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We present a new effective-one-body (EOB) waveform for eccentric, nonspinning binaries in the
extreme mass ratio limit, with initial eccentricities up to 0.95. The EOB analytical waveform, that includes
noncircular corrections up to second post-Newtonian order, is completed by a phenomenological ringdown
model that is informed by Regge-Wheeler-Zerilli (RWZ) type waveforms generated by a point-particle
source. This model notably includes the beating between positive and negative frequency quasinormal
modes (QNMs). We analyze various prescriptions to faithfully complete the analytical EOB waveform in
the transition from plunge to merger. In particular, we systematically explore the effect of: (i) the generic
Newtonian prefactor; (ii) next-to-quasicircular (NQC) corrections to amplitude and phase; (iii) the point
where NQC corrections are determined; (iv) the ringdown attachment point. This yields EOB/RWZ
quadrupolar phase differences through merger and ringdown <0.01 rad for the quasicircular case and
<0.05 rad for the eccentric case. Higher modes are also modeled up to the £ = m = 5 multipole. We
finally discuss the excitation of the QNMs and present a heuristic model to motivate it in correlation with
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the presence of a point-particle source.
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I. INTRODUCTION

The gravitational waves (GWs) that have been detected
by the interferometers of the LIGO-Virgo-KAGRA col-
laboration [1-4] were generated by the coalescence of
comparable mass binaries, mainly black hole binaries.
Since accurate waveform models are required to analyze
these signals without biases, many efforts have been
devoted to build accurate and fast semianalytical models
using different approaches. However, there are no analyti-
cal solutions of the Einstein field equations for the merger
of the two objects, even if one considers only vacuum-
solutions. Therefore, all the currently available semiana-
lytical models that are able to provide waveforms for the
inspiral, plunge merger and ringdown of the binaries are
informed/calibrated using numerical results.

One of the semianalytical approaches that has been
proved to be accurate and fast enough to perform parameter
estimations [2—-6] is the effective-one-body (EOB) model
[7-11]. While the pure analytical EOB approach can be
used to faithfully describe only the inspiral of compact
binaries, it is possible to use numerical data to extend the
model and describe also the merger and ringdown of the
system [12,13]. Notably, EOB models can be improved and
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completed using both numerical results from comparable
mass binaries and from the extreme-mass-ratio regime.
This is linked to the fact that, given a system of two
compact objects with masses m, and m,, the EOB metric is
a v-deformation of a black hole solution, being v = u/M
the symmetric mass ratio and u = m;m,/(m, + m,) and
M = my 4+ m, the reduced and total mass of the binary,
respectively. Consequently, the test-mass limit is smoothly
connected to the comparable mass case. The dawn of
what is nowadays the established gravitational waveform
modeling via the EOB approach informed by numerical
simulations can be traced back to two seminal papers, one
by Buonanno, Cook and Pretorius [12], and the other by
Damour and Nagar [13]. The former used the pioneering
numerical relativity (NR) simulation of equal mass,
nonspinning black hole binary [14], while the latter
considered the quasicircular inspiral and plunge of a
nonspinning test particle in a Schwarzschild black hole
[15]. Since the test-mass limit is a controlled theoretical
laboratory to test prescriptions to use also in the compa-
rable mass case, it has been explored in many EOB works,
see e.g. Refs. [13,15-20] Moreover, this limit is also
interesting by itself, since the space-based mission

© 2023 American Physical Society
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LISA [21] will be able to detect extreme-mass-ratio-
inspirals (EMRIs) [22,23]. However, to model these astro-
physical systems, an accurate description of the dynamics
is needed. The gravitational self-force (GSF) community
has devoted many efforts in tackling this problem [24-27],
with techniques and results that are beyond the scope of this
work. We just mention that the EOB approach was recently
shown to accurately describe the dynamics of GSF-evolved
EMRIs in the quasicircular case [28,29] once informed by
GSF-results [30-35]. In this work we focus instead on the
EOB prescription to compute the waveform at infinity for a
nonspinning test particle plunging in a Schwarzschild black
hole after an eccentric inspiral. The numerical data used
to build the ringdown model, and thus complete the EOB
waveform, are obtained solving numerically the Regge-
Wheeler and Zerilli (RWZ) equations [36-39] using the
time domain code RWzhyp [16,40,41]. We argue that a
description based exclusively on quasinormal modes
(QNMs) cannot be used to describe the ringdown wave-
form starting from the peak of the amplitude. We rather
use a modified version of the phenomenologically agnostic
ringdown model presented in Ref. [42]. We model the (2,2)
multipole and also all the m > 0 higher modes up to £ = 4,
plus the (5,5) mode. The complete waveform obtained is,
to our knowledge, the most accurate EOB waveform for a
nonspinning test particle on quasicircular inspirals in
Schwarzschild spacetime, and also generalize well to
highly eccentric dynamics. To conclude, we also discuss
how the QNMs build-up during the last stages of the
evolution of the binary. Among other phenomenological
results, we find that the overtones are excited before the
fundamental QNM, confirming the qualitative arguments
presented in Ref. [13].

The paper is structured as follows. In Sec. II we discuss
how we compute the approximate dynamics of the particle,
the numerical RWZ waveform and the modeling of the
ringdown. In Sec. III we discuss the inspiral waveform and
how we match it to the ringdown model using the NQC
corrections. The complete EOB waveform obtained is then
compared to the original numerical results in Sec. IV.
In Sec. V we further analyze the QNMs contributions in
the postpeak waveform and we revisit the matching of the
ringdown model using an extended time interval. The build
up of the QNMs excitation is discussed in Sec. VI. The
rescaled phase-space variables that we use in this work are
related to the physical ones by t = T/(GM), r = R/(GM),
pr = Pg/u, and p, = P,/(uGM). We will also use geo-
metric units G = ¢ = 1.

II. FROM ECCENTRIC INSPIRAL TO PLUNGE,
MERGER, AND RINGDOWN

The radiation-reaction-driven transition from eccentric
inspiral to plunge, merger, and ringdown in the large
mass ratio limit and the emitted gravitational waveform
(computed using black-hole perturbation theory) were first

discussed in Ref. [43] and then more in extenso in Sec. VB
of Ref. [20] (notably also allowing the central black hole
to spin). In the same Sec. V B of Ref. [20] we also pre-
sented a (preliminary) complete effective-one-body-based
waveform model including merger and ringdown for the
¢ = m = 2 mode. In this section we build upon Ref. [20]
and complement the description of the dynamics and
waveform phenomenology described there. In particular,
we: (i) present a precise description of the transition from
inspiral to plunge and its dependence on the eccentricity;
(ii) explicitly present an analytical description of the
postpeak waveform, that improves the one presented in
Ref. [20] and that is crucial (as we will see) to construct a
complete EOB waveform, that is the main goal of Sec. III
below. Here we focus on the nonspinning case only,
while the spinning case will be discussed elsewhere. The
radiation-reaction-driven relative dynamics is obtained
solving Hamilton’s equations in the presence of driving
forces, that read

A
F==p,, la

70 (1a)
. Ap,

=——==Q, 1b
?=g (1b)
, . A ,(3 1
Pr, :Afr_l’zﬁl |:p</)<r2_r> +1:|7 (10)
pp=F, (1d)

where A = 1-2/r is the metric Schwarzschild potential,
Py, is the conjugate momentum of the tortoise coordinate
r,=r+2log(r/2—1), and H is the u-normalized
Hamiltonian of a test particle on Schwarzschild,

= \/A(r) (1 +’Z—§”> + pr. (2)

The explicit form of .7A-"q, and j:, can be found in
Refs. [20,43].

Let us also remind that, as in Ref. [20], we define the
eccentricity e and the semilatus rectum p in terms of
the two radial turning points, the periastron r_ and the
apastron r,

ry—r_

p— 3

¢ ry+r_ ()
2ryr_

= . 4

P 4)

Note that this definition yields r,. = p/(1 F e). The link
between (e, p) and the energy and angular momentum,
(E, P,) is simply obtained by solving the energy condition
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E=H| », —o evaluated at the two radial turning points. In

order to have stable orbits, the semilatus rectum must
satisfy the condition p > p, = 6 4 2e¢, where p, is known
as the separatrix and reduces to the last stable orbit (LSO) in
the quasicircular case. In this work we will consider
configurations with initial eccentricities up to ey = 0.95
and semilatera recta such that the particle undergoes at least
a few radial orbits before plunging in the black hole. The
simulations considered in this work are listed in Table I.
The dynamics is always started at the apastron, so that the
initial radial momentum is zero. Note that we chose
(eg, pg) in order to have a clear geometrical intuition of
the orbit, but we immediately convert (eq, py) in energy
and angular momentum so that we have all the needed
initial values to compute the dynamics from Hamilton’s
equations. Note that since the dynamics is not conservative,
e and p are not constants of motion and are not defined
through the whole evolution of the binary. Indeed, after
the separatrix-crossing time f,, i.e., the time at which the
condition p(f) = p,(¢) is met, the periastron is no longer
defined and thus neither the eccentricity and the semilatus
rectum. Since in the next sections we will focus on the last
part of the dynamics, we will often use ey, = e(tsp) to
refer to a certain simulation, rather than e,. Note however

TABLE I. Configurations considered and relevant quantities at
merger time, defined as the peak of the orbital frequency. From
left to right: initial semilatus rectum, initial eccentricity, eccen-
tricity at the separatrix-crossing time, time difference between the
peak of the orbital frequency and the peak of the quadrupolar
amplitude, energy, angular momentum and quadrupolar ampli-
tude at the peak of the orbital frequency (that corresponds to the
light-ring crossing).

Number py e;  exp t?fo ‘:: - tféjk EWR pr A]2“§
1 7.0 0.00 0.000 2.559  0.9422 3.4574 0.2928
2 7.3 0.05 0.061 2.585 0.9424 3.4598 0.2932
3 7.0 0.10 0.113 2.657 0.9429 3.4668 0.2942
4 8.0 0.15 0.141 2.708 0.9433 3.4717 0.2950
5 7.5 0.20 0.201 2.856  0.9444 3.4855 0.2970
6 8.0 0.25 0.229 2925 0.9450 3.4932 0.2981
7 8.0 030 0.276  3.080  0.9462 3.5081 0.3003
8 8.0 0.35 0.321 3240  0.9476 3.5243 0.3027
9 7.5 0.40 0.393 3.538 0.9503 3.5544 0.3070
10 8.0 0.45 0.415 3.651 0.9513 3.5644 0.3085
11 7.7 050 0.482  4.004  0.9545 3.5984 0.3133
12 8.0 0.55 0.514  4.189  0.9563 3.6159 0.3158
13 8.0 0.60 0.563  4.479  0.9592 3.6447 0.3199
14 8.0 0.65 0.615 4.839  0.9625 3.6768 0.3245
15 8.0 0.70 0.670  5.298 0.9665 3.7142 0.3298
16 8.0 0.75 0.728 5.877 0.9710 3.7554 0.3359
17 8.0 0.80 0.778 6.284  0.9751 3.7912 0.3408
18 82 0.85 0.818 6.628 0.9784 3.8202 0.3451
19 8.3 0.90 0.869  7.497 0.9839 3.8684 0.3523
20 8.5 0.95 0.904 8.160  0.9878 3.9004 0.3566

that this is only for labeling purposes, the eccentricity e()
is not actually used anywhere during the evolution.

In our conventions, the strain waveform is decomposed
in multipoles as

) 4
=i =D S0 Y o Y00, (9
=2 m

-

where D is the luminosity distance and _,Y,,,(®, ®) are
the spin-weighted spherical harmonics with weight s = —2.
The numerical waveform at linear order in v is obtained
solving the Regge-Wheeler and Zerilli [36,37] equations

PP~ RS VO 500 (@

m — Nfm

where the superscripts (e) and (o) distinguish respectively
even parity (£ + m even) and odd parity (£ + m odd)
solutions and the corresponding potentials V)(fo/ ° and
sources S/¢. The W\/(1), are related to the wave-
form multipoles of Eq. (5) as ‘I‘%e>(z‘) = hyp(1)/
V(€ +2)(€+1)¢(¢ —1). We solve the RWZ equations
using the time domain code Rwzhyp [16,40,41].

