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The instantaneous contributions to the third post-Newtonian (3PN) gravitational wave luminosity from
the inspiral phase of a binary system of compact objects moving in a quasi-elliptical orbit is computed
using the multipolar post-Minkowskian wave generation formalism. The necessary inputs for this
calculation include the 3PN accurate mass quadrupole moment for general orbits and the mass octupole
and current quadrupole moments at 2PN. Using the recently obtained 3PN quasi-Keplerian representation
of elliptical orbits, the flux is averaged over the binary’s orbit. Supplementing this by the important
hereditary contributions arising from tails, tails of tails, and tails-squared terms calculated in a previous
paper, the complete 3PN energy flux is obtained. The final result presented in this paper would be needed
for the construction of ready-to-use templates for binaries moving on noncircular orbits, a plausible class

of sources not only for the space-based detectors like LISA but also for the ground-based ones.
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L. INTRODUCTION

Inspiralling compact binaries, one of the prototype
sources for laser interferometric gravitational wave (GW)
detectors, are usually modeled as moving in quasicircular
orbits. This is justified since gravitational radiation reac-
tion, under which it inspirals, circularizes the orbit towards
the late stages of inspiral [1,2]. This late phase of inspiral
and the ensuing merger phase offer promises for the GW
interferometric detectors. The recently discovered double
pulsar system [3,4] has an eccentricity as low as 0.088
consistent with the circular-orbit assumption for the late
inspiral and premerger phases, believed to be reasonable
enough for most of the binary systems made of neutron
stars or black holes (BHs).

The theoretical modeling of the binary’s phase evolution
to a very high precision is called the phasing formula. This
is the basic theoretical ingredient used in the construction
of search templates for GW using matched filtering [5].
The two key inputs required for the construction of tem-
plates for binaries moving in quasicircular orbits in the
adiabatic approximation are the orbital energy and the GW
luminosity (energy flux). These are computed using a
cocktail of approximation schemes in general relativity.
The schemes include the multipole decomposition, the
post-Minkowskian expansion of the gravitational field or
nonlinearity expansion in Newton’s constant G, the post-
Newtonian expansion in v/c, and the far-zone expansion in
powers of 1/R, where R is the distance from the source (see
[6] for a recent review).

*arun @iap.fr
1‘blanchet@iap.fr
“bri@rri.res.in
§mssq@rri.res.in

1550-7998/2008 /77(6)/064035(24)

064035-1

PACS numbers: 04.25.Nx, 04.30.—w, 97.60.Jd, 97.60.Lf

Though the garden variety binary sources of GWs for
terrestrial laser interferometric GW detectors are those
moving in quasicircular orbits, there is an increased recent
interest in inspiralling binaries moving in quasi-eccentric
orbits. Astrophysical scenarios currently exist which lead
to binaries with nonzero eccentricity in the GW detector
bandwidth, both terrestrial and space based. For instance,
inner binaries of hierarchical triplets undergoing Kozai
oscillations [7] could not only merge due to gravitational
radiation reaction, but a good fraction ( ~ 30%) of them
will have eccentricity greater than about 0.1 as they enter
the sensitivity band of advanced ground-based interfer-
ometers [8]. Almost all of the above systems possess ec-
centricities below 0.2 at 40 Hz and below 0.02 at 200 Hz.
The population of stellar mass binaries in globular clusters
is expected to have a thermal distribution of eccentricities
[9]. In a study on the growth of intermediate BHs [10] in
globular clusters, it was found that the binaries have eccen-
tricities between 0.1 and 0.2 in the LISA bandwidth.
Though, supermassive black-hole binaries are powerful
GW sources for LISA, it is not yet conclusive if they would
be in quasicircular or quasi-eccentric orbits [11]. If a Kozai
mechanism is at work, these supermassive BH binaries
could be in highly eccentric orbits and merge within the
Hubble time [12]. Sources of the kind discussed above
provide the prime motivation to investigate higher post-
Newtonian order modeling for quasi-eccentric binaries.

The GW energy flux or luminosity from a system of two
point masses in elliptic motion was first computed by
Peters and Mathews at Newtonian order [1,2]. The post-
Newtonian (PN) corrections to the gravitational wave flux
at 1PN and 1.5PN orders were provided in [13—17] and
were used to study the associated evolution of orbital
elements using the 1PN “quasi-Keplerian’ (QK) represen-
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tation of the binary’s orbit [18]. Gopakumar and Iyer
[19,20] further extended these results to 2PN order using
the generalized quasi-Keplerian representation developed
in Refs. [21-23]. The results for the energy flux and
waveform presented in [19] were in perfect agreement
with those obtained by Will and Wiseman using a different
formalism [24]. Recently, Damour, Gopakumar, and Iyer
[25] discussed an analytic method for constructing high
accuracy templates for the GW signals from the inspiral
phase of compact binaries moving on quasi-elliptical or-
bits. They used an improved “method of variation of
constants” to combine the three time scales involved in
the elliptical orbit case, namely, orbital period, periastron
precession, and radiation reaction time scales, without
making the usual approximation of treating the radiative
time scale as an adiabatic process.

The generation problem for gravitational waves at any
PN order requires the solution to two independent prob-
lems. The first relates to the equation of motion of the bi-
nary, and the second to the far-zone fluxes of energy,
angular momentum, and linear momentum. The latter re-
quires the computation of the relativistic mass and current
multipole moments to appropriate PN orders. The 3PN
equations of motion (EOM) required to handle gravita-
tional wave phasing turned out to be technically very
involved due to the issues related to the self-field regulari-
zation using Riesz or Hadamard regularizations [26,27].
Only by a deeper understanding of the origin of the ambi-
guities in Hadamard regularization, and the use of dimen-
sional regularization, has the problem been uniquely
resolved [28,29] and provided the value of the ambiguity
parameter w, [26] or equivalently A [27]. We thus have in
hand the requisite 3PN EOM for compact binaries moving
in general orbits. The computation of the GW luminosity at
3PN or (v/c)® beyond the leading Einstein quadrupole
formula crucially requires the computation of the 3PN ac-
curate mass quadrupole moment. For its completion, the
same technique as in the EOM was successfully applied,
namely, to compute using Hadamard’s regularization all
the terms except a few terms parametrized by ambiguity
parameters (which turn out to be three, denoted &, «, and ¢)
[30,31], and then to determine the value of these parame-
ters by computing the difference between the dimensional
and Hadamard regularizations [31-34]. These works thus
provide the fully determined 3PN accurate mass quadru-
pole for general orbits—the other important ingredient to
compute the 3PN accurate energy and angular momentum
fluxes for inspiralling compact binaries moving in general
noncircular orbits. The 3.5PN phasing of inspiralling com-
pact binaries moving in quasicircular orbits is now com-
plete and available for use in GW data analysis [32,35].
Note that the 3PN contribution to the energy flux not only
comes from the ‘““instantaneous’ terms discussed in this
paper but also includes ‘‘hereditary’” contributions arising
from tails, tails of tails, and tails-squared terms. A semi-
analytical scheme is proposed and discussed in detail in a
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companion paper [36]" to evaluate these history-dependent
contributions.

In this paper, for binaries moving in elliptical orbits, we
compute all the instantaneous contributions to the 3PN
accurate GW energy flux. The orbital average of this flux
will be obtained using the 3PN quasi-Keplerian parametri-
zation of the binary’s orbital motion recently constructed
by Memmesheimer, Gopakumar, and Schifer [37]. We
shall supplement these by contributions from the heredi-
tary terms computed in Paper I. The final expression will
represent gravitational waves from a binary evolving neg-
ligibly under gravitational radiation reaction, including
precisely up to 3PN order the effects of eccentricity and
periastron precession during epochs of inspiral when the
orbital parameters are essentially constant over a few
orbital revolutions. It also represents the first step towards
the discussion of the quasi-elliptical case: the evolution of
the binary in an elliptical orbit under gravitational radiation
reaction. The present work extends the circular-orbit re-
sults at 2.5PN [38] and 3PN [30,32] to the elliptical orbit
case. Further, it extends earlier works on instantaneous
contributions for binaries moving in elliptical orbits at
IPN [14,15] and 2PN [19] to 3PN order. Similarly,
Paper I extends hereditary contributions at 1.5PN [16] to
2.5PN order and 3PN, where the 3PN hereditary contribu-
tions comprise the tails of tails and are extensions of
Refs. [39,40] for circular orbits to the elliptical orbit case.

In Sec. I we begin with the structure of the far-zone flux
of energy, use expressions relating the radiative moments
to the source moments, and decompose the energy flux
expression into its instantaneous and hereditary parts.
Section III lists all the requisite multipole moments in
standard harmonic coordinates for binaries moving in gen-
eral (noncircular) orbits. Section IV introduces the 3PN
equations of motion which are necessary to handle the time
derivatives of the moments. Section V discusses the com-
putation of the instantaneous terms in the energy flux, and
Sec. VI recasts the flux in modified harmonic (MH) coor-
dinates (without logarithms at 3PN order) and Arnowitt,
Deser, and Misner (ADM) coordinates. Section VII sum-
marizes the 3PN quasi-Keplerian representation required
to average the flux expression over an orbit. Section VIII
exhibits the orbital average of the energy flux in modified
harmonic coordinates and ADM coordinates, and finally
provides an expression of the complete energy flux in terms
of gauge-invariant variables.

