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We present SEOB-TML, an enhanced effective-one-body (EOB) framework for the test-mass limit,
optimized for quasicircular, spin-aligned binary black holes. On the dynamical side, we introduce a
quadrupole-factorized (Q-factorized) prescription that maps the total energy flux—including horizon
absorption—onto a single (2, 2) mode baseline. This approach effectively captures higher-order multipole
contributions without explicit mode summation, while simultaneously leading to a dramatic reduction in
fractional flux errors. To ensure a smooth transition to the postmerger stage, we replace traditional next-to-
quasicircular corrections with a phenomenological Ansatz, enabling a flexible, mode-dependent attachment
prescription. For the merger-ringdown stage, we utilize quasinormal mode coefficients extracted from
numerical waveforms via gnmf inder to explicitly model mode-mixing effects. These enhancements lead
to a substantial reduction in residuals, capturing the complex physical modulations prominent in retrograde
configurations. Additionally, we implement the (2, 0) mode across the full waveform, further extending the
model’s physical coverage and accuracy. Overall, our framework generates highly accurate late inspiral-
merger-ringdown waveforms for extreme-mass-ratio systems, significantly reducing dephasing and
improving the near-merger reconstruction. We demonstrate the performance of SEOB-TML against the
current state-of-the-art SEOBNRv5HM model, highlighting how our specialized developments extend the

reliability of the EOB framework into the test-mass limit.

DOI: 10.1103/411r-k2wm

I. INTRODUCTION

The first detection of gravitational waves (GWs) by
LIGO-Virgo [1-4] in 2015 marked a milestone in gravi-
tational physics. Since then, the LIGO-Virgo-KAGRA
(LVK) [5-10] Collaboration has reported more than two
hundred signals from the coalescence of binary compact
objects, mainly stellar-mass black holes (BHs) and neutron
stars. Matched filtering, which is used to infer source
properties such as masses and spins, demands highly
accurate waveform models, and modeling errors will
become increasingly limiting as detector sensitivity
improves. Next generation observatories such as the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

2470-0010/2026/113(12)/124034(40)

124034-1

Einstein Telescope [11-13], Cosmic Explorer [14] and
LISA [15,16] will be characterized by higher sensitivity,
leading to increased detection rates by several orders of
magnitude and extending GW observations to lower
frequency regions. With upcoming detectors, signals from
binaries at increasingly asymmetric mass ratios will
become accessible, ranging from 10~ — 10=2 for inter-
mediate-mass-ratio inspirals (IMRIs) to 1077 — 10™* for
extreme-mass-ratio inspirals (EMRIs). In this context, it
becomes essential to develop precise waveform models in
the test-mass limit (TML), both to capture the dynamics of
EMRIs and to strengthen the connection between wave-
form modeling across different mass-ratio regimes.

A central ingredient in the success of GW observations
has been the development of accurate and computationally
efficient waveform models for binary BH systems.
Numerical relativity (NR) simulations [17-19] provide
the most faithful description of the full coalescence and
are particularly valuable for comparable-mass binaries.
However, their high computational cost prevents dense
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coverage of the parameter space, making it essential to
construct models that combine analytical methods with NR
input. Several complementary strategies have been devel-
oped to produce complete inspiral-merger-ringdown
(IMR) waveforms. The NR surrogate models [20-33]
interpolate NR data in a reduced-order basis and thus
achieve very high accuracy, but they are restricted to the
region of parameter space covered by NR simulations.
Another widely used class is the phenomenological mod-
els known as IMRPhenom, built in both frequency-
domain (FD) [34-51] and time-domain (TD) [52-56].
Finally, the EOB formalism [57-61] provides a powerful
analytical framework that combines various analytical
approximation methods while maintaining the flexibility
to facilitate systematic calibration against NR results.

In the EOB approach, the binary dynamics are mapped to
those of an effective particle moving in a deformed
Schwarzschild or Kerr spacetime, with the deformation
parameter determined by the symmetric mass ratio. This
mapping enables the construction of accurate and efficient
waveforms through a close interplay between analytical
approximations and NR calibration. Among waveform
families, EOB-based models, including the SEOBNR mod-
els [62-80] and the TEOBResumS models [81-96] are
distinguished by their robustness across mass ratios and
spins, and by their ability to provide complete IMR wave-
forms at relatively low computational cost. By construction,
EOB models incorporate the TML, since the formalism is
built as a deformation of Kerr or Schwarzschild spacetime.
Historically, the systems composed of a small BH of mass u
orbiting a large BH with mass M such that the symmetric
mass-ratio v = /M < 1 served as a laboratory for devel-
oping physically motivated Ansdtze to describe the inspiral,
plunge, merger and ringdown (RD) within the EOB
framework [97]. Indeed, several studies [97-115] have
shown that the insights from BH perturbation theory can
significantly improve EOB waveform modeling. Results
from the TML have already been successfully incorporated
to inform and refine waveform models across the full mass-
ratio spectrum.

From the wide range of existing EOB formulations, we
select the state-of-the-art SEOBNRv5HM model [74] as our
baseline. This multipolar IMR model, developed for quasi-
circular, spinning, nonprecessing BBHs, combines post-
Newtonian (PN) results for the Hamiltonian [116,117], the
radiation reaction (RR) force, and waveform modes [118]. It
includes the GW spin-weighted spherical harmonic modes
2,2),(2,1),(3,3),(3,2),(4,4), 4, 3),(5,5) and is calibrated
to 442 NR waveforms, all produced with the pseudospectral
Einstein code (SpEC) of the Simulating eXtreme Space-
time (SXS) collaboration [20,21,23,24,29,71,119-130].
Additional inputs from a set of 13 Teukolsky waveforms
with ¢ = 1000 supplement the calibration in the small-mass-
ratio regime [100,102]. For comparable-mass binaries,
SEOBNRvV5HM achieves good accuracy, validated by

unfaithfulness studies against NR simulations and is rou-
tinely employed in GW parameter estimation thanks to its
efficiency. However, in the TML its performance is more
limited: PN approximations degrade in the strong-field
regime, and calibration to the TML waveform data remains
sparse compared to NR coverage.

In this article, we present SEOB-TML, an enhanced
EOB framework optimized for the TML. This model
introduces a new factorized flux prescription that maps
the total energy flux—including horizon absorption—onto
asingle (2, 2) mode baseline. To ensure a smooth transition
to the postmerger stage, we utilize a flexible, mode-
dependent phenomenological Ansatz that enables individu-
alized attachment prescriptions. For the merger-RD stage,
we explicitly model mode-mixing effects by incorporating
quasinormal mode (QNM) coefficients extracted via
gnmfinder [131,132]. Additionally, we extend the
model’s physical coverage by including the (2, 0) mode
throughout the entire waveform. We demonstrate the
performance of SEOB-TML by validating it against
SEOBNRvV5HM within the TML. This study serves as a
preliminary exploration of integrating EMRI waveforms
into the EOB framework; while these results are explor-
atory, they aim to inform future refinements of the
SEOBNR family and ultimately extend its reliability
across a wider mass-ratio spectrum.

The article is structured as follows. In Sec. II, we describe
the numerical methods used to compute the fluxes and TD
waveforms. Section III provides a brief overview of the
EOB dynamics and details our specific implementation of
the analytical fluxes, which are then compared against
numerical data to assess the accuracy of the RR force. In
Sec. IV, we outline the construction of the multipolar
inspiral-plunge waveform modes, highlighting improve-
ments and differences with respect to SEOBNRvVS5HM.
The modeling of the merger-RD is detailed in Sec. V,
where we construct new Ansdtze using QNM coefficients
extracted from numerical waveforms to capture the mode
mixing. Section VI details the construction of the merger-
RD waveforms with explicit incorporation of mixing
modes, addressing both £ = m retrograde configurations
and £ # m modes. Section VII highlights the improvement
in the total IMR waveform in the TML compared to
SEOBNRv5HM, while Sec. VIII reports the implementation
of the (2, 0) mode across the full IMR. Finally, Sec. IX
summarizes our main conclusions and outlines directions
for future work.

A. Notation

We adopt natural units where ¢ = G = 1 and consider a
nonspinning test-mass (TM) y = vM orbiting a Kerr BH
with mass M and dimensionless spin a = J/M?. The Kerr
spacetime is described using Boyer-Lindquist coordinates
(T,R,0,9) and the TM motion is characterized by the
canonical phase-space variables (R, ¢, P, Pw). Throughout
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this work, we employ dimensionless, scaled quantities
defined as

T R P P
Correspondingly, the Hamiltonian and the RR force are
normalized by u. The orbital frequency is denoted €2, from
which we define a dimensionless velocity parameter x'/? =
vg = (MQ)'3. For ease of notation, we set M = 1
throughout the remainder of the paper.

II. NUMERICAL APPROACH USING
PERTURBATION THEORY

In this section, we describe the numerical framework
used to compute equatorial TM trajectories from inspiral
through merger. We then outline the generation of the
corresponding TD Teukolsky waveforms, which serve as
the benchmark for our EOB prescriptions. We restrict our
system of interest to a nonspinning TM orbiting a Kerr
BH on a quasicircular orbit in the equatorial plane. Such a
system can be described using BH perturbation theory,
which approximates the dynamics of the binary by expand-
ing the Einstein field equations in powers of v. At zeroth-
order, the motion is governed by a geodesic in the back-
ground geometry of the primary mass, while higher-order
perturbative corrections account for the gravitational field
of the smaller body and its backreaction on the spacetime.
In this work, we compute the waveforms at leading order in
v by solving the Teukolsky master equation [133].

In Boyer-Lindquist coordinates, the Teukolsky equation
takes the form

r

2 2\2
4
- {M - azsinzﬁ} 0¥ — %a Wy

A i

B

—2s [r - + iacos 0] 0¥ + A0, (A%H10, W)

612

+ ﬁﬁg(sin 00,¥) + {m - A} 0, ¥

a(r—1) n icos6
A sin’6

= —4zn(r* + a*cos’9)T,

+2s [ } 0,¥ — (s?cot?d — 5)¥

(2.1)

with A = 72 — 2r + a*. The parameter s denotes the spin
weight of the field; for our purposes, we set s = —2 to
describe the evolution of the curvature perturbations. In this
case, the Teukolsky master field ¥ is directly related to the
Weyl scalar w4, which represents outgoing gravitational
radiation, via the relation ¥ = (r —iacos8)*y,. The
driving term of this evolution is the source term 7, which
is constructed from the energy-momentum tensor of the
TM. Since 7 contains Dirac delta functions localized at the

particle’s coordinate position, the resulting field depends
explicitly on the prescribed trajectory. Consequently, the
numerical solution of Eq. (2.1) requires a high-fidelity
description of the orbital dynamics, which we detail below.

A. Numerical dynamics computation

To describe the dynamics entering the source term, we
integrate Hamilton’s equations [Eq. (3.3)] augmented by the
RR force that accounts for the dissipation of energy and
angular momentum due to gravitational radiation. The
generation of trajectories that faithfully reproduce the
equatorial quasicircular dynamics of a TM in Kerr space-
time at leading-order in v follows the methodology estab-
lished in Refs. [101,102]. This approach utilizes numerical
fluxes computed for equatorial circular geodesics as a
function of the orbital frequency. To fully implement the
procedure introduced in Ref. [102], numerical fluxes are
required down to orbital radii approaching the inner light-
ring. To address this requirement, we compute the FD
Teukolsky fluxes using ModGEMS [134—137]. This code
solves the Teukolsky equation in FD with a geodesic source
using a semianalytical implementation of the Mano-Suzuki-
Takasugi formalism [138—141]. These fluxes are computed
on the same radial grid used in Ref. [102]. Once the total
numerical fluxes—comprising both infinity and horizon
contributions—are obtained, they are interpolated over the
orbital frequency to evolve the equations of motion toward

the event horizon, located at r, =1+ V1 —a®. Since
stable circular orbits do not exist beyond the photon orbit
radius ry g, we define a transition radius r,;, = r g + 0.01,
such that for r > r;,, the RR force is computed directly
from the interpolated FD Teukolsky fluxes as explicitly
shown in Eq. (2) of Ref. [101]. In the subsequent plunge
region r, < r < rpyy,, we turn off the RR force following
the strategy of Ref. [102]. This is justified because the
motion of the TM, in this regime, is well approximated by a
geodesic, and the influence of GW fluxes becomes negli-
gible compared to the conservative dynamics as the TM
approaches the horizon. Finally, we verify the consistency
of our ModGEMS implementation by comparing it against the
publicly available fluxes from the BH Perturbation Toolkit
[142]. This comparison covers the full extent of the
Toolkit’s available data—up to the innermost stable circular
orbit (ISCO)—which was produced in Refs. [102,143,144].

B. Numerical waveform computation

Having determined the TM trajectory, we compute the
emitted GWs by feeding the dynamics of the TM into the
source term 7 and numerically solving the Teukolsky
equation [Eq. (2.1)]. The specific implementation and
numerical infrastructure used to compute the TD
Teukolsky waveforms are detailed in Refs. [145-149].
This framework employs hyperboloidal time slicing, a
technique that enables the direct extraction of GW modes
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at future null infinity without the need for extrapolation. To
maintain high accuracy over long-duration simulations, the
code leverages GPU-based parallel computing. Although
this study does not focus on the late-time tails of the
radiation, the code is capable of evolving the system well
beyond the QNM phase, accurately capturing the sub-
sequent power-law decay regime once the QNMs have
sufficiently subsided. The complex GW strain h(t;1, ) =
ho (t;1,¢) — ih,(t;1, @) is recovered at future null infinity
by performing a double time integration of the Weyl scalar
y4, which is related to the strain via

1 d*

Wy = EW(M —ihy). (2.2)

In general, the total strain h(f;1,¢), is expanded in the
basis of —2 spin-weighted spherical harmonics

Mg

¢
h(t;1, @) Z Yo (L @) hey (1), (2.3)

2 m=—

Y
||

where 1 denotes the binary’s inclination angle with respect
to the orbital plane, and ¢ is the azimuthal direction to the
observer.

III. COMPUTATION OF RADIATION
REACTION FORCE

In this section, we compare analytical and numerical
GW fluxes. We propose a refined factorization and
resummation of the EOB flux at infinity that offers
improved accuracy and a more streamlined structure in
the TML compared to that of SEOBNRvVSHM. After
illustrating the effectiveness and precision of our proposed
analytical flux, we further enhance it by including the
absorption flux at the BH horizon, implemented using a
consistent factorized prescription.

A. Overview of the factorized-mode flux

The EOB approach [57-61] maps the two-body problem
onto the effective motion of a single body of mass y in a
deformed Schwarzschild or Kerr spacetime. This mapping
facilitates the construction of an EOB Hamiltonian that
encapsulates the conservative dynamics of the system.
Dissipative effects are subsequently incorporated via the
RR force, which accounts for the energy and angular
momentum flux carried by gravitational waves to both
null infinity and the BH horizon. Together, these yield
Hamilton’s equations, which can be integrated to obtain the
effective dynamics from which the multipolar gravitational
waveform at null infinity can be analytically computed.

