aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

New twists in compact binary waveform modeling: A fast
time-domain model for precession
Héctor Estellés, Marta Colleoni, Cecilio Garcia-Quirds, Sascha Husa, David Keitel, Maite
Mateu-Lucena, Maria de Lluc Planas, and Antoni Ramos-Buades
Phys. Rev. D 105, 084040 — Published 22 April 2022
DOI: 10.1103/PhysRevD.105.084040


https://dx.doi.org/10.1103/PhysRevD.105.084040

New twists in compact binary waveform modelling: a fast time domain model for
precession

Héctor Estellés,! Marta Colleoni,! Cecilio Garcia-Quirés,* Sascha Husa,! David
Keitel,! Maite Mateu-Lucena,® Maria de Lluc Planas,’ and Antoni Ramos-Buades? !
! Departament de Fisica, Universitat de les Illes Balears, IAC3 — IEEC, Crta. Valldemossa km 7.5, E-07122 Palma, Spain

2 Maz Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Mhlenberg 1, D-14476 Potsdam, Germany
(Dated: January 18, 2022)

We present IMRPhenomTPHM, a phenomenological model for the gravitational wave signals emitted
by the coalescence of quasi-circular precessing binary black holes systems. The model is based on
the “twisting up” approximation [1-3], which maps non-precessing signals to precessing ones in
terms of a time dependent rotation which can be described by three Euler angles, and which has
been utilized in several frequency-domain waveform models that have become standard tools in
gravitational-wave data analysis [4-8], as well as in several time-domain models [9-11]. Our model
is constructed in the time domain, applying the “twisting up” approximation to the nonprecessing
multimode model IMRPhenomTHM [12], which allows several improvements over the frequency domain
models: we do not use the stationary phase approximation, we employ a simple approximation for
the precessing Euler angles for the ringdown signal, and we implement a new method for computing
the Euler angles through the evolution of the spin dynamics of the system, which is more accurate

and also computationally efficient.

I. INTRODUCTION

A number of complementary strategies have been de-
veloped to model the gravitational wave (GW) signal of
coalescing compact binaries (CBC), giving rise to sev-
eral families of waveform models which are routinely used
for GW data analysis. Most notably these include two
families of effective-one-body (EOB) descriptions, SEOB
[11, 13, 14], and TEOBResumS [10, 15-17], reduced order
methods for parameter space interpolation of numerical
relativity (NR) data sets commonly referred to as NR-
Surrogate models [18-20], and the IMRPhenom family
[4-8, 12, 21-26], which is based on piecewise closed-form
phenomenological models, which are particularly compu-
tationally efficient due to the closed form expressions.

These models are continuously being improved with
the goal to minimize systematic errors when estimating
the source parameters of detected GW events with the
methods of Bayesian inference [27, 28], while reducing
at the same time the computational cost of such analy-
ses. Such improvements are particularly urgent due to
the advances in sensitivity of the international network
of advanced GW detectors, and the corresponding in-
crease in the number of detected sources. The Advanced
LIGO detectors [29] and Advanced Virgo detector [30]
have already provided three catalogs of GW transients:
GWTC-1 [31], GWTC-2 [32] (and an extension of the lat-
ter, GWTC-2.1 [33]) and GWTC-3 [34], which include a
total of 90 CBC signals, in addition to several catalogs
published by independent groups [35-38]. Furthermore,
a significantly higher number of events is expected for
the upcoming O4 observation run [39].

For the sub-space of quasi-circular binary black hole
(BBH) coalescence without spin precession, waveform
models have reached a certain level of maturity: The
waveform modelling programs mentioned above have all

provided models that are calibrated to NR simulations
and include several subdominant harmonics of the sig-
nal, resulting in very good agreement in the region of
parameter space where NR simulations are available, see
e.g. [10, 41]. Interesting questions remain, e.g. concern-
ing unequal mass ratios or spins close to the Kerr limit,
and models are expected to be further improved, in par-
ticular as more high quality NR simulations become avail-
able for large mass ratios and spins. When adding pre-
cessing spins such a level of maturity has not yet been
reached. Not only is the morphology of waveforms much
more complicated, but also the larger parameter space is
by far not as well sampled by NR waveforms. Different
modelling programs have made different types of com-
promises: NR surrogate models have been constructed to
interpolate NR data sets, but are restricted in coverage
of mass ratio, spin magnitudes and length of the wave-
form [20]. The main models in the EOB and phenomeno-
logical waveform programs have taken a complementary
path, using approximations to model precession without
calibration to numerical waveforms, which is in principle
less accurate, but allows the construction of models that
can be used for large parts of the parameter space and
without limitations on the length of waveforms. Nev-
ertheless the first attempt to calibrate precession in the
phenomenological program has been achieved in [42].
The crucial approximation that allows to construct
precessing waveform models that are not calibrated to
NR is based on the fact that at least during the inspiral
the precessing motion is much slower than the orbital mo-
tion, so in consequence the precessing motion contributes
relatively little to the loss of energy due to gravitational
radiation, and therefore contributes relatively little to the
phasing of the inspiral. The main effect of precession is
then an amplitude modulation as the orbital plane pre-
cesses and radiates GWs predominantly in the direction
orthogonal to the orbital plane [43]. These arguments