II. THE FAR-ZONE FLUX OF ENERGY

In this section, we discuss the computation of the 3PN
accurate energy flux for general isolated sources. Starting
from the expression for the far-zone flux in terms of the
radiative multipole moments and using the relations con-
necting the radiative multipole moments to the source

"Hereafter, Ref. [36] will be called Paper L.
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moments, we write the resultant structure of the GW
energy flux.

Following Thorne [41], the expression for the 3PN
accurate far-zone energy flux F = (d€/dt)SV in terms
of symmetric trace-free (STF) radiative multipole mo-
ments reads as’

_G oo, T oo 16 0mom
f—g{gUij U;; +?|:@Uiijijk+EVij Vij:|

1 1 1
O (1) y,(1)
+ g[m UiikmUijem T gvijkvijk}

Ir_r o ,o 4 0
+ C6|i594 000 Uijkanijkmn + 14175 Vijkmvijkmi|

+ (9(8)}.

(2.1)

In the above, U; and V; (where L = iyi, - - - i, represents a
multi-index composed of [ spatial indices) are the mass-
type and current-type radiative multipole moments, respec-
tively, and U(LD and Vg) denote their /th time derivatives.
The moments are functions of retarded time U =T — R/c
in radiative coordinates.

In the multipolar-post-Minkowskian (MPM) formalism,
the radiative moments U; and V; can be reexpressed in
terms of the source moments to an accuracy sufficient for
the computation of the energy flux. For the flux to be
complete up to 3PN approximation, one must compute
the mass-type radiative quadrupole U;; to 3PN accuracy,
the mass octupole U;j; and current quadrupole V;; to 2PN
accuracy, the mass hexadecapole Ui j, and current octu-
pole V;j; to 1PN accuracy, and finally U;ji,,, and Vjj,, to
Newtonian accuracy.

The relations connecting the different radiative moments
U, and V; to the corresponding source moments /; and J;
are given below. For the 3PN mass quadrupole moment we
have [38—-40,42]
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— 72 @y
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G 2 + 00
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where the brackets () surrounding indices denote the STF

The shorthand O(n) is used throughout and indicates that the
post-Newtonian remainder is of order of O(c™").
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projection, and &,,,; is the usual Levi-Civita symbol such
that €153 = +1. The I;’s and J;’s are the mass-type and
current-type source moments (and I(L” ), JE” ! denote their
pth time derivatives), and W is the monopole correspond-
ing to the set of ‘“‘gauge” moments W;, using the same
definitions as in [30]. In the above formula, M (which is in
factor of the tail integral at 1.5PN order and the tail-of-tail
integral at 3PN) is the total ADM mass of the source. The
nonlinear memory integral at 2.5PN is a time antiderivative
and will become instantaneous in the energy flux. The
moments needed at 2PN order include only the dominant
tails and are

2GM [+ 7
Uu(0) = 18U) + 2SM f dr[ln(”) 12 }
Cc 0

2}’0 @
X ID(U = 1) + O5), (2.3a)
2GM [+ cT 7
() =J? bl Rl
V) = I + =, jo dr[1n<2r0> 4 6}
X JU = 1)+ O6). (2.3b)

For all the other moments required in the computation, we
need only the leading order accuracy in the relation be-
tween radiative and source moments, so that

UL(U) = 1"(U) + 0(3), (2.4a)
v.(U) = 1" (W) + 03). (2.4b)

The constant length rq scaling the logarithm is the one
introduced in the general MPM formalism and has been
chosen here to match with the choice made in the compu-
tation of tails of tails in [40]. It is a freely specifiable
constant, entering the relation between the retarded time
U = T — R/c in radiative coordinates and the correspond-
ing retarded time fi; — ry/c in harmonic coordinates
(where ry is the distance of the source in harmonic coor-
dinates). More precisely, we have

U=y -0 20M (1) s
3 Yo

c

From Egs. (2.2), (2.3), and (2.4), it is clear that the
radiative moments have two distinct contributions. One
part depends on the moments only at the retarded time,
U = T — R/c; this part is referred to as the “instantaneous
contribution” and forms the subject matter of the present
paper. The second part, on the other hand, depends on the
dynamics of the system in its entire past, i.e. at any U —
7 < U, and is referred to as the “hereditary contribution.”
Equally important but requiring a different treatment, the
hereditary contribution is dealt with in Paper I as men-
tioned earlier. We are thus allowed to write down explicitly
the different kinds of contributions to the far-zone energy
flux up to 3PN. We have

.,F = .,Finst + .’]:hered’

(2.5)

(2.6)

064035-3



ARUN, BLANCHET, IYER, AND QUSAILAH

PHYSICAL REVIEW D 77, 064035 (2008)

where the instantaneous contribution of interest in this paper is explicitly given by
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The hereditary contribution is given in Sec. III A of Paper 1.
We recall that it is decomposed as

Frered = Frait T Faaitaity T F (cain-

The quadratic-order (proportional to G?) tails are given by

(2.8)
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and the cubic-order tails (proportional to G*) read

_I_

(2.9)

[

III. THE MULTIPOLE MOMENTS OF COMPACT
BINARY SYSTEMS

We provide, in this section, the requisite multipole mo-
ments needed for the computation of the 3PN accurate
energy flux for compact binaries in the standard harmonic
coordinate system. By standard harmonic coordinates we
refer to the specific coordinate system which has been used
consistently in previous works [27,29-32,34,35,43]. We
recall that these coordinates contain some logarithms at the
3PN level, both in the equations of motion of the binary
[27,43] and in their multipole moments [30—32]. Later, we
shall also define some modified harmonic coordinates
which do not involve such logarithms at the 3PN order.

The multipole moments are generalizations to noncircu-
lar orbits of the expressions available in Ref. [30] for
circular orbits. They are computed by implementing the
detailed method described in Ref. [31]. Though algebrai-
cally long and involved, the procedure is fairly algorithmic,

F ity = AG° f‘l/[ 1(3)(U) / dr 1(6)(U _ 7')|:111 ( ) as explaiped in [30331]. We thus skip all those details of
5S¢ ro computations and list the final results we need. The 3PN
57 cT 124627 mass quadrupole /;; is already given in Ref. [31] and its
7() In <2r0> + 44100 } (2.10a) expression [valid in the frame of the center of mass (CM)]
4G M> ) ery 112 B
F airy = W(L I U= T)|: <2r0> + Ej|> ) 24 v G m2 r
L Vm{[f‘ T3 } iy T B v)
(2.10b) 7 ¢
. o ) rii 24 v G*m?
All the tail contributions are thoroughly computed in + Z[C — + B —}x@v j)}; (3.1
Paper I, and we shall use those results to obtain the com- ¢ o r
plete GW energy flux in Sec. VIIL. where the coefficients, up to 3PN order, are
J
1 29 29v\ Gm 5 8 1 Gm 2021 5947 4883 2 G*m?[ 355 953 337 2
A=1+—| v +— + v— +
[ (42 14 ) r < 77 ﬂ c4|: r (756 756 756 > r? ( 252 126 252 )
4253 1835 3545 2 Gm 131 907 1273 2 1 4561 7993 117067 ,
= + += v
<504 504 504 ) r ( 756 756" 756 )} cﬁ[ (11088 1584" 5544
328663 + ,Gm (307 94475 218411 , 299857 . . G’m? (6285233 15502 3632 ,
- v v V- v— v
11088 ) r <77 4158 © " 8316 8316 > r <207900 385 693
13289 A 428 44 r G’m* ,/ 8539 52153 4652 , 54121 3
—In(— vin + i + v
8316 105 ( ) 3 ( 0)) r < 20790 4158~ 231 5544 )
4 Gm ,(2 1745 - 16319 , 311 , L G*m?> /187183 605419 434909 37369 3
—7F — V" ——V v
r (99 2772”7 " 5544 99 > r ( 83160 16632 16632 2772 )
Gm , ,( 157 5545 98311 2 153407
kil — + I 3.2
r Y r( 5544 8316 16632 = 8316 )} (3.22)
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In the above equation ry is the length scale appearing in the
definition of the source multipole moments [31] and is the
same as in Eq. (2.5). On the other hand, the different
constant r{, is related to two other length scales, | and r}
(one for each particle), by m Inr, = m; Inr| + m, Inr}, and
is specific to the application of the formalism to point
particle systems. It comes from regularizing the self-field
of point particles in the standard harmonic coordinate
system. It is very important to note that the two length
scales | and r} are the same as the two scales that appear
in the final expression of the 3PN equations of motion in
standard harmonic coordinates [27]. The requirement that
these | and r/, should match with similar scales that appear
in the equations of motion determines, using dimensional

|

{
regularization, the values of Hadamard’s regularization

constants &, k, and { that formerly appeared in the 3PN
multipole moments [30,31]. The regularization constants
are thus determined, and we have consistently replaced &,
k, and £ by their values known from [32,34]. The constants
r}, rb, and hence r(, are “‘unphysical” in the sense that they
can be arbitrarily changed by a coordinate transformation
of the “bulk” metric outside the particles [27], or, more
appropriately (when considering the renormalization
which follows the dimensional regularization), by some
shifts of the particles’ world lines [29,34].

