Scil Select SciPost Phys. 17, 056 (2024)

Self-force framework for transition-to-plunge waveforms

1,2%

Lorenzo Kiichler?*, Geoffrey Compere?’, Leanne Durkan* and Adam Pound’®

1 School of Mathematical Sciences and STAG Research Centre,
University of Southampton, Southampton SO17 1BJ, United Kingdom
2 Université Libre de Bruxelles and International Solvay Institutes,
C.P 231, B-1050 Bruxelles, Belgium
3 Center for Gravitational Physics, Department of Physics,
University of Texas at Austin, Austin, TX, USA, 78712

* l.m.kuchler@soton.ac.uk, T geoffrey.compere@ulb.be,
I leanne.durkan@austin.utexas.edu, © a.pound@soton.ac.uk

Abstract

Compact binaries with asymmetric mass ratios are key expected sources for next-
generation gravitational wave detectors. Gravitational self-force theory has been suc-
cessful in producing post-adiabatic waveforms that describe the quasi-circular inspiral
around a non-spinning black hole with sub-radian accuracy, in remarkable agreement
with numerical relativity simulations. Current inspiral models, however, break down at
the innermost stable circular orbit, missing part of the waveform as the secondary body
transitions to a plunge into the black hole. In this work we derive the transition-to-plunge
expansion within a multiscale framework and asymptotically match its early-time be-
haviour with the late inspiral. Our multiscale formulation facilitates rapid generation of
waveforms: we build second post-leading transition-to-plunge waveforms, named 2PLT
waveforms. Although our numerical results are limited to low perturbative orders, our
framework contains the analytic tools for building higher-order waveforms consistent
with post-adiabatic inspirals, once all the necessary numerical self-force data becomes
available. We validate our framework by comparing against numerical relativity simula-
tions, surrogate models and the effective one-body approach.
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1 Introduction

Future space-based gravitational wave (GW) detectors such as the Laser Interferometer Space
Antenna (LISA) [1] will facilitate new, high-precision tests of general relativity. Due to launch
in the mid-2030s, LISA will detect GWs in the mHz frequency band. A key source of such GWs
are extreme-mass-ratio inspirals (EMRIs), binary systems in which a supermassive black hole
(the primary) of mass M is orbited by a stellar-mass compact object (the secondary) [2]. EMRIs
naturally lend themselves to modelling by black hole perturbation theory, where the secondary
is treated as a point-like particle of mass m, with no internal structure, which perturbs the
background spacetime governed by the primary. Quantities are then expanded around their
background value as an expansion in powers of the small mass ratio, defined by & :=m, /M,
with typical ranges of 107%—1077 [2].

At the time of writing, the small-mass-ratio expansion, in conjunction with a multiscale
(or two-timescale) framework [3,4], has thus far been used to model EMRIs and their emitted
waveforms during inspiral for generic orbits in a Kerr background at leading order in ¢ [5,6].
The structure of the multiscale approach (in combination with hardware acceleration and
other methods) has also enabled waveform generation that is sufficiently rapid for GW data
analysis [7]. In the special case of a Schwarzschild background and quasi-circular orbits, these
results have been extended through next-to-leading order in ¢ [8], which corresponds to sec-
ond order in gravitational self-force (GSF) theory. The multiscale expansion for quasi-circular
orbits [9] takes account of the fact that the orbital phase of the secondary’s motion, ¢, evolves
on the fast timescale ~ M, whereas the orbital parameters such as the orbital radius r,, and or-
bital frequency 2, in addition to the mass and angular momentum of the primary, evolve on the
much slower radiation-reaction timescale ~ M /¢. Such an approach (and therefore the wave-
form model in [8]) is incomplete, however, because the inspiral dynamics break down at the in-
nermost stable circular orbit (ISCO). As the secondary transitions to a plunge into the primary,
the orbital parameters evolve more rapidly, on a timescale ~ M /¢'/> [10,11], whereas the pri-
mary mass and angular momentum still evolve on the timescale ~ M /¢. An evolution scheme
that takes into account these three disparate timescales is therefore required around the ISCO.

A treatment of the transition to plunge that asymptotically matches with the quasi-circular
inspiral for equatorial orbits (in Kerr spacetime) was studied by two of us in [12-14]. That
work, however, focused on the orbital motion, not expanding the Einstein field equations,
which prevented the construction of transition-to-plunge waveforms. In this paper we present
a framework that incorporates the inspiral and the transition-to-plunge regimes both for the
secondary’s motion and the metric perturbation, which will allow us to build waveform mod-
els that extend beyond the ISCO. Our formulation of the transition-to-plunge expansion also
differs from past formulations in a way that should naturally facilitate rapid waveform gener-
ation.

Accurately modelling the transition to plunge is expected to improve parameter estimation
by matched filtering with detected signals. Crucially, this improvement will be dramatically
more significant for larger values of €. Indeed, the duration of the inspiral scales as £},
whereas the duration of the transition to plunge scales as />, Ignoring the ringdown, taking
the ratio of these two timescales tells us that for binaries with mass ratios of 1:10, the transition
to plunge takes up ~ 16% of the entire waveform. For mass ratios of 1:1000, this reduces to
< 0.4%. While GWs are loudest around merger, EMRIs accumulate the majority of their signal-
to-noise ratio (SNR) during their long-lasting inspirals, whereas detecting intermediate-mass-
ratio coalescences (IMRACs) ! and comparable-mass binary coalescences relies on the relatively
high SNRs around the transition to plunge and merger. Therefore, accurately modelling the
transition to plunge becomes more important as ¢ increases. An accurate and proper handling

We use the terminology of [15,16] instead of intermediate-mass-ratio inspirals (IMRISs).
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of the transition-to-plunge (and plunge) regime represents an important step towards full
inspiral-merger-ringdown self-force waveforms for such binaries. This will prevent parameter-
estimation biases caused by the abrupt termination of inspiral-only waveforms [17] and could
also be useful even for EMRI data analysis studies by avoiding ad hoc choices of truncation.

From [8,18], there is evidence to suggest that, at least for a Schwarzschild background and
when carried to second perturbative order, the small-mass-ratio expansion accurately describes
GWs for mass ratios as large as € ~ 1/10. Hence, it is reasonable to assume that a small-mass-
ratio expansion during the transition to plunge will similarly be applicable for IMRACs as well
as EMRIs. The relevance of the transition to plunge for IMRACs and the expected validity of
the small-mass-ratio expansion are the main motivations for this work. Our waveform mod-
elling effort therefore also serves as preparatory modelling for third-generation ground-based
detectors such as the Einstein Telescope, with expected signals from IMRACs [ 19]. Further mo-
tivation arises from the fact that IMRACs occupy part of the parameter space of mass ratios that
is particularly challenging to model. Numerical relativity (NR) has achieved great success in
simulating compact binary systems with mass ratios of 1:1 to 1:10. It has also made progress
towards the 1:100 regime [20] (and even the 1:1000 regime, for head-on collisions [21]).
However, systems with such small mass ratios become prohibitively computationally expen-
sive for NR to simulate. The approach of post-Newtonian (PN) theory, effective for large orbital
separations and weak fields, has also had great success. However, systems with small mass
ratios spend many orbits in the strong field regime where PN theory loses accuracy. Other
approaches to GW modelling, such as phenomenological models, surrogates, and effective
one-body (EOB) approaches, require input from first-principles methods. EOB, in particular,
synthesizes results from NR, PN and GSF theory to cover a broad parameter space [22]. In
addition to providing a first-principles framework (there are no free parameters except for the
physical ones), our model should provide qualitatively new information from GSF methods
for universal models such as EOB [10, 23-30].

The paper is outlined as follows. Section 2 introduces the equations governing the sec-
ondary’s motion and presents the Einstein field equations formulated using hyperboloidal slic-
ing and a tensor spherical harmonic decomposition. Section 3 contains the multiscale expan-
sions of the orbital motion, the Einstein field equations and the self-force for the quasi-circular
inspiral. We perform these expansions through second post-adiabatic (2PA) order. Despite
only needing to model the inspiral to first post-adiabatic (1PA) order [3], we derive the sub-
leading terms to better capture the structure of the asymptotic match with the transition-to-
plunge regime. We then compute the near-ISCO behaviour of all quantities (orbital variables,
metric perturbation and self-force), which we will match with the corresponding early-time
transition-to-plunge solutions. Analogously to the inspiral expansion of section 3, in section 4
we perform the multiscale expansion of the transition-to-plunge dynamics. The transition-to-
plunge expansion parameter is A := ¢!/5, which implies that each order of ¢ corresponds to
five orders in A. We consider the transition-to-plunge expansion to the seventh post-leading
transition-to-plunge (7PLT) order, that is, up to corrections of order A’ with respect to the
leading-order term. We finally compute the asymptotic early-time solutions of the orbital quan-
tities, the metric perturbation and the self-force with the aim of matching the near-ISCO inspi-
ral. In section 5 we analytically verify the asymptotic match between the near-ISCO inspiral
(to 2PA order) and the early-time transition-to-plunge (to 7PLT order) solutions. This scheme
of matched asymptotic expansions enables us to obtain quantities in the transition-to-plunge
expansion in terms of already known inspiral quantities, ultimately reducing the number of
equations we need to solve. In section 6 we present the waveform generating scheme and the
numerical implementation of 2PLT waveforms. We compare our results with NR simulations
from the SXS collaboration [31] and surrogate waveform models [32,33]. In section 7 we
also compare our transition-to-plunge model with the one of Apte and Hughes [34] and to
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the EOB approach [10,22]. Finally, we present our conclusions in section 8. The appendices
contain relevant analytical expressions, which are also provided as supplementary material in
a GitHub repository.

2 Coupled Einstein’s equations and compact body motion

In this section we present the equations governing the orbital evolution of the secondary and
the structure of the perturbatively expanded Einstein field equations in a tensor spherical har-
monic basis. The full spacetime metric g,,, comprising the background g, of the primary
and the perturbation h,,, ~ ¢ due to the small secondary, can be written as

g,uvzguv+h,uV' ¢))
We consider the primary as a Schwarzschild black hole, described by the metric
guy = diag(—f, f ", 7%, r?sin” 0)

in Boyer-Lindquist coordinates (t,r, 6, ¢), where f := 1 —2M/r. This background metric is
used to raise and lower indices. The tortoise coordinate x is defined from dx = dr/f.
We formulate the Einstein field equations using hyperboloidal slicing. The hyperboloidal
time s is defined as
s =t—«(x), (2)

where « is the height function. We consider the slicing such that s = t in a neighbourhood of
the worldline (x(x,) = 0) and it becomes null as x — £00, where lim,_,; o, k(x) = £x (see
figure 1 of [9]). We also define

H(r) = 3K . 3)

x=x(r)

The primary’s mass and spin evolve due to the GW fluxes of energy and angular momentum
through its horizon. In order to build a consistent perturbative expansion, we need to take
into account this dynamical change. We write the black hole’s total mass as M + ¢ M and
total spin as £ 6J, where M is the constant mass of the Schwarzschild background g, and
6M(s) and 6J(s) are the evolving corrections (normalized by ¢), which appear in the metric
perturbation hy,,.

Within this general setting, we will adopt a multiscale expansion in each of the two regimes
we consider: the inspiral and the transition to plunge. Our multiscale expansions follow the
approach developed in references [4, 8,9, 35]; see, for example, appendix A of reference [9]
(or the more self-contained section IIA of reference [18]), section IV of reference [35], and
section 7 of reference [4]. The key idea in this approach is that the particle’s trajectory and the
spacetime metric only depend on the time s through their dependence on a set of dynamical
mechanical variables that characterize the binary. This allows us to recast the Einstein equa-
tions, coupled to the companion’s equation of motion, as a problem on the binary’s mechanical
phase space. Generating waveforms then divides into an offline step (solving the problem on
the phase space) followed by an online step (evolving along a physical trajectory in the phase
space). We will recall key advantages of this approach over the course of our analysis. In
this section, we will describe the coupled field equations and orbital evolution in a form that
applies to both the inspiral and the transition to plunge; we then specialize to each of the two
regimes in subsequent sections.
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2.1 Orbital motion and binary phase space

We consider the motion of the secondary on quasi-circular orbits in the equatorial plane of the
primary. The worldline z*(¢, t) can be parametrized as

(e, 1) = (t, r,(e,J%(e, 1)), g b, (e, t)) , @

where, recall, we label spacetime coordinates with a subscript p when evaluated on the world-
line, and the hyperboloidal time s reduces to t on the worldline. The quantities J* = (Q,6M,6J)
are the set of mechanical parameters that characterize the slowly evolving binary system: the
orbital frequency 2 is related to the azimuthal phase ¢, by

dd)p
2 =0
dt ’

while 6M and &J are the corrections to the primary’s mass and spin described above. Note
that throughout this paper, we suppress functional dependence on the background mass M.

In the inspiral regime, (J¢, ¢,,) represent good coordinates on the binary phase space. The
multiscale expansion in the inspiral will consist of writing all quantities of interest as functions
of (¢,J%, ¢,) and then performing expansions in powers of ¢ at fixed (J%, ¢,,). This approach
fails during the transition to plunge, which occurs in a narrow frequency interval of width
~ &%/ around the ISCO frequency. In the transition-to-plunge regime, we will therefore adopt
a new frequency coordinate:

)

Q-9
AQi=— (6)

where Q, := 1/(64/6M) denotes the geodesic ISCO frequency. By construction, AQ ~ £° in
the transition-to-plunge regime. Our multiscale expansion in this regime will then consist of
expansions in (non-integer) powers of ¢ at fixed (AJ“, ¢,,), where AJ® := (AQ,6M, 0J).

Any function of (&,J%, ¢,) can be re-expressed equivalently as a function of (&, AJ9, ¢,).
In this section we use the notation (A)J? to denote either J¢ for the inspiral or AJ“ for the
transition to plunge. We will also use the notation SM* := §M and 6M~ := &J, which is
motivated by the fact that 6 M is the correction to the leading even-parity multipole moment,
while 6J is the correction to the leading odd-parity multipole moment. We define (A)J¢ as
functions of hyperboloidal time s: on a given slice of constant s, (A)S2 is equal to its value at
the point where the slice intersects the worldline, and §M* are equal to their values where
the slice intersects the horizon. In both the inspiral and the transition to plunge, the state of
the system can be computed at a given value of (A)J“, and the system can then be evolved to
new values using an evolution equation of the form

d(Aa)e

—— =FO (e, (a)"). %

The forcing terms F*)? will be obtained in terms of the self-force using the equation of mo-
tion (10) given below, while F oM and F%’ are determined from the horizon fluxes of energy and
angular momentum. We remark that the solutions to the ordinary differential equations (5)
and (7) explicitly depend on ¢, which justifies the ¢ dependence of ¢, introduced in eq. (4).

Since we use t as our time parameter along the particle’s worldline, we will write the
particle’s equation of motion directly in terms of it. Defining the redshift U := dt/dt, where

T is the proper time as measured in the background spacetime, we can write the four-velocity
ut :=dgz"/drt as

8

d
uM(e, (A)Y) = U(e, (A)JY) (1,1«*(”*’(8, (A)JC)M, 0, Q) ,

EIONIL

6
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with summation over the repeated b index. The normalization of the four-velocity for massive

particles, g,,u*u” = —1, leads to an equation for the redshift,
dz" dz”
U2=—g,,——. 9
i dr ©)
The trajectory is governed by the equation of motion
2
=" gdUdst g d5TdET gy (10)

dt? dt dt Yo dt dt

where T, are the background Schwarzschild Christoffel symbols, and f* is the gravitational
self-force per unit mass m,. The self-force has only two independent components because
£ = 0 on equatorial orbits and because the normalization guuf'u” =—1 implies u"f, = 0.
Explicitly, the self-force per unit mass m, (the self-acceleration) acting on the secondary is
given by [36,37]

P +0(e%), P* =g +utu”. 11)

1
ff= _EPW(&V) N hﬁp)(Zhﬁp;a _hfﬂ;p

va, where hﬁv
known puncture and hﬁv is the residual field as defined in [38]. A semicolon indicates a
covariant derivative with respect to the background metric g,

Our phase-space formalism here differs from the formulation of the inspiral in the main
text of [9] and the formulation of the transition to plunge in [14]. Those references, rather
than using three variables (A)J to characterize the slowly evolving state of the system, used
a single “slow time" variable (et during the inspiral and £'/5(t — t,) during the transition to
plunge, where t, is the time at which the particle reaches the ISCO). The two formulations are
formally equivalent, in the sense that the equations in the slow-time formalism can be obtained
from those in the phase-space formalism by expanding (A)J¢ for small ¢ at fixed slow time.
We use the phase-space approach due to its better accuracy (see the comparison between
the 1PAT1 and 1PAT2 models in [8]) and because it will enable our approach to waveform
generation. The phase-space formulation we use here was first presented in appendix A of [9]
for the inspiral regime. Reference [4] detailed it for generic inspirals in Kerr spacetime. Here
we apply it to the transition to plunge for the first time.

We have split the metric perturbation h,,, as h,, = hﬁv +h is an analytically

2.2 Einstein’s field equations

We now introduce the formalism that we use to tackle Einstein’s field equations, extending
the phase-space approach from [9] to include the transition-to-plunge expansion. The metric
perturbation due to the small secondary can be written as

huy(e,s,x) =D e hl ((A)(s), ¢,()x1),  x'=(r,0,9), (12)

n>1

where s is the hyperboloidal time defined in eq. (2). The number n is a natural number in
the case of the inspiral expansion, and an integer multiple of 1/5 in the transition-to-plunge
expansion. The reason for these specific non-integer powers will become clear in later sections.
In either regime, the integer part |n| denotes the level of non-linearity of the perturbation:
terms with |n] =1 are linear (meaning hz , for 1 < n <2 are generated by sources that are at
most linear in lower-order hz ,'s); terms with | n] = 2 are quadratic (meaning hz ,for2<n<3
are generated by sources that are at most quadratic in lower-order hz ,'S); and so on. The level
of non-linearity | n] in the transition-to-plunge expansion is incremented by 1 every 5 orders in
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the expansion. For the inspiral, we will denote hz , with parentheses as hg? (J% ¢p,x"), while

for the transition to plunge we will denote hZ[j with square brackets as hasﬁn ](AJ aq ¢p,xi).
Our convention allows us to label tensors at each order in perturbation theory with an integer
superscript. In this section we introduce both cases simultaneously. All the time dependence
of the metric perturbation is encoded in (A)J* and ¢,,.

It will be convenient to introduce the n'"-order trace-reversed metric perturbation
}‘ln =hHt — 1 af K
wy T Tuy zguvg af

along with the sum flw = E”flz ,- We note that expansions analogous to eq. (12) also hold
for the puncture and residual fields, hﬁv and hﬁv, such that b, = hfv + hﬁv. In the puncture
scheme, the secondary is replaced with a singular puncture in the spacetime geometry. The
puncture diverges on the worldline and approximates the physical behaviour of the metric near
the secondary. At linear order, the puncture scheme is equivalent to considering the secondary
as a point particle of mass m, moving on the worldline z*.

It will also be convenient to isolate the metric perturbations’ dependence on §M*. The
nt"-order metric perturbation is a polynomial of order [n| in 6M and &J, that is, we can
decompose it as

lnJ=1: R} (A, ¢, x) = (A9, ¢,,x)EM?, (13a)

lnl=2:  hy, (AW, ¢y, x") = hsP((A)9, by, x)EMEM?, (13b)

where 6M? :=(1,6M, 6J) and the repeated indices are summed over. The components that
are purely along SM* (i.e., hZ’SMi, hZ’fMi‘SMi, and hZ’fMi‘SMﬁ represent perturbations to-
wards a slowly-evolving Kerr metric with mass M +¢ 8 M and spin € 6J. This means that these
components do not depend on the orbital phase ¢,, and after the harmonic decomposition
we perform below, they only receive £ = 0,1, m = 0 contributions at the linear level and
¢=0,1,2, m = 0 at the quadratic level [9].

We now turn to the field equations and their harmonic decomposition. We will perform
the multiscale expansion separately for the inspiral and transition-to-plunge regimes in sec-
tions 3.2 and 4.2, respectively. We first substitute the metric (1) into the vacuum Einstein
equations (which apply at all points off the secondary’s worldline) and work in Lorenz gauge,
V”I_lw = 0. The expansion of the field equations in (potentially non-integer) powers of ¢,
in terms of the coefficients th’ will depend on the regime. Hence, in this section, we focus
on the generic structure of the field equations, expressed in terms of powers of the total met-
ric perturbation h,,,. Up to terms cubic in hy,, (i.e., neglecting terms of order £ and using
G,,[g]= 0, we obtain

E,,[h]=256%G,,[h,h]+26°G,,[h,h,h]+ O(e*) (14)

away from the worldline. Here Ew[fl] = V"‘Vaflw + ZROLM/j vila/i is —26G,, in the Lorenz
gauge, where 6G,,, is the linearized Einstein tensor. Following the notation of [9], tensors
inside square brackets, i.e. tensors that are being operated on, have their indices suppressed.
526;” and 53Guv are the quadratic and cubic couplings of linear perturbations, that is, the
pieces in the expansion of G,,,[ g +h] that are quadratic and cubic in h uv- An explicit expression
for 6 ZGW can be found in [9]. Equation (14) can be extended to the worldline using a puncture
scheme, in which the puncture contribution to flw is moved to the right-hand side of the field
equations and treated as a source [39]:

E,[h*]=26%G,,[h,h]+25%G,,[h,h,h]—E,,[h" 1+ O(*). (15)

8
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At low orders, working in the puncture formulation is equivalent to using a point-particle
source,

5 (xt —2H(1))
Tuv:mpfuuuvﬁd’t+0(82). (16)

The form of this source allows us to more easily justify our multiscale ansatz in eq. (28) below.
The second-order terms in T, are made up of terms proportional to hﬁv multiplying delta
functions supported on the worldline [40]. Although the third-order terms have not been
derived, the reasoning in [40] implies that they will be structurally similar. In terms of this

T,,, we can rewrite eq. (15) as

E,[h]=—16nT,, +25%G,,[h,h]+26°G,,[h,h,h]+ O(e"). (17)

We refer to [40] for discussion of the strict interpretation of (and equivalence between)
egs. (15) and (17). We will not explicitly require the O(¢2) and higher terms in the stress-
energy tensor, and in later sections we will freely move between the puncture formulation and
the point-particle stress-energy formulation.

We next decompose the fields into tensor spherical harmonic modes, using the Barack-
Lousto-Sago basis of harmonics [41]. We start by decomposing the trace-reversed metric per-
turbations flz , as

- a:p - .
By = D, R (A, 6 1YL (16, 9), (18)
ilm
and analogously }_li[m = Zn e”fl?em, wherei =1,...,10,{ > 0and m = —{,...,L. A useful

property of this basis is that the corresponding expansion of h,,, is identical to eq. (18) but
with the i = 3,6 terms exchanged, i.e., hy, = hg, and hg, =h3, . The tensor harmonics
Yliim and the normalization factors a;, are defined in appendix A.1. The harmonic modes E?Zm
(and similarly the harmonic modes &;,,, of any symmetric tensor ¢,,,) are computed as

- . r - i0
Piim = aigK; é as n“anw hszéﬁm* ’ 19
with § ds = fozn do fon dOsin 0, k; = f2ifi = 3 and 1 otherwise, and n"” defined in eq. (A.4)
below.

To motivate our ansatz for the tensor-harmonic modes of the metric perturbation, we first

decompose the source terms in the Einstein equation (17). Changing the integration variable
in eq. (16) to t, we can evaluate the integral and obtain

Ty =, 50— 1,)5(0 = /2)5(9 — §,) + O(e?). (20)
p

Given that m,, = M ¢, the harmonic modes of the point-particle stress-energy tensor then read

T == L0 § dsmpon o1, v (1,0, )+ 0(e?)
4aigKi
ef (rp)M u,u, . s . 21)
—_ - ~P7 ua VB ﬂywm* ( had 0) —lm¢p5 _ +0
4al~¢l<i ,r) n Urp a[j r) 2 > e (r rp) (8)

=¢ tieme_im% o(r—rp)+ 0(e?).

