check from this
that the potential W;; is given as a convergent integral.
We shall often abbreviate formulas such as (2.3)—(2.4)
by denoting the retarded integral of some source f(x,t),
having adequate falloff propertles along past null cones,
by
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1 d3x’ 1
! (= e x)

(2.5)

@O Hxt) =

so that, e.g., V = —4nG E]El .

It is convenient in most of this paper to keep the po-
tentials (2.3)—(2.4) in retarded form, i.e., to not expand
when ¢ — +o0o the retardation argument t — |x — x'|/c.
This permits avoiding possible problems of convergence
with the expansion of potentials with noncompact sup-
port. However, most of the equations of this paper will
be valid only up to some remainder in the expansion
€ ~ ¢! -5 0, and we can replace, when there is no
problem of convergence, the retarded potentials by their
post-Newtonian expanded forms up to the accuracy of
the remainder. For instance, from the Newtonian equa-
tions of continuity and of motion,

oo + 0;0; = 0(2) ,
0:0; + 6,-a,~j =o0;V + 0(2) s

(2.6a)
(2.6b)

we deduce that the potentials V, V;, and W;; satisfy the
conservation laws

6V +6;V; =0(2),
0V + 0;W;; = 0(2) .

(2.7a)
(2.7b)

In (2.6b) and (2.7) we can replace the potentials V, V;,
and W;; by corresponding Poisson-type potentials, e.g.,
V = U+ O(2) where U is the Newtonian potential of the
mass density o, satisfying AU = —4nGo.

We now proceed to solve Einstein’s equations (1.1)
and (1.2) with an accuracy corresponding to the post-
Newtonian order O(8,7,8), by which we mean O(8) in
the 00 and ij components of A%, and O(7) in its 0:
components. The insertion of the lowest-order results
h% = —4V/c? + O(2), h” = O(3), and k¥ = O(4)
into the right-hand-side of (1.2) with the explicit expres-
sion (1.5), yields first the equations to be solved at order
0(6,5,6). We get

OR% — lﬁc’:G (1 + 4CV) 70 _ —akvakv +0(6),
(2.8a)
oh% = 207G 70 4 0(s) (2.8b)
Ohii — 16:GT” + = {aiva,-v - %6,-J-akvakv}
+0(6) . (2.8¢c)

These equations can be straightforwardly solved by
means of the potentials V', V;, and W;; we defined in (2.3)
and (2.4), and by means of the trace W = W;; = £6;; W;;
of the potential W;;. The result is

4 4
ROO _ 5V (W - 2V?) +0(6) , (2.92)
; 4
RO — ~5Vi+00), (2.9b)
” 4
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Since the potentials satisfy the conservation laws (2.7),
we see that the field (2.9) satisfies the approximate har-
monic gauge condition dgh*® = O(5,6).

The next step consists in iterating Einstein’s equations
by using the expression (2.9) of the field. We substitute
(2.9) into the right-hand side of (1.2) with the help of
(1.3) and of the explicit expressions (1.5) and (1.6) of
the quadratic and cubic nonlinearities. In this way, we
find the equations to the satisfied by the field up to the
order O(8,7,8), which are

167TG— - —af
AV, W)T*P + K™ (V, Vi, Wy;)

+O(8, 7,8) .

Ohr*P =

(2.10)

In these equations, we denote by X the post-Newtonian
|
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expansion of A = |g| = —g when truncated at the order
0(6),i.e., A = A+0O(6), and expressed with the potentials
V and W = W;;. From (1.3) we have

- 4 8

AV, W) =1+ V- g(W -V?). (2.11)
[Note that because the matter stress-energy tensor is
T8 = O(-2,—1,0), the precision on )\ as given by (2.11)
is necessary only in the 00 component of the equations
(2.10).] Similarly, A ? in (2.10) is defined to be the post-
Newtonian expansion of the effective nonlinear source
in the right-hand-side of Einstein’s equations (1.2) when

truncated at order O(8,7,8), i.e., A%8 = +0(8 7,8),

and expressed in terms of the potentlals V Vi, and W;;.
From (1.5) and (1.6), we arrive at the expressions

W, Vi, Wij) = — akvakv + 16 {—Vafv — 2ViBOhV — Wim02,.V + g(atV)2 + %akvm(a,,vm + 30 Vi)

+0x VO Vi + 20, VORLW — gVakVakV} s

XOi(V,Vi,Wij) = l—f {3kV(6in - Vi) + gatvaiv} ,

Kij(vv ‘/ia Wij) = 'cflz {a;VBJV - %6,,6kV8kV}

-0 ViOrV; + Za(inakV;)

By using the equations of motion and of continuity in-
cluding &2 terms [which are given by (B5) in Appendix
BJ, one can check that the expressions (2.11) and (2.12)
imply

0p

[IG”G (2.13)

AT*P + R* ] = 0(7,8) .

Note that the condition (2.13) checks all terms in (2.12)

except the ¢~® terms in the 00 component A% of (2.12a)
and the ¢=* term in \. We have checked these terms
by adding in the 0i component A~ of (2.12b) the next-
order ¢~ 7 terms and computing the divergence. Note
also that the consideration of the next-order ¢~7 terms
in A would allow the control of the c™* correction terms
not only in the mass-type source moments (which is the
aim of this paper), but also in the current-type source
moments. However, we have chosen here not to include
these terms because they are not necessary for solving the
2PN wave generation problem, and because they some-
what complicate the discussion with the need of intro-
ducing new potentials besides V', V;, and W;;, and the
necessity of a better control of the external metric in
Sec. IIB. These terms will be considered in a future
work where we investigate how the procedure followed
in this paper could be systematically extended to higher
post-Newtonian orders.

Finally, a solution of (2.10), with the required preci-

(2.12a)
(2.12b)
+ g {26(,-va,,vj, — 8,Vid; Vi
- ga,-,»(a,V)2 5,04V O Vi + %5,—,~a,,vm(akvm - aka)} :
(2.12¢)

sion, can simply be written as

[167rG

h*P = Ozt TP + R* ] +0(8,7,8), (2.14)

where DEI is the retarded integral operator defined in
(2.5). By (2.13), this solution satisfies also the approxi-
mate harmonic gauge condition
ph™? = 0(7,8) . (2.15)
Note that we could have added in (2.14) some homoge-
neous solutions of the wave equation which are regular in
D; and satisfy the harmonic gauge condition (2.15). It
is simpler to use the solution (2.14) as it stands since we
shall show that it directly matches the exterior metric.

B. Solution of Einstein’s equations in the external
near zone

Let D, = {(x,t)/r = |x| > re} be an external do-
main surrounding the source, where r. is adjusted so that
a < re < T;, a being the radius of the source and r; the
radius of the inner domain D; defined in Sec. IIA. By
our assumption GM/(ac?) ~ €2, gravity is weak every-
where and in particular in D, so we can solve Einstein’s
vacuum equations in D, by means of the multipolar and
post-Minkowskian approximation method developed in
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our previous works [21-24] on foundations laid by Bonnor
[16] and Thorne [20]. More specifically, we use the con-
struction of the external field which is defined in Sec. 4.3
of [21] and which is referred there to as the “canonical”
external field. Using a formal infinite post-Minkowskian
expansion, or expansion in powers of Newton’s parameter
G, the canonical external field h%Y, = \/—gcan gts, — 7"
is given as

he = GhY

can(1) + G? hcan(Z) t--t+ Gnhcan(n) too

(2.16)

where the coefficients h*” can(n) of an arbitrary nth power of
G are algorithmically constructed from the knowledge of
the previous coefficients hcan(m) (with m < n) by post-
Minkowskian iteration of the vacuum equations. This
iteration is made possible by a systematic use of multi-
pole expansions, valid outside the source (in D.), for all
the coefficients h{; ) in (2.16).

The whole iteration in (2.16) rests on the first of the
coefficients, namely the “linearized” field h% :n(l), which
is chosen to be the most general solution, modulo an ar-
bitrary linear gauge transformation, of the linear vacuum
equations. This solution reads as

than(l) = —04—2 VeXt 9 (2.173)
4

than(l) - _6_3 ‘/ieXt ’ (217b)
4 e

Ghi iy =~ VY, (2.17c)

where the external potentials V**, V¢, V2t (different
from the inner potentials V, V;, W;;) are given by some
explicit infinite multipole expansions of retarded spheri-
cal waves (solutions of the homogeneous wave equation

in D.): namely,

e IERY
g ot (-],
Ve = Gz< Brs [;Mgp_l (t- g)]

£=0
N ERY , )
_GZ (l!) T lezabaaL 1 [; ShL—1 (t _ g)] ’

(2.18a)

£=1
(2.18b)
Vext el % (”)ta M(z) t r
ij Z o L2 ijL— ( __)
£=2
= (=)t 2¢
+GZ IR laaL—Z
£=2
[ e Sua (- 7)) (2.150)

See, e.g., (8.12) in Thorne [20]. Our notation is as follows
(anticipating also future needs). Upper case latin letters
denote multi-indices with the corresponding lower case
letters being the number of indices, e.g., L = 413 - - - 4.

Similarly, L—1=1%1---%—1, L—2=1%1---1%4_2 and aL =
aty - --iy. A product of space derivatives 8 = 9/8z* is de-

noted by 81, = 9;,0;, - - Slm1larly, = gh :g:i2 it

and nl = nitni.. n“ where n' = a:‘/|x| = x*/r. The

symmetric and trace-free (STF) projection is denoted
L

with a caret, e.g., 8y, or #L, or sometimes by, e.g., O(ry-
M®)(t) denotes the pth time derivative of M(t), and
Tij = 3(Tij + Tjs)-

The linearized external field (2.17) and (2.18) satisfies
the linearized equations Dhc an(1) = = 0 everywhere except
at the spatial origin r = 0 of the coordinates. The har-
monic gauge condition Byh'c‘:n(l) = 0 follows from the
(exact) identities

BVt + VX =0, (2.19a)
AV +9; VSt =0. (2.19b)

Note that the potential V;Z** is trace-free:
Vet =0. (2.20)

As we see, the potentials (2.18) depend on two infi-
nite sets of functions of time, M(t) for £ = 0,..., oo,
and Sp(t) for £ = 1,---,00. These functions are STF
in their £ indices. They can be viewed, respectively,
as some canonical mass-type and current-type multipole
moments parametrizing the external canonical metric.
They are completely arbitrary functions of time except
that the lowest multipole moments M (mass monopole),
M; (mass dipole), and S; (current dipole) are constant:
MO = Mi(l) = Si(l) = 0. Note that it was assumed in
[21] that the moments M (t) and St (t) are constant be-
fore some remote date in the past. We shall admit here
that one can cover a more general situation where (for
instance) the ¢th time derivatives of My (t) and Sp(¢)
become asymptotically constant when t — —oo, corre-
sponding to a situation of initial scattering in the infinite
past. Furthermore, we shall relax without justification
the assumption made in [21] that the multipole expan-
sions are finite; that is, we assume that we really have
two infinite sets of moments My (t) and Sr(t). These
two amendments almost certainly have no incidence on
the results derived in this paper.