In order to obtain a first-order description of extreme-
mass-ratio binaries, we set the v corrections to zero in the
conservative sector and retain the leading-order contribu-
tions to the RR force. The Hamiltonian of interest reduces

to the Kerr Hamiltonian restricted to equatorial orbits
(0 =7/2,py=0)

2
H= A"l <2ap{/, n \/Ap;ﬂ ey AAr> (3.1)
r

where A = r* + 2a® + a’r. Instead of the radial momen-
tum p,, we use p, , the momentum conjugate to the tortoise
radial coordinate r,. The tortoise coordinate is related to the
Boyer-Lindquist coordinate r by

r* +a? 1
dr, = A dr = %dr,
P, = E(F)p, (3.2)

This is a common practice [68,99] to avoid spurious
numerical singularities near the event horizon.

The evolution of the TM dynamics is provided by
Hamilton’s equations of motion

fapm P=meg vy, T

. oH

¢ =—1, Py =Fy 3.3
ey =7y (3.3)

where the RR force F is obtained by summing GW modes
in the factorized form hfm [97,99,150,151],

de

= T Z Z mzldthnl

me

(3.4)

with d; being the luminosity distance of the binary to
the observer. In SEOBNRv5HM, Eq. (3.4) is truncated at
max = 8 since the contribution of the higher modes is
negligible in the comparable-mass case. The factorized
inspiral modes [97,99,151] are written as
hl);m = hgms‘effomffmeiﬁmn’ (35)
where the first factor h’}’m is the leading (Newtonian) order
waveform and its explicit expression is [97,151]

14 T
hgm = 7 NemCeie,, (V) Ué+€Yf—ef”,.—m P ¢ (36)
d, 2

Here, vo = x'/? = Q3 while Y,,, denotes the scalar
spherical harmonics. The parity of the mode is defined as

0, Z+ mis even
€rm = (37)

1, Z+ mis odd

with the function n,,, given by
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8x(im)’  [UH1)(1+2 )
(2f(+l;!! : f(z)£1) : £ + mis even
ne
—16iz(im)?  [(2641)(£+2)(£>—m?) .
27+ 27-1)(7+1)2(7=1) ° £ + mis odd
(3.8)

where the coefficient ¢;(v) is

culw) = (1—7 V21—4”> L (_1)k<1+4 V21—4”> i

(3.9)

Note that the SEOBNRv5HM model employs the variable

oH -2/3
U(p = Q< EOB>

instead of vg in Eq. (3.6), which simplifies to v, =
Q(r*? + a)*3 in the TML. Since choosing v instead of
v,, is more applicable to generic TML orbits [77,112]—as
the requirement of p, = 0 can be problematic for eccentric
motion—we make this change which does not significantly
impact the accuracy of the quasicircular model. The leading
contribution of the tail factor 7'z, [152], generated by the
backscattering of the GWs off the Kerr background is

(3.10)

pr=0

F(f +1- 2“‘) ok g2ikIn (2kry)

T =
‘m F(l/ﬂ—ﬁ— 1)

(3.11)

where I'(z) is the Euler gamma function, k = mQ
and ry =2/+/e. The effective source term Seff is given
by either the effective energy or the orbital angular
momentum, such that

¢ + mis even

" H,

Sett = { pyva ¢+ mis odd (3.12)
The remaining components of the factorized modes are
expressed as an amplitude f,,, and a phase 6,,,, which are
computed such that the expression for hZ agrees with the
PN-expanded modes. Following the prescrlptlon in [97],
fem is further resummed as fy,, = (pysy)?. This trans-
formation mitigates the growth of the 1PN coefficient,
which otherwise increases linearly with # and could
degrade the accuracy of the resummation at higher multi-
poles. In the original SEOBNRv5HM model, the factor f,,,
for odd-m modes is decomposed into nonspinning and
spinning contributions, such that f,,, = (p?nsl)f +f ;m [see
Eq. (34) in Ref. [74] ]. However, we find that maintaining
fom = p?m for all m leads to better agreement in both the
energy flux and waveform amplitudes when compared
against Teukolsky data. Consequently, the SEOBNRv5HM

results reported throughout this paper incorporate this
modification. Returning to our framework, we note that
the waveform is considered at leading order in v, and
therefore all the subleading v-dependencies are switched
off in the factors of Egs. (3.4) and (3.5), except for the
leading Newtonian contribution in Eq. (3.6).

The mode-sum factorized flux in Eq. (3.4) has been
widely explored and its effectiveness and accuracy have
been validated for the comparable-mass case. However, in
the TML, PN-expanded formulas begin to perform poorly
before reaching the ISCO, particularly for systems with
large prograde spins. This behavior is expected: as the BH
spin increases, the ISCO shifts toward smaller radii and
higher orbital frequencies, leading to a progressive deg-
radation of the PN expansion in this higher relativistic
regime. The accuracy of the flux is a crucial bottleneck for
EMRI modeling, as the accumulated dephasing can lead to
significant systematic biases in parameter estimation. As
demonstrated in Ref. [153], the relative flux error must
remain below the mass-ratio of the system to preserve
waveform reliability for LISA data analysis. In principle,
one could improve the fidelity of the EOB flux by
leveraging the high-order PN terms available in the
TML—up to 11PN for the spinning case and 22PN for
the nonspinning case. However, increasing the PN order
does not necessarily reduce the relative error near the ISCO
for prograde orbits [154]. Furthermore, reaching the
required accuracy for rapidly rotating primaries (a = 0.9)
would necessitate truncating the multipolar sum at
Cmax 2 30 [153]. Such high-order expansions and large
mode-sums introduce a prohibitive computational cost,
making them unsuitable for fast waveform generation. To
overcome these challenges, we propose an alternative
approach that avoids the multipole sum entirely. This
method models the total energy emission by mapping the
full flux onto a single (2, 2) mode baseline—a strategy
designed to reduce complexity while maintaining high
accuracy even in the strong-field regime.

B. Q-factorized flux at infinity

In this section, we formalize the alternative factorization
method hinted at above. We focus specifically on the
flux at infinity, as the horizon absorption contributions
will be incorporated later in our analysis. Recall that, in
SEOBNRV5HM, the normalized energy flux at infinity is
computed by summing the factorized modes as follows:

fmux 2

FE =i Y el

=2 m=1

(3.13)

which relates to Eq. (3.4) via F, = —x~*2dE/dt. For the
remainder of this work, we refer to Eq. (3.13) as the mode-
sum factorized (M-factorized) flux. In contrast, our pro-
posed analytical flux is constructed solely from the
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factorized (2, 2) mode. We denote this expression as the
quadrupole-factorized (Q-factorized) flux, defined as

1. 1.
?E:—zEzzﬁ4

1

x3
d |h225effT22ﬂ22| 2B (x) (3.14)

where the multiplicative parameter f(x) is expressed as a
PN series

px) = 1+ /3Py + xpy + x%ﬂ% 44 X"B,. (3.15)

The exponent of 4 in p*(x) is chosen to remain
consistent with the structural form of the dominant (2, 2)
mode contribution in the standard EOB framework.
Specifically, as seen in Eq. (3.5) and its substitution into
Eq. (3.13), the flux contribution of the £ = 2 mode results
in an overall factor of p3,. By adopting the same scaling for
our calibration factor (x), we ensure that our proposed
flux preserves the established resummation features
already implemented within the SEOBNRv5HM model.

Furthermore, while we also tested exponents of 1, 2, and 3,
we found that a fourth-power scaling yields the best
numerical performance.

In order to determine the coefficients f,, i, ..., 3, in
Eq. (3.15), we match the right-hand side (rhs) of Eq. (3.14),
evaluated in the circular limit, with the PN-expanded flux
for circular orbits, which is known up to 11th-PN order in
the spinning case [154] and 22nd-PN order in the non-
spinning case [155]. In the circular-orbit limit, the indi-
vidual components entering the factorized E,, on the rhs
reduce to

14 T

h: —84/=x, 3.16

) = 28 [ 316
1-2+a(2)

865 (x.a) N = (3.17)

122
272x3/2(1 +16x 4+ 16x3

raty = LI 0160

105 a=—0.9 Mg
>

: 1077

|
G
= 1079
=8
& v~

] 10-1 ¥ - M-factorized ({pax = 8)
=

-=7-= M-factorized ({yax = 9)
M-factorized (€yax = 10)
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10—34
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10—74

X

FIG. 1.

X

Absolute value of the fractional difference between the analytical EOB fluxes and FD Teukolsky data for spins

a€{-0.9,0,0.9,0.95}. The 9PN M-factorized flux is shown in shades of blue, corresponding to truncation at ., =8, 9, 10,
while the 9PN Q-factorized flux is shown in red. The x-axis corresponds to a dimensionless velocity parameter x = Q2/3 and all fluxes

are extended up to the ISCO. The dashed lines indicate the expected x°-

scaling. The Q-factorized flux effectively captures higher-

multipole contributions, as evidenced by its low-frequency alignment with the £, = 10 M-factorized flux. Furthermore, the
Q-factorized prescription demonstrates superior accuracy in the strong-field regime across all considered spins.
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Here, the radius of circular orbit is determined as a function
of the velocity x and spin a.

r=(x"%?-a)*3 (3.19)
For the p,, factor in the analytical flux, we adopt the
expression expanded to SPN order in the TML. This choice
ensures the most accurate behavior in the strong-field
regime for high prograde spins without requiring additional
resummation within our framework. The highest PN order
of the p-coefficients, f3,, is determined by the PN order to
which the circular-orbit flux on the left-hand side (lhs) is
expanded. In this work, we carry out the matching up to
9PN order. The motivation for this choice, which balances
accuracy across the entire frequency range, is detailed at the
end of this subsection.

In the following, we compare two analytical energy
fluxes; (i) the M-factorized flux truncated at £, = 8, 9,
10, and (ii) the Q-factorized flux, both implemented at 9PN
order. Figure 1 shows the fractional difference between
analytical EOB fluxes with respect to the FD Teukolsky
flux, both at infinity. We consider circular orbits with spins
a =-0.9,0.0,0.9, and 0.95, and all data are extended up to
the ISCO, where the radius rigco is given by [156]

risco =342y F/(3-2,)3+Z, +22,),
Zi=1+1-a)"3[(1+a)?+(1-a)'3,

Zy =\/3d> + Z3.

In the low-frequency region, for all spin values consid-
ered, the Q-factorized flux achieves an accuracy compa-
rable to the factorized-mode flux that requires summation
of modes up to £ = 10. The slopes of the fractional
residuals are compatible with the expected scaling,
x("+1/2) at low x, where n =9 corresponds to the PN
order of the analytical fluxes we considered. This dem-
onstrates that the Q-factorized flux effectively encodes
higher-mode contributions without explicitly summing
over each mode, leading to substantial computational
savings. In the strong-field regime, the Q-factorized flux
also outperforms the M-factorized flux. For a = —0.9, it is
approximately an order of magnitude more accurate at the
ISCO, while for a = 0.9, it is roughly half an order of
magnitude more accurate.

As previously noted, the series for #(x) in Eq. (3.15) are
truncated at n = 9. We justify this choice by observing the
behavior of the PN expansion at high orders. Figure 2
shows the fractional difference between the Q-factorized
flux at different PN orders and the numerical Teukolsky
data for a = 0.9. From 8PN to 9PN, the fractional error in
the low-frequency regime decreases significantly. However,
increasing the order to 10PN or 11PN yields only minor
additional improvement at low frequencies but noticeably
worsens the accuracy in the strong-field regime. We

(3.20)

100 = Q-factorized (8PN) »
—e—  Q-factorized (9PN) /;:)
-2 T Q-factorized (10PN) »
''''' Q-factorized (11PN) o

10—4<

oo/ FI 1]
3 2

H

9
L
S

102 10!
x

FIG. 2. Absolute value of the fractional difference between
Q-factorized fluxes at various PN orders and the FD Teukolsky
flux for a = 0.9, all extended up to the ISCO. While increasing
the PN order beyond 9PN yields only marginal improvement at
low frequencies, it degrades the accuracy in the strong-field
regime; for this reason, the 9PN flux (red) is adopted in this work.

observe these features for other a > 0.9 cases as well.
Since modeling fluxes for high prograde spins is particu-
larly challenging, we adopt the 9PN order in this work, as it
offers the best balance between low- and high-frequency
accuracy.

C. Q-factorized flux at the horizon

While the majority of gravitational radiation typically
escapes to future null infinity, a non-negligible fraction of
the energy and angular momentum is absorbed by the BH
horizon. This effect has been extensively studied in the
literature [157-162]. For comparable-mass, quasicircular
binaries, this contribution is typically negligible. However,
in systems with extreme mass ratios [163—166] or signifi-
cant eccentricity [167], the cumulative effect over long
inspirals can lead to non-negligible phase shifts. In BH
perturbation theory, horizon absorption enters at 2.5PN
order relative to the leading flux to infinity for spinning
BHs, and at 4PN order for nonspinning cases [157,168].
Figure 3 shows the ratio of the flux at the horizon to the flux
at infinity, FTeuk/ FTeK as a function of x for different spin
parameters, extended up to r,;, = rpr — 0.01. The location
of the ISCO is indicated as a dot for each spin. At the ISCO,
the horizon flux typically contributes only a few percent of
the flux to infinity for spins a < 0.7, but the effect grows
substantially for rapidly spinning BHs, reaching almost
14% in the extremal case [169]. A distinctive feature is that
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FIG. 3. Ratio of the energy flux absorbed by the horizon, Fy, to
the energy flux radiated to infinity, F,, for different spin values,
computed from the FD Teukolsky fluxes. The fluxes are extended
up to r = r g + 0.01, and the locations of the respective ISCOs
are indicated by dots.

the horizon flux becomes negative for prograde spins. This
behavior arises from the factor ( — Q) in the horizon
flux, predicted by BH perturbation theory, where Q is the
horizon frequency

Q= —— ro=1+Vv1-a.

= , 3.21
5 (3.21)

Hence, for a >0 with Q < Q, the horizon flux is
negative. This reflects the extraction of rotational energy
from the BH through superradiance, known as a Penrose-
like process in which energy is transferred from the
ergosphere to the orbital motion. Beyond the ISCO, the
orbital frequency exceeds the horizon frequency, which
drives the flux back to positive values [101].

Neglecting horizon absorption can lead to significant
dephasing in the waveforms. As Fig. 3 illustrates, for a < 0,
the horizon flux increases the rate of dissipation, leading to
a shorter inspiral. By contrast, for a > 0, the inversion of
energy flow due to superradiance causes the inspiral to last
longer. For instance, Ref. [102] compared two trajectories,
one including and one excluding the horizon flux, and
constructed the corresponding (2, 2) waveforms spanning
100 GW cycles before the ISCO, aligned at low frequen-
cies. They found that the phase difference at ringdown was
approximately —2 rad for the nonspinning case, whereas it
grew to nearly 423 rad for a = 0.99. For long inspirals
relevant to space-based detectors, lasting ~10° cycles, the

accumulated impact of horizon absorption is even more
significant.

