Transition-to-plunge self-force waveforms with a spinning primary
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With the upcoming third-generation gravitational-wave detectors comes the need to build complete,
faithful, and fast waveform models for asymmetric-mass-ratio compact binaries. Most efforts within
the self-force community have focused on modeling these binaries’ inspiral regime, but for ground-
based detectors the systems’ final merger can represent the dominant part of the signal. Recent
work by three of us has extended the multiscale self-force framework through the transition-to-
plunge and merger-ringdown regimes for nonspinning binaries. In this paper, we generalize the
next-to-next-to-leading-order transition-to-plunge waveform model to include the spin of the primary
black hole. We also improve the construction of composite inspiral-transition waveform models by
performing a change of variables on the binary’s mechanical phase space during the transition to
plunge. We provide detailed discussions of our numerical implementation and comparisons with

numerical relativity simulations.
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I. INTRODUCTION AND OUTLINE

Since the first detection of a gravitational-wave (GW)
signal 10 years ago (GW150914) [1], the LIGO-Virgo-
KAGRA (LVK) collaboration has now seen more than
a hundred binary coalescence events among their first
three observing runs [2]. With the upcoming release of
the fourth version of the Gravitational-Wave Transient
Catalog (GWTC-4) and the fifth observing run planned
for 2027 [3], many more GW events will soon be reported
or discovered by ground-based detectors. Together with
the improvement of detectors’ sensitivity, this spurs GW
modelers to provide fast and faithful waveform models
for parameter estimation studies and tests of general
relativity [4-9].

In particular, one specific event from the third observing
run, GW191219_.163120, has been estimated to come from
a binary with mass ratio ~1:27. Such a high mass ratio lies
beyond what current models are able to cover [2, 10] and
points to one of the LVK observational science short-term
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R&D objectives: providing fast and accurate waveform
models for asymmetric-mass-ratio binaries [11].

On the other side, future space-based detectors such
as LISA will detect GW signals in the millihertz spec-
trum [12], allowing us to observe signals emitted by
extreme-mass-ratio inspirals (EMRIs). The joint use of
space-based detectors with future third-generation (3G)
ground-based detectors such as the Einstein Telescope [13]
will enable the observation of sources such as interme-
diate mass ratio coalescences (IMRACS) across multiple
bandwidths [12]. Those intermediate systems with mass
ratios typically ranging from ~1:10% to ~1:10* currently
lack accurate waveform models and constitute a real GW
modeling challenge for 3G detectors.

The waveform modeling technique that naturally lever-
ages the existence of two disparate masses is the gravita-
tional self-force (GSF or SF) program, where the Einstein
field equations (EFEs) and the orbital motion of the sec-
ondary black hole are expanded in the binary’s small
mass ratio. Recent milestones in the self-force community
have been, for example, the construction of a first-post-
adiabatic (1PA)/second-order self-force (2GSF) waveform
model for spinning binaries with a slowly spinning primary
black hole and rapidly spinning, precessing secondary [14]
and the development of a fast, data-analysis-ready adia-
batic (0PA) model for eccentric equatorial binaries with a
rapidly spinning primary in the FEW python package [15],
leveraging the SF multiscale expansion framework [16—
19] and hardware acceleration [20] for rapidly generating
waveforms.

These pieces of work focus primarily on the inspiral
phase of the binary, which is expected to be sufficient for
modeling EMRI signals. In contrast, IMRACs usually
have a merger that occurs in the frequency band of ground-
based detectors [12]. Moreover, recent results in second-
order self-force [10, 21] show that self-force models can be
remarkably precise even at more comparable mass ratios
~1:10 [14, 22], and for such systems the merger can always
represent a significant fraction of the signal-to-noise ratio
(SNR). Those considerations make it important to extend
the multiscale self-force framework beyond the innermost
stable circular orbit (ISCO), where the inspiral motion of
the binary breaks down.

A recent work by three of us [23] extensively derived
the self-force framework for the transition-to-plunge (or
simply “transition”) motion of nonspinning, quasicircular
binaries. This work extended the results of Refs. [24-26]
by including a treatment of the Einstein field equations
and waveform generation on top of the orbital dynamics,
while also reformulating the transition in the phase-space
approach [18, 19, 27] that underlies the multiscale expan-
sion’s accuracy [10] and efficiency.

In GSF theory, the merger-ringdown part of the wave-
form is generated by the secondary’ final, approximately
geodesic plunge into the primary after it transitions across
the ISCO [28, 29]. Again, three of us recently showed how
to formulate this regime in the phase-space approach of
the multiscale expansion [30] (building on Refs. [31, 32]).

This created a unified framework for inspiral, transition,
and plunge that can be carried (in principle) to any
order in the small mass ratio. In Ref. [33], two of us
employed that framework to generate subleading-order
merger-ringdown waveforms in a test case of modified
gravity.

These developments have paved the way for building
the first inspiral-merger-ringdown (IMR) model for qua-
sicircular, nonspinning binaries beyond leading order in
GSF theory [34-37]. (See Refs. [38-40] for earlier such
waveforms at leading order, following an iterative method
initiated in Ref. [41] rather than a multiscale approach.)

With a first complete beyond-leading-order GSF IMR,
waveform model for nonspinning binaries at hand, we now
aim to to include additional physical parameters. The
work presented in this paper represents one of the inter-
mediate steps towards including the effects of the primary
black hole spin in the IMR waveform model presented
in Ref. [34-37]: we derive and implement second-post-
leading transition-to-plunge (2PLT) waveforms using the
phase-space formalism for non-eccentric equatorial mo-
tion of a Schwarzschild secondary black hole around a
primary Kerr black hole. Moreover, we build a composite
waveform model that smoothly interpolates between an
adiabatic (OPA) model in the early inspiral and a 2PLT
transition model when reaching the ISCO using a matched
asymptotic expansions procedure. We address and solve
issues already raised in Ref. [23] about the accuracy of
such composite models due to early-time transition resid-
uals in the dynamics.

The plan of the paper is as follows. In Sec. II we
set up the conventions used throughout the paper and
rewrite the equations of motion of a massive particle on
a quasicircular orbit around a Kerr primary in a generic
multiscale framework on the binary’s mechanical phase
space. In Sec. III, we explicitly expand such equations
of motion during the inspiral phase of the binary up to
next-to-leading order (1PA) in the self-force expansion. In
Sec. IV, we perform the expansion of the same equations
of motion but during the transition phase of the binary, up
to 2PLT order in SF. Next, in Sec. V, we match the late-
time asymptotic expansion of the OPA inspiral with the
early-time asymptotic expansion of the 2PLT transition
motion and use it to build a composite 0PA-2PLT model.
In Sec. VI, we perform a change of transition phase-space
coordinates and explain how it affects the asymptotic
matching with the inspiral motion and, crucially, how
it improves the accuracy of the composite model. In
Sec. VII we detail explicitly the different components of
our composite model, as well as other models we use as
benchmarks. Finally, in Sec. VIII we provide an analysis
of the impact of our change of variables on phase space and
compare our waveform models with numerical relativity
(NR) simulations.



II. FORCED MOTION, CIRCULAR GEODESICS,
AND FIELD EQUATIONS

In this section, we set up our conventions and formulate
the secondary’s motion and the Einstein field equations
in the phase-space approach.

A. Setup and conventions

We consider a nonspinning compact object of mass m,,
(where p stands for particle since we treat it as such)
orbiting a Kerr black hole of mass M and dimensionless
spin y on quasicircular, equatorial orbits, where we use a
ring to denote constant, initial values of evolving parame-
ters. We will refer to the two objects as the “secondary”
and the “primary”, respectively. We define the small
mass ratio € = m,/ M and the bymmetrlc mass ratio
7 = mp,M/MZ2,, where My, = M + m, is the total
reference mass of the binary. It will also be useful to
introduce the large mass ratio ¢ := 1/£. Throughout this
paper, we adopt geometric units where the gravitational
constant G and the speed of light ¢ are set to unity.

Due to the presence of the perturbing secondary, the
full spacetime metric g,,,, decomposes into a background
guv and a perturbation Ay,

guv = Guv + h,uy- (1)

The background metric g, is taken to be the metric of
the primary Kerr black hole in isolation. We work in
dimensionless Boyer-Lindquist (BL) coordinates that we
denote as (t,2%) = (t,r,0, ¢), normalized by the primary
mass M. Therefore, the standard dimensionful BL coor-
dinates are given by (Mt, Mr,0,¢). In dimensionless BL
coordinates, the line element of the Kerr metric is given
by

. 2
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where
p* =12+ x%cos? 6, (3a)
A=1r% —2r 4 2, (3b)
Y= (7"2 + )%2)2 — Y2Asin? 6. (3c)

The perturbation h,, ~ € contains all corrections due
to the orbiting secondary and nonlinear effects due to
the interaction of the two bodies. This includes the time-
dependent changes 6 M and dx of, respectively, the mass
and spin of the primary black hole, which evolve due to
the absorption of energy and angular-momentum fluxes.

The Einstein equations can be perturbatively expanded
in hy, as

5Gu[h] + 62y [hy b + O(E3) = 87T, (4)

where G, is the linearized Einstein tensor on the back-
ground g,,,,, while §2°G,,,, is quadratic in hj,,. The right-
hand side is given by the point-particle Detweiler stress-
energy tensor [42, 43],

Fat = (7).
V=

where z#(7) is the particle’s worldline. Here we have split
the metric perturbation as h,, = h73 + hfy, where hﬁy
is an analytically known “puncture”, Wthh is singular at
the particle’s position, and hZf,, is the regular residual field,
as defined in Ref. [4 ] We can then define an effective
metric, G = guv + hW, which is regular at the particle’s
position. The parameter 7 is proper time in the effective
metric, and the particle’s 4-velocity is @* = dz*/dT (with
Uy = G ).

In the effective metric §,,, the secondary object follows
a geodesic [45-47]. In terms of the background metric
Juv, the particle obeys the self-forced equations of motion

T = mp/ﬂuﬂv T, (5)

D?zm
dr2

=/ (6)

Here 7 is proper time in g,, (normalized with respect
to the primary mass M) and D/dr = utV,,, with the
4-velocity u* := dz* /dr and covariant derivative V,, com-
patible with g,p. The (gravitational) self-force per unit
mass of the secondary, f#, can be expressed in terms of
the residual metric perturbations as in Refs. [47-49].

In order to describe the evolution of the binary we foli-
ate the spacetime with surfaces of constant hyperboloidal
time s that extend from the primary’s future horizon to fu-
ture null infinity, following Refs. [17, 50]. We assume that
s reduces to BL coordinate time t at the particle, which
we also use to parametrize the worldline z#* = z#(¢,€):

(L, €) = (tal(t,€)) = (t,rp(t,€), m/2,6p(t,€)).  (7)

A subscript p indicates evaluation at the particle’s posi-
tion, and we have restricted to equatorial orbits (6, =
7/2). Without loss of generality, we take the the orbital
angular momentum to be in the +z direction. The dimen-
sionless spin of the primary is either anti-aligned with
the z-axis for x € [—1,0] or aligned with the z-axis for
X € [0,1]. As a consequence, the orbital phase ¢, is a
monotonically increasing function of ¢, while negative and
positive spin x corresponds to retrograde and prograde
orbits, respectively. This choice of orientation can always
be achieved without ambiguity during the inspiral and
transition.!

