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We consider the frequency-domain leading order and next-to-leading order post-Minkowskian wave-
forms obtained from the tree-level and one-loop amplitudes describing the scattering of two massive scalar
objects and the emission of one graviton. We explicitly calculate their post-Newtonian (PN) limit obtaining
an expansion up to the third subleading PN order in all ingredients: the tree-level amplitude, the odd and
even parts of the real one-loop kernel, and the Compton or “rescattering” cuts, thus reaching 3PN precision
for the latter. We provide explicit expressions for the multipole decomposition of these results in the center-
of-mass frame and compare them with the results obtained from the classical multipolar post-Minkowskian
method. We find perfect agreement between the two, once the Bondi-Metzner-Sachs supertranslation frame
is properly adjusted and the infrared divergences due to rescattering are suitably subtracted in dimensional
regularization. This shows that the approach proposed in Georgoudis et al. [An eikonal-inspired approach
to the gravitational scattering waveform, J. High Energy Phys. 03 (2024) 089] can be applied beyond the
soft-regime ensuring the agreement between amplitude-based and multipolar post-Minkowskian results for

generic frequencies.
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I. INTRODUCTION

Amplitude-based methods have been instrumental in
recent years in improving the state of the art of post-
Minkowskian (PM) calculations, leading in particular to
new results for the deflection angle characterizing hyperbolic
gravitational encounters at large impact parameters [1—4].
These achievements were based on multiloop calculations
of the elastic 2 — 2 amplitude for the scattering of two
minimally coupled massive scalars, which model colliding
Schwarzschild black holes. While initially the focus was on
the so-called conservative sector of the interactions [5-8], it
was soon realized that the physical result for the deflection
must also include dissipative effects, such as radiation-
reaction and recoil, which can be captured by taking into
account suitable cuts involving also on-shell gravitons
[9-19]. Outstanding achievements were also obtained
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by means of quantum-field-theory inspired worldline tech-
niques [20-27] and closely related methods were developed
to calculate various kinds of integrated radiative observables
as well [28-35]. Many results have been analytically
continued from hyperbolic to elliptic trajectories [36—39],
showing that it is possible to use amplitude-based methods to
extract information about bound systems as well.

The success of this program, which is mainly motivated
by the dawn of a high-precision era of gravitational-wave
observations [40—43], sparked renewed interest in another
observable associated to hyperbolic encounters: the gravi-
tational scattering waveform. The leading PM result for this
quantity dates back to the seminal works of Kovacs and
Thorne [44,45], which were recently revisited and stream-
lined using worldline methods in [46,47] and amplitude
methods in [12,48-50]. In the latter approach, the leading
PM waveform arises as the Fourier transform of the tree-
level 2 — 3 amplitude with one graviton emission [51],
whose explicit expression is given in [52,53]. The dynami-
cal information needed to calculate the first subleading
correction to this result is instead encoded in the one-
loop 2 — 3 amplitude that was calculated in [54-57]. This
subleading PM object contains several interesting new
features.

First, it involves “superclassical” or iteration terms, which
are expected from the eikonal exponentiation [16,58,59] but
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cannot appear in the final result for a physical observable,
and were thus simply dropped in the original series of works.
It was later pointed out in [60], upon closer inspection of
the Kosower-Maybee-O’Connell (KMOC) prescription for
calculating observables from amplitudes [61], that the
cancellation of such superclassical terms actually leaves
behind a classical contribution arising from the difference
between two-massive-particle cuts, which we shall denote by
(s —s'). However, we showed in [62] that the omission of
this term is simply compensated by rotating the particles’
velocities and impact parameter from the initial to the
“eikonal” ones (up to a shift in the retarded time). This is
equivalent to switching from the reference frame anchored to
the initial velocities to the “eikonal” frame, which are rotated
by ©/2 with respect to each other, ® denoting the PM
deflection angle. Working directly with the latter, one can
thus omit 4 (s — s") and focus on the classical part of the
amplitude in [54,55,57]. This mechanism had already been
observed in [63] in the post-Newtonian (PN) limit and
in [50] in the soft limit. The contribution £ (s — s’) was also
calculated in momentum space and included in the revised
versions of [54,55] and in [64,65].

Second, the subleading waveform kernel involves an
infrared divergent part that arises due to tail or rescattering
effects [66—68], which can be however exponentiated into a
(divergent) phase factor [69]. While this can be reabsorbed
into a shift or “renormalization” of the observer’s retarded
time [70,71], an open issue remained as to whether this
exponentiation also leaves behind a correction in the finite
piece. We shall see that this is indeed the case as such
contributions arise from e/e corrections that must be taken
into account when taking the € — 0 limit in dimensional
regularization, D = 4 — 2e.

The main motivation for the present work is to clarify the
comparison between the amplitude-based result for the
waveform up to subleading PM order and the predictions
obtained from more conventional methods for waveform
calculations employed in classical general relativity. These
are based on the PN solution of the Einstein equations in
the near zone, followed by a matching with the multipole
expansion of the gravitational field in the exterior zone and
its propagation to the far zone, where it determines the
radiative multipoles [72-75] (see [76] for a comprehensive
review). The comparison in the PN limit between the
amplitude waveform and the multipolar post-Minkowskian
(MPM) one was initiated in [63]. There, the authors found
agreement up to 1PN for the real part of the one-loop kernel
B and 1.5PN for the imaginary part £ (¢; + ¢,), but found a
mismatch at 2.5PN order in the latter. When reexpanded for
small frequencies @ — 0, this discrepancy would start to
appear at order w log w.

We later reassessed this disagreement in [62], focusing
on the soft limit @ — 0. There, after checking the agree-
ment between the amplitude result and predictions coming
from soft theorems [77,78] for the universal terms, we also

calculated the first nonuniversal order, @ log @, at one loop
and showed that all “mismatches” up to and including
2.5PN could be in fact reabsorbed by adjusting the origin of
retarded time and the choice of Bondi-Metzner-Sachs
(BMS) frame. This highlighted once again [79] the impor-
tant role played by BMS supertranslations when comparing
amplitude-based results, which, for @ > 0, are more nat-
urally expressed in the “canonical” frame where the
asymptotic shear vanishes in the far past, and MPM
formulas, which only hold in the “intrinsic” frame as they
crucially rely on the O(G) time-independent part of the
shear due to free motion.

In this work, we extend and complement the analysis of
[62,63] by calculating the amplitude waveform in the PN
limit without resorting to the soft approximation. We per-
form the expansion for small velocity in momentum-space,
the Fourier transforms and the multipolar decomposition
up to the third subleading order [next-to-next-to-next-to
leading order (NNNLO)] in the PN expansion for all the
basic ingredients of the waveform kernel. These are the
tree-level amplitude, the odd and even part of the real kernel
B, and the Compton cuts £ (¢ + ¢ ). We collect our results
in the Supplemental Material [80] in a computer-friendly
format. We then briefly recall the MPM techniques and use
them to provide independent predictions up to the desired
order in the velocity. Finally, we compare the two sets of
results, finding perfect agreement once two aspects are
appropriately taken into account.

