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Abstract

Motivated by the completion of the fourth post-Newtonian (4PN) gravitational-wave generation
from compact binary systems, we analyze and contrast different constructions of the metric outside
an isolated system, using post-Minkowskian expansions. The metric in “harmonic” coordinates
has been investigated previously, in particular to compute tails and memory effects. However, it
is plagued by powers of the logarithm of the radial distance r when r — oo (with ¢ — r /¢ = const).
As a result, the tedious computation of the “tail-of-memory” effect, which enters the gravitational-
wave flux at 4PN order, is more efficiently performed in the so-called “radiative” coordinates, which
admit a (Bondi-type) expansion at infinity in simple powers of 7~!, without any logarithms. Here
we consider a particular construction, performed order by order in the post-Minkowskian expansion,
which directly yields a metric in radiative coordinates. We relate both constructions, and prove
that they are physically equivalent as soon as a relation between the “canonical” moments which
parametrize the radiative metric, and those parametrizing the harmonic metric, is verified. We
provide the appropriate relation for the mass quadrupole moment at 4PN order, which will be
crucial when deriving the “tail-of-memory” contribution to the gravitational flux.

I. INTRODUCTION

Improving the accuracy of gravitational wave (GW) templates is one of the keys to
an era of precision gravitational astronomy. Indeed, such waveforms are critical for the
parameter estimation of ground-based detectors and, in the future, spaceborne ones. Among
the different techniques that were developed for this purpose, the post-Newtonian (PN)
approximation describes the inspiralling phase of compact binaries, and constitutes the basis
for effective phenomenological methods such as EOB (effective-one-body) or IMR (inspiral-
merger-ringdown), which connect the inspiral and merger phases (see [1-4]).

Crucial to derive high precision PN waveforms is the knowledge of the mass-type
quadrupole moment at a high level of accuracy. This quantity has been computed, in
the case of non-spinning compact binaries, at the increasingly high 1PN [5, 6], 2PN [7-10]
and 3PN [11-14] orders. At the 4PN order, the “canonical” mass-type quadrupole mo-
ment has been computed, properly regularized and renormalized, and finally linked to the
source components [15-18]. Similarly, the mass octupole and current quadrupole have been
computed up to 3PN order [19, 20].

But the quantities entering the observables, such as the GW phase, are not the “canoni-
cal” moments (expressed in the vicinity of the source), but the “radiative” ones, expressed
at future null infinity Z7, i.e. 7 — oo, with the retarded, null or asymptotically null coor-
dinate u =t — r/c held constant. Radiative moments differ from canonical moments due to
the non-linear effects that occur during the propagation of GWs, for example the tail effect
entering at 1.5PN order, due to the scattering of GWs onto the static curvature generated
by the source, the non-linear memory at 2.5PN order, due to reemission of GWs via the
scattering of GWs by the linear quadrupolar wave itself, or even the tail-of-tail at 3PN order,
due to a double scattering of the GW onto the static curvature generated by the source.

It turns out that, in order to derive the 4PN mass-type quadrupole moment, one must
also perform the tedious computation of the tail-of-memory effect which arises specifically
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at 4PN order [21]. Using the multipolar-post-Minkowskian (MPM) expansion scheme [22],
the computation of the radiative moment is usually performed in harmonic (or de Donder)
coordinates. However harmonic coordinates are plagued by powers of the logarithm of the
radial distance when r — oo (with ¢ — r/c held constant), and extracting the quantities of
interest in such a coordinate system for highly non-linear effects such as the tail-of-memory
becomes quite difficult, due to the polylogarithmic behaviour of the metric at Z+.

On the other hand, it is known that GWs generated by isolated systems can be also
described using “radiative” type coordinates, in which the metric admits an expansion at Z
without the polylogarithmic behaviour of harmonic coordinates. In such coordinates the
field equations may be formally integrated order by order when r — oco. The paragon of
radiative coordinates is the Bondi coordinate system [23, 24] or its variant the Newman-Unti
coordinate system [25].7 However the class of radiative coordinate systems (either spherical
or Cartesian) is very large [27-29].

An explicit construction of radiative coordinates using the MPM expansion was proposed
in [30]. This construction is restricted to a metric which is stationarity in the remote past,
before some given instant —7 . Under this hypothesis it was proven, up to any order in a
perturbative post-Minkowskian sense, that the metric admits a Bondi-type expansion at Z*
to all orders in 1/r, and that it obeys standard definitions for asymptotic flatness/simplicity
at future null infinity [31-33].

However, the radiative MPM construction of [30] has never been used for practical compu-
tations, until it was recently found to be extremely useful and important when implementing
the difficult computation of the tail-of-memory at 4PN order [21].

Nevertheless, previous computations of tails, memory, tails-of-tails and even tails-of-tails-
of-tails in the GW flux were done using the harmonic coordinate MPM algorithm [34-37].
The aim of the present work is thus to analyze and relate the different MPM constructions of
the metric in harmonic and radiative coordinates. Closely following the recent work [18], we
prove that the relation between both descriptions boils down to a coordinate transformation
and a simple redefinition of the moments parametrizing the two metrics.

As a result, we find that, in the center-of-mass frame, the mass-type “canonical”
quadrupole moment in the radiative gauge, denoted below Mij, is linked to the corre-
sponding one in the harmonic gauge, say M,;, by the 4PN-accurate relation presented in
Egs. (5.4) and (5.5) below, which constitute the main result of this paper.

The plan of the paper is as follows. In Sec. I, we review both the harmonic and radiative
post-Minkowskian constructions of the metric. Sec. III presents the general formalism to
link these two constructions, by essentially adapting the results of Ref. [18]. We review the
consistency of our method in Sec. IV by applying it at the quadratic order to the case of
the tail interaction, and then to cubic order for the tail-of-tail interaction. Finally, the full
result at cubic order (comprising the tail-of-memory interactions) is given in Sec. V. Useful
integration formulae complementing those in [18] are presented in App. A.