Starting with the linearized metric (2.17)—(2.18), one

constructs iteratively the nth coefficient hcan(n) of the
series (2.16) by the formula
v - B
h::‘an(n) = FPp=o E]R:l [ Agan(n)] + qcan(n) (221)

The first term in this formula involves A‘c‘:n(n), which is
defined to be the coefficient of G™ in the expansion of the
effective gravitational source A#¥(h) in the right-hand-
side of Einstein’s equation (1.2) and computed with the
canonical field (2.16). That is,

A¥(hean) = G*ALY

can(2) GnAMV + ...

can(n)

(2.22)

Since A*¥ is at least quadratic in h, A :n(n) for any
n is a function only of the previous n — 1 coefficients
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hean(1)s - -+ » Pcan(n—1)- For instance, we have (with evi-

dent notation)

A::‘:n(Z) = N“V(hcan(l)a hcan(l)) 9 (2.238.)
Ag:n(s) N“"(hcan(l)» hcan(z)) + N“V(hcan(z) y hcan(l))
+Muu(hcan(1), hcan(l), hcan(l)) ) (223]:))

where N#¥ and M*¥ are given by (1.4)—(1.6). The re-
tarded integral operator 03", which is defined in (2.5),
acts on the source Ac:n(n) but multiplied by an ana-
lytic continuation factor rZ, where r = |x| and B is a
complex number. The introduction of this factor is re-
quired because the linearized metric Acan(1) of (2.17) and
(2.18), and all subsequent metrics hcan(n) and sources
Acan(n), are valid only in the exterior of the source (in
D.) and are singular at the spatial origin of the coor-
dinates, » = 0, located within the source. It has been
shown in [21] that for B a complex number the retarded
integral f(B) = Oz (r? Acan(n)) defines an analytic func-
tion of B all over the complex plane except in general at
integer values of B. Near the value B = 0, f(B) admits
a Laurent expansion of the type f(B) = Xa,BP, where
p € Z. The coefficient of B° in this expansion, i.e., ao,
is what we call the finite part at B = 0 (or FPp—) of the
retarded integral f(B). This is the first term in (2.21);
it satisfies Oao = Acan(n) (and is also singular at the ori-
gin). Thus the introduction of the analytic continuation
factor 72 is a mean (and a convenient one) to obtain a
solution of the Einstein equation (1.2) in D, — this is the
only thing we need (see [21] for more details about this
way of proceeding). The second term gcan(n) in (2.21)
is a particular retarded solution of the wave equation,
€., Ogcan(n) = 0, whose divergence is the opposite of
the divergence of the first term, and thus which permits
ensuring the satisfaction of the harmonic coordinate con-
dition 9, hcan(n) = 0. The precise definition of the term
Gcan(n) is Teported in Appendix A where we control its
order of magnitude in the post-Newtonian expansion.
The external field (2.16), in which we have (2.17),
(2.18), and (2.21), represents the most general solution
of Einstein’s equations in D., and is parametrized by the
arbitrary canonical multipole moments My, (¢) and Sr(t).
Now the point is that one knows (see [22,1,3]) how to re-
late the observable “radiative” multipole moments Uy (t)
and Vi (t), parametrizing the field in the distant wave
zone of the source (where the detector is located), to the
moments My (t) and Si(t) (see Sec. IV below). There-
fore, what is only needed in order to compute the distant
wave field is to consider the near-zone expansion, or ex-
pansion when ¢ — 400 or € — 0, of the external field
(2.16) up to some suitable order, so as to give by match-
ing to the inner metric constructed in Sec. IT A a suitably
accurate physical meaning to the moments M (t) and
SL(t) in terms of the source’s parameters. Equivalently,
this means that we must consider the external field (2.16)
in that part of the external domain D, which belongs to
the near zone, ie., D, N D; = {(x,t)/re < r < 73}, in
which we can simultaneously expand the external field
when € — 0 and keep its multipole moment structure.
First of all, from the fact that an arbitrary nonlinear

coefficient hcan(n) in (2.16) is of order O(2n,2n + 1,2n)

when € — 0 [see (5.5) in [21]], we find that the neglect of
all nonlinear iterations with n > 4 permits the computa-
tion of the field up to the order O(8,9,8) when ¢ — 0,
ie.,
v 3
hé‘ﬂn th:n(l) + G hcan(Z) +G h’c‘:n(ii) + 0(8’ 9’ 8) .
(2.24)

Second, it is shown in Appendix A that the second terms
q :n(z) and qcan(s) in the definitions of the quadratic and

cubic coefficients (2.21) have (at least) the following or-
ders of magnitude when ¢ — 0:

(2.25a)
(2.25b)

,=0(7,7,7),
0(8,7,8) .

u.

can(2

q::‘an(:i)

Therefore, from (2.21), we can write the expansion when
€ — 0 of the canonical external field (2.24) in the form

hbv, = GhY) ) + FPp—o Of' [rP(G*AL;

can can(1 can(2)

+G3Acan(3))] + O(7a 7, 7) ’ (226)

where the remainder term O(7,7,7) is dominated by the
contribution (2.25a) of g/,

The source terms Acan(2) and Acan(s) in (2.26) are given
more explicitly by (2.23). To compute their sum with
an accuracy consistent with the remainder in (2.26), we
must know the quadratic metric hcan(z) up to the order
0(6,5,6). This is of course analogous to the computation
we have done in Sec. IT A, where we had first to solve Ein-
stein’s equations up to the order O(6,5,6) before reach-
ing the looked-for order O(8,7,8). The quadratic source
at the order O(6,5, 6) is readily obtained by substituting
(2.17) and (2.18) into (2.23a) and discarding O(6, 5, 6)
terms. We obtain

G*Agan(z) = —i—;l O VOVt + O(6) , (2.27a)
G*Adnzy = O(5) , (2.27b)

G, = = {a,-vwa,-vext - %5,-J-a,cvextakvext}
+0(6) (2.27¢)

from which we deduce

G? h‘can(Z) = —1 VeH2 4 0(s) , (2.28a)
G?han(z) = 0(5) , (2.28b)
GPhi 0y = =3 5+ 0(6) (2.28¢)

where we have introduced the new external potential

Zg* = FPp—o Og' [TB (—{9,~Ve’“{9jvext

+%6ij3kVEXt3kVeXt)] . (2.29)
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The justification of (2.28) is as follows. We know that the
post-Newtonian expansion of the regularized retarded op-
erator FPDEI acting on terms belonging to the quadratic
source Acan(z) is equal to the expansion obtained from
the action of the regularized “instantaneous” operator
FPI! := FPE ((9/cOt)?* A~*~1 where A~*~1 is the
(k + l)th 1terat10n of the Poisson operator A~!, mod-
ulo negligible terms of order O(10,9,8) [see, e.g., (3.7)
and (3.21), with n = 2, in [24]]. Thus, FPOR' act-
ing on the remainder O(6,5,6) in (2.27) is itself of
order O(6,5,6). Furthermore, we know that FPA™!
(namely the first term in FPI~!) gives simply (U°®**)?2
when acting on A[(U®**)%], where U is the “New-
tonian” potential associated with V°** and given by
Ut = GESY(8pr~1)Mp(t) (see, eg., [1], p. 395).
Since Ve*t = Ut +0(2), we have FP Ox' (A[(Ve*)?]) =
(V***)24+0(2) as has been used in (2.28a). Note that this
last fact implies that the trace Z*** = Zg** of the poten-
tial (2.29) satisfies

Zt = %(V“‘")2 +0(2) . (2.30)
Using now (2.30) and (2.20), we can write the canonical
field up to the order O(6,5,6) in a form which is formally
identical to that of the inner field (2.9), i.e.,

B =~ V4 o WS —2(V)] 4 0(6) ,
(2.31a)
RO = —:—3 Vet +0(5) , (2.31b)
Bl =~ WS +00) , (2.31¢)
where we have defined
W =Vt + Z3 (2.32a)
whose trace is
Wt = Wt = 7% = E(V‘*’“)2 +0(2). (2.32b)

Finally, since the canonical field (2.31) has the same
form in terms of the external potentials as the inner
field (2.9) has in terms of the inner potentials, it is clear
that the source term GZA*” y G3A"” .. in the right-

can(2 can(3)
hand-side of (2.26) will be equal modulo the same order
0(8,7,8) as in (2.10) to the truncated source A*” de-
fined in (2.12), but computed with the external poten-
tials V°**, V=, and W** instead of the inner potentials
V, Vi, Wi;. (Indeed, never a Laplace or d’Alembertian
operator enters in the effective gravitational source of
Einstein’s equations, which would give a different result
when acting on an external potential or on an inner one.)
Thus, we can write

GzAg:n(Z) + GaAcan(Ii) - A“V(Vex':’ ‘/;eXt’ Wi‘;'x';
+0(8, 7, 8) , (2.33)

where the right-hand-side is obtained from (2.12) by the
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simple replacement V, V;, W;; — Ve"t,Vf’“,Wi‘;"t. In-
serting (2.33) into (2.26), and recalling that FPOR" act-
ing on O(8,7,8) is also O(8,7,8), yields our looked-for
expression of the external field, namely

hg:n _ Gh’::n(l) + FPB:() D};l [T‘BK’“/(VeXt, ‘/iext, ijxt)]
+O(7,7,7) . (2.34)

It is to be noticed that the remainder in (2.34) is O(7,7,7)
instead of the remainder O(8,7,8) in the inner field
(2.14) because it involves the not controlled contribu-
tion O(7,7,7) of ¢4~ (2) in (2.25a). In the next section
we match the external field (2.34) to the corresponding
inner field (2.14).

III. MATCHING OF THE INTERNAL
AND EXTERNAL FIELDS

A. Coordinate transformation between the internal
and external fields

We require that the internal field h*? constructed
in Sec. ITA and the external field h%Y constructed in
Sec. IIB are isometric in their common domain of valid-
ity, which is the exterior near-zone domain D; N D, =
{(x,t)/re < 7 < r;} of the source. Denoting by z* the
harmonic coordinates used in the inner domain D; (see
Sec. ITA), and by z¥  the canonical harmonic coordi-
nates used in the exterior domain D, (Sec. IIB), we thus
look for a compatible coordinate transformation

Tean(@) = 2¥ + ¥ (2) , 3.1)

where the vector p*(z) is assumed to be in the form of a
multipolar and post-Newtonian expansion appropriate in
D;ND,. [In Sec. II B, we have for notational convenience
abusively denoted by z# what really are the canonical
harmonic coordinates z,.] Since the two coordinate
systems z* and x¥, are harmonic, the vector ¢* satisfies
the (exact) relation

Oe* + h*P (2)8250* =0, (3.2)

where 0 = n°#92;. The (also exact) transformation law

of the field deviation 2*? under the change of coordinates
(3.1) is given by

1
1" + hean(Tean) = |—J—|(55 + 8a¢*) (65 + 9p¢")

x[n*® + hoP(2)] , (3.3)
where J = det(0Zcan/0z) denotes the Jacobian determi-
nant of the coordinate transformation.

We now expand the transformation law (3.3) when
€ — 0. The field deviation ~*# in the right-hand side of
(3.3) is by (2.9) of order O(2,3,4) when € — 0. Further-
more, let us assume that the vector p* in the coordinate
transformation (3.1) is of order
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o' =0(3,4) . (3.4)
This assumption (which has already been made in pre-
vious works [1,2]) is proved below, when we show that it
leads to a consistent matching. We can then easily see
that the transformation law (3.3) reduces up to the order
O(6,7,8) to a linear transformation,

hEY (x) = h*¥(z) + Op*¥(z) + O(6,7,8) ,

can

(3.5)

where we have expressed both sides of the equation in
terms of the inner coordinates z*#, and where 8p** de-
notes the linear part of the coordinate transformation
given by

MY = *p¥ + 8" — PPV aNY™ . (3.6)
By taking the divergence of (3.6) and using (3.2) we ob-
tain

8,0 = Op* = —hp”6§a<p" , (3.7a)
from which we deduce the order of magnitude
8,0p" = 0(7,8) . (3.7b)

Note that one could have a priori expected some nonlin-
ear terms to appear at the order ¢° in the ij component
of Eq. (3.5) — for instance, terms such as h%°9¢ %) or
h0Gd7) %, Such nonlinear terms are, however, absent at
this order (as was also found in [2]). On the contrary,
some nonlinear terms arise at the order £ in the 00 com-
ponent of (3.5). These terms, which will be needed in the
following, are obtained by a short computation showing
that the 00 component of (3.5), now valid up to the order
O(8), is given by

hoga () = h%(2) + 8% + 2h%#8,0° — 8, (R*?¢*)
+8;0°8;0° + o(8). (3.8)

Here also we have expressed both sides of the equation
in terms of the inner coordinate system z*.