The 2PN mass octupole and current quadrupole mo-
ments for general orbits are the other nontrivial moments
required. They are given by

Gm (5 13v 5 19 1 257 , 7319 5501
=vmv1—4 — |+ -+ = — V2
lije = vm ”{xw’”[ [r (6 6> v< 6 ”ﬂ 4[ < 20 1320 %0 )
G*m? (47 1591 235 2\, Gm (247 531 1347 o\ Gm 0 3853 14257 17371 ,
+ —+ v— +—7 vt——v° |+ —v v v
P <33 1327 66 ) r <1320 440" " 440 ) r ( 1320 1320 ' 1320 )ﬂ
.\ P, L[Gm 2461 8689 1389 )\ (13 107 102
iV —| 1 — | — - - v —v+—v
Mt cz[ g c2[ r (660 660 © 220 ) (22 2" )H
P 1 61 519 504 1 4 3
x| —1+2v+ | v —— e I o e e 7
x<‘”f">c2[ g cz[”< 1o 110" 55 V) r(u 1’ 11”)
Gm/ 1949 62 483 i 13,52
+ 20— 22 222 v [~ =+ m v — 202 | L+ 06), 33
r < 330 165 55 ”)H vak) 4( 55 55" 55 )} ©) (3-32)
1[Gm/ 27 15 13 17 1 29 11 505
Juzmvvl—4V{8ab<,xj>avb|:—1+?|:7< 14 7 >+U< 28+7 >:|+?|:v4<—g+?y_§y2>
Gim? (43 | 1543 293 241 335 5\ Gm 0 671 1297 121 ,
S, ) + 2 4 (2 T, 0,
2 (252 126 © ) <252 252" "84 > r ( 252 126 0 12 )H
rif S 1 25 25 25 Gm/ 103 337 173
e iVipXa—s| ——+—v+—| V[ - )+ = —2) | |+ O).
8““’”””“8[ 28 14”7 c2[ ( 168 247 14 ) r ( 6 126 84”)}“ ©)
(3.3b)
In the above and in what follows, x;j... = x;x;x; - -+ and v;... = v;v;v; - - -, and the brackets () denote the STF

projection. The 1PN moments read as
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;o -3 +1 103_147 2792 , (10 61 105 Gm
ijkl Vm{x<ijkl>|: v c2[(110 2n 7 22 )U (11 1’ 11V> rﬂ

n 78
- L iy " "1 5p+ 512) — vkal) 5 U= 5w+ 51/2)} + OM), (3.42)
; ] 41 77185 5\, (14 16 86 \Gm
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[

(The underlined index a means that it should be excluded IV. THE EQUATIONS OF MOTION OF COMPACT
from the STF projection.) Finally, we also need BINARY SYSTEMS

A. The equations of motion in standard harmonic
coordinates
Liitim = —vmN1 —4v(1 =2 + 02 3.5a
ikim v : )Xt @), 352 The computation of the flux will involve the time de-

Jiji = —vmv1 — 4v(1 — 2v)eqpx jklyaVb rivatives of the latter source moments. The 3PN accurate

+ 0(2), (3.5b) flux requires the 3PN equations of motion for compact
binaries which are now complete [27-29,44,45]. For the
present work, where the multipole moments are computed
in standard harmonic coordinates and reduced to the CM
frame, we require the 3PN accurate equation of motion (or
acceleration) in the CM frame associated with the standard
harmonic gauge This was computed in [43] and given as

as well as W, the monopole corresponding to the gauge
moments W;, which is given by

-1 ; o d G . .
W =gvmri + O(2). (3.6) ai = d’; 220+ Py + Quil + O(7),  (&.1)
r
where the coefficients P and Q are
1 32 G 1 (15# 457412 952
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1 2 2 2 1 247 vv? 1367 2,2
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i 8vv? G_m 4 & G2;2112 4 i _451”511 1552 + 15713 2Py — 11173202
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657rvvt Gm (32953 5932
— 123302 — % + 197/2v* + 673 v* + _m< 96r Y+ rZV + 187213 — 15ivv? — 27iv*0? — 10}"1/3112)
r
G*m? 181697 1237
+ 7 (—4f e 25 8 7;2’”7 + 44r1/1n< 0))} (4.2b)

Recall that there was initially a regularization ambiguity constant denoted A in [27], which has been replaced here by its
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uniquely determined value A = — % [29]. On the other
hand, the constant r{, is the same as the one in the 3PN

quadrupole moment (3.1) and (3.2).

B. The modified harmonic coordinates (without
logarithms)

The standard harmonic (hereafter SH) coordinate sys-
tem used up to now is useful for analytical algebraic
checks, but contains gauge-dependent logarithmic terms
that are not very convenient in numerical calculations.
More importantly, in the presence of the logarithmic terms
the simple generalized quasi-Keplerian representation (re-
viewed in Sec. VII) is not possible, impeding the process of
averaging the flux over the orbital period. Consequently, it
is useful to have the expression for the energy flux in a MH
coordinate system without logarithms, like the one explic-
itly used in [46] (we shall alternatively use ADM-type
coordinates which are also free of such logarithms at
3PN). This will require us to reexpress the instantaneous
expressions for the energy flux [given by Egs. (5.2) below]
in terms of corresponding variables in the MH or ADM
coordinate systems. We provide in this section the defini-
tion of the MH coordinate system.

Consider the coordinate transformation
x* + g*(x) which removes the logarithms In(r/rp) at the
level of the equations of motion as discussed in Ref. [27]. It
is given by

22 G*mym, Gm, r Gm,
=— ad In +——In , (4.3
T3 e M[ r (’”2) p) (”1” *2

Y =

where r; = |x — y;| and r, = |x — y,| are the distances to
the two particles with trajectories y'(¢) and y5(7), and
where r = |y; — y,| is their relative distance. Following
[29] the logarithms can be equivalently removed by the
shifts (sometimes also called the ‘“‘contact’ transforma-
tions) of the particle world lines induced by the change of
coordinates, namely,

=0
/i —

Y2 J’2 + fz-

(4.4a)
(4.4b)

The equalities here are functional relations; i.e. the two
sides of the equations are evaluated at the same coordinate
time, say, 7. The spatial shifts & and &) of the two world
lines are related to the coordinate transformation restricted
to the world lines [denoted e&/(¢) = &*(z,y;(¢)) and

&5 (1) = (1, y,(1))] by
& =¢

- %s? + 0(e2), (4.5a)

. . Ui
& =eh — 2 + 0O(e?), (4.5b)
c
where vi = dy!/dt and vl = dy}/dt are the coordinate
velocities. The latter relations are valid at linear order in &/’
and £4. Now the coordinate transformation (4.3) is at 3PN
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order, so we have ¢® = O(7) and &' = O(6). Hence, we
see from (4.5) that at the 3PN order the shifts simply agree
with the spatial components of the coordinate transforma-
tion,

=gl + 0(8), (4.6a)
& =&l + O(8). (4.6b)
They are readily obtained from Eq. (4.3) as
. 22 G’m3m
§g=—?46122 11<1>+(9() (4.7a)

22 G?
& = % In ( >+ 0®B).  (4.7b)
Under the shifts of world lines, the accelerations of the
particles are changed by the amounts & ga' and 8.a (i.e.
such that the functional equalities af, = af, + 8.a},
hold) given by

d2 i )
beay = df; — (& - 52)8,]< )+ 0), (4.8a)
8eah = d2§2 + (&) - f’g)ai](G'r"‘> +0O®8), (4.8b)

where the second terms come from reexpressing the gravi-
tational force—gradient of the Newtonian potential —in
terms of the new trajectories (4.4). The relative accelera-
tion a’ = a} — a) is changed by the amount
o dé, . (Gm
- _ g

6‘;‘:611 = d[z 1281']( ) + @(8)
where m = m; + my and &, = & — §‘2 An easy calcu-
lation shows that the change in the relative acceleration
associated with the shifts (4.7) is

4.9)

5§ai G’ V{

[(—110/* + 22v%)n! +44rv]ln( )
ro

n' ——rv

+<@’;2_§ 2
3

v
3 3 3 r
+ O(8).

22 Gm\ ;, 44 .
S

(4.10)

Adding the above shift to the expression for the relative
acceleration in SH coordinates, as given by Egs. (4.1) and
(4.2), yields the expression for the acceleration in MH
coordinates. Since a" = a' + 8.4’ is a functional identity,
the resulting MH acceleration is obtained as a function of
the “dummy” variables denoted v2, i, and r. Evidently,
these variables are to be interpreted as the natural variables
describing the binary motion in MH coordinates.* As ex-
pected, the logarithms in Eq. (4.10) exactly cancel the

Th1s means that xi;; = xky + &,.

“To avoid making the notatlon too heavy we do not add a
subscript MH on the variables v*, 7, and r. In the following our
notation may not always be completely consistent but should be
clear from the context.
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logarithms in the SH acceleration (4.1) and (4.2). Some
3PN coefficients in the EOM are also modified and the final
result agrees with that displayed in Ref. [46] (see also [6]).

For completeness we note also that the above shifts will
modify the 3PN conserved energy of the binary (associated
with the conservative part of the 3PN equations of motion)
by the amount

(4.11)

. dEt . d G
=1~ myv} 62"‘512 z( e

For the case at hand with the shifts (4.7) and in the center-

0

4.12)

22 G®m
3 %7 “:

+ O(8).