Here we have used the analog of eq. (19) with an additional factor —f (r)/4 to simplify later
expressions. The mode amplitudes t;;,, are evaluated on the worldline (4). The harmonic
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modes of the quadratic Einstein tensor, 52G;;,,, can be computed from

rf(r)

4ai€Ki

5%y [RR] = —

ds n"*n*P52G,, [h,h] Y™ (22)

The metric perturbations appearing in the integral can themselves be decomposed as pre-
scribed by eq. (18). Schematically, we can rewrite the harmonic modes of the quadratic Ein-
stein tensor in terms of the modes of the metric perturbations as

5 Glﬂm [h h Z Z 52 :éfnlml lzezmzhllllmlhlzézm2> (23)

i18ymy ixlomy

2 ~i1l1my,iglom .1s . . . - -
where 6°G léml 1. 22 s a b111ne.ar differential operatc?r actmg. on hilg}ml and hi2.£2m2 sepa-
rately [42]. It is important to notice that m = m; +m,, since the integration over ¢ in eq. (22)

gives

f dp e mPeimbeimet oc 5, Lo (24)

An equivalent reasoning holds for the cubic Einstein tensor.
After the harmonic decomposition, the field equations (17) are given by a set of coupled
partial differential equations for the harmonic modes h;;,, (i =1,...,10),

Ejjemhjom = =161 Ty + 262G, h]+ 26%Gyy [, h, h] + O(e™), (25)

with summation over the repeated index j only. The decomposed linear Einstein operator
Eijim is given by

0;

TJ [(8.)% = (8,02 + 4V,(r) ]+ MU(r) + MY (r)(3)), . (26)

Eijym =

The potential is V,(r) := —[ == +W+1)] The operator matrix MY := M” + MU(a ), with
i,j=1,...,10, couples between modes h jem with different j but the same £ and m. The explicit
components MY are given in appendix A.2. Since MY =0fori=1,...,7 with j = 8,9,10 and
fori =8,9,10 with j =1,...,7, the field equations at each order in the multiscale expansion
will split into seven coupled equations for the even modes (h;,,, i = 1,...,7) and three coupled
equations for the odd modes (h;s,,, i = 8,9, 10).

When acting on a function of (A)J(s), ¢,(s) and r, derivatives with respect to t and r
become operators on phase space. The t derivative at fixed radial coordinate r, (&,),, becomes

%, « 0
3,), =Q=—— +FAV' —— | 27
(@), = 79, FTONIE (272)
where we have used eq. (7) for d(A)J?/ds. Likewise, for the radial derivative at fixed t, (3,),,
3,), = (8y), = (@ 02 @aye__9 27b
f(6:)e = (0x)r = (@) ayag, —H 3_¢p+F 3 ) (27b)

where H is defined in eq. (3). Consequently, the linear and nonlinear operators E;jy, and
6" Gy, become operators on phase space. We use this to promote the Einstein equation (de-
composed in tensor harmonics) to a partial differential equation in ((A)J9, ¢,, ) rather than
(s, ), treating ((A)J“, ¢,) as independent coordinates. The solution on phase space becomes
a solution on spacetime when evaluated on a physical trajectory ((A)J“(s), ¢,(s)) that satisfies
egs. (5) and (7).
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Since the source (21) has a 27t/m periodicity in ¢,,, we adopt the following ansatz for the
metric perturbations:

Rl (A, ¢y, 1) = RYy, (AW, r)e™™r (28)

ilm

In summary, the trace-reversed metric perturbation is therefore decomposed as

i_lw(s,s, x) = Z g" Z %R’i}m((A)J“(s,s), r)e_im‘i’p(e’s)Yﬁf)m(r, 0,¢9), (29)

n>1 ilm

with analogous expansions for the puncture and residual fields. The metric perturbation is
likewise expanded as hy,, = D, €" > a—r”Rgem((A)Ja, r)e_’md’PYlif,m(r, 0,¢), where 3 = 6,
6 =3 and i = i otherwise. Note that a;; = a;,. Following the discussion above eq. (24), we
can write

82Gigm [iy0,my> higeymy | = 62Gigm [Riye,mys Riyeym, J€ 07, (30)

and similarly for 52G,;,,. Hence, at all orders, the sources and solutions only depend on ép
through the exponential e ™%» which we can then factor out of the equations.
Finally, the harmonic decomposition of the field equations (14) reads

~

EijtmRjim = 282G 4m[R,R] + 253G y[R,R,R] + O(e™), (31)
where Ry =D, ¢"RY, . The operators E\iﬂm and %igm are given by E;j;,, and 6" Gy, with
the prescription (27) for ¢ and r derivatives and the further replacement of ¢, derivatives
with 8¢P — —im. Equation (31) is complete once we include the Lorenz gauge condition
Z, = V"fzm = 0. Substituting eq. (29) and taking the derivatives as prescribed by eq. (27),
we obtain the harmonic decomposition of the Lorenz gauge condition,

. d(a)y® B
[ij(r)+ij(r) (—lmQ+ I 8(A)Jb)i|Rjem =0, (32)

with a = 1,2,3,4 and where Z,,; are operators that contain (J,)a)y« and Z.,;(r) is a radial
vector, which are given explicitly in appendix A.3.

3 Quasi-circular inspiral

As mentioned in section 1, two disparate timescales characterize the quasi-circular inspi-
ral: the phase ¢, evolves on the orbital timescale ~ M, while the mechanical parameters
J¢ = (Q,6M,5J) = (Q,6M%) evolve on the radiation-reaction timescale ~ M /e. In order
to reflect this behaviour, we perform an inspiral expansion of all orbital quantities, in integer
powers of the mass ratio ¢ at fixed mechanical parameters J¢. The multiscale nature of this
expansion will become evident in section 3.2. Explicitly, we expand the orbital radius and
redshift as

rp(e,J%) = 1oy ( ) + Y e" 1), (33)
n=1

U(e,J%) = Uy ) + Y " Uy (9. 34
n=1

Terms labelled with a subscript (n) in parentheses appear at order " with n = 0,1,2,....
The leading-order term in the inspiral expansion is known as the adiabatic or the zeroth post-
adiabatic (OPA) order. As we will show below, the adiabatic order only depends on £ and not
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on 6M and &J. The n'" subleading term is called the n'" post-adiabatic or nPA order and
depends on the full set of mechanical parameters. Since we are expanding all functions at
fixed J%, we also expand the rates of change dJ%/dt as

1dJ% . S g% b
Sl )—F(O)(Q)+Z;8 FWP). (35)

The factor of ¢! appearing on the left-hand side reflects the fact that the evolution of the
mechanical parameters takes place over the radiation-reaction timescale. The slow time = ¢ t
could be introduced to absorb this factor, but we opt to keep a lighter notation.

The inspiral expansion of the self-force reads

fHe Y = e fl @)+ e (), u=t¢, (362)
n=2

Fr(e, ) = e fiy(T) + D e fL,(T%). (36b)
n=2

Consistently with equatorial motion, we have f = 0. In the quasi-circular case, the split
of the self-force into dissipative and conservative pieces is straightforward: the dissipative
self-force is antisymmetric under time reversal (t,¢) — (—t,—¢) and is therefore given by
fh =(f%0,0,f?). The conservative piece is then fl,s = (0,f",0,0), which is symmetric
under time reversal. In section 3.3 we perform the inspiral expansion of eq. (11) and obtain
explicit expressions for the self-force in terms of the metric perturbations. This allows us to
show that, as anticipated in eq. (36a), the dissipative first-order self-force only depends on .

Adiabatic inspiral waveforms have been computed since the seminal work by Poisson and
collaborators in 1993 [43-45], while 1PA inspiral waveforms were only obtained in 2021 [8].
Higher-order nPA waveforms will not be required for detection or parameter estimation for
LISA EMRI sources [46]. Though they would be useful for mass ratios closer to unity [18],
higher-order nPA waveforms are unlikely to be obtained in the near future, and key theoretical
ingredients, such as the third-order puncture and third-order self-force, have not yet been
derived. However, since the matching procedure between two asymptotically expanded series
mixes the perturbative orders, we derive the behaviour of the 2PA approximation for a better
understanding of the asymptotic match between the inspiral and the transition to plunge. For
this purpose, it is sufficient to obtain the structure of the third-order self-force without the
need for its explicit expression.

3.1 Orbital motion at OPA, 1PA and 2PA order

We perform the inspiral expansion of the worldline (4) and the four-velocity (8), and substitute
them into the normalization condition (9) and the equation of motion (10). At each order £",
n > 0, we obtain algebraic equations for U,y and r(,) from the normalization condition and
the radial component of the equation of motion, respectively. We obtain the forcing terms F, (?l )

F5M
(n)
can be determined from the GW fluxes of energy and angular momentum through the

from the time component of the equation of motion at order ¢™*!. The forcing terms and

F5J
(n). . . . . .
horizon of the primary. For the purpose of this paper we are only interested in their structure,

which we derive in section 3.2.
The OPA and 1PA quantities were given in [9] and are repeated here for completeness. At

adiabatic order we obtain
M 1 a 380

T =7 U = , F e S—
© = (/s O T3 © = " (MQ)RRU, D
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where we have defined

2M
D:=1-6(MM*?,  f=1— — =1 —2(MQ)?*3. (38)
©)

The adiabatic motion is driven by the dissipative first-order self-force only. Since f; tl) does not
depend on 6 M and 6J (see eq. (62) below), the adiabatic motion is only determined by the
orbital frequency Q. The 1PA quantities read

.
f(l)

"= 3z 7 Jw=0 (392)
30202 fo)
o __ 3o 40— 6(Mn)2/3+12(M9)4/3)ff fa
@ (Me)Ug DT (MU, fioyD? o (39b)
39
2
50 fly-

(MQ)1/3U4 o foD Fo)

Corrections to the orbital radius depend on the first-order radial self-force. At 1PA order, the
slow evolution of the orbital frequency is driven by the full first-order and the dissipative
second-order self-force. Given the structure of the self-force presented in section 3.3 below,

both r(;y and F(l) are linear in 5M“ = (1,6M,8J) and can be decomposed as r(;) = rEll)é'Ma

and Fg) = F(?;‘5 M?¢. Finally, the 2PA quantities are given by

1 2(4—45(MQ)*° + 1142 — 72(MQ)?) )
BQZU O)f(o) BQg(MQ)U(O)D3 W
2/3
(1—4(Mﬂ)/) r)Z_A
9Q3(MQ)1/3U M QZ(MQ)U(sO)D2

2f(0) 1 )
U = QZ(MQ)z/SUS D2 (f(l)) W(O)f(%))(f(l)) s (40Db)

2=
(40a)

t t
f f(l)aﬂf(l) )
(0)(0)

o _Lf(o)
@ (M)¥3U,D
4(1—6(MQ)*3 +12(MQ)*3)
3Q(MQ)3U;
8
* QMQ)2U0pé
0)
3
8/3 10/3 4
+26784(MQ)*/° — 22680(M2)'°"* + 6480(M)*) (£, (400)
_ 12f (16— 175(MQ)?/® — 252(MQ)? + 420(M 2)*/3)

21712 5
(MQRUZD

t
f)

12 (R o+ F )
0P

(22— 481(MQ)*/® + 3909(MQ)*® — 14610(M(2)?

(# (1)) %af)

36Qf 2 5 ,
© t t t 2t
i m [f(l) (aﬂf(l)) + (f(l)) an(n]
(3—26(MQ)?/° —120(MQ)? +84(M)*3)
+
QMQ)H/3US

2
ENENE £ (F5)
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2
()3 —8(MRQ) + 12(MQ)5/3) U,

Ja r Ja r
(Fioyar. Sy + Fiy 2. 5y)

(1—4m)**)?
2/37174 £3
QMQ)23Uf f3 D

Ja
foF .50

The third-order dissipative self-force begins to appear at 2PA order, alongside the full first- and
second-order self-forces. The 2PA quantities (5, Up) and F, (%) are quadratic in oM.

The quantity D defined in eq. (38) vanishes at the ISCO, and inverse powers of it in the
above expressions indicate how rapidly a term in the inspiral expansion diverges as the inspiral
approaches the ISCO.

3.2 Einstein’s field equations at OPA, 1PA and 2PA order

We now consider the field equations in the inspiral regime. The expansion (29) of the trace-
reversed metric perturbation is
hy,(e,8,x") = Z e" Z TMREZ)H(J“(E,S), r)e_lm‘ﬁp(g’s)Yliﬂm(r, 0,¢), (41)
n=1 ilm
where n takes integer values. By factoring out the rapidly oscillating phases e ™%» we factor

out the orbital “fast-time” dynamics from the field equations. The Einstein equation (31)
will consequently reduce to a sequence of radial ordinary differential equations for the slowly
evolving mode amplitudes REZ)H (see eq. (52) below).

Recalling eq. (35), we start by performing the inspiral expansion of eq. (27). We obtain

oo

((’}/t\)r = —imQ+eZe”F(J:)8ja, (42a)
n=0

- oo

(@) = (B)ya +imHQ—eH Y e"F/\3)a, (42b)

n=0

where we have again used a hat to denote operators on functions of J* and r, for which
8¢p — —im. The linearized Einstein operator (26) is then expanded as

Eijom(e, 0%, 1) = ES) (2,1) + € EG) (9, 1)+ 2By, (J, 1)+ O(e?), (43)
where
O = U052 4 ima(a,H +2HE,) + mi0? (1— H2) — 4V,]
ijem 4 L% x x ¢ (44a)
+ MY —imaM/,
(1 _@[(a H + 2imH?*Q —2i Q)FJaa +2HF? 3,40
ijtm = g4 LATX i N O ©x
' - e 44b
—im(1—H2)F |+ MYF) 85 (#4b)

. (DA Q (1)B
=Eiim t Fo)Eijom>

Oij a a
E® :%[(E)XH+2imHZQ—2imQ)FJ 3o + 2HF)}) 808, —im (1—H?) F2,

ijém (€] (1)
20 Ja 2y Je Jb ij -J®
+(1— H?)F 8 F {5 80 + (1 — H)F{y Fil 8508y | + MY FL 5 (440)
@A |z (2B | Lo g2 Q) 2D | 0 Q p(2E
T Eijlm + F(O)Eijlm + F(l)EijZm + (F(O)) Eijﬂm + F(O)BQF(O)Eijfm °
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In the inspiral expansion we use capital Latin letters A, B,... to denote the components of
an expression according to the decomposition in polynomials of F ?1 , n = 0, and their J¢
derivatives, which are the only terms that diverge at the ISCO. Note that the forcing terms
F(‘”y and F(‘SJ), n > 0, have themselves been decomposed in an analogous way (see eq. (55)
below).

We similarly expand the source terms in the field equation (25). We can formally expand
the harmonic mode amplitudes t;;,,, of the first-order point-particle stress-energy tensor (21)

as a functional of the orbital radius r,, and its rate of change 7, :=dr,/dt,

€ tigm [rp(e,Ja), fp(s,Ja)] — et Q)+ g2t Y+ e3t® JY+0(e), (45)

ilm ilm ilm
where
1
tl(gr)n = timleo) » (46a)
@ _ . Otiym Q Otigm (24 pa (28
iem =T 5 . TFo%ro ;- 3ty |y Litm  Fio)Ligm > (46b)
0 (0
3 _ 9 tigm (1) 3%t O Ligym 3tiem Ja atwm
tiem = rz) ar 5 3;»2 +F(1)39r(0) +F(O)8Jar(1) a7
P 10) ENIO) (0 p l(0)
1g 2 0%tipm Otim (46¢)
+ E (F(O)agr(o)) 372 + r(l)F(O)aﬂr(o) EP ar
P (0 p1(0)
;3 Q (3)B QB Q (3)D Q tGIE
1€m + F(O) ilm + F(l) ilm (F(O)) lfm + F(())aﬂ (0) 1€m

We use the notation t;yn () = tigm(r(),0). We can compute these terms explicitly by substi-
tuting egs. (8), (33), (34) and (35) into the definition (21). In the notation of [9,41,47], the
leading-order modes tl(elr)n are given by

O__ 1, o[ %GO i=1..7 i
BY* ,0) i=8,9,10.

Here &) = M f()U(o) and the coefficients agl}; are given by (dropping the £ and m indices)
& f
a(ll) = ﬂ 5 aglé 9= O, agl) = Q s (1) 21mf( )Q a(61) = r(o)ﬂz B
UO) . O] (48)

aP =[e+1)—2m*]r?, oV =2fp0, o) =2im?r,.

We will use punctures rather than stress-energy terms when writing down the field equations

for n > 1, meaning t(z) and t(S) will not be explicitly needed. However, for completeness,

the 1PA modes tl.(h)n are given in appendix B.1. We next perform the inspiral expansion of
harmonic modes of the quadratic and the cubic Einstein tensor using eq. (41). Up to order &3,
we are interested in the structure of the following terms:

gz\GiEm[R(l)’R(l)] _ 52G.(0) [Rm R(n]+8(52G1(5131A[R(1),R(1)]

(49)
+F2 626 P[RM,RD]) + 0(?),
852Gy [RY,R?] = 526G [RW,RA] +0(e), (50)
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853Gy [RD, RV, RMV] = 5360 [RO, RV, RM] + 0(e). (51)

The O(¢) terms originate from the O(¢) terms that appear when taking t and r derivatives of
the metric perturbations appearing in the quadratic and cubic Einstein tensors as prescribed
by eq. (42).

Finally, we substitute these expansions along with R;y,, = . EHREZ)H into the field equa-
tions (31). The result reads

0) p(1) _ 1)

Eij[ijem =—16nt,, 6(r—r@), (52a)
0) PR _ 5<2-(0) rp(1) p(1)7_ g0 2P _ (1) p1)
EijeijZm =20 Giem[R LRV Eijeijém EijéijEm’ (52b)

(0) RBIR _ 5<3,(0) rp(1) p(1) p(1) 2~(0) rp(1) p(2)
El.ijjZm =26 Gizm[R RV RYWT+ 46 Giem[R ,R¥]

+262G M RMW,RW] + 2F 526 P [RM, RV (52¢)

0 pBP _ (1) p(2) 2 pM
o EijEijlm o EijlijEm o Eijeijem :
As mentioned above, we have written the field equations for n > 1 in terms of the residual field,

using punctures Rgz)np and RE?;)nP rather than tfezgq and tl(g’g1 Also as alluded to previously, the
field equations have been reduced to ordinary differential equations in r. This is a consequence
of the fact that derivatives with respect to J¢ are accompanied by forcing terms F, (J:), which are
suppressed by powers of € by virtue of eq. (42). Such derivatives therefore become sources
rather than appearing on the left-hand side of the field equations.

Each of the equations (52) represents 10 coupled radial ordinary differential equations for
each value of { and m. Several properties that reduce the level of coupling are summarized
in section VE of [9]. We do not report them here since they are not of major interest to our
analysis. Equation (52a) does not contain terms that are singular at the ISCO frequency and
is therefore solved by a function that is smooth in £, RST)H(J @ r). At second order, substituting
eq. (44b) into eq. (52b), we can separate the terms proportional to F % from those that are

not. Accordingly, we write the second-order puncture and residual fields as

2 2 2)B
R (9, 1) =R, 1) + FGRIP (I, 1), (53)
where RE?H)’? and Rgfr)f are smooth functions of the orbital frequency. This allows us to split the

field equations (52b) as follows:

(0) L(2RA _ 52-(0) rp(1) p(1)7_ 5(0) p(2QPA _ L(DAL(D)

Eijeijzm =206 Giem[R LRV Eijeijzm Eijeijem’ (54a)
0) p(RB _ _ (0) p(2)PB (DB (1)

Eijeijzm __Eijeijem _Eijeijem' (54b)

In addition to the puncture and the first-order field REEBHR, the second-order mode amplitudes
RIRB R(DR

iim are also sourced by dgR;,; ~. Note that RE?T)HRB is not sourced by the quadratic term

o ZGI.(Z)H even though it is a second-order perturbation. Therefore, recalling the decomposition

in eq. (13), we can deduce from eq. (54) that the fields RE?T)HRA and RE?T)HRB are quadratic and
linear in 6M“* = (1,6M, 6J), respectively.

The forcing terms F(‘zg[ and F glj), n > 0, which drive the evolution of the corrections to the
background mass and spin, are computed from the GW fluxes of energy and angular momen-
tum into the primary. Since the fluxes are proportional to the square of the time derivative

of the metric perturbation, the structure of the forcing terms directly follows from the ones of
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Rgér)n and Rgfr)n that we have just derived. While F(‘?)];” and F (EOJ) are functions of  only and are
smooth at the ISCO, F(‘Sll;” and F aj) display the following structure:
sM* _ poM* Q poM*
FEM (1) = FG, (U + FG FEN (7). (55)

From the right-hand side of eq. (52¢) and using egs. (44b), (44¢c) and (53), we can finally
infer the structure of the third-order metric perturbation mode amplitudes:

3) _ p(dA Q p(3)B Q p3)C
me(Ja, r)= Ry J4r)+ F(O)RMm J4r)+ F(l)Rl.em Jer)
n (FQ )2R(3)D(Ja )+ F2 0, F2 RPE(ge 1) (0)
©) Rigm W 5T % 0)yRigm WY 5T

The cubic term 53G.(0)
ilm

source R(.B)A and R(.B)B.
ilm ilm

in eq. (52¢) only sources RS)T:, while the quadratic terms 6 2Gl.(21 only

3.3 Self-force

We now obtain explicit expressions for the self-force in terms of the metric perturbations.
After using egs. (33), (34) and (35) in egs. (4) and (8), we arrive at inspiral expansions of the
worldline and the four-velocity to 1PA order:

TT
2 =z + ez +0(e?) = (t, o) 5> ¢p) +¢(0,7(1y,0,0) + 0(e?), (57)

u' = uly +eufs +0(e%) = (U, 0,0, Uy) +¢ (0, Uy Fid Bar0), 0,0 ) + O(e%),  (58)

where we have already used the fact that Uy = 0. Substituting these expansions together
with the inspiral expansion of the residual piece of the metric perturbation,

oo
a; . ,
hR=>"e">" TLKREZBHR(J‘I, r)e e yin(r 0, ), (59)

n=1 ilm

into eq. (11), we find that the first- and second-order self-forces have the following form:
f=r@), w=t0,  fL=f,0U", (60a)

f(‘g) = f(Z)A(Ja) + F(%)f(g)B(Ja) . (60b)

The terms appearing in these expressions are explicitly given by

U)U(0),»”’

1
uo_ = ouvp (DR
fay=38""h (61a)

1 1
f(lé)A — _gPWh(Z)RA + _r(l) I:arguvh(l)’R + g,uvh(l)’R :I

2 UoyU),Y 2 UoyU(0),V UoyU(0), V"

1
uv 2 2 1R DR DR
_P(O) I:BU(O)Q f(o)r(1)5‘r’h23 + Eh(v ) phl(l(g)u(o),p:l (61b)

n
v puvyy B R 1o R Ot ety (IR
—F) [P 0 Voo py5m ~5%0 U0y gy 51+~ 58 hu(o)u(o),EMi:| )

B R 1 1R 8¢ . (R
R+ =ul +—g"

1
uvy,(2JRB  _ phv
P 0)7pra " 9 (O)U(O)hu(mu(o)’Q 2 & Mgy

-
f @8~ 58 Mugue.» ™ 5 (0) Utoyu

1R uv 0 DR
+ U(O)aﬂr(O)[guvhfxr?v Uy T 2P Lo OrRug, (61c)
_ o OR B Lo )r

§ h/ﬁv,ru(o) 2u(0)hu(o)u(o),r ]
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We have made use of the notation introduced in [9], where hg’(l)zzu( oy = g};g f‘o) ?0) We warn
the reader that the v derivative does not act on the four-velocities. Any t derivative appearing
in these final expanded expressions should be interpreted as J, — Qa¢p, as the full expansion
of the time derivative from eq. (42) has already been applied. All fields are evaluated on the
adiabatic worldline z*... As a consequence, the self-force depends only on the mode amplitudes

0
REZ;R and not on the rapidly oscillating phases. Indeed, since on the worldline ¢ = ¢, we

have that Yieme_im¢P o< ei™@=%y) = 1. The t component of the first-order self-force,

(UR _ (DR a ilm
fa o= 2 u(o)u(o) ¢p 2f(0)r(0)zma”~’R Oh r(o))Y (1), /2, 0)u(O) (0)° (62)

ilm

only receives contributions from the m # 0 modes. It is therefore fully determined in terms
of the orbital frequency 2 and does not depend on the parameters of the slowly-evolving
background 6 M and 6J, which only enter into the { = 0 and £ = 1, m = 0 contributions [9].
Recalling eq. (13), we note that since only the m # 0 modes of hl(fvm appear in the dissipative
second-order self-force, it is linear in 6M® = (1, 6M, 6J). The expressions for the radial self-
force are such that f(rl) is linear in 6M*“, while f(rz) is quadratic (given the discussion below
eq. (54), the f(g)B component is however linear in o M?).