The first one is the BMS supertranslation already high-
lighted in [62,79], which maps from the amplitude (canoni-
cal) to the MPM (intrinsic) supertranslation frame. The
second one is the subtraction of finite e/e terms that is
determined by the exponentiation of infrared divergences.
In particular, the NNLO PN calculation of the Compton
cuts beyond the soft limit is the simplest nontrivial
comparison that is able to nail down this subtraction,
because up to soft order @ log @ such terms could be also
reabsorbed by adjusting the origin of retarded time, while
this is no longer true for generic w. This mechanism was
already noted in [62] when discussing the £ (s —s’) con-
tribution for generic frequency and velocity. It was instead
immaterial for the analysis of the Compton cuts performed
there, which was restricted to the nonanalytic terms in the
soft limit.

The paper is organized as follows. In Sec. II, we
summarize the current understanding of the subleading
waveform kernel derived from amplitudes and describe its
main building blocks. In Sec. III, we discuss the expo-
nentiation of infrared divergences, taking into account
the resulting subtraction of finite €/e terms. Section IV
then deals with the PN expansion of the amplitude-based
waveform, for which we describe the main steps. For
simplicity, we provide the explicit expressions only of
various contributions to the quadrupole in the text, while
collecting the entire set of multipoles in the ancillary file.
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In Sec. V, we discuss instead the MPM method, reviewing
how time-reversal even and odd effects arise in that frame-
work, and illustrating in particular tail, nonlinear, and
radiation-reaction effects. We conclude in Sec. VI by
comparing the two methods, explaining how agreement
is achieved and highlighting along the way the strengths
and drawbacks of either approach. In the Appendix, we
provide for completeness a self-contained illustration of the
multipole expansion and collect some useful properties of
symmetric trace-free (STF) tensors.

II. REMINDER ON THE WAVEFORM KERNEL
UP TO ONE LOOP

We begin by recalling that the metric fluctuation £, (x),
defined by

gﬂl/(x) - ﬂpw = hm/('x)’ (1)

can be expressed as follows in terms of the wave
shape W,

hy,(x) = 21</k [e®*W (k) + e~ ®* W2, (K)],  (2)

with k = v/87G and [, = [ £52760(k%)5(k?) the on-shell

phase-space graviton measure. In the asymptotic limit
r — oo for a fixed retarded time U and a given null vector
n#, one obtains the following formal expression for the
D = 4 asymptotic waveform [51,81],

4G

() ~ = A me—iwvwﬂy(wn)g—:Jr (cc) (3)

up to corrections that are further suppressed for large r
“c.c.” stands for “complex conjugate”). The expression (3)
is formal indeed, since at one loop one cannot take the
D = 4 limit in a straightforward way owing to the presence
of infrared divergences. We shall see below how their
exponentiation allows one to arrive at a precise and
concrete prescription for the D = 4 observable.

As discussed in Refs. [54-57,60], in the KMOC
approach [61], the wave shape Wﬂy can be expressed as
the Fourier transform of a momentum-space ‘“waveform
kernel” W,

7 d’q, d°q,
k) = 276(2p; - q1)276(2p, -
W) = [ 855 2n0(2m - 0250202 - )

X eiql -b1+igy-by Wﬂp(ql , q2> (27[)D5(D)
X (q1 + gz + k). (4)
Here we adopted the following notation for the momenta of

the incoming and outgoing states entering the amplitude,
summarized in the picture below,

p1 Pa=q1 —pP1
k (5)
D2 b3 =q2 —p2

where all external momenta are treated as formally out-
going. Up to subleading order in the PM expansion, the
KMOC kernel is given by W* = Wi" + W/* + - - with

UV AU
W = A,

Wi =B + % (s — 5" + % (" +5).  (6)
Here, A, is the tree-level 2 — 3 amplitude in the classical
limit and B; is the real part of the one-loop 2 — 3
amplitude (the N-matrix element). Instead, s, s’, ¢, and
¢, denote the one-loop unitarity cuts, which can be depicted
schematically as follows:

and

In [62], we showed that the two-massive-particle-cut
contributions [60] appearing on the right-hand side of (6)
can be interpreted as a simple rotation of the particles’
velocities and impact parameter, plus a (divergent but
immaterial) time shift associated to the Shapiro time delay.
Instead of adopting as basis vectors the initial velocities,
Ho_
1

Pl =—-m), ph = —myth 9)

and the initial impact parameter
b?:b’f—bg, bj-m:b]-vz:(), (10)

it is therefore convenient to describe the two-body system
in terms of rotated, “eikonal” classical variables

Ph = ity = —ph — > O, (11)

with Q¥ the (PM expanded) impulse and denoting by Q, b
the magnitudes of Q, b: (or b4),'

'Since b2 and b3 would differ by O(G?) terms, up to the order
of interest here we can set b% ~ b2 = b>.
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i i
by =b————=—=1b 12
¢ J <2m1 sz> Q ( )
after Fourier transform. In (12), we also introduced
U yZ iz U
OV — 1) L OV — 1)
W= B e M
where ¢ = —v; - v, as in (16) below. Note that, by
definition, the rotated variables also obey
be'ﬁ]:be‘ﬁzzo. (14)

This choice amounts to simply dropping the i(s -5

contribution to the kernel, working with

W) = Ao+ By +5 (e +c). (19)
Here and in the following, we adopt a shorthand notation
for gauge-invariant amplitudes contracted with physical
polarization tensors A = ¢, A" = ¢, A"¢,, with & as
the usual D = 4 polarization vectors such that £-k =0,
e-e=0,e-e"=1.

Let us turn to the description of the ingredients
entering (15). For the tree-level amplitude .4, in the
classical limit, first derived in [52,53], we employ in
particular the explicit expression given in [12,81]. We shall
denote the kinematic invariants as follows:
6= -0 Uy, w, = —v; -k, @, = =1y - k. (16)
In the real part of the one-loop kernel, By, one can isolate
an odd and an even part, B, = B;o+ Bg, under
), > —w;,. The former being fixed in terms of the

tree-level amplitude by the simple formula B, = B% +
B with [54-57]

6(62 3)
BY) = 2GEw A, (17b)

where E and @ are the total incoming energy and the
outgoing graviton’s frequency in the center-of-mass frame.
Instead, the structure of the even part is more intricate and
takes the following form (see e.g. the ancillary files of [55])

AR AR mim3
B = "’1 21 (1 2).
A G+ AT o) B
(18)
In Eq. (18), we are displaying explicitly only the structure

involving mjm3, while the other one is obtained by

interchanging the labels 1 and 2 everywhere. The functions
AR, with X € {w/, ¢, }, denote polynomial functions of the
kinematic invariants o, @, @, ¢3, g3, quadratic in € - u,
€-uUy, and €-¢g, (we recall that e- k=0 and hence
€-q, = —€- q,). Moreover,

(‘h )

represents an apparent or “spurious” pole in the expression,
which does not correspond to any actual singularity as one
can explicitly check by taking the limit Q; — 0 and using
the vanishing of the Gram determinant,

4111501 (19)

det [Gram(vy, v5, g1, ¢2,€)] = 0. (20)

This encodes the fact that ¢ can be always expressed
in D=4 as a linear combination of v, vy, g1, ¢5.
Analogously, in the 1 <> 2 contribution we will have

(‘11 )