Gm _ 32 442

0:E=—
¢ r

Comparing with the 3PN energy in SH coordinates as
given by Eq. (4.8) in [43], we see that the logarithms
In(r/r{,) are also canceled in the expression for the energy
by going to the MH coordinates.
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V. THE INSTANTANEOUS PART OF THE 3PN
ENERGY FLUX

Using the multipole moments given in Egs. (3.1), (3.2),
(3.3), (3.4), and (3.5), one computes the required time
derivatives with the help of the equations of motion (4.1)
and obtains the instantaneous part of the energy flux as
defined by Eq. (2.7). Here we are working in SH coordi-
nates, in which the equations of motion are given by
Egs. (4.1) and (4.2). In the next section we consider the
case of alternative coordinate systems. The hereditary part
computed in Paper I will be added after the process of
averaging over one orbit (this contribution is the same in all
alternative coordinate systems considered in this paper).
Though lengthy, the computation of the different parts
constituting the instantaneous terms in the energy flux at
3PN order is straightforward.” We write the result as

1PN
inst

2PN
inst

2.5PN
inst

3PN
inst

j: inst —

1n§t

+ O(7), (5.1

and find that the various PN pieces are given by

32 G3m*v? 11
S {v2 o 2} (5.2a)
ey _32Gm A (785 TU N ¢ 1487 S8 N\ Gm o0 170 10\ (687 1S5
g = ———— — v v|+—v|————+—v —v
inst. 57,4 { <336 28> ( 168 7 ) r < 21 21 ) (112 28 )
Gm (367 5 G*m? /1 4
L Gm o367 5 N\ L4\ 5.2b
r r<42 14”) 2 (21 21”)} (5:20)
o 2GR AT ST DS o\, o0 ST3UTIS1ST3 o\ G0 247 5237 199
st — = 94 1V — Vv |+ —t v ——— |t —v —t =
5 O 14 5047 252 56 28 42 r 14 2527 36
L (1009 5060 631 )\ Gm , (4987 8513 2165 )\, Gm? (281473 2273 13 ,
rv - 14 —V —r°v - 14 14 14 —V
( 8 56 14 ) r ( 84 84 84 > 2 ( 9072 252 ' 27 >
o/ 2501 10117 2101 ,\ . Gm ,/ 5585 60971 7145 ,
+ 7P| — v— vo )| +—r — + v— v
504 252 126 r 126 756 378
G*m® ./ 106319 1633 16 Gmd/ 253 19 4
N of _ 165\, e L S AT 5.2
2 ( 3024 504”97 ) i < 378 17 27" )} (5:2¢)
ysoy 2GR 12349Gm , 4524Gm ,, 2153GPwR ) 985Gm . 13981GPm, 1 G'm
st 5T 10,4 210 - 35 1 126 2 014 s 630 12 315 2 )f

(5.2d)

*In order to perform some independent checks on the long and involved algebra, we have found it expeditious to make two
computations using the two harmonic coordinate systems: SH containing the (gauge-dependent) log terms a la [43] and MH without

log terms as in Refs. [6,46].
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11088 ~
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11088
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The new results are the instantaneous terms at 2.5PN and
3PN orders. Up to 2PN order, all the terms match with
those obtained in Refs. [1,14,19]. As one may notice, the
2.5PN terms in the above equation are all proportional to 7
and hence are zero for the circular-orbit case, in agreement
with the result of [38]. The 7 dependence of the 2.5PN
terms is important when we discuss their orbital average in
Sec. VIII. The 3PN terms provide the generalization of the
circular-orbit results in Ref. [30]. As expected, the constant
ro present in the expression of the mass quadrupole mo-
ment appears in the final expression for the 3PN flux (the
presence of r{, is of a different type and is dealt with in the
next section). The dependence of the instantaneous terms
on the scale ry should exactly cancel a similar contribution
coming from the tail terms as determined in Paper I. This
cancellation has already been checked for circular orbits in
[30], and we shall prove this cancellation for quasi-
elliptical orbits in Sec. VIIL

VI. THE 3PN ENERGY FLUX IN ALTERNATIVE
COORDINATES

The dependence on r, of the result (5.1) and (5.2) is due
to our use of the SH coordinate system. For circular orbits,
it was shown [30] that this r(, dependence disappears when
the total flux is expressed in terms of the gauge-invariant

3 G*m* (37571
6237 ) (

A

r 23100 315
14962 3019 , 866 4
- v— Vo — v
8316 891 594 6237 )}
(5.2e)

[

parameter x = (Gmw/c related to the GW frequency.
In the general orbit case we shall transform away the
dependence on r{, by going to different coordinate systems
such as the MH coordinates studied in Sec. IV B.
Subsequently, we shall average the energy flux over an
orbital period and exhibit alternative representations of the
energy flux for elliptical orbits. In particular, some of these
are in terms of gauge-invariant variables related to those
suggested in Ref. [37].

3y2/3

A. The modified harmonic coordinates

We now provide the energy flux F in the MH system,
avoiding the appearance of the logarithms In(r/r{) at 3PN
order and which has been introduced in Sec. IV B. First we
notice that ‘F is a function of the “natural” variables r, 7,
and v? [see Egs. (5.2)], and is a scalar, therefore it satisfies,
under the shifts of these variables defined by (4.4),

Flrivl=F1Tr, ¥, 0”1
This means that we shall have the functional equality F' =
JF + 8¢ in which

d .0 50

6.1)

0cF = =5+ 0(&), (62)

where
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Ser = n'é,
. i d& vi—in' gi
OgF =n % + Tflz +0(&). (6.3)
5§U2 == 2vi%

(Recall that &, = & — £1.) Since the previous formulas
are at linear order in the shifts and we are interested in the
3PN approximation, they are valid for any shifts at 3PN
order (the case of the MH coordinates) and also at 2PN
order like the ones associated with the passage to ADM
coordinates—in the latter case, the error will be at 4PN
order.

In the case of the MH shifts, which start at 3PN order,
one can make an alternative computation of the modifica-
tion of the energy flux. Indeed the only modification vis-a-
vis the calculation in standard harmonic (SH) coordinates
is the one related to the mass quadrupole moment which
must be computed to 3PN accuracy. Under the shifts of the
particles’ trajectories y‘i’z as given by (4.4), the mass quad-
rupole moment /;;, which equals I;; = m; y<1’-’> + m2y<2”> +
O(2) in the Newtonian approximation, is shifted by the
amount (1 < 2 meaning the same term but for the other
particle)

Seli; =2mNE) + 1024 0®), (6.4)

where the remainder @O(8) comes from the 1PN corrections
in the quadrupole moment coupled with the 3PN shifts.
Using the explicit expressions of these shifts in (4.7), we
find, in the center-of-mass frame,

44 GPm*y?

delij=—%—3

ln(rL,)x(m +0@8), (65

0

where r{ is given by mlnrj = m;Inrj + myInr. This
modification of the quadrupole moment is seen to exactly
cancel the In(r/r})) dependence of the mass quadrupole
moment in SH coordinates as given by (3.1) and (3.2).
Thus in the MH gauge the r{, dependence of the mass
quadrupole moment vanishes as expected. The rest of the
expression of the moment remains exactly the same as in
SH coordinates, Eqgs. (3.1) and (3.2), and will not be
repeated here.

Next we must take into account the fact that, when
computing the third time derivative of the quadrupole mo-
ment, which is needed in the expression of the flux, the
acceleration in MH coordinates is modified. We get

a3 ; ) .dé a]')

+1<24+ 0(), (6.6)

where the dots mean the time derivative. The first term is
the third time derivative of the direct modification of the
quadrupole moment, Eqgs. (6.4) and (6.5), and the extra
terms come from the modification of the accelerations
which are given by (4.8). On the other hand, all the other
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contributions coming from the higher multipole moments

and their derivatives remain unchanged. We then find

2G o o
8:F = =< 51180 + O®)] (6.7)

With the explicit expression of the shifts, one finally ob-

tains the modification of the 3PN energy flux in the MH
coordinates as (thus, Fyy = Fsy + 6:F)

1408 Gom’ 3 2
0:F = ey |:<v2 —§i2>ln<L/>

15 M7 Ty
}',.2
— T+ (9(2)} 6.8)

[Of course the result agrees with the one we would obtain
from directly using Egs. (6.2) and (6.3).]

B. The ADM coordinates

Many related numerical relativity studies are in ADM
(or ADM-type) coordinates, and hence for future applica-
tions we wish to provide the explicit expression for the 3PN
energy flux in ADM coordinates. To transform the energy
flux, we require the shift or contact transformation of the
trajectories connecting the SH coordinates (with log terms)
and the ADM coordinates. We recall that the ADM and SH
coordinate systems agree at 1PN order inclusively, so that
the contact transformation is composed of 2PN and 3PN
terms. Hence the calculation is more involved than for the
MH coordinates (for which only the modification of the
quadrupole moment /;; played a role), and we must come
back to the general formulas (6.2) and (6.3). Note that the
remainder O(£?) in Egs. (6.2) and (6.3) is of order 4PN,
which is still negligible in the transformation to ADM-type
coordinates.