In obtaining the results above it is crucial to note the following: since u(o) has components
only along the t and ¢ directions and since ¢ and ¢, derivatives of the metric perturbations
only differ by an overall minus sign, we have the property

Kty = (HSYS +h00 ) 20y +Oe) = O(e)

for all n > 1. Further details on this derivation (without the terms proportional to
Fy !
to replace the F®d,, terms occurring in [48] with F/*8;..

While the first-order self-force (61a) agrees with the one of [9] when re-written in the
slow-time formulation, our expression at second order corrects the analogous one obtained
in [9], where several terms were missed.

The structure of the first- and second-order self-forces (60) follows the one of the respective
metric perturbations obtained in the previous subsection. At third order, given the structure
of the metric perturbations (56), the self-force admits the following structure:

2
a a a Q a a
£y = FaoaT )+ Fp Sy + B e U+ (FG) ) Sp )+ Gy 8aF G (0. (63)

F§M
(0)
in eq. (61b)) can be found in [48]. In order to obtain eqs. (61b) and (61c), one only needs

and

3.4 Near-ISCO solution: orbital motion

Recall that the function D, which appears as a pole in egs. (37), (39) and (40), vanishes at the
ISCO frequency Q, = 1/(64/6M). The ISCO marks the breakdown of the inspiral expansion
as the motion enters into the transition-to-plunge regime. In order to asymptotically match
with the transition-to-plunge expansion in section 5 below, we are interested in the near-ISCO

limit of the inspiral motion. After substituting the self-force and the forcing terms F(‘sgf and

F(‘slj) using egs. (60), (63) and (55), we take the Q — Q, limit of egs. (37), (39) and (40).
For easier comparison with the transition-to-plunge motion, we replace the difference Q2 —Q,
using the near-ISCO scaling of the orbital frequency, = Q, + A>AQ where A := ¢!/> (recall
eq. (6)). Near the ISCO we then have D = —4v/6MA2AQ+O0(A*AQ?). At adiabatic order, we

find that rgy and F (Q have the following near-ISCO solutions:

roy(Q— Q) =6M+ Z raaagn, (64a)
n=1
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e F2

2@-)=F 1)— + ZF(5+2" M 5H2nAQn (64b)

(0) 0)

We have highlighted the terms that diverge at the ISCO, which contain negative powers of AQ,
by taking them out of the summation. The expansion coefficients are constants constructed
(( )]) and F(l)l) with n € N and
i,j € Z is labelled according to the powers of, respectively, A and AQ with which it appears
in the expansion. Note that each couple (i, j) originates from a single term (n), but we keep
the notation (n) explicit for book-keeping purposes. Starting from 1PA order the expansion
coefficients in general depend on 6M and 6J. Some of these coefficients are defined explicitly

in appendix B.2. Expanding the 1PA equations (39), we obtain

from ,. We use the following notation: each coefficient r

oo
erg)(Q— 0, 6M*) = > rEEistnaqn, (65a)
n=0
e2FQ + (6,-2) _~ A° &-n4A A° (10+2n,1) 5 10+2n A 1
e\ (Q > ., 6M*) = F§ ™ + +ZF(1) A02nAQ (65b)

The near-ISCO expansion of the 2PA equations (40) gives

4
2 i (4-3) A 6-2) A A° e 1) A8 (1042n,1) 4 1042
12— Q,,0M™) = " Ag 7y AQZ o +Z T2 ATTTEAQT,

(66a)

BFQ

A3
2@Q—0,6MY)=F5 O+ FY ZF“S‘”””)AB”"AQ” (66b)

@ AQ6 (2 AQ5 (2

We now determine the range of validity of the adiabatic and post-adiabatic approximations
based on the near-ISCO solutions computed in this subsection. The OPA inspiral is valid outside

the ISCO as long as 1PA corrections remain subleading. The adiabatic breakdown frequency
QggA is therefore reached when the leading-order terms in the ¢ F(%) and £2F% &) near-ISCO so-

lutions, respectively F((g’) DA3AQ ! and F((16) 26 A0 , become comparable. This condition

leads to (we recall that A = £1/°)

(6-2)

. Foy ©
6D
Fo)

OPA _
Pt =Q, — (67)

Similarly, the 1PA motion breaks down when the term F((ZB')’_@A?’AQ_6 in the 2PA near-ISCO
inspiral (66b) becomes of the same magnitude as the leading-order term in the 1PA solu-
tion (65b). The 1PA breakdown frequency is therefore given by

(3,—6) 1/4
@
6| °
Fes

ot =q,—e/ (68)

which was already obtained in eq. (29) of [18]. We give the numerical values of the coefficients
appearing in the expressions above in appendix D.2. As a consequence of the alternating
structure between even and odd post-adiabatic orders in the near-ISCO limit of the inspiral
motion [14, 18], the ratio of the degree of divergence at the ISCO of the (2n + 1)PA forcing
term over the 2nPA forcing term is identical for all n. The qualitative behaviour in terms of the
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Figure 1: Breakdown frequencies in terms of the mass ratio for the OPA motion
(eq. (67)) in blue and the 1PA motion (eq. (68)) in orange. The horizontal dashed
line marks the ISCO frequency. The OPA and 1PA approximations are valid in the
regions below the blue and orange curves, respectively.

mass ratio for such 2n will therefore be similar to the one in eq. (67). Equivalently, the ratio
of the degree of divergence at the ISCO of the (2n + 2)PA forcing term over the (2n + 1)PA
forcing term is identical for all n and is again qualitatively similar to the one in eq. (68).
We plot the OPA and 1PA breakdown frequencies as a function of the mass ratio in figure 1.
The breakdown frequencies derived using the near-ISCO solutions provide a rough estimate
of the domain of validity of the inspiral expansion truncated at some order in the mass ratio.
This estimate is most accurate for small mass ratios: for nearly comparable-mass systems,
the separation between subsequent post-adiabatic orders is less marked. In this scenario, the
breakdown might already occur at frequencies where the near-ISCO solutions are not yet valid,
and the method we have used here to derive the breakdown frequencies can therefore not
be applied. The breakdown frequencies represent the upper limit on the validity of a given
nPA approximation. This does not necessarily coincide with the range of frequencies where
the inspiral accurately describes the motion, and the transition-to-plunge expansion becomes
more accurate before the breakdown frequency is reached. We discuss this in more detail in
section 5.

3.5 Near-ISCO solution: metric perturbation and self-force

The first-order quantities RST)H and f(’f) are smooth functions of the orbital frequency and can
therefore be Taylor-expanded around the ISCO as

4A02
1) .\ _ p) 2 | AALT 6 A 33
R, (Q—Q,,6M ,r)—RiemL+7L AQ aQRan+T aQmeL+O(A AQY),  (69)
f@-aq, M= ‘ +A2AQ 8t ‘ +M o2k ' +0(A°A0%) (70)
(1) *2 o], D m|, 2 /)|, ’

where we have introduced the short notation |, to indicate functions evaluated at 2 = €,.
The expansion coefficients are constants in 2, but still depend on 6 M, 6J and, in the case of
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the metric perturbations, on the field point r. At second order, the metric perturbation mode
amplitudes and the self-force have the structure given by egs. (53) and (60b), respectively.
Taylor-expanding the smooth functions of Q in these expressions and using the near-ISCO
solution (64b), we obtain

E))
) + ~_ (0 (2)B (2)A (3,-1) (2)B
Rign(Q = Q,,6M*,r) = —- Riem‘*+me +FG aQRMmL
(5.0) H(2)B 2 @A (7,1) p(2)B 71
+Fo Rim *+A AQ(&‘Qme FFo Rigm |, (71)
50 4 p@8| , 1.3-1) j2,28 4702
+FG aaRTY| + S F 02RY) L)+O(A AQ?),
F(?’,_l)
w +y_ (0) © u (3,-1) u
fi)( =0, M%) = =0 S| F S|, H Fy  Pofisl,
(5,0) u 2 w (7,1) fp (72)
oy S|, TATAR (aﬂf(Z)ALJrF(O) fo,

(5.0) 5 gb 1 (3-1) q24u 4 A2
+FS 8Qf(2)BL+2F(O) 52 f(z)BL)+O(A AQ?).

Finally, substituting eqs. (64b) and (65b) into egs. (56) and (63) and Taylor-expanding the
smooth functions of Q2, we compute the near-ISCO behaviour of the third-order metric pertur-
bation mode amplitudes and self-force:

B-1)?
(F(O) ) R(3)15
A6AN3 ilm

3,-1)2 ,3)D
+(F ) )Riem

(6,—2) p(3)C
« + A4A02 [F(l) Rifm

(3-1);(5,0) H(3)E
*_F(o) Froy " Ritm

3
R (@ 0,,6M%r)=—

*

(73)

*

3-1)? (3)E —2 A -1
—(F(O) )" 2R L]Jro()t AQY,

(F50)

AOAQ3

1 _
u +y _ (6,-2) cp
A Q- Q. 5M*) =~ *+ [E572 7t

Ata02 L (M

u
f(B)E

*

(74)

LB (50)
TFo Fo Tor

+(F ((35_1))2 s

—(F ((35_1))2 %af (e

*

} +o(A2A0™h).

4 Transition to plunge

There are three timescales during the transition to plunge: as during the inspiral, the az-
imuthal phase ¢, changes on the orbital period ~ M and the primary black hole’s evolution
takes place on a timescale ~ M /e. However, the orbital parameters now evolve on the ISCO-
crossing timescale ~ M /e'/>. Fortunately, the ISCO-crossing timescale and background evo-
lution timescale are commensurate, which allows us to expand all quantities simultaneously
in an ¢!/ expansion.

In the Ori-Thorne analysis [11], the orbital frequency is held fixed at its geodesic ISCO
value during the full transition-to-plunge regime, leading to inconsistencies in the normaliza-
tion of the four-velocity [49]. It was shown in [14] that in the transition-to-plunge expansion
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that matches with the quasi-circular inspiral, the orbital frequency scales with the small mass
ratio to the power 2/5. As anticipated in section 2.1, the mechanical parameters we consider
for the transition to plunge are AJ¢ = (AQ, M, 5J) = (AQ, SM™), where AQ is defined from
the near-ISCO scaling of the orbital frequency,

— 2 __ 1 . o1/5
Q(t)=Q, + A°AQ(t), Q,: over’ Ai=¢g/, (75)
As during the inspiral, M and &J are the variations of mass and spin of the primary divided
by &, which we collectively denote as § M*.
We now introduce the transition-to-plunge expansion of the orbital quantities, that is, an
expansion in integer powers of A at fixed mechanical parameters AJ?. For the orbital radius
and the redshift we have

2 o)
oA AT =1, 4+ 22D AN (AQ) + A2 D At (AJY), 1, i=6M, (76)
n=0 n=3

6 00
UL AT =U, + 22D AU (AQ) + 22D A" (AT, U.=v2,  (77)
n=0 n=7

where r, and U, are the geodesic ISCO values. We indicate the leading transition-to-plunge
order or the zeroth post-leading transition-to-plunge (OPLT) order with a subscript [0] in
square brackets. Here this term appears at the leading order A2, where the power 2 can be
interpreted as a critical exponent under the scaling A — 0 in the transition-to-plunge expan-
sion [11,14,49-51]. We refer to the n'" subleading term in the transition-to-plunge expansion
as n'" post-leading transition-to-plunge or nPLT order and label it with a subscript [n]. As we
will see in the next section, for each orbital variable an associated number of low PLT orders
only depend on AS2, while the higher-order terms are in general functions of AJ¢. During the
transition to plunge, the evolution of the mechanical parameters AJ¢ is given by

2 o)
1dAQ_].dQ_ n~AQ n o AQ a
e = g = LML)+ Y AN FAN(AT), (78)
n=0 n=3
L ASME S ot (ag) 4 S an EN (A0 7
T oar = 2N A+ D AT (AT, 79
n=0 n=3

The ISCO-crossing “slow-time" variable At could be introduced to absorb the inverse power
of A on the left-hand side of eq. (78), while the background evolution time A°t could be
introduced to absorb the A factor in eq. (79). As for the inspiral, we find it most natural not
to introduce any of these auxiliary times and simply consider the evolution in Boyer-Lindquist
time t, keeping the factors of A explicit. The transition-to-plunge expansion of the self-force

reads
oo

FHOL AT = AT (AT, (80)
n=0

We refer to the term appearing at order A°*" as the nPLT term because the leading-order
term in the self-force is proportional to A° (this is also the case for the metric perturbation,
see section 4.2). This is consistent with our convention to denote the first non-vanishing
term in the transition-to-plunge expansion as the OPLT term (independently of the power of
A multiplying this leading-order term). As we will see from the explicit expressions we derive
in section 4.3, the self-force at 1PLT order is identically zero, f[‘é] = 0. The dissipative self-

force up to 2PLT order is independent of M and 6J: f[ts] and f[?] are constants, while f[;]
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and f[‘g] are constants multiplied by AQ. Up to 5PLT order, the dissipative self-force is linear in
6M*=(1,6M, 6J), with terms up to 10PLT order being quadratic. The conservative self-force
is linear in &M “ up to 4PLT order and quadratic up to 9PLT order.

4.1 Orbital motion from OPLT to 7PLT order

Using eqs. (75), (76), (77), (78) and (79), we perform the transition-to-plunge expansion of
the worldline (4) and the four-velocity (8). We substitute these expansions together with the
one of the self-force (80) into the normalization condition (9) and the equation of motion (10).
Atorder A%t n > 0, we obtain algebraic equations for r1n) @and Upp, from the radial component
of the equation of motion and the normalization of the four-velocity, respectively. The forcing
terms F2$ satisfy ordinary differential equations that are obtained from the t component of

[n]
the equation of motion at order A°*". The forcing terms F[‘i"f and F[ij] are determined from
flux-balance laws at the horizon of the primary. As we will demonstrate in section 5, it is
necessary to solve the transition-to-plunge motion up to 7PLT order to ensure a continuous (C°)
composite solution for the rate of change dQ2/dt that involves the 1PA inspiral (this implies
a C! composite solution for Q and a C? composite solution for ¢, after one and two time
integrations, respectively).
At leading order we obtain

Upo) = 4V3MAQ, (81a)
o) = —24V6M2AQ. (81b)

The 1PLT corrections to the orbital radius and redshift vanish: r;;7 = Up;7= 0. At 2PLT order
we obtain

Upy) = 24V2M*AQ?, (82a)

dFf
— 3 2 AQ
o) = 144M (SAQ —18V/6MFA dAQ). (82b)

The expressions up to 7PLT order are presented in appendix C.1.
The leading-order forcing term F [AOJQ(AQ) satisfies the following ordinary differential equa-

tion:
2

25AQ AQ t
(ra)’ Pl | poa(Piol ) 1 jgpaa_ 51 (83)
1) gan2 "1 | dan oveM 1 432/6M3

This equation is in disguise the Painlevé transcendental equation of the first kind,
identified in [50] following [10, 11]. This can be seen as follows. We define the time
S[o] = f dAQ(F[Ao]Q)_1 with the integration constant chosen such that sjo; = 0 at the ISCO
crossing. This definition implies

AQ 20AQ AQN 2
daQ g d?aq  dEgr o dPAn (AQ)ZdF[O] AQ(dF[O]) &4

— = = = +
0] 2 0]~ 0 0
dspo [ dsfy,  dAQ 0] dspy; 1/ daq2 " "\ daq

After integrating eq. (83) once and using sg; = 0 at the ISCO, it becomes indeed a Painlevé
transcendental equation of the first kind,

d?AQ 1 fs)
— AP =—— 5. (85)
ds?y,  18v6M 432v6M3
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We select the unique monotonic solution of this differential equation as done in [11,14].
The subleading forcing terms, F[An?(AQ) for1<n<2and F[An?(AJ @) for n > 3, obey the
sourced ordinary differential equations

27 AQ 27 AR AQN 2
( Aﬂ)zd Finy 4 oA an L Fio] AQ(dF[O])

0 ) ganz T2 Fin gagz T | gag
dFAQ dFAQ 1
+ophe 10 Il AQFA2 =S50, (86)

0] dAQ dAQ  oyem W T e

The source terms S[An? are listed in appendix C.1 from n = 2 to n = 5. For n = 1, the source

is zero, S[Al? = 0. The homogeneous differential operator is the linearization of the non-linear
Painlevé operator on the left-hand side of eq. (83). The linearized Painlevé solutions around
the monotonic solution are all oscillatory, see [14]. We therefore set all these homogeneous
solutions to zero. In particular, we set F[Al? = 0. The leading-order transition-to-plunge motion
is driven by the t component of the first-order self-force evaluated at the ISCO, f[ts]. At 2PLT
order, the equations start to depend also on f[g](AQ). The 3PLT order additionally requires the
knowledge of f[g](AJ 1), f[g](AJ 2) and f[rﬂ(AJ ?). Hence, starting from 3PLT order, the forcing
terms depend on 6 M and 6J. In general, nPLT corrections with n > 4 require f[t5 +n](AJ ) and
f[r4 +n](AJ 4), in addition to self-force terms already appearing at lower orders. Therefore,
starting from 6PLT order, self-force data quadratic in 6M® = (1,6M, 6J) is required in order
to solve for the motion. This leads us to write the following decompositions in terms of 6 M?:

AQ _ oAQ AQ _ pAQ —
SHS=SLeMe,  FLY=FeM®,  n=3,4,5,

AQ __ oAQ b AQ _ p AQ b —
SHS =S80, oM EMb,  FLS =FASL, 6MOSMP,  n=6,7.

(87)

Obtaining the transition-to-plunge motion to 7PLT order amounts to solving the non-linear
Painlevé equation for F[%? and in total 22 sourced linearized Painlevé equations for F[An?,

n=2,3,4,56,7 (one for F[%]Q; 9 for all F[ﬁ?a with n = 3,4,5 and a = 1,2,3; and 18 for

all F[Angfzb with n = 6,7 and ab = (ab) symmetrized with a, b =1, 2, 3).

4.2 Einstein’s field equations from OPLT to 7PLT order

We now turn to the expansion of the field equations (31) during the transition-to-plunge
regime. The transition-to-plunge expansion (29) of the trace-reversed metric perturbation
takes the form
— a
- ‘ 0 . .
huy(R,s,x1) = Z ASFT Z TIRE?;HJ(AJ"(A,S), r)e lmd’P(A’S)Y‘j’im(r, 0,9). (88)

n=0 ilm

We call the term appearing at order A>*" the nPLT term. The residual and puncture parts of
REZ}H are denoted respectively as REZ}HR and REZ}HP.
In analogy with eq. (42), the transition-to-plunge expansion of eq. (27) gives

—

oo o0
(@), = —imQ, — imA2AQ+ A Y A"FAN NG + 25 D AMFEM By (89a)
n=0 n=0

oo oo
(@) = (@)ase +H | im®, +imA2AQ— 2D A"FAD8,q— 25 D A"FEM 35y | . (89D)
n=0 n=0
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Here we have used egs. (78) and (79) and recalled the replacement 8¢p — —im in hatted op-
erators acting on functions of (AJ¢, r). The linearized Einstein operator (26) is then expanded
as

6
Eijem(A, AT 1) = Z A”E[”] o)+ A”Ei[j'?;(AQ, r)6 M o0
n=4

+AVE71P(AQ, r)sMAsMP +
jém

where

5.
0 ij .
B, = =2 (07 +imQ, (8H +2H3,) + m?0? (1-H?) — 4]

) (91a)
+ MY —imQ M,

b
oy S [(a H —2imQ,(1— H*)) F50 850 + 2HF 30500, |+ MUFA2 050, (91D)

5i~
g2 :TJ[—2m2Q*AQ(1—H2)
+(1—H2)(FAQ(8 FA1) 2 +(FAQ) 82) (91c)
(o] \"AQ%[0] ) ¥AQ (0] AQ
—imAQ(8,H +2H3,) ] —imAQMY .

(0]

Hifm is identical to the leading term E©

ijém

Note that the leading term, E. in the inspiral evalu-

ated at the ISCO frequency. The linearized Einstein operators El.[ﬂ]m, n = 3,4,5,6 and El.[;]:lb
are provided in appendix C.2. Just as in the inspiral, this expansion of the linearized Ein-
stein operator will reduce the partial differential equations in (AJ?%, r) to ordinary differential
equations in r because derivatives with respect to AJ? are accompanied by powers of A.

Unlike in the inspiral, where nonlinear sources appear at the first subleading order, in the
transition to plunge there are several intermediate orders (2PLT through 4PLT) in which no
nonlinearities appear. At these orders, the sources are constructed entirely from subleading
terms in the expansions of (i) E; jem and (ii) the point-particle stress-energy mode amplitudes
tism- We obtain the transition-to-plunge expansion of t;,,, by substituting eqgs. (8), (76), (77),
(78) and (79) together with the results of section 4.1 and appendix C.1 into the definition (21).
In order to compactify the notation, we absorb the radial §-function appearing in eq. (21) into
the definition of the mode amplitudes. We obtain

ilm ilm

4 (=)
£ tigm(A, AT (r — 1) = A% > Anra) + 4% > anePt (a9, 92)

The leading-order modes are given by

(051 vi (5,00 i=1,...,7,

1
= =760 —6M)E.af { oY (5.0) i=8,9,10, .

where £, = Mf,U, = 24/2M/3 (here f, := 1—2M/r, = 2/3) and the coefficients aEZ]n are
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given by (dropping ¢ and m indices)

2 .
2 1 2
a[ls]zf—*:—, a[25;9=0, ags]zgz—, a55]=2imf*ﬂ*= tv2m ,
r, 27M > r. 9M 9v/3M
5 1 5 (0 +1)—2m?
ag 1= r,Q2 = M’ a[7 T=Tee+1) —2m*]r,Q% = e 94)
(5] V2 5] oe o im
a, =2fQ, =———, oy =2imQr, = ——.
At 1PLT order we obtain tzLZ]n = 0. The 2PLT modes are given by
b .
(71 _ [714 _ AQ [7]1A Yg*m(jso) i=1,...,7,
ti@m = A0 tilm - «Xigm his . (95)
4 aQYZ;n(E,O) 128,9,10,

where (dropping again the £ and m indices and using the short notation & := &(r —6M) and
&' =6'(r—6M))

74 16.,[2 (714 _ 714 _ 24| 2
ol ?, §M5,’ afdy=0, ofM=7 5[5+12M5’],
212 2,|2
a[67]A— 5 5[5+3M5/] , a[77]A— 5 g(f(f'l‘l) 2”12)[54_3]”15/] > (96)

8 2
a/"==[6+6M5"], alff= i\Jiim [5+3M5'].
9 3\3
The modes at 3PLT and 4PLT order are given in appendix C.3. Higher subleading terms can
also be straightforwardly calculated.
Up to 2PLT order, the expanded field equations (31) then read

[0] »[5] _ [5]

Eiﬂijem =—l6nt,. , 97)
[0] pl6] __ [1] p[5]

Eijeijlzm - _Eijtszjem ’ (98)
[0] »[71 _ [7] [1] pl6] [2] p[5]

EiiimBim = —l6mt;,, — EiimBiom = EijomBem - (99

The first of these equations is equivalent to the field equation for RE;T)n in the inspiral (52a)
evaluated at the ISCO frequency. Therefore,
RIS

ilm

(A%, r) =R (M=, r) =RV (rysme =R) (,,6M*,r).

ilm ilm
As a consequence, the right-hand side of eq. (98) vanishes, El.[jll]mRE%n = 0, leading to
RL® (AJ% r)=0. Using t7l — AW eq. (99) reduces to

ilm ilm ilm?