B. Matching of the compact-supported potentials
V and V;

A requisite in the matching procedure is to find the
relations linking the multipole expansions outside the
source of the inner potentials V', V;, and W;; and the
external potentials V<, V>, and W*. We deal in
this subsection with the case of the compact-supported
potentials V' and V;. The more complicated case of the
noncompact-supported potential W;; is reported in the
next subsection.

The inner and outer fields have been shown in Sec. II
to take, up to the order O(6,5,6), the same functional
forms (2.9) and (2.31) in terms of their respective poten-
tials. On the other hand, the coordinate transformation
between them takes, up to this order (and even up to a
higher order), the linear form (3.5) with (3.6). We first
substitute into the sum of the 00 component and of the
spatial trace ¢ of (3.5) the inner and outer fields (2.9)

and (2.31). This leads to an equation whose solution is
easily seen to be
Vet =V 4 c8,0° + O(4) . (3.9)
[Indeed, we have ¢® = O(3).] Similarly, by inserting (2.9)
and (2.31) into the 0i component of (3.5), we obtain
c3

Vet =V — T 3ip® +0(2) . (3.10)
Note that (3.9) is valid with the inclusion of relativistic
corrections €2, while (3.10) is valid at the nonrelativistic
level only.

The relations (3.9) and (3.10) are numerically true in
the region D; N D.. We now transform them into match-
ing equations, i.e., equations relating mathematical ex-
pressions of the same nature. To do this, we need only
to replace the inner potentials in the right-hand-sides of
(3.9) and (3.10) by their multipole expansions valid out-
side the source. This is simple because V and V; are the
retarded integrals of the compact-supported mass and

current densities o and o; [see (2.3)]. Thus the multipole
expansions M(V) and M(V;) of V and V; are given by

M(V) = Gi (—;!)faL [%VL (t- %)] ,
£=0

M(V;) = Gi %a,, [%vf (- g)] . (3.11b)
£=0

(3.11a)

where the multipole moments VX (t) and V¥ (t) are given
by explicit integrals extending over the mass and current
densities in the source: namely,

V() = /d3ygL /_11 dz 8¢(2)0 (y,t-{-zl%l) , (3.12a)

1
VE(t) = / By / dz 6u(2)0 (y,t+z%) . (3.12b)
-1

In (3.12), g denotes the trace-free part of y; =
Yi, Yip -+ Yi,, and 6¢(2) is given by

1
(3.13)

The formulas (3.11)—(3.13) have been proved in the ap-
pendix B of [1]. Now, we have V = M(V) and V; =
M(V;) in D; N D; hence, we can write

Vet = M(V) +c8° + 0(4) , (3.14)

3
Vet = M(V;) — % 80 +0(2) . (3.15)
These matching equations relate the multipole expanded
external potentials V*t, V*xt given by (2.18) to the mul-
tipole expansions M(V'), M(V;) of the inner potentials,
and can be used to obtain the expressions of the canoni-
cal moments M, (t) and S (t) entering (2.18) in terms of
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the source’s parameters, with first relativistic accuracy
€? in M (t) and nonrelativistic accuracy in Sz (t). One
can also obtain, in this way, the coordinate change ¢° (in
the form of a multipole expansion). This was the method
followed in [1], and we can check again that the results
of [1] are indeed equivalent to (3.14)—(3.15). (We shall
in particular recover below the results of [1] by a more
general method.)

C. Matching of the noncompact-supported potential
W;;

By inserting in the spatial components ¢j of the trans-
formation law (3.5) the inner and outer fields (2.9) and
(2.31), we obtain

4 . .
Wt = Wi — (07 + 850" — 6:5(B00° + Bug™)]
+0(2) . (3.16)

This equation is valid at the nonrelativistic level only.
Like (3.9) and (3.10), it is numerically true in the region
D; N D,.. To transform (3.16) into a matching equation,
we must first compute the multipole expansion, valid out-
side the source, of the inner potential W;; which is, con-
trarily to the potentials V and V;, of noncompact sup-
port.

Recall that W in the left-hand-side of (3.16) is the
sum of the potential Vt-‘;‘-’“ parametrizing the linear metric
(2.17c), and of the nonlinear potential Z* = Z;;(V*)
defined in (2.29). Now V°** has been matched to the
multipole expansion of V in the previous subsection;
Vet = M(V) + O(2) as deduced from (3.14). Thus we
can write the external potential W as

W5 = V§* + Zi;(M(V)) +0(2)
where Z;;(M(V)) is given by

(3.17)

Zi;(M(V)) = FPp=o Of' [rB (—BiM(V)c‘),-M(V)

+% 5”6kM(V)akM(V)>:| . (3'18)

Note that it is crucial to replace V°** in Z;;(V***) not by
V, but by the multipole expansion M(V) of V' [modulo
O(2)]. Indeed, contrarily to V°** = V + O(2) which is
true only in the region D; N D, the matching equation
Vext = M(V) + O(2) is an identity which is valid “ev-
erywhere” and in particular on the whole past null cone,
issued from the considered field point, on which depends
the retarded integral in (3.18).

As for the inner potential W;;, we recall that it is given
by

Wij = DI_ZI [——41rG oij — 3iV6jV + —;—5,JakV8kV:| .

(3.19)

We shall now prove that the multipole expansion
M(W;;), valid outside of source, of the (noncompact-

supported) potential (3.19) reads as
o ()¢
Mwy) = zgim+6 3 Gla
£=0

‘ [1w (t- g)] ,

where the first term is given by (3.18), and where the
multipole moments Wf; (t) in the second term are given
by

(3.20)

1
W (t) =FPB=o/d3y|y|Bz7L/ dz 6¢(2)
J-1

x [aij A (a,.vajv - %5,-,-akvakv)]
(3.21)

where 6¢(z) is defined in (3.13).

The proof of (3.20) and (3.21) goes as follows. The
first term in W;;, involving the compact-supported mat-
ter stresses o;;, can be treated by formulas identical to
(3.11)—(3.13). We thus focus the proof on the second
term involving 8;V 9;V, from which we easily deduce the
last term. Let us consider the difference between (minus)
this term and the corresponding term in (3.18) involving
the finite part at B = 0 of the retarded integral: i.e.,
Xij = El_,;l[a,-Vc‘?jV]— FPg_o Dl—il [rBB,M(V)a,M(V)] .

(3.22)
The analytic continuation factor 72 in the second re-
tarded integral deals with the singular behavior of the
multipole expansions near the spatial origin 7 = 0. The
first integral does not need any regularization factor be-
cause the integrand is perfectly regular at » = 0. How-
ever, in order to make a better comparison between the
two integrals, let us introduce the same factor 72, and the
“finite part” prescription, into the first integral. Since
this integral is convergent, the finite part prescription
simply gives back the value of the integral. Hence we
can rewrite (3.22) as

Xi; = FPp_o Ox' {rB[8:VO;V — S;M(V);M(V)]}.
(3.23)

The important point is that, under the form (3.23), we
see that X;; does have a compact support limited to the
distribution of matter in the source. Indeed, outside the
compact support of the source (i.e., in the domain D.),
the potential V numerically agrees with its multipole ex-
pansion M(V'), and therefore the integrand in (3.23) is
identically zero. (It is at this point that we need to as-
sume that the multipole expansions in the canonical con-
struction of the exterior metric in D, involve an infinite
number of multipoles.) We can thus compute the mul-
tipole expansion M(X;;) of (3.23) in D, by exactly the
same formulas (3.11)—(3.13) as was used for the compact-
supported potentials V and V;. The only difference is
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that the analytic continuation factor 7Z must be kept
inside the integral, and that one must apply to the for-
mulas the finite part prescription. One is thus led to the
multipole expansion

M(X;5) = i (;—,)e oL [%Xz? (t — %)] ,
£=0

where the multipole moments Xi’;(t) are given by

(3.24)

-1 1
X5() = 3r FPooo [@ylyiPin [ dzsiiove,v
1

—OM(V)O;M(V)] (y, t+ z%) . (3.25)
[The finite part commutes with the derivation operator
Or in (3.24).] We now prove that the second term in
(3.25), which involves the multipole expansion M(V) in
the integrand, is in fact zero by analytic continuation. In-
deed, the multipole expansion M(V)(y,¢) is by (3.11a)
an expansion of the type Xay/|y| PF(t—|y|/c), where L’
is some multi-index, p is some integer, and F some func-
tion of time (all indices suppressed). Thus, M(V)(y,t+
z|y|/c) is of the type Lhp/ |y|"PF[t + (z — 1)|y|/c]. By
differentiating and squaring the latter expansion, we see
that the product 9; M(V)9; M(V)(y,t+ z|y|/c) entering
(3.25) is an expansion of the same type Tar-|y|~2G(t +
(z = 1)|y|/c), with L" a multi-index, ¢ an integer, and G
a function of time. We then expand by Taylor’s formula
each function G when ¢ — +oo. This introduces many
powers of |y| and of (2—1). Multiplying by 6,(z) and inte-
grating over z, we find a multipole expansion of the type
Sagn|y|*H(t), where k is an integer and H another func-
tion of time; then multiplying by [ d3y|y|®§. and per-
forming the angular integration (using d%y = d|y||y|2d©2
and fdQ'FLLu'hL = const X Jg¢n), We arrive at a mul-
tipole expansion of the type YA H(t) f0+°° dly|ly|B+t™,
where m is an integer. Finally, each of the latter in-
tegrals 0+°° d|y||ly|B*™ is zero by analytic continua-
tion. [Indeed, we cut the integrals into two pieces,

L = [ dlylly|®*™ and I, = [, d|y|ly|B+™, where
Y is some constant > 0. By choosing the real part
of B to be such that ReB + m > —1, we compute
I; = YB+™+1 /(B + m + 1); and by choosing the real
part of B to be such that Re B + m < —1, we compute
I, = ~YB+m+1/(B4+m+1). Then both I; and I, can be
analytically continued for all complex values of B except
the single value —m — 1. The integral f0+°° dly|ly|Bt™ is
the sum of the analytic continuations of I; and I, and is
thus identically zero on the whole complex plane (includ-
ing —m—1).] Note that the proof that the second term in
(3.25) is zero can be easily extended to the case where we
have, instead of 9; M(V)8; M(V), an arbitrary nonlin-
ear multipolar product of the type , M0, MaMs3---,
where M(y,t), Maz(y,t), Ms(y,t) - denote formal
multipolar and post-Newtonian expansions of the type
Yap|y|P(ln|y|)?K(t), where p,q are integers (such ex-
pansions are known to arise in higher-order nonlinear
approximations of the external field [21]). Thus, the mul-
tipole moments Xé‘- (t) in (3.25) can be simply written as
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X5 (t) = I FPB:O/d3y|y|ByL/ dz64(2)(8;VO;V)
-1

X (y,t-{—zl—)c,l) , (3.26)

and the expressions (3.20) and (3.21) are then easily de-
duced. Indeed, we write W;; as the sum of Z;;[M(V)],
of the compact-support integral L_.IEI[——47rGaij] and of
the term —X;; + 16;;Xxk. The multipole expansion
M(W;;) is thus the sum of Z;;[M(V)], which is al-
ready a multipole expansion, of the multipole expansion
of Op'[—47Go;j] computed by formulas such as (3.11)
and (3.12), and of —M(X;;) + 26;;M(Xkx) as deduced
from (3.24) and (3.26). We add the factor |y|? and the
finite part prescription into the moments of the expan-
sion of Op'[—4mGo;;] (which are convergent anyway),
and the result is M(W;;) given by (3.20) and (3.21).