Finally, say, the ¢, cut is given as follows, again letting A%,
with X € {w,, g, ®10,, q1¢>}, denote polynomials in the
invariants quadratic in the polarization vectors (see e.g. the
ancillary files of [55] for the explicit expressions):

4612‘02 (21)

i 1 w?
761 = iGm,w, <——+log 5 >[A0]D 4+ imm3 M,
Ui

(22)

Ailt
‘]1‘12(6 - l)a)lwz(‘h + 601) Q3PQ
+ Aé" inh
arcsin
$wi(q5 + o) PO} %
Al arccosho

+
Q%a’l (6> = 1)P*Q* /62 — 1
A(Iulwz 60% A{hﬂlz q%

) L log 2L
w3 P?Q? gw% PREOPY

Mm?mg _

+
(23)
with

P = —w} + 2w,0,0 — 03,

Q = (q})*w? - 2@t 3w 050 + (¢3)* w3 (24)
marking the appearance of additional spurious poles. The
other cut, ¢,, is again obtained by interchanging the labels 1
and 2 everywhere. Note that, considering c¢; + ¢, directly
would lead to the appearance of both 1/Q7 and 1/Qj3 in the

rational prefactor in front of log(g7/g3).
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Let us recall that, in terms of the graviton frequency w
defined in the center-of-mass frame (see Sec. IV A for more
details), the following identity holds:

myw, + myw, = Ew, (25)

where E is the total energy of the incoming state in that
frame. It is also natural and convenient to define the
following dimensionless variable, proportional to the fre-
quency, that does not scale in the PN limit (not to be
confused with the retarded time, which we denote by U),

wb

o2 —1

(26)

u =

II1. INFRARED DIVERGENCES REVISITED

The standard way of treating the IR divergent piece
appearing in the Compton cuts [see (22)] is to exponentiate
it according to [69]

Weik:e—éGEw -’4{)+Bl +%<Cl +C2)reg ,

— e—iGEwwreg’ (27)
where
i e i i
ECI = Ecl +EGI’I’I1601A() (28)

and similarly for c¢,. Note that the ¢|® defined in this way is

not only IR finite, thanks to the cancellation of the pole
—LGmyw,[Ap] p_4 appearing in the first term on the right-
hand side of (22), but it also has a slightly different finite
part compared to the one defined by (22) and (23). This is
because A, in (28) is the D-dimensional tree-level ampli-
tude, which also contains O(e) terms.” The resulting (finite)
€/e terms thus must be added to %cl (in particular, they
modify AL)),? leading to

écﬁeg = 2iGmw, log%flo + im3mAMmimee - (29)

This is reminiscent of analogous ¢/¢ contributions featur-
ing in higher-order PN contributions to the MPM-PN
approach [82-84]. After this step, the divergence in (27)
can be renormalized by redefining the origin of retarded
time [70,71],

*These arise from the subtraction of the trace, i.e. of dilaton
exchanges. Thus, this subtlety is absent in A/ = 8 supergravity.

*By the same logic, we expect that the appropriate subtraction
of the two-loop kernel will require the knowledge of the O(e)
accurate one-loop one, which also involves the full pentagon
topology.

1
U U--GE, (30)
€

arriving at the following well-defined expression

4G [ _. L dw
By, (x) ~—A e"“’UW,fyg(wn)E—i— (cc), (31)

Kr

which provides the properly subtracted version of (3).
Note that performing further O(G) finite shifts of the
retarded time in (30) is equivalent to adjusting the arbitrary
scale pr. In the following, we will be concerned with the
expansion of the spectral waveform % W' in the PN limit.
As we shall see, taking into account the further finite
difference in (28) will be crucial in order to obtain agree-
ment with MPM prediction. On the contrary, one should
not worry about additional factors of € introduced by the
2 —2e¢ dimensional measure in the impact-parameter
Fourier transform (4), which should be applied after the
momentum-space exponentiation [i.e., on the square
bracket in (27)].
For later convenience, let us use the identity

! w;
myw; log— + myw, log—
MR MR

=Ew logi +o(ma loga; + mya,loga,),  (32)
HIR

with w; = wa;, v, = wa,, to isolate the running logarithm
appearing in the (regulated) Compton cuts,

: (¢1 + ¢;)™8 = 2iGEw loggA0 +Cre (33)
2 HIR
with

C'e = 2iGoma, log a; Ay + im3m3 MM
+ (1< 2). (34)

IV. POST-NEWTONIAN EXPANSION
OF THE AMPLITUDE-BASED WAVEFORM

In this section, we discuss the expansion of the waveform
obtained from the regulated amplitude kernel W8 in (27)
in the PN limit. We start from the real part of the waveform
kernel and then turn to its imaginary part. We will proceed
by taking the PN limit already from the outset, in momen-
tum space, discussing below the challenges that arise in this
step. Once the expansion is performed, all g-dependent
spurious poles manifestly cancel out. The remaining one,
arising from the expansion of P, can then be easily
removed by taking the polynomial remainder with respect
to the Gram determinant, which implements the four-
dimensional identity (20).
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A. Kinematic conventions

We will consider the PN limit in the center-of-mass
frame. We thus introduce the four-velocity # of the center-
of-mass frame and the unit vector ¢* aligned with the
“eikonal” particles’ momenta in the center-of-mass frame,

# =(1,0,0,0), " =(0,0,1,0), (35)
so that
E 1
W ==t Lo = — (E,,0,4p,0), (36a)
my my m
E 1
=2~ Lo = —(E,,0,-p,0), (36b)
mp my mp
where E|, denote the particles’ energies,
E = m(m; + m,o)
: \/m%—l—Zmlsz—l—m%’
E, = my(my + myo) (37)
\/m% -+ 2m1m20' + m%
and
E=E +E,= \/m% —|—2m1m26—|—m%,
mymyVeo? — 1
p — (38)

N /M2 4 2mymye + m3
In terms of the “eikonal” impact parameter, we define
b = (0,5,0,0). (39)
Moreover, we fix the translation frame by letting
V=2 bk = +2(0,5,0,0)
Ph=="lh = =21(0.5.0,0), (40)

so that E b + E,b5 = 0. Working in this frame, we solve
the delta functions in (4) as follows

- 1 )
W, (k) = - bk
wlk) dmymyVo* — 1
dqu .
Wi(g,,—k — ibq. 41
« [ G W —k=gee @)
and by letting

i =

— ouy — i
q) =g — o 2_1 (42)

As aresult, in the PN limit, thanks to the cancellation of the
spurious poles discussed above, all Fourier transforms can
be easily evaluated with the help of the general formula

/dzqzL A A ST O (43)
(27)? w? xb* T(=v)u*~!

where K,(x) denotes the modified Bessel function of the
second kind. We let

kK = wn*, (44)

with n# a null vector such that —n - = 1, so that w is the
frequency as measured in the center-of-mass frame. It is
also useful to introduce the total mass m and the symmetric
mass ratio v by

mmy
m=my + my, v= 7 -

(45)

m

Using this notation, we define the PN expansion by the
scaling limit

P = Vo> —1=0(),

as 4 — 0. In the conventional PN counting, each instance of
the Newton constant G increases the PN order by one unit,
while each power of 4 increases it by half a unit. Hence, odd
powers of 4 multiplying a given power of G can lead to the
appearance of fractional PN orders.