EP R — _16maqel/?
ijm” " jlm ilm
61'1' 2 2y : . ij | 551 (100)
+aQl - [2m?*Q,(1—H?) +im(9H + 2H3,) |+imM; Ry, .
We can therefore write RL) (AJ9, 1) = AQRVAGSM=E, 1) = AQRVA(5M*, r)6M?. The AQ
ilm ilm ilm
dependence then factors out and the mode amplitudes REZT]: solve a system of 10 coupled
ordinary differential equations in the radius r for each value of £ and m.
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The field equations (31) up to 4PLT order (equivalently, up to O(A%)) take the form

[0] p[5+n] _ [5+n] [k] [5+n k]
El]lmR]Zm —167 tlfm ZEulm jlm : (101)

Given the structure of the sources, the mode amplitudes REZ]H for n = 8,9 reduce (as forn =7)
to sums of terms factored into AQ-dependent and AQ2-independent pieces while still being
linear in &M ?. Up to 4PLT order we summarize such decompositions as

[5] _ plSMAcsa st N _ plSlAa
me(AJa,r)—Rl.gm(SM ,T)=R;, (r)6M<, (102a)
RO (ase,r) =0, (102b)
R7 (AJ9, 1) = ARV (5M*, r) = AR (1m0, (102¢)
[8] AQp[8]A + AQp[8]Aa

Righ (AJ%, 1) = FSRA(GM™, 1) = FLSR A (r)s M, (102d)

9 9 9]
R (AT, 1) = AQPRUV(EM*, 1) + AR naFATR Y (5M*, ) o2
e

= (AQ2RY(r) + FT 050 F,

ilm

AQp[91Ba
[0] lem ( )) 6M°.

As we have done for the inspiral, we deduce the structure of the F[&;” forcing terms from the

horizon fluxes, which are quadratic in ;h,,,. We obtain

sM* sM* b
Fi (g = Fin, M5 M®, (103a)
FAM™(AJ9) =0, (103b)
sM* sM* b
Fo (A7) = AQFSY M sM?, (103¢)
where F[O]ab and F[Z]Aab are given purely by numerical values.

Nonlinear sources appear in the field equations starting from order A!° (5PLT order), en-
tering through the harmonic modes of the quadratic Einstein tensor defined in eq. (23). Sub-
stituting eq. (88), we find that the structure of its transition-to-plunge expansion reads

52G 4 = 62GL0) [RI), R + 22 (852G ) [RIS), RV + 252G [RL,RIT) + 0(2%). (104)

This expansion originates from taking t and r derivatives of the metric perturbation in eq. (88)
as prescribed by eq. (89). The term & ZGL.[I} 31 [R®] RI51], which would appear at order A, vanishes

since REZJH does not depend on AQ.
Finally, up to 7PLT order, the expanded field equations (31) for the residual fields read

[0] R[10]R _ H<2 0] [5] p[5] [0] pl10]P [k] ,[10—k]

Eijeijlm =26°G [R R ] El]ZmRJEm ZEUZm jtm (105a)
(0] p[11JR _ _ [0] p[11]P (k] pl11—k]

Einijém El}EmR]Km ZEuém jfm (105b)

[0] p[12]R _ 52 2] [5] pI5] 24001 rp[5] pl7] Rrl121P (k] pl12—k]
Einijém =26°G [R R ]+46 G [R R ] El]ﬁm jlm ZElﬂm jfm

(105¢)
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Each of these equations comprises of 10 coupled radial ordinary differential equations for each
value of £ and m.

As we have seen above, at each nPLT order (n > 0) the mode amplitudes REZZ“J can be
written as a sum of terms factored into Af2-dependent and AQ2-independent pieces. Writing
the field equations explicitly up to 7PLT order, we deduce the following structure:

2 2
s = 2 (e R (om0

AQp[10]D AQp[10]E
+AQF[0]RMm +F[2]Riem s

[11] _ pAQp[11]A AQ\ pAQp[11]B AQ AQ) p[l11]C
Ry (1 AJY) = Fi37 Ry +(3A9F[01)F[2]Riem + Fro (aAQF[zj)Rizm

2
A\ p[11]D AQ AQ) pl11]E 3pl11]F
+(FAT) RUEP + A PSR (8,0 FAR)RUNE + a0®RUNE,

(106b)

[12] _ AQp[12]A AQ) pAQp[12]B AQ AQ) pli12]C
Riem (r,AJ%) = F[4] Riém + (aAQF[o] )F[:a] Rilm JrF[o] (aAﬂF[s] )Rilm

+(PA2) (aaFAR)RIZP + (0raFAR) FATREZE

AQ (22 pAQ) pAQp[12]F AQ AQ AQ\pl[12]G
+ o (Pl ) FTRy A +F (0anFle) (GanFiol Ry

2
AQ 2 pAQ) pl12]H [12]1 2 - AQp[12]T
+(F[O]) (GAQF[Z])RI.M + AQRY + AQPFATR

2
+ AQFAQRIZIK L A paQ (aAQF[AO?) RL21E

(106¢)

[2] “Midm [0] ilm
2
AQ 2 pAQ) pll2]M
+AQ (F[OJ ) (3AQF[O] )Rizm :

All the terms on the right-hand side labelled with capital Latin letters do not depend on A

and are only functions of 6M, 6J and the radial field point r. Note that at 5PLT order the
dependency on F[‘%’{’ * is included in the term REES}A(r), while at 7PLT order the dependency on
F&’}F is included in the term AQRE;TZHH

we have REZ]H = REZT]:(AQ, r)dM? for 5 < n < 9, while REZ,]n = REZT]:b(AQ, r)6MeSMP for
10 < n < 14. Note that the equations of motion (86) can be used to simplify some of these

expressions by substituting the J AZQF[%]Q and o iQF %9 terms. However, the current form turns

out to be more convenient when asymptotically matching with the inspiral fields in section 5.3
below.

(r), as a consequence of eq. (103). Recalling eq. (13),

4.3 Self-force

We now perform the transition-to-plunge expansion of the self-force (11). Using egs. (75),
(76), (77), (78) and (79), we obtain the transition-to-plunge expansions of the worldline (4)
and the four-velocity (8) as

T
h =z + AZZFO] + /13z[“1] +0(AH = (t, oo ¢>p) +2%(0,7703,0,0) + O(AY), (107)

ut =u, + A%t + A%

[0] m+toah =(,,0,0,U,2,)

+22 (Upo),0,0, Upg) 2, + U, AQ) (108)
+ 22 (0, U, F§08aq7101,0,0) + 0%,

where we have already used the fact that r;;; = Upyp = 0. The residual piece of the metric
perturbation is expanded as

r o Um

oo
a; . .
hva = E Al E : il R[n]R(AJa, r)e—1m¢pyli€}m(r’ 0,9). (109)
n=>5

ilm
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Substituting the expansions above into eq. (11), we obtain up to 3PLT order

fl(ar) =S¢t PR (110a)
(&I =0, (110b)
fin(aJ) = AQfl, (M), (110c)
g (AT ) = Fio} fie1,(6M™), (110d)

where, using the structure of the metric perturbations obtained in the previous subsection,

[7IRA 2 5] 51R
f[7]A(5M ) - thul ,V 12\/_M ( rgld“"hl:l* +g'uvhl[lgt W”)
5‘“ (111a)
[5]R [5]R [5]1R [5]1R
+g"ul (4V3MALT + VMRS + UKCT )+ g T
u 5M:i: — 1 ,u,vh[S]RA puy /J’h [71RA 1 u h[7 5l: tth[7]7?A

f[B]A( )= Eg it v v.u, B +2u*U +?g i,

U, Gt N+ 20T S a1

S~ S, )
Any t derivative in these final expanded expressions needs to be computed with the rule
o — Q*a%, as the full expansion of the time derivative has already been applied. All fields
are evaluated at the ISCO. Like for the inspiral, the forces only depend on the mode ampli-
tudes REZLR and not on the oscillatory phase. The computational details are analogous to the
inspiral. Recalling eq. (13) and following the same reasoning as below eq. (62), we deduce
that the dissipative self-forces at OPLT and 2PLT order do not depend on 6 M and 6J, while
the conservative pieces are linear in 6M® = (1,6M, 6J). The 3PLT self-force is linear in § M*“
as well.

By comparing eqs. (110) and (111) with the corresponding results for the inspiral (61), we
can anticipate some of the results that we will obtain from the asymptotic match of section 5.3.
It is easy to see that f[’;] is given by the first-order self-force in the inspiral (61a) evaluated

at the ISCO, after identifying hLSE = hgv)l*. The 2PLT term f[’;] matches the linear term in
the Taylor expansion of f(‘{) around the ISCO frequency, f[’;] = AQ3, f(’;)l*. This is true if we
consider the matching condition h‘[jv]A = 8th(}3|*. Finally, by comparing f[‘;]A with f(‘;)B and
anticipating that hEﬂA = hl(fv)Bl*, we recognize that f[’é]A = f(‘;)Bl*. The matching conditions
for the metric perturbations that we have assumed to hold in order to derive these results are
obtained in section 5.3 below.

At each perturbative order, the structure of the self-forces (110) follows one of the metric

perturbations obtained in section 4.2. We therefore write the structure of the self-force up to
7PLT order as

m AO2eM AQ AQY H
oy (D9 = AQAfl  + FLS (aAQF[O] ) g (112a)
AQ 2 AQ AQ AQ u
flo](AJa) f[lO]A (F ) (aAQF[O )f[10]B F (aAQF[O]) f[10]C

AQ AQ
+AQF[0] [10]D F[z] [10]E°

(112b)
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u _ pAQ U AQ AQ U AQ AQ u
FhyaI0) = FE R+ (BaaF o) P s + Fiof (aaFst) fine

() o+ ORE (GaaFi)  + 00°
fhag (DI = F i + (3AQF[A0?) Fist Fiats * Flo] (3A9F[A3§2)f[q2]c

+(FAT) (anFT) Fogo + (0aaFBT) FAT A

+Froy (3§9F [Ao?) o) e + Flop (3AQF [Ao?) (3A9F [AZ?)f 1216 12

2
AQ 2 LA pH u 2AQ U
+(F7) (BRaFBT) flrgy + ALy + AQPERT A,

2
AQ £l AQ AQ\ cu
+ QLY + DOFG (GaaF o] )

2
+ 89 (FF ) (ZaF{o] ) o -
All the terms on the right-hand side labelled with capital Latin letters do not depend on A2
and are only functions of 6M and 6J. Concerning the decomposition in 6M® = (1,6M, 6J),
the dissipative self-force is linear in §M“ up to 5PLT order, and quadratic up to 10PLT order.
Similarly, the conservative self-force is linear in 8 M up to 4PLT order, and quadratic up to 9PLT
order. This difference is due to the fact that the dissipative self-force f[i Jdiss depends on h,[ﬁ,]
only through a ¢,, derivative, which does not contain any 6 M * dependence (see the discussion

below eq. (62)), and the (non-)linearity structure is given by the metric perturbations of order
n—1 and lower.

4.4 Early-time solution: orbital motion

At early times, the transition-to-plunge motion is expected to asymptotically match with the
inspiral’s near-ISCO solution. The early-time limit is reached as AQ2 — —oo. We substitute
the structure of the self-force (110) and (112) and the F[‘jll‘]/[ and F[‘SHJ] forcing terms (103) into
egs. (83) and (86) with the sources listed in appendix C.1. We find that the early-time solutions

for the F[ﬁ? forcing terms are consistent with the following series expansions:

(3+n,c[_n]—5i)
[n]

=51

o0
AHFAS(AQ - —00,5M*) =A% Y F AQ Vn>o0, (113)

i=0
with = ”2;2 for n > 0 even, and Clny = ”%7 for n > 3 odd, recalling that F[Al? =0, and
hence there is no n = 1 term. We have verified eq. (113) up to n = 7 and assume this structure
holds to any nPLT order with n > 7. Explicitly,

F(B’_l) F(B,—6)

3L-AQ _ +3 | o] [0] —11
A F[O] (AQ—> —o0)=A AQ + A +0(AQ )|, (114
AFAYAQ - —00,6MF) = A4 [L + 9 + O(AQ_”’)} , (115)
(1] AQ3  AQS
(5’_5)
5-AQ . _ 95 | p50), “f2] —10
VFLI(AQ = —00) = 2% | Fi,” + gt oA, (116)

F(6:_2) F(6;_7)

6 - AQ +y_ 16| _[8] [3] —12
AF[BJ (AQ— —00,6M™)=A A2 + N +0(AQ )|, 117
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where we have included the vanishing term F[Al? to clearly illustrate the alternating struc-

ture; cf. table I in [18]. This alternating pattern between even and odd orders in the early-
time transition-to-plunge solutions was also found in [14]. In a similar manner, taking the
AQ — —oo limit of egs. (81b), (82b) and (C.2), we obtain the early-time behaviour of the
nPLT corrections to the orbital radius,

o0 _ .
r(2+n,d[n]—51) d—.—5i

AF T (AQ — —00, SM*) = A7 - AQ Yn>0, (118)

i=0

where d[_n 1= # for n > 0 even, and d[_n )= ”7_3 for n > 3 odd. We have verified this up to
(&.1)
[n]

with n € N and i,j € Z appearing in the early-time transition-to-plunge solutions are

n = 8. Again, since r;; = 0, the solution at 1PLT order is trivial. The coefficients F, and
5))
"n]

labelled with the powers i of A and j of AQ at which they appear in the expansions and in
general depend on 6 M and 6J. Some of these coefficients are given explicitly in appendix C.4.

4.5 Early-time solution: metric perturbation and self-force

We now compute the early-time behaviour of the metric perturbation mode amplitudes
(egs. (102) and (106)) and the self-force (eqs. (110) and (112)) by substituting the corre-
sponding solutions for the forcing terms (113). We present the early-time solutions up to
SPLT order explicitly. It is straightforward to obtain the 6PLT and 7PLT solutions in the same
manner.

The OPLT, 1PLT and 2PLT solutions are trivial. At 3PLT order we get

FGD pB-6)
(8] _ [0] (0] -11 [81A
Rien= | —ag~+ age T O (297 | Rign (119)
for the metric perturbations and
Mo ol +F[(gj_6) +o(aa™) | i (120)
1= | "an * s Jis
for the self-force. The 4PLT solutions read
(3,—1))2 (3,~1) -(3,~6)
F F F
9] _ 2,[9]A ( [0] [0] [0] —13 [91B
Rign = A2 Rigy + | =105 =7 xg +o(aa )R, (121)
(3,—1))2 (3,-1) ;(3,-6)
F F F
u 2 LU _( [0] _-_10] (0] —13 u
floy= 02 fl, + g gy — o297 | figy (122)
Finally, at 5PLT order we obtain
—_1)\3 _1\3
[10] [10]A (F[(g] 1)) 10 [10]B ( [(g] 1)) 10 [10]C
R, =R, "+ |2————+0(A07") | R, "+ | ——=—+0(a07'%) | R,
AQS itm AQS ifm
B-1) -5 [10]D (5,0) -5 [10]E
+[FS +0 (a0 RGP + [FEO +0 (a0 R
(123)
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for the metric perturbations and

(3-1)
T 2(F[01 )
[10] ~J[101a AQS

()
_ 0 _
+0(227) | flios+ G +0(227) | fhok 124)

[F[(g] 1)+O(AQ_5)] fiop + [F(S 0)+O(AQ_5)] o

for the self-force.

5 Asymptotic match between the inspiral and the transition to
plunge

The inspiral and transition-to-plunge regimes overlap in a buffer region exterior to the ISCO,
where r, > r, and < Q,. Since the two expansions are describing the same motion, they
must agree in this overlapping region. In order to compare them, we have re-expanded the
post-adiabatic expansion of the inspiral in the near-ISCO limit at fixed ¢ in sections 3.4 and 3.5,
and computed the early-time behaviour of the transition-to-plunge expansion in sections 4.4
and 4.5. In this section we perform the match between these asymptotic solutions in the
buffer region. The asymptotic match of the orbital motion was obtained in [12, 14] using
the slow-time formulation. Here we revisit the asymptotic match of the orbital motion and
complete the asymptotic match by including the metric perturbation and the self-force. We
furthermore discuss composite solutions that join the inspiral and transition-to-plunge regimes.
The overlapping region where both the inspiral and the transition-to-plunge solutions are valid
is described in terms of proper time as —A > < 7 — 1, < —A~! [14]. In terms of AQ we can
reformulate this region as —A 72 < MAQ < —A0 or, equivalently,
A0 A2
—<KLN-Q, KL —. (125)
M M

5.1 Orbital motion

The near-ISCO solution of the inspiral motion obtained in section 3.4 is consistent with the
following expansions:

o0
i (5 +2j—2 i)J . 1) — —
r :6M+ZA51 (1)1 J—2P(i),J—P() A20-Pi) AQ/ PG (126)
i=0  j=0
d_Q — i AS+51 i F(5+51+21 2q(i),J— q(l))kz(_}_q(l))AQJ 4a) | (127)
dt — J Q)
i= j=

The near-ISCO solution up to 2PA order takes exactly that form with py = —1, pgy = 0,
Pe2) = 3 and qo) = 1, q(1) = 2, q(2) = 6. We conjecture that this pattern holds to any nPA order
with appropriate numbers p(,y and q,), n = 3.

The early-time transition-to-plunge solutions can be obtained by summing all contributions
given in eqgs. (118) and (113),

> > (2+n,d- ,—5m) -
rp=6M+ » AFM S T AQhe T, (128)
n=0 m=0
a _ Z AB-&-H Z 3+n, q ]_SmAQC[_n]_Sm - (129)
m=0
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The inspiral and transition-to-plunge solutions listed above can be matched in the overlap-
ping region (125) exterior to the ISCO. We obtain the matching conditions by equating the co-

efficients of equal powers of A and AQ, identifying n = 5i+2j—2p;—2 and j—p(;) = d[_n]—sm
for the match of the orbital radius and n = 2+ 5i + 2j —2q(;) and j —q(;) = Cla]— 5m for the
match of dQ/dt,
(5i+2j—2p(;y,j—p(i)) _ _(5i+2j—2p),j—p(i))
") = Tsiv2j—2pp—21 (130)
(5+5i+2j=2q,i—qw) _ 5 (5+51+2j—2q0:),]—q(»)
Fay T [2+5i+2j-2q(] (131)

In order to verify these matching conditions, the match of the self-force between the inspiral
and the transition to plunge is required. In practice, one proceeds order by order (both in the
A and the AQ expansion) for the orbital motion, the metric perturbation and the self-force
together at the same time to obtain the matching conditions. For the sake of presentation,
we will defer the matching of the metric perturbation and the self-force to section 5.3 below.
We have explicitly verified egs. (130) and (131) for all terms involved in the match between
the inspiral up to 2PA order and the transition to plunge up to 7PLT order, using the coeffi-
cients listed in appendices B.2 and C.4. The structure of the asymptotic match between the
inspiral and transition-to-plunge orbital motions is summarized in table 1: the coefficients in
the OPA near-ISCO solution are matched by the leading-order coefficients in the early-time
solutions of the even (2nPLT, n > 0) transition-to-plunge orders; the coefficients in the 1PA
near-ISCO solution are matched by the leading-order coefficients in the early-time solutions
of the odd ((2n + 1)PLT, n > 0) transition-to-plunge orders; the coefficients in the 2PA near-
ISCO solution are matched by the first-subleading-order coefficients in the early-time solutions
of the even transition-to-plunge orders and so forth. In what follows, we label the asymp-
totic coefficients with the inspiral and transition-to-plunge orders they originate from, that is,
) gl g fori i ez and myn €N.
(m) >~ [n] (m)/[n]

5.2 OPA-2PLT and 1PA-7PLT composite solutions

The asymptotic match allows us to write composite solutions, which are valid in the domain
Q < Q, (or, equivalently, r, > r,) and uniformly approximate the exact solution dQ2/dt = F Q@
in that region. They are constructed, following standard practice in matched asymptotic ex-
pansions, by adding the inspiral and transition-to-plunge expansions truncated at some specific
perturbative order and subtracting the common matching values, which would otherwise be
counted twice. Similar composite solutions can also be written for any other orbital quantity.
We label the composite solution with the highest inspiral and transition-to-plunge orders con-
sidered. Relevant composite solutions (because of their smoothness properties as explained
below) are

Q—-Q Q—Q
F(%A-ZPLT(A’ Q)= ASF(%)(Q) + A3FAL ( *) + APFAN ( *)

(0] 22 [2] 22
F(3’/_[1)] (132)
45 | _(0)/0 (5,0)
»laza, THom |
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and

Froazpir(A:J®) = A°Fg

0

() +A1°F, 1)(Ja)+ABZA"F[AH§2( 2 s )

G-1)
F
_ 5 | @/I0] F(so) (- Q)F(71) +(Q— Q)2F(92

Q-—q, (/2] (0)/[4] (0)/16] (133)
(6-2) (8.-1)
o | faye |, Fans) | paoo

(Q_Q*)Z (Q_Q*) /7 >

which neglect terms of order A% (3PLT) and A!'! (8PLI), respectively. Sufficiently near the
ISCO, the subtracted terms cancel the inspiral terms, leaving the correct transition-to-plunge
approximation; sufficiently far from the ISCO, the subtracted terms cancel the transition-to-
plunge terms, leaving the correct inspiral approximation. In this way, the composite solutions
join the inspiral and transition-to-plunge regimes without the need to switch from one approx-
imation scheme to the other at some radius exterior to the ISCO. In practice, we would only
need to switch at the ISCO between one such inspiral/transition-to-plunge composite solution
and a (not defined in this paper) transition-to-plunge/plunge composite solution.