The relative shift £, linking SH and ADM coordinates,
Xhpy = Xhy + €Ly, is given in [43] as®

;. _Gm v Svvr Gm 1 ; 9f'Vi
12—7{[?‘ 3 +T(‘1‘3”ﬂ" +T”}

Gm{|: “r o 5?52?1572 0%0? vt

Sl 16 16 16 16 2
+111/2v4 Gm 161#21/_51’21/2_4511/v2_31/2v2
8 r ( 48 2 48 8
G m? 2773v  2lvw? 221/1 r ;
il PY LS
P (280 32 3 <r()>>}”
5FRv 291312 17irvv? 21iv*0?
+| ==+ + -~
[ 12 24 8 4

+G—m<433r”+ smﬂﬂui}, 6.9)
r

®For simplicity we use the same notation &4, as for the shift
between the SH and MH coordinates.
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from which we deduce, applying Egs. (6.3), the transformation of variables necessary to compute the ADM energy flux:

5 Gm [ 25 Ny iaf 19 N Gm(L g N Gmr[ o0 11N (39 99\ 23 T3
r=—1vz-v rl——v —| = v Vil ——v rv —vV
d c{<8> (8) r<4 >} c6{<2 8> <16 16) (4848)
Gm ,/451 3 Gm 283 5 G*m?/ 2773 22 (r 21
t—— vt Al =57 )t "5 F R ) 5T 6.10
r <48 8 ) r( 16 2 > 2 < 280 3 “<r()> 32”)} (6.102)
5r—G—mrv2 —1—91/ + 7 +G_m —l l va 4—%4—% + 7 22163 4431/
g”{(4)()r(42)} “8 8> (24 24)
u 23,73 o 1603 17 Gm 1777 131
+ 7 ——+—V + —_— — =t =V
(- S A ( 7)
G2m? /3121 44 21
— T n[=)+Z== 2__ : 6.10b
= <105 3 (()) 6" 4 ”)} (6.10b)
5§v2=G—mv4 13 + v é +i’43 +G—mv2 21} +G 2—1—9
Ar i 27 4 2 r 2
Gmv (| o 13, 31 YEL 75 3 6 25 Gm 25
V|N——F++—v|+7F + itV —Zv )+ —+—V +—v ——V
cor 4 4 8 2 8 r 4
L Gm o, o 131 121 N Gm 99 259 2m? 3839 44 g r L
— v+ —v r — v — | = v
r ( 8 4 > r (4 12 ) 2 40 T <r6> )
G*m? /28807 63 13
+ T — 4[|+ =7 - )b 6.10
2 <420 n(;»g) 16" 2”)} (6.10c)

The above equations provide the 3PN generalization of Eq. (4.6) of [19]. They also incorporate the corrected trans-
formation between ADM and harmonic coordinates at 2PN, as given in [25].

Using the latter expressions, one finds that the SH energy flux is changed by corrections at 2PN and 3PN relative orders

given by (using a notation similar to that introduced above—i.e. in which the variables r, i

dummy variables’)

, and v? are considered as

6:.F = __Gi,;z;ﬂ {lsﬁu‘* LN +G—mv2<E+%v> + 3205, +G7mr'2(—15—2—%v>}

Gimivi[ (5886 1616 \ ., .0 129866 21598 )\ Gm . 22798 7528 ,

I { <35 YT ”)+r”<_ 05 " s V>+7“<_W 35 V)
4U2<689434 714608 V2> +G_mi2v2<_%+ 16103 14086 ;ﬂ) LG U2<_@+ [_@

315 315 r 35 21 21 2 7 75

42,1 96 )\ o/ 116138 110986 ,\  Gm (328 198097 143924 ,
?”}’JFEV)”(_ 05 “ " o5 ”)"LTr(F_ 315 315 ”)
Gim? (1612 | (673544 28 \ 828 .\ GPm(l6 128 768

P (s e ) R R )
r 35 1575 5 35 A \35 357 35
2,2
Grz <1‘1‘28 V2 Zi;6r2>1n<r—2>}. 6.11)

The examination of the coefficient of In(r/r{), given by the
last two terms of (6.11), reveals that this coefficient is the
same as in the contact transformation from SH to MH,
given by (6.8). Therefore, the contact transformation from
SH to ADM exactly cancels out the logarithms of SH
coordinates, and the final flux in ADM coordinates is
free of Inr{,. This is consistent with the general understand-
ing that the Inrj is a feature of a particular harmonic

" Faom = Fsu + 8:F.

[

coordinate system and that ADM coordinates do not yield
complications associated with such logarithms (the cancel-
lation of the Inr{ terms usually provides a useful internal
check of the computations).

VII. THE GENERALIZED QUASI-KEPLERIAN
REPRESENTATION

Before we discuss the calculation of the orbital average
of the energy flux in Sec. VIII, we must summarize the 3PN
generalized quasi-Keplerian representation of the binary
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motion recently obtained by Memmesheimer, Gopakumar,
and Schifer [37]. Indeed, the main application of the
present computation is the evolution of the orbital elements
under GW radiation reaction to 3PN order. This requires
one to average over an orbit the instantaneous expressions
for the energy flux obtained in Sec. V. Averaging over an
orbit is most conveniently accomplished by the use of an
explicit solution of the equations of motion. The general-
ized QK representation of the motion at 3PN order [37]
constitutes an essential input for the computations to
follow.

The QK representation was introduced by Damour and
Deruelle [18] to discuss the problem of binary pulsar
timing at 1PN order, where relativistic periastron preces-
sion first appears and complicates the simpler Keplerian
picture. This elegant formulation also played an important
role in our computation of the hereditary terms in Paper I,
where we provided a summary of it. The 2PN extension of
this work in the ADM coordinates was next given in
Refs. [21-23], and we shall now use the 3PN parametri-
zation in ADM and MH coordinates [37].

The radial motion is given in parametric form as®

r=a,(1 — e,cosu), (7.1a)
€ =u— e sinu+ f,sinV+ g,(V—u) + i,sin2V
+ h,sin3V, (7.1b)

while the corresponding angular motion is

¢ ;{‘751’ =V + f,sin2V + g4 sin3V + iy sindV

+ hy sin5V. (7.2)

The four angles V, u, €, and ¢ are, respectively, the true
anomaly, the eccentric anomaly, the mean anomaly, and the
orbital phase (V, u, and € are measured from the periastron,
and we denote by ¢p the value of ¢ at periastron). The
mean anomaly is proportional to the time elapsed since the
instant #p of passage at periastron,

{ = n(t— tp), (7.3)

where n = 247/P is the mean motion and P is the orbital
period. The true anomaly V is given by

1+ €y 1/2 u
tan— |.

In the above, a, represents the semimajor axis of the orbit,

V= 2arctan[< (7.4)

8For convenience, in this paper we adapt somewhat the nota-
tion with respect to the one in Ref. [37].
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and ¢,, ¢, e, are three kinds of eccentricities, labeled after
the coordinates ¢, r, and ¢, and which differ from each
other starting at 1PN order. The constant K is linked with
the advance of periastron per orbital revolution, and is
given by K = ®/(27) where ® is the angle of return to
the periastron. The notation k = K — 1 for the relativistic
precession is used in Paper I and will also be useful here.
The orbital elements f, f 4, &, ¢4, - - - parametrize the 2PN
and 3PN relativistic corrections, as will be clear from their
expressions below. (More precisely, f, f4, & 8¢ are
composed of 2PN and 3PN terms, but i,, i4 hy, hd> start
only at 3PN order.)

Crucial to the formalism are the explicit formulas for all
the orbital elements and all the coefficients in Egs. (7.1)
above in terms of the 3PN conserved orbital energy E and
angular momentum J (divided by the binary’s reduced
mass). Recall that the construction of a generalized
quasi-Keplerian representation exploits the fact that the
radial equation—which is given by Eq. (2.1a) in
Paper I—is a polynomial in 1/r (of seventh degree at
3PN order). Therefore the presence of logarithmic terms
in the SH coordinates at 3PN order obstructs the construc-
tion of the QK parametrization (at least by this method),
and Ref. [37] obtained it in coordinates avoiding such
logarithms, namely, the MH and ADM coordinates. In
both ADM and MH coordinates the QK representation
takes the same form given by Egs. (7.1) and (7.2), but of
course the equations linking the orbital elements to E and J
are different. These have been obtained as post-Newtonian
series up to 3PN order in Ref. [37]. Since they form the
basis for our computation of the average energy flux, we
provide the complete relations here.

For convenience, in the present paper we introduce a PN
parameter which is directly linked to the energy E and
defined by

(7.5)

(Recall that E < 0 for gravitationally bound orbits.) The
equations to follow will then appear as PN expansions in
terms of € = O(2). Also, we find it useful to define, in
place of the angular momentum J,

2EJ?
= ——. 7.6
We have j = —2Eh? in terms of the more usual definition

h = J/(Gm). This parameter is at Newtonian order, j =
c?eh®> = 0(0). The point is now to give all the orbital
elements as PN series in powers of & with coefficients
depending on j (and the dimensionless, reduced mass ratio
v). In ADM coordinates these are given by [37]
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3/2.3 3
abm _ &7°€ 2 S _ _ 2
n o {1 +E2(-15+ ) + 28[555 + 300 + 11v +]1/2( 5+ 21/)} 3072[ 29385 — 4995» — 315
3 2 5760 ,
+ 13503 — 3/2(10080+ 123y — 139520 + 144007) + =017 = 90+ 207) (7.7a)
3 2
G AL Y + S (7 - 2) b 2 —(5 —5v+41?) — 2(10080— 13952
Jj 4|7 128
5
+123pa? + 144012) + __3(7392 — 8000v + 123v72 + 3361/2)} (7.7b)

Gm 2 &3
atoM = ( T+v)+ | 1+ 100 + 02 + - ( 68 +44p) |+ ——| 3 — 9y — 612 + 3% + - (864+( 3
ec? 16 J 192 j

—2212)v + 43212) + ,—2(—6432 + (13488 — 2407%)v — 7681/2)}}, (7.7¢)
J

2 8
ADM — [1 —j +Z{24 — 4y + 5j(—3 + p)} +%{52 + 20+ 207 — j(80 — 55v + 4v2) — = (—17 + 111/)}
j

3

+ 1892{—768 — 6um? — 344y — 21607 + 3j(— 1488 + 1556w — 31912 + 41°)

4 192 12
— = (588 — 8212» + 177vm? + 480v%) + —— (134 — 281y + Svm? + 161/2)H , (7.7d)
J J
2
4
eADM — [1 —j+ Z{—s + 8y — j(—17 + Tv)} + %{8 + 4y + 2002 — j(112 — 47 + 1602) — 24j1/2(=5 + 2v) + =
J
24
X (17 = 11v) = =75 (5 = 2v )} + @{24( 24 50)(=23 + 10w + 412) — 15j(—528 + 200w — 7702 + 2413)
J

(16380 — 19964v + 123v7?