1 This is no longer necessarily the case during the plunge: for a
particle plunging from a retrograde ISCO, the orbital frequency
Q(t) :== d¢p/dt changes sign before reaching the ergosphere [51],
and the orbital phase is no longer monotonic. The orientation
of the coordinate system is then inherited from the inspiral and
transition.



The binary’s mechanical phase space is spanned by
(x},, ), 6 M, 0x), where we have used an index i for spatial
coordinates and an overdot to denote d/dt. For quasi-
circular binaries, the orbital radius is not independent
and can be expressed in terms of other phase-space co-
ordinates. More precisely, the set of mechanical vari-
ables describing the binary can be reduced to the az-
imuthal orbital phase ¢, and the set of evolving parame-
ters (A)J* = {(A)Q,5M,0x}. Here we have used the no-
tation (A)Q from Ref. [23] to denote the orbital frequency
Q = d¢,/dt during the inspiral or AQ = (Q — Q,)/&%/>
during the transition to plunge, where Q, = Q,(x) is the
ISCO frequency around a Kerr black hole with spin x.
As introduced above, M and Jdx refer to the evolving
corrections to the primary mass M and dimensionless
spin x, respectively. They are related to the dynamical
mass M (s) and spin x(s) of the primary black hole as

M(s)
x(s) =

=M (1+£6M(s)), (8a)
X (1 + & 5)((5)) . (8b)

The mechanical variables are defined as functions of hy-
perboloidal time: on a slice of constant s, (A)2 is equal
to its value at the point where the slice intersects the
worldline (this extends to any function defined on the
worldline, such as ¢,), while 6M and dx are equal to their
values where the slice intersects the horizon of the primary.
The rescaled variable A is chosen such that it is order
unity during the transition across the ISCO, which occurs
over a frequency window (Q — ) = O(£%/%).

The crucial feature of our formulation of the problem is
that the metric perturbations depend on s only through
¢p and (A)J*. In addition, since ¢, is a 2m-periodic
variable, we can express h,, in terms of Fourier series as

Zh

m=—0o0

) xi7 é)e—inm,,(s,é) )

(9)
The Fourier coefficients hjy;, will be expanded in series
for small &, though the form of that expansion depends
on the stage of the binaries evolution, see Refs. [23, 30].
The form (9) can be derived from the more general self-
consistent formulation [52] of GSF theory following the
arguments in Ref. [27].
The system’s evolution through phase space is then
governed by the following set of ordinary differential equa-
tions:

h,wsac £)

dp,
—Z=q, (10)
d(giﬁ = FOT(8)7":€,%). (11)

Here and below, we will often leave the parametric de-
pendencies implicit and write F(®)7 ((A)Jb; g, X) as
F(&)J* ((A)Jb)7 or simply F(®)7* . The forcing functions
F®)® can be expressed in terms of the self-force through
the equations of motion (6), while F°M and F°X are de-
termined from the horizon fluxes of energy and angular

momentum. We note that the forcing functions do not
depend on ¢, due to the axisymmetry of the problem:
the metric perturbations (9) depend on ¢, only in the
combination ¢ — ¢,, becoming independent of ¢, when
evaluated along the worldline. As a consequence, the
self-force and other dynamical quantities derived from it
are also independent of ¢, [18, 27].

Our basic approach, as employed in Refs. [30, 53], is
the following:

1. In each regime (the inspiral or the transition), we
expand the forcing functions F(®)7" and the metric
amplitudes h7j;, in a series in small € at fixed phase-
space coordinates (¢, (A)J%).

2. From the EFE and the self-forced equations of mo-
tion, we obtain differential equations for the coeffi-
cients in each of these expansions.

3. We impose retarded boundary conditions at the
horizon and infinity.

4. We fix the remaining freedom in the solution in each
regime through an asymptotic matching condition:
the expansions of F(4)/" and h™ in the transition
must agree with those in the inspiral when both are
re-expanded in a common form. Concretely, suppose
a function f is expanded for small € at fixed AJ* in
the transition and then re-expanded at “early times”
in the transition (AQ < —€,, equivalent to € < 1
at fixed Q < Q,). This must agree, order by order
in € and AQ, with the result of first expanding f
for small € at fixed €2, then re-expanding near the
ISCO (|2 — Q| < Q4), and finally rewriting in
terms of AS.

Another way of stating the matching condition is simply
that the two expansions must commute.

B. Orbital motion

The trajectory of the secondary (7) can be written in
terms of the mechanical variables (A)J® as

2H(t,€) = (t,rp (D)), €) ,7/2,0,(t,€)).  (12)

Time derivatives are then evaluated using the chain rule
d a

= =0, + FO70) e (13)

and Eq. (11). To streamline the resulting expressions,
we adopt the notation of Ref. [50] for the directional
parametric derivative:

ag = F( )JGB(A)JQ = V“Q(A)Ja, (14)

where V¢ := F(2)7" represents the velocity through pa-
rameter space. The tangent vector to the trajectory in
the non-affine ¢ parametrization is hence given by

dz*

EZ(L@‘;TP,O,Q) . (15)



Written in terms of the non-affine parameter ¢, the
self-forced equations of motion (6) become

o 3.8
pr G20 e g (16)

Pt padUd L, de
B dt dt

dt? dt dt
with T 5 the Christoffel symbols of the background Kerr
metric g,,,, evaluated on the worldline (12). Here the
redshift factor U is defined as
dt 1

A7~ /=g (et jdt) (=" [di)

from the normalization condition for timelike curves,
u, ut = —1.

Plugging Egs. (12) and (15) into Egs. (17) and (16)
yields

2

U2 =Ry, ) = L (05ry)", (18a)
P
C (rp, Q)
-2 -1 p>
A
U= f" = 0%y + U 03U dpry, + — G0, 9)
p
E(rp) 2
+ (Oprp)”, (18c¢)
rpA, VP
where we have defined A, = A(r,),
Cr, %) =2 + 1% — Q= 3020, (19a)
G(r,Q;x) =1 —2¥Q + x*Q% — 302, (19b)

T
Qx) =
R(r, Q25 x) \/r —X2rQ2 — 302 — 2(1 — xyQ)2’ (
EriX) ="~ (194)

19¢)

In the following, we will often drop the parametric de-

pendence in the functions (19) and write, for example,
C(r,Q% x) as C(r, ).

C. Study of circular geodesics

For later use in formulating the multiscale expansion
of the motion and field equations, let us first turn off the
self-force contributions to the equations of motion (18)
and briefly analyze the circular geodesic solutions.

First note that with f# = 0, the 1-parameter family
of circular geodesics corresponds to the level set G = 0.
Parameterizing that curve by the orbital frequency 2
gives

r(0)(Q) = (1 — xQ)*/3/Q*/3, (20)

and one can indeed check that G(r)(£2),2) = 0.
Second, one can readily interpret R(r, §2) as the redshift

factor of a particle following a (possibly non-geodesic) cir-

cular motion of radius r and frequency {2 on the equatorial

plane of the Kerr primary. Setting again f# = 0 and eval-
uating R on the level set G = 0, we find R reduces to the
redshift factor U (€2) of a particle following a circular
geodesic of orbital frequency 2,

R(1(0)(R2),2) = U(0)(Q), (21)

where

Ugh (@) = (1-X9) [1 0 - 302301 — >°<Q)1/3] . (22)

Moreover, the directional derivative of R along r is
proportional to G,

G(r, YR (r, Q)

67'R(T7 Q) - 72

; (23)

and therefore vanishes when evaluated on a circular
geodesic. When evaluated on the level set G = 0, the
normal of R is directed along df?

dR(r(0)(2),2)

10 = QU1 () B(Q), (24)

while from Eq. (19a), we have

C(r)(9),2) = 20r7) " B(9). (25)

In Eqgs. (24) and (25), the function B(2) is given as in
Ref. [26] by

B(2) = B(r()(2))
= 7”(20) — 2)27'(1({)2 + >°(2

=X* =@ - T -0 (26)
Finally, for any n > 0

arg

@(r(o)(Q), Q) =0, (27a)
%(r(o)(g),a) — d;gff), (27b)

from which we can extract, for example,
dr(o) _ %G 2 1 (28)

s 0,G 3 r(l()/f(Q)Qz

D. Einstein field equations

As anticipated below Eq. (9), the metric perturbations
can be expanded for small €: during the inspiral, the
expansion reads [17]

By = z gn i h,(ﬁ,)’m([]a,:ri)efim%, (29)

n>1 m=—0o0



where an index (n) indicates the coefficient of £”
in the transition regime we have [23]

p= D &SN Rl (AT 2)e M, (30)

n>5 m=-—o00

, while

where an index [n] labels the coefficient of £7/5.

In Ref. [23] the structure of the Schwarzschild met-
ric perturbations was derived from the field equations
as follows: during the inspiral, the metric perturbations
can be expressed as a sum of terms factored into a piece
that is smooth and a piece that is singular at the ISCO
frequency. In particular, the first-order metric pertur-
bation h;(}u) was shown to be a smooth function of the
orbital frequency. Similarly, in the transition regime, the
metric perturbations at each perturbative order can be
written as a sum of terms factored into a AQ2-dependent
and a AQ-independent piece. At the orders we will be
interested in this paper, it was found that hE,], does not
depend on AR, while hlS(AJ?, %) = 0 and Al depends
only linearly on AQ: AL (AT, 2%) = AQ R (7). We
follow the same convention as in Sec. 4 of Ref. [23], where
capital Latin letters A, B, ... refer to AQ-independent
factors of AQ-dependent monomials. These structures
are dictated by the field equations, in particular by the
order of the highest-order time derivative. It follows that
the structure of the metric perturbations remains unal-
tered when considering a Kerr background; see Sec. 4.2
of Ref. [23] for a detailed analysis.

In Ref. [23] it was also shown that the metric perturba-
tions to next-to-leading order in the transition expansion
can be obtained from the inspiral’s first-order metric per-
turbation as

WEL(6M, oy, 2') = h{) (= Q.,6M,6x,2"),  (31a)
h,[fl],A(xi) = aghfjg(sz =Q,,z%). (31b)

When working at leading order in the inspiral and next-
to-next-to-leading order in the transition expansions, it is
therefore sufficient to solve for h,(},,) , rather than directly
solving field equations in the transition regime.