The behaviour of the composite solution F ﬁ,A_7PLT can be summarized as follows: close to
the ISCO, the OPA and 1PA forcing terms are approximated by their near-ISCO solutions (64b)

Table 1: Visualization of the matching conditions (130) and (131) between inspiral
and transition to plunge for the orbital radius r, and the rate of change dQ2/dt.

p
OPA 1PA 2PA
(2,1) 2,1)
r=r =
© 0] _
OPLT FG-D — pB-D F&6) — g6
(0) 0 (2) [o]
1PLT — — —
o =T o =T
0 2 2 2
2PLT FEO _ p(50) F6~5) _ g9
(0) [2] (2) [2]
G0 _ (50
T =T
_ &b 3] _
3PLT £6-D) _ o)
e (3]
63) _ (63 6-2) _ (6-2)
4PIT "oy = Tl _ T =4
FOD F(7 1) FU) _ g~
© @ 4]
[AVINCAY!
T =T
_ eb! 5] _
SPLT L0 _ ot
&) B
8,4) _ (84 (8,-1) __ _(8-1)
6PLT o) = el _ T = el
FOD _ p0O2) FO3) _ pO-3)
(0) [6] 2) [6]
©.2) _ (92
7PLT _ r(l) r[7] _

(10,0) _ -(10,0)
Foy™ =Fpy
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and (65b). The divergent and constant terms in those expansions are exactly cancelled by the
subtracted terms in eq. (133), while the terms proportional to positive powers of AQ go to
zero. The composite solution F IQPA-7PLT then reduces to the transition-to-plunge solution in the
near-ISCO limit. Considering the transition-to-plunge motion up to 7PLT order is necessary
and sufficient to obtain a solution that is regular at the ISCO, cancelling all divergent and
constant terms in the 1PA inspiral (65b). For the purpose of extending a OPA inspiral beyond
the ISCO, only the 2PLT order is required; that is, we need to build F(%A_ZPLT. Considering
now the early-time limit (AQ2 — —o00), the terms proportional to negative powers of AQ
in the early-time transition-to-plunge solution (129) become negligible, while constant and
divergent terms are again cancelled by the subtracted terms. At early times, the composite
solution is then only given by the inspiral terms. With this construction, both the F, (?PA—ZPLT and
F%AJPLT composite solutions are C° functions at the ISCO (and smooth elsewhere), ensuring
that Q is C* and ¢, is C? there. Higher differentiability can be obtained by adding further PLT
orders. We display the behaviour of the OPA-2PLT composite solution for two different mass
ratios in figure 2.

A caveat to this approach is that the early-time limit AQ = (2 —Q,)/A? — —oo is for-
mally a small-mass-ratio limit A — 0 since Q2 — 0 in the early inspiral while Q, ~ 0.068/M
is finite. For a mass ratio sufficiently close to 1, at early times the transition-to-plunge part
of the composite solution will become numerically comparable to the inspiral part, spoiling

the numerical accuracy of the composite solution. To see this, note that the ¢ F ((3)’/_[1))] /(Q—9Q,)
(5,0)
F

(0y/[2] terms in the composite solution (132) will, by design, cancel the early-time con-
tribution from the transition-to-plunge solution, but this cancellation is not exact: it leaves a

residue of 83F((§)’/_[%)] /(1 —Q,)°, 83F((25)/_[52)]/ (Q2—9Q,)°, and further subleading terms from the

early-time transition-to-plunge solutions (114) and (116), which for sufficiently large mass

ratios become comparable with the inspiral term sF(%). We can obtain the value of ¢ where

this occurs as follows. Let us take as a benchmark the early inspiral at r(g) = rfg)rly = 20M

(equivalent to Q = Qg = 1/(40 v/5M)) and require that the transition-to-plunge terms are
smaller than the inspiral terms by 1%,

and ¢

(3,-6) &3 (5,-5) &3
Foyromay T omaar “ 001 (134)
eF(%)(Q) o
Q:Qearly

Using the explicit numerical values listed in appendix D.2, we find that this holds as long
as ¢ < 1/180, which makes the OPA-2PLT composite solution numerically inaccurate in the
most interesting range of mass ratios for ground-based detectors. We have kept the leading-
order residues of both l3F[%§2 and A°F, é? in the numerator of eq. (134), and not only the term
o< 1/(2—£,)°, which could naively be considered the dominant term at early times: since
monotonically increases from 0 to Q, ~ 0.068/M, it is actually always true (at least outside
the ISCO) that |1/(Q — Q*)6| > |1/(Q — Q*)S\. We have excluded the subleading residues of
order £° and higher, which we could have considered without affecting our evaluation. In
conclusion, the composite solution should not be trusted for intermediate mass ratios and
comparable-mass systems. When comparing against NR simulations in section 6, we will limit
our analysis to pure transition-to-plunge waveforms, leaving the methods of meshing the in-
spiral and transition-to-plunge approximations for future work.

Previously, we estimated the frequencies at which the inspiral approximation breaks down,
in the sense that omitted terms become more important than included ones; those breakdown
frequencies were given in eqgs. (67) and (68). We now consider a different question. Rather
than estimating how near to the ISCO we can trust the inspiral approximation, we consider
how near to the ISCO we should be in order for the transition-to-plunge approximation to be
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Figure 2: Rate of change of the orbital frequency from Q = 1/(40+v/5M), corre-
sponding to an orbital radius r) = 20M, to 2 = Q,. The considered mass ratios are
€ =1/10 (top panel) and € = 1/500 (bottom panel). The adiabatic rate of change,
EF(%), given by the dashed blue curve, diverges at the ISCO frequency, marked by
the vertical dashed gray line. The rate of change in the transition-to-plunge approx-
imation to 2PLT order, A*F/% + ASF[%?, is displayed as a dashed orange curve. The
composite solution (132) in black reduces to the inspiral solution at small frequen-
cies (this is only true in the lower panel, see the discussion around eq. (134)) and to
the transition-to-plunge motion close to the ISCO. The vertical dotted gray line marks
the lower boundary of the region in which the transition-to-plunge curve represents
a better approximation than the inspiral curve. As expected, this region becomes
narrower as the mass ratio decreases.

superior to the inspiral approximation. Concretely, we compute the critical frequency beyond
which the 7PLT transition-to-plunge motion approximates the exact solution better than the
1PA inspiral motion: QPA7PLT = O+ A°AQ. +0(A%¢) such that AQ, < 0and 0 < ¢ < 2 (which

crit
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is an intermediate scaling between the inspiral, ¢ = 0, and the transition-to-plunge motion,
¢ = 2). The behaviour of the inspiral and transition-to-plunge solutions in terms of the critical
frequency is summarized below:

7
1PA-7PLT ., 550 10 -0 Q 3 AQ Q
Q<Q CoA F(o)_")L F(l)_FlPA-7PLT <|A Z?L”F[n] — Fipapir| » (135a)
n=0
7
1PA-7PLT . 550 100 Q 3 AQ Q
Q>chit LA F(o)_")L F(l)_FlPA-7PLT > (A Z)L“F[n] — Fipazpir| » (135b)
n=0
7
_ o1PA-7PLT . 550 100 Q _ |33 AQ Q
Q_chit LA F(o)"'7L F(l)_FlPA-7PLT = (A ZAHF[n] — Fipa7prr| - (135¢)
n=0

We can obtain the critical exponent ¢ and the correction AQ2, by imposing the condition (135c).
Since both the inspiral and transition-to-plunge solutions need to be simultaneously valid, the
critical frequency lies in the matching region. We can therefore approximate the inspiral and
transition-to-plunge solutions with their near-ISCO and early-time behaviours, respectively. At
leading order, eq. (135c) then gives

115—6c

AQC—GF(B;_6) =2’5+3C

3 ~(11,3)
o) AQEF, (136)

(0)/(8]]

Solving this equation for ¢ and A, and recalling that A = £'/>, we find the critical frequency

@-6) |12

1PA—7PIT _ ~ _ .2/9|_(2)/10] 4/9
Qe =Q,—¢ SL) +0(e"7). (137)

(0)/18]

The critical exponent is ¢ = 10/9, lying within the chosen range 0 < ¢ < 2. If we instead
consider a OPA-2PLT motion, the critical frequency becomes

(3,—6) 1/7
3 2)/[0
a2t g — 207 | DIy (et (138
Fioyia

We give the numerical values of the coefficients appearing in the expressions above in ap-
pendix D.2. Figure 3 shows the behaviour of the critical frequencies as functions of the mass
ratio in the range where the the composite solution is a good approximation of the exact so-
lution (see the discussion around eq. (134)) and can therefore be used in deriving the critical
frequencies from eq. (135¢). For all mass ratios, QIPA~7PLT < QOPA=2PLT < ) - a5 more per-
turbative terms are added to the transition-to-plunge motion the description becomes more
accurate, extending its region of validity to smaller frequencies earlier in the inspiral. As the
mass ratio increases, the region where the transition-to-plunge approximation is more accu-
rate than the inspiral one becomes larger. This points to the fact that the transition-to-plunge
approximation becomes crucial for modelling intermediate-mass-ratio and nearly comparable-
mass binaries within self-force theory, indicating the importance of including transition-to-
plunge effects over an increasingly large frequency interval for larger €. This behaviour is
already expected from the scaling around the ISCO of the orbital quantities such as the radius

Tp =Ty~ 2/> and the frequency Q —Q, ~ £%/°.

37


https://scipost.org
https://scipost.org/SciPostPhys.17.2.056

Scil Select SciPost Phys. 17, 056 (2024)

0.07

~ -

0.06 |- s

Q [1/M]

0.04 . .
107 1075 10 1073 5.x1073

€

Figure 3: Critical frequencies as functions of the mass ratio for the OPA-2PLT mo-
tion (eq. (138), dashed blue curve) and the 1PA-7PLT motion (eq. (137), dashed
orange curve). The horizontal dashed line marks the ISCO frequency. The solid blue
and orange curves show the OPA and 1PA breakdown frequencies (67) and (68), re-
spectively. The inspiral (resp. transition-to-plunge) approximation most accurately
describes the motion below (resp. above) the dashed curves. We have restricted the
plot to the range of mass ratios where the composite solution faithfully represents
the exact solution, following the bound imposed by eq. (134). Importantly, the tran-
sition to plunge takes over before the inspiral approximation breaks down.

5.3 Metric perturbation and self-force

We now obtain the asymptotic match for the metric perturbation and the self-force. We can
write the near-ISCO solution of the inspiral metric perturbation mode amplitudes by adding
up egs. (69), (71) and (73) in the post-adiabatic expansion,

Ry (2>, 6M%,r)=25RM | +27A0 8,RY +ABE R@B
ERijym %9 )= iZm>|< Q ifm* AQ ilm «

() o

1
9|1 2 A2 A2p(D) | _
+A ZAQ o5R . 3 it

ilm

* (139)

10| p(2)A (3,-1) (2)B (5,0) p(2)B
+A [Rizm IR %R im T Fo  Riem *]
+ OAQ(All) + 09(84) .

Here Oq(e) and Oxq(€) (or, equivalently, On(A) and Oxq(A)) refer to the limit € — 0 in the
inspiral expansion at fixed Q and in the near-ISCO expansion at fixed A, respectively. Com-
bining the structure of the metric perturbations in the transition-to-plunge regime (egs. (102)
and (106)) with egs. (119), (121) and (123), we find that the early-time transition-to-plunge
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solution is given by

(3.-1)
+ oy _5p05] 4 47 (714, 48| _[0] —6) | pl81A
£Rm(AQ——00,6M™,r) = AR + A/ AQR, "+ A W+o(AQ )| R
(") |
+2° | ag2rA 210 gl 6 (AQ78) (140)
ilm AQ3 ilm

10 3,1 10]D 5,0)p[10]E —
+ A1 (RO 4 FOVRLOP 4 POORDOE + o(an™) |

+0p,0(Ah).

We recall that all the mode amplitudes on the right-hand side of these equations are functions

of 6M, 6J and r, while the F((:r’lj)‘}[n] coefficients in general depend on 6 M and 6J. Comparing
the coefficients of equal powers of A and AQ in eqgs. (139) and (140) and recalling the results
of table 1, we obtain the following matching conditions for the metric perturbation mode

amplitudes:

Rt = Rign|. - (141a)
Rifm = BaRigh,| (141b)
Rigm = Ripn |- (1410)
R =2 ap| . RPe =Y (141d)
RO =R RV = arDY| R =RDY) (141¢)

We have also verified that the mode amplitudes involved in these matching conditions actually
satisfy the same field equations. The subleading terms in the AQ2 — —00 expansions at each
order in A in eq. (140) match with terms that originate from subleading post-adiabatic orders
in eq. (139). In analogy to what we have done for the orbital motion, we can write a composite
solution also for the mode amplitudes of the metric perturbation:

5
e RIPA=SPLT _ 35p(1) | 410p(2) | 45 ZA”R[SMJ

ilm ilm ilm ilm
n=0
2
5| ) o], @=-2) o
—A [me T @=Q) R, |+ Ry (142)
F(B;_l)
10 (0)/[0] _(2)B (2)A (3,-1) (2)B (5,00 (2)B
—A Q— Q* Rilm % + Rilm % + F(O)/[O] aﬂRilfm % + F(O)/[Z] Riém %

This composite solution behaves analogously to the one in eq. (133), reducing to the inspiral
and transition-to-plunge approximations in the early-time and near-ISCO limits, respectively.
Considering the transition to plunge up to 5PLT order is necessary and sufficient to obtain a
composite solution that is regular at the ISCO. Fewer transition-to-plunge terms are required
compared to the composite solution (133) for the rate of change of the orbital frequency, which
is due to the milder divergence close to the ISCO of the inspiral quantities here.
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We now turn to the self-force. We obtain the near-ISCO solution of the inspiral self-force
by appropriately summing the contributions in egs. (70), (72) and (74),

G D

o £y _ 45 ¢l 7 u 8 (0)
£ 0, EMH) =25 ] +A7AR Gafh| +25- D 7|

(75")

X (3>EL (143)

Using the structure of the self-force in the transition-to-plunge regime (egs. (110) and (112))
together with egs. (120), (122) and (124), we find that the early-time transition-to-plunge
solution reads

1
oL an2 92,0
+27| 749 8Qf(1)’*

F(S 0)

10[ cu (3,-1) u
+A [f(z)A‘ +Fy 7 Gafs|, oy S

+ OAQ(AII) + 09(84) .

(3-1) i
£y _ 45¢H 7 g | _[0] 6 m
FHAQ = —00,6M¥) = A°fii + A Aﬂf[7]A+7L +0(an™®) Faa
FGDY ]
+2° | a2t — 21 e L o(an8) (144)
[91A AQ3 ‘L91B

10[ fu (3 —-1) (5,0) p1u -5
+4 [f[lolA o +Fra} frog +O(A0 )]
+ 0,0,

Comparing the coefficients of equal powers of A and AQ in egs. (143) and (144) and recalling
the results of table 1, we obtain the following matching conditions for the self-force:

fisy=Fivl. > (1452)
fou= (145b)
fan= (I;)B’ ’ (145¢)
fon=5 %10, fo = Foe|, (145d)
f[liOJA - f(Z)AL ’ f[‘;O]D - aﬂf(g)BL J f[‘io]E = f(‘é)g L (145e)

Again, the subleading terms in the AQ2 — —00 expansions at each order in A in eq. (144) match
with terms that originate from subleading post-adiabatic orders in eq. (143). Considering the
third-order self-force in deriving eq. (143) is, however, enough to determine the self-force
matching conditions needed for the asymptotic match between the inspiral and the transition-
to-plunge approximations truncated at 2PA and 7PLT order, respectively (see table 1). All
relevant self-force matching conditions, including those for f[11] and f are summarized in
appendix D.1.

The matching conditions (141) are particularly useful since they allow us to determine
some of the metric perturbations in the transition-to-plunge regime from inspiral quantities

[12]°
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without needing to solve any additional field equations. With the quasi-circular inspiral in
1) p@A
ilm’ Ri€m
are known), we can determine all transition-to-plunge mode amplitudes up to SPLT

order with the exception of REZ]T]?, RE(}T(:I]B and RE;T?I]C. In order to obtain these missing terms one
needs to solve the field equations directly in the transition-to-plunge regime (or, equivalently,
solve additional equations in the inspiral expansion and obtain the terms of interest through
the asymptotic match). By virtue of the matching conditions (145), the same is true also for
the self-force. As an example, let us consider the self-force in the transition-to-plunge regime

through 3PLT order,

Schwarzschild spacetime computed to 1PA order [8,52,53] (meaning the functions R

and R
ilm

_ 355l + 7 [0 + 8 AQ + 4
=2 f[s](5M )+ A AQf[7]A(6M )+ A Fio) f[8]A(5M )+O0(A7). (146)
The AQ-independent quantities can be obtained from the matching conditions (145) rather
than deriving them from the metric perturbations using the resultsin egs. (110) and (111). The
AQ-dependent factors, which are in general combinations of the forcing terms F [ﬁ? (n=>0) and
their AJ? derivatives, can be obtained within the transition-to-plunge expansion by solving
eq. (86).

6 2PLT motion and waveforms

Post-adiabatic waveforms for the inspiral regime have already been generated using the for-
malism reviewed herein [8]. We have now further developed the formalism to include the
transition to plunge. Given the matching conditions between the inspiral and the transition to
plunge, all numerical self-force data necessary to model waveforms up to second post-leading
transition-to-plunge (2PLT) order is already available and can be readily computed using the
Teukolsky package within the Black Hole Perturbation Toolkit (BHPToolkit) [54]. Further nu-
merical work is required to extract the self-force data at 3PLT order and beyond. In this section,
we will limit the production of explicit waveforms to 2PLT order.

6.1 Overview of the model

The 2PLT dynamics is governed by the following two ordinary differential equations:

dQ(e, A
% = Fapr (2, Q(t, 2)), (147)

de,(t, A
M =Q(t, 1), (148)

dt
where the driving force is given by
Q-0 Q-0

Foh (A, Q) = 131:[%?( P *) +AFo ( P *) : (149)

and is displayed in figure 4. We notice that FZQPLT < 0 in some frequency range outside the
ISCO. This breakdown at early times is specific to the 2PLT model and is possibly overcome as
further PLT orders are added. We will limit our 2PLT model to the range of frequencies where
FZ%LT > 0 when producing waveforms. We also define the OPLT driving force as

Q—Q,
Fon(A, Q) = ABF[AO? ( oz ) . (150)
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Figure 4: Rate of change of the orbital frequency from Q = 1/(10+/10M) to the
light-ring frequency Q;x := 1/(3v/6M). The vertical dashed line marks the ISCO
frequency. The considered mass ratio is ¢ = 1/10. The rate of change to 2PLT
order (149) is displayed in orange. For reference, we also plot the OPLT rate of
change (150) in blue.

The transition-to-plunge driving forces F, Ao? and F Azﬂ are expressed in terms of the self-
force in egs. (83) and (86) (with the source (C.3)). By virtue of those equations, in order
to evolve the orbital frequency in eq. (147), the only required inputs are the self-force terms
f[ts] and f[;] = AQ f[;]A. These can be obtained from the first-order inspiral self-force and
its derivative at the ISCO, f(tl)(Q*) and J, f(tl)(ﬂ*), using the matching conditions (145a) and
(145b). Standard balance laws [9,55] allow us to compute the force f(tl)(ﬂ), in turn, from the

OPA energy flux to infinity (]-'(;jj\) and down the black hole horizon (]-"(%A) as

_ Ugo)(£2)
f(ry())

The fluxes are readily obtained using the BHPToolkit’s Teukolsky package. We list the numer-
ical values of f[ts] and f[;]A in appendix D.2.

Given a phase-space trajectory (Q(t, A1), ¢, (t, 1)), the waveform is obtained from the met-
ric perturbation at future null infinity. Analogously to the motion, for the metric perturbation
we write

fo@) = [Fom () + Fba ()] . (151)

. a; . . .
P2, b, x) = DRI, Qr)e My (), (152)
ilm
where the 2PLT mode amplitudes are given by
2PLT . 45pl5] 7 (714 _ 55| p(D) 1

RET(2,9,r) = %R + 27a0RTM =25 [ RO | +(@ -2 2RG) | | (153)
In order to derive these expressions we have used the matching conditions (141a) and (141b).
Note that as a first approximation we have set M = 6J = 0. Their contribution is numerically
subdominant during the inspiral [8,18] and it is safe to assume this will also be the case during
the transition to plunge since the rate of change of §M and 6J remains of order A°. The strain
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is expressed in terms of the two GW polarizations as the limit r — oo of the expression

{
r(hy —ih) = rhy,mPaY = > > rhi o Y.(0,4), (154)
{>2 m=—{
where m = %(O, 0,1,—icscO) and _,Y;,, is a spin-weighted spherical harmonic. For conve-

nience, we define hy,, :=1lim,_, oo (r hﬁ_i”:ﬁ) and write the asymptotic {m mode of the waveform
as
hem(é‘, Q, d)p) :Hgm(é‘, Q)e_imd)p . (155)

In terms of the Barack-Lousto-Sago coefficients, the complex amplitude H,,, is given by [4]

1
2 /U + DI —1)

[R7€m(£> Q) OO)+iR10em(8, Q) OO)] (156)

{m

We can compute the numerical inputs for H,,,, from the outputs of the BHPToolkit’s Teukolsky
package, just as we did for the 2PLT driving forces. We consider here only the oscillatory modes
(m # 0); quasistationary modes (m = 0) are related to the displacement memory effect and
require a separate treatment. Using the relationships between OPA Teukolsky amplitudes and
OPA metric perturbation amplitudes at infinity, as given in eq. (420a) of [4], we write
up up
@ 0 aya (M )| } C asy)
*

(mQ)?

Hyp = HP (e,Q) = 2¢ { (e

Here _ZC;T];)I(Q) are the mode amplitudes that are output by the Teukolsky package after ex-
pressing  as a function of the radius r() using eq. (37). Note that to 2PLT order, the amplitude
H ZZTI:ILT coincides with the first two terms in a Taylor series expansion of H?,E:A around the ISCO
frequency.

In summary, the 2PLT waveform is given by eq. (155) with (157), where q5p and Q are
solutions to eqgs. (147) and (148). Recall that because of our choice of hyperboloidal slicing,
time t along the worldline is identified with retarded time u along future null infinity; we can
hence simply replace t with u in egs. (147) and (148). Also recall that, as stressed earlier in
this paper, a key advantage of the multiscale formulation is that it enables rapid waveform
generation by dividing the problem into a (slow) offline step and a (fast) online step. Here the
offline step consists of computing all the necessary functions of Q2 (driving forces and waveform
amplitudes).2 The online step consists of solving eqgs. (147) and (148) and substituting the
result into eq. (155).2 Concretely, for our 2PLT waveforms, in the offline stage we use the
BHPToolkit’s Teukolsky package to first compute the amplitudes _, C;Tl:1 and their associated GW

fluxes }'((;;A/ " as functions of Q2. Since these are OPA inspiral quantities, they are identical to the
amplitudes and fluxes from geodesic circular orbits of frequency 2, which are provided directly
as outputs of the Teukolsky package’s function TeukolskyPointParticleMode. We use
TeukolskyPointParticleMode to compute the amplitudes and fluxes on a densely sampled
grid around the ISCO, for a set of spherical harmonic modes { = 2,...,{ .., m = —{,... L.
We include contributions up to £,,,, = 30 in the calculation of the OPA fluxes. This data is

then stored as interpolating functions of Q (or of orbital radius r(()(£2)). For the fluxes, only

2In practice, the field equations are solved in units with M = 1, and outputs are stored in those units. Equiv-
alently, stored functions of Q are actually functions of the dimensionless quantity MQ or ro,/M. This is relevant
when comparing to numerical relativity simulations, for example, which are in units with m, + M = 1.

3For data analysis purposes, the online step would also involve summing over modes of the waveform. For
generic orbits, this is the slowest part of the online step [7], but it is not a major consideration for the quasicircular
orbits we consider here.
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the total fluxes (summed over £ and m) are interpolated. For the waveform amplitudes, we
interpolate each mode up to { = 5,m = 5; the higher-{ modes contribute very little to the
amplitude (even though, through the flux, they have a significant cumulative impact on the
waveform phase). As explained above eq. (151), all the driving forces appearing in eq. (147)
can be obtained from the fluxes ]—“gPOA/ " The OPLT and 2PLT driving forces are obtained from
the fluxes by solving the differential equations (83) and (86) (with source (C.3)); we solve
these in advance and store the solutions as interpolating functions of AQ. We stress that the
entirety of the offline stage is completed without involving ¢, and without specifying a mass
ratio or initial conditions. In the online step, we solve eq. (147) after specifying ¢, £2(0), and
¢,(0). These choices are detailed in the following subsections.