[1, 3] can be extended to a drastic simplification of the
waveform, by describing it not in an inertial frame, as is
appropriate for observation, but rather in a co-precessing
non-inertial frame, where the waveform is close to a non-
precessing one. One can then construct an approximate
precessing waveform in the following way, which is of-
ten referred to as “twisting up” a non-precessing signal
[3]: An appropriate non-precessing waveform is rotated
into the inertial frame with a time-dependent rotation,
described by three Euler angles (or alternatively quater-
nions [2]). In order to account for the change of final spin
due to precession, the ringdown of the non-precessing
waveform also needs to be modified. A standard way
to obtain the Euler angles is from post-Newtonian equa-
tions, which could be solved directly as time evolution
equations, or approximated further in terms of analytic
solutions, utilizing orbital averaging [44] or the multiple
scale analysis (MSA) [45]. These ideas have been devel-
oped in a series of papers [1-3, 46, 47] that have resulted
in a number of frequency domain precessing IMRPhenom
waveform models [4-8] which have become standard tools
in GW data analysis. A recent discussion of the approx-
imations used and their shortcomings has been given in

For data analysis methods based on matched filtering,
it is particularly convenient and computationally efficient
to use waveform models in the frequency domain. In the
context of phenomenological waveforms in the frequency
domain, the twisting-up approach does however cause
several problems: First, in order to obtain closed form
expressions for the “twisted” spherical harmonic modes
in the frequency domain, the stationary phase approxi-
mation has been employed, which is not well suited for
the merger and ringdown. Second, it has not yet been
achieved to obtain a closed form ansatz that computes
the Euler angles during ringdown from known informa-
tion about the quasi-normal modes of the final Kerr black
hole, which is straightforward in the time domain [49].
Somewhat surprisingly, it has turned out that precessing
IMRPhenom waveform models in the frequency domain
are still rather accurate, and they have proven essential
tools for GW data analysis. For high-mass systems like
GW190521 [50, 51], where only the merger and ringdown
can be observed, these shortcomings are however impor-
tant.

In this work we will therefore treat precession in
the time domain. As a starting point we take a non-
precessing multimode NR-calibrated model we have con-
structed recently, IMRPhenomTHM [12], and we will gener-
alize it to the precessing IMRPhenomTPHM model employ-
ing the “twisting up” procedure. We will then discuss
the gain in accuracy of describing the merger and ring-
down, and new directions of waveform modelling which
our approach opens up. A key element is that as an al-
ternative to closed form expressions for the Euler angles
we can also apply a fast numerical time integration of the
post-Newtonian spin evolution equations, similar to the
strategy followed in the TEOB framework [10], which we

hope to develop further in the future.

The paper is organized as follows. In Sec. II we dis-
cuss the model construction, in Sec. III we evaluate the
accuracy and computational efficiency of the model, and
we conclude in Sec. V.

II. MODEL CONSTRUCTION
A. Notation and conventions

Quasi-circular BBH systems can be described by eight
intrinsic parameters: the individual masses m; and in-
dividual dimensionless spin vectors x; = S;/m? of each
black hole component. The total mass of the system
M = my 4+ mo is a scale parameter and can be used to
define geometric units G = ¢ = M = 1. We define the
mass ratio ¢ = mj/mg > 1 and the symmetric mass ratio
n = q/(1+¢q)%. We denote dimensionless component spin
vectors by x;, dimensionful spins by S; = m? x; and the
orbital angular momentum by L.

The emitted GW signal in a direction (©,®) on the
celestial sphere of the source can be expressed in a polar-
ization basis in terms of two independent polarizations,
or decomposed in a basis of spherical harmonics of spin
weight —2:

At X, 0, D) = hy (X, 0,D) — ihy (5 X, 0, D)

l
=YD hum(tA) Yim(©, ®), M
l

m=—I

which disentangles the extrinsic orientation parameters
(©,®) from the intrinsic parameters A = {q, x1, X2}

For non-precessing systems, the spherical harmonic
modes are naturally defined with respect to an axis that
is orthogonal to the preserved orbital plane. In the pres-
ence of spin precession the orbital plane also precesses.
There is then no natural definition of a fixed frame in
which to define the spherical harmonic modes, and in-
deed the complexity of their morphology depends greatly
on the definition of the (inertial) frame.

A particularly simple form of the GW signal can be
achieved when the axis of the inertial reference frame is
aligned with the total angular momentum of the system

J(t) = L(t) + S1(t) + Sa(t), (2)

at some given reference time 2 = J (tye¢). We will refer to
such a reference frame as the J-frame. The direction of J
is approximately constant, but under certain conditions
can flip, which is known as “transitional precession” [43],
although these cases are expected to be rare due to the
required fine-tuning of the initial conditions.