II. THE HARMONIC AND RADIATIVE CONSTRUCTIONS

In this paper, we consider two constructions of the general solution of the Einstein vacuum
field equations outside a matter source, in the form of a MPM expansion [22, 30]. The

1A detailed construction of Bondi-NU coordinates starting from harmonic coordinates can be found in [26].



vacuum field equations in a generic coordinate system are written as
Opt — OH" = A" | (2.1)

where the “gothic metric” deviation from the Minkowski metric is W = /—g g" — n*;
g is the inverse of the usual covariant metric; n*, that of the Minkowski metric; g =
det(g,,,) is the determinant (our signature is +2); O = [, is the flat d’Alembertian operator;
and the gravitational source term A* = A#[h,0h,d?h] is at least quadratic in h and
its first and second partial derivatives; finally, we pose as shorthands H* = 9J,h"" and
OH"W = o"HY + 0"H" — " 0,H".

In the usual harmonic gauge, we have H* = 0 by definition, so the vacuum equations (2.1)
reduce to ordinary wave equations with a quadratic source term. But the purpose of this
work is precisely to depart from the harmonic gauge, and thus the second term in the left-
hand side of Eq. (2.1) will play an important role. Since we are not restricting to harmonic
coordinates, the source term also differs from the one usually given in harmonic coordinates.
More specifically, the full source term here can be decomposed as

A" [R] =AY Th] + 2hp(“8pH”) — 0,(W"H"), (2.2)
where A}” [h] is the source term when assuming the harmonic gauge condition, given for

example by Eq. (24) in [2]. We have 0,0H" = OH" hence the source term of the Einstein
equation (2.1) is identically divergenceless, 0, A" = 0, which is equivalent to the contracted
Bianchi identity.

A. The harmonic algorithm

To begin with, we work in the harmonic gauge, hence 0,h!” = 0. The MPM expansion

harm
is defined up to any post-Minkowskian (PM) order n by:
+oo
hﬁ;rm = Z Gnhﬁ;rmn : (23)
n=1

The first step to construct such solution is naturally the linearized approximation n = 1,
defined by means of two sets of symmetric-trace-free (STF) multipole moments {My, Sy}
(where L = iyig - - - i, is the multi-index made of ¢ spatial indices) as [22, 38-40)]

4 (—)* 1 r
Pporm1 = _E;T& [; My, (t - Eﬂ )

i 4 (—) N r 4 1 r
h’garml = g Z T {aL—l |i; MiL—l (t - E) + € T 18L ; SZ‘L (t - E) y (24)

>1

4 () 1@ r 20 Lo r
hhjarml = _g T {aL—Z |:; MijL—2 (t - E) + H—la[,_l ; S(”ﬂ]) <t — E) .

0>2

We have adopted the convention of [20] for the current-type moment, which we define as
SilL. = Eiigk Ski—1, and the horizontal bar means that the indices are excluded from the sym-
metrization. The STF multipole moments {Mp, S;} are arbitrary functions of the retarded
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time ¢ — r/c of the harmonic coordinates, the only constraint being that the monopole and
dipoles satisfy the usual conservation laws, i.e. that the mass monopole M, the time deriva-

tive of the mass dipole Mgl) and the current dipole S; are all time-independent constants.
Thus M, M; and S; represent the ADM quantities, made of matter and GW contributions.
In this paper, we restrict ourselves to a center-of-mass frame defined by M; = 0.

The harmonic algorithm is defined by the “canonical” construction exposed in Ref. [18].

Namely, suppose that we have constructed the n — 1 first PM coefficients hf. for
any m < n — 1, all satisfying the harmonic gauge condition d,h}, = 0. Then we
construct the n- th order coefficient as follows. It satisfies ORYY = A{”  together

with 9,h}” = 0, where the source term is constructed out of the previous iterations:
AL = A [hparmm; m < n— 1], We first construct a particular retarded solution of the

wave equation as

B
_ L 5%
uharmn - gP(] Drot |:<TO) Aharm n:| . (25)

Here 0! is the usual retarded inverse d’Alembertian operator, and the symbol FP p_ refers
to the finite part (FP) or zeroth power coefficient in the Laurent expansion when the complex
parameter B tends to zero. The regularization factor (r/ry)? multiplying the source term is
a protection against the divergence of the multipole expansion when » — 0. The constant
length scale rq is arbitrary and has to disappear from any physical result in the end. We let
the curious reader refer to [18] for further details. Since 9,A}r =0, the divergence of the
particular solution u},  reads

harmn

B
wharmn = a uharmn = FP Drot |:B <L) Aﬁ;rmn:| . (26)

To

The factor B comes from the differentiation of the regulator (r/rg)®. Because of it, the
term (2.6) is non-zero only when the integral develops a pole o« 1/B when B — 0. Fur-
thermore, the coefficient of the pole is necessarily a homogeneous retarded solution of the
wave equation, Cwj, = 0. At this stage, we apply the MPM “harmonicity” algorithm to
construct from wj,  another homogeneous retarded solution, say

U}!le;rmn =" [wharmn] ) (27)
satisfying at once 0 vf ., = —wi. . and Ovl” = 0. The above harmonicity algorithm

wh — V¥ [w] is explicitly defined by Eqs. (2.11)-(2.12) in Ref. [35]. Finally, the harmonic
metric at order n, now satisfying the full Einstein vacuum equations in harmonic coordinates
at the n-th order, reads

j5% 7%
hharmn uharmn + Uharmn . (28)

The harmonic metric is a non-linear functional of the moments {My,S.} and represents
the most general solution of the Einstein field equations in the vacuum region outside an
isolated system [22].



B. The radiative algorithm

We now describe a different MPM algorithm, proposed in [30], which directly builds the
metric in a radiative coordinate system,

“+oo
hf:d = Z Gnhf:dn- (2.9)
n=1

By radiative coordinate system we mean a coordinate system whose retarded time coordi-
nate, say u =t —r/c, is a null coordinate, i.e. satisfies ¢/.,0,ud,u = 0, or at least, becomes
a null coordinate in the asymptotic limit » — oo with u held constant, i.e. in a neighbour-
hood of Z* [27-29]. In such class of coordinate systems, the metric admits a Bondi-like
expansion at infinity, in simple powers of the inverse distance 1/r, without any logarithms
of r as would occur in harmonic coordinates.?