6.2 Qualitative comparison with numerical relativity waveforms

In this subsection we construct waveform templates using the procedure we have just de-
scribed. We then compare our waveforms with those of NR simulations from the SXS cata-
logue [31] with large mass ratio q := 1/¢ = M/m,, ranging from q¢ = 1 to ¢ = 10. We have
chosen simulations of binary black hole mergers with low eccentricity (S 107°) and small di-
mensionless spins of the individual black holes (< 1077). In view of these comparisons, we
re-expand the relevant quantities for our waveform generation in powers of the symmetric
mass ratio v := Mm, /(M + mp)2 =¢/(1+¢)? at fixed total mass M, := M + m, = M(1+¢).
Inverting the relation between v and ¢ gives € = (1—2v—+/1—4v)/(2v), which, in the small-
mass-ratio expansion, leads to € = v+ 2v? + O(»®). At the orders we are interested in we can
simply substitute ¢ = v and M — M. Functions of Q stored in units with M = 1 can then be
used without change and interpreted as being in units with M,,, = 1.

We consider two different scenarios for our self-force waveforms. We list them below,
together with the details on the metric perturbation and the evolution equations for the orbital
frequency and phase. In both cases, ¢, is obtained fromd¢,/dt = Q, and AQ = (2—,)/»*/°.

. [n] [n] _.
We define H,; = from R;,. via eq. (156).
* Model: OPLT. The leading-order transition-to-plunge approximation, but including the
2PLT amplitude correction (the OPLT amplitude would only be given by a constant,

[5]5.
”Hem)'

dQ 3/5pAQ (51, ,2/5¢7(7] —i
= VPRNAQ),  hen = v[Hp + HTIAD) | (158)

* Model: 2PLT. The transition to plunge through 2PLT order:

e

— A 3/50A0 AQ _ (5] 2/577[7] —i
= SEAYAQ)+ vFAHAQ),  hyn=v[H +vPHT AQ) ™ . (159)

m

We compute the evolution of the orbital frequency and phase in the two scenarios described
above. We start at the ISCO frequency Q(t = 0) = 1/(6v/6M,,,) (and choose ¢,(t=0)=0)
and integrate egs. (158) and (159) backward and forward in time until, respectively, an initial
frequency ; &~ 0.49/M,,, and a final frequency at the light-ring, Q; = 1/(3 V6M,,). We have
chosen the lower bound such that, for all the considered mass ratios, the rate of change of the
orbital frequency to 2PLT order remains positive (see figure 4). Physically, the orbital frequency
increases until the light ring where it starts to decrease before vanishing at the horizon. This
does not happen in our transition-to-plunge model, and including the final plunge is necessary
to correctly capture the dynamics in this late stage. We therefore cut off the integration at the
light ring and leave the modelling of the plunge and its hybridization with the transition-to-
plunge expansion to future work.
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In figures 5 to 9 we compare the self-force waveforms to the chosen NR simulations for the
dominant (¢, m) = (2,2) mode, which we write as h,y, = |hy,|e %22, where ®,, := —arg(h,,).
For each comparison, we align the two waveforms in phase at the ISCO, that is, at the NR time
t, such that the waveform frequency defined as cw,, := 1/2d®,,/dt is woy(t,) = 1/(6v/6M,y,).
We notice that to the left of the ISCO the 2PLT model covers a much larger range of the NR
waveform compared to the OPLT model, while the opposite is true to the right of the ISCO.
We can explain this feature by looking at figure 4, which displays the rate of change of the
orbital frequency for the specific case of ¢ = 10 (but the general behaviour remains valid also
for other mass ratios): to the left of the ISCO the frequency increases more rapidly in the OPLT
model, meaning the lower bound £;,;, is reached earlier. This trend is inverted to the right
of the ISCO, where the 2PLT rate of change is much larger than the OPLT one. In the region
where the OPLT and 2PLT waveforms overlap, the 2PLT model performs significantly better in
the comparison with the NR simulations.

During the transition to plunge, the phase admits an expansion of the form

¢, = % [¢[(an) + 222 (a0) + 0], (160)
consistently with egs. (5) and (78). The 2PLT model reduces the orbital phase error from O(A)
to O(A2). From eq. (160) we also deduce that on a fixed-AQ interval the total accumulated
phase (like the total elapsed time) scales as 1/A, increasing with q. We have highlighted such
a fixed-AQ interval in figures 5 to 9 with blue and orange colored regions, which contain an
increasing portion of phase as q increases.

These results, although preliminary, are promising: given the improvement between the
OPLT and 2PLT models, we expect the comparison with NR to markedly improve as we proceed
to significantly higher PLT orders. The orders considered so far only included dissipative OPA
information, while starting from 3PLT order the model will also include post-adiabatic effects.
Furthermore, we expect accuracy to significantly improve once we incorporate the final plunge,
given that the peak merger amplitude occurs roughly when the particle crosses the light ring
at r = 3M,,, [10], which occurs at a frequency outside the expected domain of validity of our
transition-to-plunge expansion.

6.3 Quantitative comparisons with numerical relativity and surrogate wave-
forms

In the previous subsection we qualitatively compared our model with NR waveforms for quasi-
circular and non-spinning black hole binaries with different mass ratios for the (I,m) = (2,2)
mode. In this section we quantitatively assess the accuracy of our model’s underlying ingredi-
ents (its amplitudes and the dynamics that determines its phasing) as functions of frequency
and mass ratio.

We again compare to SXS simulations, but we now also consider the surrogate model
BHPTNRSurldqle4 [32,33]. This model is built from a OPA inspiral, a “generalized” leading-
order (Ori-Thorne) transition to plunge [34], and a geodesic plunge. We discuss the dynamics
and waveform-generation mechanism of this model in the next section, but here we only note
that it includes both a transition and a plunge. The full BHPTNRSurldqle4 model includes
calibration parameters that allow it to mimic NR waveforms in the comparable-mass regime,
but to better assess our own sources of error we compare only to the uncalibrated BHPTNR-
Surldqle4 model. We specifically opt to compare against this model because its construction
and expected accuracy are most similar to our own (since it is based on a OPA inspiral and a
transition-to-plunge model), while other inspiral-merger-ringdown models are largely indis-
tinguishable from NR for the systems and mass ratios we consider here. When comparing to
SXS simulations, we work in units of M,,, = 1 (the units used in the SXS output data) and
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Figure 5: Gravitational waveforms ((£, m) = (2,2) mode) for a non-spinning compact
binary with mass ratio g = 1. We compare the waveform corresponding to our OPLT
and 2PLT models (displayed as blue and orange curves, respectively) with the NR
simulation SXS:BBH:1132 [56] of the same binary (plotted as a dashed black curve).
The waveforms are aligned in frequency and phase at the vertical dotted gray line,
where wy, = 1/(6/6M,,). The blue and orange colored regions cover a portion of,
respectively, the OPLT and 2PLT self-force waveform that corresponds to an interval
of fixed AQ of width 0.04/M,. This interval was chosen such that the phase has
the expected behaviour with increasing q, far enough from the 2PLT rate of change
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Figure 8: Same as figure 5 for a mass ratio ¢ = 9.2. The NR simulation is

SXS:BBH:1108 [59].

with v as our expansion parameter, as explained in the previous section. When comparing to
BHPTNRSurldqle4, we work in units of M = 1 and with ¢ as our expansion parameter (the
conventions of the uncalibrated BHPTNRSurldqle4).

Because our formalism is based on functions of 2 (or Af2), in this section we directly com-
pare functions of frequency rather than functions of time. This also provides a clearer view
of our model’s intrinsic properties rather than involving arbitrary choices of initial time and
phase, as was done for the SXS waveform comparisons in the previous section. For an invari-
ant comparison of observables, we must use the waveform frequency rather than the orbital
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Figure 9: Same as figure 5 for a mass ratio ¢ = 10. The NR simulation is

SXS:BBH:1107 [60].

frequency (and indeed, this is the only frequency we can extract from the SXS and BHPTNR-
Surldqle4 simulations). Let us first write the {m mode of the waveform as h,,, = |hyp,|e "%m,

defining the {m-mode waveform phase as ®,,, := —arg(hy,,). Substituting our transition-to-
plunge expansion of h,,,, we find the waveform phase is given by
(5]
im (1))
&y = m¢, —arctan Ny
Re(H))
(5] (7] (5] (7]
JRe () im (B)) —1m (] ) Re (H[T))
—A 2 (161)
i
m
(5] (8] (5] (8]
Re|H, ' |Im(H —Im{H, - |Re(H
_ 23 ( Zm) ( Em) - ( ém) ( Em)+o(k4),
Iz
m

where the corrections are constructed from the real and imaginary parts of
Hyp = A°Hod+ 7H + 280 + .

We next define the {m-mode waveform frequency as wy,, := % d?ﬁ’" . Using egs. (78) and (79)

when taking the time derivative of ®,,,, we obtain

Re (113 ) im ({7 —tm () Re (D)

Wi =2, + A2A0— 23

2 [0]
m‘ngs]‘
m
[5] (814 [5] [8]1A (162)
5 8 5 8
Re(H Im(H —Im|H Re|H
— a4 ( lm) ( lm) 2( lm) ( {m )F[AO?aAQF[%?-’_O(AS)’
m’H[S]
{m
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Zn] =AQH %SA and ngiq] = F[%]QH lanl“‘, which follows directly

from eqgs. (102) and (156). We now define Aw,,, := (wy,, —2,)/A?, and invert the equation
above to obtain AQ as a function of Aw,,,,

where we have used the fact that H E

A= oy ARe (HE)) im (H7*) —1m (B ) Re (HI7V) 250
" (512 [0]
m ‘Hfm
[ e m ) - m 2y
m2 ’H[S] 4 (163)
{m
[5] [814) _ [5] 81
R (HE)) i (B ?H[Sl]mz(HZm)Re Ghed) FA%0, 0530 1 0(29),
m Zm‘

where all functions on the right-hand side are now functions of Aw,,,. Finally, taking the time
derivative of eq. (162) and using eq. (163), we obtain the rate of change of the {m waveform
frequency as a function of Awy,y,,

d;‘)ﬁ’” =P (Awgm) + AFGP (Awgm) + O0(A%)
=2°FA%+ 25 | FA% - (Re (#1550 1m (#3") —1om (:JE}) Re (1))
2m2 (7| (164)
R L 0 ) L0 P B

m |z
We emphasise the somewhat surprising result that H [i], which represents a 3PLT term in the
waveform amplitude, enters at the same order as F, AZQ in the waveform’s frequency evolu-
tion. In our comparisons, we will include all the contributions to the above equations at the
displayed orders except contributions proportional to H(E?n], which would need to be extracted
from second-order calculations in the inspiral. We highlight the potential importance of these
omitted H/Ef;n] terms below.

We extract w,,, (and its time derivative) from the SXS and BHPTNRSurldqle4 waveforms
by applying a second-order central finite difference scheme to the GW phase. Forward and
backward finite difference schemes were applied at the end points of the data sets. It was found
that more efficient cubic splines were inaccurate as a method of differentiating the data. In the
case of the SXS simulations, a Savitzky—Golay filter was applied to the frequency and frequency
evolution data to reduce high-frequency noise. This was done using Python’s scipy.signal
savgol_filter function with the options set to the following: window=101, order=6,
deriv=0, delta=0.01, mode=‘interp’. The filter was applied to data starting after junk
radiation and before the common horizon time in the frequency range —0.05 < Aw,, < 0.25,
the minimum frequency range of the SXS simulations chosen to compare with, determined
by the ¢ = 20 simulation. In the case of the BHPTNRSurldqle4 datasets, small portions of
the data were removed where “stitching” occurs, to avoid very high-frequency noise when
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Figure 10: Comparisons of the waveform amplitude |hq5| as a function of the wave-
form frequency w,, for a series of mass ratios. Top: comparison between data from
SXS simulations SXS:BBH:0180 (q = 1), SXS:BBH:0056 (g = 5) and SXS:BBH:1107
(g = 10) (dashed lines) and our 2PLT waveform model in eq. (165) with the replace-
ment € — v (solid lines). Bottom: comparison between data from the uncalibrated
BHPTNRSurldqle4 model (dashed lines) and our 2PLT waveform model in eq. (165)
(solid lines).

differentiating [32]. See more details on how the BHPTNRSurldqle4 model is implemented
in section 7.1. Each of these details can be seen explicitly in the supplementary material.

We now turn to the comparisons. Figure 10 compares the amplitude |hy,| as a function of
the waveform frequency w,, for several mass ratios. Using egs. (159) and (163), we see the
amplitude of the 2PLT model is simply given by

|nZT) = & |H) + (wpm — Q) HH| (165)

m

The above equation translates to a roughly linear growth with the waveform frequency. The
top panel of figure 10 compares our 2PLT model to data from SXS simulations, showing that
the 2PLT amplitudes capture the behaviour of the NR amplitudes for w,, < Q, for all mass
ratios, but with large disagreement at higher frequencies. This inaccuracy could be due to
our omission of higher-order terms or due to our omission of the final plunge. We can gain
some insight into the source of error by comparing to BHPTNRSurldqle4 in the bottom panel
of figure 10, which shows good agreement between the 2PLT amplitudes and those of the
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Figure 11: Comparisons of the rate of change of the waveform frequency, w,,, as a
function of Aw,, for a series of mass ratios. Top: comparison between data from
SXS simulations SXS:BBH:0180 (q = 1), SXS:BBH:0056 (g = 5) and SXS:BBH:1107
(g = 10) (dashed lines) and our 2PLT model defined in eq. (164) (solid lines), with
the replacement A — »!/5. Bottom: comparison between the uncalibrated BHTNR-
Surldqle4 model (dashed lines) and our 2PLT model (164) (solid lines).

uncalibrated BHPTNRSurldqle4 model across all mass ratios, despite the fact that BHPTNR-
Surldqle4 incorporates the final plunge. This suggests that in the frequency range shown in
these figures, our omission of the plunge cannot account for our error, and the dominant source
of error is likely our omission of higher-order terms in the transition-to-plunge expansion.
We next compare the underlying dynamics that drives the waveform phasing. This is en-
tirely encoded in the evolution of the waveforms frequency, «;,, = dwy,,/dt. The com-
parisons against SXS simulations and the BHPTNRSurldqle4 model are shown in the top
and bottom panels of figure 11, respectively. The comparison against SXS simulations, in
the top panel, shows that the accuracy of our 2PLT dynamics is significantly lower than the
accuracy of our waveform amplitudes. To compare between figure 11 and figure 10, note
that the frequency interval in figure 11 is significantly narrower than in figure 10: the in-
terval Aw,, € (—0.02,0.02) in figure 11 corresponds to a frequency interval ranging from
w9y € (0.057,0.080) for ¢ = 1 to wy, € (0.061,0.075) for ¢ = 10. We can again question
whether our error stems primarily from our omission of higher-order terms or from our omis-
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sion of the plunge. However, in this case we see substantial differences even at Aw,, = 0,
indicating that higher-order terms in the dynamics are important regardless of the impact of
the plunge. In the bottom panel of figure 11, we also notice a significant difference between
our results and those of BHPTNRSurldqle4. This difference does not appear to converge to
zero with increasing q. Such lack of convergence between the two models might be due to
the particular numerical details of BHPTNRSurldqle4 or of our extraction of w,,. However,
we will explore this in more detail in the next section, where we perform an isolated com-
parison with the underlying transition-to-plunge model used in BHPTNRSurldqle4; in that
comparison, we do observe that the two models converge as expected for ¢ — oo,

Since we are working with asymptotic approximations, the reduction in error with increas-
ing g (or, equivalently, decreasing €, A and v) is ultimately the most crucial test of our formu-
lation. The validity of our method rests on the assumption that for all finite n > 0, the error
(i.e., the difference between an nPLT model and an exact solution) scales appropriately with
A. Assuming sufficiently small numerical errors and sufficiently small eccentricity in the NR
simulations, our formalism implies |w"PLT wgfl‘{ = O(A"™) for all n > 2. We now test that
criterion by examining the residual between NR and the OPLT/2PLT dynamics as a function of
mass ratio at a fixed value of Aw,,. From eq. (164) we first define

Fopr (%, Awgy) = vPE (Awgm) , (166)

F& (v, Awyy,) = v3/5FA‘° (Awpy) + vF 2 (Awpm) , (167)

] Aw

noting again that we omit H, _ 8] terms in F,y’. In principle, at fixed Aw,, and for sufficiently

NR_F PLT| should approach vF[Z]“’ =F3 —F&

should scale as a 3PLT term, O(v%/®). We plot these residuals in figure 12. Although the residu-
als decrease as we move from the OPLT to the 2PLT model (see the orange and green dots), the
FAa)

residual | R —F PLT| does not agree well with » 2] Moreover, the residual \chanj—Fz‘*f,Lﬂ

does not decay more rapidly than the residual |wNR F(‘)’;LT\ i.e. the slope of the green points
is not steeper than the slope of the orange points. However, both of these findings are expected
because we neglect the contribution due to H, - 8] in eq. (164). We leave the inclusion of H gfn]
in our model, and assessment of its impact, to future work.

- NR w
small v, the residual |a) and ’w[m —FZPLT|

7 Comparison with other approaches

The preceding section compared our 2PLT model with “exact” NR simulations and with an
inspiral-merger-ringdown model that (like our model) is based on black hole perturbation
theory. Rather than making further numerical comparisons, we now examine how our overar-
ching approach differs from other approaches used in inspiral-merger-ringdown models. We
specifically compare to two approaches: (i) the method used by the surrogate model BHPT-
NRSurldqle4 [32, 33], including its underlying treatment of the transition to plunge [34],
and (ii) the EOB framework. Both of these approaches are conceptually similar to our own
but differ in important ways. In both cases, we suggest how our approach might be used to
improve models that are based on these methods.

7.1 Comparison with the transition-to-plunge model of BHPTNRSurldqle4

We now compare our transition-to-plunge expansion with the approach used in the surrogate
model BHPTNRSurldqle4 [32,33].

The most fundamental difference between our approach and BHPTNRSurldqle4’s is that
we adopt a multiscale expansion of the Einstein equations, while BHPTNRSurldqle4 follows
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Figure 12: Waveform frequency evolution and residuals across mass ratios at a fixed
value of Aw,, = —0.008/M,,,, well within the transition-to-plunge regime. Blue

points: sy, calculated from SXS data. Blue line: FJ;, ., for which in this plot we

have excluded the term containing the 3PLT mode amplitude H gi] in eq. (164). Or-
ange points: residual of the SXS data after subtracting F;, . Orange line: the 2PLT
contribution vF[Azj‘). Green points: the residual after subtracting F.}, . from the SXS
data. Sixteen SXS simulations were used, with mass ratios varying from q = 1 to

g =10.

a type of iterative approach to solving the field equations. As stressed earlier in sections 2
and 6.1, in the multiscale approach we solve field equations on a grid of parameter values
(J¢ for the inspiral and AJ® for the transition to plunge) as an offline step, and the online
waveform generation is then a rapid process of evolving through the parameter space. This is
the basis of the Fast EMRI Waveforms framework [7,61] and of the OPA waveforms in [5,62],
for example. It is also the only extant method of generating 1PA waveforms, and its extension
to generic orbits in Kerr at 1PA (and higher) order is well understood [4]. But nearly all work
on this method has been restricted to the inspiral phase, and none at all has been done for
the transition to plunge. The iterative approach of BHPTNRSurldqle4 instead begins with
leading-order, geodesic motion, solves a field equation with that motion as a source, uses the
outputs (fluxes and self-forces, for example) to determine a corrected, evolving trajectory, and
then solves field equations with that new trajectory. This is the basis for schemes in [63-66],
which BHPTNRSurldqle4 builds on. An advantage of this approach is that once an inspiral-
transition-plunge trajectory is known, it is straightforward to construct time-domain inspiral-
merger-ringdown waveforms using a time-domain Teukolsky solver. A disadvantage is that
waveform generation in this approach is slow because solving the field equations with an
evolving, non-geodesic source is expensive. BHPTNRSurldqle4 overcomes that limitation by
simulating a large bank of time-domain waveforms and then constructing a surrogate model
for those waveforms; the surrogate model can then generate waveforms rapidly. Another
potential disadvantage is that no framework has been developed to extend the iterative method
to second order, and it is unclear whether surrogate models can be straightforwardly built for
generic binary configurations.

Beyond this difference in overall strategy, our approach also differs from
BHPTNRSurldqle4 in its construction of the transition-to-plunge trajectory, even at low or-
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ders in our expansion. BHPTNRSurldqle4 uses the “generalized Ori-Thorne” model of Apte
and Hughes [34], which corresponds to a transition-to-plunge expansion truncated at leading
order in the small-mass-ratio expansion, with refinements that remove pathologies from the
Ori-Thorne model. The Apte-Hughes model builds a full trajectory by switching between the
adiabatic inspiral, the transition to plunge and the geodesic plunge at some times ¢; and t¢
outside and inside the ISCO, respectively. These sharp jumps from one regime to another lead
to discontinuities (at t; and t;) in orbital quantities such as orbital frequency, energy E = —u,,
and azimuthal angular momentum L, = uy. This is precisely what is meant by the “stitching”
in the BHPTNRSurldqle4 model mentioned in section 6.2. These discontinuities are resolved
by introducing different smoothing procedures dubbed “Model 1” and “Model 2”, which we
review below.

In addition to removing discontinuities, the Apte-Hughes model corrects an inconsistency
in the original Ori-Thorne model [11]. The Ori-Thorne model keeps the orbital frequency fixed
at its ISCO value during the full transition-to-plunge regime, trivially relating the corrections
to the orbital energy and angular momentum through 6 E = 2,6 L,. As noted by Kesden [49],
this is in conflict with the normalization of the four-velocity; the orbital frequency and orbital
radius change by a comparable amount (~ A2) over the transition to plunge, making it in-
consistent to freeze one while the other evolves. Even though it is not explicitly mentioned,
this incorrect feature of the Ori-Thorne model is bypassed in the Apte-Hughes treatment by
allowing the corrections to the orbital energy and angular momentum to evolve independently
from the Ori-Thorne constraint. This makes the Apte-Hughes model consistent at OPLT order.

Since our analysis has centred on frequency evolution throughout this paper, in our com-
parison we consider the Apte-Hughes orbital frequency, which we can write as*

a2y = L AL E). 68
T BBt

cf. eq. (4.9) of [34]. Here we have introduced a slow-time variable 7 := A(% — 1,)), where
T is Mino time, related to coordinate time via dT = dt/ (rlfU ), and where T, is the Mino

time at which the particle crosses the ISCO. r,, has the form r, = 6M + A%25R(7), where 6R
satisfies a Painlevé differential equation derived by Ori and Thorne [11] (and independently
by Buonanno and Damour [10]). E and L, have the forms E,+5E(A, ) and L,,+5L.(A, 7). In
the original Ori-Thorne treatment, 6E = A* g—g . 7 and the analogue for §L,, corresponding
to the leading flux-driven changes around the ISCO. In order to remove the discontinuities
at t;, mentioned above, the Apte-Hughes Model 1 and Model 2 modify these transition-to-
plunge expansions of E and L, by adding corrections corresponding to higher-order terms in a
Taylor series around the ISCO (as well as a correction to values at the ISCO, in Model 1). The
coefficients in this extended Taylor series are fixed by requiring E and L, to be C! at t;.