A. Transition from eccentric inspiral to plunge

Let us discuss the main qualitative features of the
transition from an eccentric inspiral to plunge and merger.
To do so pedagogically, let us first remind the reader
how this transition occurs in the quasicircular case. The
(quasi)circular inspiral is approximately representable as a
sequence of circular orbits. The radius r,. of each circular
orbit (with r > ry gg) corresponds to the local minimum of
the radial potential

W_(1-%)<1+’;—;2”), 7)

i.e., defined by the condition 0,(W)|,_, = 0, and its energy
is E = /Wi, where W(r.) = W, Since radiation reac-
tion eliminates angular momentum from the system,
the potential W is modified during the evolution, until
the local maximum and minimum fuse together in an
inflection point at the last stable orbit (LSO), r = r; g0 = 6,
where 9,W = 0?W = 0 and pLS° = 21/3. The evolution of
the potential and the energy for the quasicircular case up to
f1so are shown in the first panel of Fig. 1. We highlight in
blue the potential at # 5o, after which the particle plunges
into the black hole.

Eccentric orbits occur when /Wi, < E < /Wy, and
the radial motion is confined between the two turning
points, apastron and periastron. Since angular momentum
is not conserved due to gravitational wave emission,
the potential changes in time until a moment when
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Left panel: the evolution of radial effective potential W, Eq. (7), along the transition from quasicircular inspiral up to the

last stable orbit. The LSO potential is highlighted, while the minima (identified by visible markers) indicate the radius and energy
of the particle. Right panel: eccentric case with initial eccentricity ey = 0.6 (e, = 0.563). We show a sequence of potentials W
(that change due to radiation reaction) and corresponding energies of the particle at the periastron (horizontal line, gray) during
the bound motion of the inspiral. The quantities at the separatrix crossing are shown in blue, while the red lines correspond to the
beginning of the plunge. Note that in this case one has V,, < E. The horizontal arrows mark the radial location (and energy) of
the particle along the orbit at ¢ = #,, and at ¢ = t;_. Note that the arrows point toward the corrisponding direction of the radial
motion, outgoing for 7 = f, and ingoing for 7 = t;_(. This latter point can be considered a missed periastron and practically

marks the beginning of the plunge.

E = /W After this, the periastron no longer exists
(and thus e and p are no longer defined). As the energy
of the particle approaches the maximum of the potential,
the radial velocity eventually reaches a local minimum
|F|min 7 0 and the radial acceleration # changes sign,
forcing the particle to plunge into the black hole. We
identify this time, #;_, as the beginning of the plunge. The
evolution of the potential for a configuration with initial
eccentricity eq = 0.6 is shown in the right panel of Fig. 1.
In this example the particle undergoes many eccentric
orbits, then it crosses the separatrix while moving away
from the central black hole (blue marker). The particle
then reaches the apastron, inverts the motion and eventually
crosses the potential barrier at approximately #;_, (red
marker), where the plunge starts. We also show the
corresponding trajectory, the radial evolution and the
corresponding waveform in Fig. 2. Looking at r(z), it is
clear that t;_ can be though as a missed periastron. In
the same figure, we also show the quasicircular configu-
ration and another eccentric case with higher initial
eccentricity, ey = 0.9. Note that in this highly eccentric
case there is a long-lasting circular whirl around the
plunge, while in the previous case the whirl around #;_
was much shorter. This phenomenology is linked to when
fsep Occurs. In the e = 0.9 case, the particle crosses the
separatrix slightly before the plunge and thus the energy
at ty_o 1S quite close to the maximum of the radial
potential. As a consequence, the particle undergoes a

long-lasting quasicircular whirl.' In the case with e, = 0.6,
the separatrix crossing occurs slightly after the last
periastron passage and thus the effect of the radiation
reaction during the last radial orbit increases the difference
between the energy and the maximum of the radial potential
at the beginning of the plunge (in this case we have
E — /W ~5x 1075, while in the more eccentric one
we had 2 x 107%). Therefore, in our e, = 0.6 case the
particle has a shorter quasicircular whirl before the plunge
with respect to our ey = 0.9 case. For similar reasons, the
configuration with ey = 0.5 has a longer whirl at #;_, than
the configuration with e, = 0.8. We thus confirm that the
length of the quasicircular behavior occurring before the
plunge does not simply depend on the value of eccentricity.

Since the beginning of the plunge is a missed periastron
and the eccentricity is a slowly varying quantity, the radius
that marks the beginning of the plunge can be approximated
as Fplunge = (6 + 2e4ep)/ (1 + egp) and it is always smaller
than r = 6. The net result of this, together with the
considerations above, is that the plunge is more adiabatic
in the presence of eccentricity than in the quasicircular
case. This is made quantitative in Fig. 3, that depicts the
adiabatic estimator ©/Q? as function of Q for some

'"We recall that if the energy is close to the peak of the radial
potential, the orbits show a zoom-whirl behavior, see, e.g.,
Ref. [44].
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FIG. 2. Top row: trajectories for the three configurations with initial eccentricity ¢, = {0, 0.6,0.9}. We highlight in orange the
portions that correspond to the parts shown in the lower panels. In all the cases we mark the separatrix crossing with a blue diamond
(LSO in the quasicircular case), the peak of the quadrupolar amplitude tﬁezjk with a green circle, and the light-ring crossing time #; g with a
purple triangle. In the eccentric case we also highlight the inflection point of the radius that marks the end of the last radial orbit, #;_,
with a red star. Middle row: radius versus time, same markers as above. Bottom row: corresponding amplitude (black) and frequency
(blue) of the quadrupolar waveforms. We also show the orbital frequency (dashed orange).

relevant configurations. For each dataset, the horizontal = Fig. 2; the amplitude is shown in black, the frequency in
axis is restricted between Q;_, and €, that corresponds  blue. The latter is also compared with the orbital frequency,
respectively to the orbital frequency at the start of the  Q, shown in dashed orange. While in the circular case 2 is

plunge and at the light-ring crossing. a remarkably good approximation of the waveform fre-
quency sy, in the two eccentric cases the noncircular
B. Waveform phenomenology effects increase the differences between these two quan-

The features of the dynamics that we have just discussed ~tities during the inspiral. However, note that @, ~2€Q
clearly reflect on the waveform phenomenology, as shown  holds also during the plunge for the two eccentric cases,
by the Zerilli (2,2) waveforms reported in the bottomrow of ~ up to the time of the quadrupolar amplitude peak,
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FIG. 3. Measure of adiabaticity, Q/Qz, for the quasicircular
case and different eccentric configurations. The horizontal axis is
restricted between Q;_y and €.

tgijk (marked with a green circle), i.e., shortly before the
light-ring crossing #; g (marked with a purple triangle). This
can be easily understood considering that the eccentric
plunge is rather adiabatic.

In order to better highlight the properties of the wave-
form for different eccentricities, in Fig. 4 we plot the (2,2)
mode of the waveforms for e, € [0, 0.9]. As a consequence
of the fact that in highly eccentric configurations the plunge
starts at smaller radii, the amplitude grows as the eccen-
tricity increases and the peaks become wider. Moreover, the
peaks occur at earlier times with respect to the light-ring

crossing, as shown by the markers in the left panel. In the
right panel of Fig. 4 we show the corresponding frequen-
cies. After the light-ring crossing all the frequencies reach
the fundamental positive quasinormal frequency of the
Schwarzschild black hole. Notably, also the beating
between the positive and negative fundamental quasinor-
mal frequencies is not influenced by the nature of the
perturbation. However, at later time the oscillations in the
frequencies tend to grow for high eccentricity, but this is
only an effect of the power-law tail that begins to dominate
on the quasinormal-mode (QNM) contribution. We post-
pone the discussion of the tail to Sec. VD. We also
highlight the inflection point of the frequencies using
diamond markers. The location of this point is not strongly
influenced by the eccentricity, but it is only slightly delayed
with respect to the light-ring crossing. On the contrary, the
location of the amplitude peak is strongly influenced by
the eccentricity. This is a qualitative explanation of why the
quasicircular ringdown model used in TEOBResumS is
able to correctly reproduce the frequency of highly eccen-
tric comparable mass configurations, but not their ampli-
tudes (see the supplemental material of Ref. [5]).

C. Ringdown (postpeak) modeling

During the ringdown, a relevant contribution to the
waveform is given by the QNMs. If this is the only
contribution, then each multipole can be written as

W) =N (Chpe ™+ Coppe ™). (8)
n=1

0.4 T

— quasi-circ
05k —€sep = 0.113 |
—e€sep = 0.201
r —esep = 0.276
0.3~ esep = 0.393
esep = 0.482
0.25 ; Esep = 0.563 |
N [ esep = 0.670
= sl sep = 0.778 -
é:\‘ ’ —e€gep = 0.869

0.15
01-
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0.4 T
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esep = 0.778
—egep = 0.869

0.15 - . ‘
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t — 1R
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FIG. 4. Left panel: quadrupolar Zerilli amplitudes for different eccentricities, aligned with respect to the light-ring crossing. The dots
mark the maxima of the amplitudes. Right panel: Zerilli frequencies for different eccentricities, always aligned using the light-ring
crossing. The diamonds mark the inflection points of the frequencies.
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where G}H = ay, t iwz, are the complex QNM frequen-
cies, and the C%, are complex constant coefficients.”
While the latter depend on the type of the perturbation,
the frequencies depend only on the mass of the
Schwarzschild black hole. However, it has been shown
that for comparable mass binaries the pure QNM descrip-
tion can be used only at later times [45]. In Sec. V we will
argue that this is the case also for the postpeak waveform
generated by a particle falling into a Schwarzschild black
hole. Therefore, we comply to the phenomenological ideas
introduced in Ref. [42], based on the idea of factorizing
away the contribution of the fundamental quasinormal
mode. We thus introduce the QNM-rescaled waveform

Rpm(z) = TP R (), 9)

peak peak

where 7 =1—1, ", ¢y, Iis the value of the phase at

the amplitude peak, and &y is the ringdown waveform.
The QNM-rescaled waveform h,, () is then written
using two templates for the amplitude and the phase,
h(z) = Aj(z)e'# ). In Ref. [20], we pointed out that the
original waveform template for the amplitude can become
incorrect when the mass ratio is large. For this reason
we introduced a different fitting function. Our templates
thus read

1 ¢ —cg'r ¢ —202’1
¢ﬁ<r>:—c:ﬁln< TOEETA ) an

1+cf+cf

where we have dropped the Zm-indices for notation
simplicity. The sets of parameters ¢ and ¢ are constrained
by requiring the continuity of the waveform at z = 0 with
the inspiral waveform. Requiring the continuity of the
amplitude, its first two time derivatives, and the frequency,
we get

cAay "
C? Zg (Apeak)c5 e_Cg‘ (1 + ec?)z’ (12)
A
C

= (A L. 13
Cy ( pedk) 1 + e ( )

A e — 1
A peak & 14
C5 = 2 A ( )

Apcakal a1+ e%

Note that we denote the fundamental QNM mode with the
index n = 1 so that the first overtone has index n = 2, while in
other recent works the fundamental mode is denoted with 0.

1 b P
I S SN ’ (15)
L™ by b ¢y = peak
c5(c§ +2c%)
where Apeak is the second time derivative of the amplitude
evaluated at the peak, and Awpex = @) — Wpeq- Note that

in previous works also the condition cg’ =Awy =, —ay

was imposed, here instead we leave cg' as a free parameter.

The phase difference obtained with the constrained cg
using the damping times is shown in blue in the bottom-

right panels of Fig. 5. The free c{Z/’ improves the phase,
especially for £ = m modes.

