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CrossMark
Abstract

We compute the gravitational radiation—reaction (RR) force on a compact bin-
ary source at the fourth-and-a-half post-Newtonian (4.5PN) order of general
relativity, i.e. 2PN order beyond the leading 2.5PN radiation reaction. The
calculation is valid for general orbits in a general frame, but in a particu-
lar coordinate system which is an extension of the Burke—Thorne coordinate
system at the lowest order. With the RR acceleration, we derive (from first
principles) the flux-balance laws associated with the energy, the angular and
linear momenta, and the center-of-mass (CM) position, in a general frame
and up to 4.5PN order. Restricting our attention to the frame of the center of
mass, we point out that the equations of motion (EOM) acquire a non-local-
in-time contribution at the 4.5PN order, made of the integrated flux of linear
momentum (responsible for the recoil of the source) together with the instant-
aneous flux of CM position. The non-local contribution was overlooked in the
past literature, which assumed locality of the RR force in the center of mass
frame at 4.5PN order. We discuss the consequences of this non-local effect and
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obtain consistent non-local EOM and flux balance laws at 4.5PN order in the
CM frame.

Supplementary material for this article is available online
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1. Introduction

1.1. Overview

Our goal is to compute the gravitational radiation—reaction (RR) force acting on an orbiting
compact binary system through the fourth-and-a-half post-Newtonian (4.5PN) approximation
of general relativity (GR), i.e. at order O(9) = O(c~?), whereas the dominant, lowest order RR
occurs at the 2.5PN ~ O(5) order [1-9] (see [10] for a review). We thus intend to control the
RR force through 2PN order beyond the dominant level. More precisely, we shall compute the
2.5PN, 3.5PN and 4.5PN contributions, which have odd-parity powers of 1/c, and correspond
to purely dissipative RR effects. We do not address the 4PN tail term, which contains both
conservative and dissipative contributions, because it has been computed elsewhere [11, 12].
As is well known [13, 14], the RR force takes different expressions depending on the
choice of coordinate system. A very interesting choice is the Burke—Thorne (BT) coordin-
ate system [2, 3, 15], in which the 2.5PN RR force (density) takes the simple scalar form
Figr = pO; Vgr + O(7). Here, p is the Newtonian mass density in the source and the scalar
RR potential is explicitly given by*
iJ dSMij

VRr (X,1) = R

Lo, (L.1)

where M;; is the trace-free mass quadrupole moment of the source, reducing at lowest order to
the usual Newtonian quadrupole moment of the Newtonian mass density,

M, (1) = / d’x [xfxf—;a,sz} p(x,1) +0(2). (1.2)

Despite the linear-in-G character of the RR force in BT coordinates, its derivation requires
the control of the non-linear effects to justify that they do not play any role in this coordinate
system [9] (see also [16] for discussions on non-linear effects taking place in other coordinate
systems). Of course, equations (1.1) and (1.2) reproduce the known fluxes (in particular the
energy flux given by the Einstein quadrupole formula) computed asymptotically far from the
source.

At the 3.5PN order (or 1PN relative order) and in the case of compact binaries, the RR
force has been derived in an arbitrary coordinate system, but only in the center-of-mass (CM)
frame [17, 18], by assuming the validity of the flux-balance equations for energy and angular
momentum at the relative 1PN order. We shall refer to the latter approach for computing the
RR as the ‘flux-balance’ method. Since it is restricted to the frame of the CM, only the fluxes

4 See section 1.2 for the notations.
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for energy and angular momentum are needed’. By contrast, a ‘first-principle’ approach is to
perform the direct calculation of the RR at 1PN order by integrating the field equations in the
source’s near zone, i.e. without a priori assuming the validity of the flux-balance laws. The
first-principle approach proves, at some given order, that the RR force implies the flux-balance
laws, where the fluxes are given by their values as computed at future null infinity. It has been
implemented at 1PN order in various coordinate systems [20-24], with results consistent with
the balance laws, which means that the RR corresponds to a unique determination of the Iyer-
Will gauge parameters [17, 18]. On the other hand, some general investigations of RR and the
balance laws in the case of isolated systems (not restricted to compact binaries) were performed
up to relative 1.5PN order beyond the leading RR force [25-27], at which the gravitational
wave tails first appear (this corresponds to 4PN beyond the Newtonian acceleration [11, 12]).
In particular, the works [25, 26] introduced the extension to 1.5PN order of the leading-order
BT scalar RR potential (1.1).

The flux-balance method, still restricted to the CM frame, has been extended to 4.5PN order
(namely 2PN relative order) by Gopakumar et al in [28], henceforth referred to as ‘GII’. To
date, the only calculation of the RR to relative 2PN order using the first-principle approach
(i.e. not relying on balance equations) was done using effective field theory (EFT) [29]. In
[29], the computations were performed in a general frame, but only the CM frame results were
published; moreover, [29] claimed agreement with GII but only the case of circular orbits was
shown to be consistent with them.

In the present paper, we shall follow the first-principle approach as well, but the results
presented are valid in a general frame, and only subsequently restricted to the CM frame.
Moreover, they are valid in a different coordinate system, namely a specific extension of the
BT coordinates at the 4.5PN order. At that order and in that coordinate system, the RR is
described by some specific scalar, vector, and tensor RR potentials,

Vak = (Viw: Viws Vi) (1.3)

where Vg generalizes (1.1), Vip appears only at 1PN relative order as a generalization of
the vector RR introduced in [25, 26], and the tensor V]i{R appears at 2PN order. Since our
calculation will not be restricted to the CM frame, it will enable us to check (and, actually, to
prove) the flux-balance laws, not only for the energy and the angular momentum, but also for
the linear momentum and the CM position. We shall thus recover from the RR force the energy
and angular momentum fluxes to 2PN relative order (i.e. 2.5PN + 3.5PN + 4.5PN), as well
as the linear momentum and CM fluxes to 1PN relative order (3.5PN + 4.5PN). In particular,
we shall recover and confirm to 1PN order the flux associated with the CM position obtained
in [27, 30-33].

Next, we consider the problem of the definition of the CM frame. Here, by CM, we mean
the barycenter not only of the matter distribution, but also of the radiation, therefore taking into
account the linear momentum kick or recoil of the source by the GW emission. As a result,
we find that the relation between the positions of the bodies in the CM frame and the relative
positions and velocities acquires a non-local-in-time contribution at the 3.5PN order, which
is given by the time integral of the flux of linear momentum. We refer to such a contribution
as ‘semi-hereditary’, by which we mean that it is given by the integral in time of some local
or ‘instantaneous’ term [34], and thus its time-derivative is entirely instantaneous (conversely,
‘hereditary’ terms such as tails are non-local-in-time, as well as their iterated time-derivatives).

5 The flux-balance method in the CM frame has been extended to include spin—orbit RR effects at 3.5PN order [19].
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In turn, we find that the RR force itself acquires in the CM frame a non-local (semi-hereditary)
contribution at the 4.5PN order, which involves the gravitational recoil of the system as well as
the flux of CM. We conclude that at the 4.5PN order in the CM frame, it becomes impossible
(in any coordinate system) to express the RR and equations of motion (EOM) as local or
instantaneous functionals of the source’s parameters.

On this point, we are in conflict with the flux-balance approach extended to 4.5PN order
in [28], which assumed as a basic hypothesis that the RR and EOM in the CM frame are
local, thereby missing the physical consequence of the binary’s GW recoil. We prove that our
EOM in the CM frame preserve the correct flux-balance laws in the CM frame for the energy
and the angular momentum at 2PN order, despite these quantities not being in the local form
postulated in [28]. We shall provide the formulas correcting GII [28] (i.e. incorporating the
gauge invariant non-local effect) which will allow us to uniquely determine the GII gauge
parameters that correspond to our extended BT gauge at the 4.5PN order. Finally, we discuss
the interesting case of quasi-circular orbits.

The plan of this paper is as follows. In section 2, we recall the general structure of the PN
metric in the near zone of a general isolated source and the RR terms therein. In section 3,
we introduce the extended BT coordinate system and define the scalar, vector, and tensor RR
potentials (1.3) up to 4.5PN order. In section 4, we obtain the EOM with RR terms included
up to 4.5PN order in a general frame and in extended BT coordinates. In section 5, we prove
that all the flux balance equations (energy, angular and linear momenta, CM) are satisfied
to the required order. In section 6, we solve the problem of the passage to the CM frame,
taking into account the physical effects of GW recoil and displacement of the CM position. In
section 7, we show how to modify the flux-balance approach at 2PN order [28] to include the
recoil and CM displacement, and we compute the set of GII gauge parameters corresponding
to our chosen coordinate system. In section 8, we obtain the RR contributions in the case of
quasi-circular orbits. The paper ends by a short conclusion in section 9. The appendix A deals
with the control of certain required terms in the metric, the technical appendix B discusses
dimensional identities, and the appendix C contains the expressions of Schott-like terms.

1.2. Notation
1. The Einstein field equations in a general coordinate system are denoted

167G

Or*P — OH*? = —
C

7, (1.4)

where h*P = /=g g*# —nF is the gothic-type metric deviation; g = det(gnp) and n** =
diag(—1,1,1,1); 0= 0, is the flat d’ Alembertian operator; H* = dsh? denotes the ‘har-
monicity’ and we pose OHY? = 0°HP + 9P H* — PO, H", so that DgOH*P = OH®; 7P
is the matter + gravitation pseudo-tensor,

aB _ 6, pos

T = |g|T* + 167TGA [h], (1.5)
with 7%8 being the matter tensor and A°? the gravitational non-linear part, at least quadratic
in 7% and its space-time derivatives; we have 957" =0 as a consequence of the field

equations (1.4).
2. Multi-spatial indices are denoted L = iji; - - - iy, made of ¢ (spatial) indices ranging from 1
to 3; it is always understood that contracted multi-indices L involve ¢ summations (over
the indices they contain); the multi-derivative operator J;, is a short-hand for 9, ---0,,;

4
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the symmetric-trace-free (STF) operation is denoted with a hat or sometimes by angu-
lar brackets surrounding indices, e.g. 5L =0y = STF [OL]; similarly x; = x;, ---x;, is a
multi-spatial vector and X, = x(;y = STF[x]; n, = x,/r* with r = x| and /i, = STF [n.];
The Levi—Civita antisymmetric symbol is denoted € (with €123 = 1); parenthesis refer to
symmetrization, T ;) = 3(T; + Tj).

3. Superscripts (g) indicate g time differentiations; time derivatives are also sometimes indic-
ated by dots; time antiderivatives are denoted by superscripts (—¢) or by an explicit integral
sign, e.g.

t

[0 =rw= [ arwy: rw=r=0= [

dr’ [f(t") . (1.6)
— 00
We assume a matter system which is stationary in the remote past [35], thus all time varying
functions are zero for any time before some finite instant —7 .
4. For any smooth function of time f(f) we use the specific notation for the antisymmetric,
i.e. half-retarded minus half advanced, combination of homogeneous waves (beware of the
factor % included)

{f}([,r)Ef(tir/C);rf(tdI»r/C),

1.7

where r = |x|. This corresponds to a monopolar wave, and by applying repeatedly STF spa-
tial derivatives 0, we obtain corresponding multipolar waves, given in closed form as [25]

XL

1
0 =~y |, 0 o) (18)

where we pose &;(z) = (ifillé)!” (1—2%)% sothat [ _11 dz6(z) = 1. Performing the PN expan-

sion or equivalently the near-zone expansion (r/c — 0) of such antisymmetric multipolar
wave one obtains the regular expansion

i X 72k

hift =~ 2 (2U) (2K + 20+ 1)

!!f(2€+2k+1) (t) ) (1.9)

The multipolar antisymmetric wave is smaller by a factor O(2¢ + 1) = O(c~2~!) than the
corresponding symmetric or retarded wave (as seen in the near zone, when r — 0).

5. The usual small post-Newtonian remainder is denoted O(n) = O(c¢™"), and O(n,p) =
O(c™",¢7?) means a PN remainder which is at once of order O(n) for conservative even-
parity contributions, and O(p) for dissipative odd-parity (RR) contributions.