Let us also record the explicit expressions

o= 0(4) (46)

) :%(ml —l—mz(o-—pmn-e)), (47)
o)) :%(m2+ml(o-+poon'e)) (48)

and remark that, in the expansion, there is an important
difference between powers of A that appear accompanied by
an extra n and “bare” ones. The latter change the scaling of
a given multipole, while the former produce contributions
to different multipoles. Using this property, it is easy to see
from the outset that, for instance, 53,5 only contributes to
integer PN corrections to a given multipole, while C™¢ only
gives rise to half-odd corrections, that is, time-reversal odd
terms for each multipole. We refer to [62] for further details
on this counting.

In order to simplify the PN expansion, it is convenient
to first perform it for (say) the m3m3 mass structure, and
then exploit 1 <> 2 symmetry to obtain the expansion of
the other structure. Note that the action of the interchange
1 <> 2 symmetry is not trivial on all variables after the PN
expansion, owing to the choice (41) which privileges ¢,
over ¢,.
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B. The real part of the kernel

It is straightforward to expand the tree-level amplitude
Ay up to high orders in the PN limit (46). A particularly
convenient way to approach this expansion is to first
compute the power series of the elementary variables o,
w1, W, G2, G5, € - Uy, € - Uy, € - ¢, and then substitute them
into the full expression.

After this step, we explicitly performed the Fourier
transform to impact-parameter space (41) and the multi-

V,34, as well as the first subleading (relative 1PN)
contribution to U, 3 and V,. As already remarked, by
counting the “dressed” and “bare” powers of 4, it is easy to
see that the tree-level contribution to U, (respectively, V)
starts at order A~ (respectively, 1°~%) and only receives
corrections weighted by even powers of 1. Here, we present
as an example the LO (Newtonian) quadrupole

4Gm*v

LO _
polar decomposition, which in general takes the form = 3p. (Ko(u) + 3uK, (u)). (50a)
=1
T _p. — 4iGm?
Hij Pijan(n) ;Z! |:nL—2UabL—2(”) UL = - 1om V(MK()(u) +K,()), (50b)
20
— ——— N1 —2€cd(a Vb)dL— 49
11 Nep—2€cd(a VY b)dL 2(“)] (49) . AGm2y
2 =, (2Ko(u) +3uKy(u)),  (50c)
as summarized in the Appendix, for the first three orders, Peo
271, 29, 4!, and A%. Following the standard nomenclature, 5
these contribute to the Newtonian (OPN), 0.5PN, 1PN, and ULO — _ 4Gm°vK(u) (50d)
1.5PN orders in the asymptotic waveform. We collect in the 3 3P
ancillary file all the associated multipoles, which are the
leading (Newtonian) order contributions to U,345 and  and its first subleading, 1PN, correction,
|
2
UNL©O = ﬁszmzpoo ((=8v+ (19 = 36v)u + 26)Ko(u) — 7(4v + 3)uK, (u)), (51a)
2
UNLO = —iiGumzpoo((24v + (36v — 19)u* + 69)K (u) + (18vu + u)Ko(u)), (51b)
2
UNLO = ﬁGumzpw (160 + (360 — 19)u* = 52)Ko(u) + 2(22v — 19)uK, (u)), (51c)
2
UNLO = iGumzpw((26 — 8u)Ko(u) + (59 — 16v)uK, (u)). (51d)

As expected, these quantities are exponentially suppressed
for u> 1, i.e. for wavelengths much shorter than the
characteristic length b/p,, of the binary.

Let us now turn to the real part of the one-loop kernel,
B*, starting from its “odd” part B}, given by (17). Since

Ay scales like 27! to leading PN order, clearly Bg% scales

like A% and B") like A°. In view of the overall power of G2,
the PN expansion of B, thus starts at Newtonian order.
Moreover, given that the prefactors in (17) are angle
independent, the expansion of Bj, and the associated
multipoles Uy, Vo, are trivially related to those of the
tree-level waveform. For instance, the LO contribution of

each one-loop multipole comes from B(I% in (17a) and is

fixed by the corresponding tree-level ones by the simple
relation [63]

zGmu
2bp2,

Lo zGmu

— ULO,
OL 2bp%o L

VIO — Vo (52)

Indeed, the overall power of }}GT’;’ is dimensionless and small

in the PM limit, but, in view of the power counting rule
detailed below (46), it does not increase the PN order. The
subleading corrections are instead given by linear combi-
nations of the leading and subleading tree-level multipoles
as dictated by (17). For instance, the 1PN correction to the
quadrupole reads
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xG?umu((—15v + (19 = 36v)u? + 47)Ko(u) + 7(6 — Tv)uK | (u))

NLO _
Uorr = 21bp,, ’ (53a)
NLO inG*vmPu((45v + (36v — 19)u? + 6)K, (u) + (39v — 62)uK(u))
URLO = — , (53b)
21bp,
no TGP umPu((30v + (36w — 19)u? — 94)K(u) + (650 — 101)uK; (u))
Uoxy = ) (53¢)
21bp
2,103
No  BGTvmu((47 — 150) Ko (u) + (59 — 16v)ukK (u))
Uz = 21bpe , (53d)
[
which is given by the expansion of the prefactor in (17a), to be given by
NLO _ aGmu o  Gmau LO 672Gy
Uoij 2bpL, U 4b v =3)U;p.  (54) UL, = —Upy, = —”bT(l +u)e ™, (55a)
The fact that the structure above generalizes, via the simple
formula (17a), to all PN orders is rather remarkable from o 6irG2m3y /1
the MPM perspective. The amplitude result implies that the Ugi, = — T (; +1+ ”) e, (55b)

integer PN contributions involving K(u) and K (u) in the
O(G?) multipoles are captured by B(ll())- Instead, the PN

expansion of tho) in (17b) only involves relative half-odd
PN corrections, and, as we shall see in Sec. V, its origin in
the MPM formalism can be traced back to the tail formula.

The leading-order contribution to B/ in (18) arises at
order 2!, that is 1PN, and is captured by a correction Ug; j
to the quadrupole whose nonvanishing components we find
|

in agreement with [63]. We extended this result by
including three more orders in A and extracted the multi-
poles that determine the PN expansion of Bj; up to
NNNLO, reaching absolute 2.5PN order, and we collect
them in the ancillary files. For instance, the 2PN contri-
bution to the quadrupole [that is, the relative 1PN correc-
tion to (55)] is given by

1G*miup,

URLO = -~ (52v + u(52v + (780 — 61)u + 27) + 27)e7, (56a)

UNLO — TGP e a8 (660 1 (T80 — 61)u — 8) + T5) £ 75)e" 56b
NP = = 48y + u(48y + u(66u + (T8 = 61)u = 8) + 75) + 75)e ™", (56b)
Nno  TGPmiup, —u

UL :T(soy+ u(80v 4 (78v — 61)u — 43) —43)e™", (56¢)
NLO 1G*miup,, —u

UMY = === (= 5)(u + 1)e ™, (56d)

As a cross-check, we independently derived Ugs; from
MPM methods finding perfect agreement with (56d) (see
Sec. V below).