One should note the remarkable role of the analytic
continuation factor |y|Z in (3.25) and (3.26). The inte-
gral (3.25) is of compact support and is thus perfectly
well defined at infinity |y| & +o0o. The role of the factor
|y|Z in (3.25) is to deal with the singular behavior at
the origin |y| = 0 of the second term in the integrand,
involving the multipole expansion M (V). That is, one
can compute (3.25) by choosing Re B to be a large posi-
tive number so as to compensate the bad behavior of the
integral at the origin, then analytically continuing the in-
tegral near B = 0 and deducing the finite part at B = 0.
On the contrary, the integral (3.26) is perfectly well de-
fined near the origin |y| = 0, but it is not apparently of
compact support. The factor |y|Z in (3.26) then deals
with the a priori bad behavior of the integral at infin-
ity |y| = oo, where §79;V9;V behaves for large £ like
a large power ~ |y|*~* blowing up at infinity. That is,
one can compute (3.26) by choosing Re B to be a large
negative number so as to make the integral convergent
when |y| — oo. These two different procedures, Re B a
large positive number in (3.25) and a large negative num-
ber in (3.26), give the same numerical result, as we have
just proved. In conclusion, the form (3.26) although not
apparently of compact support is however, thanks to the
properties of analytic continuation, numerically equal to
the compact-supported form (3.25). It is evident that
the form (3.26), where the analytic continuation factor
deals with the behavior of the integral at infinity from
the source, is the one which should be used in applica-
tions.

Equation (3.16) can finally be replaced by the match-
ing equation

4 . .
W35 = M(Wi;) - 94—[&@’ + 059" — 6i(B0¢° + One™)]
+0(2) ,

(3.27)

where the multipole expansion M(W;;) is given by (3.20)
and (3.21). This equation can be equivalently rewritten
as
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Vet = GZ )t a,,[ WE (t——)]

_Z[a,.<pi + 850" — 8;;(809° + Ap®)] + 0(2) ,
(3.28)

and in this form can be used to compute, if desired, the
vector ¢* [since ¢° is known from (3.15)]. To this end,
one needs to decompose the moments W[; into irreducible
STF tensors with respect to the indices 75 and L.

D. Matching equation at
the post-Newtonian order £°

We now have in hand all the material needed to match
the inner metric (2.14), namely

h"‘ﬁ(z) =

[IGWG XV, W)T*8 + A (v, V;, W,-j)]

+0(8,7,8) , (3.29)

where X and A°° are defined in (2.11) and (2.12), to the
corresponding outer metric (2.34), namely

can(mcan) = Gh# n(l)(mcan) +FPp= 0 D

x [,’,BXI‘V(Vext, Viext, Wit;xt ] + 0(7’ 7, 7) ,
(3.30)

where hcan(l) is the linear metric (2.17) and (2.18), and

A" is the same expression as in (3.29) but expressed in
terms of the external potentials Vet Vext and Wt
The metrics (3.29) and (3.30) are given in their respec-
tive coordinate systems z* and z¥ , and are valid, re-
spectively, in D; and D; N D,.

In the two previous subsections, we have related the
external potentials V¢, V**, and W to the multi-
pole expansions M(V), M(V;), and M(W;;) of the in-
ternal potentials V', V;, and W;;. These relations, which
are (3.14), (3.15), and (3.27), allow us to compute the
effective nonlinear source A*”(Vext, Vext We"t) in the
right-hand side of the outer metric (3 30) in terms of
the inner potentials. Indeed, by using (3.14), (3.15), and
(3.27) into the expression (2.12) of A*”, and by using
OM(V) = OM(V;) = 0 and Op* = O(7,8) [see (3.7b)],
we find

Ghi‘:n(l)(m) = [161rG_

—FPg_o Oz [rPBA* (M(V), M

KMV(Vext"Viext,Wéxt) — X“V(M(V),M(‘/,),M(Wu))

+0O0Q* +0(8,7,8), (3.31)
where in the right-hand-side extra terms appear which
are due to the coordinate transformation between the

inner and outer metrics, and which can be written as a
d’Alembertian operator [J acting on the tensor:

8
QOO = —-c—3 [M(V)Bﬁpo + M(V;)a;lpo

_‘;‘ M(M(V)QO”)} + 8:9°8i° (3.32a)
Q% =0, (3.32b)
Q7 =0. (3.32¢)

[The only nonzero component is 02° which is of order
0O(6).] Now, to evaluate (3.30) we must apply on both
sides of (3.31) the regularized inverse d’Alembertian op-
erator FPOR"'. One easily checks that FPOR'(ON%) =
000 0(7) Indeed this follows from the structure of
Q% which is made at leading level €® of terms of the
type Tapr~(¢+2+2k) where k is a positive integer (see
(1], p. 395). [M(V), M(V;) and ¢°, ¢ all have the struc-
ture Tagr~¢'+1) at leading level.] Hence, we find that
the outer metric (3.30) reads as

hl::n(wcan) - Gh::‘:n(l) (mcan) + FPB:Q DEI

x [rZR" (M(V),M(V}),M(Wij))] +m
+0(7,7,7) . (3.33)

On the other hand, we have shown in Sec. III A that the
inner and outer metrics should be linked by a coordinate
transformation involving nonlinear terms at order &
its 00 component, see (3.8). Using h%° = -3 M(V)+
and h” = — 5 M(V;) + - -- as is appropriate in D; N D,,
it is easy to see that the nonlinear terms in (3.8) are pre-
cisely equal to 2°° given by (3.32a), modulo O(8). Hence,
the coordinate transformation (3.5)—(3.8) is in fact given
by
hean(2)

baa(x) = AP () + 0™ + Q¥ + O(8,7,8) , (3.34)
[where the linear part 8¢** of the coordinate transfor-
mation is defined by (3.6), and where both sides are ex-
pressed in terms of the inner coordinates z#]. Substitut-
ing in the left-hand side of (3.34) the outer metric (3.33),
and in the right-hand side the inner metric (3.29), we
arrive at the following equation for the external linear

metric (in the coordinates z*):

AV, w)T* + A (V,V;, Wi,-)]

Vi), M(W3;))] + 8™ + O(7,7,7) . (3.35)
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The nonlinear part Q# of the coordinate transformation
has been canceled, and it remains only the linear coordi-
nate transformation 9¢pHY.

Equation (3.35) is numerically valid in D; N D,, but
must now be transformed into a matching equation. The
reasoning is exactly the same as the one we followed in
dealing with the noncompact-supported potential W;; in
Sec. IIIC, and we simply repeat here the arguments.
First, the term in (3.35) involving the compact-supported
matter stress-energy tensor T#" is treated by formulas
such as (3.11)—(3.13). Then consider, analogously to
(3.22), the difference between the two terms involving
A" in (3.35). By adding the factor 7® and the finite
part prescription in the first of these terms (whose inte-
grand is regular at » = 0) we can write this difference,
analogously to (3.23), in a manifestly compact-supported
form. [Indeed, the potentials V, V; and W;; are numer-
ically equal in D, to their multipole expansions M(V),
M(V;), and M(W;;).] Hence, we can also apply to this
difference the formulas (3.11)—(3.13) and obtain, anal-
ogously to (3.24) and (3.25), some expressions for the
multipole moments allowing for the analytic continua-
tion factor |y|? and the finite part at B = 0. Finally
the contrlbutlon associated with the multipole expanded
source A (M(V), M(V;), M(W;;)) in these multipole
moments is shown, analogously to (3.26), to be zero by
analytic continuation. This follows from the fact that
XW(M(V),M(V,-),M(Wij)) is a sum of quadratic or
cubic terms 8, M9, M3 or 8, M9, M2 M3 where the
M,’s admit formal multipolar and post-Newtonian ex-
pansions of the type Xar/|y|?(In |y|)9K(t), with p, ¢ some
integers [g = 0 in the case of M(V) and M(V;), but

= 0 or 1 in the case of M(W;j;)]; see the discussion
above (3.26). An important result of this paper can now
be written down. We introduce an effective (truncated)
total stress-energy tensor of the matter fields and of the
gravitational field,

(V, Vi, Wis) = AV, W)T* + C—GK“”(V, Vi, Wij)

(3.36)

where X and A*” are given by (2.11) and (2.12). By
(2.13) this tensor satisfies

8,7 = 0(3,4) (3.37)

Then we can transform (3.35) into the matching equation

Z(e' BL[ Tz (t“)]

+6<p'“’ +0(7,7,7), (3.38)

Gh2, o [My, L] =

can

relating the exterior linear metric (2.17) and (2.18), that
we recall is a functional of the canonical moments My, and
SL, to the total truncated stress-energy tensor (3.36) via
the multipole moments

T4 (t) = FPp— 0/d3y|y|B / dz &g (2)TH

(y,t+z|y|)

(3.39)

The result (3.38) and (3 39) is especially simple. It says
that the linear metric h an(1) is equal, modulo the linear
coordinate transformation Op*¥ [and modulo O(7,7,7)
terms], to the multipole expansion outside the source
we would obtain if the effective total stress-energy ten-
sor 7*” had a compact support limited to the material
source only. The difference is that the moments (3.39)
carry the analytic continuation factor |y|? and the finite
part at B = 0 to deal with the poles at B = 0 com-
ing from the behavior of the integral at its upper bound
|y| = +o00. When no poles arise as will be the case at the
2PN approximation (see Sec. IV), we can say that (3.38)
and (3.39) justifies the formal procedure followed by Ep-
stein and Wagoner [30] and Thorne [20] to compute the
multipole moments. (However recall that in the works
[30] and [20] these multipole moments are assumed to
be the moments which are radiated at infinity, while one
has still to add to these moments all tails and nonlinear
contributions in the radiation field, see Sec. IV below.)
Let us emphasize again that the expression (3.39) is not
manifestly of compact-supported form, but is numerically
equal to the expression obtained by multipole expanding
the compact-supported right-hand-side of (3.35). In par-
ticular, this shows that the multipole moments (3.39) are
retarded functionals of the source’s parameters, depend-
ing on the source at times ¢’ <t only [or t' < t—r/cin
(3.38)], contrary to what is apparent on their expressions
(3.39) but in accordance with what they must be.

IV. GENERATION OF GRAVITATIONAL WAVES

A. Relations between the canonical moments
and the source moments

In order to find from the matching equations (3.38) and
(3.39) the expressions of the canonical moments My, St
as functions of the source’s parameters, it suffices simply
to decompose the reducible moments 7 (t) into irre-
ducible STF multipole moments. This has already been
done by Damour and Iyer [31] in the case of linearized
gravity, i.e., in the case where the total stress-energy
tensor 7*¥ in (3.38) is replaced by the usual compact-
supported stress-energy tensor T*¥ of the matter fields,
supposed to be exactly conserved: 8,T*¥ = 0, and where
of course there are no analytic continuation factors in the
expressions of the moments.