Apte and Hughes’ addition of these new terms in E and L,, and their method of fixing them,
is (self-admittedly) ad hoc. However, it is conceivable that the additional terms implicitly
mimic higher-order PLT terms, effectively raising the Apte-Hughes model beyond OPLT order.
To explore that possibility, we consider the Apte-Hughes frequency evolution in more detail.
We restrict our analysis to their Model 2, which was indicated as the preferred choice in [34]
and used in BHPTNRSurldqle4. We perform the comparison with our model using Mino time.
The orbital frequency in the Apte-Hughes Model 2 is obtained by substituting the expansions
of the orbital radius, energy and angular momentum,

r, =6M + A*8R(%), (169)

“Note that here A = £/°, while in [34] A is Mino time and the mass ratio is denoted as 7.
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Figure 13: Rate of change of the orbital frequency with respect to Mino time, ’,
obtained from the Apte-Hughes Model 2 (solid curves) and our OPLT (dotted curves)
and 2PLT (dashed curves) approximations in eq. (172). The scale on the y-axis is
logarithmic. The considered mass ratios are € = 107! (blue), ¢ = 1072 (orange),
e=1073 (green), € = 10~% (red). With decreasing mass ratio all curves converge to
the OPLT approximation, as expected.

2v2 L dE| , 1(%Y) EAN
M2 _ 4 s Ty e LT ome 1
ERETI +2(7L) &7 6()\)5 (170)
M2 _ ‘/_ A4 d 2 1 % 2‘aMZ 1 % 3£M2
L =2v3M + dT T+§ X 5 +g X 3 a71)

into eq. (168). The values of the coefficients 53’[2, 5:13\42, Eg’lz and ﬁg’lz were provided to us by
the authors of [34] and depend on the mass ratio. It is then straightforward to compute the rate
of change of the orbital frequency with respect to Mino time, ' := dQ2/d T, which we plot as a
function of AQ in figure 13 (solid curves). In order to compare with the transition-to-plunge
expansion to 2PLT order, we convert eq. (78) to Mino time as

df2 2 d_Q — AS

==nU— (36v2FAY) + 2% (36vV2F5T + 12v2r g FAY + 36U F)

A 2)+0(29).
(172)
We display the OPLT and 2PLT approximations in figure 13 as dotted and dashed curves, respec-
tively. We notice that as the mass ratio decreases, both the 2PLT approximation and Model 2
asymptotically converge to the OPLT approximation.
We now look at the transition-to-plunge expansion of the orbital frequency in more detail.
From egs. (4.5) and (4.6) of [34] we extract the mass-ratio scaling of Apte-Hughes’ Model 2

parameters: £y ~ L2 ~ 28 and £312 ~ LY2 ~ 211, Substituting egs. (169), (170) and (171)

(o]
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into eq. (168), we then obtain

SR A42«/§(1—54M2)g—§|*%+3\/66R2

Q=0,—A? +
¥ 24+/6M?2 2592M3
108M? (V2LY2 —3+/3MEN?) 1% —3v/3(1—54M?) 4£| 6RT—2v/66R> (173)
). *
15552M4
+0(2%),

where E_g’lz = Eg’lz /28 and 6_3/[2 = 5;\/{2 /A8. We can compare this expression for Q with an
analogous one obtainable within our framework. For easier comparison with eq. (173) we
compute the transition-to-plunge expansion of the orbital frequency in the slow-time formu-
lation, that is, we expand all orbital quantities in integer powers of A at fixed 7. We obtain,
up to 3PLT order,

2 2 2
Q=0 -2 M) + 1oy = 24M71g)  SAMEfG 41y
* 7 24/6M2 576+/6M4 24/ EM?
3 ! 2 3 /72 7
+26 70Mrio) + 36r0) (r[O] —20M r[2]) +9 (192M 114y +3(rpop)° — 8Mr[2]) +0(A7)
41472+/6M5 .
(174)

Here, rp,,) are the coefficients of the expansion of the orbital radius at fixed T,

oo
rp=6M+22> A"rp(3),
n=0

and primed quantities are differentiated with respect to 7. f[g] is given by the first-order
inspiral self-force evaluated at the ISCO-crossing time (after a matching procedure analogous
to the one carried out in section 5.3). Finally, we expand eq. (174) around 7 = 0,

Q=0Q,+ 22 [C(Z’g)%g + O(%S)] + 24 [C(4’1)% + O(%6):| +A° [C(S,O) + O(%S)]
R R (175)
+ A% ce.4T +0(27) ] +OL7).

The coefficients c(y, ,), m,n € N, labelled with the powers of A and 7 with which they appear
in the expansion, are constructed from ISCO quantities only. They can be easily obtained by
solving the equations of motion for the radial corrections r(,3, n = 0, in the limit T — 0 (ex-
plicitly, we find o] ~ %34—0(%8), 2] ~ ’%64—0(%11), 3]~ %5+O(%10) and 4]~ %4+O(%9)).
By comparing eqs. (174) and (175) with eq. (173), we again confirm that the transition-to-
plunge description of Apte and Hughes is equivalent to our OPLT approximation since rpy; and
OR solve the same Painlevé transcendental equation. Although Model 2 does not include rpy3,
it correctly captures the general behaviour (linear in 7 at leading order) of the 2PLT order,
though the explicit time dependence is distinct. The two models begin to significantly differ
at 3PLT order (and in general all odd PLT orders, which are absent in Apte-Hughes’ Model 2),
where our expansion starts to include conservative effects.

Our analysis in this section shows that the ability of the correction terms in Apte and
Hughes’ model to consistently mimic higher PLT orders is limited. This leads us to conclude
that the inclusion of higher-order PLT terms should improve the performance of BHPTNR-
Surldqle4 and similar models. We note, in particular, that 2PLT terms are easily calculated
from OPA fluxes and therefore can be easily incorporated.
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The Apte-Hughes model describes the transition to plunge for all black hole spins, while the
results in this paper are limited to a Schwarzschild primary. It is important to mention that the
multiscale, phase-space framework presented here remains unchanged and naturally carries
over to quasi-circular and equatorial orbits in Kerr spacetime (results limited to the orbital
motion in the slow-time formulation were presented in [12-14]). Given the availability of
adiabatic inspirals in Kerr spacetime, 2PLT waveforms can be computed within a framework
equivalent to the one we have presented in this paper (see [67]). Moving to higher PLT orders
presents the same challenges that are being tackled in constructing 1PA inspiral waveforms in
Kerr spacetime (e.g., the construction of the second-order source) [68].

7.2 Comparison with the effective one-body framework

The EOB waveform-generation framework is conceptually very similar to our own. The key
inputs (a Hamiltonian, waveform amplitudes, and radiation-reaction forces) are calculated as
functions on phase space, and the waveform is then computed by solving ordinary differential
equations to find phase-space trajectories. EOB also provides an important point of comparison
for several reasons:

1. The EOB dynamics is known to exactly recover OPLT dynamics in the small-mass-ratio
limit [10]. It is important to assess whether EOB also captures subleading PLT dynamics.

2. Quasicircular EOB waveforms are based on a quasicircular approximation in which
dQ/dt (or dr,/dt) is explicitly set to zero in the calculation of waveform amplitudes
and fluxes, and in the late inspiral and plunge this treatment of the amplitudes is cor-
rected through non-quasicircular (NQC) factors that are calibrated to numerical wave-
forms [24,69,70]. It is conceivable that these NQC corrections are related to the sub-
leading terms involving d2/dt and dAQ/dt that appear throughout our multiscale ex-
pansion.

3. The inclusion of NQC corrections has been crucial for achieving high accuracy with EOB
waveforms [71, 72], but their importance is significantly reduced by using self-force
data to improve EOB’s treatment of energy fluxes [73]. It is possible that EOB can be
further improved, and its reliance on NQC corrections can be further reduced, by using
information from the self-forced transition to plunge.

Motivated by these considerations, in this section we show that EOB can, in principle,
reproduce our results for the transition-to-plunge dynamics at least to 3PLT order in the small-
mass-ratio limit. However, we also pinpoint how EOB implementations can miss certain effects
related to evolution of 2 (or r,), and we highlight possible ways our results could be used to
inform EOB models.

The EOB formalism begins by mapping the two-body dynamics onto the effective dynamics
of a particle in a deformed Schwarzschild background, with the deformation parametrized by
the symmetric mass ratio v. We consider the EOB Hamiltonian [10,22,74]

2 02
M pzm2  pym

Hyop = —% | 1+2v | | A(r) [ 1+ —2 + 2L 1 Q(ry,p0) | -1, (176)
m, u2B(rp) prry

where the total mass M., the reduced mass y and the symmetric mass ratio v are defined as

Mm, Me u e
Mtot::M+mp:M(1+€)’ U= = L vi= = '
MtOt 1 +e€ MtOt (1 + 8)2

Q77
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To facilitate the comparison with the self-force dynamics, we have rescaled the EOB Hamilto-
nian and the momenta p,, with the mass of the secondary m, = M ¢ (though we recognize this
is unnatural in the EOB framework, where one would normally use u for such rescaling). The
EOB potentials expanded in powers of v are given by [75,76]

Alr,)=1- % + (Mo /1) + Va5 (Mo /1) + O(%), (178)
p
1
B(r,) = TN [14 vd(Myoe/1,) + vPdy(Mior/1,) + O], (179)
p
Q(ry,pr) = vq(Mioi/1,) P + 0(¥%, p2). (180)

The potentials B and Q only affect eccentric orbits and do not enter the comparison we consider
here until high order (e.g., we have found the potential d affects the transition-to-plunge
dynamics at 5PLT order). At the orders we consider explicitly here, we will only encounter the
potential va(M;q/1,), and we can replace v with ¢ in that term.

The system’s Hamilton equations read [10]

dr, 0H
_p_ Y7'EOB , (181a)
dt ap,
d OH
—d)p =0 =1 (181b)
dt 3p¢
d JH
Pr _ _7E0B | p (181¢)
dt ory,
— =Fy. 181d
1t ) (181d)
The radiation-reaction forces appearing in the Hamilton equations are given by [23, 73]
EOB EOB
Uy [ N iy (182)

where FEOB is the energy flux per unit secondary mass [73]

1
JFEOB _ P Z(mQ)Z \Hy, % (183)
P ¢,m

Before we examine the transition to plunge, it will be instructive to consider the simpler
case of the inspiral, comparing the EOB dynamics with the self-force inspiral expansion of
section 3. To make this comparison, we perturbatively expand the EOB equations in integer
powers of ¢ at fixed mechanical parameters J¢. We refer to reference [77] for a more detailed
treatment of this expansion of the EOB dynamics. In practice, we substitute r,, and dJ®/dt
using, respectively, egs. (33) and (35), and additionally expand

pr(6,J) = e[pP(Q) +epN (I +0(e?)] (184)
py(e,0%) = pP (@) +ep} () +0(e?), (185)
FEOB(g,J%) = & FEOB(Q) + 2 FLQB(J) + O(e3). (186)

€Y 2

The radiation-reaction forces (182) then admit the following expansions:

F(e,J9) = e’FPU") +0(e%), (187a)
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Fyle,J) =¢ Fé)l)(Q) + sZFf)(JC‘) +0(e%). (187b)

At adiabatic order, the expanded Hamilton equations (181) give

M
(MQ)*?’

3Q4/3
Q (1)
F(O) MZ/B U(O)DF¢ : (189)

o) = (188)

The radiation-reaction force F P defined from eq. (181d) is related to the azimuthal self-force

M
él) = % = Q(;]((‘Z)) f{i)» where the last equality

derives from the orthogonality condition u, f* = 0. Substituting this into eq. (189) allows us
to correctly reproduce the OPA result in eq. (37). The 1PA correction to the orbital radius reads

by Fy = f , which at adiabatic order reduces to F

M

) = gy L6~ 4V + 8(MQ)* U —a’ ((M2))]. (190)

This is a gauge-dependent quantity. While the EOB framework we discuss here is set up
in the Schwarzschild gauge, our formalism uses the Schwarzschild gauge only at the back-
ground level, without specifying a gauge for the metric perturbations appearing in the self-
force (61). Equating egs. (190) and the 1PA result (39a) corresponds to adopting the EOB
gauge for the self-force dynamics. The 1PA rate of change of the orbital frequency then re-
produces the self-force result in eq. (39b), after substituting the radiation-reaction force as

F @) — U(o) f 2 _ U“) f (1) and using the orthogonality condition to write fd()z) in terms of the t

and r components of the first- and second-order self-force,
qrofy)
f (’” 0)) (1)

This analysis shows that the EOB dynamics can reproduce the 1PA self-force dynamics
when expanded in the same small-mass-ratio, multiscale form. Referring back to our enumer-
ated items at the beginning of the section, we can now judge that the EOB dynamics without
NQCs already correctly encodes the effects of nonzero d2/dt during the inspiral. These terms
arise from substituting expansions in powers of ¢ at fixed Q2 into the left-hand side of Hamilton’s
equations (and applying the chain rule). In fact, the multiscale expansion in the small-mass-
ratio limit is roughly equivalent to the post-adiabatic expansion used in EOB [78]. Like our
inspiral expansion, the post-adiabatic EOB expansion breaks down at an ISCO due to the be-
haviour of d2/dt in this approximation; such breakdown can be seen by eye from the plots in
reference [78].

However, there are several caveats to this conclusion:

f(z) f(r(o))f(tz) +f ro)rayfiy —

1. Exactly reproducing the 1PA self-force dynamics requires fixing the EOB potential a in
eq. (178) to agree with its value in self-force theory. This has been done in a gauge-
invariant way in references [75, 79, 80], for example.

2. We have equated the EOB radiation-reaction force F, to the local self-force f,, /U. Since
Fy4 in EOB is obtained from energy fluxes via eq. (182), we have implicitly assumed fg
is linked to fluxes through an energy balance law of the form (182). This relationship is
not known to be true at second order in self-force theory.

3. Even assuming energy balance, the EOB dynamics will only reproduce the 1PA dynamics

if the fluxes FE?B and .7-"(]“:2(;‘3 are made to agree with their values from self-force theory.
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Since the EOB fluxes are calculated from waveform amplitudes via eq. (183), repro-
ducing the self-force fluxes requires reproducing the amplitudes Hgn) and Hgn) This
calibration has been done in reference [73], for example. Importantly, the amplitudes

Héfn) contain contributions directly proportional to Q (through © terms that appear as
sources in the second-order Einstein equation). These contributions must be consistently
accounted for in the EOB inspiral amplitudes. They also appear to be distinct from NQC
corrections: the terms that appear in Hﬁn) are linear in €2, while NQC corrections to the
amplitudes appear as a multiplicative factor that depends only on even powers of p,
(~ ) [73]. This hints that, at least in some variants of EOB, NQC corrections might
serve to mask inaccuracies in the inspiral dynamics rather than serving to correct fun-
damental inadequacies of a quasicircular approximation.

4. Equation (183) for the energy flux is itself not exact. First, it must include fluxes into
the primary black hole (or into both black holes for comparable-mass binaries). Second,
if we write the waveform modes in terms of real amplitudes, as hy,,, = |Hy,,(J)|e "%,
then the exact flux to future null infinity (per unit secondary mass) is

dJa 2
Z [(mwfm)z |H€m|2 + (_aJﬂlHZml) ] > (191)
{m

1 . 1
F= hgl? =
8mm, EZ: e 8mm, dt
m

where wy,, := lélm. This is the physical energy flux, proportional to minus the integral

m
over the sphere at infinity of the square of the time derivative of the shear. Note the

numerically dominant piece of the second term comes from Q3,|H;,,|.

Equation (191) differs from the flux formula (183) in two ways. First, it involves factors
of the waveform mode frequency w,,,, which differs from Q by small but non-negligible
O(¢) corrections proportional to €2, in analogy with eq. (162); see Appendix B of refer-
ence [18]. Second, eq. (191) depends explicitly on (£2)2. However, the terms propor-
tional to (2)? are suppressed by O(¢2) because £ = O(¢), meaning this second correction
is not relevant to the 1PA dynamics.

We now turn to the transition-to-plunge expansion of the EOB dynamics, keeping in mind
our findings from the inspiral. To compare with the results we have obtained within the self-
force formalism in section 4, we consider the near-ISCO scaling of the orbital frequency (75)
and expand the orbital radius and the rates of change of AJ“ according to egs. (76), (78) and
(79). The momenta p, and p, and the EOB energy flux are also expanded as

2 =]
pr(A,A7%) =23 AplnaQ) + 23 > Ampl(as?), (192)
n=0 n=3
4 ee]
pp(A, A% =D Ampllan) + > ampli(ase), (193)
n=0 n=5
oo
FEOB(A, AJY) = A FEOP + A7 FEOB(AQ) + > AT FEOB(AJ). (194)
n=8

Substituting these expansions into eq. (182), we find that the radiation-reaction forces admit
the following expansions:

F, (A, AJ%) = A3 F8l(AJ %) + O(19), (195a)
Fy(A,AT%) = ASF(E)S] + 7L7F(5>7](AQ) + Ast](AJ‘I) +0(19). (195b)
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We can relate the radiation-reaction forces (195) to the t and r components of the transition-

to-plunge self-force (80) by again using Fy = % and the orthogonality condition u"f,, = 0:

[5] _ t

FPl = av3MfL,, (1962)
7] _

F} = 4M (V3£ —30vV2MAQfL,) (196b)
8] _ 2AQ

Fi¥ = 4v/3M (£l + 54V6M2F40fL ) (196¢)

We obtain the equations of motion for the forcing terms F[An? from the expanded Hamilton

equations (181). After using the relations (196), we have checked up to 3PLT order that F, [AO]Q
satisfies eq. (83), while the subleading terms F[AZ? and F[g‘? obey eq. (86) with sources (C.3)
and (C.4), respectively.

From this analysis, we conclude that the EOB formalism correctly captures the dynamics
of the transition to plunge at least to 3PLT order in the small-mass-ratio limit. However, all of
the caveats we listed for the inspiral are even more pronounced for the transition to plunge.
In particular, precise balance laws between the local force and asymptotic flux have not been
derived for the transition-to-plunge expansion, and corrections to the flux formula (183) could
be important. The exact flux formula (191) in the transition-to-plunge regime becomes

1 dAJe 2
7= 2. [(mwem)z |Hpm? +( %aleml) ] : (197)

8mm, — dt

As shown in eq. (161), the waveform frequency wy,, differs from the orbital frequency 2 by an
amount of order 3/> (3PLT), which could be substantially more significant than the analogous
difference in the inspiral. Moreover, the scalings ddA—tQ ~ e'/° and 9y ja|Hyp| ~ £2/° suggest that
the second term in eq. (197) is only suppressed by a factor £%/° relative to the first term, again
making it more significant than the analogous correction in the inspiral.

These considerations suggest that EOB inspiral-merger-ringdown waveforms might be fur-
ther improved using self-force waveform amplitudes (or fluxes) during the transition to plunge.
However, this might require carrying self-force calculations to 3PLT order and higher. Con-
versely, the fact that EOB dynamics encodes the transition-to-plunge dynamics (given correct
radiation-reaction forces) suggests that our transition-to-plunge results might be resummable
into a simpler form.

8 Conclusion

We have established from first principles a framework based on multiscale expansions that en-
ables fast waveform generation during the transition-to-plunge stage of asymmetric compact
binary coalescences. Our framework builds on the waveform-generation formalism presented
in [4, 8, 9] for the inspiral, combined with the scheme of matched asymptotic expansions be-
tween the inspiral and the transition to plunge developed in [12-14,48]. Our framework is
complete for non-spinning, quasi-circular and equatorial binaries, and in particular takes into
account the dynamical change of the background mass and spin.

We have considered the coupled problem of the orbital motion and the field equations in
the inspiral and transition-to-plunge regimes separately, and have shown that the solutions
to the two problems can be asymptotically matched in a buffer region exterior to the ISCO
where the two regimes overlap. Using the GSF data that is currently available, we have built
the simplest transition-to-plunge waveforms using a OPLT and a 2PLT model, which takes into
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account the transition-to-plunge dynamics to leading and first non-vanishing subleading order
in the multiscale expansion, respectively. We have left the hybridization of our transition-
to-plunge waveforms with the inspiral and the plunge at, respectively, early and late times
to future work. We have performed extensive comparisons between our GSF models and
NR simulations, the BHPTNRSurldqle4 surrogate model and the EOB formalism. We found
that our models lead to a promising route for capturing both the orbital dynamics and the
waveforms of asymmetric binaries; see, e.g., figures 5 and 12. These numerical results validate
our GSF model and encourage the numerical implementation of higher-order PLT models.
They also motivate the analytic development and numerical implementation of more complete
models that include the primary spin and arbitrary orbital dynamics including eccentricity and
spin precession. This is left for future work.

Finally, we conclude by estimating how the model should improve as higher PLT orders
are included. For the inspiral, the GSF community has focused specifically on achieving 1PA
accuracy because the orbital phase (and hence the GW phase) has an expansion of the form [3]

by =~ [90@) + 60, 5M*) +0(?)] (198)

The validity of this expansion can be seen straightforwardly from the structure of the equations
that determine ¢, during the inspiral, reproduced here for convenience:

d

dep _ Q, (199)
dt
o
o=¢ [F(%)(Q) +eF( (Q,6M*) + 0(82)] . (200)

Equation (198) shows that, on any fixed frequency interval (e.g., the LISA frequency band),
the phase error of a 1PA model scales linearly with ¢ in the ¢ — 0 limit. A 1PA model can there-
fore guarantee sufficiently small phase errors for sufficiently small €. During the transition to
plunge, the phase instead admits an expansion of the form

1
— | plol 2/5 4 (2] 3/5
9= iz (0180 + 759 P a0) + 0(*)] (201)
as can be seen from the structure of the transition-to-plunge equations
d¢
—P —q, +¥°A0, (202)
dt
dAQ 15T a0 2/5 1 AQ 3/5
o =¢ [F52(a0) + e2SFAM(AQ) +0(%) ] . (203)
This suggests that phase errors vanish in the ¢ — 0 limit even for a OPLT model. For a 7PLT
7/5

model (being the highest PLT order considered in this paper) the phase error scales as £//>,
formally even smaller than the phase error accumulated over a 1PA inspiral. Such scaling
estimates should be used with caution for the transition to plunge because the low fractional
powers of € mean that subsequent terms can easily compete with each other. However, when
combined with our promising results at OPLT and 2PLT order, these estimates suggest that a
higher-order PLT model should be highly accurate for mass ratios in the range < 1/10, which
is of interest for ground-based detectors.
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A Material for section 2

A.1 Barack-Lousto-Sago basis of tensor spherical harmonics

The Barack-Lousto-Sago harmonics [41, 81, 82] in Schwarzschild coordinates (t,r, 8, ¢) are
given by

1 0 00 0100
wm _Y™[0 f 0 0 ngm:Y‘m 1000
w210 0 0 0f e T 5el0 00 0]
0 0 00 0000
f 0 00 0 0 aﬂ
sem _ Y™ |0 —f71 0 0 sm_ 1Y 0 0 0 0
wo T s lo 0 0 0] T /2y | % 0 0 0
0 0 00 3 0 0 0
0 0 0 O 0.0 0 0)
sem_ 7Y™ [0 0 5 3, otm _ 7Y™ [0 0 0 0 A1)
wy /27 f |0 8 0 0| “m J2 0o 1 0 '
09, 0 O 00 0 52/
00 0 O 0 0 s'95 —so,
7tm _TY™ [0 0 0 0 Ygem:ryfm ? 0 0 0
uwy /277,10 0 Dy D wy /2y |9 0 0 0
0 0 D, —s%D, —sd9 0 0 0
0 0 0 0 00 O 0
otm_ Y™ [0 ? sT19y —s 3y YlOEm:rszm 0 0 ? 0
py /2y f| 0 s N 0 0 uv /2y, 0 0 s Dy —sD,
0 —sJy 0 0 0 0 —sD, —sD;

where s = sin6, f := 1—2M/r, D; := 2(dy — cot8)dy, Dy := 37 — cot 6y —5_285 and

yim =ytm(@, ¢) are the standard scalar spherical harmonics. The coefficients y; and y, are
defined as

vy =L +1), Yo =U—1)UL+1)L+2). (A.2)
Here we use the definition of Yifm from [41] rather than [81]; the two differ by a factor of f.
The harmonics Y‘i‘;’" are orthogonal with respect to a certain inner product, which satisfies

§ ds naunﬂvyﬁgmyj;f/m/ = Ki5ij5€€’6mm’ s (A.3)
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with dS =sin0d6d¢ the surface element on the unit sphere,

HY:= diag (1,f2, r2 r2sin2 9) s (A.4)
and )
) f fori=3,
Ki = { 1  otherwise. (A.5)
Equation (A.4) corrects a typo appearing in [81], as previously noted in [9, 83].
The normalization factors a;, appearing in eq. (18) are defined as
1 1 fori=1,2,3,6,
ag=—=1+ 1/4y1 fori=4,58,9, (A.6)

V2 1/J7; fori=7,10.