In addition, § M and §x only enter hLl,,) in non-radiative
modes [17], meaning we can neglect them at our orders of
interest in this paper. We can then obtain the waveform’s
first-order mode amplitudes by solving the Teukolsky
equations for the fourth Weyl scalar U, (for a review, see
Ref. [18]). At zeroth order, O(&°), the background Weyl
scalar vanishes, and we can expand ¥4 in powers of the
mass ratio as

Gy =l + 29 + 0, (32)

with ¢ =r —ix cosf. The linearized scalar wil) satisfies
the Teukolsky equation. On phase space, time derivatives
are substituted using the chain rule (13). At first order

in € and with the ansatz z/}fll) ~ e~ "% this reduces to
0y — —imf). The Teukolsky equation therefore decouples

into an angular part and a radial part in the usual way [54].
Therefore, we can decompose the linearized Weyl scalar

(1) in the basis of spin-weighted spheroidal harmonics as

Z Z Vi (7)o Sem(0, @)™, (33)

=2 m=—1¢
with _,S, satisfying the spin—2-weighted spheroidal
harmonic equation and wéz the sourced Teukolsky radial
equation depending upon 2. It is readily solved using the
Black Hole Perturbation Toolkit’s Teukolsky package [55],
for example, through the method of variation of constants:
two linearly independent solutions to the homogeneous
radial Teukolsky equation _,R}® (r) and _,R,P (r) are
found, whose asymptotic behaviour are given in Ref. [18],
and the solution is

D(Q,r) = L,CR(r:Q) R (r)
+ —QCZE))/L(T?Q) 2Ré'yn( ) (34)

Let us define the asymptotic tetrad leg m® =
f%p(o, 0,1, —icsc ) which matches with both the Kin-
nersley and the Carter tetrad up to irrelevant subleading
terms in the radial component [18]. The projected metric

perturbation hgm = m#m”h,, is then related to ¥y as

1
Ay, = —iafhm, (35)
while the wavestrain reads
h = rlggo r(hy —ihy) = Tlggorhmm. (36)

Decomposing h into spin-weighted spheroidal harmonics,
as in

o) L
h=> """ hm(dp, (A

=2 m=—1L

)J) —2Sem (0, 0),  (37)

with

hem (6, (A)J*) = Hem ((A) )™, (38)

and using the relation (35), one can readily express the
(¢,m)-mode amplitudes Hy, in terms of the Teukolsky
amplitudes as

HZm(Q) = lim 720

T—00

5 r 28/5),
i () + O(E9). (39)

Here the omitted terms are O(£%/°) in the transition (cor-

responding to h,[il ) but reduce to O(£?) in the inspiral

(corresponding to h(2) ).

III. THE INSPIRAL’S POST-ADIABATIC
EXPANSION

In this section we derive the post-adiabatic expansion
of the quasi-circular inspiral, extending the results in
Appendix A of Ref. [17] (see also the summary in Ref. [50])
to the case of a Kerr primary.



A. Perturbative expansion

The inspiral motion is driven by the loss of energy
and angular momentum through the emission of GWs,
which occurs on the radiation-reaction timescale 1/€. The
mechanical variables describing the inspiral are the orbital
phase ¢, which varies on a “fast” orbital timescale O(1),
and the parameters J* = {2, M, dx}, which evolve on
the radiation-reaction timescale.

The inspiral’s post-adiabatic expansion consist in writ-
ing all quantities of interest as functions of (¢,,J%,¢€),
which are then expanded in integer powers of ¢ while
keeping the mechanical variables (¢,, J*) fixed. For the
mode amplitudes Hy,,, we obtain

Hyp (J% &) ZE"H(”) J%). (40)

We refer to H, 45:2 as the nth-order mode amplitudes. The
first-order mode amplitudes, Héz, are obtained from
the Teukolsky formalism as described in the previous
section. Similarly, we expand the orbital quantities such
as the orbital radius r,, the redshift factor U, the forcing

. a . . o
functions F/* and the self-force f* as power series in &:

%8) = i %y (J (41a)
=0
€) = ié’”U(n)(J ) (41b)
FO(Jo¢)=¢ i EMF (T (41c)
FOM (e ¢ Z EnFON (%), (41d)
=1
FOX(J Z EFON (%), (41e)
T Z & fh (41f)

The term F, ({L a)
nPA) forcing function of J¢, following the nomenclature
first introduced in Ref. [16] for the expansion of the orbital
phase on the radiation-reaction timescale.

is referred to as the nth post-adiabatic (or

Using the expansions above, we perform the post-
adiabatic expansion of Eq. (18). The corrections U,
and 7(,) are obtained at order O(¢") from Egs. (18a)
and (18c¢), respectively. The forcing function F(Q) is in-

stead obtained from Eq. (18b) at order O(&"t1). At

adiabatic order, we get

0)2/3

7(0)(Q) = % (42a)

U3 (@) = (1= %) [14 19 - 303 (1- 1)/7], (42b)
_ 3A(0)( )

O = “arg@p@pm 0@ 0

where the function D() is defined as in Ref. [26] to be

=1y — 6r(0) + 87 () — 3X
— _ 3522 o G(Q_l _ 52)2/3

T =) QTN = )R, (43)
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and the function A () is to be understood as
Ay () = A(r)(2)). We note that the expressions for
7(0)(2) and Uy (€2) are simply the geodesic relationships
obtained in Sec. I1C.

The first-order dissipative self-force f(tl) can be ex-
pressed in terms of the Teukolsky fluxes through the
energy flux balance law. To do so, we first write the
specific orbital energy as E = Eg) 4 € E(1) + O(¢?) with
E(o) the adiabatic energy defined from mrcular geodesics.
We can then relate the first-order dissipative self-forces
to the rate of change of E gy using dE/dr = V,(—u;) at
leading order:

1 dE, o .
22 = U (audly +9efly) - (40)

Secondly, solving the orthogonality condition fu, =0
at leading order, yields

¢ _ _ Git + g1eQ2 45
f(l) Gio +g¢¢Q (1) ( )
Finally, the energy flux balance law reads
1 dE(O) o
e GORE)) (46)

where F> = 2F + O(€%) and F* = E2Ff + O(£%)
are the energy fluxes to null infinity and down the horizon

of the primary, respectively. The leading-order quantities
F(5) and F§ are the OPA Teukolsky fluxes, which we

obtain from the BHPToolkit’s Teukolsky package [55].
Combining Eqgs. (44), (45), and (46) allows us to write the
adiabatic forcing function of the orbital frequency (42¢)
as

F2,(@) = W(rgg)mwﬁg)(m). (47)



The function D(Q2) has a root at the ISCO frequency

1
QX)) =57
3/2+X

re =34 Zy —sign(X)v/(3 = Z1)(3 + Z1 + 22),  (49)

Zy =1+ 31— (\/1+x+\/1 ) (50)

Zy = \/3X% + Z2, (51)

marking the breakdown of the two-timescale expansion
in place during the inspiral. In Eq. (49), r, is the ISCO
radius. The left panel of Fig. 1 shows the behavior of
the function D(£2;x) in terms of the orbital frequency
and the primary black hole’s spin. The level set D =
0, which locates the ISCO frequency (), splits the
parameter space into the inspiral regime (D > 0) and the
plunge regime (D < 0), while the region close to D =0
corresponds to the transition-to-plunge regime. These
three regions in the parameter space are schematically
depicted in Fig. 1.

At next-to-leading order, solving Eqgs. (18¢) and (18a) at
order O(g) gives the first post-adiabatic (1PA) corrections
to the orbital radius and the redshift factor, respectively:

(48)

o) ()

30207, (DAQ)

ra(JY) = - foy(J), (52a)

U(l)(Ja) - 0

Moreover, solving Eq. (18b) at order O(£2) gives the 1PA
forcing function of the orbital frequency:

3A(0)(2)

(52b)

U =~ o @yp@B@ @)
20 () F Yy (T e [13 ()
QQU{*O)(Q) (A (0)(%2)
- AP(Q) f1) () f1)(Q)
QU () F () B2(Q)D2(Q)A ) ()
(53)
with

P(Q) =) (D) A«)(Q)

+6Qr22(Q) + 30 BX(Q)r(q )(Q)Ufo)(ﬂ)]

—4+ 3Q%B(Q)r() ()
(0)
0B (A [dre)@).  (54)
For nonspinning binaries (meaning y = 0), Egs. (42),

(52), and (53) all reduce to the expressions in Appendix A
of Ref. [17] and Sec. III of Ref. [23].

B. Re-expansion in the symmetric mass ratio

All the expansions above are series in integer powers
of €, while keeping the phase-space coordinates J* =

{Q,0M,x} fixed and with the overall mass scale set by
the mass M of the primary. This setup is not well suited
for comparisons with NR: the small-mass-ratio expansion
explicitly breaks the symmetry arising from the exchange
of the primary and the secondary compact objects, which
is particularly important for the typical range of mass
ratios covered by NR [56]. Moreover, NR simulations use
the total mass as the mass scale. We therefore proceed to
re-expand all quantities as power series in the symmetric
mass ratio 7 = m,M /M2, = £/(1+ £)? and we set the

overall mass scale as the total reference mass Mot =
M + m, = M(1 + €). Historically, this re-expansion has
been found to yield the most accurate comparisons in the
regime of comparable-mass binaries [10, 21, 23, 30, 38, 57—
62].

Before performing the re-expansion, let us introduce
a handy notation: a quantity f of mass dimension n
is adimensionalized with respect to the primary mass,
coherently with all notations introduced in the previous
sections. Now, that same quantity but with a check
overhead, f, is adimensionalized with respect to the total
reference mass M;o;. Both quantities are simply related

by
; o\
A

Therefore, the mass dimension n is the only number we
need to keep track of when changing the mass scale of the
system. Appendix A provides a list of quantities together
with their mass dimension. In particular, we denote the
BL and hyperboloidal times normalized by the total mass
as ¢ and 3, respectively.

As a summary, we expand all quantities in terms of the
symmetric mass ratio v and total reference mass M;qt.
We furthermore define the phase-space coordinates with
a check overhead, J* = {€, 6 Mo, 6%}, as

N\ . Mtot s a
Q(s) = I Q(s), (56a)
X(8) = x (1 +0x(s)) . (56b)
Mot (3) == Mtot(l + DéMtot(s)). (56¢)

To first subleading order in the symmetric mass ratio,
re-expanding the old phase-space coordinates J* into the
new ones J?, yields

Q= {1 b+ 0(92)] Q, (572)
oy = [1 — 2%+ 0(&2)} 5%, (57b)
SM = [1 — o+ 0(172)} Mo (57c)

Similarly, the forcing function F* (41c) is re-expanded

as
FOJ?) = vFQ () + 7 [Fg) (€2, 6 Myor, %)

HAFG) (Q) - Q0 FD) (Q)} +O@), (58)



FIG. 1. Left panel: the function D(£;x) in Eq. (43) plotted in terms of the orbital frequency €2 and the primary’s spin x. The
blue level set corresponds to D(€2.(x); x) = 0, where 2, () is the ISCO frequency. The region below the blue curve corresponds
to D > 0 (inspiral), while the region above it corresponds to D < 0 (plunge). Right panel: phase diagram of quasicircular
motion around a primary Kerr black hole of spin . The dashed blue curve corresponds to the ISCO radius 7.(x). Above that
curve, circular orbits are stable, while below it they are unstable. We qualitatively depict the region of validity of the inspiral
(green region above the ISCO)7 the transition to plunge (orange band around the ISCO) as well as the plunge (red region
below the ISCO). The gray region corresponds to the primary black hole’s interior. All quantities have been adimensionalized
using the primary mass M. The numbers in square brackets next to a quantity correspond to its mass dimension as defined in

Appendix A.

with F? = d /di, which is consistent with the notation
introduced above. This defines F(o) (©) and F(S})(j“) as

the coefficients of 7! and 72 in Eq. (58), respectively.
Finally, the mode amplitudes Hpy,, from Eq. (40) are
re-expanded as

Hon(J%) = 7H{,) (J) + 72 [HE)(J%) + H{) (%)
) aQH“)(Ja) — Mo By, Hib (J%)

20X 05 Hip)(J4)| + O(7). (59)

Again, the first- and second-order mode amplitudes . é;)

and H, gi? are defined as the coefficients of, respectively,
7! and 72 in the equation above.