Even at the linearized level, it is necessary to correct the harmonic coordinate metric
in order to satisfy the requirement of asymptotically null retarded time. Consequently,
the radiative MPM algorithm starts by performing a linear gauge transformation of the
harmonic-coordinate metric defined by (2.4). A crucial point is that the multipole moments
that parametrize the radiative algorithm will differ from their counterparts in the harmonic
algorithm. In other words, they will have a different expression when expressed explicitly
in terms of the source via a matched asymptotic expansion procedure. This observation
leads us to define the radiative algorithm using different multipole moments, which we will
note {Mp,S;}. Thus, at linear order we pose

hf:dl = hi.. [MLa gL} + agllw ) (210)

harm 1

where A" [M LS L] has exactly the same functional expression as in harmonic coordinates,

given by Eqgs. (2.4), but is now computed with the set of moments {My,S;}. The linear
gauge transformation 0¢1" = "¢y + 07€ — N 9,£7 is defined by the gauge vector

2M T
e = = n " In (b_o) , (2.11)

where M is the mass monopole associated with the set of moments, by denotes an arbitrary
length scale, and we have % = (—1,0) with our signature. Since the gauge vector will only
appear in the derivative form 0¢}" in the radiative algorithm, the unphysical scale by scale
will actually never enter the radiative metric. However we shall prove that b is identical to
the scale which is used in harmonic constructions of the metric when building the observable
quantities at infinity, via the radiative multipole moments, see e.g. [19].

Note that although the two sets of multipole moments {Mp,S;} and {Mp, S} will differ
in general (as we shall compute explicitly below), the conserved mass monopole as well
as the mass and current dipoles are in fact identical in both the harmonic and radiative
constructions. In particular, we have M = M for the constant (ADM) mass monopole,
hence the slight abuse of notation in Eq. (2.11).

2 In this paper, since we are iteratively constructing a coordinate system order by order, it is convenient to
consider the coordinates as dummy variables and denote them by (¢,7). Even at the end, once we have
obtained the full radiative metric, we shall continue to denote the radiative coordinates by the generic

(t,r), although it might be more appropriate to denote them by (7', R), for instance.



The effect of this linear gauge transformation is to correct for the well-known logarithmic
deviation of the retarded time in harmonic coordinates, with respect to the true space-time
characteristic or light cone. After the change of gauge, the coordinate u =t — r /¢ coincides
(asymptotically when r — o0o) with a null coordinate at the linearized level. The latter
gauge transformation shifts the radiative metric away from harmonicity, since

, oM
Oyhigar = 06 = 22 . (2.12)

Furthermore, one can easily show that, when r — oo with u =t — r/c held constant, the
leading order 1/r in the metric is cancelled in the combination

1
kuky higay = O (ﬁ) ) (2.13)
where k* = n*"k, = (1,n) denotes the outgoing Minkowskian null vector.

Given any n > 2, let us recursively assume that: (i) we have obtained all the previous
radiative PM coefficients A%, = for any m < n — 1; (ii) all of them admit an expansion as
r — oo with u = ¢t — r/c held constant in simple positive powers of 1/r (as opposed to a
polylogarithmic behaviour); and (iii) all the previous coefficients satisfy the condition

Vm<n—1, kyk, by = 0O (i) : (2.14)

rad m 7"2

Note that the dominant piece when r — oo (with ¢ — /¢ = const) of the non-linear source
term at the n-th order will be of order 1/r? and will only be made of quadratic products
of Al = (since each of the A °s behaves like 1/r). Under our recursive assumptions,
in particular the induction hypothesis (2.14), and from the structure of the source term

at quadratic order, see e.g. Eq. (24) in [2], one can prove that the n-th PM source term

A = A [hpaam; m < n — 1] at leading order when r — oo is of the form (see [30] for
details):
v kr kY 1
A?adn = r2 On (t - T/Cv Il) + O (ﬁ) . (215)

This is the form of the stress-energy tensor of massless particles, i.e., gravitons in our case,
with o, being proportional to the n-th order contribution in the total power emitted by the
massless waves.

From Refs. [22, 30, 34, 35] we know that logarithms in the asymptotic expansion when
r — oo only arise due to the retarded integral of source terms that behave like 1/r%. Hence
the dominant term written in Eq. (2.15) is the only piece of AL, ~that can yield logarithms
at order n. But now, thanks to the particular structure of this term, which follows from our
recursive assumptions, we can gauge it away, thus constructing a coordinate system valid at
the n-th PM order which avoids the appearance of logarithms. We find that an adequate

gauge vector is
i lfr Bk [tor/e
é_n = gz Dret % ﬁ dv O'n(U, n) . (216)

—00

With this choice of gauge vector, the logarithms that will be generated from the gauge
transformation will cancel the logarithms coming from the retarded integral of the source
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term (2.15), see Ref. [30] for more details. Hence, similarly to the corresponding steps (2.5)—
(2.7) in the harmonic algorithm, we successively construct to the n-th order

B
r pv
urad n E‘PO |:|ret |i (7,0 ) Arad n:| )

B
r i 2.17
radn — radn ~ FP Drot |:B <_) Afad n:| ) ( )

wh = 0,u"
To

radn = [wradn} )

so that the combination uf, +wvl" “is divergenceless. Finally the n-th PM metric is defined
by correcting for the new logarithms using the gauge transformation defined above:

B oo (2.18)

radn rad n rad n

By construction, the radiative metric obeys the non-harmonic gauge condition

okt t—r/c

=0, =08 = ) dvo,(v,n), (2.19)

rad n radn

and the Einstein field equations, as given by (2.1), are trivially satisfied to order n. The far-
zone expansion of the full non-linear radiative metric constucted by virtue of this procedure
is free of any logarithms, and the retarded time w = t — r/c in these coordinates tends
asymptotically toward a null coordinate at future null infinity. The metric, as a general
functional of the moments {Mp,S;}, represents physically the most general solution to the
vacuum field equations outside the isolated source.

III. RELATING THE RADIATIVE AND HARMONIC CONSTRUCTIONS

In Sec. II, we constructed two different metrics which both represent the most general
solution of the vacuum field equations outside the matter source. We now want to relate
them by imposing that they are physically equivalent, 7.e. differ only by a coordinate
transformation and a multipole moment redefinition. We will then be able to explicitly
express the canonical moments of the radiative algorithm {Mp, S} as functionals of the
canonical moments of the harmonic algorithm {M,S;}. This is the goal of this work,
motivated by the fact that the ongoing calculation of tails-of-memory [21] is performed
using the radiative algorithm, while all previous results, 7.e. tails and tails-of-tails, and the
rest of the computation of the 4PN flux, were achieved in harmonic coordinates.