With these templates we are able to fit the numerical
postpeak waveform for each multipole and every eccen-
tricity considered in this work. In the first row of Fig. 5 we
show the primary fits for the (2,2), (2,1) and (3,3) modes for
the quasicircular inspiral. The rescaled amplitude Aj; and
the rescaled phase ¢ reach a plateau after ~27,;, where
7.1 = 1/, is the QNM-damping time of the fundamental
mode. This means that, at this stage of the evolution,
the only relevant contribution to the waveform is given by

the fundamental QNMs. Note that leaving cg’ as a free
parameter strongly improves the phase agreement for
the (2,2) and (3,3) modes (cfr. red and blue lines in the
phase difference of each plot), while it is not relevant for the
(2,1) mode. Similar considerations hold for the configura-
tion with ey = 0.9, that is shown in the bottom row of
Fig. 5, and all the other eccentric configurations considered
in this work.

D. Modeling the mode-mixing

The templates discussed above catch all the main
features of the numerical waveform, except the mode-
mixing generated by the negative-frequency QNMs.
This effect can be already seen in the (2,2) mode, but
become particularly relevant in the m =1 modes, as
shown for the (2,1) mode in Fig. 5. We will discuss this
effect in more detail in Sec. V B, here we just mention
that it can be simply included in the ringdown model
doing the substitution

hew(7) = g (T) (1 + Qg e o(zi2g™)),  (16)

where ay,, = C;,,/Ci = Aguem and o(t;70™) =
1/(1 + e %")) is a sigmoid that activates the mode-
mixing correction. The a,,,; coefficients can be extracted
fitting the late ringdown frequency with a fundamental-
QNM ansatz as outlined in Ref. [16]; in this work we will
follow a more refined procedure that we will discuss in
Sec. V B. Note that, despite the fact that C£,; depend on
the nature of the perturbation, the modulus of their ratio,
A,gml, does not seem to change with the eccentricity, as
shown for example for the (2,2) mode in Fig. 4. The values
of A ¢m1 can be found in Table III, while the value of zj"™ is
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Numerical waveform (black) and postpeak primary fits (red) for the (2,2), (2,1), and (3,3) modes for the quasicircular

configuration (top row) and the configuration with ¢, = 0.9 (bottom row). We show the waveform %, and its amplitude together with
the QNM-rescaled amplitude Aj;, and phase ¢j,. In the two small bottom panels we show the fit/numerical relative difference for the
rescaled amplitude and the difference for the rescaled phase (red). Here cﬁ% is the phase of 7 at 7 = 0, and 7,; = 1/a,, is the QNM-

damping time of the fundamental mode. We also show the RWZ/primary phase difference obtained imposing the condition cg = Aa,; in

the primary fit (dashed blue).

chosen in order to introduce the oscillations in the
analytical waveform only when they are also present in
the numerical wave. For all the eccentricities, we use

o™ = 25 for the (2 2) multipole, 7j"™ = 20 for the £ = m
hlgher modes, 75" = 8 for (2,1), (3 2), (4,3), (4,2) and
to = 3 for (3,1) and 4,1).

E. Global fits

In Sec. I C and Sec. II D we have discussed a phenom-
enological model that can be used to faithfully describe the
postpeak waveform. This model depends on different free
parameters that are found fitting RWZ postpeak wave-
forms. However, in order to describe any eccentric case, we
need to provide global fits of these parameters as function
of some system-characterizing quantity. While the eccentri-
city would be an intuitive choice,” it is not a gauge invariant
quantity and it is not defined through the whole evolution of

the system. We thus use the quantity b = p,,/ E evaluated at

The eccentricity at the separatrix-crossing was used in the
global fits performed in Ref. [20].

the peak of the orbital frequency (i.e., at the light-ring
crossing) and shifted with the corresponding quasicircular
value,

ba, = ba, = b, (17)

Pk

where bg}i = 3.6093. Note that this parameter is gauge

invariant since it is a combination of energy and angular
momentum, and it vanishes in the quasicircular case. The
latter feature is useful because we impose that the fits
reduces to the exact values in the quasicircular case.

We thus proceed to perform the global fits for each
multipole. Note that in our global fits we only use the
simulations in Table I with odd identification number (#)
(i.e. the simulations with “round” initial eccentricity),
so that the eccentric simulations with even identification
number can be though as a test set for the analytical model.

We need to fit the free parameters of amplitude and phase
templates, {c3, 5, c?, c3,c4} the quantities {Apedk,Apeak,
@peax f that are needed to compute the constrained para-

meters, and the phase 6, of the mode-mixing complex
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factor a,,,; (the modulus does not depends on the eccen-
tricity). The primary fits are reported in Appendix C, and in
particular in Tables V and VI. The fits for the mode-mixing
are instead reported in Table IV.

II1. EFFECTIVE-ONE-BODY WAVEFORM
A. Inspiral EOB waveform

The quasicircular EOB inspiral waveform for is obtained
factorizing and resumming the post-Newtonian (PN)
expanded multipoles [46],

hew = hiy R = WG 3ORE (py,)7 (18)

where € denotes the parity of the multipole, h%’e)“ is the
Newtonian circular contribution and fzif,ﬁf is the circular PN

correction. The term 8 is the effective-source term, i.e.,
the energy if € = 0 or the Newtonian-normalized angular
momentum if ¢ = 1, A%l = T, e is the tail factor and
the p,,, are the residual amplitude corrections.

The waveform (18) can be generalized to noncircular
dynamics including corrections that are known up to
2PN [43,47-49]. In particular, Ref. [43] proposed to
generalize the waveform of Eq. (18) generic orbits by
simply replacing the Newtonian quasicircular prefactor
with its general expression, i.e.,

]’lg,\;e)‘ N hz(fm >Lh( )m.' (19)

For the (2,2) mode, the noncircular correction reads

SN0 P i 2ii - 1Q
et = e e e T @)

where r is the radius and Q is the orbital frequency. The
time derivatives in the generic Newtonian prefactor are
computed using a 4th order centred stencil scheme, i.e., no
PN-expanded equations of motion are used to compute
them. While this correction is clearly crucial for eccentric
inspirals, we will see that it is needed to improve the
analytical/numerical agreement during the plunge also in
the quasicircular case. The 2PN noncircular corrections to
the Newtonian-factorized waveform provide a better ana-
lytical/numerical agreement for the phase during the
inspiral [48,49], even if the main correction is given by

the Newtonian term (19). In this work we will consider the
noncircular hereditary term h%™ written in terms of p,.
(see Eq. C1 of Ref. [48]) and the instantaneous corrections
}Aziznzs[“ introduced in Ref. [49], so that the quadrupolar

waveform reads

hoy = Ry RSy e RS iyt i (21)

The 2PN noncircular corrections are switched-off at the
beginning of the plunge using a sigmoid function, o(z) =
1/[1 + e~?l—tmnee)] with @ = 0.2, both for the eccentric and
quasicircular cases. We do not consider 2PN noncircular
corrections for the higher-modes. The relevance of these
corrections in the quasicircular inspiral will be discussed
in Sec. IV.

B. Next-to-quasicircular corrections

Even if the generic Newtonian prefactor of Eq. (20) is
useful to improve the waveform during the plunge, we still
need to correct the plunge waveform using numerical-
informed correction known as next-to-quasicircular (NQC)
corrections [13], especially for the higher modes. The
complete EOB waveform is thus given by

hom = O3 = OB + 00— 7. (22)

where A2 is the inspiral EOB waveform discussed in

Sec. IIT A, h?j is the ringdown discussed in Sec. I C, i) X
is the NQC waveform correction, 6(x) is the Heav1s1de
step function, and /24" is the matching time. The NQC
correction is written as

3
Q¢ = <1 + Zaf’”n ) exp (ibemnj+3>, (23)
=

i=1

where n; are functions that are combinations of quantities
negligible during the quasicircular inspiral but relevant
during the plunge. To satisfy this requirement, it is natural
to write them in terms of time derivatives of the radius or in
terms of p, . For all the higher modes we use the basis

Pr,
M=o (24a)
7
ny, = @ R (24b)
n3 = nll’ﬁ (24c¢)
Pr
=—, 24d
ny O ( )
nsg = }149, (246)
ne = nsP%*- (241)

For the (2,2) mode, we use use the same n; with i < 4, but
we change ns = n,r’Q? and, consequently, ng = nsp? .
Note that in TEOBResumS only the first derivatives of A
and w are considered, so that ny; and ng are not used.
Moreover, in TEOBResumS the ns function for the
higher modes is different than the one considered here.
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The coefficients a; and b; are determined at a specific time

S9C . If we consider 15°C > tgejf(, then they are determined

solving the linear system

AEOB(130C) = ATE (1), (25a)
AEOB(133C) = AZE(13XC), (25b)
AEOB(13) = ARE(630), (25¢)
WEOB(13:3C) = ol (1), (25d)
WEOB (12C) = s (1), (25¢)
WEQB(133C) = e (1), (25f)

where on the left-hand side (lhs) the amplitude, frequency
and corresponding time derivatives are computed from
RESPRYQC while on the right-hand side (rhs) they are
computed from the ringdown model. If we want to use
HIC < tgif(, on the rhs we have to consider quantities
extracted from numerical data at z‘l;,gc. Due to this reason,

. NQC peak . . .. . .
the choice ¢, > t, " is, in principle, preferable since it

reduces the number of numerical-informed parameters in
the model. However, as we will see in more detail later,

choosing 152¢ < tf‘ia: works better for the higher modes.

While the NQC correction is negligible during the
quasicircular inspiral by construction, they are not negli-
gible in eccentric inspirals since p, is not small. For this
reason we switch-off the NQC corrections during the
eccentric inspiral using a sigmoid,

. A 1
NQC NQC
hrf’m - hfm 1+ e_as(t_t;:(J) . (26)

Given the discussion in Sec. II B, it is natural to center the
sigmoid in #;_q so that the NQC corrections are switched-
on in a region where the motion is indeed quasicircular.
Due to this choice, the relevance of the precise value of &* is
not crucial; in this work we will use o* = 0.2.

Finally, consider that to correctly evaluate the lhs of
Eq. (25), an interpolation on a refined time grid is needed,
see Appendix A for more details.

C. Matching point

The match of the plunge and ringdown waveform is
performed at £32C if 3¢ > tf‘i}(, while it is performed at
tgiik if H < tgej(. The former prescription will be used
for the (2,2) mode, while the latter will be used for the

higher modes. In any case, in order to know the locations

of tﬁif‘k, we need to link them to dynamical quantities. In the

TEOBResumS model [50,51] and also in Ref. [20],

TABLE II. Time delays of the amplitude peaks At,,, for the
higher modes with respect to the peak of the (2,2) amplitude, see
definition in Eq. (29). The global fitting template is At,,, =

(Cht+ C{mbg, + C5mbg, )/ (1 + D{"bg,, ), where CG is the
quasicircular value; see also discussion in Sec. I E.

(em) g ctr ¢ g
2,1 11.960 51.831 2.704
(3,3) 3.563 5.507 21.215
(3,2) 9.396 11.549 28.933
(3,1) 13.100 15.132 28.765
4,4) 5.384 7.032 23.973
4,3) 9.766 11.101 27.870
4,2) 12.090 13.150 28.396
4,1) 13.280 15.033 28.667
(5,5) 6.679 7.803 24.818

the heuristic used to find the peak of the quadrupolar
amplitude was

k k
tgezj — tE;jb - AINQC - 2, (27)

ak
where 7,
‘orl

is the peak of the orbital frequency4 and
Atnoe = 1. We keep Afyqc in the notation for continuity
with previous works. The heuristic (27) gives satisfactory
results in the quasicircular, since the exact value of tﬁijk
extracted from the Zerilli waveform is AfGE =~ 0.559.
Most importably, Eq. (27) has been shown to be reliable
also for quasicircular binaries of comparable mass.
However, when dealing with highly eccentric binaries,
the approximation Afyoc = 1 is no longer valid and we
thus perform a global fit as discussed in Sec. II E, finding

2.559 + 7.574bg — 18.830b%,

tpea.k __ ,peak
1 - 2.160b,,

Ap T "Qup

The peak amplitude of the other multipoles are delayed
with respect to the quadrupolar one as
ak ak

o =1+ Atgy, (29)

with At,,, > 0 for all the higher modes. The values of Az,,,
the quasicircular case, together with their global fits, are
listed in Table II. The fact that At,,, increases with m at
fixed £ can be understood heuristically considering that all

the m-modes have to reach the same final QNM frequency
wy,; (modulo mode-mixing), but the waveform frequency

during the inspiral is given by a)‘;; '— mQat leading order.