2. Post-Newtonian iteration in the near zone

2.1. General structure of the PN metric

We provide some necessary reminders on the construction of the PN metric in the near zone
of an isolated system. We shall indicate the formal PN expansion with an overbar. The general
expression of the PN metric in the near zone (valid up to any PN order) has been obtained by

5
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asymptotic matching to the multipolar-post-Minkowskian [35] metric in the zone exterior to
the system. In harmonic coordinates, i.e. H = Op hP =0, the result is [36-38]

hP =uP gy @2.1)

The first term corresponds to the standard PN iteration using the ‘symmetric’ inverse
d’ Alembertian operator,

o8 = 167G 51 [?aﬂ : (2.2)

p sym

where 727 is the PN expansion of the stress-energy pseudo-tensor (1.5). The symmetric inverse
d’Alembertian Ds_yfn must be endowed with a crucial infrared (IR) regularization based on
Hadamard’s finite part (FP). The regularization accounts for the divergence of Poisson-like
integrals at spatial infinity (r — 4-00), known to occur at high PN orders. In detail, we explicitly
have

~ X[ o .
i [?‘lﬁ] — FPO; L [ﬁ?aﬁ] - 2} FpA! [W?ﬂﬂ . @23)
5y B=0 cO0t) B=0
k=0

where 7 = (r/ro)® is the IR regularization factor (ry is an arbitrary length scale), and FP3_
denotes the FP, i.e. the coefficient of B® in the Laurent expansion when B — 0. By definition
of the Hadamard FP, any pole in 1/B is discarded. The kth iteration of the Poisson operator
in (2.3) is given by

X —k—1 [=ap —k—1 [~B=ap 1 3 /‘X_X/|2k71~/37aﬂ /
A [T }EEZPOA [rBT ]:*Ego X S T T 24

The first term in (2.1) represents a particular solution of the (PN-expanded) d’ Alembertian
equation which is sourced by the (PN-expanded) pseudo-tensor, i.e. we have

1
Ou*d = ﬂ?aﬁ. (2.5)

o4

To the particular solution, one must add a specific homogeneous solution, such that the

matching equation is satisfied [37]. Furthermore, the homogeneous solution must be regular all

over the source’s near zone, i.e. be of the ‘retarded-minus-advanced’ type. The homogeneous

solution is associated with RR effects occuring in the source’s near zone. This is the second
term in (2.1), given by

+oo 4
7l = —4—? 3 (;!) b, {Az‘ﬁ} . (2.6)

It is parametrized by the multipole-moment functions Afﬁ (¢), which are STF in their ¢ indices
L. We use the notation (1.7) and (1.8) for antisymmetric type homogeneous solutions (which
are regular in the source, when » — 0). As shown in [37] the multipole moment functions
in (2.6) are actually composed of two distinct contributions:

APP (1) = FPP (1) + RyP (n) . .7)
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The first one represents the multipole moments of the source as seen from the exterior region,
and is given by

I
FP (1) = FP/d3x7chL/ dz6; (z) TP (x,t +zr/c) . (2.8)
-1

The function dy(z) is defined in section 1.2. Note that the integral in (2.8) is symmetric under
time reversal and the argument ¢+ zr/c can be indifferently replaced by ¢ — zr/c. The second
term in (2.7) corresponds to the so-called radiation modes due to tails and higher non-linear
effects occuring in the GW propagation. Those effects start at the 4PN order in the near-zone
metric and the source’s dynamics [11, 25]. The general expression is

+o00
RP (1) = —2;3)/ d3x735cL/l dzde (z) M (79°) (x,t—zr/c), (2.9)

where M (7%#) is the multipole expansion of the pseudo-tensor, and the integral in (2.9) is
truly retarded. In the following, we shall mostly consider the term F;  since the other term
Rgﬁ contributes only at the 4PN order, and we are only interested in the odd parity 4.5PN term.
However, although the 4PN tail in (2.9) has a formal even parity, it corresponds to genuine RR
effects, so we shall briefly discuss it following [25, 26], see equations (5.3).

2.2. Explicit nonlinear iteration of the metric

We take advantage of the fact that the PN solution (2.1) satisfies the harmonic coordinate
condition H* = 0 by construction. Computing the divergence of the first term (2.2) using the
conservation law of the pseudo-tensor 957*” = 0, we obtain

dpuf = FP Dsym [BrB A’“} (2.10)

We observe that the result comes entirely from the differentiation of the regularization factor
72, and consequently that there is an explicit factor B in the integrand. This factor B kills the
matter contribution to the pseudo-tensor, since the regularization applies only to the portion
of the integral at spatial infinity from the matter source. On the other hand, the harmonicity
condition also implies

—aff —af 4G = (_)Z A afl
051 = —0stiRg =~ 05 | > -0 {4}, @.11)
which can be transformed following the procedure of equations (4.4)—(4.7) in [36]. Defining

1 . . 1
By =A% _gpote . jio 2.12
L= AN AL (20+3)c2" 12)
where A denotes the STF part of A?"’l , and where the overdot refers to the time derivative,
we obtaln
4G 2
DpuP = =— Z aL {B&Y (2.13)
£=0
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Next, we construct from (2.13) a related object 7*#, which is not only an antisymmetric homo-
geneous solution of the wave equation (J7*? = 0 and v*? is regular when r — 0), but also
has the property that its divergence cancels out the divergence of 7®”, namely

9 (a7 +v7) 0. (2.14)

The definition of ¥v*# (and of some alternative forms) is relegated to appendix A, where we
shall prove that it does not contribute to RR up to the 4.5PN level.

The above construction allows us to define what will appear to be a ‘linearized’ approx-
imation (of order G) for the PN near-zone metric. To this end, we notice that by defining
lef = —7*7, the quantity

Ghy, =Tign + Van (2.15)

happens to be a linearized vacuum solution of the field equations in harmonic coordinates,
ie. DE{;{{ ; = 0and 855%5 . = 0, which is associated with the RR effects at the linear level—
hence the explicit factor G introduced into the definition (2.15), which we will use as a formal
bookkeeping parameter. Still, we have to add the conservative effects, and this results in the
following ‘linear’ approximation for both conservative and RR effects,

16
haﬁ = imsym [Taﬁ} +hRRl , (2.16)

where the first term is the symmetric d’ Alembertian operator applied to the PN expansion of
the matter tensor 7. Since the matter part is of compact support, we do not need the FP
regularization in this term. Beware that in this set up (following [36]), we are considering
that the components of the matter tensor 7 *# are of order G° in the non-linear G-expansion.
Similarly the multipole moment functions Afﬁ and B¢ are considered to be of order G°. The
linear solution (2.16) obeys the expected linear-looking field equation

16m TP, (2.17)
C

Talb _

On" =

However, it does not separately satisfy the harmonic coordinate condition, and the complete

solution (which does satisfy the harmonic coordinate condition) can be rewritten as the sum
of the latter linearized solution and non-linear corrections, in the following form:

78 = G’ + 0] 2“6] +708 (2.18)

sym [
The second and third terms represent the non-linear corrections (of order G2, G3, and so on)
to be added to the linear solution in order to have the complete metric. In the second term, the
gravitational source term is given by

_ Ao | 167rG

(gl = DT =2+ (lg| - nO(GA") . 2.19)

and is indeed at least quadratic in A, hence of order G? at least; the third term is also of order G*
at least since it is generated by equation (2.10). The non-linear iteration starting from the linear
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solution (2.16) can be justified using a reasoning along the lines given around equations (4.15)—
(4.17) in [36]°.

An important point, which we shall extensively use in this paper, is that once the linear solu-
tion E?B is specified, the non-linear iteration ‘automatically’ follows through order by order.
Suppose that we change the linear solution by adding a linear gauge transformation, i.e. of the
type 9P = 9P + 9P — P9, &7 for some vector £ (of order G°). The non-linear iter-
ation will proceed automatically from the new linear approximation and generate non-linear
corrections, such that in the end the new solution will be valid in a different coordinate system,
including all non-linear orders beyond the linear gauge transformation. This solution will evid-
ently be as legitimate as the original one. In the next section, we shall play with this freedom
to define the RR terms in a particularly interesting coordinate system (coined the extended BT
coordinate system), differing from the standard harmonic coordinates by a well chosen linear
gauge transformation at the linear level.

3. The RR potentials

The RR potentials we shall use in the present paper come from the specific multipolar structure
of the linearized antisymmetric solution of the Einstein field equations in vacuum defined by
equation (2.15). Following previous works [36, 39, 40], we can perform the iteration in two
equivalent ways: a general way, where the linear metric is parametrized by ‘source’ moments
(Ip,J.) and ‘gauge’ moments (Wy,X;,Y,,Z;), and a canonical way where it is parametrized
by ‘canonical’ moments (My,S;). The relations between these sets of moments have been
elucidated in previous papers [40—42]. Since the two constructions differ at linear level by a
linear gauge transformation we are free to adopt either construction (see the argument at the
end of section 2.2). Choosing the canonical version, we parametrize the linear antisymmetric
metric (2.15) by the STF mass and current canonical moments as

a0 AR

hRRl = —sz T {ML} (3161)
£=0

o 4 +oo 14 Y,

My = ?Z Q {& 1 {M,(Ll) 1} + mgiabaaL—l {ShL—l}:| ) (3.1b)

=1

i 4 R (-) > 20 I

My = =5 > [aL , {Mf]g 2} + g {5ab(iS§)}3L_2}] , 3.1¢)
=2

following the notation (1.7) and (1.8) for antisymmetric multipolar waves. Note that, in fact,
the expressions (3.1) involve only dynamical (time-varying) moments M, (¢) and S, () with
£> 2. On the linear metric (3.1), we perform a linear gauge transformation with vector £{*
given by

© We have defined the linear approximation with the matter tensor 7%, rather than with | g|7“f8 , because the iteration,
which is implicit in (2.18), is then very close to the explicit iteration we have performed with Mathematica using the
potentials in section 4.1.
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23X (—) 2041
5?222( ) ( )8L{M( "1, (3.2a)
=2
- _ (20

Zfl[ 71 |:2€+ 2£+3)81L{M1(‘ 2)}—¥8L I{MzL 1}
4 X () 2+ _

* sz((g 0= 8mb@aL 1{3&3}- (3.2b)

=2

We have introduced some time anti-derivatives of the multipole moments, e.g. Mf D (1), but
such anti-derivatives will always disappear when PN expanded following the formula (1.9),
as shown in equations (3.5) below. Under the linear gauge transformation 8{?5 = (9‘18,6 +
P — P9, &7, the RR part of the metric Ef{g | is transformed into

4
Gc?

Tab « 4
Rl +9erf = - Vg - (3.3)

4
ij
TGt RR

Vrr

This allows us to define some scalar, vector, and tensor RR potentials Vgg = (Vgr, V{QR, VgR)
from, respectively, the 00, 0i, and ij components of the new linearized metric, as described
in (3.3). The explicit expressions of the RR potentials for any multipolarity ¢ is [25]

X e+ (e+2
RR:GZ(H) ( W)El) Lo, M.}, (3.4a)

) 04+2 2041 4 (-1) l
Vig = —¢ GZ N 71| 7 aiL{ML }_WeiubaaL—l{sbL—l}7 (3.4b)

2£+1 20+3 4 _ 2 A -
l 4 ( 2) ( 1)
1{R =c GZ E' 1 { 7 6,-11 {ML } - Wgab(iaj)aLfl {szfl }} :

(3.4¢)

The crucial point about choosing the RR potentials is that, when computing the PN expansion
using (1.9), one finds that the PN orders of each of the potentials is dominantly O(5). This
means that, taking into account the factors of 1/c¢ in equation (3.3), Vgg starts contributing
at 2.5PN order [see the leading 2.5PN term (1.1)], while V{m affects the RR dominantly at
the 3.5PN order, and ng starts only at the 4.5PN order. This is to be contrasted with the
situation in standard harmonic coordinates, where all components of the corresponding RR
potentials (scalar, vector, and tensor) contribute dominantly to the 2.5PN order. Expanding
equations (3.4) up to 2PN relative order, i.e. corresponding to leading 2.5PN, next-to-leading
3.5PN and next-to-next-to-leading 4.5PN terms, one finds
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Vig = _%xabM£Z) +Cﬁ7 |:1}@xubcM((12‘ B ;—Orzxabelz)} g
L Cﬁg :_ Wgzxahch((lzz_d n Tlozrzxabch(iz B 25120 r4X”bef3} Loq, (3.5a)
Vi — CQS [ % MO _ % s,'abx“s,(,i)}
+ c§7 :— %xiab"Mgiz + %r%’””MQ + ﬁambk‘“’dsgz —~ ;Sawbr%“csg?} +0(9),
(3.5b)
Vir = cﬁs [— W%gf“ijang) + %Eab(iﬂ)acség)} +0(7). (3.5¢0)

The coordinate system in which the previous RR potentials hold (after non-linear iteration)
generalizes the BT coordinate system [2, 3] to 2PN relative order and will be referred to as the
‘extended BT’ coordinate system.

4. The RR acceleration at 4.5PN order

4.1. Metric and EOM in terms of symmetric and RR potentials

‘We shall write the metric in extended BT coordinates for the RR contributions, and in the usual
harmonic coordinates for the conservative contributions. It is convenient to use the same nota-
tion as in previous works in harmonic coordinates for the PN elementary potentials V, V;, W,j,
X, and ki (see the full definition in appendix A of [43]), but beware that the RR contributions
will not have the same meaning as in standard harmonic coordinates. We thus define the metric
in extended BT coordinates as

2 2 8 |- 1
go=—1+5V- V4 — {X+ ViVi + V3] +0(8,13), (4.1a)
c c c 6
4 8 .
C- C
2 21 4.