Corrections of this type arise from several contributions
due to the PN deformation of the quasi-Keplerian repre-
sentation of the trajectories in the MPM formalism. On
the other hand, they all arise from the Taylor expansion as
A — 0 of a single object, B,z in the amplitude-based
formalism. The main difficulty in performing this series

|

expansion to high orders is the presence of spurious poles
in the PM expression (18). Such apparent singularities in 4
eventually cancel out only thanks to cross-cancellations
between the two square roots. This however requires
expanding the numerators up to high powers of 4 in order
to obtain a reliable result. For the expansion of Bz, we
found that Mathematica is nevertheless able to produce the
desired expansion and to analytically simplify the result up
to NNLO. To extract the NNNLO, we employed instead the
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method of analytic reconstruction discussed below for the Compton cuts % (¢1 + ¢3), in which as we shall see this problem is

even more acute.

Let us now perform a first check of the results obtained so far. Starting from the multipoles extracted from
Ay, B and B, substituting them into the energy-flux formula (A11) and integrating over @, we obtain the following

expression for the total emitted energy E,.q,

Gm®  [37 (1357 3T G'm* [1568 (18608 1136
E PARES = I ) 4 _ 2 4
ra/ (MV°) = = 5= TPes {15 + (840 30>poo +O0(pe)| 57, [ 25+ ( TR V) P+ (9(1900)]
G'm* , [3136 (1216 2272 \ , . s
st (s gy )+ 0l + 06) (57)

The first two lines on the right-hand side of (57) arise
from A, Bl > Bip and reproduce the known O(G?*) and
O(G*) of the total emitted energy for the scattering to
leading and subleading order in the velocity expansion
[[85], Egs. (C11) and (C12)] (we recall that, setting

G =m =1, the parameter j employed there reads j =

bpe/+/1+2v(c —1) in our notation). The third line on

the right-hand side of (57) arises instead from A, BYQ and
matches the 1.5PN and 2.5PN terms in the O(G*) emitted
energy [26,86]. The multipoles arising from C™# discussed
in the next section give a vanishing contribution to the
energy flux when inserted in (A11), due to the different
powers of “i”” compared to the tree level ones.

C. The C-channel cuts

The portion of the one-loop kernel that multiplies the
running logarithm in (33) associated to the tail effect is
trivially related to the tree-level waveform, up to the angle-
independent prefactor

15 20(0 = 1)%’”. (58)

2iGEw = 2iup,
Hence, the corresponding multipoles are easily determined
by the tree-level ones. All leading-order multipoles multi-
plying the log(w/ur) are given by

Gm Gm
ULo = ZiMpWTUIL‘O, VES = 2iup  —— VEO,

b
(59)
while for instance
UNLO _ (2 UNLO ULO Gm 60
IRij ( P + lMIJpoo ) b . ( )

The PN expansion of the remaining part C™¢ of the
Compton cuts in (33) is instead less straightforward, and

|

we devote the rest of this section to its discussion. It starts at
1.5PN order compared with the one-loop Newtonian terms,
that is, O(1°). We have extracted its multipole decom-
position up to and including O(4?), thus reaching 3PN
precision. We find perfect agreement with the MPM predic-
tions upon taking into account the effect of the BMS super-
translation that maps the canonical frame to the intrinsic
frame, which amounts to transforming (34) as follows:

C*¢ > C*¢ 4 2iGw(m a;loga; + momylogay ) Ay, (61)

The complete action of the supertranslation [see e.g. [62],
Eq. (5.24)] would also contain a static term in time domain,
i.e. a contribution localized at @ = 0 in frequency domain,
which we disregard because we focus on the w > 0
portion of the spectrum. The transformation (61) simply
amounts to multiplying the first term on the right-hand side
of (34) by 2.

We highlight this in the ancillary file by the parameter
tail (which should be set to 2 in order to take (61) into
account). We also highlight nontrivial ¢/¢ terms arising
from the subtraction of infrared divergences (28) by
flagging them with a parameter extraeps (which should
be set to 1).

In this way, for instance, for the quadrupole we find

22iG*mPvu(Ko(u) + 3ukK,(u))

Ucnn = 9% ) (62a)
Uy = — 22G2m31/u(ul3(2(u) + Kl(u))7 (62b)

= _22iG2m3yu(2K901§u) + 3ukK(u)) C(620)
Upss = 22iG2m93;/uK0(u) (62d)

to leading order, and
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Unto _ iGmvupl (5(141y + (984y — 209)u” — 286)Ko(u) +7(3730 + 165)uk, ()

cl1 — 315b ’ (63a)
NLO G*m3vup% ((2043v + 5(984v — 209)u® + 3795)K | (u) + (1461w + 55)uKy(u))
Uery =— ’ (63b)
3150
NLO iG*mPvup? (5(282v + (984 — 209)u” — 572)Ko(u) + (5231v — 2090)uk (1))
Uy = - ) (63c)
315b
UNLO _ iGPm3vup?, ((141v — 286) Ko (u) + (524v — 649)uK | (u)) (63d)

C33 — 63b

for the relative 1 PN/absolute 2.5PN correction. We list the
remaining multipoles in the ancillary files.

For the Compton cuts, the high degree of the spurious
singularities and their intricate cross-cancellations among
logarithms (4 rational part) made it impractical for us to
simply expand their expression to the desired order in 4 and
analytically simplify the result. However, when focusing
on (say) c¢;, we found it very quick to evaluate its series
expansion on numerical points. We exploited this, together
with the knowledge of the possible poles dictated by the
PM expression (22), to obtain the desired expansion in the
following way. In momentum space, the expressions are
all rational functions after the PN expansion. Therefore,
making a sufficiently general polynomial ansatz for the
numerators, it is then possible to fix it by sampling enough
numerical points, which we can efficiently do. We need 180
|

Pll

b 60”1680

points to fix the coefficient of (e - ¢)? in ¢, at 3PN for a
given mass ratio.

As we shall see, the Compton cuts are sensitive to
various kinds of physical effects. First, the O(v) part of the
associated multipoles is entirely fixed in the MPM
approach by the tail formula. Second, the O(+?) terms
receive several contributions from nonlinear relations
between lower order multipoles, dictated by the nonlinear-
ities of gravity, by the matching of the near-zone and far-
zone multipoles and by radiation-reaction effects.

We conclude this section by reproducing some of the
results of [85,86] for the radiated spatial momentum. By
integrating over @ the expression of the linear momentum
flux (A12) in terms of the multipoles, we obtain

—  G’m’ 37 37 839
rad (mVZ 1_41/) :—m”|:_3_opgo+( >p§o+O(Pgo):|€”

G'm'[ 64 (32 1664\ , o) L Gimt (1491 26757 1\ bk
— =+ 5= e : - T—
b 3 3V 7175 )P Peo b+ P21\ 7200 ~ 5600 = )"
128 /64 192
(-5 (e Te e ) oton)] oo o

The first two lines on the right-hand side of (64) arise from

Ag. B B,z and reproduce the known O(G%) and O(G*)
of the total emitted spatial momentum for the scattering to
leading and subleading order in the velocity expansion

[[85], Egs. (G7) and (G8)]. The third and fourth lines on the
right-hand side of (64) arise instead from Ay, B\"), C™*¢ and
match the O(G*) total emitted spatial momentum up to
2.5PN [85,86]. More precisely, the component of (64)
along b/, arises entirely from the interference terms between
Ay and C™, providing interesting cross-checks on the
latter. The term proportional to % follows entirely from
the interference with the tail contribution to the multipoles,

while the next order in the same line is also sensitive to

|

nonlinear and radiation-reaction contributions to C™8, as
well as to the e/e terms induced by (28). We recall that
b, Pq/b is instrumental in deriving the so-called
(radiation-reaction)? contributions to the O(G*) impulse
[26] as shown in [86].