“Consider that for spinning binaries, tffak is the peak of the

pure orbital frequency, that is computed without considering the
spin-orbit terms.
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FIG. 6. Analytical/numerical differences for the amplitude and the phase (in radians) of the quadrupolar waveform for the
quasicircular inspiral plunge in Schwarzschild. We consider different inspiral plunge and ringdown matching procedures. The
differences are shown from the LSO crossing to tgenﬁ.li + 70. In the upper panels we consider the matching time according to Eq. (27),
while in the lower panels we use Eq. (28). Then, from left to right, we progressively improve the model considering the second time

derivatives in the NQC base, A,, and @s,, and then the Newtonian noncircular correction, fzfm

differences for the state-of-the-art model.

Therefore, the modes with small m will need more time to
reach the final frequency w, ;.

We also point out that the mode-mixing becomes more
relevant in low-m higher modes (see, e.g., Sec. V B), so that
the position of the amplitude peak for the higher modes
can be contaminated by the mode-mixing. Once that the
location of the amplitude peak is known, we can proceed to
match, mode by mode, the inspiral waveform to the
ringdown model. From a computational point of view,
the matching is performed on a time grid that is finer
than the one used to solve the dynamics, see Appendix A
for details.

IV. PROBING THE EFFECTIVE ONE BODY
ANALYTICAL WAVEFORM

A. Quasicircular case

We start by analyzing in detail the quasicircular case,
testing the different prescriptions for the implementation of
the NQC correction and discussing the accuracy of each
waveform mode. Focusing first on the £ = m = 2 mode,
we have to discuss three aspects:

(1) the impact of the precise location of the amplitude
tpeak
Ay

peak on the EOB temporal axis, , as described

by Eq. (28);

(i1) the impact of the NQC correction determined impos-
ing also continuity between the EOB and RWZ
second-time derivatives Xyoc = {ANC, @y };

(iii) the impact due to the generic Newtonian prefactor,
Eq. (20).

(VO The rightmost lower panel shows the

Note that here we are analyzing the plunge, therefore at this
stage we do not consider the 2PN noncircular corrections
introduced in Eq. (21). Figure 6 illustrates the analytical/
numerical relative amplitude difference (dashed orange)
and phase differences in radians (light blue) for all possible
combinations. In the top row of the figure, the amplitude
peak location is obtained according to Eq. (27), i.e., the
prescription that is adopted, for simplicity, in the compa-
rable mass case within the TEOBResumS model.” In the
bottom row of the figure we consider instead its exact
location according to Eq. (28). Then, moving from left to
right, we add the second-time derivatives of amplitude and
frequency in the NQC-corrections, the analytical generic
Newtonian prefactor, and finally both effects together. In all
the cases, the NQC corrections are obtained solving the
system given by Eq. (25) using 532" = tzzjk +2.

For the Aiyoc = 1 case, we see that, as expected, the
inclusion of both the improved NQC corrections and of the
generic Newtonian prefactor brings a considerable reduc-
tion of the phase difference up to merger. Moreover, the
phase difference now grows monotonically, to saturate at
APEOBRWZ ~ (.08. As recently pointed out in Ref. [51], if
such a behavior is reproduced for comparable-mass wave-
forms, generally indicates that one will end up with

excellent mismatches using actual detector power spectral

(N.0)

density. This suggests that the use of 222’ " and of XNQC

>See however Ref. [52] for an early attempt to go beyond this
simplifying choice.
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FIG. 7. Quasicircular case, £ = m = 2 mode: RWZ waveform
(black) compared to the complete EOB one (red, dashed). The
vertical lines mark the LSO crossing and the peak of A,,.
The bottom panel shows the relative amplitude difference
(dashed orange) and the phase difference in radians (solid
light blue). Non-circular corrections to the waveform up to 2PN
are included.

also for compable mass binaries may result in a further
reduction of the current EOB/NR disagreement (~0.2 rad)
through merger and ringdown. By contrast, it is interesting
to note that the amplitude difference during the ringdown is
nonegligible and remains substantially unchanged what-
ever choice is made. When AfFS¢ is used we are thus not
surprised to find a consistent reduction of the amplitude
difference during the ringdown (though evidently it
remains unchanged up to merger). By contrast, the
progressive inclusion of additional physical elements (i.e.
fzg'o)"c and XNQC) brings phase differences below 0.01 rad
through the full inspiral, merger and ringdown. The
complete EOB/RWZ comparison for the final quadrupolar
waveform, that incorporates also 2PN noncircular correc-
tions, is shown in Fig. 7 and complements the rightmost
bottom panel of Fig. 6 also showing the EOB frequency.
One appreciates that the phase difference reaches the
~4 x 107 rad at LSO crossing, and remains always below
the 0.01 rad even at merger time. The relative amplitude
difference is ~1 x 1073 at LSO crossing to reach at most
~7 x 107 around merger time. Finally, we quantify the
contribution of the 2PN noncircular corrections of
Eq. (21) in Fig. 8, where we show the EOB/RWZ phase
differences of the (2,2) mode for a quasicircular inspiral
starting from ry, = 9. The waveforms have been computed
(i) considering the complete waveform, as discussed
above and shown in Fig. 7, (ii) considering only
Newtonian noncircular corrections. As can be seen, the
2PN noncircular corrections improve the phase agree-
ment through the whole inspiral of the binary, but they are
not relevant for the amplitude.

S L g et g g S A

I |A¢§J20BR\’VZ‘ _ 9PN nc

A= | AGEOBRWZ| _ N pc

0T | AABOBRWZ| / ARNZ _ 9PN e
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FIG. 8. EOB/RWZ phase differences (radians) and relative
amplitude differences for the (2,2) mode of a quasicircular
inspiral starting from ry = 9. In the upper panel we show the
differences obtained with the waveform with noncircular correc-
tions up to 2PN (solid, light blue for the phase and orange for the
amplitude), and the ones obtained considering only the generic
Newtonian prefactor (dashed, blue for the phase and red for the
amplitude). In the bottom panel we show the ratios of these
differences.

Modeling higher modes correctly using NQC corrections
determined using the standard paradigm implemented in
TEOBResumS might be tricky. The main issue is that the
amplitude peak of each mode is always delayed than the
(2,2) one [16], as reminded in Table II. In the discussion
above we have seen that the inclusion of the generic
noncircular prefactor of Eq. (19) improves the EOB/RWZ
agreement for the (2,2) mode. We now proceed to evaluate
the relevance of this term also for the other multipoles
considering an illustrative higher mode, like the (4,4).
Figure 9 shows that the waveform with only the simple
quasicircular factor (dash-dotted blue line) underestimates
the waveform amplitude toward merger. Starting from this,
it is not possible for the waveform NQC correction to
improve the waveform behavior and assure a reliable
matching to the ringdown, especially for the amplitude,
as shown by the NQC-corrected quasicircular waveform
(dotted purple) in Fig. 9. By contrast, one sees that when
the noncircular factor of Eq. (19) is used, the waveform
visibly overestimates the waveform amplitude toward
merger. This situation is preferable and can be easily
corrected by the NQC correction, as shown by the wave-

form obtained computing the NQC correction at tZQC =

tﬁjjk + 2 (yellow solid line). We also find that, in order to

considerably improve the NQC corrections, the system of

Eq. (25) has to be evaluated at 7y 2C < tf\iik. For all higher

modes, we chose
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FIG. 9. Quasicircular case, mode # = m = 4: comparing various choices of analytical EOB waveform and different ways of
determining the NQC corrections. Amplitude (left panel) and frequency (right panel) The best EOB/RWZ agreement is obtained by:
(i) using the general, noncircular, Newtonian prefactor and (ii) when the NQC corrections are computed at t{ffc = tffak — 2. We also

show, as gray line, 4 times the orbital frequency. From left to right, the two vertical line mark £ and £°*

NQC __ peak

2 = 2, (30)

Therefore, to compute the right-hand side of Eq. (25), we

. NQC 4NQC %NQC ~NQC .NQC ..NQC
need to fit {Afm ’Afm ’Afm s Wy > Dy s Dy }from

RWZ data. The global fits are discussed in Appendix C and
reported in Tables VII and VIII. The (4,4) multipole with
the generic Newtonian prefactor and the NQC evaluated
according to Eq. (30) is shown with a red dashed line in
Fig. 9. As can be seen, both the amplitude and the
frequency improves near the matching time with respect
to the waveforms with NQC computed at £42¢ = A + 2,

For # = m modes, we use the same prescriptions of the
(2,2) mode, except for the fact that the NQC corrections are
computed before the peak amplitude, according to Eq. (30).
The results for the (3,3), (4,4), and (5,5) modes are shown
in the top row of Fig. 10, where we use the color black for
the numerical waveform and frequency and red dashed
lines for the complete EOB waveform. The absolute value
of phase difference, is always below 0.07, 0.035 and
0.05 radians for the (3,3), (4,4), and (5,5) modes, respec-
tively. The relative amplitude difference, instead, is around
at most of the 1% before the matching point for all the three
cases. However, the amplitude difference in the late ring-
down is around the 1073 for the (3,3) and (4,4) modes and
even smaller (8 x 107*) for the (5,5) mode.

The m < £ modes are shown in the middle and bottom
rows of Fig. 10. In this case we do not consider the second-
time derivative of the frequency in the NQC corrections. As
for the higher modes with £ = m, the NQC are computed

at (5 2¢ = tf\ijf( — 2. However, for the m < ¢ we also apply
a downsampling and spline procedure in the interval

An Ay ”

re [, tf;iak] to improve the continuity of the waveform.

Indeed, since the NQC corrections are determined at tI;,SC,

the waveform could be discontinuous at tﬁiﬁk, where the

NQC-corrected plunge waveform is matched to the ring-
down. The downsampling and subsequent spline-patching
solves this issue. While these higher modes are less
accurate than the £ = m ones, the phase agreement is still
good and generally below the 0.2 rad, with the exception
of the (4,2) and (4,1) modes that are more de-phased.
The degradation of the accuracy is strictly linked to the
higher delay of the matching point (i.e. tﬁiik); see Table II.
However, these modes are not relevant as the others in the
complete strain, that can be computed using Eq. (5). In the
first panel of Fig. 13 we show the strain for the observa-
tional direction (®,®) = (z/4,0) computed considering
all the modes shown so far, both in the numerical and
analytical strain. During the inspiral, the relative amplitude
difference reaches at most the 2 x 1073, while the absolute
value of the phase difference never exceeds the 2 x 1073
radians. The differences oscillate more in the ringdown; the
amplitude difference reaches at most the 8% in the early
ringdown, while the phase difference reaches at most
0.06 radians. Note however that, on average, during the
ringdown both the amplitude and the phase difference are
much smaller.