The PN accuracy of the metric is defined for both the conservative (time-even) and dissipative
(time-odd, RR) parts: recall the notation O(p,q), which means that we neglect even terms
O(p) and odd terms O(q). Thus, equation (4.1) is accurate to relative order 2PN for both the
conservative and RR terms, as can be seen from the fact that the symbols O(p,q) in (4.1)
have ¢ — p = 5, which reflects the fact that O(5) is the leading order of RR. In extended BT
coordinates, the definition of the potentials is as follows. The leading scalar, vector, and tensor
potentials V, V;, and Wij contain the RR potentials given by (3.5),

V= Vsym + VRr, (42a)
Vi =Vim + Vi (4.2b)
Wy = Wi, + Vi, (4.2¢)

1
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while the subleading ones R; and X do not contain them explicitly,

ool

Ri=Rl,., (4.3a)

X = Xoym - (4.3b)

In (4.2) and (4.3), the subscript ‘sym’ refers to the way the potentials are defined, i.e. by means
of the (regularized) symmetric propagator given by equation (2.3), in contrast with other works
in harmonic coordinates where they are defined using the retarded operator (see [43]). This is
because the RR parts of the potentials, which would generally arise from the odd powers in
the 1/c expansion of the retardations, are now included separately in the form of the poten-
tials (3.5). We thus have

Voym = Oy [—47 Go] (4.4a)
Vign = Ogm [—47Goy] | (4.4b)
VV’S"Aym = Iﬁs_ylln [—47 G (0 — 0jow) — O; VO;V] , (4.4¢)
X ~ 3

R, =05 {—47TG(VU,» —Vio) = 20VO, Vy — Ea,vai V|, (4.4d)

. ~ N 3
Xsym = D_l |:—47T GVO’kk + W,Ja,jV+ 2Vl 6;8,’ V+ V@fV-i— 5 (5,V)2 - 28, VJajV, . (446)

sym

Very importantly in this approach, the ‘symmetric’ potentials actually involve some RR con-
tributions, because their sources in the right-hand sides of (4.4) are defined with the complete
potentials (4.2). Thus, the RR terms in the metric (4.1) are to be computed by iteration (see
section 4.2). The iteration of the RR terms in the metric, with the RR potentials Vﬁg intro-
duced linearly in the scalar, vector, and tensor potentials V, V;, and Wij (see (4.2)), is justified
by the investigation of section 2.2, which constructs the RR part of the metric by iteration of
the linear approximation (2.15) parametrized (linearly) by the potentials Vglf .

In the case of compact binary systems of non-spinning point-particles, the matter source
takes the form

o=ud+(1+2), (4.5a)
o = uvio 4+ (142), (4.5b)
oy = pViV.6 +(142), (4.5¢)

where 6, = ) (x —y,) is the three-dimensional delta-function at the location of the particle
1, v'1 = dyi1 /dt is the coordinate velocity of the particle (with r = X0 /c the coordinate time), and
(1 <> 2) refers to the corresponding contribution for the particle 2. The effective masses [i(¢)
and p; (1) are just functions of time and are defined from the regularization of the stress-energy
tensor of point particles as

V2
i = (1 + c;) [ (4.6a)
= —25 |, (4.6b)

88asViVY /|
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where m; and m, are the constant PN masses (we neglect the black hole absorption), where we
pose v& = (c, V'), and where the metric g, and its determinant g are evaluated at the location
of the particle 1 following the regularization. In principle, the ultraviolet (UV) dimensional
regularization scheme should be systematically applied, but at the relatively low 2PN order,
the Hadamard regularization is sufficient in practice. The explicit expression of fi; is given by
equation (4.2) of [44], and reads

_ 1 3 1 L 1 .7
i1 = m, (1 +5 {—V—i— 2vﬂ +5 {—ZW—i— 5v2+ E\/v%—4viv1 + 8v‘1‘]>1+0(6,11) ,

4.7

where V, V;, and W,j (as well as W = W;) are given by (4.2), and the notation (... ); refers to
the UV regularization applied to compute the potentials at the location of the particle 1. We
. . . _ . o . B
see that the explicit expressions of y; and /i; include the contribution of the potentials Vg -
The EOM follow from the conservation of the matter tensor V g T8 = 0. For non-spinning
point particles, they are conveniently written as

i
=F 4.8
dr 1> ( )

where Pi and F} result from the geodesic equations on the metric generated by the particles
themselves as

; Zia CVY
Pll _ o~ 71 , 4.9)
8By VlﬂVY

igap ViV,

c
2 )
—8y5V1 V]

With the metric (4.1) written in terms of potentials in ‘standard’ form, we can directly import
known formulas for the 2PN-accurate EOM in terms of elementary potentials [44]. These
formulas will be valid for both the conservative and dissipative effects up to the PN remainder
O(6,11). We have’

F = (4.10)

Pi=vi+ (12 [lv%vll +3Wi —4v;
2|2

—|—CL4 [%V?vﬁ + %Vv%v"l —4‘//‘\/[1 v{ —2%\/% + %Vzvi —4VV; —|—4W,jv{ — SIA?,} ) ~t—(9(67 11) ,
1

4.11a)

7 We also notice that F i can be written in the form of a spatial gradient:

; 171 3 J 17 i, 9 N
F = (8,- {V+ = {fiv%r E\/v% 74\/,4 +5 {gw‘,‘fzvjv{vﬂ szv%+2w,-kv;v’;

) | .
—4V, Wl — 8R! + 6v3 +4VV; +4x} }) +0(6,11).
1
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Fi= <ai V+ % [fvai V+ %a,- Vi —48; Vvl
1|7 4 2 9 2 5,k
+ = ga,- Wi —20; Vivpvi + EV& Wi 4 20; Wyvivi 4.11b)

—4V;0; W] — 4V Vil — 89: Rpv] + %Vzai V+8Vid,V; + 48,-5(} ) +0(6,11).
1

Alternatively, the acceleration a} = F{ —dQ' /dt (with Q) = P} —v}) can be written in fully
expanded form as

a = (a,-v + 5 [(F—4V) V440,V — 8]0V — 30,0,V — 4 vV

1 . Lo . ~ .
+3 {4\/’1 ViV + 4vi vV, Vi + 8V V0V + 8OR; + v vid,V+4V,0,V
—8Vo,V; — 4V{8,le + 8\/{8]]}, — SVV{ajVi — 4VAV,']‘8]‘V— 4v{v’f8kWii
—8vI0; R+ 8V20, V+ 8V 0, Vi + 8V,0, V; + 2vI Ko, W,-k+4a,-5c})l +O6,11).
4.12)

We can compute the expression of the acceleration @) in terms of the positions (v}, y5) and
velocities (|, v) in two ways. The first one consists in using the formulation (4.11) and com-
puting the time derivative of Q) with the ‘convective’ time derivative, namely

d

7= (OF + Vi O;F), . (4.13)

The second method, used at 1PN order in [18], resorts to the expanded form (4.12). This
involves the partial time derivative 0,F of some potentials, and the equivalence with the first
method is guaranteed by the formula (4.13). In practice, we prefer following the first method,
i.e. computing the quantities (4.11) and applying the convective time derivative (4.13). Finally,
to avoid possible confusion, we remind the reader that the regularization of a product of (deriv-
atives of) potentials should be equal to the product of the regularizations of these potentials.
This is the so-called ‘distributivity” property of the regularization, (FG), = (F)(G), which
holds with dimensional regularization but is violated by the Hadamard regularization (this is
the main source of ambiguities with the Hadamard regularization, see [45]). In the present
work, we use Hadamard’s regularization supplemented by the prescription that, e.g. (V9; V),
should be computed as (V) (9; V). This corresponds to the ‘pure Hadamard—Schwartz’ regu-
larization, which is equivalent to dimensional regularization at the low relative PN orders we
are working at [45].

4.2. RR contributions arising from symmetric potentials

In this section, we determine the RR contributions to the acceleration that are hidden in the
symmetric potentials defined by equations (4.4). In order to compute them, a certain number of
tools will be handy. First, most inverse Laplace regularized operators defined by equation (2.4)
reduce to

AN [ ik] = FP AT [P id] (4.14)
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where we have set ro =1 for convenience. When computing (4.14), we have to worry about
the presence of possible poles o< 1/B. As we can argue that there cannot be double poles [45],
it is sufficient to expand r® around ¥ to first order in B, i.e. ¥ = r¥|1 +B% +0(B?)].
Hence, the formula used in our calculations is

AT ] = FR AT [ ] + By AT [ A ]+ O (B%) .15

together with the Matthieu formula valid in the absence of poles,

L[ BHALL Vi\+2”%
- ; - . 41
(] sro A—L+2)(A+L+3) (4.16)

We have explicitly found that no poles 1/B occur in our 2PN-accurate calculation; hence we
just use (4.16) in all cases.

In addition to the Matthieu formula, we also require the solutions of more complicated
Poisson equations, in the form of a hierarchy of elementary ‘kernel” functions, the most famous
one being the Fock [46] kernel function gpock = In(ry + 2 + r12). The Poisson equations we
need to solve for the present purpose are

1
Ag=—o, Af=g,
rr
r r
Afj = — Af = —=—
f12 2}’2’ le 2}‘17
3
_ N
Ahypp = 24 '’ Ahy = 2 4.17)

Particular solutions of those equations can be constructed starting from gpock, and to these
we must add some specific homogeneous solutions, which ensure the matching between the
near zone and the exterior zone. The general procedure to obtain the homogeneous solutions
is described in section V C 2 of [43] (see also [47-49]). Posing S = r| + r, + r}2, the required
‘matched’ solutions to equation (4.17) (valid in the sense of distribution theory) are

S
g=In (z—ro) -1, (4.18a)
1 S 1
f=% (r%—f—r%—r%z) In( > )+ 2 ) +rira+rra—rnr+2(y) +2(y) - 37|,
12 2rp 6
(4.18)
Lo, 2 N 1 >
fo=13 (r1+712 ) In 2 +te +rira +riory —rira +2 (1) +2(y2) = 3|
(4.18¢)
1 19 25 S 69 69 15
hlz—ﬁ[ (V1+r12 2F12r2+r2+3V1V12 2r1r2>1n(2 )+@?+16O ?2+§r?2rz

—Qrzr2 9r r—|—69 —|—r —gr —|—Er +r2 63r —|—2r T 69r2
80122 8122 1602 1 812 82 1 8012 8122 802

9 . . P
+gn (—V?z 1o+ riars — r%) +3 (ylz —2yl1>yllxl] —4(xy1) (y1y2) + 3 (xy2) (1y2)

19 9 19 25
—6(yiy2)* + 5 (xy1) 1 — 5 (xy2) ¥ + 5 (1y2) ¥t — Zy? — (xy1)y5 + Zy%yﬂ ,
(4.18d)
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where we denote scalar products by, for instance, (xy;) = x - y,. From (4.18), the expressions
for f»; and hy; are simply obtained by exchanging the particle labels 1 and 2. For the present
application, we have found that the aforementioned homogeneous solutions do not contribute
to the end results.

We compute the inverse Laplace operators thanks to (4.16) and the above elementary ker-
nels, and obtain the RR parts in the symmetric type potentials. Those can appear in four ways:
(i) through the explicit dependence on the canonical moments M; and S, or on the RR poten-
tials v{;lf ; (1) from the expressions (4.6) of 4 and ji4, which explicitly contain Vﬁ{f ; (iii) from
the symmetric potentials entering 14 and fis, which implicitly depend on the RR terms; (iv)
from the expressions of the accelerations arising from the time derivatives hitting on r4, Vi, 14
and ji4 (only the 3.5PN acceleration is needed, and given by (3.11) of [18]). The results are

[ 1 & 1 d
Vigm| = — )+ = [ ’ 162)+06,11), (.19
Y ’RR G( T2 ae [erl]+24c4dt4 [:“”?]) RR+( ©2)+0(6,11), (4.19)
i ,ulv’l 1 d? i ’
=G ] 142)+0(4,9 4.19b
ngm’RR ( " +2C2dt2 [/,L]V]l’]] RR+( AN )+ ( ) )7 ( )
G?
Wé’ym‘RR— SHZ'M(S @)y + rn§ — r18y0) + (1 2) + 0(2,7), (4.19¢)
Dl Gm i i
Rsym‘RR = Tl (Vl VRR — VRR)]
G2m, lnivj(rnkJrz k)M(S) l<rv 3t ok +6y’nv)M(5)
S |3V e J M 50 U 1V IV

1
+ m( rlnln’nl + 153r1n1n’1y1 +129n1y’1 1—|—24r1y1n’n1 +48y1y’1n1)M( )

' 6
1290 (11”1”] +36r1n’ niy) + 120)/17!1)71 3y, —24n’1ylfy]1‘) M( )

2 4
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L
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2
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2 4 Vv 2 by 2 e bialS
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Here, we have discarded terms that are low order conservative contributions which do not
belong to the RR piece. To finish, we will now discuss the origin of the different terms in (4.19).
In the potential ﬁ/Zym|RR, all terms shown come from the non-compact part of the source of the
type ‘symmetric X RR’. In Réym |rr: (i) the first line comes from the compact part of the source;
(ii) the other terms come from the non-compact part of the source of type ‘symmetric X RR’.
In Xsym|RR: (1) the first term comes from the compact part of the source; (ii) the second and
third terms come from the non-compact Vi, x BtzVsym part of the source which involves a
replacement of acceleration; (iii) the second line comes from the non-compact VAV’SJym X 0;jVsym
part; (iv) the third line comes from the non-compact W’Jym X c')ij VRR part of the source; (v) all
the other terms come from the other non-compact source terms of the type ‘symmetric x RR’.