To determine the relation between {M;,S;} and {M;,S.}, we adapt the method of
Ref. [18] to the case where one of the two metrics does not satisfy the harmonic gauge
condition. Recalling the transformation law of the gothic metric under a coordinate trans-
formation x* — x'M:

1 Oz ox™
5% poN v
hrad( ) |J| azp axa (hharm(z) + n ) m, (31)

where J = det [0x'"/0x"], we look for a coordinate shift ¢* such that 2’* = 2# 4 ¢*(z), then
we have 9z /0xf = 61 + 0,p"(x) and J = det [04 + 0" ()].
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By construction, both h}” and Al admit a PM expansion as given respectively by (2.3)

and (2.9), which implies that the coordinate shift also admits the PM expansion
+0o0
pr=> Gl (32)
n=1

Consistently, we assume that the respective canonical moments of the radiative and harmonic
PM metrics also admit PM expansions,

+00 +oo
M, = Z Gn_an,L, My, = Z Gn_an,L,
n=1 n=1
B o B o (3.3)
St=> G 'S,z Sp=)» G"'S.1.
n=1 n=1

As it is clear from the definition (2.10), the linear level is given by

Maa1 = Mhapm1 + 001" (3.4)

harm

where the coordinate shift is simply given by the gauge vector associated to the radiative
construction, see (2.11):
2M r

P=&="n"n{— 3.5
=8 =5 n<b0)> (3.5)

and where the moments are related by M, = M + O(G) and S;, = S;, + O(G).
We then follow the reasoning of Ref. [18]. We assume by induction that we have deter-
mined (for n > 2) the expressions of ¢*, My and S, as functionals of M, and S; up to

(n — 1)PM precision, where 1PM corresponds to the linear case treated above, i.e., that we
have established the relations

n—1

P =" G"Pk Mg, Sk] + O(G") (3.6a)
m=1
n—1

M, =Y G" ' My, Mg, Sk] +O(G"), (3.6b)
m=1
n—1

SL=) 6" S0 My, Sk] + O(G" ), (3.6¢)

m=1

where ®,,, M,, ; and S,, 1, are determined m-linear functionals of My, and Sz, for m < n—1.
In principle, such functionals will be non-local in time at higher order, 7.e. involve some
hereditary-like integrals.

We then perform the expansion of Eq. (3.1) up to order nPM, where we Taylor-expand
the radiative metric to finite PM order, i.e. using

1

nivy (') = By [z + (@) = - M MOy, Oy, hl () (3.7)
m=0 :
At the nPM order we find the relation
hf:dn(x) = h’ﬁ;rmn(x) + a(plrty + QZV [hharmmu Pms T < n-— 1} ) (38>
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where Q2 is an explicitly known, non-linear and at least quadratic, functional of the coor-
dinate shift and the harmonic metric at previous orders.?

Thus, using the induction hypothesis, the only unknown term in Eq. (3.8) is the gauge
shift ©#, which we now determine. For this purpose, we define the quantity

Al = -5, . (3.9)

Taking the divergence of (3.8), and using the fact that 9,00" = 06" for any 6" (recall our
shorthand 00" = 06" + 0V6" — n**0,0"), we find

Al =D0O(ph — &) (3.10)

A difference with the treatment in Ref. [18] is to be noted here. The analogue of the
quantity A# was defined in Ref. [18] as (A#)gpr, = Op#, but because of the harmonic gauge
condition satlsﬁed by the two metrics being related, this yielded (A¥)gpL, = —0,Q%, i.
the same as our present definition (3.9). When the harmonic gauge condition is relaxed 1t
is important to proceed differently, starting from the definition (3.9) and then deriving the
result (3.10), where the gauge vector {# given by (2.16) is responsible for the non-harmonicity
of the radiative metric, see (2.19).

Next we apply the d’Alembertian operator on Eq. (3.8) to obtain

A= A OAM OO (3.11)

radn ~ ““harmn
where we have used the fact that OhL, = ALY, 4 00&M. To stick with the definition of

the two algorithms we must now apply the inverse d’Alembertian operator with finite part
prescription on Eq. (3.11), and arrive at

B B
uf:dn = uharmn + FP Drot |:<TL) aA“V:| + FP Drot |:<,: ) DertV:| ) (312>
0 0

where the u}  is defined by Eq. (2.5) as laid out in the harmonic algorithm, while u, is
the equivalent quantity in the radiative algorithm given in Eqs. (2.17). Notice that in (3.12)
we assumed that the Hadamard regularization scale 7y is the same for the harmonic and
radiative constructions.

Had the O and 0 operators commuted with the FPO.} operator, the previous equation
would obviously simplify, but because of the presence of the regularization factor (r/rg)%,
this is not the case, and we must introduce the a prior: non-zero “commutators” of these
operators. So we can rewrite the previous equation as

u + P + QI XY LY (3.13)

radn uharmn

where we have introduced the two commutators
Xh = [FPD D] Qv oy = [FPD ! a] A (3.14)

ret? ret?

3 We recall from Ref. [18] the expression of Q*¥ up to cubic order (in both h? and ¢”):

1
+ 20, hP + 9P B + B} Opo [¢7 07 (W 4 0pM)] 4 hP7 0,0t O 0”
1 1
+ o™ (0507 050" — (0p")?] — 31" (0,07 o™ 00" — (9,0°)?]

1 _
_ §nuucppap (6090>\a>\§00 _ (aa(pa)2) + (’)(h4 p(pp) .
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which can also be expressed in more details as [18]

B B
B+1 2
X =TFP0O |B (1) (- 7; Qnr — —&Qﬁ”) : (3-15)
B=0 To T r
: r B n’ . ; i
Y™ =FPO, |B (_) — (=O™MAY — FVAE ALY (3.15Db)
B=0 To r

Note the very important presence of the explicit B factor is the expressions of X and
Y which will select the pole of the Laurent series when B — 0. In addition to simplifying
considerably the computations, this implies that we have JXA” = [JY,** = 0. We also define

B
Mo — -1 r M
¢ = FP O Kro) An] . (3.16)

Beware that this object is not the complete gauge transformation vector ¢, as other con-
tribution will show up later.
To apply the harmonicity algorithm we compute the divergence of Eq. (3.13):
Whdn = Wharmy + 00 (X57 +Y27) | (3.17)

radn —

where we have used 0,[0¢4"] = O¢t = A¥. We can check that Ow’ , = 0, which is a
necessary requirement to proceed with the MPM algorithm. Next we define ZX* = V' [W,,],
where V* is the harmonicity algorithm applied to W# = 0,(Xt + Y), hence ZM is a

solution to the vacuum equation whose divergence is exactly opposite to W}, and we obtain

,Uﬁllaliin = Uﬁ;rmn _l_ Zﬁ'j ° (3'18)
Piecing it all together, we find that
Madn = Phammn + 000" + 08" + OOV + HLY (3.19)

where HF = XH + Y 4+ ZF is a divergenceless retarded homogeneous solution of the
linearized Einstein vacuum equations, i.e., satisfying at once OH* = 0 and 0,H"” = 0. In
this respect, it can be uniquely parametrized [22] by two multipole “source-type” moments
d,My, and §,,S,, which are functionals of {My, Sy }, along with a gauge vector (* parametrized
by four “gauge-type” moments, as in (37) of [2].