V. MULTIPOLAR POST-MINKOWSKIAN
WAVEFORM

In this section, we briefly summarize the ingredients
needed to derive the post-Newtonian expansion of the NLO
PM scattering waveform following the classical general
relativity literature [76]. The idea is to relate the MPM
expansion to the dynamics of the source (i.e. the binary in
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our case) by matching the far-zone result with the near-zone
gravitational field.* The latter is parametrized in terms of
STF tensors I, J;, whose role is reminiscent’ of U, and
V., and by some auxiliary moments, W;, X;, Y;, and Z;,
which encode a linearized gauge transformation. Explicit
expressions for the near-zone moments are obtained by
solving iteratively FEinstein’s equations using the stress
tensor of the binary. In summary, thanks to the matching
procedure mentioned above, one can write (perturbatively)
U,;, V; in terms the near zone moments and the latter in
terms of the binary trajectory thus obtaining an explicit PN
solution for the waveform. In this approach, it is convenient
to work in the time domain, so, in order to compare with the
radiative multipoles U (u), V (u) obtained from scattering
amplitudes, we will need to take the Fourier transform [let
us recall that u is the rescaled frequency defined in (26)]

Uy () = /_ UL (eiodr, (65)

and similarly for V;. In our case, it was always possible to
perform this step by using

/+oo el ] _2%—(1\/7‘[ Ka—%(”)
oo [+ (Poot/D)] ® i (a)

(66)

and its derivatives. In the equation above, K, (b) is the usual

modified Bessel function and we recall that u :;’—b

as in (26).

In this work we will consider a further truncation in G
of the PN expansion, in order to compare with the PM
results. However, at low PN orders, it is also possible to
take a different approach and perform the Fourier trans-
form to frequency domain by keeping the dependence on
Gm/(bp2,) exact. In that case, one obtains Bessel func-
tions K,(b), where the order a deviates from an integer
value by a shift proportional to Gma/ p2, [87].

It is convenient to separate three types of contributions
to the MPM multipoles: a first part, which is local in time
and depends on the conservative dynamics of the binary, a
hereditary part, which at time U depends on the whole past
history of the binary, and a radiation-reaction part, which
takes into account the dissipative effects on the binary
trajectory. According to this splitting, we write for instance

Up = U+ U™ + URR. (67)

*In practice the matching is done in two steps, between a far
and an intermediate zone, and then between this intermediate and
the near zone [76]. The formulas we use in this section combine
these two steps.

'We use italic symbols to indicate the time-domain multipoles
and roman symbols for their Fourier transform in frequency
domain as in (65).

A. Binary trajectory and near zone multipoles

It is convenient to describe the relative distance between
the two components of the binary in terms of polar co-
ordinates on the scattering plane x = rcos ¢, y = rsin ¢
and then use the following quasi-Keplerian parametrization
of the trajectory (see [87,88] and references therein),

r = Gma,(e,coshv — 1), (68a)
& = 2arctan ( ZZ J_r ; tanh§>, (68b)
nt = Gm(e,sinhv — v +fih+a sinq?ﬁ) +0(c™®), (68c)
¢ = K[p + f,sin(2d) + g, sin(3¢) + O(c™®)].  (68d)

At leading PN order, the eccentricities are all equal, e, ~
e,~e,~bp2/(Gm), and we have K~1, a,~ pZ,
n~py, while f,, and g, , start at O(c™*). We refer to
[87,88] for the explicit expressions up to 3PN of all
parameters defining above, but here let us just quote f, ~
3(5 — 2v)GmpZ,/b which will be useful later. We follow
here the conventional notation according to which higher
PN orders are highlighted by inverse powers of ¢, the speed
of light. Notice that, in the leading PM trajectory, one can
easily solve the relation between ¢ and v, obtaining the
straight-line motion x = b, y = pt.

The near zone field is then written in terms of the binary
trajectory and, since this is a gauge-dependent quantity,
some care is needed. It is convenient to use the so-called
modified-harmonic coordinates where the instantaneous
part of the quadrupole moment 7, is given by [89]

. 2
) rr . ..
I}?st — myv Alx(ixj) —|—A2 ?x<in> +A3 ?xng) N (69)

where we use the dot to indicate the time derivative, for
instance i = %. The A;s are themselves functions of the
mass ratio and the trajectories known in a PN expansion
starting at order ¢, for instance A, = 1 + O(c™2) [see
Eq. (3.20) of [89] for the expressions up to 3PN]. While the
PN expansion of (69) contains only even powers of 1/c,
thus leading to integer relative PN corrections, starting at
order 1/¢> there are new contributions related to use of
retarded propagators, as discussed in [90]. For the near
zone quadrupole they are captured by the following result
at O(c™>) precision

et G*/? S| 24 48
= m —7rx<,»xj>+7

t r2 CS

rX(iX;

Al (70)

All expressions needed to reach a 3PN accurate waveform
are known for both the binary trajectory and the other SFT
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tensors I, ..., 7Z; [86,88,89]. Notice that, to leading PM
order, the near zone multipoles include a G-independent
contribution that is obtained by substituting the free motion
in the trajectory. This means that contributions with an
explicit factor of G2, such as the one in (70), are relevant for
the comparison with the NLO PM waveform thus provid-
ing a nontrivial check with several nonlinear effects that
appear already in the near zone analysis.

The contributions coming from the instantaneous part
[see (69) for the quadrupole] give integer PN corrections
relative to the leading term, while (70) yields half-integer
PN corrections that combine with those discussed in the
subsections below. So for the time being we focus on the
first type of contribution and would like to highlight an
interesting pattern. At the Newtonian level, which should
be compared with (50) and (52), we can use K ~ 1 and
so the near zone multiples depend on ¢ in (68) only
through trigonometric functions. Instead at the 1PN level,
one needs to use the more accurate expression K ~ 1 +
3G*m?/(b*pZ,) and keep track of the contributions coming
from expansions such as sin¢ = singp + (K — 1)¢~5 cos .
Since the correction term is of order G2, for our purposes
one can then use the free trajectory in all the other objects
appearing in this calculation. The Fourier transform of the
terms proportional to (K — 1) can be recast in terms of
(derivatives of) (66) with integer values of a. Thus these
contributions can be written in terms of elementary func-
tions and so have a different structure from all the other
1PN corrections in (69). Then it is possible to make a finer
comparison between the MPM and the amplitudes results:
the radiative multipoles obtained from (17a) reproduce all
the 1PN terms that involve Bessel function of integer order,
while the contributions we have just discussed match those
obtained from 3,5 on the amplitudes side.