4.3. Final expression for the EOM

Once all the contributions are accounted for, we find that the RR part of the acceleration of
body 1 through 4.5PN order in extended BT coordinates reads

drr1 = dospn a5 spat sy +O (1), (4.20)
where all the PN pieces are given by (see also the supplemental material)

; 2G . s
ayspN1 = *gylea), (4.21a)

; G 11 PMODy2 17 Gabpg 8 prs(6) 8 bia 3 iab\®) 2 pag(5) 2
i — = M iai M _ 2 M bi | ,a i M M
aGseN1 = { 1051 yi+ 10571 M ~ 1371 (viy1) + TR + 5V ab — 5N

G 1(115> 7 a 1 a 8 i,a G 1 i a myn a 5 1 7).
+ T (§m2”12”12+ gmz}’l) + {5 Vi T (g"}fzmz)ﬁ r1212 b)} M( )+ 63Ml(ab) ab

16
Elhjvlbe(S)

16 6
~g5euSy ' - 45

32 16
45 ata/V1be(5) Eahjvlbe(S)} . (421b)

T 45 45
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We deliberately keep the canonical moments M; and S; of the compact binary sources in
‘unexpanded’ form, but of course they contain all their PN corrections consistent with the
approximation. In particular, the mass quadrupole moment M;; is accurate through 2PN order
(and its time derivatives are computed consistently with the 2PN conservative EOM), the mass
octupole and current quadrupole M, and S;; are accurate through 1PN order, while the other
moments are Newtonian. The expression of the acceleration after replacing the moments by
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their explicit expressions in terms of the particles is extremely lengthy, and relegated to the
supplemental material.

5. Flux balance laws

In this section, we shall prove that the RR part of the acceleration obtained in (4.20) and (4.21)
enables us to recover the flux-balance equations for the energy, the angular and linear momenta,
and the CM position, up to the 2PN relative (next-to-next-to-leading) order. The calculation
constitutes therefore a proof of the flux-balance laws, since they are derived from the RR force
in the near-zone EOM, and the fluxes are found to agree with the fluxes computed at future null
infinity from the source. Thus, we shall prove that there exists some local energy E, angular
momentum J', linear momentum P’ and CM position G’ (which can be attributed to the matter
system) such that

i—f =Tk, (5.1a)
dJ A

djz_ i (5.1b)
%:— . (5.1¢)
dg =P - F, (5.1d)

where the fluxes are given up to 2PN relative order (corresponding to 4.5PN RR order)
by [27, 50]

G (1 171 16
Fe=— (M,.(j3>M(3) + { MM + s??)s“)]

S \5 ij 2 | 189 ik 4570 Vi 520
_ .2a
ML VIO IO BLINONC +0(10)
ct 9072 IR gq Tk Tk ’
i G 20 @3, LT3 @, 3200260
1= 56k <5sz My" + 2 @MﬂmMum + Esj[ S 50
AL o y® L Lsosol) Lo o) '
ct _2268 Jlmn=""klmn 28 Jjlm = klm ’
G (2 @G, 16 (3) (3
Fp = 7 (@Mék)Mfk) + E‘EiikMﬂ Sld)
171 4 1 (5.20)
(5) np(@) OME) ) @
+g |:1134MykmMjkm + asyk Sjk + ﬁgijijlm Sklm:|) + O(IO) ’
i _ G203 L2 @@ 4 3)e®)

Again, the multipole moments are left in unexpanded form, but they include all relevant PN
corrections.

The expressions (5.2) concern the local-in-time effects, but there are also some non-local-
in-time terms arising at the 4PN order due to gravitational-wave tails. To 4PN order, only the
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tails in the energy and angular momentum fluxes have to be taken into account, and we have

B 2G*M (1 Fo0 ™ o
FE wil  5¢8 M /0 drln (p) [M (t—7)+My (H‘T)] +0(10), (5.3a)
. 4G2 +oo
.; wil 58 EleMjl/ dTlH( ) {M](J) (t—7)+ M( ) (t+ 7-)} +0(10), (5.3b)

where M is the constant (ADM) mass monopole, and the time scale P in the logarithm actually
drops from the result. The non-local tail terms come from the dissipative part of the tail integral
in the acceleration at the 4PN order, as given by equation (6.2) in [51]. In addition to the
dissipative part, there is also a conservative part of the tail integral in the acceleration, which
contributes to the left-hand sides of the balance laws; both dissipative and conservative non-
local 4PN tail terms are discussed in [51].

In equations (5.2), we have written the fluxes in ‘canonical’ form (see e.g. [50]), but of
course one is free to define the fluxes differently, i.e. by using the Leibniz rule to transfer some
total time derivatives to the left-hand sides of the balance laws (5.1). For instance, the flux
of CM position was derived in [27] in the canonical form (5.2d), but [31, 33] obtained the
alternative form

~ G (1 33 4y g2
7=9 (21 (MM — MM

1[1
g [567 (MM - MEME) + 2 (st s,gjgs;p)D LO(10). (54
Since the two forms differ only by a total time derivative, the balance law stays physically
the same, with just a redefinition of the CM position G’ into some G', and a different split
between what we interpret as the contribution of the matter system versus what we attribute to
the radiation field.

Let us now show how we derived the flux balance laws (5.1) from the 4.5PN RR
acceleration, the latter being expressed in terms of the unexpanded multipole moments by
equations (4.20) and (4.21). In our approach, it is important not to replace the moments by
their expressions in terms of the binary’s parameters, so as to have a better control over the
structure of the acceleration and avoid handling extremely long expressions. See, however,
appendix B for an alternative method manageable at 3.5PN order.

First, for illustration purposes, we take the simple example of the balance equation for the
energy E at lowest order O(0,5). We form the combination mvi | +myv}d), and readily
obtain

d
dt

1 1 o . d (Gmm G
< m1v1—|—2m2v§> Emlv’la’l—i—mzv’za’z:& ( 1’112 2) ?M(])M 5)—1—0(2 7).
(5.5)

where we have recognized in the right-hand side the Newtonian expression for Ml.(jl) =

2m, y< v’ ) + 2m2y2 v’ + O(2). It is then trivial to transform the latter equation into the canon-
ical ﬂux balance law

d (Econs + ERR)

=— 5.6
@ FE, (5.6)
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where we recover the usual quadrupole flux Fr = S%MEJ.”ME;) + O(7), where the Newtonian
conservative energy is Ecops = %mlv% + %ngV% - % + O(2), and where Egg represents

some Schott-like terms [52] given by

Egg = 5% (ijz)Mff) - MEJ.”M,.(;‘)) +0(7). (5.7)

In this approach, note that we neglected many higher order terms in the following oper-
ations: replacement of the accelerations by their expressions, identification of total derivat-
ives, and recognition of the expression of ijl). These terms must crucially be controlled
and accounted for when deriving the flux-balance laws at the relative 1PN and 2PN orders.
Moreover, due to these terms, it will be increasingly difficult in higher order calculations to
identify total time derivatives ‘by eye’. Thus, in order to treat the full 2PN problem, a system-
atic approach is needed.

To this end, the first step is to express the flux in an adequate form that is linear in the unex-
panded multipole moments (rather than quadratic), but nonetheless preserves some symmetry
between multipole moments. We constructed such a flux by replacing in equations (5.2) all
quadratic combinations of moments by the symmetric product of one unexpanded moment
times the other in expanded form. That is8,

n m 1 n)g(m A (n m
APBE S (ABE AR (5.8)
where A; and B, can stand for either M or S, and where the tilde means that we have replaced
the multipole moment by its explicit expression in terms of the particles (i.e. expanded form in
terms of my, y‘i, v’i, etc), while the moments without a tilde are not replaced (i.e. unexpanded
form). We then have the generic structure

dH ) o0 pmax(z) ‘Imax(e)
TEATFa=Y | Y aM+ Y Dis? (5.9)
£=2 P:pmin(e) q:qmin(‘e)

where H stands for either E, J;, P;, or G;, and C; and Dy are explicitly given in terms of
the particles. Note that in the previous expression, the time derivative d/df is taken using the
full acceleration (conservative and dissipative); therefore the conservative sector vanishes by
construction, and dH,.ps/df is purely composed of terms arising from the RR sector of the
acceleration, which gives rise to terms that are explicitly linear in the multipole moments via
the expressions (4.21). It is then straightforward to integrate by parts (up to a controlled total
time derivative) in a way that reduces the number of time derivatives on the multipole moments
and increases it on the coefficients C; and Dy (the conservative 2PN EOM are needed in this
operation). Then, it is easy to express the previous equation with some new coefficients C/ and
D] as

dH, =
e, =3 e s 2] -
=2

dH, RR

5.10
i (5.10)

8 It would have been possible to assume a more general, a priori non-symmetric split of terms, but it turns out that (5.8)
does work.
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where the Schott term Hgg is explicitly constructed through the integration by parts.
Remarkably, we have found that the new coefficients in fact all identically vanish at this order”:

¢/=D]}=0, 5.11)

which means that the left-hand side of (5.10) is explicitly expressed as a total time deriv-
ative. Thus, the balance equation is proven through 4.5PN order, once the Schott term has
been incorporated into the definition of H, namely H = H,qns + Hgrr- The previous method has
been successfully applied to all the balance equations for H = {E,J;, P;,G;} at 4.5PN order.
The conservative parts are required at 2PN order and are given in harmonic coordinates in
section IV A of [53]. We have therefore obtained the Schott terms for all these quantities, such
that

E = Econs + ERRr (5.12a)
Ji =T + kR s (5.12b)
P =P +Pg (5.12¢)
Gi =Gl +Gig » (5.12d)

and proved that the flux-balance equations (5.1) are satisfied to the required order. The RR
Schott terms are composed of 2.5PN, 3.5PN and 4.5PN terms, namely

Err = E»spx + Ezspn + Esspn + O (11) (5.13a)
Jir =Jh.sen +J5son T Jyspn + O (11) (5.13b)
Prr = Py spn + Pysen + O (11) (5.13¢)
Gir = Gyspn + Gispn +O(11) . (5.13d)

The 2.5PN and 3.5PN terms are given in appendix C, but the explicit expressions of the 4.5PN
terms are very lengthy (even when the moments are left unexpanded), so they are relegated to
the supplemental material. Moreover, we provide the expanded form of the RR Schott terms in
the supplemental material, and we have verified that the balance equations also hold directly at
that level, once the dimensional identities are correctly identified (see appendix B for details).

6. Reduction to the frame of the center of mass

6.1. Definition of the CM frame

We have established in a general frame at 4.5PN order the flux balance laws for linear
momentum and CM position (5.1), which we repeat here:

dpP’ ;
= = —Fh, (6.1a)
dGi . ;

=P —F 6.1b
dt FG? ( )

9 Two subtleties can arise here. First, it can happen that C / and D/ are not zero, but for example constants of motion.
It is then sufficient to take a lower value of p, to reach the same conclusions. Secondly, when dealing with balance
laws for the vectorial quantities Ji, Pl and G', it can happen that these coefficients are not manifestly zero, but can be
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where P’ and G’ are made of a conservative part and a RR part following (5.12)—(5.13). We
emphasize that P’ and G’ correspond to the linear momentum and CM position of the matter
system (the compact binary) while the right-hand sides of equations (6.1) are attribuable to the
radiation. Evidently, as we have already discussed, this split between matter and radiation is
somewhat arbitrary, since we can rewrite the flux in non-canonical form and transfer a total
time derivative to the left-hand side (see for instance equation (5.4)).

We integrate the equations (6.1) in the case where the source is stationary before some
initial instant 7y, and emits gravitational waves starting from 7,. The solution of the balance
laws at any time ¢ > 1y reads

Pi() =P} — / ar' Fi () | (620)

fo
t v t
G (1) = P} (t—ty) + G}, —/ dt'/ de’’ Fi (') —/ dt' Fi (1)), (6.2b)
) to fp
where P}, and G}, denote two integration constants, namely the initial values of P* and G’ at the
initial time #g.

We can always apply a constant Lorentz boost so that we are initially (at r = fy) in the
rest frame of the system, for which P} = 0. Furthermore, we can always apply a constant
spatial translation to choose the origin of the coordinate system to coincide with the CM,
hence Gé = 0. These choices define the frame of the CM, and by CM we mean the one of
the total matter plus radiation system. From now on, we assume that #y = —oo (recall that the
matter system is stationary in the remote past), and we introduce the special notation for the
non-local-in-time (or semi-hereditary'?) integrated fluxes in (6.2):

' (1) = / dt' Fi (¢, (6.3a)

Fi(t)E/ dt’/ dt”]-";;(t”)+/ dt’]-"é(t’):/ dr’ [(1—1") Fp(t') + Fg (1],
T - - (6.3b)

which verify the identities dII’ /df = Fp and d[" /d¢ = II' 4+ F,. Thus, the CM frame is defined
by

G +T' =0, (6.4a)
which implies
P +1I' =0. (6.4b)

Using the expression for G' in (5.12d), made of conservative and RR terms, where the Schott
terms Gkp are given in appendix C, it is straightforward to obtain the formulas for the passage
to the CM frame by solving iteratively the equation G' +T"" = 0. In this way, we find that the
CM positions (extending the usual notation, see e.g. [S1]) read

Vi =x' (X, +vAP)+vAQV + R, (6.5a)
10 Following the terminology of [34], we may refer to these terms as ‘semi-hereditary’, as they are given by some
time anti-derivative of local terms; thus applying multiple time derivatives to a semi-hereditary term reduces it to be

local.
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vy =x' (=X, + vAP) +vAQV + R, (6.5b)

where X' =y —y5 and v =v| — v, = dx!/dt are the relative position and velocity, and we
pose m = my +my, X; = my/m, X, = my/m, along with the symmetric mass ratio v = XX,
and the mass difference A = X; — X,.