B. The eccentric case

Let us move now to discussing the eccentric case. The
same procedures considered optimal in the quasicircular
case are retained also in the presence of eccentricity so to
provide comparisons with the eccentric configurations
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FIG. 10. Quasicircular configuration, higher modes, EOB/RWZ comparisons. The vertical solid black lines mark tf’fzjk, while the dash-
dotted ones mark tiijf(. Bottom panels: relative amplitude difference (orange, dashed) and phase difference (light blue). For each mode,
the NQC corrections are determined according to the best prescription selected in Fig. 9.

listed in Table I. As an explicit example that efficiently  despite the EOB performance during the (eccentric) inspiral
summarizes the performance of the model all over the  degrades with eccentricity, as expected, due to the lack
parameter space, Fig. 11 shows the EOB/RWZ perfor- of high-order corrections (see Refs. [48,49]), the behavior
mance for configuration #20 of Table I, that corresponds to ~ during merger and ringdown is practically comparable
initial eccentricity e, = 0.95. Note that this configurationis ~ among the three cases.

not used in the global fits, as discussed in Sec. I[IE. The

figure includes modes (2,2), (2,1), and (3,3). The perfor- C. Improved description of ringdown
mance of the model all over the RWZ-covered points of the for m # ¢ modes
parameter space is assessed, for the same waveform multi- So far, we have seen that the EOB waveform model gives

poles, in Fig. 12, that only reports relative amplitude  more than satisfactory results also for the higher modes.
differences (top row plots) and phase differences (bottom  However, if one carefully inspects the m = 1 EOB modes
row plots). Note that three specific configurations are in the quasicircular case (see Fig. 10), one sees the
highlighted in color, so to point out that the performance  ubiquitous presence of a bump before the actual amplitude
of the model degrades (slightly) as eccentricity is increased.  peak. Interestingly, this feature occurs in all modes and it is
The simplest route to have a handle on the accuracy of all  related to the NQC amplitude correction. In general, this is
multipoles is simply to compare the strain for EOB and  also true for other modes with m # £, though the effect
RWZ. This is done in Fig. 13 for the quasicircular case, for  is less visible. To overcome this difficulty, we decided to
eo = 0.55 and for ¢y = 0.95. It is interesting to note that, explore a different way to model the ringdown for higher
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FIG. 12. Analytical/numerical relative difference for the amplitude (upper panels) and phase difference (bottom panels) for the plunge-
ringdown of all the configurations considered in this work. Modes (2,2), (2,1), and (3,3). We highlight the quasicircular configuration
(blue) and the ones with ¢, = {0.55,0.95} (green and orange, respectively).

modes. The procedure is substantially the same used in
the EOB models of the SEOBNR-family, in particular
SEOBNRvV4PHM [53,54] and SEOBNRvV5PHM [55,56],
although the fitting template is different from the one used
there. This approach is crucial to obtain very reliable

waveforms when tf,iik is far from tﬁijk, i.e., situations
where the NQC corrections cannot guarantee a reliable
match of the plunge waveform to the merger ringdown one
modeled after tﬁ?ﬂk. The main idea is to have the RWZ-

informed part of the waveform starting directly from £

Axn
(and not from tf;if) for all modes with # # m. To do so, we

consider the QNM-rescaled waveform similar to the one of
Eq. (9), but where the time is shifted using tﬂi:k for each
(Z, m) mode. It thus reads

he(2) = o™ 0 g (2), (31)
where 7=1— " and ¢, is the phase of the (¢,m)

fiy". This rescaled waveform is then written as

multipole at
hEod(z) = Ajei, where the templates for Aj, and ¢, are
given in Egs. (10) and (11). We impose continuity con-

ditions constraining ¢, ¢4, ¢#, and ¢
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X (12 A peak CA + A peak 2a1 CAA peak + A peak
1 t 5 L, R o lj

Axn Axn
. 27-1
+<C? - 1) (Atiezdzk> :| 5 (32)
A_Cg‘ - ch 2 g1 y
C2 —c_Ae 3 (e 3 + 1) (Atl[;eak) |:a1Atl[4)eak +Algeak:| N (33)
1 22 22 22
1 (A 34
‘74—(,532*‘;)5—66?_'_1, (34)
1+ +¢f

= (o = e ), (35)

c5(c5 +2cf) 22

Where A peak o A peak o A peak o and [
t t t t
A2 A2 A2 A2

amplitude of #h,,, its first and second time derivative

sk are, respectively, the

and the frequency evaluated at tgezjk; a; +iow; is the
¢-fundamental QNM frequency. The coefficients
{ch, b, ¢0, ¢l 9 are determined performing the primary
fits of A; and ¢;, starting from tgijk. Finally, this fitted
waveform is used to determine the NQC corrections at tﬂijk

and then is matched to the inspiral wave, always at tféjk.

Concerning the structure of the NQC correction to ampli-
tude and phase, there is an additional subtlety. We realized
that the standard NQC basis we used so far is not efficient
when the NQC corrections are determined at ;" for
m # ¢, and it is thus better to resort to the NQC basis used
by SEOBNRv5PHM that reads

2
Pr
=—=, 36
n] (rQ)z ( )
n
=—, 37
n . (37)
ny = nr/2, (38)
Pr
=—, 39
ny ) (39)
ns = n4p%*. (40)

The real part, amplitude and frequency of the final result
for the (2,1) and (4,1) modes are shown in Fig. 14. It is
remarkable how the different NQC approach can visibly
improve the EOB/RWZ agreement. The only visible
remaining differences between the two curves (mostly
around the waveform peak) are related to the fact that
the mode mixing only includes the fundamental mode and
not the overtones.

Although the improvement discussed in the nonspinning
case may be considered relatively marginal, it becomes
absolutely essential when the central black hole is spinning
and the spin is large and antialigned with the orbital angular
momentum. In this case, the orbital frequency has a zero and
thus the NQC basis becomes meaningless. This is clarified in
Fig. 15, thatrefers to the (2,1) mode for a particle inspiralling
and plunging on a Kerr black hole with dimensionless spin
a = —0.9, where the numerical (black) waveform has been
obtained with the time-domain code [57]. As the orbital
frequency (gray online) passes through zero, the NQC
corrected waveform determined using the standard approach
oscillates unphysically. By contrast, the NQC correction
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k-
lines). This ensures a more accurate waveform description around 7 pea

determined at tgijk, using the basis of Egs. (36)—(40) allows

one to smoothly and reliably connect the inspiral waveform
to the ringdown one. In this preliminary study, we are
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FIG. 15. Spinning case with Kerr parameter @ = —0.9. The
. . ak - ak
NQC and ringdown determined from 7" instead of 7" * allow

for an excellent EOB/Teukode agreement. Note that the mode
mixing in this case is not implemented in the EOB waveform.

evidently not considering the mode mixing during the Kerr
ringdown [58], so the EOB frequency and amplitude do not
present any modulation.

V. PHENOMENOLOGY OF
QUASINORMAL-MODES EXCITATION

In the previous section we have provided an accurate and
complete EOB waveform where the ringdown model was
based on a phenomenological description. In doing so, we
assumed that the fundamental QNM was excited, but we
did not attempt any qualitative (nor quantitative) inves-
tigation to understand the origin of this excitation. In this
section we attempt to do this, still in a somehow phenom-
enological and heuristic way. Our main aim is to correlate
the QNMs excitation with the behavior of the source of
the RWZ equations that is driven by the dynamics. The
material presented here is inspired by and extends the
(qualitative) discussion of Sec. III B of Ref. [13] (see also
Fig. 4 therein).

A. The RWZ source term during ringdown

We start by analyzing the source terms of the RWZ
equations, Eq. (6). Their functional form is [15]

(0/ e
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where the tilde denotes the field tortoise coordinate, while
r.(t) is the tortoise coordinate of the particle. In order to
understand the relevance of the source terms during
the ringdown, we evaluate it on the particle dynamics.
More precisely, we neglect the term proportional to

0; 8(F, —r.(t)) in Eq. (41) and just evaluate G 0/ ®) This
yields the expressions

167uY; { )
~ m 2imAp,
rHA[r(A—2) + 6] Pr.Po

4H*r rA

A3 (1+— ) =

{ ( +r(/1—2)+6> 2
P,

r?(A=2)

+2(3m?>—=1-5)) + % (g + rz)] } (42a)

Fin(t)=

+ (r(A=2)(m>=2-1)

0

16710677, {d (pr*p(p)

rA(A=2) |dt\ H

A Ap, p2
Sl

where 4 = #(¢ + 1). After having set ® = z/2, we show
|F (oe) ()| for the (2,2) mode in Fig. 16. Interestingly,

|F ” (t)| reaches its maximum after the peak of A,, and
remains quite relevant also later on. For example, at

10
@T&, 10°®
~ [
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FIG. 16. Upper panel: Zerilli source term evaluated along
dynamics with different eccentricities for the (2,2) mode. Log-
arithmic vertical scale. Bottom panel: plot of F<262 = |Fy|/

max(|F(;2>\). The retarded time is shifted using the peak time
of the quadrupolar amplitude, tge;k. In both panels, the dots mark
the light-ring crossing, .

t=t peak + 10 we have F22 = |F22 |/ max(|F2 |) ~0.38,

and F 22) <1072 only from = i + 18.2. For the odd
modes we have that the maximum of the source is delayed
with respect to the even ones. Since the source term is quite
relevant during the ringdown, we do not expect a priori that
a pure QNMs description (i.e., part of the solution of the
homogeneous RWZ equations) can be used for the whole
postpeak waveform. However, from a sufficient late time
t> tgjlnk, the (#, m)-mode can be fully described in terms
of QNMs using the ansatz of Eq. (8) since the source term
becomes negligible.

B. Iterative time-domain fit of the postpeak frequency

We thus proceed to fit the late ringdown waveform

assuming that is given by a linear superposition of QNMs

with constant coefficients, see Eq. (8), using 7 =t — tﬁiﬂk

The total QNM frequency of each multipole is obtained as

o) [
Gem =70\ glore)
‘m

o0 ]; 2 (c},—0}, )7 1
N anl fnm,,_;rle ( +afmn

Z;ozl ijmne(ﬂ'ﬂ_ Pl (1 +at’mne

thmr)

21(0{,,1)
(43)

where az,,, = /CH and by, =

these are complex quantities, we define a,,,, = Afmn i6
and by, = B;,,e' . Recalling the hierarchy of the
inverse damping times ay,, the contributions in the fre-
quency of the n 2 1 overtones are exponentially damped
with exponents a, — a,. However, the contribution of
the isolated fundamental frequencies is never damped
and reads

fmn / CL/,m1 Since

fmn mn

e — (1= A2 )on
1+ AL, + 242, cos2oaT + Oy

(44)

The coefficients Afm 1 and 0,,,; were already extracted from
the late ringdown frequency in previous works [16,58].
Here we extend this procedure to earlier times using
Eq. (43). Since the overtones have higher damping coef-
ficients, we proceed to iteratively fit the late ringdown
frequency on different time intervals considering only the
relevant QNMs. To establish where a certain n mode
becomes negligible, we set a small threshold, typically
€ = 1073, and we say that the nth-mode can be neglected if
the condition e(®1 %) < ¢ is satisfied. Applying this
method to the (2,2) mode we can find {A22n’é22n’
Byopshron} up to n=4. The results are shown in
Fig. 17. It is interesting to note that for the (2,2) mode
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FIG. 17. Tterative QNM-fit of the frequency considering the

first 4 QNMs. In the upper panel we show the RWZ frequency
(black) and the results obtained with the fits. Each color
represents an iteration (and thus a QNM) of the fit. In the bottom
panel we show the relative difference between the fit and the
corresponding n fit. See Sec. V B for more detail on the fitting
procedure.

we are not able to go beyond n =4 and thus at earlier
times. This can be justified by the discussion on the source
term above. Indeed, with n = 4 and ¢ = 10> we are able
to fit from ¢ = 13.43, but at that time we still have

IFS)|/ max(|FY)|) ~0.097 and thus the source term is
not completely negligible. Also for this reason, the values
of @y,, and b,,, found for the overtones are not robust and
are in disagreement with the results found using the
different fitting procedures (see Appendix B). The pro-
cedure can be applied also to the higher modes, where the
number of overtones that we are able to fit depends on the
specific multipole considered. Generally, we have that
for the modes with higher At,,, (i.e., the for the ones that
are more delayed), we are able to fit more overtones,
consistently with the fact that at later times the source
terms become negligible. For example, for the (4,1) multi-
pole we can fit up to n =7 overtones (and thus from

t = 2 4 5.94) keeping the relative error of the frequency
fit around 107*.