Let us prove that the computation done in [31] ba-
sically applies to our case, which involves both analytic
continuation factors and a stress-energy tensor 7#¥ which
is only approximately conserved: 8,7*¥ = 0O(3,4) by
(3.37). To this end, we need only to check that the
multipole expansion in the right-hand side of (3.38) is
divergenceless up to O(3,4) as a consequence of the
approximate conservation of 7#¥. We take the time
derivative of the Ou components of the multipole mo-
ments (3.39), use c~18,7°* = —9,;7* + O(3,4), perform
some integrations by parts both with respect to y and
to z, and finally insert the identity (d/dz)%8,41(z) =
(2£ 4+ 1)(2¢€ + 3)[8¢—1(2) — 6¢(2)]. These operations re-
sult in
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d

20+ 3 \ cdt

1
+FPp_o {B/dsylyiB_zyjz}L/ dz5e(2)?’“(y,t+ZIYI/C)} +0(3,4) .
-1

The first two terms in the right-hand side of (4.1) are
the ones which would ensure the exact zero divergency

of the multipole expansion in (3.38). (72‘_(11‘)

STF part of 7*4.) The third term is the finite part
at B = 0 of an integral having explicitly B as a factor.
This term arises because of the derivation of the factor
|y|B during the integration by parts. (Note that we have
discarded a surface term which is easily seen to be zero
by analytic continuation.) Finally, the remainder O(3,4)
comes from the only approximate conservation of 7#¥.
We now show that the third term in (4.1) in fact vanishes
up to order O(3,4), which means, thanks to the explicit
factor B, that the integral has at this order no simple
pole at B = 0. This follows from a general lemma which
we now state and which will turn out to be very useful in
the remaining of the paper. Let y be a “source” point,
X1, X2,..., X, be n “field” points, and ayp, a;,...,a, be
n + 1 real numbers. Then we can state that

means the

FP5_o {B / dyly|BFreogrly — x| |y — x,,|°"}

=0 (4.2)

if the sum a9 + a; + -+ + a, is not an odd (posi-
tive or negative) integer. To prove that this is true,
we need to investigate the behavior of the integrand
at the bound |y| — +oo of the integral, where each
|y — x1/*1,... admits a multipole expansion of the type
Lxl1—19y |y|®* - -+ (coefficients suppressed). Thus, one
is led to consider the behavior of integrals of the type
[ Eyly|Breegrar, |y|*: - - 8z, |y|*". By performing the
integration over the angles (using d%y = |y|2d|y|dQ?), we
find that these integrals are zero if £+ £, +---+ £, is an
odd integer. When £+£;+- - -+£,, is an even integer, a sin-
gle type of radial integral remains, which is [ d|y||y|2+#
where B =2+ ap+ €+ (a1 — 1) + -+ (an — £,). A
pole at B = 0 will arise only if 8 = —1, and thus, since
£+L4y+---+£, is an even integer, only if g+ a1+ - -+ ay,
is an odd integer. If a9 + @1 + -+ + a,, is not an odd
integer, there is no pole and (4.2) is true by virtue of
the explicit factor B in front of the integral. [Note that
this condition for (4.2) to hold is sufficient but by no
means necessary.] Now, a nonzero contribution to the
third term in (4.1) can come only from the noncompact
supported part of 7I# in the integrand, i.e., the part in-
volving A™* [see (3.36)]. We first expand the argument
t + z|y|/c when ¢ =& +00 up to an order consistent with
the remainder O(3,4) in (4.1), and integrate over z [using
(4.8) below]. Thus we have to consider integrals involv-
ing A’ and its time-derivatives, and multiplied by some
even powers of |y|. The structure of A’* as given by

LUC BLANCHET S1

== S 1 d\’
STEO =t TE%0 + 5 () TH

(4.1)

(2.12b) and (2.12c) is of the type VOV, where V rep-
resents a retarded potential (2.3a) or (2.3b), and 9 is
some time or space derivation (all indices suppressed).
By expanding the retardation argument in the V’s up
to the same order O(3,4), we see that the structure of

A" is of the type BUBU or 8UOX, where U and X
are instantaneous (Poisson-type) potentials of the type
J &xo(z)|ly — x|* with a = *1 [see (4.14) and (4.15)
below]. Thus, A* s composed of terms of the type
J #3x1d%%38,,8,,0(z1)0(z2)|y — x1|* |y — x2|*2 where
aj + az = —2 or 0, and where the derivatives act on the
source points £; = (x1,t) and z2 = (x2,t) (we use the
fact that 8y |y — x|* = —9«|y — x|*). Finally, it remains
to commute the integration over y with the integrations
over x; and xy to arrive at a series of integrals of the
type [d3y|y|Bteogr |y — x1|* |y — x2|®2, where ap is
an even integer and a; + az = —2 or 0 (we have used
vidr ~ 9ir + |y|?di<s,9—1>)- These integrals have no
poles by the lemma (4.2). Therefore, we have proved
that (4.1) reads in fact as

4 ou .\ ulic 1 4\’ min
cdt | (8) = €T3 (t) + 55 +3 (cdt Tiz(®)

+0(3,4) . (4.3)
This relation shows that the multipole expansion in the
right-hand side of (3.38) is divergenceless modulo small
terms of order O(7,8). This is consistent with the fact
that the “q part” of the external metric is found to be zero
at order O(7,7,7), see (2.25) and Appendix A. Because
of the uncontrolled remainder in (4.3), we find that the
four relations (5.27) in [31] are modified by small post-
Newtonian terms: Cr, is modified by a term O(7), and Gy,
TL, JL are modified by terms O(8). Thus the 0: compo-
nents (5.9b) in [31] involve some uncontrolled terms O(7),
while the {j components involve uncontrolled terms O(8)
(the 00 component not being affected). All these terms
fall into the remainder term O(7,7,7) in (3.38), showing
that the end formulas (5.33) and (5.35) of [31] giving the
expressions of the mass-type and current-type multipole
moments in linearized gravity can be applied to our case
with the replacement of the matter stress-energy tensor
T#¥ by the total stress-energy tensor 7#¥, and with the
addition of analytic continuation factors |y|Z and of the
finite part prescription.

The matching equation (3.38) can thus be written in
the form

Gh"”

can(1

\IMy, S1] = GRY

can(1

JUp, Jp] + 8wk + 8
+0(7,7,7) , (4.4)

where dw*” is a certain harmonic linear gauge transfor-
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mation (Ow* = 0), and where the mass-type and current-type source moments Iy, and Jr, are given by

IL(t) = FPB=o/d3y|y|B /11 dz I:Jg(z)g)l,f—

2(2¢ + 1)
Al +1)(L+2)(20+5)

5e+2(2)ilijL3t2§ij] (y,t + 2|y7|> ,

4(2¢ + 1)

m 80+1(2)9irOr X

(4.5a)

1
Jr(t) =FPB=o/d3y|y|B/ dz |:6£(Z)Eab<i¢'gL—-1>a2b
-1

_ 20+1
2L+ 2)(2L + 3)

The mass, current, and stress densities in (4.5) are de-

fined by

>

= (4.6a)
.
Ti=T, (4.6b)
Ty=77, (4.6c¢)

where the stress-energy tensor 7 is given by (3.36). The
weighting function d,(z) is defined in (3.13). The match-
ing equation (4.4) then tells us that the gauge transfor-
mation Sw*” necessarily satisfies dw*” = —9p**+0(7, 8)
[indeed remember that Op* = O(7,8)], and that the
canonical moments My, Sy, in the left-hand side of (4.4)
are related to the source moments Iy, J; by

My (t) = IL(t) + O(5) ,
SL(t) = JL(t) +O(4) .

(4.7a)
(4.7b)

6£+1(z)5ab<ilgL—l>ac6t§bc] (yat + z%) .

(4.5b)

[The relation (4.7a) for the mass moment comes from the
00 component of the matching equation (4.4), while the
relation (4.7b) for the current moment comes from the
0: components of (4.4).] The relations (4.7a) and (4.7b)
are exactly the ones needed to solve the wave generation
problem at the second-post-Newtonian approximation.

B. Expressions of the mass-type and current-type
source moments

Since the relations (4.7) are only valid up to some post-
Newtonian order, it is sufficient to consider the post-
Newtonian expansion ¢ — +o0o of the source moments
Iy, Jr defined by (4.5). This expansion is achieved by
means of a formula derived in Appendix B of [1], and
giving the expansion when ¢ — 400 of terms involving
the average over z appearing in (4.5). This formula reads
as

1 2 4
= ¥\ _ = lyl 2% |yl s
Y Sy, t) + 2 t T (y,t) + O(6) . 48
/_ldzét(z)z (y,t+z e ) =200t 5a300 15 % W)+ saGiy a5 o@D HOE) (4.8)
Using (4.8), and retaining consistently the powers of c¢~!, we obtain
_ 3.1 1B |s = ly|?9L = ly|*dL i 420+ 1)gir =
Io(t) = FPp=o / &ylyl [yLE t i3 e BT ) e ATl +3)
2(2¢ + 1) |y|*9:z - 2(2¢ + 1)9s51 -
Al )2+ 3)2+5) T AT e+ 2) (2 +5) 0 |30 +06), (4.9)
Jo(t) = FP o €apes /d3y|y|B iproaSy + VT2 o 22+ Dii-1ac g 10 L 0a) . (4.10)
L B=0 €ab<i, YL—-1>a%b 2C2(2e+3) t <b c2(€+2)(2€+3) t2ibe [ \Y) . .

We must then insert into (4.9) and (4!_0) explicit formulas of ¥, ¥;, and ¥;; which are easily computed from (3.36)
where we use the expression (2.11) of A = |g| + O(6) and the expressions (2.12) of the components of the effective

nonlinear source A*”. We find the formulas

<_[,,4v 8 2 1
= _1 + - ZW-V )] o= —=5 VoV
1 1 7
+t—=g {—Vagv —2V;8,8,V — W;;0%V — 5(atV)2 + 26;V;0,V; + 20;VO,W — 5V<9,~Va,-v} , (4.11a)
s _[,. 4V 1 3
¥, = -1 + —c2 o; + ——ﬂ'Gcz BkV(B,:Vk — 6]:‘/,) + Z@,;VB,V + 0(4) , (411b)
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E—,;j =0+ —= G {6 Va V- —éijach‘)kV} + 0(2) . (4.110)

Again retaining the powers of c~! consistently with the accuracy indicated in (4.9) and (4.10), we can now write
formulas for the source moments in raw form:

4 8 . 1
IL(t) = FPB=0 /d3y|y|B{ [1 + C_ZV — C—4(W - Vz)] YyrLo — myLaiVB,-V

tain [—Vafv — VDBV — Wis0BV — 5 (BV)? + 20V;0;Vi + 20V OW — gi/a,.va,.v]
+%a§ [(1 + %‘;) . L _ave V]
e Tt (o LT (;elirlyal; CrLle
_%@ [(1 + %’) O {BkV(B Vi — 8Vi) + %a,va,-v}]
(e f(lz;e(; h )23;(2Le 5% ["*‘f + 4“5‘9*"3:"’] } +0(6) , (4.12)

N 4 [¥1*Jz-1>a
_ . 3 B >a g2
JL(t) = FPpB—o€ab<i, /d Y|YI {yL—1>a (1 + c—ZV) oy + mat

(2[ + 1):{]L——1>ac

1 . 3
toGalr-1>a [akV(aka - OVs) + Zatvabv] T 2+ 2)(2L+3)

B, [a,,c + Ga,,va V] } +034) .
(4.13)

Recall that the analytic continuation procedure in (4.12) and (4.13) is needed only for handling the (apparently)
noncompact supported terms such as the term §.0;V9;V in (4.12), and could be removed from manifestly compact
supported terms such as, e.g., jroV2.

Let us now derive an equivalent but somewhat simpler form for the mass-type multipole source moment (4.12).
First, we replace the retarded potentials V', V;, W;; used in (4.12) by “instantaneous” potentials U, X, U;, P;; (and
P = P;) defined by the post-Newtonian expansions

V=U+ 2—; X +0@3), (4.14a)
Vi=U;+0(2), (4.14b)
Wij = P;j + 0(1) . (4.14c)
These instantaneous potentials are

Ux,t) =G / = a(x £, (4.15a)
X(x,t) =G / Bx'|x — x'|o(x, 1) , (4.15b)
Ui(x,t) = G / r a,(x t), (4.15¢)
Pyxt) =G [ —EX o + L (ava;0 - Ls,00000) | (', 8) (4.15d)

5 (%, t) = /' x/! anG \ %V 50Ok Ok st .