Here, the quantities P and Q are local and can be computed up to 4.5PN order, with the
time-odd contributions at 2.5PN, 3.5PN and 4.5PN orders corresponding to the extended BT
coordinates (see (6.7)). In our convention, P and Q correspond to the contribution of matter,
by which we mean that they are obtained by solving G' = 0. The novel feature is the sup-
plementary term R’ introduced in (6.5), which corresponds to the contribution of radiation.
This radiation term is defined in such a way that the full equations for the passage to the CM
frame (6.5) solve the full equation G' +I"" = 0, rather than G’ = 0. This term is non-local-in-
time and directly linked to the integrated fluxes (6.3). It arises at the 3.5PN order followed by
a 4.5PN term which can also be controlled with the present accuracy. Taking into account the
1PN corrections in G’ as well as those in P and Q (actually the latter is zero as Q starts at 2PN
order) we obtain

i 2
Rf:_r+”{<v Gm)F’Jr\»’(HJJr}") ]w(u), (6.6)

m  mc? 2 r

where we recall that I' is of order 3.5PN with the next-to-leading 4.5PN correction included.
Therefore, we already see that the definition of the CM frame is altered at the 3.5PN order by
a non-local (semi-hereditary) contribution which accounts for the recoil of the source and the
displacement of the CM due to the GW emission.

Now, let us give the local-in-time contributions P and Q to the formulas for the passage (6.5)
to the CM frame. Actually, the even parity contributions (i.e. 1PN, 2PN, 3PN and 4PN) have
been already given elsewhere, see equations (B5) and (B6) of [51]. Furthermore, as proven in
section IV of [51], the tails at 4PN order do not affect the definition of the CM frame. Thus,
we only display the dissipative half-integers contributions, i.e. the RR terms corresponding to
the extended BT coordinates. We obtain

G*m?vir | 1
Prr = {c7

212Gm 26 L7 2]

72 1057 7
+1 G*m? 18538 1474 1172
IR 945 637
22 34093+29314 569552 | 98926
2205 ' 2205 6615 6615 "
Gm ,( 91513 5448 10321 8402
bl Y e it 11 6.7
* rv< 735 2457 ) (2205 147 ) }+O( ), (679
1| 48Gm> 398Gm, 58 Gm , 8
_ L bma_ 2 4
Orr Gm”{cﬂ 35 2 105 - 105 r ' 35"
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+l G’m’ (25114 3484 ) G2m2i2<9518 56978 )

& 2835 945 )T R 441~ 2205 7
G*m* , (751 278 \ | Gm., (22712 9116
7V — i + v
105 " 315" r 2205 ' 2205

5
—|—va2f2< 16453 5218) Gm4<1469 122)

3

2205 735 2205 " 147"
e 872, 356
2205 ' 245"

Note that in extended BT coordinates, the 2.5PN contribution vanishes, unlike in harmonic
coordinates. For explicitness, we also provide the expressions of the fluxes of linear and angular
momentum to 4.5PN order in the CM frame for two-particle systems, which enter the semi-
hereditary quantities IT' and I':

} o(11). (6.7b)
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(6.8b)

The 2PN-accurate fluxes of energy and angular momentum in the CM frame are given
by equations (2.14) in [28]. Finally, note that all these expressions are also provided in the
supplemental material.
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6.2. 4.5PN acceleration in the CM frame

First, we construct the relative acceleration @’ = a} — a), which contains both the conservative
terms (up to 2PN order is sufficient here) and the RR contributions given by equations (4.20)
and (4.21). Our task is to reduce this relative acceleration in the CM frame by replacing
(¥1,¥2,v1,v2) with the help of equations (6.5), which contain in particular the time-odd non-
local term (6.6). We find that two contributions arise. The first, direct, contribution comes from
considering the dissipative terms (4.20) in the acceleration, to which one straightforwardly
applies the formulas for the passage to the CM at 2PN order. The second, indirect, contribu-
tion arises when considering the conservative terms in the relative acceleration, to which one
applies the dissipative sector of the passage to the CM described by equations (6.6) and (6.7).

As is well known, the Newtonian piece of the relative acceleration is not modified when
going to the CM frame. Moreover, there is no 2.5PN term in the formula for the passage to
the CM in extended BT coordinates, so the 2PN term in the relative acceleration contributes
only beyond the current 4.5PN accuracy. Thus, only the 1PN piece of the relative acceleration
yields an indirect (in the previous sense) contribution. In particular, we find that the 3.5PN
non-local term R/ [given by (6.6)] in the passage to the CM frame produces a non-local term
in the acceleration reduced to the CM at the 4.5PN order. Thus, at 4.5PN order, the CM accel-
eration cannot be local in time, because it acquires a contribution due to the integrated linear
momentum flux (or recoil) of the source. However, this extra contribution does not affect the
3.5PN-accurate expression for the mass-type quadrupole moment in the CM frame [see (A1)
of [54]], since only the 2.5PN accurate formula for the passage to the CM frame is needed,
thanks to the particular structure of the Newtonian term in the quadrupole moment.

We now split the RR piece of the relative acceleration into PN contributions,

dig = @y spn + @y spx + dyspy + O (1) . (6.9)

The 2.5PN and 3.5PN pieces are readily obtained as

; 8G*m*v [ ./2G 6 .. 12G 18
ayspN = e [V’< o fvz) —i—n"r( M sy vz)] ; (6.10a)
3

S 5r 5 15r 5

g 8y <_l6_ﬂy)%+(§_§V)¢+(_£+£V)~rzvz
3PN 7,3 105 3 2 2 2 1 10

LR e T

420 15
(G D S A
+G;1[<1;gs+lg3y)m(sgjgf;y)vzp(ggg%)ﬁ)]. (6.10)

The 4.5PN piece can be naturally decomposed into a ‘matter’ and a ‘radiation’ part, namely

i _ i i
G45pN = 4 5pN ’ +ayspn ‘ . (6.11)
mat rad

Formally, the matter piece of this split is defined as the acceleration one would obtain if we
were going to set R' =0, i.e. if we were just solving G' = 0. The radiation part is thus a
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correction to be added thereto. A straightforward calculation yields

i A

dyspn| = % (2n'V + V') a_ (i—Az (2n'V + V') [l‘[f + Fc} . (6.12)
wd TC dr rec

This piece of the acceleration contains the non-local piece IT, i.e. the integral of the linear
momentum flux [recall our definitions (6.3)], which is a consequence of the GW recoil of the
source. Previous results at 3.5PN order [17, 18, 20-24] are unaffected, but more recent results
at 4.5PN order [28, 29] have neglected this effect and need to be corrected. In particular, [28]
(GII) assumed from the start that the 4.5PN term in the CM acceleration is local in time. Using
this hypothesis, they could derive the RR contribution at 4.5PN order using the balance laws for
energy and angular momentum (since they work in the CM frame, they do not account for the
balance laws for linear momentum and CM position). However, by the previous reasoning, the
assumption regarding the local structure of the CM EOM at 4.5PN order ignores the recoil of
the source and the displacement of the CM, so the expression for the 4.5PN acceleration in [28]
cannot be correct. The correct CM acceleration at 4.5PN order can only be obtained starting
from a general frame and then using the full set of flux-balance laws, i.e. not only for energy
and angular momentum, but also for linear momentum and CM position. The approach [28]
was also adopted in [29], but they defined the CM frame as the solution to G' = 0, whilst we
have here shown that it should instead be defined as the solution to G' + IV = 0. Thus, [29]
also neglects the recoil of the source and does not find any non-local contribution, in contrast
with our analysis; moreover, they claim agreement with [28] for the limiting case of circular
orbits, but in the case of the full acceleration in the CM frame, they do not give the values of the
GII parameters corresponding to their choice of coordinates. We shall show in section 7 how
to correct for the flux-balance approach of [28] so as to finally compute the GII parameters
corresponding to our coordinate system.

Finally, we report that the matter piece of the CM acceleration reads
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Note that all these expressions are also provided in the supplemental material.

6.3. Flux-balance laws for energy and angular momentum in the CMs frame

An important check is that our CM acceleration (derived by CM reduction of the general accel-
eration) still implies the energy and angular momentum balance equations in the CM frame.
For this, we first compute the energy E = Eons + Err and angular momentum J; = Jions + J{{R
in the CM frame by applying the formulas (6.5) for the passage to the CM to the full expressions
of the energy and angular momentum including the RR Schott terms (5.13) [as given explicitly
in appendix C]. The conservative parts of these conserved quantities of course agree with the
known conservative results (see e.g. [S1], which also contains the discussion concerning the
fate of dissipative and conservative 4PN tail effects). Moreover, the odd dissipative terms have
a direct contribution, that arises by passing Exr and Jiy to the CM frame, as well as indirect
contributions arising from applying (6.5) to the even terms in E.ons and Ji .. As previously,
we split E and J' into ‘matter’ and ‘radiation’ contributions:

+J

mat

E=E , J=J

rad

+E

mat

(6.14)

rad

The radiation contributions in the 4.5PN terms of the energy and angular momentum in the
CM frame are given by

A

E4_5pN‘ R A (6.15a)

rad c?

. vA .

Q_SPN‘ = —zsijkvakvl [HZ + ]:(l;] . (6.15b)

rad c
The fluxes ]-'}, and }'("; are needed here at 3.5PN order, and can be found at 4.5PN order in
equations (6.8). Again, these terms are interesting because they contain non-local contributions

starting at 4.5PN order. We then find that the full expressions of the ‘matter’ RR contributions
to the energy and angular momentum in the CM frame read
8G2m3yzi{ 2 6, 1

4 16 \ G*m? 1 1 \.4 22
= - = i Y 4 —vi —1440)i
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1373 29 \ Gm 51 71 . 41 215 )
) 4 == )P+ === )y
168 14 r 112 56 48 42
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(6.16b)

Note that all these expressions are also provided in the supplemental material.

We now take the time derivative of the total energy and angular momentum in the CM frame,
using the relative acceleration in the CM frame given by (6.9) and (6.10). The non-local con-
tributions from the energy, angular momentum and EOM cancel out perfectly, and we exactly
recover the corresponding instantaneous fluxes in the CM frame. Therefore, we have construc-
ted an acceleration at 4.5PN order, in the CM frame, which satisfies the energy and angular
momentum flux-balance laws, although it does not fit into the general framework of [28]. In
the next section, we provide the modification of this framework that correctly accounts for the
recoil-induced non-local terms.

7. The flux-balance approach to radiation reaction

The framework of [28] (referred to as ‘GII’), building on previous work by Iyer and Will [17,
18], applies the flux-balance method, restricted to the frame of the CM, to determine the dis-
sipative RR contributions in the EOM of compact binaries. The end result of GII is the CM
relative acceleration at orders 2.5PN, 3.5PN and 4.5PN which is of the form

iGII 8 G2m2V
drr = -3

[* (Azspx +As.spn +Agspn) i’ + (Ba.spx + B3 spn + Baspn) V’} +0O(11),
7.1)

373

where the coefficients A,px and B,px are given by equations (2.8), (2.9), (2.11) and (2.16)
in [28]. Remembering that RR is intrinsically gauge-dependent, the coefficients depend on a
number of arbitrary gauge parameters reflecting the arbitrariness in the choice of a coordinate
system, and denoted

{a37ﬁ27€17£2a£3a§4a§57p571/)1a1/}2a1/)3aw4aw5aw67¢75¢85w9axﬁ7><8)x9} . (72)

At 2.5PN order, the two parameters o3 and (3, are sufficient, while at 3.5PN order, one must add
six more parameters &;—i ... s and ps. At 4.5PN order, there are twelve additional parameters
Yi=1,... 9 and X;—¢,g.9, thus totalizing twenty gauge parameters for the most general coordinate
transformation up to 4.5PN order [28].

With the RR acceleration (7.1), the flux-balance laws for energy and angular momentum
restricted to the frame of the CM are satisfied [for any set of the gauge parameters (7.2)],
namely

dE, dJi |
=T =T (7.3)
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where Fr and F } are the gauge invariant (relative 2PN-accurate) energy and angular
momentum fluxes in the CM frame, and the time derivatives are performed with consistent
order reduction of the accelerations using equation (7.1). The energy and angular momentum
in the left-hand sides take the form

EGII = Econs + E(Rillzl y (74&)
61 = Jeons + IR > (7.4b)

where Eqons and J., . denote the standard conservative pieces at the 2PN order (say, in harmonic
coordinates), which are conserved in absence of RR, and augmented by the RR contributions

in the form of some 2.5PN, 3.5PN and 4.5PN Schott-like correction terms,

ERR = (Easpx + E3spn + Egspn) g + O (11) (7.5a)
TR = (Fospn + T3 5pn + JZ.SPN)GH +0(11) . (7.5b)

In contrast to the right-hand sides of (7.3), the Schott terms are gauge-dependent and paramet-
rized up to 4.5PN order by the gauge parameters (7.2); see (2.12) and (2.17) in [28].