Up to this step, we have assumed that we had related M; and S; to M and S; to
(n—1)PM precision. We can now redefine M, — My — G"1§,My and S, — S, —G"16,,S,.
so as to obtain this relationship up to nPM precision. This will not affect the result found in
the recursion hypothesis since the correction is at nPM precision, but it will absorb the d,,M/,
and 0,,S;, moments into the linear approximation A7, of the radiative metric. Since we are
correcting {My, Sy} which parametrize the radiative metric in the left-hand-side of (3.19),
and not {M,S.} in the right-hand-side, the expression for Q" which only depends on
{Mp,S}, does not need to be corrected.” Finally, after this moment redefinition, we find
that the two metrics are related by

htr = hl”

radn harmn

+ Ol Q| (3.20)

4 A different yet totally equivalent method consists instead in redefining the linearized harmonic met-
ric R} | in the right-hand side, namely by applying the redefinitions M, — M, + G"16,M and

St — Sp + G™ 15,8, but in that case we must include corrections due to the “renormalization” of Q*”.
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in which we have finally explicitly determined the looked-for gauge vector as

o = On 6+ G (3.21)

By construction, this vector is a functional of M and Sy, so we can write

p' =" Gk My, Sk] + O(G™H). (3.22a)

m=1

Simarly, the corrections 6, My, = G" ' M,, [Mg, Sk] and 6,S;, = G"'S,, .[Mg, Sk] are also
functionals of M and Sy, and we find

n

M, =Y G 'Muyr, Mg, Sk] + O(G") | (3.22D)
m=1

Sp = Z G" 'S Mk, Sk] + O(G™). (3.22¢)
m=1

This completes the recursion procedure, and we have thus proven that we can explicitly
construct p*, My and Sy, as functionals of M and Sy, to any finite PM order.

With those results in hand, and the help of the integration formulae presented in App. A,
we can implement all the terms up to cubic non-linear order, using the zAct library of the
Mathematica software [41]. In particular, this computation leads to the result at 4PN order
given in Eq. (5.5), and which will have to be considered in the current calculation of “tails-
of-memory” terms [21].

IV. APPLICATION TO NON-LINEAR TAIL INTERACTIONS
A. Quadratic tails

We employ the method exposed in Sec. I1I to explicitly construct the relation between the
radiative and harmonic metrics at quadratic order, to all relevant orders in 1/r. To do so,
we will focus on the tail effect, which arises due to the interaction between the static ADM
mass M and the various dynamical mass and current multipole moments, thus generating
features in the waveform that are non-local in time. As it is the goal of our work, we focus
on the corrections to the mass quadrupole moment M;;, but the computations presented
hereafter are easily generalized to the tails of other moments.

Recall that at 4PN order, other quadratic interactions enter the relation between the
quadrupole moment M;; and the observable at infinity (dubbed “radiative moment”), such
as the memory type interaction M;; xM,; that enters the metric at 2.5PN order. Nevertheless,
here we are looking for the relation between the two quadrupole moments M;; and Mij in
the two algorithms, and this relation at quadratic order must involve the mass M which
parametrizes the linearized gauge vector (2.11). It follows that the only quadratic multipole
interaction which can contribute to the relation between the two moments is M x M;;, and
we shall find that this relation is purely instantaneous in this case.

In order to obtain the relation between the harmonic and radiative metrics, and thus the
associated correction to the quadrupole moments, we will in fact use two independent meth-
ods: (i) the one exposed in Sec. III, which does not require knowing the full expressions of
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the quadratic metrics; and (ii) the explicit computation and comparison of the full harmonic
and radiative metrics. We will find exactly the same result, thus confirming the soundness
of the method exposed in Sec. III.

Let us first derive the complete metrics for the tail interaction in the two harmonic and
radiative algorithms, and read off the quadrupole moments from these two metric in both
coordinates. We shall check that the difference between those two quadrupole moments
perfectly match the prediction following from the general procedure in Sec. III. The tail
sector of the metric in the harmonic algorithm (defined in Sec. II A) is given in App. B of [34],
and reads®

+oo
R Vo / A Qu(ar)MPD (¢ — r2)

Mmn,
=0 (oM + 7 MG) — 212G - 210700, ) (4.1a)
T
+o0
Wivnoess, = Mo [ do Q@M ¢ — )
1
M et 1 _ _
# M0 ) = -
r 3
Mn, [1
4 e {391\453) — 5 MY — 5r—2M§}i>] , (4.1b)
T

h’iljarmMXMij = SM/1 dz QO(x)ME;l) (t - TLU)

# Mt [ @ — gy - Doy - Do)
N M(s;jnab [_ %M((l?ab) _ 27"_11\/[((1? _ %7‘_21\/[2)) _ %r—?»Mab}
+ M:< [4M§.§’()1 +6r7 M)+ 6r M) + 67“_3Mj>a}
% [_ 1_31Mg_,) B 47“_1M§]2') _ r_2M§]1-) _ r‘gMi]} , (4.1¢)

where @Q),,(z) denotes the Legendre function of the second kind, here defined with a branch
cut from —oo to 1, and given explicitly in terms of the Legendre polynomial P, (z) by

Qnte) = 3Pl 0 (251) = X 2P0 a(o), (12)

On the other hand, we have applied the radiative construction of Ref. [30] for this same
particular tail interaction, thus following the radiative algorithm described in Sec. ITB. The
moments involved in the construction of the tail sector of the radiative metric are M and
M;; in this construction (recall that M = M). Following our convention to denote the
coordinates by dummy variables (¢, 7, n), which correspond here to the radiative coordinate