A.2 The matrix operator MY

The radial operators appearing in eq. (26) are given by

MY = {f (1 ! ) 1, fz( #))(L—M&l)_fz (1—6TM),0,0,0,0},

e (AL (o) Ao D)L () 0]
w-tandsli- )~ onns)
1= oo (a3 (02) 4 o).
= {020 L) B ) L (1) o]

4M
wo = {5025 (1= 0. £ L (1-) 0,00}
272”2 9r2 2r2’ 2r2 r

M7 = {o,o,o,o,— raf ,0, —L,O 0, 0}
r 2y,12 2r2

Msl—{ooooooo f4f (@—%) —%( L+

. oM f
%7 =10,0,0,0,0,0,0,0 1(1——) ——(1
Mr {) b b b b b b )rz 2r 2r2

r

)
s

MO = {o, 0,0,0,0,0,0,0,—-2f —L} :

2y,r2’ 2r2
(A.7)
where f = 2M/r? and y, and y, are defined in eq. (A.2) above. The radial derivatives are
taken at fixed (A)J“ and ¢,. All components of the radial matrix M vanish except

M13 M23 ff/H
2 b
(A.8)
—%M?l = %M?Z = M = 0 = S = =L /(14_H) :
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The matrix operator MY = ./\/lirj + ./\/litj (8,), agrees with the one given in egs. (Al)-
(A10) of [41] with (3,), = %(ar)(A)Ja’% + % (—imQ + F)° H(A)Ja) and (&,), replaced using
eq. (27b).

A.3 Harmonic decomposition of the Lorenz gauge condition

We list the operators Z,,; and the components of the radial vector Z,,; for a = 1,2,3,4 and
j=1,...,10, which appear in the harmonic decomposition of the Lorenz gauge condition (32):

f
Zr12 = Zpo1 = —(0)(a)e — e (A.9a)
f
Ly =1Ly =237 ="2r410= e (A.9Db)
f2
Z3 = f () (aye + - (A.90)
o f2
Zyos =21 (A.9d)
2f
Zy35 = Zr4o = —(Oc)(aye — o (A.%)
Ziss=—L(L+ DL, (A9
r
and
Zen=2Zipp=Zi3a=2Zug=1, (A.10a)
Zyg =12y =Z35 =29 =H, (A.10b)
Zus=Ff, (A.100)
Zip3=—fH. (A.10d)

All other terms vanish. With these explicit expression, the conditions (32) agree with
egs. (A13)-(A16) of [41] upon substituting J, and J, in that reference with eq. (27).

B Material for section 3

B.1 Inspiral expansion of the point-particle stress-energy tensor

After performing the inspiral expansion of the first-order term in eq. (21), we find that the
mode amplitudes of the stress-energy tensor at 1PA order are explicitly given by

@ __1 @) { vi(3,0)  i=1,...,7,

= — a; (B.1)
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(2)

where the coefficients a;,; read (dropping the £ and m indices)

Q
NOm ("(0)—8M )f(O)r(l) L) _ 2f0) (%ar(0)) Fg
1 2 T

5

o) T
2 (r0)—6M) @1y gy 8imMQrq 2
ag ) = —_—, ag ) = —— a(s ) = —21mQ(3Qr(O))F(O) ,
r r
(0) (0) (B.2)
2 2702 (1)
(2) Q T(l) a(z) _ [E(é + 1) —2m ]Q r(l) (2)
o T Y fo ’ im
(1)
a
a(92) = _irsn , a(120) 2im a(l)

The coefficients of F(%) in these terms are the explicit expressions of tl%le in eq. (46b), while
(2)A

the remaining terms give ¢, "

B.2 Coefficients of the near-ISCO inspiral solutions

This appendix contains explicit expressions for some of the coefficients appearing in the near-
ISCO solutions of the inspiral motion up to 2PA order. All self-force and forcing terms are
evaluated at the ISCO frequency. The coefficients appearing at the lowest orders in the near-
ISCO solution of the orbital radius (egs. (64a), (65a) and (66a)) are given by

A2 2 H42) _ 3
"o = 24v/6M>, oy —720M7, (B.3)
rio) =—3840v6M*, ¥ =126720M°, B.4)
(5,0) _ _ 2rr

ry = TS4Mfay, (B.5)
(71) 2

riy = 54M? (14V/6MfG) — daf(y) ) (B.6)
(92) 2 201 - 9 o

oy =27M (1560M foy 28‘/6Maﬂf(1)+39f(1))’ (B.7)
243 _ 9413 (e )2

Ty = \l:(f(n) ; (B.8)
H6-2) _ 9 - .

"o =~ glw (120m£5) — V62afs))., (B.9)
LB _ )

'@ f(l) [12M (52‘/_Mf(1) 3aﬂfu)) f(Z)B] : (B.10)

The coefficients appearing at the lowest orders in the near-ISCO solutions for the forcing terms
F® withn=0,1,2 (egs. (64b), (65b) and (66b)) read

(n)
t

o = %> (B.11)

Fop = 48M2 iz (VMG —aafy). (B.12)

FGV = 96;42 (100M%f8,—14v/6Ma £ +82f)) (B.13)
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(9,2) _ 1 3t 2 t 2t 3t
Foi? = oo (1836 V6MP £ + 300M>2af ) — 21V 6M A3 [ +63f) . (B14)

(113) _ 4ot 3 t 292 ¢t
o =~Tre (24355207 £ — 7344V/6M 3, £ — 600M2D2 £ 515,
+28vV6M33f, — 3fl,) .,
fl'
6-2) _ (1) 2701 ro__rt
Fo? ==t (36v/6M2 £ —IMaafl — £hs) - (B.16)
(8-1) _ 1 2,0t t gt _ 2t r
Fy 0= oo [48M2f5, —14V6M L L, — 162V 6MPF 8 8o f )
2
+ fp@afy + OMBGfiBafly +36MFl (108M £ — V63, f L) (B.17)
2 3 oM oJ
B oy + OMFG B3 f )+ 432M° (EQY G5 ) + F G351 )]
(10,0) _ 1 3t _ 20t £t _ 3t r
0 == [672V/6M3 £l —788M2f ¢ fy  —16164MF 8 o f
+28V6M [l 00 f ) + 324V 6M2 00 f] 8o f ) — 96M?Baf
2 2
+28V6M £ B0 f by — 200f )00k by + 288V 6M 1 83f ],
2 2 2
—18M 20300 (1)~ el — M 2af(yafa) B.18)

+36M2f; (2108V6M2f ) — 216M B, f Ly + V632FL) ) — £, 83 f by
— M B3fh + 6048V 6M* (FZN 350, £y + F2 05, £ )

—864M° (8o F Y 350, £y + BaF 338501

G Gads Sy + Fi)0adesfiy) ]

3
F(3,—6) _ \l§ (f(tl)) (B.19)

@ 22048M5’
(7
-5 _ Vo - t
Fy = "1a088ms (252Mf) —5v/60f,)., (B.20)
f ) ,
7-0_ T — Sl t
o = 221184M6[18Mf el 324/6M (f(l)) 36v'6M (aﬂfu)) (B.21)

+ £, (278, +27M (200M 80 £ — V6321 ) ) ] ,

¢

Fo9 = %&1\46 [15552M4 ( f{l))2 +1228608M* f(fl))z + 25 f b
+ 2 flp + 28VOMEL o +18MF Y, Baf ) + 18MFE Oafy,
+162M2 (60f7,) = 72V6M2F] (fb + £l + 18MEaf]))
+18M £y, (10V6MF S — 8of ) — 7956V 6M3F B f s
—2f)p 8y~ 864M* (Baf, (tl))z —2fy%f e

2 2 2 3
—2268M2f 03f ) + 186001 O3f ) +9VEM )8 f(g)} :

(B.22)
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C Material for section 4

C.1 Transition-to-plunge equations

In this appendix we list the transition-to-plunge equations up to 7PLT order. The nPLT correc-

tions (n = 3,...,7) to the redshift are algebraically determined as
Ups; =0, (C.1a)
= 16v2M° | 324M (F22)" + 5v6a07], (C.1b)
Ups) =0, (C.10)

- 3| gpAQ £ _ aQ) _ 4
Upe) = —48v2M [ FAY (V£ — 24MFSR) —22MAQ

+432M2 (F[AO?) (2\/€AQ—27M (aAQF[AO?)Z)] -
Upr) = 1296V2M*FAY (8FAY +3V/6 £ 0raF4T) . (C.1e)
while for the orbital radius we obtain
risy = —54M*f, (C.2a)
4y = 96M [810M (F22)" = V6 (40a02° + 277285 FAT)
(C.2b)

+27FA7 (108M AQ 85 FAT — V605aF 5T ) ] ,

— Q Q Q
ris) = —54M2[ £ — 2V/6M (7801 — 2aM (FAR0AFAT + F4P0raFAY))| . (C20)

2
i) = —18M2[3 £r, +13824m% (FA2)’ (10f A0 —27M (95057 )

—16M2 (440MAQ* + 972M AQF5T 0, FAT

~9V6 (FionaFLol + F5TOnaFY)) (C.2d)

+36MF4S (12v/6M £ — 240M?FS + 5568V 6M° AQ? 050 F4S

(2] (0]

—432M2AQ 05 FAY + 4V 6MOsgFEY — o f ) ]
— 2 2 AQ
7] = —54M [ fly—2M (7V6nnf), — 6M (6502, — 432M AQFAP 0,0 FAT

+4v/6 (F[S] Ona Pl + FATOAqFAY + Fé?@AQFAQ)))

(C.2e)
—12MF4? (240M2FSR + 126V 6M2fl 05 FAY + 432M2 AQOAGF AT
(o] (3] (5] (3]
—4vV/6MapgFAT +amf8])}
The sources appearing in eq. (86) are given by
1 AQfis) 11
AQ . (7] [5] 2 AQ AQ AQ
= - + o AQPFAY + 26V 6M (F4T ) OaaFLS, Cc.3
17 4324/6M3 108M2 9 (F67)" osart €3
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t AQrr AQ r
ra . Js Fioy /i1 Fro 9aafin
S5% = — - (C.4)
432/6M3  12M 48+/6M2
1 5 2
A% =— . [2332800M5 (FAT) +3Vert, (FAD)
3 AQ
2592M3 (F5%)
2
AQ = AQ AQ 3 AQ AQ
— 2F0FS (\/E £l +24 (MAQ (£ + VOMFSY) — 54M3FAT (OanF ST ) ))
AQ 2 t t 2 t AQ
+(r58) (Very, +12m (20058, —3m (a0? (765, — 88MFSD)
AQ AQ AQ
+144M A0 F 5 000 F 5T )
An)\? 3803 2 A2 r
—3M (FAD)"( 2560v/6M3A0Q° -3 (288M (0aaFST) + V68aafiy
AQ t t
+12MOnoF5T (156M £ — V60naf ) ) )
4
+108(F4T) (33984M° AN FAS — VM (624M205oFAY + 820 f1)) }
(C.5)
1
AQ . AQ = AQ AQ AQ
Ss] = 2 [6‘/6f[t5]F[21 Fray —2Fq] (‘/EF[ZJ fier
2592M3 (F42)
(0]
2
AQ AQ 3 AQ AQ
+F5) (\/6 fiy+2aMAQ(fL) + 2V 6MFST) — 2592M°FA? (950 F T ) ) )
2
AQ
+(r59) (\/6 o+ 3M (9V6fl fir +8AQfL
+96M2F4T (11002 — 18050 F 5T 0r0F 5T ) )
(C.6)

AQ 2 AQ AQ
+OMFST (24M £ — 576M2 05 FAROnaF 5T — V/60n0f))

oM oJ
+9V6M (FEM 85, sy + FE3 85,1y ) )
A0\ 2 AQ AQ
—oM (FA) (24M £, — 576M2 85 FATOraF S
F24MAQ (6 VeM S —daq f[g]) — V6050 fly) +12V6MIngFfsPdnq f[tg])

4
—108v6M? (F4R) (624M205oF 5T + 82, fL1 ) ] ’

and higher-order terms are straightforwardly computed from the transition-to-plunge expan-
sion of the t component of the equation of motion.

C.2 Linearized Einstein operators

The linearized Einstein operators E [nl = 3,4,5,6,7, explicitly read

ijem’
29 2 — 6, Mo (1-m2)+ 20 o, + 2ma,) | FA%0
ijtm t ij? *( - )+T(x + ) [2] YAQ

(C.7)

im
— 5”7 (1 —HZ)F[AO? (1+2A0Q08,g),
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[4a ij_ 5 im
El](m |:Mf _6if7

5
Q,(1-H?)+ TJ (8, H + 2H8x)} Fi37%0nn

(C.8)

FAQ FAQ
1—-H? 2402 AQa [2] Aﬂa [0] AQ AR 2
5115‘1IT[m AQ —(F 0] FAQ +F 1 3AQ Ong — 2F[0] F[z] Oxq | >

N ; 5
EBla — [M? - 5U%Q* (1-H?)+ TJ (8. H+ 2H8x)} (A0, + FEM 052 |

1—H? Fp* OFioy
— 3 0
_5ijT|:lm5aFAQ(1+2AS25’AQ) (F[AO? TAG +F[A3§2“3AQ)8AQ (C.9)
AQAQan2
—2F( o Ff3 aam],

. 5
%Q* (1—-H2)+ % (0.H + 2H8x)} FA%ag,

; 3
EL :[erj—&'j [5]

- 5ij%[ mF& (1+2A00,q)
(C.10)

AQa AQ AQ
_ [ pao aF[4] 4 pAQa 8F[0] 5aFAQ 3F[2] 2
01 5a0 I A0 1 aaQ ) A%

AQ = AQ AQ 2 AQ6M
(2F[0] FADe + 59 (P4 ))a 2FL0FS) aaAQagMi],

55 .
EL —[M”—5 —a.(1 H2)+ (8 .H+2H3 )][Fmabamwg]” NEREN

2
—5; -—[lmFAQ(a (1+2A085) — (2FAFFATC + 2FA2F50) 52

J (0]~ [5] (2] 7 [3] AQ

AQ(a AQ AQ(a AQ
| 2% ra@PFi0) | aaFs ana OF2)
o) ann Bl aAqQ 2) anQ Bl gaq | A9

(C.11)

. sM* b
+2imAQFy) (“aaMi]51).
Here we have introduced the Kronecker delta 67 such that 6{6M* = 1. In the last equa-
tion, the notation (ab) stands for weighted symmetrization over ab: T@) = %T“b + %Tba.
[n] sM* . . . .
For n > 5, EU.Em depends upon F[m] , 0 < m < n—5. Higher-order terms can be obtained

straightforwardly.

C.3 Transition-to-plunge expansion of the point-particle stress-energy tensor

The nPLT (n = 3) mode amplitudes of the first-order stress-energy tensor can be obtained
from the transition-to-plunge expansion of eq. (21). The mode amplitudes of the stress-energy

(8]

tensor at 3PLT order, t:,- , are given by
ilm

* (T H—
(8] _ pan [8W._ _panés [SJA{ Ym(2:0) i=L.7, (C.12)

Liem = F0) tiem = (0] 7 %itm 3pY; (5,0) i=8,9,10,
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where (dropping the £ and m indices)

a[1?3]1,21,6,7,8,10 0, [8]A = 16(1\45@ —6M),

a[ss]A =8imM&(r —6M), a[gs]A =8M&6(r—6M).

(C.13)

[9]

The mode amplitudes of the first-order stress-energy tensor at 4PLT order, ¢, ,

are given by

[9] _ 2 [9]A AQ AQY L[91B
= AQ? Y + B (aAQF[O] )tiem

z - C.14
=& [AQZ [9]A+FAQ(3 FAQ) [913] v (3,00 i=1,...,7, (C.14)
o Yiem T 7101 \ 920701 ) Fiem - o
) Y, (5,0) i=8,9,10,

where (dropping again the £ and m indices)

8
aP ¥ = —5M[56+60M5' —144Mm%5" ], ¥ =0,

1
W = —?6M [6 +9M&" —36M35"],

1
aEf]A:—; 5lmM[5+3M5’ 36M25"],

1
a ¥ = M 56 +36M5' +144M75" ], (C.15)

a ¥ = %M (006 +1)—2m?>][56 +36M&’ + 144M25"],

1
oV = 1001215 4 3 —36M5”],
8 3 \3

ooV = §lmM [56 +36M&’ +144M3%5" ],

and

a¥P =—16vVem? [ —12M5"], ol =0, o =288ve6M5,

o = —96imM>[5—6M5'], ap” =—18v6M*[5-4M5'],
(C.16)
o = —18v6M?[e(t +1)—2m?][6 —4M5'],

ag P =—-96M2[5—6M5'], o} =—36V6imM?[5—4Ms'].

Note that we have introduced & := 6(r —6M), &' := 6’(r —6M) and 6" := 6" (r —6M) to
shorten expressions.

C.4 Coefficients of the early-time transition-to-plunge solutions

Up to 7PLT order, the first coefficients in the early-time solutions for the orbital radius (118)
are given by

g =—2avem?, =0, Vix1, (C.17)
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hy 0=0, =0, ¥iz, (C.18)
oy =720M°, i = \Ji(f[s) ; (C.19)
i =—sam? (L, rT=0,vix1, (C.20)
i =—3840vemt, g __gf & (120M £ = V6rE,) (C.21)
gy = 54M* (14V6M Sy~ fi1,) (C.22)

L(84) _ 5 61 _ 9.t £ art ) er
r&? =126720mM°, _8f[5][12M(52\/€Mf[5] 3f8)— flan] . (C.23)

(912)__ 2 2¢r r r
rod = —27M (1560M2ff; —28M V611, +2f5,) - (C.24)

The first coefficients in the early-time solutions of the F AQ forcing terms (113) up to 7PLT
order read

t t
FGAD f[5] F36) _ 3 (f[Sl) (C.25)
[0l 48Mm2’ 1 = \ 22048M5’ |
(4,-3) _ (4,—3-5i) _
Fii7=0, Fyj =0,Vi>0, (C.26)
(5,0) _
Fay” = 48M2 oz 7Y OMAS = fa) (C.27)

F(s —5) _ (f[g])z

t t
[21 7 12288M5 (252Mf[51 5‘/€f[7]A)’ (C.28)
ft
F6-2) _ [5] 2er F
a1 = " 530am7 (36 VoM™ )~ OM i, — fiyy) (C.29)
(7’1)— 1 2t _ t t
F[‘” T 48M2 (SOM f[5] 7\/€Mf[7]A+f[9]A)’ (C.30)

t

R = 9 Taav/B () + 162V (11, )

(4] 110592M6 (C.31)

t t r t t
—Jisy (f[9]B +9M (f[SJA B 3‘/€f[9]A + 300Mf[7]AD ] ’
(8,-1) _ 1 2¢t t t roo_ r
Fis1 = S30an14 [48M £ 30 Fia (S + M (fu—4V/6MF)))
+f5y (o + M (18f50 =7V 60 =7V 65 (€32
2 3 oM oJ
—162V/6M f;),+3888M>f1, ) )+432M° (FEM 50, £ + F5 050 £ ) |

0y _ 1 3t 2pt t t
Fo = 5o (1836V6M3 £, +300M2f,, —42V6MfE , +6f5 ), (C.33)
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:

Flg = %;;W [fsa 10— S + 7V 6ME s+ OMfaffana
+7VOMFL 1y +27VOMFL FL 1+ 81M% f[;]A)2
+90V/6M>f5 fih, —432M° (£ [tﬂA)z —2268M°f1f{o, (C.34)
—36V/6M2F L ft 1, —648VOM £ fr L +7776M* (£1 )
+ 614300 (1)) + iy, (5530 + M (50— 4V/oM 1))
S (Fiiagm + M (Flaga = 2V/6 (S5 — 221M°75))) ) |

Foy? = 2301”\44 [ wianic + 18M Fafinn = 7VOM e
— 7V OMfl, f 1 — 162V OMfL 1+ 48MfY
+3888M° £ £, — 336 VOM3 £ )
+ Fipa (Fioga + M (S~ 4V6MFL)))
+ £ (R + M (278513 = 7V6 £ g — TV6 1L 5y — 288V 6M f,
+50M f),+294M £ 1 +5OMfL ), +8082M2f 1 —37944/6MPfL )
+432M° ((F3M, — 73/ 6MFEM ) 851 £ + FOM O5

+ (= 7VeMEy ) 05,5y + F[O]a51f[7]A)] '

D Material for sections 5 and 6

D.1 Self-force matching conditions

(C.35)

The self-force matching conditions involved in the asymptotic match between the quasi-
circular inspiral (up to 2PA order) and the transition to plunge (up to 7PLT order) are given by

fisy= f(lf) L’ (D.1)
firw= (D.2)
fan= (’ﬁ)BL ; D.3)
fion = % %ftnl, Jiow = el (D.4)

firow = Fen R how = %af(a)s L f[‘{O]E = (D.5)
f[ql]A - f(g)c v f[ll]B f(3)E fll]D
(D.6)

b w
f[ll]E - an(Z%)E

W wo_ I
fian = Fem i Frazu= Gt

[
v f[ll]F_g Q

1
b
. f[12]J_§ aQ

v Y
fow=00fly| - @D

We recall that |, denotes evaluation of functions (in this case of Q, 6M and 6J) at 2 =(,.
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D.2 Explicit values of the asymptotic coefficients

The breakdown and critical frequencies of the inspiral motion require the knowledge of the

. (B,~1) (7,1 (11,3)  (6,~2) (3,—6) 1 ¢ . .
coefficients F(o)/[o]’ F(o)/[4j|’ F(O)/[s]’ F(l)/[s] and F(z)/[o] defined, respectively, in egs. (B.11),

(B.13), (B.15), (B.16) and (B.19). We take the value F({¥ ) = —3.537409407224891 x 10~°
(setting M = 1) from [18], while evaluating the remaining coefficients only requires the first-
order self-force data f(tl)(ﬂ*) and 3} f(tl)(ﬂ*) withn=1,2,3,4.

We can obtain all the necessary self-force data from the first-order energy flux Fyps of [53],

U, Foo () + Flt (@
fH@= g (rof =— D Fopn =— o )1/2 o () . D8
f(ro) (1—3(M2)2/3)""* (1 —2(MQ)2/3)
The coefficients we are interested in then evaluate to (setting M = 1)
G- _ -5
F(O)/[O] = —4.155752096668726 x 1077, (D.9)
F(o)/[4] =—3.280188141361921 x 10~ =, (D.10)
FULS — _5104634123185608 x 1072 (D.11)
(0)/18] ’ ? )
Fig o) = —4.746661778492238 x 10712 (D.12)
The value of the coefficient F((ZS)/_[SZ)] (B.20) appearing in eq. (134) is
(5-5) _ _ —-10
Fiov = —3.559185516345344 x 1071°. (D.13)

Finally, setting again M = 1, we also obtain the numerical values for f[ts] and f[t7]A (which
are related to the first-order self-force (D.8) through the matching conditions (D.1) and (D.2),
respectively)

fis) = —1.994761006400989 x 10~°, (D.14)

fa=—1.307874324117794 x 107" . (D.15)
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