The computations of GII are perfectly consistent, but they are based on a fundamental ansatz
that the 4.5PN CM acceleration (7.1) is local-in-time, i.e. all the variables 7, i, n’, v/ in (7.1)
depend only on the current time #, without hereditary or semi-hereditary dependence on earlier
times ¢’ < 1. Yet, we have proved in section 6 that this cannot be correct, because the definition
of the CM frame must take into account not only the matter contribution but also the radiation
contribution, and this implies the presence at the 4.5PN order of the non-local integral of
the flux of linear momentum, which contains the important physical effect of gravitational
recoil. Let us show how to correct the end result of GII in order to consistently include the
radiation contribution and the non-local effect. We shall then be able to prove that our chosen
extended BT coordinate system for RR indeed corresponds to a unique set of the GII gauge
parameters (7.2).

First of all, we establish the necessary and sufficient conditions under which the flux-
balance laws (7.3) are preserved despite a modification of the CM acceleration (7.1),

thy = S + aby | (7.6a)

together with the corresponding modifications of the RR Schott terms (7.5),

Erg = EQN + 0Egg , (7.6b)
Tor = Tt + 0Tk - (7.6¢)

If the modifications daky, Err and 8Jky are local, the answer is easy because they should
simply correspond to a redefinition of the gauge parameters (7.2). However, we want to con-
sider the case where these modifications involve a non-local part. We readily obtain, in the
case where daky, SErr and 0Jky are at the highest 4.5PN order, the two equations

doE S

dtRR +muv' dagg =0, (7.7a)
déJi A
TRR + myepxdagg =0. (7.7b)

From section 6, we know that in order to be physically acceptable, the correction terms Jaky,
0Egg and 6Jyi must include the non-local radiation contributions. Furthermore, we are allowed

32



Class. Quantum Grav. 42 (2025) 065015 L Blanchet et al

to add some purely local contribution to the CM acceleration, which is to be determined by
imposing that the equations (7.7) are satisfied. Using equations (6.12) and (6.15), we thus pose

i GA i i j j oc i
S = 55 (20 + ) [+ FE] + 0"aig (7.8a)
A .
SErg = %vzv' [T + 7] (7.8b)
N
iy = ”Tgijkxjvkvz '+ 7] (7.8¢)
C

where §'°aky, is a local modification of the acceleration that is yet to be determined, and we
have used the fact that, up to a redefinition of the parameters (7.2), we can always set potential
local terms §'°°Egg and 51°°J’§R to zero. Plugging equations (7.8) into (7.7), we find that the

supplementary local acceleration 51"°a§R must satisfy the two equations (recall II' = F5),
i sloc i A 2. i i
Vo ahy =~ {f,, +]—"G] , (7.9a)
. A . .
el 0" ag = —wgiﬂcxf V! {]—}l, + ]-'IG} . (7.9D)

The non-local terms have cancelled out, consistently with the fact that GII could obtain the
balance laws (7.3) with purely local acceleration and Schott terms. The unique solution of the
two equations (7.9) is

. At
loc i i
"ty =~V [fl{,+f{;} : (7.10)

Finally, we have obtained a new CM acceleration with related quantities at 4.5PN order, given
by equations (7.6) and (7.8), together with the explicit determination of 6a§R in (7.10), such
that it (i) satisfies the flux balance laws for energy and angular momentum; (ii) includes the
radiation contributions (with the non-local terms therein) in the definition of the CM; and (iii)
is as general as the GII acceleration as it depends on the complete set of gauge parameters (7.2).

The local term (7.10) plays a crucial role in ensuring the correctness of the result. Using
the expressions of the linear momentum and CM fluxes given by (6.8) (and restricted to the
dominant 3.5PN order) we obtain

2G*m?

72

5locai B 8G2m2A2U2|:

RR™7105 o908

(237 — %) + GT’” (=240 + 39177 — 14114

+3v* (451 — 60i*v* + 11v4)} v (7.11)

We notice that daky is proportional to the velocity v'. Therefore, it is to be combined with
the coefficient B4 spy in equation (7.1), where it causes some extra contributions to all the
coefficients k; in equation (2.11b) of [28] (except k7 and ko, which do not receive extra con-
tributions).

Finally, by comparing our CM acceleration obtained in equations (6.9) and (6.10) to
the modified general acceleration @hy in an arbitrary coordinate system, as defined in
equations (7.6)—(7.11), we obtain a unique set of gauge parameters (7.2) which correspond
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to our chosen extended BT coordinates, namely

az =35, Br=4,
gl:—%+27y, §&=5-20v,

292 57 51 71
55:_7_7% Pszﬁ‘Fﬁl&

94 4325 1663 , 2347 13649 925
(TS LA T =Ty T e Vs

2746 80723 148 870 12725 1730 ,
BEST T VTR WET T T

541 4885 803 , 50263 110122 18832
V=T T vt V6= ""g9 T 189 VT 180 V"

1145 9395 8815 , 7856 58025 947 ,
e T TR TR W= s V9

9101 1831 9103 , 16309 11315 827 ,
e LTI T LA TR Xe=""So4 T8 V56

5465 11075 4175 191 5167 36499 ,
X8=T06 ~ T84 V168 X9= 7756 3787 " 252 7

(7.12)

At the 3.5PN level, we recover the parameters corresponding to the extended BT coordinates
computed in [18, 26]. Our unique determination of the parameters at the 4.5PN level constitues
a non-trivial check on the physical soundness of the RR potentials (3.4) and (3.5) and the
perfect consistency with the flux balance method [17, 18, 28]. Finally, note that we provide
the corrected parametrized acceleration (7.6a) in the supplemental material, as well as the
values of the parameters (7.12) corresponding to our choice of coordinate system.

8. Circular orbits

The expression we have found for the 4.5PN acceleration in the CM frame features a novel
non-local term I, which introduces a practical difficulty because it a priori depends on the
whole past history of the binary. In this section, we show that specifying the orbit allows
us to ‘localize’ these terms, in a way similar to other non-local effects like tails or memory.
We consider the case of circular orbits and focus on the dominant 3.5PN contribution to the

fluxes. For circular orbits, the fluxes of linear momentum and CM position read (see section VI
of [27])

, 464 G*m?’ ;
(R A 2 i 1
Fp 05 0,5 Qv +009), (8.1a)
. 44 G*m® .
Fi 544 G'm AV +0(9), (8.1b)

G105 A
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where the orbital separation is denoted by r and the unit vector along the binary’s separation
is n’. When performing the integrations in equations (6.3) for IT' and I/, we find that there are
no DC terms—only oscillatory AC terms. Since the radial velocity i = O(5) is negligible at
2PN, we can thus perform the integration by assuming that the orbit was perfectly circular in
the past [55]. This entails integrating using dn’/dt = v/ /r and dv' /dt = —w?x' in the circular
case [with orbital frequency w = /Gm/r? + O(2)], all other quantities staying constant. We
find'!

: 464 G*m’ :
i Av2n 2
105 ap SV o0, (8.24)
;48 G’m* 2
F = ? c7r2 Al/ Vv + 0(9) . (82b)

The main difficulty having been treated with (8.1) and (8.2), we readily obtain the radiation
contribution (6.12) to the acceleration in the circular case as

; 332Gy 3
N _sz [72 <2V - 6V2> +0 (’)’3)} - (8.3)

rad

Then, we can take the full expression (6.13) of the acceleration, and reduce it for circular
orbits using Vv =rwr+i?and i = O(5); this is the direct contribution, and we obtain, after
including also the radiation contribution (8.3),

O RR 3Gy L (3B 5N L (794369 26095 7 +o( 3)
G| et 5574 "\ 7336 T4 T\ 18144 T 20167 4 )
(8.4)

This resultis in perfect agreement with equation (5.2) of [28], which points out that it is actually
‘gauge invariant’, since any gauge ambiguity is proportional to 7 and plays no role in this
case. We notice that the agreement with [28] occurs because the local correction term (7.10)
happens to exactly cancel the non-local radiation term (8.3) in the circular orbit case. This can
immedialely be verified with equation (7.11).

On top of the direct expression, we need to account for an indirect expression, arising
from replacing 7 in the conservative piece of the acceleration by its expression given by
equation (372a) of [57]. It reads

RR 32Gmiy | , [ 1919 1609
ol =V (8 —4)
indirect 5¢ 1’4

8 —4v) 4+ ——V+3V2)+(9(’y3)]- (8.5)

Finally, the total RR acceleration for circular orbits is the sum of (8.4) and (8.5). Adding to
it the hitherto neglected dissipative 4PN tail term [which originates from equation (5.3a)], we

11 These results provides reassurance about the following concern. The 4.5PN piece of the energy flux was obtained in
the limiting case of circular orbits in equation (5.11) of [56], and is due to the hereditary tail-of-tail-of-tails propagating
in the wave zone. The argument that was used to compute it was that any local term vanishes in the flux at 4.5PN order
for circular orbits, and only the non-local terms survive. But this argument does not a priori rule out a non-vanishing
contribution from the non-local terms in the formulas (6.5) and (6.6). Indeed, when inserting (6.5) and (6.6) into the
energy flux at 1PN order in a general frame, we do find some contributions at the 4.5PN level containing the non-local
term R'. Fortunately, now that R = —ni,Fi + O(9) is explicitly given by (8.2D) in the case of circular orbits, we
readily check that the argument of [56] still applies to this case and that these terms vanish for circular orbits in the
4.5PN flux.
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find that the full acceleration at 4.5PN order for circular orbits reads

i i 32Gm 743 11
e =0 = P [ (g )+
34639 12521 5
2 =2 2.2 5/2)
- ( 18144 2016~ " 2" ) +0(5 } > (8.6)

where the orbital frequency w encodes the conservative PN terms (and is given at 4PN order
in [51]), and where the dissipative RR terms to 4.5PN order correspond to the extended BT
coordinate system. This expression is in agreement with (371) of [57] up to 4PN relative order,
and the 4.5PN term is new.

9. Conclusion

In this paper, we have computed the RR force on the orbit of non-spinning compact binary
systems up to 2PN relative order, i.e. including the leading 2.5PN effect followed by the next-
to-leading 3.5PN and next-to-next-to-leading 4.5PN corrections. Previous calculations at 1PN
order were performed in [20-24]. Our calculation is valid for general binary orbits and in a
general frame. The coordinate system is an extension to 2PN order of the BT [2, 3] coordinate
system, and greatly simplifies the calculations. In this coordinate system, the RR is described
by specific scalar, vector, and tensor potentials parametrized by multipole moments and defined
in section 3. The end result for the 4.5PN RR terms is given by equations (4.21). The EOM of
compact binary systems are now completely known up to 4.5PN order, since the conservative
part up to 4PN order was derived previously, in both ADM [49, 58] and harmonic [51, 59-61]
coordinates.

With the expression of the RR force in a general frame, we prove (in section 5) the flux
balance laws for the energy, the angular and linear momenta, and the CM position to 2PN (next-
to-next-to-leading) order. Besides the extended BT coordinate system, a simplifying feature of
our derivation is that we keep as much as possible the multipole moments of the compact binary
source in ‘unexpanded’ form, i.e. without replacing the moments (and their time derivatives)
by explicit expressions in terms of the particles’ positions and velocities. Such a strategy saves
a lot of calculations and is crucial in our derivation of the flux balance laws. The RR Schott-
like terms [52] that we find in the left-hand sides of the balance laws, which depend on the
chosen coordinate system and whose existence constitutes our proof of these laws, are very
lengthy and could be presented in appendix C only up to 3.5PN order; at the full 4.5PN order,
we provide them in the supplemental material.

Next, we have addressed the problem of the definition of the frame of the CM and the
reduction of the EOM to this frame. In GR, for an isolated gravitating system, the position
of the CM (and likewise the other Poincaré invariants) should be defined as the sum of the
contribution due to the matter and the one due to the radiation. At 3.5PN order, the total linear
momentum is thus given by the one of the matter system plus the correction from the radiation,
the latter being the time integral of the linear momentum flux, i.e. the GW recoil. Therefore,
at the 3.5PN order, the definition of the CM frame fundamentally involves a non-local-in-
time contribution. In turn, such a contribution implies that the EOM at the 4.5PN order, when
reduced to the CM frame, involve a non-local term linked with the GW recoil, as detailed in
section 6.
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An important approach to the problem of RR for compact binaries is the flux-balance
method pioneered in [17, 18]. The ansatz used in this method is that the RR acceleration is
local in the frame of the CM, and the RR is then determined by imposing the flux-balance laws
for energy and angular momentum. The result is not unique but depends on a set of arbitrary
gauge parameters reflecting precisely the arbitrariness in the choice of a coordinate system.
The point we make in section 7 is that, when the flux-balance method is extended to 2PN
relative order [28], the ansatz on the locality of the RR acceleration breaks down due to the
non-local contributions of the source’s recoil and CM displacement by GWs. Nevertheless,
we find that a careful modification of the ansatz (adding the contribution of radiation to the
CM definition) allows us to reconcile the flux-balance method with the present ‘first-principle’
calculation, and to uniquely determine the gauge parameters corresponding to our extended
BT coordinate system.

Data availability statement

All data that support the findings of this study are included within the article (and any supple-
mentary files).

Acknowledgments

We thank Laura Bernard for an early investigation on this topic (together with L B) and
Bala Iyer for a discussion. Most computations as well as the formatting of lengthy equations
were performed using the xAct library [62] for Mathematica. This work has also made
use of the Infinity Cluster hosted by Institut d’Astrophysique de Paris. D T thanks the
Institut d’ Astrophysique de Paris for its hospitality, and received support from the Czech
Academy of Sciences under the Grant No. LQ100102101 and the ERC Consolidator/UKRI
Frontier Research Grant GWModels (selected by the ERC and funded by UKRI [Grant No.
EP/Y008251/1]).