IV. THE TRANSITION-TO-PLUNGE
EXPANSION

In this section we describe the perturbative expansion
of the transition-to-plunge dynamics in the phase-space
approach. This generalizes results obtained in Refs. [23
53] to the case of a spinning primary.

A. Perturbative expansion

In the transition regime, the orbital frequency no longer
evolves on the radiation-reaction timescale but on a new

timescale ~ 1/£1/% [28, 63], which we refer to as the ISCO-
crossing timescale. We write all quantities of interest as
functions of (¢, AJ* €), where AJ* = {AQ,5M,0x}.
We recall that AQ is related to the orbital frequency
through Q = Q, + £¥/°AQ, with Q, the geodesic or-
bital frequency at the (Kerr background) ISCO cross-
ing. The transition expansion then consists of expand-
ing all functions in integer powers of A= &5 at fixed

(¢p, AT) [23, 53].

For the mode amplitudes of the metric perturbations
we obtain

9
= NH (AT + 3" A H(AQ)
n="7

Him (AT, N)

+ 3 ArHp A (60)
n=10

The facts that Hl[?r]b = 0 and that H}Zl for n = 7,8,9
only depend on A follow from the same arguments as in
Ref. [23]. There, it was also shown that the leading-order

amplitude H, qu does not depend on A) and that the
2PLT term can be written as Hm = AQHZ}LA

HIETEL is a constant.

, where

The forcing functions are defined as dAQ/dt = FA% =
OA), dsM/dt = FOM = O(X) and dy/dt = FX =



O(N°) [23]. Their transition expansions read

FAYAT® X)) = A AMFA(AT?), (61a)
n=0

FOM(AJeN) = )\5Z>\" A (AT, (61Db)

FOX(AJN) = ASZA"F&M (AT?). (61c)

Here, we use the same labeling convention as Ref. [30],
where the index [n] corresponds to the nth post-leading
transition (nPLT) order at which a given forcing function
contributes to the orbital phase. The PLT expansions of
rp, U, and f* read

(AT N) = e+ A7 N (AT,

(62a)
n=0
U(AT*\) = U*+/\QZ>\" (AT, (62Db)
n=0
FUATEN) = N AL (AT, (62c)
n=0

where we use a star to indicate evaluation on the geodesic
background ISCO (49).

We use the two sets of expansions above to solve the
equations of motion (18) order by order in the expansion
parameter A In general, the hierarchical structure is
the following: at order @(A2T"), Egs. (18¢) and (18a)
give two algebraic equations for rp,) and Uy, respectively,

while Eq. (18b) at order (9()\5“1) yields a differential
equation for the forcing function F; [%]Q.

At leading order, we trivially recover the geodesic
relations evaluated on the marginal circular geodesic:
e = 10y (2), Ux = U)(£24). The corrections to the
orbital radius and the redshift are given up to 2PLT order
by

dr
0 (AQ) = ( d;?) AQ, (63a)
dU,
U (A = (52) a9, (63b)
r[l] (AQ) 0, (64&)
Uy (AQ) =0, (64b)
and
1 d2’l" 0
12 (AQ) = 3 ( dQ(Q)) AQ?
5/2 2
Tx (dr(o)/dﬂ)* AQ A
1 (d°U
Up (AQ) = 2( ng») AQ2 (65b)
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The OPLT corrections to the orbital radius (63a) and
the redshift (63b) solely come from evaluating the adia-
batic quantities gy and Uy at the frequency €2, + AZAQ.
The first term of the 2PLT orbital radius, given in
Eq. (65a), as well as the entire 2PLT correction to the
redshift, given in Eq. (65b), also have the same origin.
The 3PLT and 4PLT corrections are given in Appendix B.

Using Egs. (63), (64), and (65) in the O()\®) term of

Eq. (18b) gives the following differential equation for F; [ﬁ]gz

2 MAQ AQ\ 2
FAQ 2d F[O] 4 FAQ dF[O]
[0] dAQ?2 O\ qAQ
+Q(Q)AQFG? = () fy- (66)

The two coeflicients (; and (2 only depend on the primary
black hole’s spin, through the ISCO frequency £, (x).
They are given explicitly by

U202, (dD/dS),
G(@) = — LB AD/ ), (672)
* (dT(O)/dQ)*
A2
Q) =— = . b
@)= "g mrg aapuze )
As prescribed in Ref. [23], defining sjg = [ dAQ/ F[ﬁ]ﬂ,
Eq. (66) can be written as
d*AQ
2 s A§22 = G S50, (68)

(0]

which can be recognized as a Painlevé transcendental
equation of the first kind; see Refs. [23, 26, 64].

We checked that the prograde near-extremal expansion
of the coeflicients ¢; in Eq. (67a) and (3 in Eq. (67b) are
consistent with the results of Ref. [64]. Indeed, close to
X = +1, the near-extremal behavior of these coefficients
is easily found to be

G =-2"21 -3 +0[1-%)], (692)
G= e (1- 07 +0[1- 7). (69)

With the change of variables rg) = (dr()/dS2),AQ and
Sj0) = 15U, (1 — 7,) as well as the near-extremal behav-
iors (69), Eq. (68) reproduces Eq. (26) of Ref. [64].

We find that the 1PLT forcing function F[%Q satisfies

the homogeneous equation

2 PAQ AQ\ 2
FAQ 2 d” F[l] 4+ opA QFAQd F[Ol 4+ FAQ dF[O]
(0] dAQ2 o] T gA02 (1] AAD
AQ JAQ
dF[O] dF[l] o
dAQ dAQ
We shall see in Sec. V that the asymptotic match of the
1PLT forcing function with the inspiral forces the solution
F[?]Q to identically vanish, a straightforward generaliza-
tion of the results in Refs. [23, 53]. The 2PLT forcing
function F[%Q satisfies
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2 PAQ 2 7 AQ AQ\ 2 FAQ AQ
(FAQ>2 d°F — R opa QFAQd Foj 1 FAQ dF[O] QFAQd [0] dF () AQFAD
o) dAQ? oF TR Tgaz TR dAQ O "aAQ dAQ ! 2]
2 dFAY
— AQ A )2 AQ (0]
= Go(0) [l + G () fl5) AQ + () Fig P AQ® + (5(Q )(F[o} ) TAQ (71)
[
Just as for ¢; and (s, the coefficients (3, {4, and (5 ap- Up to 2PLT order, the forcing functions F[%]Q (i.e., the

pearing in this equation depend on the primary spin x
through the ISCO frequency. Their analytical expressions
are given by

G(h) = —

A 3
7/2 4B.U,

377203 B2U3 (dr ) /dS2)2

+6r220, B,U? — 3r2(r, — 1)Q2UB,

_ 332035 B2 _ 3,37, (d2U(0)/dQ2)*] , (72)

UiA2
G() = ——5 [ 4(2 + 3r32Q,)(dD /d),
247’* (dT(O)/dQ)2
+ 3% 2QQ(dQD/dQ?)*} : (73)
UAA2 "
GO0 = =530 5. (ar /dQ)*{16Q*B 161}

+ 32078, [ 1/2U2(dD/dQ) +18(d%r () /d02?), }
+48r2Q, — 24720 B
+12r, Q302 B*&}.

B,(1+3B,U%Q?)
(74)

We recognize the left-hand side of both Egs. (70)
and (71) to be the linearization of the Painlevé transcen-
dental equation (66) around the solution F[ﬁ]ﬂ [23, 53].

B. Re-expansion in the symmetric mass ratio

Analogously to the inspiral, we re-expand the forcing
functions F2% and the mode amplitudes Hy,, as power
series in the fractional power of the symmetric mass ratio,

G = /5,

(75)
while keeping the new set of phase-space coordinates
AJ* = {AQ, 6 Mo, 60X} fixed and using the total mass of
the binary as the mass scale. Here, AQ) has been defined
through

Q =0, +5%AQ, (76)
which relates to AQ = (Q — Q,)/A? as
9.5 <10 -
AQ=|1- 4 +0(6")| AQ. (77)

coefficients of 6" in a transition expansion of dAQ/df at
fixed AJ®) are simply given by

The functions start to differ at 5PLT order; see Ap-
pendix C. Similarly, the mode amplitudes of the metric

perturbations (60) get re-expanded to give

A2 (aJey = HE (AT, (79a)
A0 = B (A0) =0, (79h)
Hi (AQ) = Hf)(AQ) (79¢)

Again, the functions start to differ at 5PLT order.

V. ASYMPTOTICALLY MATCHING THE
INSPIRAL WITH THE TRANSITION

We now proceed to verify the asymptotic match between
inspiral and transition-to-plunge quantities through 0PA
and 2PLT order, respectively. Following Ref. [23], we
perform a near-ISCO expansion 2 — Q, + AZAQ of the
inspiral quantities and compare it with the early-time
asymptotics as A — —oo of the transition quantities.

A. Match of the mode amplitudes and self-force

The inspiral’s first-order mode amplitudes are smooth
functions of the orbital frequency at the ISCO and can
therefore by Taylor expanded around it. The near-ISCO
expansion of the inspiral’s mode amplitudes then reads

Hop = [Hlfgz\ 6200 0, )| +o<mz>] o),
* *
} (80)
where we have used the definition (76) of AQ) to rewrite
the differences (2 — €2,). The early-time solution of the

transition mode amplitudes to 2PLT order is simply given
by

Hyp = 6°HE + 6"TAQ AT L 0%, (81)
Comparing the coefficients of equal powers of & and AQ

in Egs. (80) and (81) yields the following matching con-



ditions
) = ) (), (82a)
H = AQ A = AQo5H[ Q). (82b)

In an analogous way, the match of the self-force reads

Tty = 1) (@),
1 = QB ().

(83a)
(83b)

B. Match of the forcing functions of the orbital
frequency

We obtain the generic matching to all PA and PLT
orders in the following way: the inspiral’s post-adiabatic
expansion of the rate of change of the orbital frequency
is given by dQ/df =", DlF(%(Q) For simplicity we
suppress the dependence on 6M and 6%. Re-expanding
close to the ISCO and recalling Eq. (76), we have

dQ . o e e
E _ Z Z F((i5)+51+2j71)5_5+52+2j AQJ, (84)
i>0 g

where F ((S’b) are the (in general 6 M- and dY-dependent)
coefficients of 5% and AP in the iPA order’s near-ISCO
expansion. The range over which the index j runs is deter-
mined by the near-ISCO limit of the algebraic expressions
for the post-adiabatic forcing functions, see Egs. (58),
(47) and (53).