A similar pattern seems to hold at 2PN as well. It is non-
trivial to check for instance the contribution to /%! that can
be written in terms of elementary functions and starts at 2PN
order I'' ~ —G*m*nv(5 — 2v)b/pooe™(1 + u)/u + - - -
(where the dots stand for the terms with Bessel functions
of integer order). On the MPM side, this result is obtained
with a mechanism similar to the one discussed at 1PN level,
the only difference being that now the origin of the poly-
nomial dependence on ¢ is via the correction parametrized
by f; in (68c). Again one can use the free trajectory in
evaluating this correction and the Fourier transform to the
frequency domain is done by using (66) with integer values
of a. The MPM result matches (56d) derived in the
amplitudes framework.

B. Nonlinear effects outside the near zone

Other nonlinear contributions arise from the matching
between the near zone and the far-zone multipoles follow-
ing the approach schematically discussed at the beginning
of this section. We collect here the formulas determining

them [90,91] and provide their explicit expressions in the
ancillary file (see [76,89] for more details).

To the order of interest here, U;j; only receives the
nonlinear contribution

G [21
==

(5) L 63 (1), 102
ijkl — _C3 5 I 1

),3)
it 5 Lighe 5 1l |- D)

U
5 5

)
Here and in the following, ") (¢) = d"f(t)/dt". Note that,
since we restrict to O(G?) corrections to the multipoles,
Eq. (71) only receives contributions from interference
terms between the G-independent term in the source quad-
rupole /;;, which involves terms up to #2, and the dynamical
O(G) quadrupole. A similar pattern holds for most of the
contributions below as well.
Turing to V;j, it receives both a contribution due to
nonlinearities
oo G |1 5)

4)a 4(1

(5)a (#)a (1)

ik = 3 E%b(ﬂj Ik)h - Eeab(ilj 1k>b (72)

and one due to angular momentum,

2G

Lo _ (4)

Vijk - _?Ika) (73)
with

Lk = 5kzpb' (74)

The quadrupole receives a correction due to non-
linearities,

pee - G {11(5?1.
ij

5 2
218 e =219 _1(3)'1(.23} (75)

C—S 7a(ij)a_7a

one due to the gauge multipole moments [90],

4G
e == [wor,-worP]®. e
C
with
1 .
W= Jmr, (77)

and an angular-momentum dependent contribution,

1G

Note that we need to retain its the first correction, O(G),
to the trajectory when evaluating the square parenthesis of
(76), since the leading term is time independent and thus it
drops out from the final result. Additional sources of O(1?)
fractional PN effects come from the already discussed
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retardation effect (69) and from the radiation-reaction
contribution in (88) below.

C. Tail formula and radiation reaction effects

Time antisymmetric contributions also arise from tail and
radiation reaction effects. Tail terms capture the rescattering
of the emitted radiation on the Coulombic field produced
by the source, and take into account the fact that the near-
zone light cones do not coincide with the flat ones in the
wave zone. They are specific to the nonlinear nature of
gravity, and for instance they would be absent in electro-
magnetism. The tail formula that incorporates these effects
reads

. 2GE '
il — e iwUiree (log(2b0w) e lg) . (79a)

. 2GE :
vl — e iwVie <log(2b0w) —ry+y - %) . (79b)

where the shift involving the Euler-Mascheroni constant y
and the 4 comes from the Fourier transform to frequency

domain. We immediately see that the terms wit % in (79)

match leg in (17b) to all orders.

To facilitate the matching with amplitude-based results
for the terms without the extra power of z, we find it
convenient to trade the cutoff b, for y as follows:

log(2bour) = =7, (80)

thereby absorbing the y. Note that accounting for the
exponentiation of infrared divergences according to (27)
makes the matching of scheme choices (80) simpler
compared to [62]. In (79), the “harmonic numbers” «,
and 7, are given by

22 +50+4 §1

YTHeA T2 T &l (81)
£—1 iy |

In particular, since we consider multipole moments up to
U,, we are going to need

11 97 59
Kz—ﬁ7 K3—@, 4—% (83)
and
7 5
71'2:8, 7[3:§. (84)

In the probe limit, i.e. at leading order in the small v limit,
the tail contributions (79) yield all the corrections of

relative half-integer PN order for each multipole. This is
a rather nontrivial statement on the amplitude side, where
such corrections come from the (challenging) expansion of
the Compton cuts.

Finally, we consider a contribution due to the radiation-
reacted trajectory. This is due to the leading-order
radiation-reaction force (see e.g. [29,85])

8G*m’ p3 1

55 (poot(?)b’; +2ptet) — bze/‘), (85)

Ho
Trr =

where we can restrict to the straight-line motion, so that in

particular r = \/b* + p2 #>, and translates into a correction
to the trajectories,

8G*m’po v

-
RR 5b%r

(b*e* — (r+ pot)be).  (86)
Note that x4 (f = —o0) = 0, while

16G*m?p v b
Mgt = o0) = === L= bl = (Ab) S5 (87)
so that this correction shrinks the impact parameter, Ab < 0.
This leads to the O(G?) loss of mechanical angular momen-
tum AL = pAb ~ mp vAb, which matches the leading PN
limit of the results obtained in [10,29,30]. The sought-for
correction to the quadrupole then reads as follows:

URR = 2m1/(x<,~xJR>R)<2), (88)
where xR is given by (86) and x; can be approximated with
the free trajectory, x; ~ (b, pt,0).

An interesting check is to calculate on the MPM side the
2.5PN correction to the radiative quadrupole, where one
needs to combine the contributions of (70), (75), (76), (78),
and (88) together with the (PN expansion of the) tail
term (79a). The result matches precisely (63) providing a
nontrivial test of both the MPM and the amplitude-based
calculations.

VI. COMPARISON BETWEEN AMPLITUDE
AND MPM RESULTS

Let us now compare the results obtained by expanding
the amplitude-based waveform in Sec. IV with those
calculated using the MPM-PN approach in Sec. V.

For A, B¢, and B, for which Ref. [63] had already
found agreement between the two methods, we obtained
the complete multipole decomposition up to NNNLO PN
order on the amplitude side, while we only calculated a few
instructive multipole components on the MPM side as
cross-checks. We find perfect agreement both for sample
components involving Bessel functions K(u), K(u) and
for those involving e, such as U in (56d).
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The tail logarithm (33) is of course exactly the same on
both sides. Finally, for the quantity C™¢, we performed
several checks, comparing all multipoles up to NNLO, i.e.
2.5PN order, between the two approaches. While this
quantity appears “in one block™ as the sum of Compton
cuts in the amplitude framework, in MPM it is given
by the sum of tail terms as well as nonlinear, gauge, and
radiation-reaction contributions, which we summarized
in the subsections of Sec. V and are also collected in the
Supplemental Material [80]. The sum of all of these
contributions matches exactly the prediction obtained for
C™¢ from the amplitude side, but this check requires paying
special attention to two important points.

The first point is that the MPM results hold in the BMS
supertranslation frame where the asymptotic shear has a
nontrivial O(G) dictated by the free trajectories [10]. On
the other hand, @ > 0 amplitudes do not give rise to this
term, and lead to a different BMS frame. One thus needs to
move from the latter to the former, via (61) [62,79]. The
second point is that the subtraction of infrared divergences
also induces a modification of the finite term via (28),
where nontrivial ¢/¢ terms appear by consistency with
dimensional regularization.