2
— 7252265 — 193v + 4612) — = (6732 + 117v7* — 12508 + 200422) + 1/2
J

2 96 1/2
+ 324012) — W(lOOSO + 123v7? — 13952v + 14401?%) + .—2(134 — 281y + Svw? + 16V2)H , (1.7e)
J J

eAPM = [1 —j+ S04+ =15+ )+ —{ 32+ 176w + 1862 — j(160 — 300 + 312) + (408 — 2321 - 151/2)}

3
+ 8—{—16 032 + 2764v + 3vm? + 453617 + 2341° — 36(248 — 80w + 1312 + 1°) — —,(2456 — 26860y
J

384
3 1/2
+ 581vm? + 268912 + 103) + ,—2(27 776 — 65436v + 1325v7? + 344012 — 701/3)H , (7.7)
_ 1 2 3
ADM — _ 1/2{(4 + v/l —j} + 192{ 3/2\/1_(1728 — 4148w + 3va? + 600v% + 331°)
:1/2 1
j
+3 p(—64 — 4v + 2302) + ———(—1728 + 42320 — 372 — 62712 — 1051/3)]’, (1.79)
VI—y NI)
ADM 3¢ /5 —2v &l ) )
oM = T(T) - 192{ 5 (10080 + 123p72 — 139520 + 144002) + ]1/2( 3420 + 1980 — 648 )} (7.7h)
pos _ € 1= J(23 + 120 + 612), (7.70)
t 32 %/2 :
1363 /1 — j\3/2
JADM 3 7.7]
’ 1927 < j ) ’ (7.7))
1— 3
ADM — "; Iyl = 30) + ﬁ{—( 11 — 400 + 2412) + — = L (2256 + 11920 — 49072 + 3367 — 805%)
7
1
+ (256 + 49p7? — 1076y — 38412 — 401/3)}, (7.7k)
j
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ADM — _3_821/_2
8¢ 32 2

1
+ 5 v(220 + 372 + 96v + 451/2)},
J

301 =)
jaom — & (L= 1)) v(5 + 28v + 1012),

¢ 128 3
ADM =5_83V_3 1— -)5/2
¢ 256 j° '

The latter expressions are specific to the ADM coordi-
nates, and we now want to give the corresponding expres-
sions in MH coordinates. However, we recall first an
important point related to the use of gauge-invariant vari-
ables in the elliptical orbit case as stressed by Ref. [37].
Indeed, Damour and Schéafer [21] showed that the func-
tional forms of n and K = ®/(27) as functions of gauge-
invariant variables like & and j are identical in different
coordinate systems. Hence the expressions in MH coordi-
nates of these two parameters are the same as in ADM

coordinates,
n = pMH = ,ADM

K = KMH — gADM

(7.82)
(7.8b)

This prompted Ref. [37] to suggest the use of n and k =

K — 1 as two gauge-invariant variables in the general orbit
|

x=s{1+s<—§+iv+21>+82<§+iv+ !

12 2 24 18
5 235 25 25 2 35 5 1/35 5
+ef—-———-—= +—v" 4+ - —=v
< a8 24”77 576" T 1296 ]<4 3
1 47241 5\ o\, 17565

529 610 205
] e e
J<3 < 3 64

o)

PHYSICAL REVIEW D 77, 064035 (2008)

3 1
— ¥+ 78681/1 — {— =29 = 26v) — — »(220 + 377 + 3120 + 15002)
J J

(7.7)

(7.7m)

(7.7Tn)

[

case.” In the present work we propose to use a variant of the
former variables. Namely, instead of working with the
mean motion n, we shall systematically use the orbital
frequency w = Kn as defined in a general context in
Sec. IT A of Paper I, and define as a gauge-invariant post-
Newtonian parameter

Gmw\?2/3
x=< ! ) .
c

(7.9)

This choice constitutes the obvious generalization of the
gauge-invariant variable x used in the circular-orbit case
and will thus facilitate the straightforward reading out and
check of the circular-orbit limit. The parameter x is related
to the energy and angular momentum variables € and j up
to 3PN order by

1 7 1 /33

25 1 (145 235 29 ,
+ >+ ( - +—>

37) s T TR
1903 41 ,\ 95,
24 64”)” 12”)

(7.10)

The other orbital elements are not gauge invariant, and therefore their expressions in MH coordinates differ at 2PN and
3PN orders from those in ADM coordinates. We conclude by giving here all the needed differences [37],

o o ) o ()

AV

11499 21

2V+QV2
27T 560 32 ) 4 )

1/3 /14501 21
]—2<§+< 120 167T2>V—5V2>>, (7.11a)
2 3
wi_aom_ & (LT3 s 11 g L& (13 0 5237 21 5\ 19,
e e 1/—1—]'(2 gV T\ T2 ) T =516 1680 327 )¥ 16"
L 14337 3667 105 SV 1 I
J( CX 64”) iE e =) -37)
L] 14501 21

?Actually, Ref. [37] used xygs = (Gmn/c?)?/? together with k/

= k/3.
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1/ 3 14501 21
+ S5+ (-——+= + 512 )), 7.11
A3 (T ) ) (1
2 3
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173, 1733\ 1 13 21817 147 \ 169
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1 276133 21 799
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j( (6720 2" )T )) (7.11e)
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RYH — pADM = 192(1 — j)¥2j7 6P p(=23 + 13v), (7.11g)
1
iMH — ADM = — 3(1—1)1*“/2)1/( 19 + 10v), (7.11h)
1 Iy 9\ e/1 1045 99 . 1/ 5 139633 21 117
MH _ cADM _ __2(_ _ ~\(_ - + 2 — 4+ == __2+_ I + == 2 +_2
Fom =1y 8(]' j2>(8 4”) j(32 1927 " 32" j( 4 ( 3360 167T>V 8 V)
1/3 (92307 21 351
(24 (2 ), - 22000, 7.11i
j2<2 (2240 167T>V 32”)) (7.111)
11—y~ 177 5 17/ 49709 21 445
MH _ ,ADM __ .2 _~ + 3 1— i ) + = _ = 2 4+ = 2
So T8o T E [T g VTENW J(j(lzg” 32”) j2<< 13440 1287T>V 128”)
1 /7100783 21 847
4o (B2 2 e, 22 7.11
'3<<26880 1287T>V 256”)) (711
hMH—hADM=——1— 32j73y(—1 + 5v), 7.11k
256( D23 w( v) ( )
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MH — A @( 1+ /)27 3p(—149 + 1982). (7.111)

Finally, we note that in the case of a circular-orbit the
angular momentum variable, say jg, is related to the con-
stant of energy & by the 3PN gauge-invariant expansion

2

3
€ & &
=1+-O9+v)+—081—-32v+v)+-—(2
° 4(9 V) 16(8 32v + v?) 192(835

—7699v + 246v7? + 9612 + 313), (7.12)

which is easily deduced using either MH or ADM coor-
dinates. This expression can be used to compute all the
orbital elements for circular orbits, and we can check that
all of the eccentricities e,, e,, or e, are zero.

VIII. ORBITAL AVERAGE OF THE 3PN ENERGY
FLUX

To average the energy flux over an orbit, we will require
the use of the previous 3PN quasi-Keplerian representation

[

of the motion. Consequently, the averaging is only possible
in MH or ADM coordinates without the logarithms as
discussed before. The average of the (instantaneous part
of the) energy flux is defined by

2T

1 Pdtf 1
P];) nst 27TL

As we have seen, the energy flux (2.6) is made of instan-
taneous terms and hereditary (tail) terms. The hereditary
terms have already been computed and averaged in Paper 1.