Several EOB models have integrated horizon
absorption effects into their analytical flux prescriptions.
For the Schwarzschild case, it was first implemented

into the EOB framework via a resummation F(x;v) =
S Yoy FAke (x0)8%:(x) (pf, (x:0))> where  FjL°
indicates the leading order contribution to the absorbed
fluxes and p# is the residual amplitude correction given
at 13 PN (effective 4PN approximation using the poly-
nomial obtained Taylor-expanding up to formal 4PN) for
f=m=2and £ =2, m=1 cases [170]. Later, higher
modes p,,, were included, up to £ = 4 [171], resulting in a
reduction of the phasing error for the nonspinning case
[106]. In the present work, we introduce a new factorization
for the horizon flux that mirrors the structural form of the
Q-factorized flux at infinity.

For the factorized resummation of the horizon flux, the
modal energy flux is decomposed as [101]

32 Q A
SV 1= )5 ey Ser)* (0,7 (3.22)
5 Qy

Ef, =
Recall that when 0 < Q < Q, E; becomes negative. The
factor (1 — Q/Qy) is included to account for the sign of the
modal energy flux at the horizon due to superradiance. The
factor 7 represents the leading term and takes the form

ngm = xz(f_2)+€nlf:1mclf;1nl (323)
where
_S N2 2pg1  (f=m)t (f4m)
n — 320 2= (AN ((f=m) 2 ((£+m)m)2> “em ™
‘m 2

(L=m)1)2 ((F+m)11)? _
@y €em =1,

(3.24)

5 (+D)(E+2) 2041
200-1)

T8 (22+D)2 " (f=m)!

1 f
- EH (k2 + (m?* — k*)a?). (3.25)

0

The definition for the effective source S‘eff is the same as
Eq. (3.17) and € is the parity. The remaining factor pZ  is
the 27th root of the residual amplitude of the modal
energy flux.

To ensure consistency with our Q-factorized treatment of
the flux at infinity in Eq. (3.14), we model the horizon flux
using only the dominant (2, 2) mode weighted by a
correction factor a(x)
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Following the form of (x) in Eq. (3.15), this multiplicative
factor is defined as

alx) =1+ \/)_ca% + xa; + x%a% + -+ x"a,. (3.27)
In order to obtain the « coefficients, we expand the rhs of
Eq. (3.26) evaluated in the circular limit, in terms of x and
match it with the PN-expanded horizon flux at each PN
order. This PN-expanded horizon flux is known up to 11PN
for Kerr BHs and 22.5PN for Schwarzschild BHs [154].
For pf,, we adopt the expression extended up to 5PN order
in the TML, and match the lhs and rhs up to 6.5PN order
relative to FY, (4PN order relative to F Z), which results in
a(x) including up to a,. This choice of PN order provides
the best agreement with numerical fluxes in the strong-field
region. Since higher PN terms offer diminishing improve-
ments at an increased computational cost, this represents a
practical compromise between accuracy and efficiency.

D. Total flux comparison

Finally, we assess the performance of the proposed
Q-factorized prescriptions by comparing them against
the FD Teukolsky fluxes generated using ModGEMS
[172]. We assess four different analytical fluxes:

(i) SEOBNRv5SHM (TML): The M-factorized flux pre-

scription of the SEOBNRv5HM model, evaluated at
the TML (v = 0).

(ii) M-factorized (9PN): The traditional mode-sum fac-
torized flux calculated to 9PN order and truncated at
a high multipolar order of #,,, = 10.

(ili) Q-factorized (o0): The prescription for the flux at
infinity defined in Eq. (3.14). The multiplicative
parameter f(x) is determined by matching up to
9PN order.

(iv) Q-factorized (total): The full prescription which
combines the 9PN Q-factorized flux at infinity with
the horizon absorption flux described in Eq. (3.26).

Figure 4 illustrates the absolute fractional difference
|Fior/ FEE™ — 1| between these analytical models and the
FD Teukolsky fluxes across the spin-frequency parameter
space. To facilitate comparison across all spins, the orbital
frequency x is rescaled by its value at the ISCO. A standout
feature of these results is that the inclusion of horizon
absorption in the Q-factorized prescription yields a dra-
matic reduction in error for the low-frequency and retro-
grade-spin regimes. Specifically, in the weak-field regime,
the absorption contribution is essential for achieving high-
fidelity agreement, as seen in the bottom-right panel. For
retrograde spins, this improvement persists up to the ISCO;

ata ~ —0.95, the total Q-factorized flux provides a 2.5-order-
of-magnitude improvement over the other three prescriptions
(see Table I). Naively, one might expect the improvement to
be on the order of the horizon flux contribution itself—
approximately 0.3% at a =0 and 1.2% for a = -0.9, as
shown in Fig. 3. However, the Q-factorized flux at infinity
already possesses small residual errors that happen to be of
similar magnitude but opposite sign of the horizon contri-
bution. As a result, the two effects partially cancel near the
ISCO, leading to a total error that is significantly lower than
that of either component alone.

While the relative gains are less pronounced for inter-
mediate prograde spins (0 < a < 0.8), the total Q-factorized
flux still exhibits a marked improvement in the low-
frequency regime compared to the traditional M-factorized
flux. As the orbital frequency increases toward the ISCO,
the performance of the Q-factorized flux becomes compa-
rable to the 9PN M-factorized flux, maintaining a similar
error profile in the strong-field region. Crucially, our
prescription achieves this level of accuracy while relying
solely on a dominant (2, 2) mode baseline, whereas the
traditional approach requires a computationally expensive
summation up to &, = 10. This demonstrates that the
Q-factorized approach offers a significantly more efficient
computational path without sacrificing accuracy across the
majority of the parameter space. We note, however, that in
the extremal prograde regime (a 2 0.95), the model’s
performance degrades, with errors reaching ~70% at the
ISCO, as summarized in Table I. This extremal regime is
discussed further in Appendix A.

Despite these limitations in the high-prograde regime,
the Q-factorized prescription provides a substantial
improvement in accuracy in the TML. By effectively
capturing the interplay between radiation to infinity and
to horizon through a single quadrupole-based framework,
the model eliminates the need for expensive multipolar
summations while reaching subpercent accuracy across the
vast majority of the inspiral parameter space. These results
demonstrate that Q-factorization is a robust and computa-
tionally efficient candidate for enhancing analytical flux
formulations within the EOB framework.

IV. MODELING THE INSPIRAL-PLUNGE
WAVEFORM

Up to this point, we have focused on improving the EOB
dynamics through the implementation of new analytical
fluxes. In this section, we turn our attention to the
construction of the multipolar waveform modes 4, for
spinning, nonprecessing quasicircular binaries. Our
approach builds upon the framework established in
SEOBNRvVSHM [74], while highlighting the modifications
and improvements introduced in our proposed model,
SEOB-TML.
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FIG. 4. Fractional error in the energy flux across the spin-frequency parameter space for four analytical prescriptions. The color map
represents the absolute fractional difference |F\o/Fre'k — 1] relative to the numerical FD Teukolsky flux. The x-axis spans the
dimensionless spin range a € [—0.993, 0.998], and the y-axis denotes the orbital frequency parameter x rescaled by its value at the ISCO.
Top left: the SEOBNRv5HM flux evaluated in the TML. Top right: 9PN M-factorized flux truncated at £, = 10. Bottom left: the
proposed Q-factorized flux at infinity [Eq. (3.14)]. Bottom right: the full Q-factorized flux including horizon absorption [Eq. (3.26)].
The inclusion of horizon absorption in the Q-factorized prescription dramatically reduces errors in the low-frequency regime, an
improvement that extends to the ISCO for retrograde spins. While performance degrades for high prograde spins near the ISCO, the Q-
factorized approach generally outperforms the M-factorized flux across the majority of the parameter space using significantly fewer
multipolar modes.

A. Attachment time insp—plunge ‘m
hfm (t)’ 1< tmatch
In the EOB framework, the GW modes are further hew(1) = MR ’ (4.1)
hz,’m (t)’ r> tmrglch

decomposed into inspiral-plunge and merger-RD sectors.
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TABLE 1. Relative fractional errors (in percent) of various
analytical flux prescriptions compared to the numerical FD
Teukolsky results. All values are evaluated at the ISCO for
selected dimensionless spin parameters a. For high retrograde
spins (a ~ —0.94), the total Q-factorized flux provides a 2.5-
order-of-magnitude improvement over the three alternative pre-
scriptions. While the model remains high-fidelity up to relatively
high prograde spins, performance degrades in the near-extremal
regime (a = 0.95).

Spin  SEOBNRvS5HM M-factorized Q-factorized Q-factorized

(a) (TML) (9PN) (c0) (total)
—0.942 1.48% 1.24% 1.24% 0.00395%
0.019 1.15% 0.332% 0.287% 0.0259%
0.900 10.8% 16.0% 15.7% 0.685%
0.959 30.2% 955% 43.9% 70.3%

The attachment time 7/ , represents a conventional choice

aimed at ensuring a smooth transition between the two
modeling sectors. For example, in SEOBNRv5HM, the
merger-RD part is attached at the peak of the (2, 2) mode
amplitude for all modes except (5, 5). In this work, we
adopt a more flexible, mode-dependent prescription to
account for the physical complexities of the merger.

During the merger-RD phase, the radiation emitted by
the remnant BH is described by a superposition of QNMs
[173]. These modes are characterized by discrete complex
frequencies, labeled by angular numbers (¢, m) and the
overtone index n =0,1,..., where n =0 denotes the
fundamental mode. At the transition to the ringdown,
two distinct mechanisms cause a given (¢, m) spherical
harmonic mode to be composed of a superposition of
QNMs beyond the primary (£, m,n) state. First, a basis
mismatch arises because the waveform strain is usually
decomposed in terms of —2 spin-weighted spherical har-
monics, whereas the Teukolsky equation separates natu-
rally into —2 spin-weighted spheroidal harmonics. This
mismatch introduces mixing between modes with the same
m but different #. Second, mixing is induced by the so-
called retrograde modes, whose frequency equals the
(negative complex conjugate of) the (£,—m,n) state.
These are excited when the orbital frequency changes sign
during the last stage of plunge [102]. A detailed analysis of
both effects will be presented in Sec. V B. Here we note
only that, for £ # m cases with negative spins, the onset of
mixing occurs promptly, to the extent that even the
amplitude peak is affected.

Figure 5 displays the amplitudes of the £ # m modes in
the top panel and the evolution of the orbital frequency Q in
the bottom panel. Across both panels, different line styles
are used to distinguish specific spin magnitudes: a = —0.9
(solid), a = —0.7 (dash-dotted), and a = —0.5 (dashed).
The time axis is shifted such that = 0 denotes the instant
when the orbital frequency crosses zero. Notably, the
amplitude modulation caused by mode mixing begins

=
o0

0.6

'S

N
~

S
=

0.0
o a=—09 W
o] T a=-0T N
fffffff a=-05
—40 —20 0 20 40
t— o
FIG. 5. Evolution of the £ # m mode amplitudes (top panel)

and the orbital frequency Q (bottom panel) for various negative-
spin configurations (a = —0.5,—0.7,—-0.9). Solid, dash-dotted,
and dashed lines correspond to decreasing spin magnitudes, as
indicated in the legend. The time axis is centered at ¢ =0,
corresponding to the zero-crossing of Q.

almost simultaneously with Q = 0 for the (2, 1) mode.
For the (3, 2) and (4, 3) modes, the onset of mixing occurs
with a delay of approximately 2.5 and 3.5, respectively.
While the specific offset varies slightly with the BH spin,
this dependence is negligible; consequently, we employ
spin-independent offsets throughout this work. Since the
last stage of the inspiral-plunge is modeled using phenom-
enological hyperbolic functions, it is unable to reproduce
the complex amplitude modulations introduced by mode
mixing. We therefore defer the description of these features
to the merger-RD sector.

Based on these considerations, we define the attachment
time in this work as

m (a>0)= tgé”ak, for all modes,

match
tgg:lk, (2,2),(3,3),(4,4),(5,5)
tfm , 2’1 ,

fna<0) = { @02 @2)
m+25, (3,2).
m +35, (4.3).

where 7/ denotes the time of the (£, m) mode amplitude

peak, and té’io is the time when the orbital frequency
crosses zero. Within the EOB framework, the attachment
time is typically expressed in terms of the time interval
Af™ with respect to a reference time associated with a
particular configuration of the dynamics of the binary
[72,74,88]. For example, SEOBNRvS5HM defines the
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attachment time via the calibration parameter A2

e = fisco + Atidto (4.3)
where tigco i the time at which » = rgcg. This ISCO-
based prescription is not well suited for the TML. When the
spin is large and negative, the particle continues to plunge
for a long time after passing the ISCO. By contrast, for
large positive spins, the plunge is rapid and, in some cases,
the mode amplitude even peaks before the ISCO. For
example, when a = —0.95 (a = 0.95), the orbital fre-
quency at the ISCO is Qjgco = 0.039 (0.27), and the radial
separation between the ISCO and the light ring is 4.90
(0.55), yielding At{é"&o ~ 455 (=25). Thus, the low orbital
frequency at the ISCO together with a large ISCO-horizon
separation lead to significant delays in the peak amplitude
for large negative spins, while the opposite occurs at large
positive spins. To avoid this wide variation across spins, we
adopt the orbital frequency peak as a more robust reference
time [100].

‘m . Q
tmatch t

cak + AZ‘Qpeak (44)

To determine Até’geak,
matching times from TD Teukolsky waveforms and the
peak orbital frequency times from trajectories computed
employing FD Teukolsky fluxes. These values are then
interpolated as a function of spin.

A subtlety arises when the spin approaches the nearly
extremal regime (a = 0.95). In this case, the amplitude of
several modes becomes almost flat, which makes it
extremely difficult to robustly determine the time of the
peak [102,114]. Physically, this is explained by the fact that
the ISCO approaches the horizon as a — 1, leading to a
very short plunge following an extended quasicircular
inspiral, causing the amplitude peak to occur many cycles
before the plunge and merger stage [174]. This indicates
that the mode amplitude peak does not universally corre-
spond to the merger stage across the entire parameter space
[114]. To prevent this unreliable peak location at a > 0.95
from contaminating the spin fits, we freeze the calibration
at a =0.95 and use the same value of At"”’" for all

we extract the mode-dependent

larger spins.

B. Inspiral-plunge state

As discussed in Sec. III A, improving the strong-field
behavior of the PN-expanded waveform within the EOB
formalism requires each waveform mode to be factorized
and resummed, as prescribed in Eq. (3.5). The residual
amplitude corrections p,,, are central building blocks in
any EOB waveform model and require careful analytical
treatment. As they are originally defined as PN series, their
accuracy often degrades in the strong-field regime. To
improve their behavior in the TML, various resummation

strategies for p,, have been employed in the literature,
such as Padé or inverse-Taylor constructions, notably in the
TEOBResum family [81-96]. However, such resummation
prescriptions typically require mode-dependent choices of
resummation order and structure. Therefore, in this work,
for the modes (2, 2), (2, 1), (3, 2), (3, 3), (4, 3), (4, 4), and
(5, 5), we truncate the PN expansion of p,,, at SPN order
and introduce calibration parameters at 5.5PN and 6PN,
obtained by fitting to numerical p,, data extracted from TD
Teukolsky waveforms. In particular, as discussed in
Sec. III, since the analytical EOB flux does not depend
explicitly on py,, for each mode, their primary role is to
provide an accurate description of the early inspiral wave-
form amplitudes, for which this calibrated truncation is
sufficient. For the phase d,,,, we use the same expression as
SEOBNRvVSHM, while setting v = 0.