From a practical point of view, we are particularly
interested in the values related to the fundamental frequen-
cies, dz,,1, since we can use them to improve the phenom-
enological ringdown description as discussed in Sec. III,
see in particular Eq. (16). The values found in this work are
in agreement with previous work [16] and their modulus is
reported in Table III. Note that the order of magnitude
of Afml is strictly linked to the number m and does not
strongly depended on the eccentricity (see, e.g., the right

TABLE III.  Coefficients A,,,; = |z, | describing the beating
between positive and negative frequencies fundamental QNMs
for all multipoles up to # = 6. See Table IV for the eccentric fits
of the a,,,; phase.

m=1 m=2 m=3 m=4 m=5 m=6
emt [X1072] [x107%] [x107%] [x107] [x107°] [x1077]

2 730 4.89

3 934 7.96 5.53

=4 9.14 9.11 8.90 6.28
5
6

9.41 8.97 9.27 9.96 7.02
9.46 9.12 9.11 9.67 11.15 8.33

TABLE IV. Global fits for the beating coefficients a,,,, =
A€ The template used for the phase is 0, = (Coc+

Clbg, + Cob5,)/(1+ Dibg,), while the modulus does not
depend on the nature of the perturbation.

(¢.m) Agmi CHQC ct 3 D}
(22)  4.89x 107 5369 -9.444 -37.992

(2,1)  730x1072 2.893 —6.074 —15.134 —-2.105
(3.3) 553x107* 2.636 —11.635 —-9.555

(3.2) 796 x 1073 4.649 -3.890 -0.1176

(3,1)  9.34x 1072 3.810 0.3296 —0.03943

44) 628x107° 6503 —13.096 —8.815

(43) 890 x 10™* 2453 -6.041  -1.309

(42)  9.11x1073 1.186 =2.772  -0.4334

4.1)  9.14x1072 3714 0.3582  0.1166

(5,5 7.02x107% 4509 —-15344 —4.330

panel of Fig. 4). Therefore, we need to perform the global
fits only on the phases 6,,,;, that we report in Table IV for
all the multipoles considered in this work. The relevance of
these fits can be particularly appreciated looking at the
analytical/numerical comparisons of the late-ringdown
waveform frequencies shown in Figs. 7, 11, and 14.

Finally, we mention that since the iterative fit of the
frequency did not provide satisfactory results for the whole
quadrupolar postpeak waveform, we also attempted the
same fit without the iterative procedure, focusing only on
the (2,2) multipole. However, also this procedure did not
lead to robust results for the whole postpeak waveform, as
detailed in Appendix B.

C. EOB ringdown as superposition of QNMs

In the previous sections we have accumulated results
which indicate that the ringdown description as linear
superposition of QNMs with constants coefficients,
Eq. (8) cannot be consistently used for the whole postpeak
waveform. However, in seminal EOB works [13,59] the
ringdown was modeled precisely in this way, although it
was matched with the inspiral part of the waveform on an
extended interval centered around the peak of the orbital
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FIG. 18. EOB waveform where the ringdown has been modeled
with the matching comb procedure. In the bigger panels above we
show the real part of the waveform and its frequency, black for the
RWZ results and online colors for the analytical results. In the
two small bottom panels we show the relative amplitude differ-
ence and the phase difference with the same color scheme of the
upper panels. We also show the relative amplitude difference and
the phase difference obtained with the waveform model discussed
in Sec. IV (dashed gray).

frequency. We will now revisit this procedure, often
referred to as “matching comb” [13]. The basic idea of
this procedure is that the match is performed on a set of
points rather than at only one point. To determine the

complex coefficients C}mn, we solve the linear system

B (t;) = 32 CE e, where t; are the points of the
time array used for the match, and h,, = h"™P'ANQC is the
NQC-corrected inspiral waveform. If we consider N QNMs

(distinguished between positive and negative frequency),
we then need N points. Note that this ringdown model does
not require any tuned numerical parameters, it only needs
the QNMs frequencies since the coefficients of the ring-
down are determined using the analytical waveform.
Similarly to what discussed in Sec. IV for the (2,2)
waveform multipole, we use {AYRC, AYRC ANRC Q¢
pH2C "NQC}, but here we directly extract them from the

Wy > W
Zerilli waveform at tlz\leC = tﬁ:k + 2. We chose as match-

ing points the adjacent points to tﬁijk in the time grid used
to solve numerically the Hamilton’s equations (1). The
results of this procedure are shown fromn =2 upton =8
in Fig. 18. The configuration that reproduces the numerical
waveform with the highest accuracy is the one with n = 8
positive-frequency modes. For this configuration, in the late
ringdown we have a 18% relative amplitude difference
and a phase difference that oscillates around the 0.04 radi-
ans. We also show the relative amplitude difference and the
phase difference obtained with the state-of-the-art wave-
form discussed in Sec. IV (dashed gray). While the wave-
form obtained with the latter model is clearly more accurate
(see also Fig. 7 for comparison), the results obtained in this
section are still qualitatively good for the amplitude and
quite accurate for the phase.

D. Tail contribution

Having considered only the first part of the waveform,
we have so far neglected the power-tail effects in the
waveform [60,61]. However, since the QNMs are expo-
nentially damped, there is a time where the tail effects
become dominant. As can be seen from the frequency of
the Zerilli (2,2) quasicircular waveform shown in black in

the left panel of Fig. 19, the effect of the tail starts to
be visible at t~t§i§k
shortly afterward. In order to reproduce the numerical
waveform, we have to include a term of the form Ciilz=27,

where the complex coefficient C§i! is determined with a fit

+ 170, and becomes dominant

~~ quasi-circ |

—RWZ
QNM
-~ QNM+C'r 2

A v

- —quasi-circ
[ —Csep = 0.113

A /v
3

¥ o —RWZ ]
o QNM
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«
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FIG. 19. Leftmost panel: Amplitude and frequency of the Zerilli (2,2) of the quasicircular waveform (black) compared with the results
obtained considering only the QNMs contribution (gray) and the QNMs plus tail (dashed red). Middle and rightmost: RWZ amplitudes
and frequencies for different eccentricities, aligned with respect to the light-ring crossing.
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and —2 — 7 is the asymptotic behavior of the tail term at
future null infinity [62]. Using the (fundamental) QNMs
and the power-law tail we can fully catch the behavior of
the numerical amplitude and frequency, as shown in the left
panel of Fig. 19. When eccentricity is taken into account,
the tail contribution becomes more significant and starts to
dominate over the QNM decay earlier, as shown in the
middle and right panels of Fig. 19. Moreover, the tail
cannot be described as before using the ansatz Ciilz=2~*
since the tail has not reached yet the asymptotic behavior.
For example, for the configuration with ey = 0.5 the
decay-rate is roughly —1.3 instead of -2 —¢. Similar
numbers are obtained for the other eccentric configurations
with e 2 0.3.

VI. HEURISTIC MODELING
OF QNMs EXCITATION

Let us now introduce a toy model to grasp some insights
on how the excitation of QNMs is driven by the dynamics
and the related presence of a source term in the right hand
side of the RWZ equations. Following Ref. [13], and in
particular Sec. III B, we base our analysis on the under-
standing that a Schwarzschild black hole can be seen as a
resonating object. We start by generalizing Eq. (8), assum-
ing that the constant coefficients Cfmn are instead time-
dependent functions, C£, (7). The ringdown waveform
reads then

pie = Z\P;;{Z , (45)

w1 = ¢, (1)e”

‘mn

/n + Cfmn( ) 6;'1[‘ (46)

Here the origin of time, r = 0, is assumed to be the light-
ring crossing, t; g. The final goal of our investigation is to
determine an approximate semianalytical expression for the
coefficients C%, () so to understand when the associated
QNDMs are excited. Since we know that the solution of the
homogeneous RWZ equations is a superposition of QNMs
with constant coefficients CE Znn» €ach spherical mode is
thought as as the solution of the homogeneous second order
differential equation

W 4 20, W0 4 (2, + 02, )W) =0, (47)
under the ansatz W,,,, (f) « e~%', with 65 = ag, tiwg,.
This is indeed the equation of an underdamped oscillator
with damping coefficient a,, and undamped angular
frequency +w,,. An external force F(¢) in the right-hand
side of Eq. (47) yields an inhomogeneous differential
equation corresponding to a driven harmonic oscillator.
Our model is thus defined by assuming that the forcing
term is given by Eq. (42), that is F(f) = F\"/°(r). The
solution of this inhomogeneous equation can be obtained

starting from the one of the homogeneous problem by
promoting the numerical coefficients therein to time-
dependent functions. This is referred to as the method
of variation of parameters (or method of osculating
elements) [63—65]. With this approach we know a priori
that the differential equation

W + 20 V) (o, + 02 )W) = FET ) (48)
admits a solution with the precise QNM structure of
Eq. (46). We start by writing the time derivative of our
particular solution as if the coefficients C7, (1) were not
time-dependent. This is equivalent to impose

‘-P(O/c>(t)

—ot _ — —6—
mn = _afnc;;mn( ) ot — Ufncfmn(t)e Gf"t’ (49)

which is true only if the time dependence of C fmn( ) gives
no contribution to the time derivative, namely if the
condition

Chn(t)e™0" + €5, (D)en" = 0 (50)

is satisfied. We can then take another time derivative on

Eq. (49) in order to obtain "I.J;O . We then insert ¥ °/ ¢ and

‘i‘%e) in Eq. (48) and, considering that the sum of all the

terms without the time derivatives CZ, (f) separately
solves the associated homogeneous equation (47), we
get the second condition

=04, Gl (€77 = 07,67, (D)™t = FL7 (D). (51)

an ¢mn\t)€ OpnComn\l)€ ‘m ’

which together with Eq. (50) builds up a system of two
equations that can be solved for C£, (1). A straightforward
computation yields

eo‘?ﬂtF(e/O) (t)

CE (1) = £i—2——=, 52
fmn( ) l wan ( )

and an ensuing time integral gives us the final expressions

C;imn ( )

[ !
CE (1) = / drFEI° (el (53)
)

2a)fn

where 7, is an arbitrary initial time. Considering that

F ;e/ O)( t") does not diverge during the inspiral and that in

the integrand we have ¢°~, we have that the computation
of C%,, (1) is not influenced by the choice of #, as long as 7,
is not too close to #; z. In practice, we start to integrate from

the beginning of our simulation.

A. Results

Some results for the (2,2) and (2,1) multipoles are shown
in Fig. 20. In the leftmost panel we show the absolute value
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FIG. 20. Time-dependent QNM-excitation coefficients C%, (1) for the quasicircular case, see Eq. (53). The positive-frequency modes
are more relevant and are excited later than the negative ones, as shown by the location of the amplitude maxima (vertical lines in the
leftmost plot). In the middle panel we plot the activationlike excitation coefficients for the fundamental frequency. The rightmost panel

highlights the hierarchy of the ratios |C;,

t’mn fmn

| for the overtones of the (2,2) and (2,1) multipoles. Note that the beating is more

relevant for the (2,1) mode (dotted line) than for the quadrupole (solid lines).

of the positive and negative parts of the solution,

|C% (1)em(=18)|, for n < 4. We see that the negative-
frequency contributions are smaller than the corresponding
positive ones. The model thus predicts the negative-
frequency modes to be less excited than the positive ones.
The same feature can be seen in the third plot of the same
figure, where we show the absolute value of the ratios of
negative and positive solutions. In addition (see the right-
most panel of the figure) the negative-frequency modes
become more and more relevant as n grows. This behavior
is consistent with the qualitative discussion of Ref. [13], see
in particular Fig. 4. In that case, the authors argued that the
positive QNMs are excited during the plunge since the
Newtonian frequency of the waveform m€Q gets “closer” to
the positive QNM frequencies. Note in addition that what is
found here is consistent with the structure of the actual
solution of the RWZ equation. The second interesting
finding, illustrated by the middle panel of Fig. 20, is that
|C%,,,(1)] is reminiscent of an activation function and
becomes constant after ¢~ f;g + 15, showing that from
that time onward the n = 1 solution can be written as a
superposition of QNMs with constant coefficients. For the
first overtone, we have that C%, , () has a similar behavior.
However, for the n > 3 overtones, the behavior of C%, (1)
is less reminiscent of an activation function. In particular,
for n = 3 we see some oscillations in the solution, as can be
seen, e.g., from the third panel of Fig. 20. We are prone to
exclude that these are physical features that can be found
also in the full-RWZ case, and we rather interpret them as
expressions of the limitation of our toy model. The third
consideration regards the values of the |C5,,(1)/C},. ()]
ratios for different multipoles. We show these ratios for the
(2,2) and (2,1) multipoles in the third panel of Fig. 20 with
solid and dotted lines, respectively. As can be seen, the
ratios of the (2,1) multipole are higher than the ones of the

(2,2) multipole for the same n. This means that, according
to our toy model, the mode mixing in the (2,1) multipole
should be more evident than in the (2,2). This is precisely
what happens in the numerical solutions of the full RWZ
equations, as shown in Table III. The driven harmonic
oscillator correctly predict also the qualitative relevance of
the mode-mixing in the (3,3) multipole, since the predicted
ratio |C33,(#)/C1;,(1)| is smaller than the one of the (2,2)
mode and, as can be seen from the numerical data, the
mode-mixing is more relevant in the (2,2) multipole rather
than in the (3,3). The final interesting feature that we
discuss is that the positive and negative solutions reach
their peaks at different times. This is shown for the (2,2)
multipole in the first plot, where we mark the peak-times
with vertical lines (solid for positive-frequency modes and
dashed for negative ones). As can be seen, the negative
modes with same n are excited before the corresponding
positive modes, and the overtones are excited before the
fundamental QNMs.