In particular, at adiabatic order we obtain

Q) = Bt et AQhT, (85)
k=0

The coefficients in Eq. (85) can be expressed alternatively
in terms of the same coefficients written in our old set of
phase-space parameters AJ?,

oo

EFG) =Y FgPHE R AQETL (86)
k=0

We find at the lowest orders that

~(3,-1) _ (3,-1)
Foy " =Fo (87a)
=(5,0 5,0
By =Fg?. (87D)
(3+2k,k—1)

Finally, the coefficients F(o)

puted by performing the near-ISCO expansion 2 =
Q. + A2AQ of Eq. (47). This gives, at the first two

can easily be com-
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orders,

. —3A, ft

F& = oL (88a)
©) QO UAB,(dD/d),

750 _ 3 (d*r()/d2?). A,

©) 2 (dr)/dQ). QULB.(dD/d).

dr(o) -1 d —3A(Q) T(O)(Q) — T t
+< do ) W<QU€‘0>(Q>B<Q> D(&) )] o

—3A, (3fo1))*
O ULB, (dD/dQ), "

(88b)

In the transition regime the rate of change of the orbital
frequency is given by dQ)/df = 6° 3 0" F [ﬁ]ﬂ. At early
times, where AQ — —o0, we can re-expand in powers of
AQ:

dQ L (3mm) - .
- = SN EET st AQ, (89a)
n>0 m
_ Z Z F[(nS]Jrn,m)p(B-i—n—Zm)/s (Q _ Q*)m’ (89b)

n>0 m

where F[(T‘;]’b) are the (in general 6 M- and dy-dependent)

coefficients of ¢* and AQP in the nPLT order’s early-time
expansion. The bounds on the values of the index m are
readily obtained by the requirement that Eq. (89b) only
contains integer powers of ¥, as is required in order to
match the inspiral. This yields the condition

5

m:—1+g—§i, n,i>0. (90)

In addition m needs to be an integer, since only integer
powers of AQ) appear in Eq. (84). The OPLT and 2PLT
early-time solutions can then be written as

FEH =3 EGTTMEAGTR (91a)
k=0
B oo
GRS =Y Fy Mt a0 ok (91b)
k=0

Finally, in order for Eqs. (84) and (89a) to agree term
by term, we need to equate the powers of & and Af),
which leads to the conditions

n=2+45i+2j, m=j. (92)

Therefore, the OPA forcing function F(%) (i = 0) is
matched by terms with n = 2+2j and m = j in Eq. (89a).
In particular, we have that (i) the leading-order term with

j = —1, matches a term oc AQ~! in the OPLT forcing
function F’[ﬁ‘]ﬂ (F’((g)’_l) = F’[(O?}”_l)), (ii) the first subleading
term with j = 0, matches a term o AQ in the 2PLT

FAQ (p(50) _ pa(5,0)

forcing function F5i* ( ) 2] ), and so on; see



Table T of Ref. [22] or Table 1 of Ref. [23]. In the follow-
ing subsections we show how to compute the asymptotic
coefficients in Eq. (91). We will check that the 0PA-OPLT
and 0PA-2PLT matching conditions we have just derived
are satisfied.

C. OPLT asymptotic matching

Comparing the late-time asymptotic expansion of the
OPA forcing function (86) with the early-time asymptotic
expansion of the OPLT forcing function (91a), we can
easily verify the matching condition

FG-D G-

0 o (93)

with F’((Og)’_l) given in Eq. (88a).

Let us reformulate the OPLT dynamics such that the
equation of motion has a normalized form. The advantage
of this is that the dynamics becomes independent of the
primary spin. As is typical in critical phenomena, the
behavior of the system near the critical point (in this case,
the ISCO) is universal.

To do so, we rescale the forcing function Fﬁ“ and

its independent variable AQ to the mass-dimension-0
quantities y and u defined by

3 3/5
A @
Foi* = A (94a)
. a2/5
with
a= G iy (95a)
B=—C(2%). (95b)

Under such rescaling, the Painlevé equation (66) takes
the normalized and spin-independent form

> dy\?
de—uZ ﬂ’(dz) —uy=1. (96)

There is a 2-parameter family of solutions to Eq. (96).
From the matching with the inspiral (91), the monotonic
solution y(u) admits an asymptotic expansion

y(u) =Y cpu 7, (97)
k=0
with
2k+1
~(3,—1-5k) &
F[o] = s Ck- (98)

Using Egs. (67), (88a), and (95), we find the matching
condition (93) now simply reads

co = —1. (99)
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We now impose Eq. (99) as the initial condition of the
transition dynamics, which correctly enforces the match-
ing condition (93).

All the other coeflicients c;z¢ are fixed by the require-
ment that y(u) is a solution to the Painlevé equation (96).
Indeed, plugging Eq. (97) into Eq. (96) gives the difference
equation

Co — 71,

i =

<.

100
(5k +1)(Bk + 5j + 3)ci—j—kCjck- (100)

0

Cit1 =
j=0

>
Il

We then pick the unique solution y(u) to Eq. (96) that
has the early-time asymptotic expansion (97) with coef-
ficients (100). The behavior of this solution is shown in
Fig. 2. The solution y(u) can then be rescaled to F‘[ﬁ]ﬂ
for specific values of the primary black hole spin x using
Eq. (94).

The rescaling coefficients (95) are both shown in Fig. 3
as a function of the primary spin . Let us finally prove
that both coefficients go to zero in the near-extremal limit
X +— 1. This can be analytically checked by performing
a near-extremal Kerr expansion: the OPLT dissipative
self-force reads

O.B
fi = _f“*’ (101)
where ky, = —(dug/dT)s, as defined in Ref. [64], is the
specific angular momentum loss per unit of proper time.
Reference [65] showed that &, remains finite and non-
zero near extremality. Hence, the pole structure of the
self-force reads at leading-order as

Ky 1

f[t5] = —ﬁm + O(l) . (102)

This shows, together with Egs. (69) and (95), that both
« and B go to zero as x — 1.

D. 2PLT asymptotic matching

Comparing the OPA late-time asymptotics (86) with the
2PLT early-time asymptotics (91b) gives the matching
condition

FG0) _ j(5,0)

2] 0 (103)

which can be verified once the transition coefficient has

been computed as demonstrated below in Eq. (111).
Similarly to the matching at OPLT order, we rescale

Eq. (71) using the mass-dimension-0 quantity z defined

by

F[AQ a’/®

2] = m% (104)
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FIG. 2. Normalized OPLT and 2PLT forcing functions. The
solution to the normalized Painlevé equation (96) with bound-
ary condition (99) is shown in black. The solutions z; to the
sourced linearized Painlevé equations (107) with boundary
solutions (112) are shown in yellow, green, and blue, respec-
tively. Here u = 0 corresponds to the location of the ISCO,
while u < 0 (u > 0) corresponds to an orbital frequency below
(above) the ISCO frequency.
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FIG. 3. Values of the coefficients a'/* and S, as defined in
Eqgs. (95), as a function of the primary black hole’s spin x.

as well as u that has been defined in Eq. (94b). In these
new variables, Eq. (71) now reads as

d?z d?y dy 2 dy dz
202 Loy Y e A e
Ve T et (du) MR T

= (Q)u+n(Q)u’y + T(Q*)yz’%, (105)
with
_ o (2a1ty), o)

() = 5375 I e @ | (106a)

O42/5
n(Q2) = WC“(Q*)’ (106b)

a2/5
() = WCs(Q*)- (106¢)

In contrast to the OPLT differential equation (96), the
2PLT differential equation is no longer universal, as it
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FIG. 4. Dependence on the primary’s spin x of the coefficients
v(2), n(2y), and 7(£2,) defined in Egs. (106).

depends on the primary black hole spin through the coef-
ficients 7, n, and 7. However, since y(u) is now known,
the linear differential equation (105) for the function z(u)
can be solved by first solving the three inhomogeneous
solutions for the three sources individually

d
Py(ZS) = QQﬁy

=, (o7)

Py(zl) =u, Py(ZQ) = U2y7

where the linear Painlevé operator around the solution
y(u) is

d2z d2y dy\? dy d
=22 Mz —= —Z 77 .
Pu2) =y s T2 2 <du> Yaudn ~ "
(108)
We then perform the linear combination
z(u) = ()21 (u) + n(Q)z2(u) + 7(2)23(u)  (109)

to obtain the complete solution. The first step can be
done once and for all offline while the second step has to
be done online. Figure 4 depicts the dependence of the
coefficients 7, 1, and 7 on the primary’s spin Y.

The general linear solution admits two parameters, as
explained in Sec. IV.C. of Ref. [26]. The asymptotic be-
havior (91) obtained from matching with the late inspiral
selects the monotonic solution. We choose as a basis the
three solutions z; that admit the following asymptotic
expansions:

zj(u) =Y jdpu"", (110)
k=0
where
2k+3/5
=(5,—5k «
FE _ ST [7(9*) Ly () odi + () Bdk]

(111)
The matching condition (103) is found to be satisfied if
we impose the following initial conditions:

Wdo=—1,  ,do=1,  4do=0. (112)



Furthermore, all the subsequent coeflicients ;dj, are fixed
by requiring that the functions z; are solutions to the
2PLT equations (107). Indeed, plugging Eq. (110) into
Egs. (107), we find

[(5k)(5k + 1)ci—j—kc; 1 dy,

+2(5k + 1)(5k + 2)ci—jk 1 djcr (113)
+ (57 + 1)k +1) 1 dij—kcjch
+2(5k) (55 + 1)ci—j—ke; 1dk},

1dit1 =

~
S
|
<

[(5k)(5k + 1)ci—j—kcj odk
+2(5k 4 1)(5k + 2)ci—j—k odjcr
+ (55 + 1)(5k + 1) ydi—j_rcjcy
+ 2(5k) (55 + 1)ci—j—kC; od)

— Cit1,

zdiJrl

-
I
=3
£l
I
<

(114)

[(5k)(5k + 1)ci—j—kc; 3dy,
+2(5k + 1)(5k 4 2)ci—j i 5djcy
+ (55 + 1)(5k + 1) 4di—j_rcjcy
+2(5k) (55 + 1)ei—j—kc; 3di

+ (5k + 1)ci_j_kcjck].

115)

We then pick the unique solutions z;, z9, and 23 of
the linearized Painlevé equations (107) whose asymptotic
expansions are, respectively, given by Eqgs. (113), (114),
and (115). Those solutions are universal in the sense that
they do not depend upon the primary black hole’s spin
X, but the solution to the full differential equation (105)
is a y-dependent linear combination of the z;; refer back
to Eq. (109). The behavior of this solution is shown in
Fig. 2.

To obtain the physical forcing function of the orbital
frequency, F[%Q(AQ), we rescale the solution z(u) using

Eq. (94).

E. Composite forcing functions and mode
amplitudes

By solving the equations in the inspiral and transition
regime, we obtain dynamics that are valid in each sepa-
rate regime. As is standard in the method of matched
asymptotic expansions [66], one can obtain a uniformly
accurate approximation in both regimes by construct-
ing a composite forcing function F(%)[Q] that smoothly
interpolates between the OPA-accurate forcing function

dQ/di = DF(%) + O(7?) and the 2PLT-accurate forcing
function dS)/df = V3F[§]Q + 65F[§]Q + 0(59).