Even with these treatments, the factorized waveform in
Eq. (3.5) becomes increasingly inaccurate as the system
approaches the plunge. To capture deviations from quasi-
circular motion during the late inspiral and plunge,
SEOBNRV5HM employs nonquasicircular (NQC) correc-
tions such that the inspiral-plunge waveform is modified as

hinsp—p]unge

‘m = hgmem' (45)

where the NQC factor N, is given by
hfm hfm
pr* h m a2 a3
Ny [l+< Q)2 (al” + + 3/2)]

X exp [i (bh‘”’ pgri + bh”” pé)] ,
,

The NQC corrections are calibrated so that the waveform’s
amplitude and frequency agree with numerical waveform

values at the attachment point 72 . . In practice, the five

constants (a, hen ag‘ " g"’”, bi’”’" h‘“’”) are fixed by impos-
ing continuity conditions at this matching point. During the
early inspiral, where |p, | < rQ, the NQC factor naturally
approaches unity. As the system evolves toward merger, the
NQC correction is gradually activated, ensuring that it only
modifies the waveform in the strong-field regime and
avoids introducing spurious effects during the early inspi-
ral. In SEOBNRv5HM, this construction is appropriate
because the merger-RD attachment is performed near the
peak of the (2, 2) mode amplitude for most modes. In our
model, however, directly attaching the inspiral-plunge
waveform using the NQC is less suitable. For positive
spins, the attachment is performed at the peak of each
individual mode, resulting in At,, = tpeak tzeak >0 in

most cases. At such late times, some EOB dynamical
quantities become unreliable. Furthermore, as explained in
Sec. IVA, for certain modes with negative spins, the
attachment occurs after the orbital frequency € has already

(4.6)
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crossed zero (e.g. t4m33‘°h = tg—o + 3.5), rendering the NQC
basis ill defined and causing unphysical oscillations.

To circumvent these issues, we model the final stage of
the inspiral-plunge without the NQC corrections. Following
the approach in Ref. [52], we instead employ phenomeno-
logical expressions based on the hyperbolic functions used
in IMRPhenomT. The waveform amplitude HZT and
gravitational frequency a)i}‘,‘fr for the intermediate region
is expressed as

H?rtner(t) = bO + bll%m + blseChlﬂ(zGémOTfm)

+ bssech(yol, o Tem) + bye™n/*, (4.7)
' 4
(1) = 05,0 {1 =Y aarcsinh* (Ao}, 0tem) |, (4.8)
=0

where 14, =t — 33N 5, =0 —icl =~ with o4,
denoting the QNM frequencies for the (£, m) mode with
overtone n. The complex strain is then reconstructed as

inter

B2 (1) = Hfr(£)e'a ()| with the phase defined by

insp—plunge

¢i{{1rtrfr(t) = Pem

' .
Wt [ atemw) @)
F=ley

The phenomenological coefficients a; and b; are fixed by
enforcing continuity and differentiability with the EOB
inspiral waveform and with numerical input values, spe-
cifically the amplitude and frequency data extracted from
Teukolsky waveforms. Matching is performed at three
points: the cutoff time of the factorized waveform,
fo = 1730 —150; an intermediate collocation point,
fep = 153 —25; and the merger-RD attachment time,
t?,‘;‘l‘Ch. The specific choices of 7., and 7, are empirical,
providing a sufficiently wide window for the phenomeno-
logical Ansatz while incorporating numerical waveform
information for accurate late inspiral-plunge modeling.

Equations (4.6) and (4.7) define a linear system that
uniquely determines all phenomenological coefficients. At
I.u> the Ansatz is constrained to agree with the factorized
EOB waveform

inter _ gF ‘rinter __ fyF
Hfm - Hfm|t=fcu(’ Hfm - Hfm|t=tcm’ (4108')
inter __  F -inter __ - F
Dem = wfm|t=fcut’ ey = wfm|t=tcm’ (410b)
K . .
At 1., and /57, the Ansatz is matched to the corresponding

Teukolsky waveform values

inter __ pyTeuk inter __ pyTeuk
Hfm - Hf’m |t=tcp’ Hz,’m - Hfm |t=tma,ch’ (41 la)
‘rinter __ pyTeuk
Hfm - Hfm |I:tmmch’ (411b)
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FIG. 6. Amplitude (top) and frequency (bottom) of the four
dominant modes for the nonspinning case. Colored dashed lines
show the waveform modeled with the hyperbolic Ansatz,
while black solid lines show the TD Teukolsky waveforms.
The shaded gray region indicates the time interval over which the
hyperbolic Ansatz is applied, with vertical gray lines marking
Teuts tcp’ and Tmatch-

inter __ , Teuk inter __  Teuk
Wpy = Dpyyy |t:rcp1 WDppy = Wyy, 1=t aeh® (411C)
sinter __ : Teuk
Wpy = gy |t:rmmch' (411(1)

Figure 6 shows a comparison of the amplitude and
frequency of the four dominant modes—(2, 2), (3, 3),
(2, 1), and (4, 4)—constructed using the hyperbolic Ansatz
(colored dashed curves) against the corresponding
Teukolsky waveforms (black solid curves) for the non-
spinning case. The shaded region marks the time interval
where Egs. (4.6) and (4.7) are applied, and the vertical lines
mark 7 = fey, I = fp, and 1 = fygen. Within this window,
the phenomenological hyperbolic Ansatz reproduces both
the amplitude and frequency of the Teukolsky waveforms
with good accuracy, demonstrating its effectiveness in
modeling the late inspiral-plunge regime prior to merger.

There are two main differences between our implemen-
tation and the original phenomenological Ansatz of
Ref. [52]. First, we have implemented an additional
parameter b, in the amplitude Ansatz. In their work, the
attachment was always performed at the peak of each mode,
yielding a vanishing amplitude derivative at z,,, = 0. In our
model, however, the attachment time is modified for certain
modes, particularly £ # m modes for the negative spin
cases, where 23 does not necessarily coincide with the
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FIG. 7. Amplitude (top) and gravitational frequency (bottom)
of the (2, 1) mode during the inspiral-plunge for different spin
values. The black solid line shows the TD Teukolsky waveform,
the dashed line shows the hyperbolic Ansatz [Eqgs. (4.6) and (4.7)]
with original parameters y = A =1, and the colored solid line
shows the hyperbolic Ansatz with fitted y and 1. The shaded gray
region indicates the time interval over which the hyperbolic
Ansatz is applied, with vertical lines marking Zcy, fcp, and fyech-
Fitting y and A improves agreement with the Teukolsky wave-
form, particularly for the negative-spin cases.

amplitude peak. To accommodate a nonzero derivative at
the attachment, we introduce an additional term b4e’fm/ 4,
This modification affects only the very late inspiral region,
producing a nonzero derivative at z,,, = 0 without degrad-
ing the behavior of the original Ansarz. In cases where the
attachment time is not shifted from the amplitude peak, we
recover the original Ansatz by setting b, = 0. Second, in the
original Ansatz, the parameters y in Eq. (4.6) and 4 in
Eq. (4.7) were fixed to unity. We find that, in TML, this
choice is insufficient to reproduce the amplitude and
gravitational frequency accurately for modes characterized
by a steep growth in the late plunge, most notably the (2, 1)
mode at large negative spins.

Figure 7 shows the (2, 1) mode during the inspiral—
plunge, comparing three cases: the numerical Teukolsky
waveform (black solid), the hyperbolic Ansatz with the
original parameters y = A = 1 (dashed), and the hyperbolic
Ansatz with y and 4 fitted to improve agreement (colored
solid). The comparison demonstrates that the original
Ansatz underestimates both the amplitude and the fre-
quency evolution. By allowing y and 4 to vary, the model
captures the (2, 1) mode more accurately, particularly for
retrograde spins where the signal evolves more steeply near
the attachment time. While the default parameters remain

sufficient for prograde cases, large negative spins require an
increase in both y and A. The optimized coefficients are
subsequently interpolated and fitted as a function of spin
for implementation in the model.

Overall, implementing the hyperbolic Ansatz in the late
inspiral-plunge instead of the traditional NQC corrections
offers several key advantages. First, it allows the attach-
ment of the merger-RD sector to occur after the peak of the
(2, 2) mode. This flexibility is crucial, as a mode-
dependent attachment point improves the modeling of
the merger-RD transition for higher-order modes (see
Sec. V for further details). Furthermore, while the NQC
approach matches numerical inputs only at the attachment
time, the hyperbolic Ansatz includes an additional collo-
cation point, feps prior to attachment. By utilizing more
numerical data points, this approach better constrains the
late-plunge behavior and ensures a smoother transition to
the merger-RD sector.

V. MODELING MERGER-RD WAVEFORM

We now turn to the final stage of the waveform: the
merger-RD. SEOBNRvVSHM is calibrated to a large set of
spin-aligned, quasicircular NR simulations covering com-
parable-mass binaries. However, it incorporates limited
information from the TML, relying primarily on attachment-
time values from 13 TD Teukolsky waveforms [100,102].
This limited reliance explains why SEOBNRv5HM performs
poorly in the TML, particularly for large positive or negative
spins. In this work, we follow the same fundamental merger-
RD construction as in SEOBNRv5HM, but introduce several
modifications to improve its performance in the TML. In
particular, we focus on modeling mode-mixing effects,
which are significantly enhanced in the TML. By utilizing
QNM coefficients extracted from numerical Teukolsky
waveforms, we construct an Ansatz that accurately captures
this mixing behavior. In the following, we first present the
phenomenological merger-RD Ansarz, highlighting its
key departures from the SEOBNRvVSHM framework.
Subsequently, we detail our treatment of mode mixing
and its implementation using the extracted QNM data.

A. Phenomenological Ansatz

The damped gravitational emission from the remnant BH
can be accurately described as linear perturbations of the
Kerr solution, typically expressed as a linear combination
of damped QNMs [173]. Within this perturbative frame-
work, the merger-RD modes, 2R, are constructed using a
phenomenological Ansatz informed by the TD Teukolsky
waveforms. Following the approach in Refs. [71,72,74], we
factorize the contribution of the fundamental QNM from
the total waveform. The resulting rescaled waveform is
expressed as

h%}}(t) — Afmo(t)ei‘}f’"(’(’)€_w/’"°(l_%‘“ﬂ;‘°“)7 (51)
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where the amplitude A,,,(¢) is parametrized by

‘m

~ 1/ci™
Apmo(t) = (C{."f- tanh [C'iﬂ'}l(t — tomen) + Cg'?] + Cg,rg) .

(5.2)

The exponent 1/ cff? is motivated by the approach in
Ref. [103], where such a term is introduced to enforce
continuity of the second-order time derivative of the
amplitude at the attachment time. This parameter is
essential for suppressing unphysical amplitude peaks that
otherwise tend to appear in the high-spin regime. The phase

a)KmO(t) is given by

‘m _tt’m

1 + dé’}’l‘e_dl.f(t match
1+ dg%

§~bfm0(t) = rir:tch - dfng IOg

)
], (5.3)

where ¢Z™ . is the phase of the inspiral-plunge mode

(¢, m) at the attachment time.

The coefficients df”f and ¢{™ (i = 1,2, 3) are determined
by enforcing that the amplitude and phase of the merger-
RD modes in Eq. (5.1) are continuously differentiable at
t= tr;;‘l“h. The amplitude Ansatz depends on free param-
eters ¢/ (i =1, 2), the imaginary part of the QNM
frequency, and input values extracted from the numerical
waveforms. Moreover,

(HP" + Hjiay,0)cosh® el

‘m
Cl,c

(b

cf ’}’Cg’f
(5.4a)
c§m = (HPA)S — ¢ tanh ¢57, (5.4b)

Cfm — 1
3.c 7 (rymatch match _7 2
(Hz,’m + Hfm o-t’mO)

R 2 ..
‘match match fymatch
|: (H ‘m ) —-H ‘m H ‘m

= 2C{ T HIER (Faeh + Hpaol, ) tanh 57
(5.4¢)

where H7tch | fymateh " and fach represent the (£, m) mode
amplitude and its first and second time derivatives, evalu-
ated at the attachment time. Similarly, the phase Ansatz
depends on free parameters df ¥ = 1, 2), the real part of

the QNM frequency,l and the mode frequency at t = t?,‘j;‘Ch:

'Our nomenclature for the QNM frequencies follows
the convention o4, = ok . —icl, .. This differs from
SEOBNRvV5HM, where the real and imaginary components are
swapped in the notation (ie., their ol , corresponds to
our —o® ). Consequently, while the underlying Ansaiz is
identical to Eq. (53) of Ref. [74], the resulting expression for
d’f’ﬁ appears with a different index.

0.4
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FIG. 8. Mode amplitude comparison for prograde spin
a = 0.9, where the waveforms in both panels are compared
against the corresponding Teukolsky waveform (black). The top
panel displays the (4, 4) mode constructed by attaching the
merger-RD Ansarz at 55 (blue) versus its own peak at £5%
(red), demonstrating that the latter improves the agreement. The
bottom panel shows the (2, 2) mode constructed with the
SEOBNRvV5HM Ansatz (blue) and our new model (red), illustrat-
ing how the inclusion of the 1/ c;’:? parameter provides a more

faithful representation.

1+d5%
dimdsm”

diy = (o + 0f,0) (5.5)

By applying the hyperbolic Ansatz at the end of the
inspiral-plunge (Sec. IV), the waveform amplitude and
phase are ensured to match the value of Teukolsky wave-
forms at the attachment time. This decouples the merger-
RD modes from the EOB inspiral, allowing for an
independent calibration of the two sectors. The free

parameters ¢/ and d;' are first obtained from least-

squares fits to individual Teukolsky waveforms and then
interpolated across spin a using rational function fits.
Potential divergences could occur if ¢{" or ¢§ vanished;
however, in the explored parameter space a € (—1, 1), these
coefficients remain nonzero, preventing any pathological
behavior.

There are two key differences between the present
merger-RD model and that used in SEOBNRvSHM. The
first difference concerns the attachment time. In
SEOBNRvV5HM, the merger-RD portion is attached at the
peak of the (2, 2) mode for all modes except the (5, 5)
mode. In contrast, as shown in Eq. (4.2), for positive-spin
cases, we attach the merger-RD portion at the peak of each
individual mode. The top panel of Fig. 8 illustrates the
necessity of this approach for spin a = 0.9. Here, the (4, 4)
Teukolsky waveform (black) is shown with the time axis
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shifted such that + = 0 corresponds to the peak of (2, 2)
mode. The (4, 4) peak, marked by the vertical line, occurs
significantly later at r=30. Attaching the merger-RD
model at the (2, 2) peak (blue) forces a premature transition
and leads to poor agreement, whereas attaching at the
mode’s natural peak (red) accurately captures the amplitude
evolution.