To conclude, with this toy model we have reproduced
some features that are observed when solving the actual
RWZ equations and we have also argued that the overtones
are excited before the fundamental frequency. However,
since these results are only qualitative, we cannot exploit
them to improve the description of the postpeak waveform.

VII. CONCLUSIONS

The results of this paper are twofold: (i) on the one hand,
it is studied the transition from eccentric inspiral to plunge,
merger and ringdown of a binary black hole coalescence
in the large mass ratio limit (or particle limit) and its
gravitational wave emission; (ii) on the other hand, it is
introduced and tested an EOB waveform valid in this limit.
This improves previous results [13] and generalizes them
to the eccentric case, that was not studied systematically
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so far. Since the large mass ratio limit can be seen as a well-
controlled theoretical laboratory to learn and explore new
ideas, this work should be seen as part of the currently
ongoing effort of building accurate waveform templates for
eccentric (comparable-mass) binaries within the EOB
formalism [6,43,66-70]. More in detail, our results can
be summarized as follows:

(i) We performed a systematic survey of eccentric non-
spinning binaries in the test particle limit, focusing in
particular on the transition from inspiral to plunge and
on the phenomenology of the corresponding wave-
form, computed solving numerically the RWZ equa-
tions, Eq. (6), with the RWzhyp code [16,40,41].

(ii) We discussed a new ringdown model for eccentric
binaries in the test particle limit, modifying the primary
fitting templates used in previous works [20,42].
Notably, the ringdown model includes the mode-
mixing between positive and negative frequency
fundamental QNMs. The global fits on the parameter
space are performed using as fitting parameter the
gauge-invariant quantity Z)ka [Eq. (17)], thatis defined
as the ratio between the angular momentum and
energy at the peak of the orbital frequency (i.e., at
the light-ring crossing). This moment can be consid-
ered a good definition of the merger time within
our context.

(iii) We then built a complete test-mass EOB model
for eccentric nonspinning binaries, including also
higher modes and 2PN noncircular corrections in the
¢ = m = 2 waveform mode. We analyzed in details
the impact of several analytical building blocks, in
particular we tested: (i) the relevance of the generic
Newtonian prefactor, also in the quasicircular case,
(ii) the contribution of the 2PN noncircular correc-
tions introduced in Refs. [47-49], (iii) different
prescriptions for the NQC corrections, and in par-
ticular the point at which they are computed; (iv) the
ringdown attachment point. All these ingredients
together provide an accurate complete EOB wave-
form, yielding A¢,, < 0.01 rad in the quasicircular
case, and A¢,, <0.05 rad during the merger-
ringdown for all the eccentric configurations con-
sidered. Building upon methods introduced in the
SEOBNR-family [53,55,56], we also explored the
performance of a different ringdown model for

the higher modes that starts from tgijk rather than
from 2,
‘m

(iv) We analyzed the build-up of QNMs excitation,
revisiting also the matching comb procedure that
was used in former EOB models [13,52,59,71,72].
Within this context, we also introduced a heuristic
model to compute the excitation coefficients of
the QNMs in the presence of a driving source.
The results of this model are in qualitatively and

semiquantitative agreement with the actual structure
of the waveform. We also discussed how the power-
law tail contribution presents at the end of the
ringdown changes in the presence of eccentricity.
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APPENDIX A: REGRIDDING USED FOR
NQC CORRECTIONS
DETERMINATION AND MATCHING

As anticipated in Sec. III B and Sec. III C, the fact that
the dynamics is obtained solving the Hamilton’s equa-
tions (1) numerically with an ODE solver implies that we
have a discrete time array. All the dynamical quantities
and the waveform are thus computed on this array. This
discretization can lead to issues when matching the inspiral
waveform to the ringdown.

The first issue of this kind is related to the NQC
corrections determination. Indeed, in order to determine
the coefficients a; and b; of Eq. (23), we have to solve the
linear system (25). However, the rhs is computed exactly

at 1y (since if )¢ > A we compute it from the

analytical ringdown waveform discussed in Sec. II C, while

.¢ NQC peak NQC
if P

lem < Ty, =~ We extract it at 7, using a cubic spline

procedure on the numerical data), but the lhs is not. The
latter is indeed evaluated using the inspiral waveform kP,
that is in turn computed from the EOB dynamics, which is
found solving the Hamilton’s equation with a discrete-step

ODE-solver. Therefore, t?,gc is not guaranteed to be a point
of the time array on which the inspiral waveform is
computed. This implies that the lhs and the rhs might be
computed at slightly different times and this can introduce a
systematic error in the computation of the NQC coefficients
a; and b;, and thus in the complete EOB waveform. The
second issue is related to the matching procedure. Indeed,

in order to match the NQC-corrected inspiral-plunge wave-
form to the ringdown model we need to compute qﬁ‘;jk, ie.,

the phase of the inspiral-plunge waveform at the matching-
point, see Eq. (9). However, it is not guaranteed that the
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matching time tgiak is an element of the time array used to

compute the dynamics. If we operate without performing a

regrid, the phase ¢ found can be flawed.

In order to solve the aforementioned issues, we apply for
each multipole a regridding procedure in the vicinity of

NQC peak
lew and f

elements of the time grid. We then interpolate the chunks
of the waveform that we need on the refined time arrays
using a cubic spline algorithm. We then compute the NQC
coefficients, a; and b;, and we perform the match between
the inspiral-plunge waveform and the ringdown model on

, so that these two points are enforced to be

the refined time grid where tgiak is a grid-point. We prefer to

reinterpolate the obtained waveform back on the original
time array used to solve the Hamilton’s equations in order
to have a uniform time step, but note that this step is not
necessary. The results for different regridding configura-
tions are shown in Fig. 21 We consider the analytical
waveform without regridding (solid yellow), the one with
regridding only for the NQC corrections (dash-dotted blue),
the one with regridding only for the matching procedure
(dashed green) and the one with regridding in both the
NQC corrections and matching (dotted red). The latter is
the default option and it is also the one shown in Fig. 7.
As can be seen from the middle panel, for the amplitude
the most relevant regridding is the one associated to the
matching, while the one associated to the NQC does not
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FIG. 21. Analytical/numerical comparison for the (2,2) wave-

form multipole considering different regridding configurations.
In the top panel we show the RWZ numerical waveform (black,
almost indistinguishable) and the analytical ones using different
colors. See legend and text for more details. Note that the red
analytical (2,2) waveform is the standard one, i.e., the one shown
in Fig. 7. In the middle and bottom panels we show the relative
amplitude difference and the phase difference in radians, with
same color scheme. The vertical black line marks the peak of A,,.

seem important. The regridding in the matching zone drives
the relative amplitude difference in the late ringdown
from the 2.3% to be below the 0.1%. For the phase, which
analytical/numerical difference is shown in the third panel,
we have that both regriddings are important. Indeed, if we
do not consider any regridding, the analytical/numerical
phase difference during the ringdown is about —0.05
radians, while with the full regridding procedure the phase
difference drops of one order of magnitude, reaching
—0.006 radians.

APPENDIX B: TIME-DOMAIN FITS OF THE
POSTPEAK WAVEFORM USING QNMs

In this appendix we attempt to fit the complete postpeak
waveform using the pure QNMs ansatz of Eq. (8) on a time
interval 7 =1 — tﬂizk € [1¥™ 100]. We start by performing
the fit of the real and imaginary parts of the waveform
using the fundamental QNMs and 7 overtones starting from
the peak of the amplitude, i.e., considering n =8 and
thM = (; the results of this procedure are shown in Fig. 22
(dash-dotted green lines). The QNMs waveform overlaps
quite well with the numerical RWZ waveform (black), and
the corresponding residual is around 10~ shortly after the
amplitude peak. However, it is easy to see that (i) the
beating between positive and negative frequency QNMs in
the late ringdown is not well reproduced, as shown by the
waveform frequency in the second panel, (ii) the fre-
quency of the fitted wave shows spurious oscillations in
the early ringdown. In order to ensure the correct late-
ringdown behavior, we refine this procedure by prefitting
only the fundamental QNMs on 7 € [62, 100], so that we
can easily find C3,, since the overtones are negligible in
the late ringdown, and then performing the fit of Eq. (8) on
the whole time interval = € [0, 100], so that we can find the
remaining C3, , coefficients. The result of this procedure
is shown with dashed red lines in Fig. 22. While the
beating in the late ringdown frequency is now well
reproduced, the spurious oscillations in the early ring-
down frequency are still present. Note that in this case the
residual is a little bit higher in the early ringdown, but way
lower in the late evolution. We thus concluded that, while
the residual of the waveforms in quite low in both fits, the
waveform frequency shows that there are some inaccur-
acies in the early ringdown.

In an attempt to solve the issue of the spurious frequency
oscillations, we also explore the possibility to find the C%,
coefficients fitting directly the frequency using Eq. (43).
Note that if we proceed this way, we cannot find C3,, since
the frequency is invariant under global normalizations
and phase shifts of the waveform. We thus find C3,, as
done before, i.e., fitting Eq (8) with n = 1 in the late time
interval 7 € [62, 100]. In the left panel of Fig. 23 we show
this frequency fit compared with the waveform fit discussed
above. To evaluate the goodness of the fits, we show in this
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FIG. 22. Upper panels: RWZ waveform and frequency (black)
compared with the results from the waveform fits performed
(1) considering all the QNMs together (dash-dotted green), and
(2) prefitting the fundamental QNMs (dashed red) and then fitting
all the overtones. In the bottom panel we show the residuals with
same color scheme. See discussion in Appendix B.

case the relative differences of amplitude and frequency,
that we consider more informative than the residual. As can
be seen, while the frequency fit solves the issue of the early
spurious oscillations, produce a waveform that is way less
accurate than the one found with the waveform fit.
Finally, in the right panels of Fig. 23 we show the
comparison between the frequency and waveform fits

performed considering n = 4 and tQNM = 15. In this case
the waveform fit is accurate and the recovered frequency
is consistent with the numerical result, leading to relative
amplitude and frequency errors around 10~*. However, the
amplitude of the waveform recovered from the frequency fit
reaches a 10% error at 7 ~ 15, and thus the frequency fit
seems less robust than the waveform fit, even if we do not
fit the early ringdown.

We thus conclude that (i) it is a good practice to check
the waveform frequency in order to evaluate the goodness
of the QNMs fits of the ringdown waveform, (ii) the
waveform can be consistently fitted, but only starting from
later times. This is again consistent with the discussion of
Sec. VA on the RWZ source terms and with the iterative
frequency fit of Sec. V B.