15

The composite forcing function is simply given by the
sum of the inspiral and transition forcing functions, mi-
nus the common terms that would otherwise be counted
twice [23, 53]:

F(%)[z](m = 5" F((Q)

(116)

We recall that the coefficients F((g’)’_l) and F((OS)’O) are given
explicitly in Egs. (88). Such a composite solution is guar-
anteed, from the theory of matched asymptotic expan-
sions, to be uniformly convergent, with an o() residual in
the entire interval Q € [0,(,), as  goes to zero. Its basic
property is that far from the ISCO, it reduces to the 0PA
forcing function plus small, o(¥) residuals; and near the
ISCO, it reduces to the 2PLT forcing function plus small,
o(V) residuals. However, as pointed out in Ref. [23], the
residuals, while subdominant in 7, are numerically large
and spoil the accuracy of the solution in the inspiral.
First we examine the near-ISCO behavior. Here the first
two terms of the near-ISCO expansion of the OPA forcing

function (86) approximately cancel with the last two terms
of Eq. (116), leaving an inspiral residual F((g)’1)67AQ +
O(5%). The near-ISCO behavior of the composite solution
is then

and the relative error between the composite forcing func-
tion and the 2PLT forcing function converges as O(54):

Q) <3 AQ <5 TAQ
Foy — (” Floj " + 07 Fy) )

=3 AQ =5 AQ
oo Fr + 0 )

= 0(5%).

(118)

In this region, the residual converges to zero at the ISCO,
ensuring it is numerically small in the transition region
and does not spoil the transition behavior; see Fig. 6.
On the other hand, in the early inspiral, when AQ —
—o0, the first terms in the asymptotic expansions of
the OPLT (91a) and 2PLT (91b) forcing functions ap-
proximately cancel with the last two terms of Eq. (116).
Therefore, the first terms of Egs. (91a) and (91b) that
do not cancel are, respectively, F[%?]”fb’)&w(ﬂ —0,)%and

F[(Q‘?ﬁs)élf’(fl —,)~°. The early-inspiral behavior of the

composite solution is therefore

and the relative error between the composite forcing func-

tion and the OPA forcing function converges as O(7/?):
) iy
For — "o | _ o2

e :
vE 0)

(120)
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FIG. 5. Solid curves: relative error between the 0PA-2PLT
composite (116) and the OPA forcing functions (47) when the
two bodies are separated by twice the ISCO radius, 27.(x),
for different values of the mass ratio. Dashed curves: the
same quantity but using the re-expanded OPA-2PLT forcing
function (128).

This relative error is shown in Fig. 5 for different values
of the mass ratio. We have checked that the relative error
converges correctly, as 2, but we observe that the 2PLT
forcing function numerically spoils the composite solution
for comparable-mass binaries. Indeed, for mass ratios
between unity and 1:10 (7 = 0.25 to 7 = 0.083), the tran-
sition residual amounts to more than 10%, and sometimes
well over 100%, of the composite forcing function during
the early inspiral, where the OPA forcing function should
numerically dominate the entire evolution.

Analogously to our treatment of the forcing functions,
we can write the composite mode amplitudes H é;) 7 that
smoothly interpolate between 0PA-accurate mode ampli-

tudes Hy,, = Dflgrz +O(7?) and the 2PLT-accurate mode
amplitudes Hy, = V5HE7]L + 67H£1 + 0(5%):

AU =) + 07 + 7

= &% [HE) () + (2= )0,

m

M)

— 55 W

m*

(121)

In the last equality we have used the matching condi-
tions (82). Crucially, the composite solution simply re-
duces to the inspiral’s first-order mode amplitudes (a
consequence of the fact that at the leading two orders in
the transition approximation, the amplitudes are simply
Taylor expansions of the inspiral amplitudes around the
ISCO frequency). Hence, we do not incur any error in
the inspiral in this case.

VI. CURING THE COMPOSITE EXPANSION

In this section we show how the issue we have described
in the previous section, concerning the poor accuracy of
the OPA-2PLT composite solution in the inspiral, can be
resolved through a coordinate transformation on phase
space in the transition-to-plunge regime.
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In order to motivate the transformation, we start by
further explicating the origin of the 0PA-2PLT composite
solution’s inaccuracy. Using Egs. (91a) and (91b), we can
write the difference between the OPA-2PLT composite
and the OPA solution as

, o [ae
By — 0F =68 | 2 oag1
)~ Foy =07 | ge T OB
+6° FSTS) +OAQT0) ] . (122)
A

For the composite expansion to be accurate in the inspiral,
we require this to be small. For sufficiently small o, it is
manifestly small and vanishes uniformly at the rate that
is guaranteed by the construction of the composite ex-
pansion. However, at any fixed, finite 7, and ignoring the
magnitude of the numerical coefficients, the residual (122)
only vanishes in limit AQ = (Q — Q,)/6% — —oco. This
limit is formally an early-time limit in the transition be-
cause it implies (Q* - Q) > 52, meaning the frequency
should lie at the low end of or below the transition regime.
Such a fact should ensure that the residuals in Eq. (122)
are numerically small once we are sufficiently far outside
the transition regime. However, there is a basic problem:
|AQ| is not large, and 1/AQ is not small, anywhere ex-
cept in the case of exceedingly small mass ratios. For
example, even for 7 = 1073, |AQ| only becomes equal to
unity around Q ~ 0; i.e., at the earliest history of the
inspiral. For mass ratios closer to unity, this occurs at
unphysical, negative frequencies. Worse, for mass ratios
above 7 = 1/50, AQ is numerically small over the entire
physical range of frequencies. A more relevant comparison
is AQV’s size relative to the inspiral variable : for mass
ratios above v = 1/10, AS is comparable to € over most
of the inspiral.

In short, our variable AQ is poorly chosen. It is meant
to be of order unity in the transition regime and large
outside that regime, but instead it is comparable to the
unscaled variable € over much of the binary evolution,
except at extremely small mass ratios. Because of this,
the residual (122) is numerically comparable to the OPA
forcing function for most moderate mass ratios, spoil-
ing the numerical accuracy of the composite solution, as
described below Eq. (120) and shown in Fig. 5.

Here we address this in the following way: we define a
new variable on phase space,

A0 = 2 AV? _. (123)
7. " 1+ 20

This variable remains of order unity in the transition
regime, as required for the transition expansion, and
closely approximates A€ there. Technically, it is of order
unity over most of the inspiral (except in the case of
very small mass ratios), but again, the more relevant

comparison is to the frequency variable of the inspiral, 2.



In that comparison, we capture the desired behavior: even
at equal mass, |AQ)] is significantly larger than Q over
most of the inspiral. Crucially, by construction, AQ also
never becomes unphysical: the early-time limit € — 0 of
the inspiral corresponds to AQ — —oo for any value of
&. This ensures the residual (122) vanishes in the infinite
past for all &, not only for & — 0.

We now introduce a new set of phase-space coordinates,
AJ® = {AQ, Mo, 0%}, with AQ defined in Eq. (123).
While the inspiral’s post-adiabatic expansion is unaltered
by this change of coordinates, the transition dynamics
gets re-expanded. The expansion of the transition forcing
functions for the orbital frequency in powers of & at fixed
(A)Je reads

di( =ty o Fef (&7

We can relate the forcing functions F[n] and F by
re-expanding the power series given in Sec. IV at ﬁxed

AJe after substituting

(124)

AQ
52AQ
=5

AQ = (125)

and expanding for small &. Up to 2PLT order, we obtain

[0] 07 (A0) = F?(A0), (126a)

[1] (AQ) F[l] (7(2) =0, (126b)
A .

[%Q(AQ) [Q]Q(AQ) + —=—0xg k5 (A9). (126c)

Similarly, for the mode amplitudes H gﬂ (i.e., the coef-
ficients of " in a transition expansion of Hy,, at fixed
AJ®), we have

= ) (AT9),
= )\ (A9).

Ayl (AT
a7 (a0

(127a)
(127b)

Lengthier relationships at higher order are given in Ap-
pendix C.

An analogous re-expansion can then also be applied to
the composite forcing function (116), yielding

Figya () = 6" Fg) ()

_(3771) Q
.5 [0] * (5,0)
— ————= + F] , 128
where
3,—1 3,—
Fo Y =FgY, (129a)
FG-1
5,0 5,0 0
R (129b)
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The composite solution’s residual error in the inspiral is
given by

5(3,-6)
Fe o — R =68 |- L o@a
0)[2] (0) oL
F(5 —5) 10
+o° |2t o@a |, (130)
AQ
with
~(3,—6) (3,—6)
Fy~® = F (131a)
5(5,—5) _ #(5,-5) 0 =(3,-6)
Fy ™ = Fj 5o (131b)

This residual now vanishes as Q — 0, independently of the
value of §. The composite mode amplitudes (121) remain
unchanged since they are simply given by the inspiral’s
first-order mode amplitudes.

In Figs. 5 and 6 we show how the change of phase-space
coordinates improves the composite solution’s behavior
by orders of magnitude in the inspiral. In Fig. 6, for
example, we see that the original composite can differ
from the OPA forcing function by orders of magnitude,
while the composite formulated in terms of AQ hews
closely to the OPA curve over most of the inspiral.

VII. NUMERICAL IMPLEMENTATION

We now summarize the waveform-generation scheme in
each of our transition and composite models.

A. DModels

The two main models of this paper are the re-expanded
2PLT (which hereafter we will refer to as 2PLT') and the
re-expanded composite 0PA-2PLT (which hereafter we
will refer to as OPA-2PLT) models, whose forcing func-
tions have been derived in Sec. VI. In Sec. VIII, we shall
compare them to their non-re-expanded companions, the
2PLT and the OPA-2PLT composite models, and assess
the importance of the change of coordinates introduced
in Sec. VI. We shall also assess the importance of includ-
ing the 2PLT corrections as compared to a leading-order
OPLT model. In this section, we instead describe the
content of each of the six waveform models we consider
and how we numerically implement them. We postpone
the qualitative comparison with NR to Sec. VIII.

Our use of a multiscale approach on phase space nat-
urally divides the waveform-generation scheme into two
steps. First, an offline step which is slow but needs to be
performed only once: all ingredients for waveform genera-
tion are pre-computed and stored as functions on phase
space. Second, a fast online step, which consists of a
rapid evolution through phase space once the parameters
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FIG. 6. Comparisons between the composite 0PA-2PLT forcing function (141) (dashed gray lines) and the re-expanded composite
O0PA-2PLT forcing function (143) (dashed black lines). We also display in blue the OPA forcing function (133) and in red the
2PLT forcing function (137). The value of the orbital frequency at the right boundary of each frame corresponds to the ISCO
frequency € (%). We have chosen a mass ratio of 7 = 0.1 and spin of the primary of x = —0.5 (top left), ¥ = 0 (top right),
x = 0.5 (bottom left), and x = 0.9 (bottom right). For all scenarios, the change of variables to AJ¢ significantly improves the
early time agreement of the composite forcing function with the adiabatic one. This behavior is particularly marked in the
bottom-right panel, where the 0PA-2PLT composite undergoes a zero crossing at €2 &~ 0.048; in this form of the composite, the

frequency decreases with time at low frequencies.

of the system (in this case, the mass ratio € and the spin
of the primary x) have been specified. For the orders
at which we are working, the primary black hole mass
and spin remain constant, and their associated forcing
functions vanish. Hence, a model X is fully specified by
its orbital frequency forcing function, F' ¢, as well as its
(¢, m)-mode amplitudes of the GW strain at infinity, F;%,.
Indeed, once the evolution equations through phase space
have been solved for Q(f) and ¢, (f), one can generate the
(¢,m)-mode contribution to the wavestrain as

R (D) = Higy (D) e 070, (132)

We explicitly state the forcing functions and mode ampli-
tudes used for each model below.