The second difference lies in the amplitude Ansatz.
Unlike SEOBNRv5HM, our model explicitly enforces sec-
ond-derivative continuity through the parameter 1/ cff? in
Eq. (5.2), which prevents unphysical amplitude peaks in
large-spin cases. As illustrated in the bottom panel of
Fig. 8, the new Amsatz (red) reproduces the waveform
amplitude more accurately than the QNM-rescaled Ansatz
of SEOBNRVSHM (blue), eliminating the spurious early
time peak and improving the late-time agreement. This
consistency is essential for refining the merger-RD model
detailed in the following section, which incorporates
both the fundamental (¢, m,0) mode and mode-mixing
contributions.

B. Mode mixing

As discussed in the previous section, the standard
EOB framework models each spin-weighted spherical
harmonic (#,m) mode by factoring out the contribution
of the fundamental (¢, m,0) QNM. The remaining time-
dependent amplitude A, (¢) and phase ¢y, () are then
modeled using phenomenological Ansdtze, as shown in
Eq. (5.1). This approach, however, breaks down when
mode mixing is significant, since the amplitude and phase
of the waveform no longer evolve monotonically. In this
subsection, we outline the two main physical origins of
enhanced mode mixing observed in the TML and illustrate
how it appears in the waveform, before introducing our
modeling prescription.

1. Spheroidal-spherical basis mismatch

As shown by the postmerger oscillations in the (3, 2) and
(4, 3) modes [62,175], one major source of mixing arises
from the projection of the gravitational strain onto different
harmonic functions bases. Specifically, while the Teukolsky
waveforms are naturally decomposed in —2 spin-weighted
spheroidal harmonics, our EOB model utilizes a —2 spin-
weighted spherical basis. The two bases are related by an
expansion of the form

_ *
_ZSﬂm" - Z 'umff/n—ZYfm’ (56)
¢>max(|m|,2)
where .~ are complex mode-mixing coefficients

[176,177]. Substituting this expansion into the waveform
gives the relation

hfm<t) = (57)

Z Shf’mn(t)/'ttnfﬂn-

¢ >max(|m|,2) n>0

which shows that the spherical-harmonic mode /4, receives
contributions from all spheroidal modes with the same m,
but different #. We account for this effect in our model
following the same strategy as in SEOBNRvV5HM; details
will be provided in Sec. VID.

2. Change in the sign of orbital frequency

A second source of mode mixing arises from the orbital
motion of the particle during the plunge, in particular when
the orbital frequency changes its sign in the case of negative
BH spin. For a < 0, the BH’s spin angular momentum is
antialigned with the orbital angular momentum. During the
final plunge, frame dragging causes the particle’s angular
velocity to reverse sign and eventually lock onto the
horizon frequency. This orbital reversal excites retrograde
(7, m) modes, whose complex frequencies are related to the
prograde frequencies by 6yop, = —0p _, - This effect
intensifies as the spin becomes more negative, driven by
the widening gap between the light-ring and horizon
frequencies. For instance, when a = —0.5 (a = —0.99),
we find Qg =0.0495 (0.0393) and Q= -0.134
(—0.362), yielding a frequency difference of Qy — Qg =
—0.183 (-0.401).

In Ref. [102], the merger-RD waveform hI}’ImR was
modeled as a linear superposition of (£, m,n) modes in
order to capture mode mixing. Schematically, their Ansatz
can be written as

N-1
MR _ —i0 4y (=1
hy (1) = E Apmne” (o)
n=0

+ y(t) |:Abﬂ/‘m‘0€_iﬁf/~'"~0(l_[fr;|}:lch>

+ Af’_m.oeia;’.—m.o(t_[r!r/:l\l[ch)i| (58)
where N denotes the number of included overtones. The
term .#(t) = [1 + tanh|[(7 — t)/7,]]/2 is a sigmoidlike
window function used to gradually activate the mixing
terms after merger; the parameters 7, and 7, characterize the
timing and duration of this transition, respectively. The
Ay .. are the coefficients of the fundamental mode and its
overtones, while Ay, o and A, _,, o quantify the strength of
the interfering QNMs. Here, the index £’ # ¢ denotes the
spheroidal-mode contribution arising from the basis mis-
match, while the —m index accounts for the excitation of
retrograde modes due to orbital frequency reversal. These
constants were determined phenomenologically: whenever
mode mixing was clearly visible, Ay, o and A, _,, o were
fixed by fitting the model GW frequency to the corre-
sponding Teukolsky frequency over a suitable fitting
window. Once the mixing amplitudes were fixed, the
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remaining A, ,, , were obtained through a hybrid matching
procedure detailed in Ref. [65]. In this way, all mixing-
mode coefficients were calibrated numerically against the
Teukolsky waveforms.

A key distinction in our approach is that while Ref. [102]
explicitly sums over overtones to model the (£, m) con-
tribution, our phenomenological Ansatz—Eq. (5.1)—factors
out the fundamental (£,m,0) mode. Consequently, the
residual signal (which includes overtone contributions) is
represented through the time-dependent amplitude and
phase defined in Egs. (5.2) and (5.3). Furthermore, while
our strategy for incorporating additional mixing modes—
detailed in Sec. VI—follows a similar logic to Ref. [102], we
have refined the numerical extraction of the QNM coef-
ficients. To determine the QNM content of the TD
Teukolsky waveforms, we utilize gnmfinder [131], a
reverse-search algorithm designed for robust QNM identi-
fication as presented in Ref. [132].

C. Extracting QNM coefficients

As noted above, we utilize gnmf inder to extract the
QNM coefficients from the TD Teukolsky data. The method
combines variable projection for free-frequency fits with a
stability criterion on the complex amplitudes, ensuring that
only physically meaningful QNMs are retained. A detailed
discussion of the algorithm can be found in Ref. [132]; here
we summarize its main features. First-order BH perturbation
theory predicts additional non-QNM content in the ring-
down waveform, including the prompt response (the direct
propagation of the perturbation to the observer [178]) and
power-law tails from backscattering off the BH potential
[179,180]. These features are not simple damped sinusoids
and can contaminate QNM fits. To guard against this,
gnmf inder imposes a stability requirement: over a range
of extraction times, the projected QNM amplitudes must
consistently track the expected damped sinusoid evolution.
If stability is violated, the candidate QNM is rejected as
spurious. The algorithm further improves robustness in two
key ways. First, the QNM model is constructed over the
entire 2-sphere rather than restricted to a single (£, m)
spherical harmonic mode, which helps constrain mixing and
suppress spurious solutions. Second, the procedure exploits
the fact that QNMs have different decay times: the longest-
lived modes are identified from the late portion of the
ringdown, while faster-decaying modes are extracted by
progressively shifting to earlier time.

After the prompt response, the emitted GW strain can be
expressed as a sum of damped sinusoids

h(l‘, 97 ¢) = Cfmne_iﬂmmt—QSfmn (9’ ¢)

¢>2.|m|<£.n>0

(5.9)

where Cy,,, are the complex amplitudes and _,S,,,,, are the
spin-weighted —2 spheroidal harmonics. Since numerical
waveforms are typically decomposed in the spherical rather

than spheroidal basis, one expands the spheroidal harmonics
into spherical harmonics using spherical-spheroidal mixing
coefficients [181]. As a result, within a given (£, m)
spherical harmonic mode, gnmf inder can also identify
contributions from spheroidal QNMs. These QNM frequen-
cies are fully determined by the remnant BH’s mass M ; and
spin a, in accordance with the no-hair theorem. In contrast,

C?gﬁ depends on the progenitor

binary’s parameters and must be extracted from numerical
waveforms. To mitigate errors from residual supertransla-
tions in numerical data, gnmfinder performs the fits in
terms of the news—the first time derivative of the strain—
rather than the strain itself, since the news always decays to
zero in any gauge [182]. The corresponding strain-domain
amplitudes are then obtained directly from the news-domain
fits via

the complex amplitude

strain  __ news ,—iconm! —ioonm!
QNM_/CQNMe owildp/ el

= Cisv/ (~ioqnw) (5.10)

To illustrate the extraction of QNM amplitudes using
gnmfinder, we consider the TD Teukolsky waveform for
the negative-spin cases, which, as noted earlier, exhibits
enhanced mode mixing in the TML. Figure 9 displays the
resulting fits for the QNM strain amplitudes, which are
defined as the magnitude of the complex coefficients ngy
in Eq. (5.9). In the figure, thin lines represent the extracted
amplitudes across all candidate start times, while the thick
segments highlight the stability interval. The vertical
dashed line marks the peak of the (2, 2) spherical mode.
We restrict our analysis to the fundamental modes and
neglect overtones (n > 0). This is due to their rapid decay
and the fact that the early merger-RD is already handled by
our phenomenological modeling; our focus here is on the
longer-lived modes that dominate the late-time mixing. To
maintain clarity and avoid overlap, the figure is split into
two panels: the left for £ = m and the right for £ # m.
Within these panels, dark colors indicate the prograde
modes (¢, m,0), while lighter colors represent the corre-
sponding retrograde modes (¢, —m, 0).

This visualization confirms that for negative-spin cases,
the retrograde QNM contribution is most significant for the
(2, 1) mode. This is reflected by the high ratio of
|C /Y, indicating that retrograde-mode mixing is
strongest in this specific harmonic. These findings connect
directly to the behavior observed in Fig. 5, where the (2, 1)
mode exhibits the most prominent mode-mixing effects in
the negative-spin regime. Figure 9 also shows that the
retrograde mode contribution increases as the spin becomes
more negative, reflecting the longer portion of the orbit
with Q < 0. This trend is quantified in Fig. 10, which

shows the amplitude ratio A?ﬂ% / A%%w as a function of the

QNM

mn

spin. Here, A represents the amplitude of the (£, m, n)

124034-17



NAMI NISHIMURA et al.

PHYS. REV. D 113, 124034 (2026)

—
—
=
—
[N
—_
=

(a
A
o

8

0 25 50 i) 0 25 50 5
fit start time % fit start time ¢

FIG. 9. The amplitude of stable QNM coefficients, |C?E£A , for
negative-spin Teukolsky waveforms. Thin lines show fits starting
from all candidate times, while thick lines indicate the most stable
interval for each amplitude. Dark colors correspond to prograde
modes (Z,m,0), and lighter colors to retrograde modes
(¢,—m,0). The figure is split into two panels: left for £ = m
modes and right for # # m modes. The vertical dashed line marks
the peak of the (2, 2) mode.

spheroidal QNM coefficients after they have been mapped
onto the (£, m) spherical harmonic basis. This mapping
ensures that the QNM contributions are expressed in a form
that is easily incorporated into our EOB framework, where
the multipolar waveforms are constructed in the spherical
basis. While stable QNMs are identified within their
specific stability windows, we evolve the extracted
QNM amplitudes back to the attachment time using their
respective complex frequencies. We specifically choose
this reference point because the merger-RD model starts at
the attachment time, where this QNM information is
required for the construction (see Sec. VI for more details).
In this figure, two observations are noteworthy. First, stable
retrograde modes could not be identified for (3,2) ata = 0
and for (3, 3) at @ > —0.5, which are indicated by nonfilled
circles at zero ratio. Inspection of the corresponding
Teukolsky waveforms confirms that mode-mixing behavior

—— (21)
(2,2)
0.41 —— (32)
—— (33)
0.31
;:o
Z =
[«
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-
5001
o;? 0.2
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FIG. 10. Ratio of QNM amplitude |A,_,,0/Azmo| as a function
of spins. Here, the amplitudes A,,, correspond to the (¢, m, n)
spheroidal QNMs mapped onto the (£, m) spherical harmonic
basis and evolved back to the attachment time. Data are shown for
the four dominant (#, m) modes; nonfilled circles indicate cases
where no stable retrograde mode was identified by gnmf inder.

was negligible in these cases, so excluding them does
not highly affect the accuracy of our waveform model.
Second, even in the nonspinning case, the retrograde
contribution for the (2, 1) mode is non-negligible; in fact,
a stable (2,—1,0) QNM was found for a = 0.3, but not
for a = 0.5, showing that retrograde-mode excitation can
persist even for small positive spins. When incorporating
this extracted QNM information into our model, we must
fit not only the parameters ¢, s, ¢, ¢, d; s and d, ; from
Egs. (5.2) and (5.3), but also the ratio of A,_,,0/Azmo
across the range of spin values. As shown in Fig. 10, the
retrograde-mode contribution generally increases as the
spin decreases. Consequently, we interpolate these ratios
across the spin parameter space by fitting them with
rational functions.

VI. MODELING MIXING MODES

Having established the phenomenological Ansatz for the
EOB framework, identified the necessity of including
mixing modes in the TML, and demonstrated the extraction
of QNM coefficients, we now proceed to construct the
merger-RD waveforms. This construction explicitly incor-
porates the contributions from mixing modes.

A. Retrograde spin (£ =m modes)

We first focus on £ = m modes in the negative-spin case.
As discussed in Sec. V B, the reversal of the orbital
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frequency during the plunge excites retrograde QNMs. To
capture this retrograde-mode mixing, we include the
(¢,—m,0) QNM contribution within the MR Ansarz in
Eq. (5.1), i.e.,

h?dnl}(t) e Afmo(t)eig)t’m(w |:e_i{7/m0(l_tmatch)

Ag;\]ﬂ;/? i0;7m0<t_tnlalch)
¢m0

+ (1)

Al } (6.1)

Here, ASE},A is the extracted complex amplitude of the

QNM coefficient (£, m, n) evaluated at the attachment time
|

and translated into the spherical-harmonic basis. The
phenomenological Ansatz for the QNM-rescaled amplitude
and phase, Ay,,o(1) and ¢, (1), is the same as in Eqs. (5.2)
and (5.3). Four free parameters, Clf>Cofs dy. 2 dy s, are
determined by a least-squares fits to Teukolsky waveforms
while ensuring consistency with the (£, m, 0) QNM ampli-
tude at late times. The function .#(r) governs the activation
of the retrograde mode contribution. In Ref. [102], this role
was played by a sigmoid function [1 + tanh[(¢ — ¢,)/7,]]/2.
Here we adopt a refined activation function,

iysech (L) 7, tanh (;—S) — sech? (;—5> tanh(7) 4 7, tanh (T;_tx)
e | S S (6.2)
7, — sech? (;—) + 7, tanh (i—)

with 7 =t — tn- This construction retains the overall
sigmoidlike behavior, approaching unity as t — co. Con-
sequently, in this asymptotic limit, Eq. (6.1) reduces to a
superposition of two fundamental QNMs,

hl}/[rf — A?nltll(l;/le_io_fmo(z_tmmch) + AS_N'%eia;,mn(t_tmalch)‘

(6.3)
At the same time, the refined form .7(r) differs from
Ref. [102] in two important respects. First, it satisfies
(0) =0 and .#(0) = 0, so that at the attachment point,
the waveform reduces smoothly to the pure (¢, m, 0) QNM-
rescaled mode of Eq. (5.1), thus ensuring the continuity and
differentiability of the merger-RD Ansatz. Second, the
prefactor e75M(7/%,) provides additional phase flexibility,
which becomes especially important for large negative spins.
In this regime (a < —0.9), the early ringdown contains not
only (¢, £m,0) modes but also other QNMs that are absent
from our explicit model. The extra phase term therefore
plays a phenomenological role, compensating for this
missing physics. This treatment is purely phenomenological;
a physically motivated overtone structure would be a more
rigorous way to capture these contributions. However, we
rely on the added flexibility of .(¢) to handle these early
time transients in order to maintain a manageable level of
complexity. Finally, the parameters (t,, z,,7,,), introduced in
the activation function defined in Eq. (6.2) are tuned for each
mode to control the onset and steepness of the activation. For
the (2, 2) mode, for example, we use (t,,7,.7,) =
(20,7.5,7.5) for a > —0.9, while for a < —0.9 we increase
f; to 25 and 7, to 10 in order to account for the delayed
excitation of the (2,-2,0) contribution, while allowing a
wider window for the phenomenological activation function
to capture the effects of the missing modes. As already
discussed in Sec. V B and illustrated in Fig. 10, the ratio of

QNM coefficients [AZM /ADM)| grows steadily as the spin

|
decreases, underscoring the increasing importance of retro-
grade-mode mixing in the highly retrograde regime.