5 For the sake of lightness, we set ¢ = 1 throughout Sec. I'V.
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system which defines the radiative metric, we find that the tail metric in the radiative
algorithm is explicitly given by

+00
— (@)
h?ngle 8Mnab/ dz Qy(z, )M, (t — rz)
1
Mng 118—@3) 23 1N @ 117 _,—) 3
M M2 2 o Ma), A
+r<15 a T g Ma = 7577 ey =2l May (4.32)
poi _ v, [ 0 MYt -
radMXM Na . T l(xﬂn) ai( TLU)
Mgy [— o .
| Mn b[Mfg B 2Mg;>]
Mn, [43 107 _,— _
Bo | 2N - MY 5| (4.3)
r |15 15
hY =8M +OO do Qy(x,7) MY (t —rx)
I‘adMXMij o 1 0 ) 2.7
Mn;ia 1— i 15 _ 15 _
4 Mg | LG® g gg® 15 o 19 gy
T 2 2
Mojna | 1= @ L ey 1
+77{ {— 5Map —2r ™, — 5" M, — 5" Map

Mn,
4 al {41\4(3 +6r M) + 6r 2N, + 67, }
T

M 107— (3 12 p—C ) g

The main difference between the two expressions (4.1) and (4.3) of the metric is that the tail
terms are given by integrals over the legendre function @,,(x) in the harmonic case while
the tails in the radiative case are given by integrals over the particular combination

0. (2.1) = O () — %Pm(x) In (1) | (4.4)

To

It is easy to see why the tail terms in the harmonic metric involving @,,(x) generate
logarithms in the far-zone expansion r — oo, while the particular combination @Q,,(x,7)
defined by (4.4) does not produce any logarithms of r in the radiative metric, although the
tail terms are still given by a “hereditary” integral, of course. Posing 7 = r(z — 1) and
u =t — r the tail integral reads

/1+0<> dz Qu(x)F(t —rzx) = %/OJFOO dTQm<1 +

where the function F'(t) is a time derivative of the multipole moment and we recall that it
vanishes identically for ¢ < —7 (stationarity in the past). Hence, as shown in [34, 36] the
far-zone limit » — 400 (with u = ¢t —r held constant) of the tail integral can be obtained by
inserting the expansion of the Legendre function when x — 1. Using the expression (4.2)
for the Legendre functions and expanding around x — 17, we obtain the following formal

z)F(u —7), (4.5)

r
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expansion series when r — +00,

an(1+3) =g+ D () e () (60
min(m, k—1)

where A" = — Z Tk — 7)(m — Z)I(Z')2

=0

— m+22—y)(k+j—2z'—1)1
];1; Fij—0)(m— )l —k—1D)IE)2(k— )27 (4.6b)

and where the dependencies in In 7 are contained in the first term of (4.6a). We can see that
the first term in the expression of A" vanishes for k = 0 (yielding A\J* = —H,, where H,, is
the usual harmonic number) and the second term vanishes for & > m.

Conversely, the tail terms in radiative coordinates written in terms of the combination
Q,,(z, ) do not produce any logarithms in the far-zone expansion. Indeed we have

/1+0<> dz Q,,(x,r) F(t —rx) = %/OJFOO dr [Rm<1 + ;) - %Pm<1 + ;) ln(2iro>}F(u - 7),

(4.7)
where u = t —r is the retarded time of the radiative coordinates, and where we have defined

Ro(2) = Qu(z) + %Pm(x) In (I - 1) , (4.8)

which is regular when x — 17. Since the integrand of (4.7) is regular as r — oo, this
integral’s expansion for large r is free of any logarithmic terms. Furthermore, we find that
the first term in (4.7) admits the following asymptotic expansion in simple powers of 1/r,

+00 +00 (—k—1)
T F (U)
_ 2 1\

All of this is illustrated by the expression of the leading far-zone limit of Egs. (4.1)
and (4.3). In harmonic coordinates we have

AMng, [+°° T Inr
00 _ a (4
h’harmMXMij - r /0 dr [hl (ﬂ) :|Mab (U - T) +0 ( 2 ) s (410&)
4Mn, [T T 51, )
h’harmMXMZJ - r /0 dr |ihl (Z) 12:|M (U—T)
M Inr
MY 0 (?) | (4.10D)
ii AM [0 T 11 4
h'}farmMXMij = — T ; dr {ln <2 ) -+ 12:| ng)(u — ’7')
M 1 11 |
+ 7 |:—§nijabM[(i) + 4na(zM§§) - Eéz]nabMab] + 0 ( rIrlr) ) (4100)
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which clearly exhibits the usual far-zone logarithms associated with harmonic coordinates.
By contrast the leading far-zone behaviour of the radiative metric reads

h?ngxmj == 4annab /0+°° dr [ln (2%0) + %} ij{,)(u —-7)+ 0O (;2) : (4.11a)
hS;demj == 41\/7[,7% /0+°° dr {ln (2%’0) + g] Mﬁj) (u—7)

- %niabmg‘? +0O (:—2) , (4.11D)
B ity = % Om dr [m (2%0) + 16%7} MY (0 - 7)

+ ¥ [—%nijabmg? + 4na(im§§i - %&jnabmg} +0 (%) , (4.11c)

hence the expansion of the tail term is now free of logarithms, although it now depends on
the Hadamard regularization scale 7.

Now that we have both explicit metrics including tail terms (4.1) and (4.3) at our disposal,
we can check that they are indeed physically equivalent to this order. This means that
the two metrics should differ by a non-linear coordinate transformation together with the
redefinition of the quadrupole moment M;; — M;;, i.e. that

WY+ G — h

radmij radMXMi]‘ harmMij + G [hﬁ;rmMXMij _I_ a(pll\i/‘,[/XMl _I_ QIK/}/XMij + O(G2) Y (412)

J
where the radiative metric in the left-hand side is defined with M;; and the right-hand side
is defined with M;;, and with a linear gauge transformation vector gp‘l\‘/lxMij and Qyp, . the
non-linear part of the coordinate transformation. Moreover, recall that at the linear fevel,
there is only a mass monopole contribution to the gauge vector, p\; = & as given by (2.11),
and in particular @ﬁij is vanishing.