Appendix A. Controlling the v#* term in the harmonicity algorithm

A.1. Different forms of the harmonicity algorithm

In section 2, we have introduced the object v** from the so-called ‘harmonicity’ algorithm,
say 7 = H*#[], acting on the components of the divergence w* = dsu“” of the object, and
which is given by (2.10), but also admits the form (2.13). In this appendix, we give more details
on the definition of this object, and also present new alternative expressions, which differ from
the former only by a linear gauge transformation.

We decompose the components of the multipole moments B}, see equations (2.12)
and (2.13), into irreducible moments'? as

B)=cPy, (Ala)
By = Q4 +euii, O o+ 016, Q) (A1b)

12 Not to be confused with P and Q defined in equations (6.7).
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where the irreducible STF tensors are defined by the inverse formulas as

1
PL=- 15’27 (A2q)
QL+1 = lf“ ; (A2b)
l
E‘O) — £+ 1 Bb(L 1€tl>ah7 (A2C)
_ 20 —
Qé—)l =27 Jrl aL—1" (A2d)

The moments Py, Qﬁ“ s 20), and Qi_) (in which the tail piece is discarded, see below) coin-
cide with the corresponding moments in [36], except for a rescaling of P, by a factor 1/c
aimed at making this quantity ‘Newtonian’ (in the sense that its expression in terms of the
sources has a non-zero finite limit when ¢ — +00). In terms of this irreducible decomposition,
the components of the divergence w® become

046~ ()

= 2 APk (A3
>0
. 4G -, (=) (0)
w :? Z 7 {Q } Z /) ( iL— I{QL 1}+5iab8aL—]{QbL_]})
>0 21
(A3b)

Then, the precise definition of 7*? following the ‘standard’ harmonicity algorithm of [35, 63]
is

g0 - 46 { (P} +0, ({IPaH (e} -2 {QEN})} 7 (Ada)

v"i:i—g —{fQ,“)}Jr%Q,H + 04 (&ab{fgl(,())})_g(ﬂ) O1{Pu} ¢,
} (A4b)

W= ‘%f {5, { Q(—)} +3y (;,)Z (25ijaL_1 {ng }
02
—60L 5 { Q;)z)_z} = 20412 (%b(iQ_,()Ob)L_z) (Ado)

[P} e (962 - {ei)]) |

Recall the notation (1.7) for antisymmetric waves, and (1.6) for time anti-derivatives. The main
property of this object is that 93 u*” = —w*, easily checked from the expressions (A4), and
of course that 7®? is an antisymmetric homogeneous solution of the wave equation (hence,
regular when r — 0).
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Next, we present two forms which are alternative to equations (A4), i.e. which differ from
it by some linear gauge transformations. Such forms are interesting because they enable us to
simplify the RR calculations at 4.5PN order. The idea is to choose the gauge transformation in
such a way that it reduces the number of multipole moments to be computed at the considered
approximation level. Because /th order STF spatial derivatives of the type oL {f} are of order
O(2¢+ 1) by virtue of equation (1.9), we see that high-¢ multipole moments, which also come
with high-order STF differentiation, constitute small PN corrections—and generally can be
discarded.

A first strategy thus consists in maximizing the number of spatial STF derivatives entering
the analogue of the object (A4) after a linear gauge transformation. With this choice we obtain

oy 4G (- (+)
() = = W)aL(2(2£+1){[PL}+£(£+1)(2€+1){foL }

(A5a)
M{QL }),
() — ﬁ?{—&auwn+ aAﬂ¢}+§25wﬁg§
« [5,-L((£+1)(€+2)c {[IPL}+L(C+1)(20+1) {ffo } (ASD)

2(20+3) {fQL }) C(0+1)Dr l(glab{beL 1})}}

3

(v”)':f{ﬂcz%éa{ff%”} 30 (e Lirey+2{fre})
+ 2625(1(,' (ﬁj)ab {foIEO) })
oy (5 I+ s {res 25 (el })

+Z 17 {%H)EZ? UL<C UIIPay + ef {fffoﬁ”}

‘m{”@ 1)

48 (20+1) 2o, {ffgf”)} + %& la(i (5/)ab {fobL 1})] }
(A5c¢)

Another convenient choice of linear gauge transformation is obtained by demanding that
the 00 and 0i components of the object be as simple as possible. We obtain

(V°°)”=—‘§{IP}7 (Aa)
()" = CautfrPa (Aeb)
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(v"f)”—él?{ 9c {UQ(+>} ngl_j{foH}+2c2c‘§a(i(q>ab{fo;(,o)})

wo (25 umrea+ S { e} - 3 {foEﬂ})

(L+2)c

+J§ﬂ éé[jL{fffPL}_:;éL—l(i {fPJ)L - L)l
0|2 20+3) €+1 %

+ 012 (2 ((2€£++11) )((Ezz i)1) {7'9,-,-L_2} i { Q’(fﬁz}

(20 +(12)€(;é3—) 1) 2 {Q"(J’L)2})

s (e {2)) |

We have found that the two previous forms (AS5) and (A6) drastically simplify the control
(made in section A.2) of all the terms at 4.5PN order with respect to the standard form (A4).

In both cases the linear gauge transformation 9% = 9P + P> — n*F 9,47 is of the
form

(A6C)

+oo
wO - ZaL {AL} )

=0
400 +o0

= 28’1 {BL} + Z [O—1{Cit—1} + Our—1 (Eiar {Dpr-11})] , (AT)
£=0 =1

where, for the two cases respectively,

A= [-erpr3re],
= Slenpiocrer -3ra].
Az—ziﬁ LD L pp - e e e + 2 o] rores2,
5= [P+ 1]
5 = G s im0 el -3l
_\¢
5 _ 261 Z(EZH)?'SHI { [P0+ 06 [T #ﬂg } for 32,
c,.u“G{ P -2fiel+ 3.
cg:7(£4_6(1;2!64 [—(zul)czwr(zu e [ of Z‘ff) P] for 0 >2,
D/ =¥ 1o,
DL’:MIfQ(O) forf >2, (A8a)

((—noe
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3G
A” = _?IQ(_)a

w_ G 5. (—
Al =3 [cszP,- +fI1e -3 /< )] :
11 G(— ‘
Al = é!c) [Py, fort>2,

3G
B// _ ?ffg(*) ,

57 = [set e grrrel -2 ot

(A8D)
¢

BL”:G(€T> [[[P fort=2,
0w _AG [ o a5 A0
C =4 zfpl cffQ +3Qi )

4G (!
CL//:%IPL forl >2,

4G
Di/l _ ?foZ(O)’

D/'=0 forl>2.

A.2. Controlling the harmonicity terms at the 4.5PN order

The functions By [of which the tensors P, fo), 20), and Qi_) are the irreducible com-
ponents] were defined by (2.12) from the multipole moments AZ‘B , which are themselves the
sum of the F*7°s and R&7’s, see (2.7). However, we pointed out that R\ represents the tail
contribution, whose leading 4PN order has been already computed in previous works [51],
and can be ignored henceforth. Therefore, we shall consider all the previous formulas with
the replacement A’ —s F2¥ together with B —s G¢*, where G¢* is related to F*” by the
equivalent of (2.12), i.e.

1 ..
Fior, (A9)

« 1. o (i
Gi = 1 T e

c

We shall use a different form of the function G;* which reads (see section 1.2 for the notation)
gp = FP / dExBPr x5, / dzde (z) 7 (x,t +zr/c) . (A10)
= -1

There is an explicit factor B, so the range of integration over x is limited to the neighbourhood
of spatial infinity. Hence, we see that this function is the same as the one constructed in the
exterior zone in [36]. More generally, the above construction is very similar to the one in the
exterior zone; simply, all the retarded waves are replaced by their antisymmetric counterparts
{QL“}. Note that from the irreducible decomposition (A1) (with B — Gf*), we see that P,
is built with the mixed components of the stress-energy tensor, &; = 7" /¢, while the moments

Q£+), Q§O), and Qg_) involve its space components ;; = 7.
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There remains to compute the function G' given by equation (A10). The integration over z
is achieved using

1 ‘ e ) B
/ dzdy (2) T (X, +zr/c) = Za’zﬁazj 7 (x,1)] (Alla)
-1 =0
where

B (204!
E N e+2i+ 1)1

(A11b)

When we insert this expression into (A10) and commute the integration and summation sym-
bols, all the resulting integrals have the form

Z,L[F'] = Fp B / d3x73%5ch2fFi(x,z), (A12)

which may be thus regarded as the master integral of the problem. More precisely, we find

I q0\Y
o) =3 () Eoulsal. 13

Jj=0

where a = 0 for the source term of P, and « = i for the source term of gi, with X, = X, and
we recall that ¥, = 7% /c and ¥, = 7.

The master integral (A12) vanishes when the function F(x,?) is locally integrable and has
compact support, since the integration volume is limited to spatial infinity and the limit B — 0
and the summation symbol commute in that case. However, the latter condition does not hold
for the source functions that arise when solving field equations within the PN iteration scheme.
Instead, near r — +o0, the source in harmonic coordinates, say F i behaves as

+oo
F"(x,t)r;m S FMIFY flgr(t)it, (A14)
0

P<Pmax; 4 =

where the f7, , . ()’s are time-dependent STF coefficients, with p and ¢ integers. The power
index p is bounded from above by pp.x and, for given values of p and ¢, only a finite number
of f', 4..(f) do not vanish. Potential divergences ensuing from the asymptotic expansion (A14)
of the source function F' of the integral (A12) are cured by Hadamard’s FP regularization.
Since those occur at large r, we may assume r larger than some cutoff radius R and restrict
the integration domain to r > R without any incidence on the result.

Inserting the asymptotic expansion (A 14) into the master integral (A12), we swap the sum
and the integral, and express the latter in spherical coordinates. For a given value of p and ¢,
this yields the radial integral

too  BHL+142j+p r d \? RBHA2+p+Y
B/ dr———In? () =-B <) { =, (A15)
= 8 ro dB) |[r§(B+{+2+p+2j)

where we have used that, for large enough real parts of B, the quantity F5T¢T27+% tends
towards zero at infinity. By analytic continuation, we see that this quantity vanishes in the limit
B — Owheneverp # —¢ — 2 — 2j. If p = —¢ — 2 — 2j, only terms for which ¢ = 0 contain single
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poles, leading to a contribution —1. It remains to perform the angular integration, resorting to
the formula

; d? Q il )
Frar (f)/ A = mf’p“ (1) . (A16)

Combining equations (A14)—(A16), we obtain an explicit expression for Z,, ; [F'] in terms of
the coefficients f', ; 1. (), namely

; 47 0! ; i ie)i
I, [F'] = it [(5‘*‘ Df' —eojn0Li+ (204 3)f —4—2j—2,0,1.9 UE (A17)

Since Z, ;[F“] vanishes when F* has compact support, the compact parts of F* = %, and
F® =%, do not contribute. As for their non-compact parts, they are non lineaI in G, and thus
of order O(2) (or higher). Therefore, all moments Py, (+), (0) ,and Q ) are IPN quantities
at least. We will now prove that they are in fact of order 2PN at least, by showing that the non-
compact support terms entering the 1PN piece of the sources, which are all quadratic, cannot
produce any contribution to the multipole-moment functions G;*.

To this end, it will be useful to consider, for monomials proportional to ’a*, with p € Z,
such as those entering the asymptotic expansion (A14), the ‘parity’ of the sum ¢+ p, and
introduce the function 7 defined on the set of such monomials by: 7(r’af) =0 if £+p is
even, 7(il) = 1 if £+ p is odd. The bit 7(’aL) will be referred to as the m-value of il
This concept can be extended to more general functions F(x) in the following way. If the
asymptotic expansion of F when r — 400 is made of terms that all have the same m-value,
this common value is assigned to 7 (F) by definition. For arbitrary functions F, no 7-value may
be assigned to F' in general, but it is often possible to split the asymptotic expansion of F' into
two pieces, each having a definite 7w-value. The main point here is that for any source function
F' of w-value 0, we have that Z,, ; [F'] = 0, since all the coefficients entering equation (A17)
are themselves equal to zero.

An important class of functions with definite 7-values are monomials #n*, where the
angular factor n* is not STF anymore Due to the fact that the STF decomposition of n”
only contains terms 2°~%/, with 0 <j < [¢/2] of the same parity as £, we see that 7(’n)
is indeed well defined and equal to (" il). Similarly, the 7-value of the derivative of rPak,
as a sum of monomials ' A, with p’ =p — 1 and parity(¢’) = parity(¢) + 1 (mod 2), is
m(0;[rPat]) = m(rPil), i.e. space derivatives preserve m-values. At last, from the trivial iden-
tity (#nL)(#' n") = P nl’ it follows that the m-value of a product of functions is the sum
(modulo 2, in the set {0, 1}) of the 7-value of each function whenever it exists.