Using the QK representation of the orbit discussed in
Sec. VII, we can reexpress the energy flux F;, [or, more
exactly, (d€/du) Fi,q], which is a function of its natural
variables r, 7, and v?, as a function of the frequency-related
parameter x defined by Egs. (7.9) and (7.10), the “time”

d_€
du

<Tinst> = u

finst- (81)
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eccentricity e,, and the eccentric anomaly u.'® We note that
in the expression of the energy flux at 3PN order there are
some logarithmic terms of the type In(r/r,) even in MH
coordinates. Indeed, we recall that the MH coordinates
permit the removal of the log terms In(r/r}), where r; is
the scale associated with Hadamard’s self-field regulariza-
tion, but there are still the terms In(r/r,) which involve the
constant r, entering the definition of the multipole mo-
ments for general sources. As a result, we find that the
general structure of T, (in MH or ADM coordinates) is

11

de 1
du Finst NZ:S{CVN(et) (1 — e, cosu)" Bn(e,)
sinu In(1 — e, cosu)
- " 4 R ettt
(1 — e, cosu)y valer) (1 — e, cosu)¥ }
(8.2)

where the coefficients ay, By, vn so defined are straight-
forwardly computed using the QK parametrization (they
are too long to be listed here). It is worth noting that the
Bn’s correspond to all the 2.5PN terms while the yy’s
represent the logarithmic terms at order 3PN. The depen-
dence on the constant Inry has been included into the
coefficients a. To compute the average, we have at our
disposal some integration formulas. First of all,

i / 27 sinu du =0,
27 Jo (1 —ecosu)V
which shows that in the final result there will be no terms
(of the instantaneous type) at 2.5PN order. The 2.5PN
instantaneous contribution is proportional to 7 and vanishes
after averaging since it includes only odd functions of u.
Next, we have

(8.3)

1 o du B (_)N*l dN*l
ﬁfo (1 —ecosu)N (N — 1)!<dyN_1

1
L=al o

|

1 73, 37
= Py 2l
N - e$)7/2{ 24 " 96°¢ }
1 1247 35 10475 1081
IMH — _ — v+ 2 _
PN - e%)9/2{ 336 127 e’( 672

36
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which can also be formulated with the help of the standard
Legendre polynomial Py_; as

LA 1 1
27 j;) (1 —ecosu)N (1 — )N/2 N_l<\/1 — 62)
(8.5)

Finally, for the log terms we have a less trivial formula but
which takes a structure similar as in Eq. (8.4), namely

| fzﬂn(l —ecosu)d (o (dNIY(y, e))}:l,

27 Jo (T=ccos)® " T (N=11 @1
(8.6)
in which
1 Vi—e2+1
Y(y, e) = In °
yz ) 2

J1 — 02
+2ln|:1+ I—e 1}] (8.7)

N T

A. Orbital average in MH coordinates

The expression for the instantaneous energy flux in MH
coordinates is given by Eqgs. (5.1) and (5.2) together with
the modification (6.8) for transforming to MH coordinates.
Implementing all the above integrations, the flux can be
averaged over an orbit to order 3PN, extending the results
of [19] at 2PN."! The result is presented in the form

3269
(Fund =20 225040+ 5T + T + B

(8.8)

where the instantaneous post-Newtonian pieces JMi de-
pend on » and the time eccentricity ¢, in MH coordinates
(note that e, = eMH here), and read'?

(8.9a)

10043 311 2179 851
tel =)t ==———r|l, (8%
”) e’( 384 12 ”) e’(1792 576 ”)} (8.90)

Reference [19] uses Gm/a, and e, while [25] employs Gmn/c? and e,. We propose the use of x = (Gmw/c?)?/? for reasons
outlined in the previous section. The choice of e, rather than, say, e, is a matter of convenience since it appears in the Kepler equation

which is directly dealt with when averaging over an orbit.
"Results of [19] are given in ADM coordinates.

>The Newtonian coefficient INH is nothing but the Peters & Mathews [1] “enhancement” function of eccentricity f(e,) =
1+ %e% +3ZeMH /(1 — 6,2)7/ 2, so called because it enhances the numerical value of the orbital decay of the binary pulsar by

e
.24 ° 96 ~1// ] . X :
gravitational radiation (viz. the orbital P).

064035-16



INSPIRALLING COMPACT BINARIES IN QUASI- ...

1 203471

INH{ — —
— e2)l1/2 9072 504

2PN
(1

TR

3807197

PHYSICAL REVIEW D 77, 064035 (2008)

1279 65 .. 2(_

416 945

116789 5935 , 4f 268447
+ 51 V)-i-e,(—
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For ease of presentation we have not put a label on e, to
indicate that it is the time eccentricity in MH coordinates.
Of course, since x is gauge invariant, no such label is
required on it. It is important to keep track of this fact
when comparing formulas in different gauges, as we will
eventually do.

The last term in the 3PN coefficient I3 given by
Eq. (8.9d) is proportional to some logarithm which directly
arises from the integration formula (8.6) and (8.7). Inside
the logarithm we posed

Gm
Xy =——
Czro’

(8.10)

exhibiting the dependence of the instantaneous part of the
3PN energy flux upon the arbitrary constant length scale .
Only after computing the complete energy flux can one
discuss the structure of the logarithmic term in the energy
flux and the required cancellation of Inry. Therefore we
now add the hereditary contribution to the 3PN flux, which
has been computed in Paper 1. From Eq. (6.2) in Paper I, we
write the result as

41 533772}
v

407 N\, (1712, -
”)} <u5 6

288 2419200
14552

303985 ,\ . (/1399661203 [
V) ’< [ 48384

553297
1260

et

(8.9d)

32C

2 4 MH 2 4 MH
(Frherea) = 2 (x }[LSPN +x j{Z.SPN
3 2 MH
+ x 5-[3PN ,

where the hereditary post-Newtonian coefficients (starting
at 1.5PN order) read

8.11)

HYR = 4mole), (8.12a)
8191 583
HYhn = =~y mile) = S vmilen), (8.12b)
116761 16 1712
MH _ _ ~ " ~"*~ + | = 2
3PN 3675 K(e;) [3 T —105
1712 432
F(e,). 12
105 n( X0 )} (EJ (8 C)

The function F(e,) in factor of the logarithm in the 3PN
coefficient does admit a closed analytic form which was
determined in Paper I as

85 5171

1 2
- - +74
(1 —-e$ﬁ3/2[ T
L1751 297
192 ¢ 10246’}

F(e,) =

(8.13)
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On the other hand, Paper I found that the four enhancement
functions of eccentricity ¢(e,), ¥(e,), {(e,), and k(e,) very
likely do not admit any analytic closed-form expressions.
Numerical plots of the four enhancement factors ¢(e,),
(e,), O(e,), and k(e,) as functions of eccentricity e, have
been presented in Paper 1. The coefficients in Egs. (8.12)
have been introduced in such a way that the circular-orbit
limit of all the functions F(e,) and ¢(e,), - - -, k(e,) is 1.
Finally, the PN coefficients in the total averaged energy
flux F in MH coordinates are given by the sum of the
instantaneous and hereditary contributions, say
KM = M 4 M (8.14)
We notice that up to 2.5PN order there is a clean separation
between the instantaneous terms which are at even PN
orders (recall that there is no 2.5PN term in the averaged

|

PHYSICAL REVIEW D 77, 064035 (2008)

flux) and the hereditary terms which appear at odd PN
orders and are specifically due to tails (i.e. H}iL and
HYL). On the contrary, at 3PN order—and, indeed, at
any higher PN order—there is a mixture of instantaneous
and hereditary terms. The 3PN hereditary term FH 34 is
due to the so-called GW tails of tails (see Paper I).

The analytical result (8.13) is crucial for checking that
the arbitrary constant x, disappears from the final result,
namely, from the 3PN coefficient JCiH. Indeed, we im-
mediately verify from comparing the last term in Eq. (8.9d)
with Eq. (8.12¢) and the explicit expression (8.13) of F(e,)
that x, cancels out from the sum of the instantaneous and
hereditary contributions, extending to noncircular orbits
this fact which was already observed for the circular case
in Ref. [30]. Finally, the complete 3PN coefficient (inde-
pendent of x() reads

oM 1 2193295679 8009 293 4177 209063 , 775 4
= ——V
N1 - e2)13/2{ 9979200 [ 54432 64 } 3024 324
,(20506331429 1649801883 48797 3008759 , 53696 ,
Vv — v- - 14
t( 19958 400 [ 272160 1536 } 3024 243 )
3611354071 755536297 299717*7 179375 , 10816087 ,
( 13305 600 [ 136 080 1024 } 576 7776 )
4786812253 1108811471 8450172 Jr87787969 , 983251
- 14 - 14
( 26611200 [ 1451520 4096 } 48384 648 )
21505140101 32467919 405977 79938097 , 4586539 L l0
— - v e
( 141926 400 [ 129 024 4096 } 193536 15552 > !
8977637 4 9287 8977 2 567617 AN P 14047483
_ " — 2 —
< 11354112 48384 55296~ 124416 > ’[ 151200
165761 2877 455 L2 36863231 N 14935421 5268572 43559 ,
- —v —_— - v
[ 1008 192 } 12 t( 100 800 [ 6048 4608 } 72 )
4759524951 31082483 4153377 303985 , o 1399661203
- e\l
t( 403200 [ 8064 6144 } 288 ) ’< 2419200
40922933 1517727 73357 ,\ . /185 1073 407 , 1712 14552 ,
- vilt el — =gVt o5V T T ———e;
48384 9216 288 48 288 288 105 63
553297 187357 10593 35 J1—eé?
e} e e —C+—77'2——1 (16x) + In 72@
1260 1260 2240 107 2(1 —e7)
116761
- . 8.15
3675 K(e,) ( )
The 1.5PN and 2.5PN coefficients are only due to tails, and thus
KN = 4mole), (8.16a)
_ 8191
Kion = — 75 e — wr((et) (8.16b)

The Newtonian, 1PN, and 2PN coefficients reduce to their instantaneous contributions I

in Eqgs. (8.9).