Interestingly, all one-loop integer PN corrections involv-
ing Ko(u), K{(u) are actually fixed in terms of tree-level
multipoles via (17a). This simple relation, which originates
from the full PM amplitude calculation, is rather surprising
from the MPM-PN perspective. Vice versa, the tail formula
that emerges naturally in the MPM framework guarantees
that the O(v) part of the time-reversal odd corrections to
each one-loop multipole is in fact proportional to the
corresponding tree-level one, the relative factor being
simply fixed by the corresponding ‘“harmonic number.”
Naively, one would not expect such a dramatic simplifi-
cation by simply looking at the Compton cuts of the ampli-
tude. Finally, the agreement obtained here for the 2.5PN
correction to the quadrupole is an extremely nontrivial test
of both formalisms, as it involves a rather technically
complicated, albeit conceptually straightforward, expan-
sion of C™ on one side, and the calculation of several
physically distinct contributions on the other [89].

It will be interesting to test the agreement between these
nicely complementary methods also beyond the case of
scalar pointlike objects, including also tidal effects and spin
corrections [65], to see whether the supertranslation frame
plays an analogous role, as we expect. Another important
direction consists of course in increasing the precision, both
in the velocity expansion and in the PM order. Obtaining
high orders in A of the tree level kernel is not difficult,
of course, and several additional multipoles could be
obtained by more efficiently automatizing their extraction
and the Fourier transforms. Moreover, we expect the
method developed here, based on fitting a polynomial
ansatz of the PN limit achieved by a numerical sampling
of the expansion, to be easily applicable to obtain a few

additional orders in the A expansion at one loop. Further
mileage could be gained by implementing more advanced
rational reconstruction methods (see e.g. [92]). The next
order in G, instead, represents a nontrivial future challenge,
as it requires the classical 2 — 3 amplitude at two loops.
On the other side, the latest achievement of the MPM-PN
formalism consists in the derivation of the gravitational-
wave phase and frequency to 4.5PN order beyond the
leading quadrupole formula [83,84]. Finally it would of
course be very interesting to study the connection between
the scattering and the bound waveforms at the subleading
PM order, building on the recent results of [93].

Note added. At the final stages of this work, we became
aware of a parallel work by Donato Bini, Thibault Damour,
Stefano De Angelis, Andrea Geralico, Aidan Herderschee,
Radu Roiban, and Fei Teng, which partly overlaps with
ours. We thank them for communication and for coordi-
nating the submissions.
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APPENDIX: MULTIPOLE EXPANSION

Here, we summarize the multipole expansion of the wave-
form which is commonly employed in the PN literature (see
e.g. [72,76]) To this end, let us first define the traceless
projection of its spatial part in the center-of-mass frame,

1, I

and further consider its transverse-traceless (TT) projection,

H,T'Jv'r = Pijab(n)Hij (A2)
where P;;,,(n) is the TT projector defined with respect to 7;,

that is,
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Pl]( )ié l]’

Pt/ab( ) (H)Pb ( ) :

Zpij(n)Pab(n)- (A3)
Owing to the TT projection in (A2), HZTJT descends to a
symmetric traceless tensor on the two-sphere described
by n'. Letting x* with A = 1, 2 denote coordinates thereon,
and €', = d,n' a basis of tangent vectors, this tensor is

o 1
= ejepHij+ 5

7_(AB 2

7ABninjHij’ (A4)
where y,p = e,4 - ep is the metric on the two-sphere.
One can then decompose H,p in terms of a basis of
symmetric traceless tensors with definite eigenvalue under
the action of the Laplacian on the sphere, A = D,D*, with
D, the covariant derivative associated to y4z. These can

be obtained by taking derivatives of irreducible scalar K(*)

and vector harmonics K, with DAK!
such that

= (0, which are

AKY) = —£(¢ + 1)K (A5a)

AKY) = —[¢(£+ 1) = 1)K, (A5b)

Indeed, UYy) = (2D,Dp — 7apA)K(") and Vi) = D(1K )
obey

AUY) = —[¢(f + 1) —4UY) A6a)

ap =~ Uz (Aba

AV = —12(£+1) -4V, (A6b)

These provide an orthogonal basis of symmetric traceless
rank-two on the two-sphere, e.g. § Ul U@ABaQ = o if
£#¢ and § UEQ VIAB4Q = O for any 7, £/, where dQ =
/7d?x and indices are raised using y*#

Explicit representations for Ufg and VE{E thus follow

from those of K¢
follows:

>, }Cfp, which can be constructed as

K\ = Cyny. ’C,(f) = ef€apcCpr_1ncr-1, (A7)
where C; are (n-independent) STF tensors and a capital
letter L stands for a multi-index with £ entries, for instance
(A8)

ncni ceens

C, = Ciliz---iw nep— = | ipy

A convenient orthogonal basis for the tensors C; is
given by the STF prOJectlon of the 27 + 1 monomials

(ey £iey)t - (e, £ ie)mel .. e for m < ¢. When

taking derivatives of (A7) to obtain Ui{g and VE{;, it is
convenient to recall the property

DADBni = —]/ABni. (Ag)

Let us also remark that, while C(©), ICEK) satisfying (AS5a)
and (A5b) exist for £ >0 and 7 > 1, respectively, the
resulting U/(Q and VE@ satisfying (A6a) and (A6b) are only
nonzero for £ > 2.

Using the identity (A9), in view of the above discussion,
we thus see that the spectral waveform admits the following
unique decomposition in terms of STF tensors Uy (u),
V. (u) [[76], Eq. (66)]

iy |
HET = Pijap(n) ZF [nL_zUabL_Z(u)
=2 """
27
f——H Nep—2€cqd(

aVb)dL—Z(”):| . (A10)

Note that we include the symmetry factor in the sym-
metrization of spatial (lowercase Latin) indices A(;B;) =
1A;B; + 3 A;B,. Importantly, the multipole moments Uy, ()
and V; (u ) only depend on the (dimensionless) frequency u
in (26) and not on the angles. A key simplification is that,
order by order in the PN expansion, only the first few terms
in the sum appearing in Eq. (A10) actually show up. In
practice, once a basis is written down explicitly following
the above steps, one can simply contract (A10) with the
desired harmonic and perform the integral to extract it from
the expression.

In the text, we perform the decomposition (A10) both for
the tree-level amplitude and for the building blocks of the
one-loop “eikonal” waveform kernel (15). For the latter we
employ the notation Uy;, Vy;, where X > O for B, in
(17) and X +— E for B, in (18), X +— IR for the coefficient
of the IR-running logarithm in (33) and X — C for C™¢
also in (33). In the ancillary files, we further distinguish
between B and B\") in (17a) and (17b).

We conclude this appendix by recalling the formula for
the energy flux in terms of the MPM expansion [76], which
in the frequency-domain is

dErad = f + 2)

Z{ £-1) ff' 2+ 1N

420 +2)w .
+(f—1)(f+1)!(2,f+1)”VLVL}, (Al1)

U U,

and the formula for the flux of the radiated linear
momentum
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8(1+2)@€iUly Vi

AP G~ [2(1+2)(1+3)w?
do n; e{l(l+1)!(21+3)!!U’L L

(I+ D120+ 3)N

Ve + (A12)
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