APPENDIX C: GLOBAL FITS

In this appendix we report all the global fits that we use
in our model, see Sec. IIE for a general discussion on
how we perform the global fits. We start by reporting the
global fits of the quantities needed to reconstruct the
postpeak waveform for all the modes in Tables V and VI,
see definitions in Sec. II C. We then proceed to show the

global fits for {ANOC ANQC fNQC ,NQC ;NQC ,NQCy
NQC tpeak

evaluated at 7, —2 in Tables VII and VIIIL.
Note that we report the fits also for £ = m = 2, but for
the quadrupolar waveform we do not use them since we use

tl;zQC peak + 2, see Sec. III B for discussion. Note that in

all the cases we use a parabolic global template.
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FIG. 23. Upper panels: RWZ waveform and frequency (black) compared with the results from the wave fit (red) and frequency fit

(blue). In the bottom panels we show the relative differences of the amplitude and frequency (hot colors for the waveform fit, cold colors
for the frequency fit). On the left, we fit the whole postpeak waveform using 8 QNMs, while on the right we fit from r > 15 tpe" using
4 QNMs. See discussion in Appendix B.
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TABLE V. Global fits of the coefficients entering the ringdown template. For each quantity y, the fitting function
isiy = Cqoc + C| Egpk + Czlaf-zpk, where QC indicates the quasicircular value. The amplitude considered in this table
, rather than the amplitude of the RWZ-normalized waveform.

is the amplitude of the strain, Az, = |hzy,

(¢, m) Coefficient Caqc C, C,
(2,2) ? 1.561 x 10~! —5.067 x 1072 —5.493 x 1072
? 3.272 5.021 6.554
? 2.592 8.305 1.108 x 10?
5 2.161 x 107! -1.999 x 1072 7.199 x 1073
4 2334 3.030 5.583
Apeak 1.444 9.914 x 107! 9.177 x 107!
A peak -2.359 x 1073 6.830 x 1073 -3.238 x 1073
Aw ek 1.015 x 107! —-1.061 x 1072 4131 x 1073
2.1 ? 1.539 x 107! 4.563 x 1072 1.250 x 107!
? 1.185 1.721 10.167
? 3.866 7.989 80.460
) 3.656 x 107! 2.191 x 107! -2.017
4 ~1.535x 107! -3.204 31.896
Apeak 5.238 x 107! 2332 x 107! 2.119 x 107!
Apeak —2.624 x 1073 5.624 x 1073 2.423 x 1072
Awpeak 8.302 x 1072 —-8.936 x 102 5.023 x 10~!
(3.3) ? 1.783 x 107! -1.361 x 102 -1.330 x 1073
! 2.818 4.107 9.523
? 1.536 4.592 28.099
) 2.192 x 107! -1.750 x 1072 3.036 x 1072
4 1.585 1715 2.634
Apeak 5.635 x 107! 4.299 x 107! 3.883 x 107!
A ek -1.823 x 1073 2.287 x 1073 1.026 x 1073
Awpek 1.462 x 107! -1.916 x 102 1.800 x 1072
(3.2) ? 1.851 x 107! —-8.128 x 1073 9.774 x 1073
ot 1.308 3.395 x 107! 7.985 x 107!
ct 2.172 x 107! 1.135 x 107! 2.334 x 107!
5 2.425 x 107! 6.597 x 1074 -7.605 x 1073
4 9.188 x 107! 8.761 x 107! —-4.018 x 107!
Apeak 1.991 x 107! 1.289 x 107! 1.017 x 107!
A ek -1.561 x 1073 —-5.955x 1074 6.250 x 1074
Aw ek 1.476 x 107! 1.704 x 10~ 9.627 x 1073
3,1 ? 1.483 x 107! -7.316 x 1073 2.289 x 1072
? 1.406 x 10~ —2.424 x 1074 6.491 x 1074
< 6.005 x 1073 —4.839 x 107 1.522 x 107
) 2917 x 107! -1.330 x 107! 2.315 x 107!
4 2.068 -1.589 2.079
Apeak 6.230 x 1072 2.460 x 1072 1.575 x 1072
A peak -2.678 x 1073 -1.660 x 1073 5.739 x 1074
Awpeak 1.881 x 107! —3.904 x 1072 1.385 x 1072
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TABLE VI. Global fits of the coefficients entering the ringdown template. For each quantity y, the fitting function
isiy = Cqoc + C| Egpk + Czlaf-zpk, where QC indicates the quasicircular value. The amplitude considered in this table
, rather than the amplitude of the RWZ-normalized waveform.

is the amplitude of the strain, A,,

(¢, m) Coefficient Caqc C, C,
(4.4) 4 1.845 x 107! —6.271 x 1073 —2.849 x 1073
? 2.249 2.991 5.909
? 1.025 2.617 12.471
) 2.178 x 107! -1.276 x 1072 2.823 x 1072
4 1.145 1.476 2.040
Apeak 2.754 x 107! 2.374 x 107! 2.296 x 107!
A ek —1.258 x 1073 8.999 x 107* 8.471 x 107*
A ek 1.751 x 107! -1.720 x 1072 1.743 x 1072
4.3) P4 1.876 x 107! —2.091 x 1073 2.781 x 107
¢t 1.320 1.129 ~7.914 x 1074
? 3.513x 107! 6.880 x 107! 3.418 x 107!
) 2.252x 107! 4.376 x 1073 —6.836 x 1072
4 3.600 x 107! 1.192 -3.611
Apeak 9.418 x 1072 7.365 x 1072 6.538 x 1072
A peak —~7.851 x 107 —4.334 x 107 —1.645x 1074
AW pesk 1.722 x 107! 8.015 x 1073 —2.205 x 1072
4.2) ? 1.848 x 107! —1.045 x 1072 2.014 x 1072
! 1.316 4.910 x 107! —3.244 x 107!
ct 8.103 x 107! 1.244 —1.645
4 2.589 x 107! 4.823 x 1072 —1.436 x 107!
4 ~7.454 x 107! 1.157 -1.954
Apeak 3.138 x 1072 1.544 x 1072 1.181 x 1072
A ek —2.743 x 107 1.623 x 107 —3.799 x 10~*
Awpeak 1.836 x 107! —2.595 x 1072 2.780 x 1072
“,1) ? 1.428 x 107! -1.797 x 1072 3.577 x 1072
? —7.583 x 107" —-3.777 x 107! 6.408 x 10~
? 1.155 x 107! 1.294 x 107! -2.141 x 107!
) 1.067 —4.888 x 107! 8.161 x 107!
4 10.890 -4.684 8.425
Apeak 9.263 x 1073 3.514x 1073 2.333x 1073
A ek ~7.568 x 10~ —4.506 x 107* -3.366 x 107
Awpeak 2.572 x 107! —5.064 x 1072 6.728 x 1072
(5.5) ? 1.872 x 107! -3.773 x 1073 -1.675 x 1073
? 1.844 2.360 3.290
¢t 7.272 x 107! 1.786 5.737
) 2.157 x 107! —6.055 x 1073 -7.261 x 1073
4 8.165 x 107! 1.536 3.433 x 107!
Apea 1.509 x 107! 1.458 x 107! 1.537 x 107!
Apeak —8.648 x 10~ 3.099 x 1074 4.012x 1074
A ek 1.954 x 107! —-1.188 x 1072 -5.822x 1073
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TABLE VII. Global fits of the coefficients for the quanti-
ties used to determine NQC corrections for t?gc = tﬁej -2

The fitting template is a quadratic function: y = Coc+
CllAagpk + Czl;épk. The amplitude considered in this table
is RWZ-normalized as wusual, ie. Az, =Pl = |homl/
VE+2)(€+1)e(-1).

TABLE VIII. Global fits of the coefficients for the quantities
used to determine NQC corrections for III;ISC = tﬁej( -2

The fitting template is a quadratic function: y = Cpc+
CIBka + Czl;?zpk~ The amplitude considered in this table
is RWZ-normalized as wusual, ie. Ay, = |¥oul = |homl/
VE+2) €+ 1) -1).

(¢,m) X3 Coc C, c, (¢,m) X3 Coc C, c,

(2,2) A 2938 x 1071 2.049x 107! 1.860 x 10! 4,4) A 1440 x 1072 1261 x 102 1.215 x 1072
A 7.898 x 1074 —2.420x 10~ 1.338 x 1073 A 1.124 x 107* —1.072 x 107* —=3.334 x 1073
A =3.160x107* 1.042x 1073 -7.056 x 10~* A —4584x107° 5504 %107  1.442x107°°
® 2.609 x 1071 3.121 x 1072 =2.361 x 1073 a) 6.041 x 107! 4204 x 1072 1.016 x 1073
@ 5367 x 1073 —1.031x 1072 —5.196 x 10™* ) 1.476 x 1072 —1.500 x 1072 —1.774 x 10~*
@ 2,649 x 1074 1.256 x 1074 —1.332 x 1073 @ 3.536 x 107*  1.146 x 10~ —1.417 x 1073

2,1 A 1.063 x 1071 5236 x 1072 2594 %1072  (43) A 4887 x 1073 3881 x 1073 3.445x 1073
A 4784 x 107* -1.940x 1073 1.196 x 1073 A 7313 x 1075 -3.014x 10°°® 5.836 x 10°©
A —L140x10™* 4152 x10™* —-3.622x 1073 A =3.104x 1075  5.333x 107 —3.956 x 10~°
® 2.809 x 1071 2.037 x 1072 —1.893 x 10~! w 5980 x 1071 1.029 x 1072 —1.114 x 1072
@ 9270 x 1073 7.587 x 1073 3.664 x 1072 @ 1.979 x 1072 —7.181 x 1073 —3.824 x 10~*
@ —3.868x 1073  9.083x10™*  3.541 x 1072 @ —1791x10™* 1279x 1073 3.702 x 10~*

(3,3) A 5115x 1072 3967 x 1072 3547 x 1072 (4,2 A 1.627 x 1073 8.138x 107* 5752 x 107*
A 2767 x 1074 —4.255x 10™*  1.457 x 1075 A 2.687 x 1075 7.489x 107  4.104 x 1075
A —1.109 x 107 1.999 x 10™* —5.411 x 1073 A —1470x 1075 —1.090 x 107> —7.254 x 10~°
@ 4322 x 107" 4.023 x 1072 —2.155 x 1073 ® 5784 x 1071 2331 x 1072 —2.894 x 1072
@ 1.026 x 1072 —1.279 x 1072 3.809 x 10~* @ 2.622 x 1072 —4.593 x 1073 —=3.936 x 1073
@ 3.777 x 107*  5.998 x 1074 —1.296 x 1073 @ —4671x10™*  6.784 x 107> —4.209 x 1073

(3,2) A 1.790 x 1072 1.174 x 1072 9.344 x 1073 @,1) A 4311 x107*  1.636 x10™* 1.081 x 10~*
A 2.582 x 1074 —3.442 x 1077 —3.865 x 1073 A 4.004 x 1075  7.867 x 107 1.042 x 1073
A —1.076 x 107* 4345 x 1075 —2.468 x 1073 A 5997 x 107°  1.533x 107>  9.482 x 1078
® 4205%x 107" 1.124x 1072 2.154 x 1073 ® 5673 x 1071 9.191 x 1072 —3.606 x 102
@ 1.534 x 1072 —6.496 x 103 2.843 x 1073 @ —1560x10"2 —=1.071 x 1072  8.617 x 1073
@ 2792 x 1074 —3.190 x 10™* —8.332 x 1075 @ =3.018x 1072 —3.355x 107> 5.444 x 1073

3,1 A 5358 x 1073 2.113x 1073 1367 %1073 (5.5 A 5.151 x 1073 5.057 x 1073 5.331 x 1073
A 2413 x 107* 5772 x 1075 5.734 x 1073 A 5.170 x 107> —2.949 x 1075 —2.260 x 107>
A 4851 x107% 7.180x 10~  6.059 x 10° A =2150x107° 1723 x 10~ 6.342x 107°
® 4189 x 107! 7.247 x 1072 —2.821 x 102 ® 7.789 x 107! 4.215%x 1072 6.786 x 107*
@ —=2.106x 1073 —1.196 x 1072 7.362 x 1073 @ 1.894 x 1072 —1.663 x 1072 —1.112 x 1073
@ —1256x1072 —1.138 x 1072 1.408 x 1073 @ 2169 x 1074 1.746 x 1073 —1.577 x 1073
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