3./ 2

P(x,t) = G / = d"x [a,-,- - -;-UU] ', t) + UT . (4.15¢)

We can then rewrite (4.12) as
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I (t) = FPp—o / d3y|y|B{ [1 + %U + —i—(zafx — 8P + 8U2)] Lo
C C

1
—-ﬂéngaaniU + W’h [—a,-Uaiafx - UdU

1 7
—2U;0:6;U — R_,a,sz — 5(8tU)2 + 28,~U,-6,~U,- +20,U9; P — —2-U3,;U(9,'Uj|

])’12?3L 2 ﬂ _ 1 . .
togm g |1+ )7~ —gadUoU

2c2(20+3) °

|}’|4?7L 4

222+ 1)y|*9ir

T aci2t +3) (201 5) ¢ T

2(2[-*- l)ﬁijL 2
cAl+1)(£+2)(2¢+5) *

+

AL +1)(2 + 3)(2L + 5)

1
[O'ij + R&UBJU] } +0(5) .

8?0’,'

wGc?

o; + —‘1— {6kU(a,,Uk - 6kUi) + zatUa,-U}]

(4.16)

Several reductions of this expression can be done by integrating various terms by parts. For instance we can operate
by part the term ~ §7,8;U8;U using Ajy = 0 and AU = —4nGo. This yields

FPo-o [ dylyIP 000U = FPo_o [ dyly|® {4er@LaU + 28 (3607 - aiyva]} .

(4.17)

The second term in the right-hand side of (4.17), which is made of the product of |y|? and of a pure divergence, is
easily shown to be zero thanks to the lemma (4.2). Indeed, the differentiation of the factor |y|? yields ap = —2, and
since the term involves two potentials U it has a; + as = —2. Hence we can write

FPBZO/d3y|y|BﬁL6,-U8,~U=47rG/d3yg§LoU,

(4.18)

where we have removed the factor }y|B in the right-hand side since the term is compact-supported. Note that the
use of the lemma (4.2) permits freely integrating by parts all noncompact-supported terms in (4.16) except the term
involving the product of three U’s, i.e., the term ~ §,U8;U8;U, which must be treated separately. For this term we

write, like in (4.17),

FPB=0/d3y|y|B;0LU6,-U6,~U = FPB=0/d3y|y|B {27I'G§ILUU2 -+ %6, []]La,;U3 - aiﬁLUs]} .

To cancel the second term in the right-hand side, we
have to show that the integral [ d3y|y|B=2§p/|y — x;|!
|y — x2|7! |y — x3|7! has no pole at B = 0 [this
case is not covered by (4.2)]. When |y| — +oo the
integrand behaves like |y|B+t'~t~ta~ts—5p . a1 Ay A
(where n; = y;/|y|). The angular integration shows that
£y +£€2+ €3 = £' + 2p where p is a positive integer, so that
the remaining radial integral is [d|y||ly|®2~2?~3 which
cannot have a pole (this would mean p = —1). Thus
we can conclude, as in (4.18), that

FPB=0/d3y|y|Bg)LU8,-U8,-U = 2wG/d3yﬁLaU2 .

(4.20)

(4.19)

[

Incidentally, the above proof shows that in higher post-
Newtonian approximations, terms can arise which cannot
be integrated by parts without generating poles. This is,
for instance, the case of the term ~ §LU8;U8;0? X which
is expected to arise at the O(6) level.

The identity (4.18) shows that the term ~ §,8;U8;U in
(4.16) exactly cancels a previous term ~ §roU, so that
we recover, at the first post-Newtonian approximation,
the expression obtained in [1], i.e., (2.27) in [1]. We use
also the identity (4.20), and then perform several other
manipulations such as, for instance, one showing that
the two terms involving the potential X in (4.16) can be
advantageously replaced by a single term ~ §LU82U—
all these manipulations are justified by the lemma (4.2).
They yield the expression
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2 A
t) = FP dyly|? LU — _ 1y 4
IL(t) =FPp= 0/ ylyl { [ (0s UP)]+262(2£+3)3ta
4(2[ + 1)giL 3
T+ 1)(26+3) [( ) G 3 (3kU[8 Ur — 0:Us] + Z&U&U)]
19z 4, 226+ DlylPhie g
8ci(20 +3)(20+5) *° AL+ 1)(2e+3)(2e+5) t7i
2(2¢+1) o
AT+ 2) @y 5) [% e U U]

1
+7ch4 yL

The expression (4.21) will be applied, in a forthcoming
paper [4], to the problem of the generation of waves by
a coalescing compact binary at the 2PN approximation.
Note that many other transformations of the expression
(4.21) could be done using the equations of motion and
of conservation of mass. In Appendix B we show that
in the case £ = 0 the expression (4.21) reduces to the
expression of the conserved total mass M at 2PN which
is known from the equation of conservation of mass at
2PN.

Finally, we prove that the expression (4.13) of the
current-type source moment is equivalent to the expres-
sion obtained in [2]. We make the comparison with the
expression (5.18) in [2], which involves a STF tensor
YZ(y;,y2) depending on two source points y;, y2, and
defined by

1
YE(y1,y2) = Iy1 ~Yz]/ day{l , (4.22a)
0

where y?, = ay1 1- a)yz, and where ya L) denotes the
STF part of yZ = yi -- . An alternative form of YL
can be obtained by exphc1tly performing the integration
over a. It reads

ly1—y2| (=P P)
(1 Sl

p=0

YEi(y1,y2) = (4.22b)

where we sum over the number p of indices present on
sz =yt~ " (in which case yL P yl'p+1 ceyh) .:«_lnd
without p-dependent coefﬁment in the sum, e.g., Y* =
3ly1 — yel x(y1 y1) +y, y’) <tyg)). Then the formula
which permits relating our work with the formalism used
in [2] is

d3 B
FPgoo [ —SYWI0L  _  oryi(y. ya) . (4.23)
[y — y1lly — vl
The proof of this formula is as follows. We know from
(3.9c) in [2] that (Jy — y1lly — y2|)~! = Ayk — 2md12

where 812 = |y1 — y2| fol dad(y — ya) represents a Dirac
distribution on the segment joining y, and y, (4 is the
usual three-dimensional Dirac distribution), and where

[—P,.jafjv — 2U,8,8,U + 20,U;0;U; — g(a,U)2 - Uan] } +0(5) .

(4.21)

k is some kernel given by k = 1In[(|ly — yi| + |y —
¥2|)? — |y1 — ¥2/%]- By substitution into the left-hand-
side of (4.23) one gets two terms. The first one is the
finite part at B = 0 of the integral [d3y|y|BgLAk,
which is also equal to B [ d3y|y|®~2y;[8;91k — §rO:k].
We replace into the latter integral the convergent Taylor
expansion when y;, y2 — 0 of the kernel k£ [which is an-
alytic in y,, y2; see (3.14) in [2]], and find that the only
remaining radial integrals are of the type B [ d3y|y|Z—2*
or B [d3y|y|P~2In|y|, where k is an integer. These ra-
dial integrals are zero at B = 0 (no poles). Thus it
remains only the second term which is the finite part at
B = 0 of [d3y|y|BgL(—2mé12), and readily yields the
result (4.23). By multiplying (4.23) by some densities
o(y1,t) and o(y2,t) and integrating over d®y; and d3y,
we obtain such relations as

FPoo [ dyly|?310.00,U = ~2x / Ey1d%y30(y1)

xo(y2)Y 5 (y1,¥2) »
(4.24)

where Yf; = 8%YL /8yi By}, showing the complete equiv-
alence between our expression (4.13) above (where the
V’s can be replaced by the corresponding U’s) and the
expression (5.18) in [2].

C. The asymptotic waveform at the 2PN
approximation

It has been shown in [22] (see also [32]) that the canon-
ical external field (2.16), which satisfies all over D, the
harmonic-coordinates Einstein’s equations (1.1) and (1.2)
(in the sense of formal nonlinear expansions), can be
rewritten in a so-called radiative coordinate system X* =
(T, X) in which it is of the Bondi type at large distances
from the source. It is sufficient to consider the transverse-
traceless (TT) projection of the leading-order 1/R part
of the spatial metric (where R = |X| is the distance to
the source). Denoting by AF.L(X*) = (grm (X*)—6km)TT
this TT projection of the spatial metric (where gg, is the
usual covariant metric), we can then uniquely decompose
the 1/R part of AT into the infinite multipole moment
series [20]
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T 4G — 1
hiem (X, T) = Z—R'Pijkm(N) Z 27 Ni_2Uijr—2(T — R/c)
£=2 :
20 1
~E+ e Nar—2€a6(:Vj)pr—2(T — R/C)} (ﬁi) ) (4.25)

where the radiative moments Uy, and V7, represent two infinite sets of functions of the retarded time T' — R/c, which
are STF in their indices L = 3, ---4; (£ goes from 2 up to infinity). These functions by definition parametrize the
asymptotic waveform. The coefficients in (4.25) have been chosen so that the moments U and Vi reduce, in the
nonrelativistic limit ¢ — +o0o0 to the ¢th time derivatives of the usual “Newtonian” mass-type and current-type
moments of the source [20]. Our notation in (4.25) is Np_» = N;, -+ N;,_, with N; = Xi/R, Nar 2 = NoNp_s,

T(,-j) = %(T{j + Tji), and
1
Pijem(N) = (8ix — N;Ni)(8jm — N;Ny,) — 5(65,- — N;N;)(0kem — NiNy,) . (4.26)

At the 2PN approximation, including all terms up to the level € ~ c™%, the waveform (4.25) reads as

2G 11 4 11 1
iy = ﬁpijkm{Uij +3 [gNanja + §€ab(iVj)aNb] +t3 [1_2‘NabUijab + EEab(iVj)achc]

111 2 1 1 N o
+3 |60 — NaveUijabe + 56ab(;V})achbcd +a %Nabchijabcd + 3—66ab(iVj)acde bede| +O(5) p . (4.27)

By differentiating, squaring, and averaging over angles this expression, one obtains the energy loss formula at the
2PN approximation, giving the rate of decrease of the Bondi energy Ep:

1 1
U‘l.(] )U1.(]) + 3 189 ijk z]k

dEg G
dT ~ &

[ 1 ;0o

Now the point is that the external field (2.16) is algo-
rithmically constructed in [21] from the linearized metric
(2.17) and (2.18), which is parametrized by the canon-
ical multipole moments My, Sr, and that the coordi-
nate transformation between the harmonic coordinates
and the radiative ones can also be algorithmically imple-
mented [22,32]. Therefore, the radiative moments U, and
Vi parametrizing the multipole expansion of the asymp-
totic waveform (4.25) are necessarily given as some algo-
rithmically computable functionals of the canonical mo-
ments My, and S;. It has been shown in previous papers
[1,3] that U and Vi, are given by some nonlinear infinite
expansions in G (consistently with our whole approach)
of the type

J

T T
Xnr(T), Yor(T) =Z/ dUl---/ dUnKpp,..n, (T,Us,-+,Un

where ’P}la) denotes the ath time derivative of either a
mass moment My, (in which case £ = £) or a current mo-
ment £q4,,,i,5.L-1 endowed with a Levi-Civita symbol
(in which case £ = £ + 1). The tensor Krr, ..., denotes
some dimensionless kernel whose index structure is made
out only of Kronecker symbols, and which depends only
on variables having the dimension of time. The powers of
G and c in (4.29a) are obtained by a simple dimensional
argument, namely that the mass and current moments
Mj, and S have the usual dimensions of multipole mo-
ments. The notation ¥¢; is for X2 ,¢, = ¥, 4; + s,
where X7_;¢; is the total number of indices present on