OPA model. The orbital-frequency forcing function is
given by

Fipa(Q) = DF(%)(Q), (133)
and the mode amplitudes are given by
HEPA(Q) = 0Hy,) (). (134)

These are simply the inspiral’s adiabatic forcing function
and mode amplitudes, respectively; see Egs. (47), (58),
(40) and (59).

OPLT model. The orbital frequency is driven by the
OPLT forcing function

Ry o S
FO%LT(Q) = V3/5F[§]Q <%> ) (135)

see Egs. (66) and (78). We use the 2PLT mode ampli-
tudes (as the OPLT mode amplitudes would simply be a
constant),

BYTU©) = o | A+ o) (Q;/?*) - (136)
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see Egs. (C2) and (82).

2PLT model. The forcing function now also contains
the subleading 2PLT corrections:

A2 S S W 7 S )
Fppr(Q) = 2P FG® (1/2/5> R (1/2/5> |

see Egs. (66), (71), and (78). For the mode amplitudes



we once again take the 2PLT mode amplitudes

§ . . § Q-—Q,
HH (@) = Héilm/wéil( T ) . (138)

2PLT model. We use the 2PLT-accurate forcing
function and mode amplitudes, but now written in terms
of the set of mechanical parameters AJ¢ introduced in
Sec. VI. Explicitly, the forcing function is given by

27500,

o Yo}
- AQ * .
e </Q/Q> {138)

see Egs. (66), (71), (78), and (126). The mode amplitudes,
on the other hand, are given by

e s = Q-0
Q . AQ *
Foprr(€) = VB/SF[O] ( )

. ST _ _ Q-Q,
HPPPT(Q) = o |HY + 52| ( - ) . (140)
v N

see Egs. (C2), (82), and (127).

Composite OPA-2PLT model. In this model, we use
the OPA-2PLT composite forcing function that smoothly
interpolates between the OPA and 2PLT solutions:

F(%A-QPLT(Q) = F(%)[z] (Q);

see Eq. (116). The composite mode amplitudes are simply
given by the OPA mode amplitudes,

(141)

HPAZPLT () = p A ()

(142)
see Eq. (121).

Composite OPA-2PLT model. In this model, we use
the OPA-2PLT composite forcing function re-expanded
using the mechanical parameters AJe. It is given by

FQ

e e
opaaprr($2) = Fioy2 ()5 (143)

see Eq. (128). As for the 0PA-2PLT model, the mode
amplitudes are given by

~ _7 ~ - 1 ~
P PPUN(Q) = vHL) ().

(144)

B. Offline and online computations

For the models described in Sec. VII A, the offline
and online steps of the waveform-generation procedure
decompose as follows:

Offline step
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e For a given value of primary spin x, tabulate the
first-order mode amplitudes H (1)(9) on a grid (here

m
working in units of M = 1). We compute Hz(vlyz(Q)
through the up solution of the sourced Teukolsky
equation (39) as

/A1)

H(l)(Q) (mQ)2

@ (145)
on a grid of (€2,x) values and store it as a 2-
dimensional interpolating function. We do this using
the Teukolsky Mathematica package [55] from the
Black Hole Perturbation Toolkit [67]. Without any
additional computational cost, through the match-
ing conditions (82) we can also tabulate H ET]L and
H g}l In practice, we use the same 2-dimensional
Chebyshev interpolation scheme (as well as the same
grid values) as used in Ref. [68]: we first compactify
the phase space parameters (€2, x) to the new set of

variables
—2/3
re=2r,(0 (@7 =X) (146)
Xc =X (147)

then evaluate the mode amplitudes on a grid of
18 x 27 Chebyshev collocation points and finally
perform a Chebyshev interpolation on the compact-
ified variables. See Appendix A.1l of Ref. [68] for
details.

e Compute the Teukolsky fluxes appearing in the
OPA forcing function (47) on a grid of (9, x) val-
ues and store it as a 2-dimensional interpolating
function. Again, we employ the Black Hole Pertur-
bation Toolkit’s Teukolsky Mathematica package.
By combining Eqs. (44), (45), and (46) we also
tabulate the first-order self-force, f(tl).

e Solve the normalized OPLT differential equation (96)
for the solution y(u) whose early-time asymptotic
expansion is given by Eq. (97) and with the bound-
ary condition (99).

e Solve the three normalized 2PLT differential equa-
tions (107) for the solutions z;(u) (i = 1,2,3)
whose early-time asymptotic expansions are given
by Eq. (110) and with boundary conditions (112).

e Re-expand all quantities f ((A)J “) to the relevant
parameters of the model in use (AJ® or AJ<).
Online step

e Compute the five coefficients «, § (from Eq. (95))
and v, n, 7 (from Eq. (106)).

e Compute the inhomogeneous solution z(u) using
Eq. (109).



e Rescale the solutions y(u) and z(u) to F[ﬁ]Q(AQ)
using Eq. (94) and F5%(AQ) using Eq. (104) (and
similarly for the re-expanded models, but with the
replacement * — ~).

e Solve the differential equations

Ao,

=0, (148a)
Y g

— = (148b)

for a given model X.

e Generate the (¢, m) mode of the GW strain at in-
finity from Eq. (132).

VIII. RESULTS

We now benchmark our implementation against NR
simulations from the SXS catalog [69] and assess the
impact of the change of transition phase-space coordinates
to AJ® on the composite waveforms.

We have checked that our code exactly reproduces
(within numerical precision) the waveforms from the code
used in Ref. [23] when setting the primary black hole spin
to zero.

A. Impact of the change of transition-to-plunge
coordinates on the composite waveforms

To measure the impact of the re-expansion to the me-
chanical parameters AJ¢, we compare the total accu-
mulated orbital phase from both composite models over
a frequency range [(2;,Qf]. The model-X accumulated
orbital phase reads

Qf Q .
¢X = / vadQ’

Q, Fy

(149)

and the dephasing between two models X and Y over the
same frequency range is then simply

O;  pa po
Sby = ¢px — by = / afy —IX g, (150)

We show in Fig. 7 the dephasing (150) between the
O0PA-2PLT and the OPA-2PLT models as a function of
the symmetric mass ratio 7 and primary spin x for a
secondary black hole orbiting from twice the ISCO radius,
2r,.(x), to the ISCO radius r.(x). For mass ratios in the
range 7 ~ [1072,107%], we observe that the dephasing
scales as ~ I except for highly spinning, prograde orbits.
However, at small enough mass ratios &, all dephasings go
down as O(i7%/5). This is to be expected from dissecting
the different contributions to Eq. (150). At early times,
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the OPA-2PLT and OPA-2PLT models differ by a 2PA
term, as can be seen by taking the difference between
Eqgs. (122) and (130). Close to the ISCO, the difference
between the forcing terms (116) and (128) starts at 4PLT
order.? The 2PA discrepancy gives an early-inspiral con-
tribution to Eq. (150) that converges as O() [16], while
the 4PLT discrepancy gives a transition contribution to
Eq. (150) that converges as O(%/®) [23]. Therefore, for
small enough mass ratios, the discrepancy between the
two models is dominated by the transition region of nar-
row width ~ 72/5. For comparable masses, the inspiral
discrepancy becomes larger and may eventually dominate
the transition contribution. It is noteworthy that the
dephasing between the 0PA-2PLT and 0PA-2PLT models
is always dominated by the transition regime for highly
spinning prograde binaries, as can be seen from the dark
orange curve in the right panel of Fig. 7.

Importantly, for intermediate mass ratios ¢ > 102, the
correction from the re-expansion to AJ® on the total ac-
cumulated phase remains relatively high, on the order of
one radian over the frequency range [1/((2r.(x))%/? +
X),Q*(x)] This hints towards the fact that the re-

expansion of the transition parameters to AJe is a re-
quired step for producing a complete IMR, self-force wave-
form model that meets LISA scientific requirements [12].
Moreover, the left panel of Fig. 7 shows that the phase
correction due to the re-expansion to AJ¢ is important
for any value of the primary spin x, except for a narrow
window around y ~ 0.78, where the dephasing undergoes
a zero-crossing. This zero-crossing is due to the fact that,
around x ~ 0.78, the early-time difference between the
O0PA-2PLT and the OPA forcing function goes through
zero while the 0PA-2PLT forcing function closely matches
the OPA one; see Fig. 5. This hints at a second reason why
the re-expansion to the AJ¢ variables is a crucial step:
the OPA-2PLT model completely fails to correctly model
highly spinning prograde orbits in the early inspiral, as
highlighted in the bottom-right panel of Fig. 6.

B. Comparison with numerical relativity

In this section, we compare the different models pre-
sented in Sec. VII A with NR simulations from the SXS
catalog [69]. Once the waveform of a given model X
has been generated through the online step outlined
in Sec. VII' A, we align it with the corresponding NR
waveform using the alignment procedure described in
Ref. [68]. The alignment procedure consists of two steps:
first, we find the time shift Afni, that minimizes the
squared error of half of the (2,2) waveform frequency

2 Note that neither of those models is accurate at 1PA nor 3PLT
order. The statement is that the 1PA and 3PLT contents, though
incomplete, agree between both models, leaving a 2PA and a
4PLT discrepancy.
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w = —(atIm(hgg)Re(i?Qg) — 8tRe(ﬁ22)Im(ﬁ22))/(2|iL22|2),

fot-5E/2
SE(AF) = / dt (onn(f) — ox ([ + AD)?, (151)

fo—5i/2

over a time interval [fy — 0t/2, o+ 0¢/2]. Second, we com-
pute the phase shift Ay as the average phase difference
between the NR and model X waveforms over that same
time interval,

1 [lotot/2 B (F + Almin
A@min = -—= / dt arg % .
0t Jiy—sis2 hast(t)
(152)
The model-X aligned waveform is finally given by
iy (£ 4+ Alyyin ) e H8Pmin, (153)

In our comparisons, we have not observed any notable
difference in the performance of our waveform models for
different mode numbers. Hence, we only present results
for the dominant, (¢,m) = (2,2) mode.

We first assess the behavior of our transition models:
OPLT, 2PLT, and 2PLT. Figure 8 shows these mod-
els alongside an NR waveform, where all waveforms are
aligned in a window around the ISCO frequency. The
large mass ratio is ¢ = 14 and the primary’s spin is either
x = —0.5 (retrograde orbit) or x = +0.5 (prograde or-
bit). The 2PLT model dephases from the NR waveform
drastically less than the OPLT model on the left of the
ISCO (at early times), while on the right of the ISCO
(at late times), the OPLT model performs slightly better
than the 2PLT model. This is consistent with the findings
of Ref. [23] for nonspinning binaries. Moreover, for the
same number of cycles around the ISCO, the prograde
2PLT waveform dephases somewhat less than the retro-
grade 2PLT waveform. Finally, the 2PLT model closely
matches the 2PLT one. This is to be expected as Fig. 8

shows only a few cycles around the ISCO crossing, where
both models are similar. Indeed, close to the ISCO, from
Eq. (123) we have AQ = AQ + O(AQ?).