Applying the general procedure of Sec. 111, we find for the relevant gauge vector corre-
sponding to the tail interaction,

M Z.
(pg/IXMij - _gnangb) 9 @MXMij - O? (4138,)

together with the non-linear correction term,

_ r SM
QIO\/(I)xMij - _4Maab |i7ﬂ 11Il (b_o) Mt(li):| - F’n,abM[(l? 5 (413b)
QIO\ZXMM = 4M8a {T_l In (bio) M((i)] ) (413C)
id 4M T
Wiem,, = T In (b_o) MZ(-?) : (4.13d)

Most importantly we determine from Sec. III that this coordinate transformation must be
associated with the following redefinition of the mass quadrupole moment:

_ 2%
M;; = M;; + GM [———l—an <Z—°
0

= )} MY+ O0(G?). (4.14)
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It is straightforward to show that the relation (4.12) is satisfied, to all orders in 1/r and
for SOK/{xMU and Q‘l\‘foij defined by Egs. (4.13), if and only if the moment redefinition given
by (4.14) holds, hence confirming the soundness of the method of Sec. III.

We can also discuss this equivalence, in a simpler way, directly at the level of the radiative
quadrupole moment U;; defined at future null infinity Z* in both constructions. Note that
in previous works on tails and iterated tails in harmonic coordinates [19, 34, 36, 37], it
was shown that the leading logarithms present in the asymptotic waveform (following the
algorithm of Sec. IT A), can be removed by just the linear coordinate transformation ' =
' 4+ G where £ is given by (2.11). In the case of quadratic tails, this ad hoc procedure,
followed by a transverse-traceless (TT) projection of the spatial metric, yields the radiative
moment:

Usj () = M2 () + 2GM /+°O dr [m (220) + E} MO —7)+0G2).  (415)

Here M;; is the canonical moment associated to the harmonic-coordinate construction, and
again we use the dummy notation v = t — r for the retarded time in radiative coordinates.
Notice that the effect of this coordinate transformation is to replace the logarithm Inr in
harmonic coordinates by the constant In by.

On the other hand, when following the procedure for the radiative construction (namely
the algorithm of Sec. IIB), we find that the radiative moment reads

Uiy (u) = M >( )+ 2GM /W dr [m (210> + 16%7} Mij (u—1)+0O(G?). (4.16)

Of course this object is the same as in (4.15), however it is expressed in terms of the
canonical moment M;; associated to the radiative algorithm. As one can immediately check,
the relation (4.14) we have found between the two canonical moments exactly reconciles the
results (4.15) and (4.16), which again confirms our method in Sec. III.

B. Cubic tails-of-tails
We have pushed these calculations to cubic order to include the tail-of-tail effect, due to
the non-linear interaction M x M x M,;, extending (4.15) and (4.16) to the next order in G.

In the harmonic algorithm, after the suitable coordinate transformation to get rid of the
logarithms, we find [19, 30]

+00
U; =M +2GM/ d7[1n<7) }M(‘*(u—f)
2b;

+o0 11/ 7\ 107 [ 7\ 124627
2 2M2/ dr [n? | — (=) ———In(-— M (u —
M dr { g ) T ) T T05 ™ 3 ) T oo |Me ()

+0O(G?), (4.17)

Note that this result involves two arbitrary scales, which are important to distinguish: the
scale by which enters the asymptotic coordinate transformation v — u — 2GM In(r/by),
and, at cubic order, the Hadamard regularization scale rq. It is known [42, 43] that ry can
be interpreted as a renormalization scale and its running obeys a renormalization group
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equation. The coefficient By, = —% in front of the Inry is the beta-function coefficient
corresponding to the renormalization of the mass quadrupole moment.

We have redone the calculation of tails-of-tails using the radiative algorithm described in
Sec. I1B. In this case, as already noticed, the result depends only on the regularization scale
ro but is to be expressed in terms of the quadrupole moment Mij associated to the radiative

algorithm. We obtain

“+oo
I v T L7 -
Ui = M,; +2GM/ dr {ln (27’0) + 50 }Mij (u—1)

+00 107 - 400377 —)
22M2/ ar [m? () + =21 M 3. (4.1
+2G i T|:n o + 5 0 e + = 2320 (u—7)+O(G?). (4.18)

Finally by employing the method of Sec. III up to cubic order for tails and tails-of-tails we
have obtained the relationship between the quadrupoles in the two constructions as

M;; = M;; + GM [—%—G—QI (b )] M(l)
0

15 (4.19)
2 2 124 52 7"0 2 (2) 3 '

This result is indeed the unique relationship between the moments that reconciles the
two results (4.17) and (4.18). Notice that the constant scale by in (4.19) was introduced
“automatically” in the linear gauge transformation between the harmonic and radiative
linear metrics, see (2.10)—(2.11). This scale is identical to the one introduced “by hand” in
harmonic coordinates, see Eq. (3.1) in [19] or (4.2) in [37].

As discussed in Sec. I, the previous ad hoc method for removing the logarithms in the
harmonic metric was satisfactory for tails and iterated tail interactions since the coordi-
nate transformation could easily be guessed. However, when considering more complicated
non-linear interactions such as the tails-of-memory occuring at 4PN order, the coordinate
transformation is more difficult to implement, and it is more convenient to switch to the
radiative algorithm since it directly constructs the metric in radiative coordinates and au-
tomatically removes the logarithms. The price we have to pay is that, in the end, we must
apply the correction {My,S;} — {Mj,S;} in order to match with previous results de-
rived in harmonic coordinates, and most importantly the explicit expressions of {My, Sy}
as functions of the source at 4PN order [18].