V‘”V“)] 1 [ 1 0 g

9072 ijkm z]km ‘/tg]ie)v(l):l +0(6)} . (4‘28)

[
(l) G"— 1
(T) + Z c3(n—1)+X¢,—¢

eai[il_‘VOL—z(T) = €aiyiq- 1 t 1)(T)

Gr— 1
+ Z CS('n 1)+3¢,—

UL(T) = Xnr(T), (4.29a)

7YaL(T) , (4.29b)

where M(‘) (T) and S(t 1) (T') denote the £th and (£—1)th
time derlvatlves of M T and S1_1 computed at the radia-
tive time 7', and where X,,1(T) and Y,,1(T) are nonlinear
functionals of order n of the moments My and S; and
their time derivatives. The general structure of X,,;, and
Yn L is

)P (Uh) -+ P (Un) (4.30)

—

the n moments Pr, in (4.30), and where s is the num-
ber of current moments among these n moments. As
the tensor Kr ..., represents an operation of complete
contraction between the indices L,L,,...,L,, we have
necessarily the equality

ig,. =0+2k,
=1

where k is the number of contractions among the indices
Ly,...L,
In view of the explicit powers of ¢~

(4.31)

1 in front of the mul-



2578 LUC BLANCHET 51

tipole moment contributions present in (4.27), we need
to compute the relations (4.29) linking the radiative and
canonical moments only up to some definite order in ¢ 1.
Namely, U;; is to be computed up to ¢~* inclusively, Uy
and V;; are to be computed up to c”3, Uijrm and Vi, up
to ¢c~2, and so on. Now the equality (4.31) shows that the
nonlinear terms in (4.29) having n > 3, and thus com-
ing from the cubic and higher nonlinearities of Einstein’s
equations, are at least of order O(c™®) = O(6) and can be
neglected for our purpose. Furthermore, the terms with
n = 2 must have k = 0 in (4.31) since for k > 1 the cor-
responding order is O(5), also negligible for our purpose.
Finally, the remaining nonlinear terms with n = 2 and
k = 0, which represent corrections ~ ¢~3 in the radiative
moments, are to be computed only in the quadrupole
and octupole mass moments U;; and Ujjx, and in the
quadrupole current moment V;;. We then easily arrive
at the only possibilities £ = ¢, + £, [see (4.31)] with £ = 2
(case of U;;) and £, = 0, £, = 2, or £ = 3 (cases of
Uijr and V;;) and £, = 0, £, = 3, 0r £, =1, £, = 2.
(Indeed, one of the moments in (4.30) is necessarily non-
static, £, > 2 say.) This corresponds to the interaction of
the mass monopole M and of the mass quadrupole M;;
(case of U;;), of M and of the mass octupole M;;, or of
the mass dipole M; and of M;; (case of Ujjx), and of M
and the current quadrupole S;; (case of V;;). Let us com-
bine this information with the results of [3] showing that
two (and only two) types of “hereditary” contributions
arise in the radiative moments U, V; at the quadratic
nonlinear approximation, namely the “tail” contributions
involving the interaction between M and nonstatic mo-
ments My, or Sg, and the “memory” contribution involv-
ing the interaction between two nonstatic moments Mj,.
By the previous reasoning, the latter memory contribu-
tion can be neglected, and the former tail contributions
need to be included only in the radiative moments U;;,
Uijk, and V;;. Hence we can write, from (2.42) and (3.4)
in [3],

g2 2GM [+ Vv
Uij (T) = Mij (T) + T A dV |In % + Ko
xMI(T - V) +0(5) ,

L (3) 2GM [*° 14

x M) (T -V)+0(5), (4.32b)
) 2GM [T |4
Vii (T) = SP(T) + 6—3/0 dV (In ( o ) + 55

xSSN(T - V) +0(5) .

(4.32a)

(4.32¢)

The other radiative moments Usjkm, - . . , Vijemn in (4.27)
and (4.28) are equal, with the required precision, to the
corresponding M‘.(;,Zm, ceey Sg,zmn. Three purely numeri-
cal constants k2, k3, and k} appear in (4.32), which are in
factor of “instantaneous” (nonhereditary) contributions.
Note that there is a priori also a contribution involving
the interaction between the mass dipole M; and the mass
quadrupole M;x(T) in the octupole moment Uy (T) of
(4.32b). This contribution, which is necessarily instanta-

neous and of the type (63G/ c3)M(iM}:§ (T), where o3 is
some numerical constant, has been set to zero in (4.32b)
by requiring that the (harmonic) exterior coordinate sys-
tem is mass centered, i.e., M; = 0. The computation of
K2, K3, and k) necessitates the implementation of the al-
gorithm for the construction of the external metric. This
was already done in [3] for the computation of ;. The
computation done in Appendix C yields the values

11 o7 o7
12° R3= %0 2T &

The constant b entering the tail contributions in (4.32) is
a constant (with dimension of a time) which parametrizes
the relation between the radiative coordinate system
(T, R) in which the metric is of the Bondi type and the
harmonic coordinate system (tcan,7can) of Sec. IIB. It is
such that

T _ E = tepy — Tcan 2GM In (Tcan
c cb

[where terms of order O(1/r2,,) in the distance to the
source are neglected]. A possibly convenient choice for
the constant bis b ~ 1/wq, where wy is a typical frequency
at which some detector at large distances from the source
is operating [11].

The relations (4.32) are still not expressed in terms
of the source’s parameters, and the last step obviously
consists in using the relations (4.7) linking the canonical
moments My, St, to the real source moments I, J;,. We
can thus rewrite (4.32) as

2GM [t 14 11
Ui (T) = IP(T) + —63——/0 av [111 (—) = —]

Ky = (4.33)

)+0()  (4.34)

c3

) " 12
xI$NT - V) +0(5), (4.352)

s 2GM [+ V., 97

Uijr(T) = L;;(T) + 3 o dV (In 2b + 60
xISUT - V) +0(5) , (4.35b)

Ty = J® 2GM [ VY47

V(1) = I (M) + =5 /0 Wiml%) e
xJ(T - V) +0(4) (4.35¢)

(with relations limited to the first term in the right-hand
side for the higher-order moments Ujjkm, ...). One must
insert these relations, together with the explicit expres-
sions (4.21) and (4.13) of the source moments, into the
waveform (4.27) and/or the energy-loss formula (4.28).
[Note that the only tail contribution in the energy-loss
formula (4.28) comes from the “mass-quadrupole” tail
associated with the moment U;; in (4.35a).] This solves
the problem of the generation of gravitational waves by
a general isolated system at the 2PN approximation.
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APPENDIX A: PN EXPANSION OF PART OF
THE EXTERNAL FIELD

The “g-part” of the external metric is the second term
in the definition of the nonlinear canonical field (2.21).
We shall denote the first term in (2.21) by

Petiny = P50 U5 PPN ]

can(n)

(A1)

The g-part of the metric is computed from the “p-part”
J

= T [ ()]

£>0

T‘ian(n) = QZO&L [%BL (t — %)] + ; {3[,_1 [;C,-L_l (t - 2)] + €iab0ar—1 I:%DbL_l (t — g)]} ,
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(A1) as follows [21]. We compute the divergence of (Al),

namely ¢, = d,pt :n(n), and obtain
T::l'an(n) =FPp=o DI—Zl [BTB_lniA::‘;n(n)] ’ (A2)

where n; = z*/r and where the factor B comes from the
derivation of the analytic continuation factor »Z. This di-
vergence is known to be a retarded solution of the wave
equation, and can thus be decomposed, in a unique man-
ner, as

(A3a)

(A3b)

where Ay, By, Cr, and Dy, are some STF tensorial functions of the retarded time. Then the g-part of the external

metric is defined by its components as

00 _ _Ca-1_g (a1 42, (Lo-2
9can(n) r al\pie al\, e ’

; c (- 1 (- 1
qun(n) = —;Ci( b _ CEiabOa (;D,(, 1)) — Za[,—l (;AiL—-l) ’
£>2

(Ada)

(Adb)

’ 1 1 1 .a 3 1
Gean(n) = ~0ij [;B + 0, (;Baﬂ + Z{BL—Z (;EAEJ’}J—Z + 5B iJ'L—Z)

£>2

1 1 1
+24;;0L (;BL) — 6951 (;Bj)L—l) — 28aL-2 (Gab(i;Dj)bL—z)}

[where, e.g., ACV(t) = [*_ dt'A(¢'))].

The main task is to deal with the quadratic case
n = 2. We first control the post-Newtonian expan-
sion of the divergence % an(2) of (A2). The quadratic
source Ai‘:n(z) = N"¥(hcan(1)) is computed by inserting
the linear metric (2.17) and (2.18) into (1.5). Its post-
Newtonian expansion starts at O(4,5,4), with a next
term at O(6,7,6). Let us write

1 o, 1

F“ + 06+w
where F*” and G*¥ are the coefficients of the leading-
order and next-order terms in the post-Newtonian ex-
pansion, and where we use the notation w = 0 when
pv = 00 or ij and w = 1 when pv = 07. Then it is easy
to show that the structures of FF*¥ and G*¥, as concerns
their spatial dependence, are

2 —
Acan(2) - cdtw

G +0(7,8,7), (A5)

T P—
p+g>2

o B (o) B (o

(A6b)

where P and Q are multi-indices with p and ¢ indices.
Important for our purpose is the fact that the number
of spatial derivatives is p + ¢ > 2 in F*¥ and in the

(A4c)

second term in G*¥, and is p + ¢ > 1 in the first term
in G*. Knowing the expansion (A5) we can write the
corresponding expansion of the divergence (A2). We have

1
r -
can(2) citw

1 —1{p,.B-1 i a\?
+——FPp_o A [B’I‘ n,G"]+ —_—

FPp_oA[BrB—1n,FH]

cb+w ot

xA'z[BrB_lniF“i]} +0(8,7), (A7)

where A~! is the Poisson operator and A~2 = (A~1)2,
and where w = 1 when 4 = 0 and w = 0 when p = 1.
The justification of Eq. (A7) can be found in our previ-
ous papers [see, e.g., (3.25) in [24]]. Using the structures
(A6) of F*¥ and G** into (A7) shows that all explicit
terms in (A7) are zero. Indeed, by multiplying by r~1n;
the term 8p(r~1)8g(r~!) in (A6a) or (A6b) and project-
ing on STF tensors, we get a series of terms of the type
rB—t-2k=24, where k is a positive or zero integer and
£=p+q+1—2k By applying A~ and A~2 we obtain
rB—t=2kf; /D, 2(B) where the denominators are, respec-
tively, Dy(B) = (B — 2{ — 2k)(B — 2k + 1) and D3(B) =
(B — 20 — 2k +2)(B — 2 — 2k)(B — 2k + 1)(B — 2k + 3).
When p + ¢ > 1 (which implies £ + k& > 1) neither
Dy (B) nor Dz(B) vanish at B = 0, and when p+ ¢ > 2
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(which implies £ + k > 2) D,(B) does not vanish either.
Furthermore, by multiplying by r~1n; the second term
é)p('r‘l)éq(r) in (A6b), projecting on STF tensors and
applying A™1, we get rB=¢-2k+25; /D3 (B) where the de-
nominator is D3(B) = (B—2(— 2k+2)(B 2k +3) which
does not vanish at B = 0 when p + q > 2. Since all de-
nominators D;, Dy, D3 take nonzero values at B = 0,
we conclude that all terms will be zero at B = 0 thanks
to the explicit factors B present in (A7). Thus,