We next assess the behavior of our composite models.
Fig. 9 shows the performance of 0PA-2PLT and O0PA-
2PLT against NR for a large mass ratio of either ¢ =1
or ¢ = 14, with primary spin x = +0.5 in both cases and
with the waveforms aligned at a time well before the ISCO.
At equal mass, the 0PA-2PLT model is significantly more
accurate than the OPA-2PLT model, but this is solely
a feature of it better mimicking the 0PA waveform (in
green for comparison); for retrograde orbits (not shown),
OPA performs less well, and OPA-2PLT hence provides
less of an improvement over OPA-2PLT. This difference
between the OPA-2PLT and OPA-2PLT models becomes
less and less pronounced as the large mass ratio ¢ increases,
as shown in the lower panel. However, as our earlier
analyses showed, these models would dephase significantly
at earlier times even at ¢ = 14, due to the large errors
in the OPA-2PLT model at early times. Hence, the main
takeaway from Fig. 9 is simply this: 0PA-2PLT succeeds
in preventing the transition information from spoiling the
accuracy of the inspiral model. Since a OPA model already
incurs large errors in the inspiral, the true benefit of our
alternative transition variable AQ will not be realised until
higher-order waveforms are constructed. We elucidate
this further in the next section.

IX. OUTLOOK

In this paper, we extended Ref. [23]’s transition-to-
plunge framework to the case of a spinning primary black
hole. To do so, we made use of the existence of differ-
ent timescales: the orbital timescale ~ 1, the radiation-
reaction timescale ~ 1/£, and the transition timescale
~ 1/61/5. We performed multiscale expansions of the
equations of motion (18) following the phase-space ap-
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proach of Refs. [17, 23]. On one hand, for quasicircular
inspirals around a Kerr primary, we derived the evolu-
tion equations in the inspiral up to 1PA order, extending
the results for nonspinning black holes in Appendix A of
Ref. [17]. On the other hand, we expanded the evolution
equations in the transition up to 2PLT order, generalizing
the results for nonspinning black holes in Ref. [23].

As a step toward building complete inspiral-merger-
ringdown waveforms from first-principles self-force meth-
ods, we also constructed a composite waveform model
that smoothly evolves from the OPA inspiral dynamics to
the 2PLT transition dynamics. We addressed the issue
raised in Ref. [23] about such composite waveform mod-
els: in the inspiral regime, the composite forcing function
F§ba oppr in Eq. (141) correctly converges toward the
OPA forcing function in the limit € — 0 at fixed 2, but
with excessively large coefficients in the subleading terms.
We found that this behavior can be eliminated with a
better choice of rescaled frequency variable, AQ, that is
large (compared to Q) throughout the inspiral regime and

satisfies

Q-0 <= AQ - —¢ (154)
independently of the mass ratio.

We numerically implemented our transition model as
well as the composite waveform model using both vari-
ables, AQ and the improved variable AQ. Waveform
generation in each model is made effectively immediate
by leveraging the offline/online paradigm of the multiscale
expansion. In the future we will provide a user-friendly
version of the composite 0PA-2PLT waveform model in a
further release of the WaSABI Mathematica package [72].

Using our models, we estimated the impact that the
change to AQ has on the dephasing. We showed that,
even for intermediate mass ratios ¢ = 10%, the composite
model in the original variable (O0PA-2PLT) accumulates a
few radians of phase error relative to the improved com-
posite (OPA-2PLT) in the frequency interval from twice
the ISCO radius to the ISCO radius. This makes the
change to the improved variable crucial for constructing
an accurate composite model. We also qualitatively com-




23

04

G=10 55:0.5\

A AN

]

Re [

SVAAVRVAIVA

= SXS:BBH:2329 = OPA = 0PA-2PLT = OPA-2PLT

-04
9700 9800 9900 10000
0.10 T .
G=140 ¥=05
0.05

[+1]

Re [

AAVAVAVATA

-0.10

= SXS:BBH:2482 = OPA = OPA-2PLT = 0PA-2PLT

5800 5850

5900 5950 6000 6050

{41

FIG. 9. (¢,m) = (2,2) mode of the gravitational waveform from a binary with primary spin y = +0.5 (prograde orbit) and
large mass ratio ¢ = 1 (top) or ¢ = 14 (bottom). The NR waveforms (in black with indicated IDs) are taken from the SXS
catalog [69]. The colored curves show the waveforms obtained from the OPA inspiral model and our composite models 0PA-2PLT
and OPA-2PLT, all of which are aligned with the NR waveform in the inspiral regime before the ISCO crossing. The vertical
dashed gray line on the right side of the figures indicates the time at which the NR waveform frequency reaches twice the ISCO
orbital frequency, wnr = —2€% (%), and the gray rectangle on the left shows the time window [ty — 0/2, o + 6f/2] used for the

alignment procedure of Sec. VIII B.

pared our 2PLT and 0PA-2PLT waveform models against
NR simulations from the SXS catalog [69]. We showed
that, as expected, the reformulation in terms of AQ has
little impact in the transition regime but a substantial
impact on the quality of the waveform leading up to the
transition.

Overall, the composite 0PA-2PLT waveform model does
not have high accuracy, which is expected due to the low
orders of the inspiral and transition expansions: a 0PA in-
spiral is insufficient for subradian accuracy [10, 16, 18, 68],
meaning our composite model enters the transition al-
ready well out of phase with NR waveforms. Therefore,
the next crucial step will be to extend the model to incor-
porate 1PA effects, which in turn requires carrying the
transition equations to 7PLT order for the construction
of a composite [23]. For nonspinning binaries, for which
a 1PA model is already built [10], the main obstacle is
constructing the 7PLT model. In contrast, for a spinning
primary black hole, the lack of an available 1PA model is
a major hurdle. However, the self-force/post-Newtonian

hybridization framework developed by some of us [68, 73]
can provide a quite accurate proxy for the complete 1PA
dynamics, and it could be used to approximate the un-
known matching coefficients F‘((g’k) and F’[g]n’k) that are

needed to proceed to higher PLT orders. This work is
currently under active investigation.

Finally, the next major step will be to extend our
self-force framework for merger-ringdown waveforms [30]
to the case of a spinning primary black hole. At lead-
ing, OPG order, such a framework should produce the
zero-eccentricity case of the merger-ringdown waveforms
from Ref. [74]. With such a waveform at hand, one can
then build a complete inspiral-merger-ringdown waveform
model for quasicircular orbits around a Kerr primary,
extending the nonspinning model from Ref. [34-37]. Such
a model would have limited accuracy if the inspiral is
restricted to OPA order, but until a complete 1PA in-
spiral model in Kerr is at hand, one could use the post-
Newtonian/self-force hybrid model from Refs. [68, 73].
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Appendix A: Mass dimensions

We provide in Table I a short glossary of the different
symbols used during the re-expansion procedures, together
with their mass dimensions n as defined through Eq. (55).

Appendix B: Transition-to-plunge functions

This appendix contains the expressions for the 3SPLT
and 4PLT corrections to the orbital radius and the red-
shift, which are required to derive the 2PLT equation of
motion (71). The solution F{? = 0 has already been

used to simplify the final displayed expressions. At 3PLT
order we have

1 rf
0= 3R
U[g] == O7
while at 4PLT order we obtain

L[ &ro 3
’I"[4] :6 < dQ?’ AQ

Tx
+ Teaz (6600 /) + Al U2 @D a0),

i (Bla)
(B1b)

AT, (U;1 (dr (o) /), (dU o) /d9) .

+(dr(, /dQ2)*)] (F[Q]Q)Q

7"3 (dr(o) /dQ)*
3024,

r Uy

1204

(3AQF 0 Fia) + Flo 0anF] [319)

+ (—47«3/ 202(dU o) /d9Y), + 4U,

+ 3r2Q U (d*r () /dQQ)*> AQFG? a0 G,
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1 d3U(0) 3 1 r2U3 (d’l‘(o)/dﬂ)z AQ) 2
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Appendix C: Re-expansions of transition-to-plunge
functions

We present the relations up to 7PLT order between the
forcing functions F‘[ﬁ]ﬂ and F[ﬁ]ﬂ, extending the discussion

from Sec. IV B:

FAMATY) = FA(AJY),  n=34, (Cla)
FEH (AT =F5H(AJY) + ?F[Q]Q(AQ)
— gm OraFio (A9), (C1b)
FAHAJTY) = FE (AT, (Cle)
FAMAJY) = FAY(AJY) + 4F5%(AQ)
- %AQ OraFip (AQ). (C1d)
Similarly, the relationship between the mode amplitudes
H gﬂ and H gﬁb is
Al ajey =HMN(AJY,  n=89,  (C2a)
Hp N(AJ®) = Hy J(AJ®) + Hyp, (AT
— SNyt sy, Hod (AJ®)
— 25%0s5 H (AJY), (C2b)
Hp WA = Hyp WA, (C20)
AT = AT + S H]L(AQ)
- %AQ@AQH}Z}L(AQ). (C24d)

We also provide the relations up to 4PLT order be-
tween the forcing functions F [%]Q and F, [%}97 extending the
discussion in Sec. VI:

FAY (AT = Y (AT9),

(C3)

2

AQ
O,

FRP(AT®) = FR* (AT + Oxalp) (AQ)

——=3

AQ Ny e
+ 5 Oxalio (AQ)

——4

AQ 2 PAQA O
+ WE)EF[O] (AQ), (C4)

Similarly, the relationship between the mode amplitudes
H é:i and H 5[777;’1 is

a2 @a0) = ¥ (An), (C5)
A
Hiy (80) = Hyp, (A9) + ~5— 055}, (A9).  (C6)
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Name Symbol  Mass dimension n
Initial primary mass M +1
Primary mass M +1
Secondary mass myp +1
Initial total mass th +1
Total mass Mot +1
Dimensionless primary spin X 0
Small mass ratio 15 0
Small mass ratio to the power 1/5 A 0
Symmetric mass ratio U 0
Symmetric small mass ratio to the power 1/5 I} 0
Boyer-Lindquist time and radius normalized by the primary mass (t,r) +1
Boyer-Lindquist time and radius normalized by the total mass (£,7) +1
Hyperboloidal time normalised by the primary mass s +1
Hyperboloidal time normalised by the total mass § +1
Orbital phase bp 0
Orbital frequency normalized by the primary mass Q -1
Orbital frequency normalized by the total mass Q -1
Transition orbital frequency parameter normalized by the primary mass AQ -1
Transition orbital frequency parameter normalized by the total mass AQ -1
Reexpanded transition orbital frequency parameter normalized by the total mass AQ -1
(¢, m)-mode of the wavestrain, normalized by the primary mass Hom +1
(¢,m)-mode of the wavestrain, normalized by the total mass Hep +1
Orbital frequency forcing function normalized by the primary mass FS = dQ/dt —2
Orbital frequency forcing function normalized by the total mass F$ = dQ /dE -2
Relative change of the primary mass (fixed (& M) expansion) oM 0
Relative change of the total mass (fixed (7, Miot) expansion) Mot 0
Relative change of the primary spin (fixed (€, M ) expansion) 5% 0
Relative change of the primary spin (fixed (7, Miot) expansion) X 0

TABLE I. Glossary of symbols used in the re-expansion procedures. Generally, quantities without overhead ornaments are
normalized with respect to the initial primary mass M, while quantities with * overhead ornaments are normalized with respect
to the initial total mass. The mass dimensions n which enter the re-expansion scheme through Eq. (55) are also provided.
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