The effectiveness of the merger-RD Ansatz for £ = m
modes with negative spins is illustrated in Figs. 11 and 12.
Figure 11 shows the case with spin a = —0.8. The upper
panels display the real part of the waveform together with
its amplitude, while the lower panels show the GW
frequency for the (2, 2), (3, 3), and (4, 4) modes. The
Teukolsky waveforms are shown in black. The merger-RD
model following the SEOBNRvSHM approach—
constructed with only the (¢,m,0) QNM contribution
[Egs. (5.2) and (5.3)]—is shown in blue. Finally, the
SEOB-TML model, which includes the retrograde
(Z,—m,0) mode [Eq. (6.1)], is shown in red. In the
frequency panels, the SEOBNRVS5HM Ansatz asymptotes
to the fundamental QNM frequency o-§m0, around which the
Teukolsky frequency oscillates. These oscillations in fre-
quency in turn induce modulations in the waveform
amplitude. By contrast, the model with retrograde-mode
mixing reproduces both the frequency oscillations and the
associated amplitude modulation, achieving much better

agreement.
For more negative spins the limitations of the model
become evident. Figure 12 shows the a = —0.9 case. In the

early merger-RD, the red curve does not align well with the
Teukolsky waveform, both in amplitude and in frequency.
Introducing the additional phase flexibility through the
prefactor ¢/7°¢N(¥/7,) in the activation function improves the
agreement, but does not fully resolve the discrepancy,
particularly at early times. This discrepancy becomes even
more pronounced for a = —0.95, suggesting that a future
refinement of the activation function .(¢) [Eq. (6.2)] may
be needed to accurately model the large negative spin
regime. An additional noteworthy feature emerges for
a < —0.9: the average gravitational frequency of the
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FIG. 11. Merger-RD modeling for # = m modes with retrograde spin a = —0.8, compared against TD Teukolsky waveforms (black).
Top panels show the waveform amplitude and the real part of the strain, and bottom panels show the gravitational frequency for the (2,
2), (3, 3), and (4, 4) modes. Blue curves represent the SEOBNRv5HM merger-RD model, which includes only the fundamental (£, m, 0)
QNM. Red curves represent the SEOB-TML model, which incorporates the retrograde (£, —m, 0) mode via Eq. (6.1). The SEOB-TML
Ansatz successfully captures the modulations in both amplitude and frequency induced by mode mixing. The time coordinate is shifted
such that + = 0 corresponds to the merger-RD attachment time.

(¢, m) mode transitions from oX  toward the retrograde  does not occur at the peak of each mode but rather at the
value o®_ . For example, in the (2, 2) mode, the bottom  times prescribed in Eq. (4.2). For the (2, 1) mode, the
panel of Fig. 12 shows that the Teukolsky frequency  attachment is set when the orbital frequency crosses zero,
initially oscillates around o%,,, but at later times it drifts ~ consistent with the onset of retrograde excitation. For the
and begins to oscillate about 6% ,, indicated by the gray (3, 2)and (4, 3) modes, the attachment is further delayed by
dashed line, leading to 2Q ~ 6¥ ,,. This transition to 2.5 and 3.5, respectively. The merger-RD modeling of the
retrograde behavior is also visible in the higher # =m (2, 1) mode follows the same form as Eq. (6.1), incorpo-
modes, reflecting the growing dominance of retrograde-  rating the (£, —m,0) QNM. By contrast, the (3, 2) and (4,

mode contributions in the highly retrograde regime. 3) modes also receive contributions due to spheroidal-
spherical translation, which introduces contributions from
B. Retrograde spin (£ # m modes) spheroidal modes with the same m but different 7.

Therefore, the merger-RD Ansatz for the (3, 2) and

We now turn to the case £ # m, still with negative spin. (4. 3) modes becomes

In contrast to £ = m modes, the merger-RD attachment
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=
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FIG. 12. Merger-RD modeling for £ = m mode with retrograde spin a = —0.9. The layout and color scheme follow Fig. 11. The
horizontal dashed line marks the retrograde QNM frequency o%_, ., illustrating how the Teukolsky frequency drifts from the prograde
value o®  toward the retrograde limit as the latter becomes the dominant contribution at late times.
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FIG. 13. Merger-RD modeling for £ # m mode with retrograde spin a = —0.8. Blue curves represent the SEOBNRv5HM merger-RD

model, which includes only the fundamental (¢, m,0) QNM. Red curves denote the SEOB-TML model, which incorporates the

retrograde (£, —m, 0) mode; for the (3, 2) and (4, 3) modes, this model further includes the (¢ — 1,

—m, 0) contribution via Eq. (6.4).

Compared with the £ = m case, the amplitude and frequency modulations are less accurately reproduced, particularly at early times,
reflecting the limitations of the phenomenological Ansatz in capturing multiple interfering contributions immediately after attachment.

MR (1) = A fmo(t)ei(ilfmn(ﬁ le—i%n(f—tmm)

AQNM
+ y(t) gNmMO elgf ,,o(t ’match)
Ame

AQWM
T gﬁ& e~ 0 mo(t=tmaen) | | |
A

£m0

(6.4)

where ¢/ = 2 for the (3, 2) mode and #' = 3 for the (4, 3)
mode. Higher-order spheroidal contributions with £’ > #
are neglected, as their effect is subdominant and would
overcomplicate the Ansatz. The comparison with the
Teukolsky waveforms is shown in Fig. 13 for spin
a=—0.8. The (2, 1) mode exhibits rapidly growing
oscillations about %, well captured by the mixing
Ansatz at late times. For the (3, 2) and (4, 3) modes, the
GW frequency oscillates around o%, , while developing a
slower envelope modulation. These two timescales arise
from the interference of the (£,—m,0) and (¢/,m,0)
QNMs with the dominant (#,m,0) mode, producing
high-frequency oscillations and low-frequency amplitude
beating, respectively. The overall mixing behavior is
reproduced, though the early ringdown again exposes
the limitations of a phenomenological activation. Strictly
speaking, the activation function .#(f) governing the
(¢,—m,0) and (£',m,0) contributions does not need to
be identical, since their decay times differ. A more
complete model would assign distinct activations to each
term, but for simplicity we employ a single common .¥(¢).
At larger negative spins (a < —0.95), the modeling
becomes more challenging. For example, for the (3, 2)
mode, the frequency no longer cleanly asymptotes to 6%,

but instead drifts between o% ,, and &% ,,, showing
irregular patterns, illustrated in Fig. 14. This behavior
underscores the need for refined activation functions and
possibly additional QNM contributions in order to extend
the model reliably into the highly retrograde regime.
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FIG. 14. Teukolsky GW frequency for the (3, 2) mode (top) and
(4, 3) mode (bottom) for a = —0.95, shown as a function of time
relative to the mode peak. Horizontal lines indicate the real parts
of selected QNM frequencies: the prograde (Z, m, 0) mode (solid
blue), the neighboring prograde (¢ —1,m,0) mode (dashed
blue), the retrograde (¢,—m,0) mode (solid red), and the
neighboring retrograde (¢ —1,—m,0) mode (dashed red). At
late times, those frequencies oscillate between the negatives of
the two retrograde QNM frequencies.
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C. Prograde spin (£ =m mode)

So far, we have focused on modeling the merger-RD
waveform for negative-spin cases. We now turn to positive-
spin configurations. In principle, similar to the retrograde
case, one could include an additional QNM contribution to
capture mode mixing in the prograde regime. For £ = m
modes with positive spin, the (£ + 1,m,0) mode is the
dominant secondary contributor. Applying the same for-
malism, the merger-RD Ansatz becomes

h];[”]} (t) — Afmo (t) ei‘}t’mﬂ(w le_iaflrzo(t_tlnalch)

ADM
e (%
£m0

In this configuration, ¢’ corresponds to #+ 1. The
results for spin a = 0.8 are shown in Fig. 15. The top
panel compares the merger-RD model with and without the
(¢ +1,m,0) QNM contribution against the TD Teukolsky
waveform. Visually, the two waveforms are nearly identical,
completely overlapping and indistinguishable. However, the
bottom panel shows the absolute residual, where the
modulation is noticeably flattened for the model including
the additional QNM. This indicates that the late-time mixing
behavior is slightly better captured when (¢ + 1,m,0) is
included. Although this confirms the validity of the
extended Ansatz, the improvement is minor. Therefore,
for the sake of simplicity, we do not include this additional
QNM information in the model, at least for the quasicircular
spin-aligned case. Consequently, for £ = m modes with
positive spin, the merger-RD waveform reduces to the
original SEOBNRvV5HM Ansatz given in Eq. (5.1).

D. Prograde spin (£ # m modes)

We first note that the (2,1) mode is modeled exactly as
the £ = m positive-spin modes discussed in the previous
section, since it does not exhibit noticeable mode mixing.
In principle, one could extend Eq. (6.5) to the (3, 2) and (4,
3) modes by including the additional QNMs A,,, and Ass,
respectively. While this Ansatz can capture the mixing
behavior using extracted QNM information, it relies
heavily on a phenomenological activation function,
which—as we have seen—may not fully capture the
early merger-RD behavior in some cases. To avoid this
complication, we instead adopt the strategy used in
SEOBNRvS5HM, which effectively removes mode mixing
by modeling the waveform in the spheroidal basis. This
approach approximates the spherical-spheroidal transforma-
tion while neglecting overtones (n > 0) and higher-order
spheroidal modes (¢’ > £). Despite these approximations,
this method accurately reproduces the main features of (3, 2)
and (4,3) modes.

As an example, consider the merger-RD of the (3, 2)
mode for spin a = 0.8 (Fig. 16). The top panel shows the
amplitudes of the (2, 2) and (3, 2) spherical modes, while the
bottom panel shows their instantaneous frequencies. The (3,
2) mode exhibits pronounced oscillations in both amplitude
and frequency, whereas the (2, 2) mode is smooth. At late
times, m,, asymptotes to the (2, 2, 0) QNM, while w3,
oscillates around the (3, 2, 0) QNM. Similar behavior is
observed for the (4, 3) mode. In principle, the spherical-
spheroidal transformation in Eq. (5.7) requires summing
over all overtones n and all ’. In practice, contributions
from n > 0 decay rapidly and spheroidal modes with £/ >
¢ have suppressed amplitudes, so we retain only n = 0 and
¢’ < ¢. Under these approximations, the spherical modes
reduce to

—— Teukolsky 0.5

1 —— SEOBNRvSHM :
---- SEOB-TML

0.0

—0.5

0.2
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Merger-RD modeling for £ = m modes with prograde spin a = 0.8, compared against TD Teukolsky waveforms (black).

Top panels show the real part of the strain, while bottom panels display the absolute residual for the corresponding modes. Blue curves
represent the SEOBNRv5HM merger-RD model which includes only the fundamental (£, m, 0) QNM, whereas red curves additionally
include the (£ + 1,m, 0) mixing contribution via Eq. (6.5). The two models are visually indistinguishable at the level of the strain. A
modest improvement from the additional mode is visible only in the residuals, where small late-time modulations are partially flattened.
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hoa (1) = psy hao (1), (6.6a)

B33 (1) = W3305h330 (1), (6.6b)

g (1) = WingShano (1) + 5330 h320 (1), (6.6¢)

has (1) = Wiyz0°h330(1) + Miaag hazo(2),  (6.6d)

From these relations, the spheroidal (3, 2, 0) and (4, 3, 0)
modes can be reconstructed as

0 20 40 60 80 100
t— tpeak
22

By (D) hong — hoo (1) 15
ST (1) = 32(D)H5000 2( )/42320, (6.7a)

* *
H2330M2220

hys (1) i gne — haz (1)
Sh430(t)z 43()#3440 33()#3430 (6.7b)

H3330H3440
1077 As illustrated in Fig. 16, these spheroidal modes exhibit
27w ——= oy much less modulation in amplitude and frequency than their

- oy spherical counterparts, despite the truncation to n = 0 and
¢ < ¢. We exploit this monotonic behavior by applying the
phenomenological merger-RD Ansatz [Eqgs. (5.2) and (5.3)]
directly to Shyyy and Shys. Minor adjustments are made: in

Wem
—
T
-
|
i
i ©
£ =
2

20 40 ek 60 80 100 Fq. (5.3), 72 is replaced with S¢3<h, the phase of Sz,
b=t at the attachment time, and in Egs. (5.4a)—(5.4c), the

FIG. 16. For each mode, the upper subpanel displays the amplitude of Ky, is replaced by the amplitude of *hy,.
amplitude of the Teukolsky waveform h,,, together with the Once Shsy and Shyzy are modeled, the spherical (3, 2) and
reconstructed spheroidal mode Sk, defined in Eq. (6.7), while (4, 3) modes are obtained by inverting Eq. (6.7) using the
the lower subpanel shows the corresponding GW frequencies. At previously modeled (2, 2) and (3, 3) modes. Figure 17
late times, the frequencies of *hy and “hs approach the  shows the merger-RD model for a = 0.8 and £ # m modes.
fundamental QNM frequencies (3,2, 0) and (4, 3, 0), respectively,  The modulations in both amplitude and frequency for (3, 2)

indicated by dashed honzontgl lines. The configuration shown and (4, 3) are well reproduced by modeling the spheroidal
corresponds to a prograde spin a = 0.8.
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FIG. 17. Merger-RD modeling of # # m modes for prograde spin a = 0.8, compared against TD Teukolsky waveforms (black). For
each mode, the upper panel shows the amplitude and the lower panel shows the GW frequency. The merger-RD model (red) is
constructed by modeling the reconstructed spheroidal modes /5, and $hy43, and transforming back to the spherical basis, following the
same procedure used in SEOBNRv5HM. This approach accurately reproduces the late-time amplitude and frequency modulations of the
(3, 2) and (4, 3) modes.
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modes Shsy, and Shys, phenomenologically and then trans-
forming back to the spherical basis.