,=0(8,7) . (A8)

can(2
Equation (A3) then shows that for n = 2 the function
Ayr is O(8) while Br, Cr, and Dy, are O(7). Hence we
can write, from (A4),

ity = @0 (70£V) + 0, (492)

i C (- 1 (-
qgan(Z) = '——C,( R ceiabaa (;Dl(z 1)) + 0(8) s (Agb)

,=0(7) . (A9c)

can(2
Thus it remains to control three terms involving an-
tiderivatives of vectors C; and D; and having low multi-
polarities £ = 0,1. We know that the dependence on ¢!
of a term with multipolarity £ in g/, 5 is O(5+£; +£,—¥)
[see, e.g., (3.23) in [24]], where £, and £, are the number
of indices on the two moments Py, and Pr, composing
the term (notation of Sec. IV C). Now one of the two mo-
ments is necessarily nonstatic since for stationary metrics
the g-part of the metric is zero (Appendix C in [21]), thus
£, > 2 say. On the other hand, to form a vector C; or D;
one needs ¢, = ¢, + 1 thus £, + £, > 3. This, together
with the fact that £ < 1, shows that the remaining terms
in (A9) are O(7) at least. Thus we have proved

,=0(1,7,7) . (A10)

can(Z

We finally deal with the cubic case n = 3. In this case
we know that the post-Newtonian expansion of the source
Ai‘an@) starts at O(6,7,8). [The fact that the spatial
components ij of the cubic source are O(8) instead of
the expected O(6) is not obvious but has been proved
in [21]—see the proof that A = 0 on p. 424 in [21];
indeed a possible term O(6) would be made of three mass-
type multipoles M, L] Thus the divergence (A2) with
n = 3 is at least Tcan(S) = O(7,8), from which we deduce

y = = 0(6,7,8). On the other hand the dependence
J

;1
can(3
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in ¢! of a term in qcan(a) is O(8 + X¢; — £) [see (3.23)
in [24]], and we know that £, > £ — s by the law of

addition of angular momenta, from which we deduce also
qf:n(a) = O(8 — s) = O(8,7,6). These two results imply

g 3 = O(8,7,8) . (A11)

Equations (A10) and (A11) are the ones which are used
in the text.

APPENDIX B: THE CONSERVED 2PN TOTAL
MASS

We first obtain the expression of the total conserved
mass at the 2PN approximation. The equation of conti-
nuity at this level of approximation reads as

8 [o (1 —4P/c*)] + 9; [o; (1 —4P/c%)]

(atO'Jj - UatV)
+O(5) ,

(O'U 6 U + O‘Jka Uk)
(B1)
where our notation can be found in (2.1)—(2.4) and (4.14)

and (4.15). By integrating this equation over the three-
dimensional space we obtain

d 1 4
it [ or{r=ges ol

- /dsy{——aatV _ —(aU ;U + 030; U,,)}

+0(5) . (B2)

Several transformations of both sides of this equation
yield the equation of conservation of mass at the 2PN
approximation: namely,

Al [ 1 1 1{ .,
E [/d y{a’ + 0—2 (_0_7] + Eav) + ! (UU + 20'1.Uz

U— %a,aa,,x) }] —0(5) . (B3)

—403j;

We now show that the expression (4.21) we obtained
in the text for the general mass-type source moment Iy,
reduces when £ = 0 to the conserved mass appearing in
the square brackets of (B3). When ¢ = 0 the expression
(4.21) becomes

4 1
I =FPpg_, / d3y|y|B{a' + —4(ai,-U —oP)+ —-—2[y|23t20

4
"3—5%'3: [(1 +

+

120 4

1
+ﬂGc4[ P;;0%U — 2U8t6U+26U6U~—(6¢U)2—U6t ]}+0(5).

1
ly|*6fo — |Y|2.%330’z —0i;07 |0y
15c% 5¢

w
—2—) O+ —— G . (akU[a U — 0xU3] + a,Ua U)]

+ ——8,-U6,-U]

(B4)
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We shall not write down the rather long calculation but only indicate its main steps. One must use the equation of
continuity (B1) at the 1PN approximation, i.e.,

1
Oso + ajO'j = c—z(attfjj — UatU) -+ 0(4) (B5a)
together with the corresponding equation of motion
O [0: (14+4U/?)] + 85 [04; (1 +4U/c?)] = 08,V +3 [oBtU +0(8;U; — 8;U;)] + O(4) . (B5b)

Thanks to the lemma (4.2) we know that the non-compact supported terms in (B4) can be freely integrated by parts
as if the analytic continuation factor |y|? and the finite part prescription were absent, and as if all surface terms
were zero. Let us quote here a list of identities, valid up to the required precision and up to the addition of a total

divergence, which are used in the reduction of (B4):

64—4(aii —oP) = —a'U2 (B6a)
1 2 _ 2
—a Pl = ———UdU , (B6b)
4 4
T50aa YI"00 = 35— 4Iyl y:0o , (Béc)
—1—1}--32 o + —1—8-U8-U ly|?y:030; |y|262 Oii — L('9-U8'U (B6d)
STt R'Y e R 10 4 TR et T grG |
BT B — 8T = 240, (Ui — 2 UB,U (Bée)
37ch4yz t|Ok Uk kUi)] = 3c 2.4 Ji0t i anC 10t . €

Using these and other identities, we arrive finally at a manifestly compact-supported expression (on which we can

remove the analytic continuation factors) which reads as

1 1 1
= /dsy{0'+ 6_2 (—O'jj + -Z—O'V) + 0—4 (0’172 +20’,Uz —40']']'U

in perfect agreement with (B3).

APPENDIX C: COMPUTATION OF THREE
CONSTANTS

To compute the three constants k2, k3, and k) appear-
ing in (4.32) one needs to implement the construction of
the external metric for the interacting multipoles M x M;;
(case of kK2), M x M}, (case of k3), and M x S;; (k). The
more general cases of interacting multipoles M x My (t)
and M x Sg(t) are in fact not more difficult to handle
and probably will be useful in future work, so we shall
compute k; and &} for any £ > 2.

In Appendix B of [3], where k; = 11/12 was obtained,
we computed the complete M x M;; metric valid all over
D.. Here we shall only compute the terms 1/r (and
In7/r) in the M x Mr and M x S metrics at large

~ q
FPp_o Og' [rﬂ‘laq (r“F (t - g) )] = 2)TCZQ / sz@)

[Note that the sum &

_ %ataatx) } +0(5), (B7)

!
distances from the source, since k; and &} are contained
in these terms. The quadratic source (1.5) of Einstein’s
equations, computed with the linearized metric (2.17)
and (2.18) and in which we retain only the products of
multipoles M x My (t) and M x S (t), is made of a series
of terms of the type dp(r—1)dg(r~1F(t—r/c)), where the
function F'(t) is some time derivative of a moment M, (t)
or Si(t) and where the number of space derivatives act-
ing on r~! is at most two, i.e. p = 0,1 or 2 (and where ¢
is arbitrary). Thus we need only to compute the leading
term when r — +o0o of the (finite part of the) retarded
integral of 8p(r~1)8g(r~1F(t —r/c)) when p = 0,1 or 2.
When p = 0 we know from our previous papers that this
retarded integral involves a tail. A computation using
(2.26) in [3] and (4.24) in [23] leads to

-9 [m(@) k| o (%) - e

7_1(1/k) is multiplied by a factor 1 in the present formula (C1) and by a factor 2 in the formula

(2.26) in [3].] When p = 1 or 2 there are no tails, but the calculation is in fact somewhat more complicated. One
must use (4.26) in [23] to get the polar part at B = 0 of some integrals. The results are
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N r Y (@ (¢ -1
FPp—o 05! |:7-B(9i(r—1)8Q (r_lF (t _ _) )] = 2(((174)_1)(7%% _ 5i(a.,nq_1>)F—r%q—C) 10 (le) , (C2)

2(q+1)(g+2

Fla+l) (¢ _ ¢ 1
+25i<aq($iaq_lnq_2>}_—‘(_0)‘ + 0 (ﬁ) . (03)

rcitl

=1 |.Bg. . (p~1\d | »—1 _r N oo LAY P 5: Vo — 208 'y ‘
FPp—oOg" |r°0;(r " )0g|r " F (t = ( ) (nsj + di5)nq [l(aan_1>nJ+ ](aan_Dn,]

[We denote @ = a; - - a4, and in the last term of (C3), j means that j has to be excluded from the STF operation
().] It is then straightforward to obtain the needed nonlinear sources with the help of (1.5) and to apply the formulas
(C1)—(C3) on each terms of these sources. The p-part of the metric obtained in this way [see (A1)] is found to be
divergenceless up to order O(Ilnr/r2) and thus, as a short reasoning shows, the g-part of the metric [see (A4)] vanishes
at this order. In the case of the interacting multipoles M x My, we find the metric

8 nLMM(Hl) 8nyM [ (+2) T ¢ lnr
00 — L _ = -
hean2) = Gp =1y r a7 /0 deM{ |n (37 + kzzl AR ’ (C4a)
ROi -2 n MM 2 2+30+4 np  MMGHY)
can(2) = 717 + 1) T 00L+1)(£-1) r
£—1
8np_1M [ (e+2) T 1 lnr
—p [T e [ (5) + S| +o () (o)
(e+1) 2 MM(£+1)
h” 4 n,-jLMML 4 502 41048 ML—1( F)L—1
can(2) = T (¢ + 2) r 2L+ 1)(L+2) r
4 245044 SyngMMETY 8 20245044 ni_oMMTY
QL+ (£+2) r QL+ 1)(E+2) r
£—2
8np_oM [ (e+2) T 1 Inr
—ae ), MR () + X o (Gr (Cdo)
k=1

(with ¢ = 1). When £ = 2 this metric reduces to (B4) in Appendix B of [3]. In the case of the interacting multipoles
M x S, we find

Inr
hcan(z) o <’I‘_2) s (Csa)
poi 8(¢+2) NaL-1€iabM Sie )
can(2) €+1)(+1) r
£
8¢ naL_ls,-abM had (£+2) T 1 Inr
= o ol —
T r /o deSp-1 |In (27‘) + ;_1 PO\ ) (C5b)
(£
ht 164 NaL— 1(151)abMSlE£+1) 16(€ — 1) naL_ZEab(lMSJ):Ll) 2
can(2) ~ ESIE) r €+ +1) r
-1
16{  mar—2€a: M (£+2) z 1 Inr
taT D . /0 dzS{ ln(ﬂ)Jr,;E +0(—%) - (C5c)
[
In (C4) and (C5) the moments are evaluated at t —r/c in -1 1y
the instantaneous terms, and at t — 7/c — z/c in the tail K = o - Z = (C7)
terms. From the metrics (C4) and (C5) we immediately be+1) ok

deduce the values of x, and «j entering the tail terms in

the radiative moments. These are We thus find the values quoted in (4.33). Note that the

=2 constants k; and x), depend on the coordinate system
-, (C6) which is used, namely the harmonic coordinate system.
k=1 k For instance, the constants would be x; + % and k) + %

202 + 50+ 4
LL+1)(£+2)

Ky = +
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in a (perturbed) Schwarzschild coordinate system. Note
also that

t—l:?eo[nt —Inf=C, (C8a)
- - _
lll:l_loo[lit Inf)=C, (C8b)

where C = 0.577... is Euler’s constant. This can be of
interest since the combinations x; —Inf — C and &) —
Inf — C arise in the phase of the Fourier transform of the

waveform [see (3.5) in [33] for the mass-quadrupole case
£=2].
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