, IV and I) already given

Since the enhancement functions ¢(e,), ¥(e,), {(e,), and k(e,) reduce to 1 in the circular case, when e, = 0, the circular-
orbit limit of the energy flux is immediately deduced from inspection of Egs. (8.9) and (8.16) as
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2 5, 1247 35 4711 9271 65 8191 583
== 1+ ——— + 4732 + ——+ 2) + xR — ——
(Flo =735+ { x( 336 12 ) ™ ( 9072 ' 504 18") ™ < 672 24 >
6643739519 1712 . 16 , 856 134543 41 94403 , 775
3 - + —m? ——— In(16x) + +—a? v — P —— 3L
69854400 105 = 3 105 7776 48 3024 7324
(8.17)

This limiting case is in exact agreement with Eq. (12.9) of
[30] (after taking into account the values of the ambiguity
parameters A = — 187 and 6 = 1912%1 computed in
Refs. [32—34]). Notice that the flux in the circular-orbit
limit (8.17) depends only on the parameter x, and hence its

expression becomes gauge invariant.

B. Orbital average in ADM coordinates

We start from the expression for the instantaneous en-
ergy flux in ADM coordinates as given by (6.11), employ
the appropriate 3PN QK representation, and follow the
procedure for performing the average as outlined in the
previous section. We find that the By’s and yy’s in ADM
|

1 73, .37
— N+ =2+ et
(1——e§y/2{ 24 966‘}
1 1247 35 10475 1081
—vteé————v
1—e2P2| 336 12 672 36
1 203471 65 , .
_etz)ll/z{_ +78V +€t<

9072
~ 30390383 247805

JADM _—

ADM _
I 1PN (

127799

ADM __
504

2PN (1

10043 311
) G

3866543 4691

[
coordinates [cf. Eq. (8.2)] are exactly the same as in MH
coordinates; the ay’s, however, are different in general
(except for ay;). The result for the average energy flux in
ADM coordinates is of the form

C

<.7:mst> = 32

iy TARM),

P25 (TAPM + xTARM + 2 T4RM

(8.18)

where the coefficients depend on the time eccentricity in
ADM coordinates (hence ¢, = ¢2PM here) and on v, and
read

(8.19a)

>+ <2179 851 (8.19b)
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We recall that the Newtonian and 1PN orders are the same in MH and ADM coordinates (the coefficients J{PM and IHRM
agree with their MH counterparts). On the other hand, adding up the hereditary contribution (8.11) and (8.12) (which is the
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same in MH and ADM coordinates), we obtain the total 3PN coefficient K?&M, analogous to Eq. (8.15) but in ADM

coordinates,

JCADM — 1 {2 193295679 [8 009293
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in which again e, = ¢2APM. A useful internal consistency

check of the algebraic correctness of different coordinate

representations of the energy flux is the verification that the

equality of Egs. (8.9) and (8.19) holds if and only if we

have the transformation between the time eccentricities
eMH and ¢APM given by

eMH x? 1 17 X
=1+—-(—- +
e M

1 16739 21,
><<——+|: +— :|V

2 1680 ' 16

83 1249 241
+—=rtel-———v+—1r)| 21
e e’( 2 16 24”)} 8:21)

(There is no ambiguity in not having a label on the ¢, in the
2PN and 3PN terms above.) We find that the relation (8.21)
is perfectly equivalent to what is predicted from using
different QK representations of the motion, namely,
Eq. (7.11c) together with (7.10).

C. Gauge-invariant formulation

In the previous section, the averaged energy flux was
represented using x—a gauge-invariant variable defined

[

by (7.9)—and the eccentricity e,, which, however, is co-
ordinate dependent (but is useful in extracting the circular
limit of the result). In the present section we provide a
gauge-invariant formulation of the energy flux.

Perhaps the most natural choice is to express the result in
terms of the conserved energy E and angular momentum J
(per unit of reduced mass), or, rather, in terms of the pair of
rescaled variables (e, j) defined by Egs. (7.5) and (7.6).
However, there are other possible choices for a couple of
gauge-invariant quantities. As we have seen in Egs. (7.8)
the mean motion n and the periastron precession K are
gauge invariant, so we may define as our first choice the
pair of variables (x, ¢), where we recall that x is related to
the orbital frequency w = Kn by Eq. (7.9), and where we
define

(8.22)

with k = K — 1. Here we have introduced a factor 3 so that
¢ reduces to j in the first approximation (i.e. when € — 0).
To 3PN order this parameter is related to the energy and
angular momentum variables € and j by
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We have performed two calculations of the gauge-invariant result, in terms of the variables (x, ¢), starting from the
expression of the averaged flux in either MH or ADM coordinates. The instantaneous part of the flux takes the form

32c

(Fins) = szsb—n/z(IN + xIpy + 22 Iopy + X2 Iapy), (8.24)

in which the PN coefficients are polynomlals of ¢ and the mass ratio v, and are given by
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Similarly, we can also obtain the equivalent expression of the flux in terms of the rescaled variables (e, j) defined by
Egs. (7.5) and (7.6).
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The hereditary part of the flux given by (8.11) and (8.12)
is straightforwardly added. In this part we simply have to
replace e, by its expression in terms of x and ¢ at 1PN order,

namely,
1/2
giN

=|1—¢+ ——354-2 + —17——13
e; [ L x{ 1 7 L< 7 ¢
(8.26)

(At this order there is no difference between MH and ADM
coordinates.) Note also that with the latter choice of gauge-
invariant variables the circular-orbit limit is not directly
readable from the expressions. However, it can be easily
obtained by using the expression for the variable j, as
reduced to circular orbits in terms of &, Eq. (7.12).

IX. THE TEST PARTICLE LIMIT OF THE 3PN
ENERGY FLUX

An important check on our result is the test particle limit
for which the energy flux in the eccentric orbit case is
available (to second order in the eccentricity) from com-
putations based on perturbation theory around a
Schwarzschild background. We compare the end result of
our computation—composed of the instantaneous terms
and the hereditary terms computed in Paper [—with the
result obtained in Ref. [47]. Thus, we take the test particle
limit of our result (i.e. ¥ = u/m — 0), say, in the form
given by Egs. (8.8) and (8.9) in which e, = ¢MH, and
expand it in powers of e, retaining only terms up to e?.
The instantaneous contribution to the energy flux in the
test-mass limit is then given by

PHYSICAL REVIEW D 77, 064035 (2008)

On the other hand, the hereditary contribution has been
reported in Eqgs. (8.11) and (8.12) and admits the test-mass
limit

32c 8191

(Frerea? = x5{477'x3/2€0(€t) Wﬂ'xs/zlﬂ(e )
116761 16, 1712
3 2
* [ Se75 <) F [ 05

B 1170152 " (4)2/2>}F (et)} N @(V)}_ (9.2)

To proceed further, all the enhancement functions should
be expanded up to power e?. This is easy for F(e,) which is
known analytically from Eq. (8.13), and we have

62

F(e) =1+ ?etz + O(e}). 9.3)

The other enhancement functions are only known numeri-
cally for general eccentricity. We have, however, suc-
ceeded in obtaining analytically their leading correction
term e? by implementing our calculation of the tails in
Paper I at order e? from the start. The results we thereby
obtained [Eqgs. (6.8) of Paper I] are

2335
(P = 32c sl 1241w ole) =1+ 7€ + O(e)), (94a)
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336" 9072 22988
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22718275589 | 106144 /x\7 4
[ 9979200 | 315 ln(x_ﬂx )
0 [We do not need {(e,) here, since it is in factor of a
+ (9(1/)} + 0(eH). 9.1) v-dependent term.] Our final result to O(v) and O(e?) is
therefore
|
32c ]y 1247 44711 , 8191 6643739519 16 1712
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The above expression is in terms of our chosen eccentricity e;. One should note that the “Schwarzschild” eccentricity e
appearing in the black-hole perturbation theory [47] is a priori different from e,; therefore, the above result can only be
compared modulo a transformation of these eccentricities. We find that, indeed, Eq. (9.5) is equivalent to the black-hole
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perturbation result given by Eq. (180) of [47], if and only if
the two eccentricities are linked together by

e? = e*(1 — 6x + 4x* — 8x%). (9.6)

(Recall that ¢, = eMH here.)

X. CONCLUDING REMARKS

The instantaneous contributions to the 3PN gravitational
wave luminosity from the inspiral phase of a binary system
of compact objects moving in an elliptical orbit are com-
puted using the multipolar post-Minkowskian wave gen-
eration formalism."®> The nontrivial inputs for this
calculation include the mass octupole and current quadru-
pole at 2PN order for general orbits and the 3PN accurate
mass quadrupole. Using the 3PN quasi-Keplerian repre-
sentation of elliptical orbits obtained recently, the flux is
averaged over the binary’s orbit. The instantaneous part of
the energy flux is computed in the standard harmonic
coordinate system (with logarithms). For technical reasons,
the average over an orbit of the instantaneous contributions
is presented in other coordinate systems: modified har-

3The instantaneous part of the 3PN gravitational wave flux of
angular momentum and linear momentum from inspiralling
compact binaries moving on elliptical orbits has been computed
[48,49].
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monic coordinates (without logarithms) and ADM coordi-
nates. Alternative gauge-invariant expressions are also
provided. Supplementing the instantaneous contributions
of this paper by the important hereditary contributions
arising from tails, tails of tails, and tails-squared terms
calculated in Paper I [36], the complete energy flux has
been obtained.

For binaries moving on circular orbits the 3PN energy
flux agrees with that computed in [30]. However, the
circular-orbit results are known to the higher 3.5PN order
[30]. The extension of the 3.5PN term to eccentric orbits
would be interesting, but some uncomputed modules re-
main in the general formalism to compute the multipole
moments for general sources required for the 3.5PN gen-
eration in the eccentric orbit case. We leave this to a future
investigation.
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