V. CUBIC TAIL-OF-MEMORY INTERACTIONS AT 4PN ORDER

We now apply our method to the cubic “tails-of-memory” interaction M x M;; x M,;, as
well as the cubic M x M;; x S; interaction that also enters at 4PN order. The new feature in
the radiative algorithm is that, from the quadratic order onwards, we must apply the gauge
transformation defined by Eq. (2.16). This gauge transformation is zero for the interactions
M x M and M x M;;, hence to control the tails-of-memory we only need the gauge vector for
the quadrupole-quadrupole interaction M;; x M,;. We find [35] that the source term reads

24 4
OM,;;xM;; — ﬁijab Mi(yg)Més) 7 Mz(j M + 5M Mab) ) (51)
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hence the gauge vector (2.16) upon integration explicitly reads
+o0 12 )
ngJ XMy ™ / d”/ df’f{— Rijap Qa(z) M, (3 M(g) 7?%]' Q2(I)Mi(j)M](2)
“QuPnY - re- D), 62

+°° 16 .
gMUXMU / d'U/ { nzabpq Q5( )Méz) M;Sg)) + ?niab Q3($)Méi) M]gz)
2

. 3) 1 7(3) 3
- §nabk Q3(x)M(')Mb(k Y le( )M, Méb)
7%Q¢) mﬂﬁf}@—r@—1ym. (5.2b)
For this interaction, the non-linear correction term vanishes, i.e. Q“MVZ My = 0, and it
automatically follows that Ay vy = 0, (j)‘l\‘/luxM =0, and Hyy xm;; = 0. This means that
there are no corrections to the moments due to this interaction, and since (yy, o, = 0, the
the total shift vector reduces to
SO/K/LL'J' XM,;]‘ = 5{\2” XMij N (53>

When computing the cubic metric, we need also the quadratic M x M interaction, and this
one is trivially computed: the gauge vector vanishes, ¢}, = 0, while the only non-zero
component of the correction term is 3.\ = 4%2.

A straightforward dimensional analysis shows that the only cubic interactions which can
enter the relation between the canonical moments M;; and Mij up to the 4PN order in the
frame of center-of-mass (for which M; = M; = 0), are precisely the tail-of-tail interaction
M x M x M;; already computed in the previous section, which is at 3PN order, and the
cubic interactions M x M;; x M;; and M x M;; x S;. Hence we limit ourselves to 4PN order.
Implementing the calculation using the technical formulae displayed in Appendix A we then
find that the complete relation up to 4PN order between the moments is (restoring at this
point the factors 1/c)

— 26 GM
=y [ ()] Sy

124 52 To 2 G2M2 (2
il 21 M¢ 5.4
* {45 15 (bo) e (bo)} 6 (5.4)
G*M[ 8 8 iU ® _ 81 1
= {— o7 MMy, — = MM, = SMES | +0 (5 )

where have posed S;; = €515, for the angular momentum, and angular brackets denote the
STF projection. We can easily inverse the previous relation: using the fact that for the
conserved (ADM) quantities M = M and S; = S;, we find

_ 26 GM —
My =M, + |— —2In M
(= |35 o ()] o

56 52 To ) G*M? _2)
I _1 21n M.. 5.5
+ |:225 (bo) * <b0):| 06 Y ( )
G®M[8 — —@) S8—1)—@3) 8—@) 1
- [21M<M>+7M<M>+9M<s +0(5).
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Note that the correction terms we find in (5.4)—(5.5) are purely local (no hereditary integrals
at this order). Recall that they depend on the two constant scales: ry the Hadamard
regularization scale (or renormalization scale [42) 43]) entering into both harmonic and
radiative constructions of the metric (and supposed to be identical in the two constructions),
and by the scale used in the harmonic construction when defining observable quantities
at infinity, and equivalently entering the gauge transformation between the harmonic and
radiative linear metrics, see (2.10)—(2.11).

Finally, with the result (5.4) in hand, we shall be able to reexpress our on-going tail-
of-memory calculation [21], which is performed following the radiative algorithm in terms
of the quadrupole moment M,;, in terms of the moment M;; therefore matching previous
results obtained in harmonic coordinates.
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Appendix A: Formulae for the retarded integrals

During the application of the procedure described in Sec. I1I, we have to compute some
retarded integrals given by Eq. (3.15). We quickly recall the method we follow, see Sec. IV.B
in Ref. [18]. Because of the explicit factors B and B? in their source terms, the retarded
integrals (3.15) will be non-zero only when they develop a pole (or a double pole) when
B — 0. In turn this means that they depend only on the behaviour of the corresponding
source in the “near-zone”, i.e., when r — 0.

Thus the first task is to expand the source term when r — 0. This is straightforward
except when the source contains a hereditary tail integral, say

Fon(r,t) :/1 Oodx Qum(x) F(t—rx/c), (A1)

where F'(t) denotes a component of the mass quadrupole moment. The formula needed to
handle this case has been developed in the App. A of [18]: the near-zone expansion of (A1),
valid to any order when r — 0, reads

Fp = ii ar (=) (g) FO(#) (A2a)

2!

= (—)m o oyp\m2j [T cT .
~ 7 I (= dr 11 <_) — Hypoi 4 2Hop 05 | FH2+D (¢ —
+; (m+2j)' (C) A T[H 2 +J+ 2m—+275+1 ( T) )

where H, is the harmonic number, and the coefficients are

B = mf (;) ) s L Z (Z) o (k1) (— yrtThmm = Hitmia

p (m+k+1)! ~ (k—m)l(k+m+ 1)l
(A2Db)
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o 2™ (m + 25)/(m + j)!
75 2m 42+ 1)

(A2c)

with the binomial symbol (;) = 0 whenever ¢ < k.

Once the near-zone expansion of the source is achieved, it remains to apply the following
formulae, most of them being already exposed in the Sec. IV.B of [18], but which we had to
generalize in order to include higher powers in the logarithms. Thus the generalization of
Eqgs. (4.17) in [18] is

B N _y—
a R G(p £=3) t—
rP D‘l{(i) BbMG(t)} — ! aa,baL{ (t=r/o)] (A3a)

ret o 7P P r Cp—f—3

where ef; = 0 when p — ¢ — 3 is not an even natural integer, and otherwise:

¢ _ (=) B o
e, = == =D (when p = ¢+ 3+ 2j with j € N), (A3b)

and where, for the values we need in this paper: a1 =1, age =0, a1 =Inrg, aq o = —1,
Qg1 = (11'17"0)2 and Qg2 = —21In To-

It is also very useful to dispose of the similar formula but with a source term which is
“exact”, i.e., not Taylor-expanded in the near zone. In this case, generalizing Eq. (4.11) of
Ref. [18]:

GO (1 — 1 /c)

rcp—t=3

B N
B r In%rn A
RO | (5) BRI G /)| = faundy| S (M)

To T

where fzf =0if p— ¢ —3 < 0 and otherwise:

o (P2 (p-3)!
b=tz (hemp>EHI) (A4b)

while the values of a,; remain the same as in (A3). One can naturally recover the “exact”
result (A4) from the near-zone result (A3) by performing a Taylor expansion at the level of
the source and a subsequent formal resummation.
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