VII. COMPLETE IMR WAVEFORMS

Having constructed both the inspiral-plunge and the
merger-RD components of the waveform, we now assess
the performance of the complete SEOB-TML model. To
quantify the accuracy of our proposed formalism, we
compare our model against the TD Teukolsky waveforms,
while simultaneously comparing its performance to the
current SEOBNRV5HM model to demonstrate the specific
gains achieved by our updates. The key structural
differences between our framework and the original
SEOBNRV5HM model are summarized below:

(1) Q-factorized flux: Introduced a new factorization

that maps the total flux onto a single (2, 2) mode
baseline (Sec. III B).
Integrated horizon absorption: Incorporated the
dissipative effects of the BH horizon by applying
a consistent Q-factorized prescription to the absorp-
tion flux (Sec. III C).

(i)

(vi) Physically  motivated — multimode  ringdown:
Enhanced the phenomenological merger-RD Ansatz
by utilizing extracted QNM coefficients to better
capture mode-mixing effects (Sec. VI).

We present comparisons of the dominant (2, 2) mode
against TD Teukolsky waveforms for three representative
cases: the nonspinning limit (a = 0), and high-spin con-
figurations with @ = 0.9 and a = —0.9. These cases were
selected to highlight the main improvements of our model
relative to SEOBNRvV5HM across distinct physical regimes.
Comparisons for the subdominant modes are provided in
Appendix C.

Figure 18 presents the (2, 2) mode comparison for a
nonspinning binary, covering approximately 95 GW cycles
from an initial orbital frequency of €, = 0.048 through the
merger and ringdown. The top panel displays the real part of
the strain, split into two temporal regions for visual clarity.
On the left, we focus on the long inspiral phase, comparing
the SEOB-TML model (orange dashed) directly against the
TD Teukolsky benchmark (black). On the right, we zoom
into the merger-RD stage and include the SEOBNRv5HM
model (cyan). We deliberately omit the SEOBNRv5HM data

(ili) Mode-dependent attachment time: Adopted a flex-  from the dense inspiral panel to avoid visual overcrowding.
ible attachment prescription that anchors to the  The bottom panel provides a quantitative assessment of the
individual mode peaks for prograde spins and to  performance by showing the phase difference and the
the zero-crossing of the orbital frequency for retro- ~ absolute amplitude residuals. To facilitate a consistent
grade 7 # m modes, accounting for the onset of  comparison, the waveforms are aligned by matching the
mode-mixing (Sec. [V A). time of the (2, 2) mode amplitude peaks. The phase offset

(iv) Late inspiral-plunge: Replaced NQC corrections  Ag is then fixed by minimizing the phase difference within
with a phenomenological hyperbolic Ansatz, provid-  atime window close to the merger. Because the alignment is
ing the flexibility to handle a wider range of attach- ~ anchored near the merger, the accumulated phase difference
ment times and spin configurations (Sec. IV B). is reflected at the initial time of the comparison. For

(V) Refined merger-RD amplitude Ansatz: Enforced  nonspinning configurations, the accumulated dephasing is
second-derivative continuity at the attachment time  reduced from 1.06 rad in SEOBNRv5HM to 0.23 rad in
(Sec. VA). SEOB-TML, representing a nearly five-fold improvement in
¥ SEOB-TML SEOBNRvSHM

2 I \
=
—11 Y,

Eg 107!

a

<10

< . e L
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FIG. 18. IMR waveform comparison for the nonspinning (2, 2) mode. The top panel displays the real part of the strain, with the TD

Teukolsky (black), SEOBNRv5HM (cyan), and SEOB-TML (dashed orange); the time axis is shifted such that = 0 corresponds to the
amplitude peak. Alignment is performed by matching peak times and minimizing the phase difference near the merger. The bottom
panel shows the phase difference (dashed) and absolute amplitude residuals (solid) for both models.
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FIG. 19. IMR waveform comparison for the (2, 2) mode with prograde spin a = 0.9, following the same format and color scheme as

Fig. 18. The SEOB-TML model exhibits a substantial reduction in accumulated inspiral dephasing compared to SEOBNRv5HM due to

the refined flux formulation.

accuracy. This improvement is a direct consequence of the
refined energy flux treatment discussed in Sec. IIID. As
shown in Fig. 4, the Q-factorized prescription with inte-
grated horizon absorption maintains enhanced agreement
with numerical fluxes, with reduced errors persisting from
the low-frequency regime up to the ISCO. While these gains
are relatively modest at a = 0, the resulting improvements
in the orbital dynamics become increasingly significant for
spinning configurations.

More substantial improvements are observed for large
aligned spins, as illustrated by the a = 0.9 case in Fig. 19.
This waveform covers approximately 125 cycles starting
from an initial orbital frequency of Q, = 0.115. In this
regime, the refined flux formulation leads to a notable
reduction in dephasing, decreasing from A¢ = 7.02 rad in
SEOBNRvV5HM to 0.91 rad in SEOB-TML—representing a

nearly 90% reduction in accumulated error. While dephas-
ing naturally grows over longer evolutions—reaching
A¢p =1.79 after 200 cycles and A¢ = 2.95 after 300
cycles—it is important to note that even after 300 cycles,
the accumulated error in our model remains significantly
lower than the 7.02 rad error found in SEOBNRV5HM over
a much shorter evolution. Although further refinements via
additional resummation or calibrated fits could reduce
these residuals even further, the current framework pro-
vides a much more faithful representation of high-spin
dynamics, and we leave such extensions to future work.
Another advancement is visible in the late-plunge through
ringdown (right panel of Fig. 19). In this region, our
refined model achieves a reduction in both amplitude and
phase residuals of more than an order of magnitude
compared to SEOBNRv5HM. This localized performance

' B Teukolsky ==+ SEOB-TML —— SEOBNRv5HM i
2 \ A
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FIG. 20. IMR waveform comparison for the (2, 2) mode with retrograde spin a = —0.9, following the same format and color scheme

as Fig. 18. The refined Q-factorized flux treatment reduces the accumulated inspiral dephasing by over an order of magnitude.
Significant gains are also observed during the merger-RD stage, where the inclusion of retrograde QNM contributions via our new
Ansatz captures characteristic oscillatory features in the amplitude and frequency that are absent from SEOBNRvSHM.
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gain is a direct result of replacing traditional NQC
corrections with our specialized phenomenological
Ansatz (Sec. IV B) and utilizing an updated merger-RD
prescription (Sec. VA) that eliminates unphysical ampli-
tude peaks in high-spin configurations.

Finally, Fig. 20 illustrates the performance for the
retrograde case with a = —0.9, covering approximately
95 cycles from an initial orbital frequency of Q; = 0.031.
Consistent with the trends observed in previous configu-
rations, the refined flux treatment leads to a substantial gain
in accuracy; the accumulated dephasing is reduced from
1.02 rad in SEOBNRv5HM to 0.09 rad in SEOB-TML, an
improvement of over an order of magnitude. As discussed
in Sec. III D, the most pronounced reduction in dephasing
is expected for retrograde configurations. In this regime, the
total Q-factorized flux—which explicitly incorporates
horizon absorption—maintains high fidelity from the
low-frequency regime all the way to the ISCO. Another
significant gain in this regime occur during the merger-RD
stage. Both the amplitude and phase behavior are repro-
duced with substantially higher fidelity than in the
SEOBNRvVS5HM model, which struggles to capture the
mode-mixing effects. As detailed in Sec. V, this improve-
ment stems from our revised merger-RD Ansatz, which
explicitly incorporates retrograde QNM contributions. By
utilizing a phenomenological transition function to
smoothly activate these modes, our model successfully
captures the characteristic oscillatory features in both
frequency and amplitude.

VIII. MODELING (2, 0) MODE

While preceding sections focused on enhancing the
accuracy of components already present within the
SEOBNRvV5HM framework, a high-fidelity description of
the waveform requires incorporating previously omitted
multipoles. Most notable is the (2, 0) mode; as it is
intrinsically linked to the radiated energy flux, this mode
becomes critical during the late plunge where radial
acceleration is large [183]. The relevance of the (2, 0)
mode in the TML strongly depends on the Kerr spin
parameter a. Because m = 0 multipoles are primarily
driven by radial dynamics, they are significantly more
prominent in retrograde configurations. In these cases, the
ISCO occurs at a larger radius, resulting in a more
prolonged plunge and a postmerger contribution that can
become comparable to the dominant (2, 2) mode (see
Fig. 21). Conversely, for prograde spins, the (2, 0) mode
remains relatively suppressed.

In this section, we describe our approach to modeling the
instantaneous, nonlinear memory effects of the (2, 0) mode
from inspiral through ringdown. Our construction closely
follows the implementation in TEOBResumS-GIOTTO
[111]. The main difference is that, in the late inspiral, we
employ the hyperbolic Ansatz described in Sec. [V B rather
than the usual NQC corrections. This choice allows us to
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FIG. 21. Comparison of the (2, 0) (solid) and (2, 2) (dashed)
mode amplitudes for spin values @ = 0.9, 0.5, and —0.9. The time
axis is shifted so that + = 0 corresponds to the peak of the (2, 0)
mode. While the (2, 0) mode is suppressed for prograde spins, its
amplitude becomes comparable to the dominant mode in the
retrograde case (a = —0.9).

attach the merger-RD portion of the waveform at the peak
of the (2, 0) mode itself, instead of at the peak of the
dominant (2, 2) mode.

A. Inspiral modeling

As discussed in Ref. [184], the standard factorization
approach is ill suited for the m = 0 mode. Because the
Newtonian factor for m = 0 is inherently noncircular and
vanishes in the circular-orbit limit, factorization can
introduce spurious poles and numerical instabilities.
Additionally, it has been demonstrated that keeping all
time derivatives explicit in the Newtonian terms—rather
than reducing them using PN-expanded equations of
motion—generally produces more reliable results, as
supported in Refs. [111,184]. To avoid these issues, we
model the inspiral (2, 0) mode by retaining the explicit
time derivatives in the Newtonian term, rather than
reducing them via PN expansions, following the same
approach done in Ref. [185]. The inspiral contribution is

: ]
hy? = 41/—1 v(ri + %)

While higher-order PN corrections have recently been
derived in Refs. [185-187], we restrict our current imple-
mentation to the Newtonian term. Higher-order PN

(8.1)
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corrections may be included in future extensions, espe-
cially this is crucial when considering eccentric orbits.

B. Final stage of inspiral-plunge

For the (2, 0) mode, particularly in high positive-spin
cases, its peak is strongly delayed relative to the (2, 2)
mode. To improve merger-RD accuracy, we attach the
merger-RD waveform at the (2, 0) peak. As discussed in
Sec. IV, we use a phenomenological hyperbolic Ansatz
instead of the NQC corrections for the last stage of inspiral-
plunge. Similar to the (2, 1), (3, 2), and (4, 3) modes, we fit
the parameter y and A in Egs. (4.6) and (4.7) to control the
steepness of amplitude and frequency approaching the
attachment time.

C. Merger-RD modeling

Following the approach in Ref. [111], we first complex-
ify the real (2, 0) mode in order to apply the standard
merger-RD Ansatz used for other modes. This is accom-
plished by utilizing the Hilbert transform to construct an
analytic signal, which provides a well-defined amplitude
and phase for the otherwise real-valued mode. The Hilbert
transform of a function v(¢) is defined as

Ho(t) = 2tim [~ v(t—1) —v(t+7)

T e—=0 o 2T

dr  (8.2)

Its Fourier-domain representation is

FH[v]|(w) = —isign(w)F[v](w) (8.3)
The Hilbert transform shifts negative frequencies by
7/2. Given a real signal vg(¢), the corresponding analytic
signal is

After complexifying the (2, 0) mode via the Hilbert
transform, we apply the same merger-RD modeling pro-
cedure as for other modes, without mixing modes included,
as described in Eq. (5.1).

D. Comparison with Teukolsky waveform

We now construct the full IMR (2, 0) waveforms and
compare them with the TD Teukolsky waveforms.
Figure 22 shows the (2, 0) mode for spins a = —0.9,
0.0, and 0.9, together with the residuals in the bottom
panels. The comparison demonstrates that the late-stage
IMR signal is accurately modeled overall. However, for
large positive spins, the merger-RD description becomes
less accurate than in the nonspinning case. In particular, the
complexified amplitude exhibits oscillatory features in the
postmerger regime that resemble mode mixing, leading to
noticeable amplitude discrepancies. We attempted to iden-
tify possible additional modes using gnmf inder, but no
further stable QNMs were detected. As already noted in
Ref. [111], such behavior may be an artifact of the Hilbert
transform: similar oscillations appear when complexifying
the real part of the (2, 2) mode, though they are less
pronounced than for the (2, 0) mode. This suggests that
improvements could be achieved by adopting alternative
representations for the QNM-rescaled amplitude Ansatz.
Nevertheless, since the main difficulties arise only for large
positive spins—where the (2, 0) mode is suppressed and
lies low in the mode hierarchy—we defer a more detailed
treatment to future work.

IX. CONCLUSION

In this work, we introduce SEOB-TML, an advanced
EOB framework specifically optimized for the TML.
Central to this advancement is our shift away from the
traditional mode-sum factorized (M-factorized) flux, which

vy (1) = vg(2) — iH[v] (1) (84)  relies on an explicit summation over individual multipolar
—— Teukolsky 0.2
05 " SEOB-TML ’
B 0.002
= 0.1
< 00 0.0
= 0.0007
05 —0.1
—U.0
a=-—0.9 a=20.0
—0.2 —0.002
—2
7104 10
S
=
s . -6
<107 10°° 10
<
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FIG. 22. The late-inspiral merger-RD comparison for the (2, 0) mode at spins a = —0.9, 0.0, and 0.9. The upper panels show the real
part of the strain, comparing TD Teukolsky waveforms (black) with our model (red), while the lower panels display the absolute
residuals. Overall, the waveforms are well modeled, though some discrepancies persist for high prograde spin.
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modes. Instead, we propose a quadrupole-factorized
(Q-factorized) prescription. In this framework, the total
energy flux is modeled using only the factorized (2, 2)
mode as a baseline, multiplied by a polynomial 4*(x). This
polynomial is determined by matching its expansion to
high-order PN flux results in the TML, effectively captur-
ing the energy contribution of higher-order multipoles
within the dominant mode’s structure. Horizon absorption,
which is non-negligible in the TML, is also incorporated
into this formalism following a similar logic. We validated
the Q-factorized prescription by comparing its performance
against FD Teukolsky numerical fluxes. To evaluate the
impact of our proposed methodology, we compared it to the
traditional M-factorized approach using the same 9PN
order, summed to £, = 10.