With those tools in hands, we are in the position to evaluate the 7-value of potentials whose
sources have compact support. In the near zone, a symmetric potential P = DgymS sourced by
S is given by equations (2.3) and (2.4), with 7* replaced by S. When S is locally integrable
with compact support, no regularization is required. Moreover, if we perform the asymptotic
expansion of the integrand near r — +o00, we can commute the sum and integration symbols,
so that the multipole expansion of P outside the source support is given by

“+o0 1 +oo d 2k
R _ 3 /L /
20 =1 (cdt> /d xx'ES (x',1) . (A18)

Now, because 7(9,r**~!) = w(#**~1) = 1, the m-value of P (or its derivatives) exists and is
equal to 1. This immediately entails that ‘direct’ quadratic terms OPOP’, precisely those that
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arise at 1PN in X,,, have a m-value of zero, which prevents them to contribute to G!' at any
PN order.

We have thus shown that P, = O(4) and also any of the Qf“o’*) = O(4). From this, it
is straightforward to list the multipole moments contributing to either of the expressions (AS)
or (A6) for Vﬁ? in well chosen gauges at the 4.5PN approximation. Those are P (i.e. with £ = 0)

at the 3PN order and P;, P;;, Qi(ﬂ, and Qi(jﬂ at the 2PN order. With the help of equation (A13),
we checked (with Mathematica) that all those quantities vanish when discarding negligible
remainders. This leads us to the important conclusion that ¥?, in whatever coordinate system
(recall from section 2.2 that linear gauge transformations have no incidence on the result), does
not contribute to the present work at 4.5PN order.

Appendix B. Balance equations and dimensional identities

The method described in section 5 has been supplemented, up to 3.5PN, by an alternat-
ive approach that consists in forming, for each of the integrals of motion H = {E, J;, P;,G;}
expressed in terms of the configuration variables (y,, y2, vi, v2), the most general ansitze for
the Schott terms of (p + 1/2)PN order (with p = 2,3,4), say dH 5 1, that are compatible with
the symmetries of the problem, are polynomial in the two masses and of course have the correct
physical dimension. The coefficients of the various monomials therein are initially unknown.
However, they must satisfy, for the balance equations to hold, a set of linear equations that
result from identifying the left- and right-hand sides of the explicit form of the balance laws.
Solving this simple system provides the desired Schott terms 6H 24 1).

This approach, whose principle is straightforward, is not as easy as it may seem to imple-
ment in practice, for two different reasons. First, the monomials that compose the original
ansitze are not a priori independent. This can be understood by looking at their structure.
They are made of elementary factors, which may be taken to be dimensionless for conveni-
ence. The scalar factors are

2
x =M  x _ Gm X = (n1zv1)7 X, = (n12v2), Xs=
r12c2 I‘12(J2 Cc c c?
2 2
Vv 1% n v 1%
VR R N e e
12
B

Due to the relation y, = y! — rjpn},, there is no need to include quantities that depend expli-
citly on the position vector y,. For axial quantities such as the angular momentum, mixed
products may appear, but they can be eliminated by means of the following identity, valid for
any four vectors U}, Ub, UL, and U':

(U1, Uz, Us) U' = (UsU) (Uy x Up)" + (U1 U) (Uz x Us)" + (UU) (Us x Uy’ (B2)
where (Uy,U,,Us) zsjk;U’i USUL and (U x Uy)! :E;kl}/.l U% denote the mixed and cross
products, respectively. '

The monomials appearing in the ansatz for a given Schott term §H 5, also contain an
isolated vector-like factor that bears the free index, namely, for polar vectors:

X0 i ¥ _" x»_ " xo N B3
12 =, 13 = > 4= > 15 = ) (B3)
C C I

44



Class. Quantum Grav. 42 (2025) 065015 L Blanchet et al

and for the axial vector J;:

) (nlz X vl)i y (n12 X VZ)i y (Vl X VZ)i
Xy =+ X3 ="———" Xy ="

b c ) C2 )
o (axy) oy xm) o xm)
R Xg = Xg= D @
2 riacC ripc

Up to the orders that have been investigated, all Schott terms dH(y,) are polynomials in
the variables {X4 }1<a<11. Moreover, 5P€2p +1) and 5G22p +1) depend on the set of variables

{X( }12<A<15, while (5]12 +1)
variables Xg and Xy, which d0 not contain any 1/c factor, can be arbitrary high at fixed PN
order. However, we constrain our ansétze for the 0H(y,1)’s, regarded again as functions of
(¥}, niy, Vi, vb), by requiring that the degree in the variable y| of a given Schott term should
never exceed that of the acceleration and the corresponding flux at the same PN order.

The polynomials defined by the Schott terms are thus made of a finite number of monomi-
als Xy, ---Xa, X Xg/a) .- -ng/a), with 1 < 7 < 11 and other bounds for s depending on the con-
sidered Schott term, which are not all independent from each other. Indeed, in three space
dimensions, any of the four vectors of the problems, (n},, y%, v\, v}), is linked to the three others

depends on {Xi{l)}lzggn. In principle, the power of the scalar

by means of the fundamental identity rL[lizyj1 v vlz] = 0, stating that there cannot be antisymmet-
ric n-forms for n > 3. Contracted with four different vectors, it leads to the scalar dimensional
identity

24
Ps(Xy, -+ ,X11) = e 4n12y’1v1v2n12y’1v1v2—0 (BS)

where the prefactor 24/(r3,c*) makes the polynomial Pg(Xi,---,X;;) dimensionless and
removes the global antisymmetrization factor 1/4!. In addition, contracting the fundamental
identity with three different vectors yield one vector identity for each of the four choices
of vector triplets. The resulting four vector identities nlyy| vivl U UK UL, with Ui, U, U, €
{ni,,y" vi,vi}, define four polynomials, which are zero on the configuration space:

24
Py (Xl,'“ X, X aX(I%)) = — i ih =0 (Bba)
24 [
pY (X1,~~ X, X, ’X(f?) = ﬁ"gzy]l"lfvz]v vaYi =0, (B6D)
0
ng) (Xl,--- ,X11,X(1pz)7“' Jé‘?) = ”12y]1V1V2]"]2ylfnl12 =0, (B6c)
24 P i
ng) (Xl,... 7X117X(12)7"' X(lps)) L ]2y/]v’l‘v2y'1nlf2vll =0. (B6d)
12€
For 51(2 it is always possible to write the original ansatz in such a way that

the free index i is held by a cross product. The dimensional identities involving cross
products are found by contracting n[llzy’fvllv';] =0 with the Levi-Civita e (i playing
here the role of free index) and any of the six pairs of tensors, U UY, with U}, U, €
{n',, ¥} ,vi,v4}. The identities s,-jknglzyll‘vll vgl] U, U3 = 0 imply the vanishing of six new polyno-
mials P®(Xy, -, X11, X5, -+, X'2). All other dimensional identities relevant for our problem
amount to equation (B2), which has been already taken into account. This specific relation
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Table 1. For each conserved quantities, we specify the polynomial ring A it belongs to, where the vari-
ables Xy, XX') and Xixp) are defined by (B1) and (B3)—(B4). In Ji, it is understood that all mixed products
are eliminated in favor of cross products by means of (B2). We indicate, in each case, the corresponding
dimensional identities defined by (B5)—(B6) and in the text.

Integrals of motion E J Pland G'

Ring of polynomials A K[Xi,---,Xii] K[Xl,"lel,X(laz)r",X(la;} K[X1>"'7X117X(1¥)2)7“'7X(1ps)}
Generators of the ideal Z Ps Ps, P(la)7...,P(6€‘) Ps, P(lp),...7PZP)

is actually straightforward to handle thanks to the Hodge dual, defined in our case for some
vector V' by

[*v]jk = %Eijkv,- . B7)
After taking the Hodge dual of both members, and using the relation e“’e;; = 0¢6) — 676, it
becomes a trivial identity. We resorted to this Hodge dual technique, applied to the case where
the fundamental objects comprise tensors of higher ranks in addition to vectors, namely the
multipole moments, to prove the vanishing of the coefficients entering equation (5.11).

Once those dimensional identities are in hands, an efficient manner to take them into
account is to perform all calculations in the quotient space of the relevant ring of polynomials
by the ideal Z generated by the corresponding dimensional identities, as shown in table 1.

The reduction of a polynomial of .4 modulo Z, i.e. modulo combinations of dimensional
identities, may be achieved efficiently by building an appropriate set of generators for Z,
referred to as a Grobner basis (see [64] for a precise definition). Introducing those particular
generators requires the setting of some monomial order. Any polynomial may then be reduced
with respect to the chosen basis by subtracting repeatedly multiples of basis elements so as
to replace, at each step, a monomial of P by several smaller monomials (in the sense of the
considered order relation). As it turns out, the reduction chain Py, P, ..., P;, ..., constructed
with this procedure is always finite, due to the particular properties of Grobner basis and its
last element can be regarded as a ‘fully reduced’ version of P. If P belongs to the ideal 7
generated by some dimensional identities, its fully reduced version vanishes. In other words,
the reduction algorithm recognizes that P is zero when dimensional identities are taken into
account. In practice, to show that two polynomials are equal, under the constraints that ele-
ments of Z must vanish, we compute their difference, and check that the reduction procedure
yields zero. This reduction, for a given Grobner basis By, ..., B, of the variables X1, ..., X,,,
can be achieved with the help of the command PolynomialReduce[polynomial, {By, ---,
B,}, {X4, - -+, X,}] within Mathematica.

Thanks to this powerful tool, we first reduce the monomials used in our ansétze for the
Schott terms. The number of mononials entering the reduced expressions is always lower than
the number of original monomials. We then compute the combination dH/d¢+ Fy, where
Fu represents the flux of H, reduce it through the procedure discussed above, and equate the
resulting polynomial to zero. The ensuing system of equations for the ansatz coefficients is
however extremely large, unless we use additional physical information (e.g. the minimum
power of G that can enter the Schott terms) to forbid certain types of terms in the ansétze.
Solving those systems is the second difficulty of this approach. If we insist in being agnostic
about the structure of the Schott terms, the computation of 6]1‘(3.5), for instance, implies solving

about 5 x 10* equations for about 2.5 x 10* unknows. The computational time is reasonably
long (less than 24 h in this case), but the required memory is of the order of O(1Tb).
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The quantities 0E(3 5), 5%3.5), and 6Pé3,5) constructed with the previous procedure have
been checked to be the same, modulo dimensional identities, as their counterparts obtained
in section 5, after replacing the multipole moments by their explicit expressions (we provide
the latter in the supplemental material). For the CM integral, we found a net difference, but
it turns out to be a mere constant, so that only the initial value of the CM vector, namely
G, = (G' +T") — (P' +II')t, is modified,

; ; 2GP 13 380 P? P?
Gé)section 5T Gé)appendix B~— 1565 |:4E+ 14mi2c? ((] + F ) E— %) (E— T):| + 0(9)

(B8)

Note that the right-hand side vanishes at the considered approximation level when G' is set
to zero, thus the CM frame is defined unambiguously. At the 4.5PN order, the energy has
been computed by means of both methods, leading to identical results. The other Schott terms
provided by the algorithm described in section 5 have been verified, by checking that, after
incorporating them to the corresponding integrals of motion, the latter do satisfy the balance
equations (5.1) at the 4.5PN order when dimensional identities are properly taken into account.

Appendix C. Results for the Schott terms up to 4.5PN order

We have proven in section 5 that the balance laws (5.1) are satisfied at the required order, where
the fluxes (5.2) agree with the known expressions computed at future null infinity. Evidently,
the proof must be accompanied by the explicit expressions for the terms in the left-hand sides
of the balance laws, and notably the RR contributions or Schott terms [52] therein, whose
structure was given in (5.13). First, the complete expressions of the Schott terms for the energy,
the angular and linear momenta, and the CM position are provided in extended BT coordinates
at the 2.5PN, 3.5PN, and 4.5PN orders in the supplemental material, in the form of linear
expressions in the unreplaced multipole moments, which conform to the procedure described
in equation (5.8). Secondly, we provide hereafter the explicit expressions of the Schott terms
at 2.5PN and 3.5PN orders in a more compact form, which allows for quadratic expressions
in the unreplaced multipole moments (the 4.5PN piece was too lengthy to present). Of course,
these two forms are strictly equivalent. They read:

G N6 ()
E>spen = = <5Mah M, + SMnb M, (Cla)
G @)\ (5 (M g(©)
E M M M M M
35PN = |:189 abi uhl + 189 abi abi + 63 abi =~ abi
+M(6) n12m2’312 (m2v2) +marin 7 — W (man)
105 105
2 . 17 17 34 )
—ﬁ‘g% (nlzyl)) - Rmm "(viyi) — 05m2y1 " (vayr) + marty (—ﬁ”?zyll (n12v2)
22 17 11
T novh (nioyr) — losnlz(vzw)ﬂ M) (ﬁmﬂ?lzrlz)l (vay1) + 765 —mviyiy
11 a.i 2 11 a bo 1l 3 2 (6)
+105m2v2y1y1 + _Em2nl2r|2v2yl 105’”2”12’12"2 m2 LI M,,
5 4 9 5 4 22,
+m2r12M§i) ( 5”12"2 (vay1) + 05”12)’1"2) +M1(7i) m2r12<—§"2}’1(”12"2) + E"Izl(”lz)’l))
46 4 46 11,
+m2f2 ( ”12V2(”12V2) 105”12V2>+m1(35"1)1( iy — 105 }1’ % 105 }fy%)
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46 11 G
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Finally, we refer to the supplemental material for the RR Schott terms at 4.5PN order in expan-
ded form.
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