The most striking improvement occurs in the nonspin-
ning and retrograde-spin regimes. In these regions, the
inclusion of horizon absorption in the Q-factorized pre-
scription leads to a dramatic reduction in fractional error
that persists from the low-frequency inspiral all the way to
the ISCO. While the gains are less pronounced for
intermediate prograde spins (0 < a < 0.8), the Q-factorized
flux still provides superior accuracy in the low-frequency
regime and maintains a comparable error profile to the
M-factorized with £, = 10 sum in the strong field.
Although the model encounters accuracy degradation in
the extremely strong-field prograde regime (e.g., close to
the ISCO for a = 0.95), primarily due to the current
modeling of horizon absorption (see Appendix A), it
remains highly robust across the vast majority of the
inspiral. These results establish the Q-factorized framework
as a highly efficient methodology for modeling the EOB
energy flux. It offers a path to decouple the orbital
dynamics from the complexity of multipolar expansions
without sacrificing, and often enhancing, physical fidelity.

Building on these dynamical refinements, we then
addressed the modeling of the waveform itself. A key
improvement in our approach is a more flexible transition
to the postmerger stage, achieved by adopting a mode-
dependent attachment prescription that moves beyond the
reliance on the (2, 2) mode peak. For prograde spins, we
allow the merger-RD to begin at the amplitude peak of each
individual mode, while for retrograde spins, we specifically
account for the onset of mode-mixing in £ # m modes by
anchoring the attachment to the zero-crossing of the orbital
frequency. To enable this wider range of attachment times,
we replaced the NQC corrections with a phenomenological
hyperbolic Ansatz. By removing the dependence on the
dynamical orbital frequency, this framework provides the
necessary flexibility to accommodate the increased vari-
ability in attachment times. We introduced additional
parameters to the Ansatz that specifically improved the
modeling of subdominant modes characterized by steep
growth near merger, such as the (2, 1) mode at large
negative spins.

Furthermore, we refined the modeling of the merger-RD
stage to achieve better consistency in the strong-field
regime of the TML. While maintaining the standard
phenomenological Ansatz based on factorizing the funda-
mental QNM, we improved the amplitude construction by
enforcing continuity up to the second derivative at the
attachment time. This modification effectively eliminates
the unphysical amplitude peaks often observed in high-spin
configurations. Beyond these structural improvements, the
most significant advancement is the systematic inclusion of
mode-mixing effects. By employing the QNM coefficients
extracted via gnmfinder, we transitioned from purely
phenomenological fitting to a physically motivated frame-
work informed by the underlying QNM content.

For the negative spin configurations, our model explic-
itly captures the excitation of retrograde (£, —m, 0) modes
triggered by the reversal of the orbital frequency during the
plunge. By introducing a refined activation function that
ensures a smooth attachment while providing the necessary
phase flexibility, we successfully reproduce the character-
istic modulations in both the waveform amplitude and
gravitational frequency. This multimode approach was
further extended for the (3, 2) and (4, 3) modes to account
for the simultaneous presence of retrograde excitations and
spheroidal-spherical basis mismatch. While the highly
retrograde regime (a < —0.9) presents an ongoing chal-
lenge due to late-time frequency drifts, our framework
provides a substantial accuracy improvement across the
majority of the retrograde parameter space. Furthermore,
while the current work focuses on quasicircular inspirals,
this framework for modeling mixing modes has been
extended to more general equatorial spin—eccentric mergers
in Ref. [188].

Regarding prograde configurations, our implementation
of (£+ 1,m,0) mixing for the #=m modes led to
relatively insignificant changes in the overall waveform
strain. While we demonstrated that including these extra
QNM contributions effectively flattens the late-time resid-
uals, the visual impact remains negligible; consequently,
we retain the original simplified Ansatz restricted to the
fundamental (£, m,0) QNM. For prograde £ # m modes,
such as (3, 2) and (4, 3), where mode-mixing is more
physically prominent, we maintain consistency with the
SEOBNRvVSHM strategy by modeling the signal in the
reconstructed spheroidal basis and transforming back to
the spherical basis.

Finally, we addressed the inclusion of the (2, 0) mode,
which is currently absent from the SEOBNRv5HM model.
Following the methodology introduced in Ref. [111], we
constructed the inspiral signal using the leading-order
Newtonian expression. The late-inspiral and plunge stages
were modeled using our phenomenological hyperbolic
Ansatz, ensuring a smooth transition to the merger. To
maintain consistency with our treatment of other multi-
poles, the real-valued (2, 0) mode was complexified via a
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Hilbert transform, enabling the application of our standard
merger-RD  Ansatz. Comparisons with TD Teukolsky
waveforms show consistent agreement across all three
representative spin configurations.

In summary, while several technical challenges persist—
particularly in the near-extremal and highly retrograde
regimes—the results presented here establish a robust
foundation for future EOB development. This work extends
the reach of the EOB framework by providing a streamlined
architecture tailored for high-accuracy modeling in the
TML. Ultimately, this formulation serves as a promising
framework upon which next-generation waveform models
can be built and further refined.
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of this research project. The data are available from the
authors upon reasonable request.

APPENDIX A: Q-FACTORIZED FLUX
AT NEAR-EXTREMAL SPIN

In Sec. IIID, we demonstrated that the Q-factorized
prescription provides high-fidelity agreement with the FD
Teukolsky flux for retrograde and moderate prograde spins.
However, as the spin approaches the extremal limit
(a — 1), the total Q-factorized flux exhibits a notable
increase in fractional error near the ISCO. We investigate
this behavior here, focusing specifically on spins where
a z 0.95. Figure 23 presents the same absolute fractional
differences shown previously in Fig. 4, but expressed as a
function of log;o(1 —a). The vertical white dashed and
solid lines mark a = 0.95 and a = 0.99, respectively; as
noted in Sec. III D, the former represents the threshold
beyond which the performance of the total Q-factorized
flux begins to degrade significantly. A key takeaway from
these results is that the Q-factorized prescription for the
flux at infinity (center panel) provides a significantly more
stable description in the strong field than the traditional
M-factorized flux at the same PN order (left panel). This
demonstrates that our proposed factorization remains
remarkably robust even as the system approaches the
extremal limit. However, the performance of the total
Q-factorized flux (right panel) is noticeably worse than

Q—factorize total

=
o
o

—_
<
>

| Fiot/ Fii™ — 1

—1.0 —1.5
log1y(1 — a)

=20 =25 00 =05 2.0 =25

Absolute fractional difference |F,/FTe"k — 1| across the spin-frequency parameter space, with an emphasis on the near-

extremal regime. The x-axis is scaled as log;y(1 — a) to resolve the strong-field behavior, and the y-axis is normalized to the ISCO
frequency. Vertical dashed and solid white lines indicate a = 0.95 and a = 0.99, respectively. The panels compare the 9PN M-factorized
flux with 7., = 10 (left), the Q-factorized flux at infinity (center), and the total Q-factorized flux including horizon absorption (right).
Results show that while Q-factorization at infinity outperforms the M-factorized approach near extremal spins, the current
implementation of horizon absorption introduces inaccuracies that degrade the total flux performance in this limit.
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FIG. 24. Absolute fractional difference |Fj/F¢ — 1| between
the Q-factorized horizon absorption prescription [Eq. (3.26)] and
the FD Teukolsky horizon flux. The axes and vertical lines are
consistent with Fig. 23. While the prescription remains accurate at
low frequencies, the fractional error grows significantly as the
system approaches the near-extremal regime (a 2 0.95).

the infinity-only version, indicating that the current imple-
mentation of the horizon absorption flux introduces sub-
stantial inaccuracies that propagate to the total flux.

This breakdown is isolated in Fig. 24, which displays the
absolute fractional difference for the absorption flux alone.
While this prescription maintains relatively low errors at low
frequencies, its accuracy diminishes rapidly as the system
approaches the strong-field, high-spin limit. These inaccur-
acies become critical in the near-extremal regime where the
horizon contribution is no longer a negligible correction. As
shown in Fig. 3, this component can reach nearly 10% of the

total flux at the ISCO for a = 0.99, directly impacting the
overall fidelity of the model. Consequently, the modeling
errors in the absorption term—which exceed 10? in the
high-frequency corner—become the dominant factor in the
degradation of the total flux model. These observations
indicate that future refinement of the horizon flux modeling
is required for the near-extremal regime. A potential
solution involves introducing a calibrated fitting parameter
at a higher PN order, such as ag/, in Eq. (3.27). Crucially,
rather than determining this coefficient by matching to
higher-order analytical PN expansions—which may not
converge well near the horizon—this term would be
calibrated directly against numerical Teukolsky results.
Such an adjustment could effectively tune the total
Q-factorized prescription, ensuring the model remains
robust even in the extreme-spin limit. We leave this
optimization for future work.

Despite the identified inaccuracies in the absorption flux,
it is instructive to examine the resulting impact on the full
IMR waveform at these high spins. In Fig. 25, we compare
the (2, 2) mode for a = 0.95 across the TD Teukolsky data,
SEOBNRvV5HM, and SEOB-TML. To ensure a fair com-
parison, the analytical waveforms are aligned to the
Teukolsky data by minimizing the squared phase difference
over a low-frequency window [z, 1,]

/ " BTN (r) — Y1+ Ar) + AGPde (A1)

We opt for this early time alignment rather than peak-
matching because the broad, flat nature of the amplitude at
high prograde spins makes the physical merger peak
difficult to resolve. As shown in the top panel, our model’s
time-to-merger is significantly closer to the Teukolsky
benchmark than the original SEOBNRv5HM implementa-
tion. The phase difference A¢,, in the bottom panel

—— Teukolsky -+ SEOB-TML

—— SEOBNRv5HM

0 2000 4000

FIG. 25.

6000 8000
t

Comparison of the (2, 2) mode for a near-extremal spin a = 0.95. The top panel shows the real part of the strain for the TD

Teukolsky data (black), the SEOBNRvSHM model (cyan), and the SEOB-TML model (orange). The bottom panel displays the phase
difference relative to the Teukolsky waveform, with the gray shaded region indicating the low-frequency window used for alignment.
Despite the inaccuracies in the horizon flux, our model significantly reduces the accumulated dephasing and provides a more accurate

time-to-merger compared to the SEOBNRv5HM implementation.
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confirms that, while the agreement is not yet perfect, our
new flux formulation provides a substantial reduction in
dephasing relative to the baseline model, even as the model
approaches its limit of validity.

APPENDIX B: COEFFICIENTS
OF O-FACTORIZED FLUX

In this appendix, we provide the explicit expressions for
the multiplicative correction factors f(x) and a(x) of the
Q-factorized flux, defined in Egs. (3.15) and (3.27),
respectively. As discussed in Sec. III B, both factors are
constructed using a similar matching procedure: we evalu-
ate the Q-factorized prescriptions for the flux at infinity
[Eq. (3.14)] and the horizon [Eq. (3.26)] in the circular-
orbit limit, and then match them order-by-order to the

|

ﬂ(x) =1 +@_&3/2+ (az_
448~ 96 ' \256 32514048
11015a> 7a 753384900379\ , [ 3543
( 114688 ' 48 480687685632>x (

n_a2 1902514045a
24576 128 3121348608 4644864

32509a*

corresponding PN-expanded fluxes in the TML. For the
construction of both f(x) and a(x), we utilize the (2, 2)
mode amplitude corrections, p,, and p, extended to 5PN
order. This choice is primarily motivated by the PN order
employed in the SEOBNRvSHM model, as our analysis
indicates that maintaining this consistency provides the
most robust performance across the explored parameter
space. The specific expressions for py, and pf, used in this
work are provided in Ref. [154]. While our matching
procedure for the flux at infinity extends f(v) to 9PN order,
and the horizon flux implementation includes coefficients
up to a4, we omit the full expressions for brevity. Instead,
we list the expansion for f(x) up to 5PN and a(x) up to
2.5PN; the complete results are available in the supple-
mental Mathematica notebook [189].
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APPENDIX C: COMPLETE IMR WAVEFORMS:
HIGHER MODES

Following the analysis of the dominant (2, 2) mode in
Sec. VII, we here extend the IMR comparison to the
subdominant  sector for high-spin  configurations
(a = £0.9). To maintain physical consistency, the time

shift At and phase offset A¢ for all higher-order multipoles
are held fixed at the values determined by the (2, 2) mode
alignment. Figure 26 illustrates this comparison for the (3,
3) and (4, 4) modes, which constitute the next-to-dominant
contributions in the multipolar hierarchy for a = 0.9.
Adopting the format of Fig. 18, the plot displays the real
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FIG. 26. IMR waveform comparison for the next-to-dominant (3, 3) and (4, 4) modes at a = 0.9. The top panel displays the real part of
the strain, with the TD Teukolsky (black), SEOBNRv5HM (cyan), and SEOB-TML (dashed orange); the time axis is shifted such that
t = 0 corresponds to the amplitude peak. These waveforms are aligned using the time and phase shifts derived from the (2, 2) mode in
Fig. 19. The bottom panels show the phase difference (dashed) and absolute amplitude residuals (solid), demonstrating an 80%
reduction in dephasing and an order-of-magnitude improvement in merger-RD accuracy relative to SEOBNRv5HM.

part of the strain across the inspiral and merger-RD stages,
alongside the resulting phase and amplitude residuals.
Consistent with the results observed for the dominant mode,
the most striking improvement is an approximately 80%
reduction in accumulated dephasing. For instance, the
dephasing in the (4, 4) mode is reduced from approximately
7.57 to 1.60 rad, while the (3, 3) mode shows a similar
improvement, dropping from 6.24 to 1.22 rad. Furthermore,
the accuracy of the late-plunge through ringdown is
significantly enhanced. This local improvement stems from
two specific refinements to the waveform modeling: first,
the merger-RD signal is now attached at the peak of each
individual mode rather than the (2, 2) peak; second, the
coefficients d{” and ¢/ (i =1, 2, 3) in the merger-RD
Ansatz [Egs. (5.2) and (5.3)] have been recalibrated spe-
cifically for the TML. Collectively, these updates reduce

residuals in both amplitude and phase by more than an order
of magnitude.

Figure 27 presents the (2, 1) and (3, 3) modes for the
retrograde case a = —0.9. Mirroring the performance gains
seen in the dominant sector, the refined flux treatment
significantly mitigates the accumulated dephasing in these
higher-order modes. Specifically, for the (2, 1) mode, the
dephasing drops from 0.52 to 0.054 rad, while for the (3, 3)
mode, it decreases from 1.58 to 0.21 rad. In addition to the
improved phase agreement during the inspiral, these panels
highlight the model’s ability to capture the complex merger-
RD dynamics. Specifically, the inclusion of physically
motivated QNM contributions in our revised Ansatz allows
the model to resolve mode-mixing features that are absent in
SEOBNRv5HM. These comparisons demonstrate that our
framework maintains a high degree of fidelity across the
most relevant modes.
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FIG. 27. IMR waveform comparisons for subdominant modes (2, 1) and (3, 3) at a = —0.9, following the same format and color

scheme as Fig. 26. The refined flux results in a significant reduction in accumulated dephasing for both modes. Furthermore, the SEOB-
TML Ansatz accurately captures the characteristic mode-mixing features during the merger-RD stage, which are absent in the

SEOBNRvV5HM model.
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