Another type of frame that is commonly employed
chooses the orbital angular momentum L as the z-axis.
We can consider L as a time-dependent quantity, giving
rise to a non-inertial frame usually called co-precessing
frame, or define an inertial frame in terms of a reference



time, where L(t.ef) = Lo. We will refer to these choices
as the L-frame or Lg-frame. The L-frame has the advan-
tage that the spin components parallel and orthogonal to
L are approximately preserved, see e.g. the discussion in
[46]. For this reason the frames associated to the orbital
angular momentum are preferred when defining the spin
vectors for initial data sets in NR — the spins will then
typically change little over time. Due to the precession of
L around the total angular momentum J this simplicity
is however paid for in a more complex morphology of the
spherical harmonic modes in the Lg frame.

An alternative to tying the frame axis to L is to use
instead the Newtonian angular momentum Ly, which
points in the direction of the instantaneous angular fre-
quency vector. We will implement our “twisting up” ap-
proach to modelling precessing by mapping the preserved
axis of the non-precessing system to the time-dependent
Ly of the precessing system.

At some reference time t..¢ we then define a Cartesian
coordinate system with the axes

2 = LN (tref)7 z

=7 (tref> — T2 (tref)a (3)

as the direction between the larger and the smaller black
hole at that reference time, and g constructed orthonor-
mally to the other two following the right-hand-side rule.
In this frame, the angles that specify the position in the
source sky-sphere are commonly called inclination ¢ and
reference orbital phase ¢,er. In order to simplify our no-
tation we will refer to this frame as Lo-frame, neglecting
the differences between Ly and L.

B. “Twisting-up” approximation

We will construct our precessing waveform models in
terms of rotating the spherical harmonic modes of non-
precessing systems into the inertial precessing systems
as discussed above. This time-dependent rotation can
be characterized by three Euler angles («, 3,7) describ-
ing the 3D rotation between both frames, and then the
relation between the modes can be expressed as [3, 52]:
where D!, are the Wigner D-matrices. Our conventions
for the Euler angles and D-matrices are consistent with
those used in [8], where we also provide further details
on the D-matrices.

The Euler angles can be expressed in the inertial ref-
erence frame {&,y, 2} defined by eq. (3) as

o = arctan(Ly/L,), (5a)

cosf=2-L=1L,, (5b)

4= —d&cosf. (5¢)

As discussed in Sec. | we will approximate the spheri-
cal harmonic modes of the precessing waveform in a co-
precessing frame by the modes of the corresponding non-
precessing (“AS” for “aligned spin”) system [3, 53]:

RyoPres( ~ hﬁﬁ(t; 4, X11, X21)- (6)

t7 q, X1, X2)
Here we will employ this approximation to map the non-
precessing modes from the NR-calibrated model IMR-
PhenomTHM [12] into the precessing inertial modes of
the IMRPhenomTPHM model, and we set

(0, B,y ) hipmr ™ (2) - (7)

In our construction, the spherical harmonic modes re-
sulting from eq. (7) are given in the inertial J-frame,
since in this frame the morphology of the Euler angles
is simplified. In order to construct the GW polarization
time series, which are the measurable quantities at the
detectors, we first rotate the spherical harmonic modes
to the Lg-frame with a global time-independent rotation,

iy (£) = — et hip (1) (8)

since in this frame the polarizations can be constructed
as

hTPHM( ) _ Din

Dmm'( Vref _/Brefa

h+ (t — Zh 2Y2m([fa ¢ref)- (9)

ZZW
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C. Co-precessing modes

The IMRPhenomTHM model employed in eq. (7) is a non-
precessing phenomenological multimode model [12] that
has been calibrated to 531 non-precessing BBH NR sim-
ulations. In our approximation, as discussed above, we
neglect the contribution of the spin components within
the orbital plane to the frequency evolution, likewise the
evolution of the projection x;1, = x;(t)- L(t) is not taken
into account for describing the frequency evolution of the
precessing system. This approximation has been used in
all models from the IMRPhenom family to date. See [18]
for a further discussion of the approximations used in the
“twisting up” approximation.

The GW multipoles hy,, are also described by the
IMRPhenomTHM model as piece-wise expressions defined
on a three-region partition of the time domain: inspi-
ral, merger and ringdown, as described in [12], and simi-
lar to the decomposition used in the construction of the
IMRPhenomX frequency-domain models [8, 24]. We then
modify the ringdown region to account for the final spin
of the actual precessing system, which differs in general
from the non-precessing case, see our detailed discussion
in [8]. The ringdown ansatz of IMRPhenomTHM is based on
the phenomenological analytical proposal of [54], which
employs the quasinormal mode frequencies of the rem-
nant black hole. In IMRPhenomTHM we describe the mode



frequencies and amplitudes as

U_)lm(t) = Wim (t) - WEJ%
ca(cze™C2t + 2cqe72¢20) (10)

1
1+ cge—c2t 4 cqe—2c2 t’

peak

|Blm(t)| = eaum(t_tl"" )‘hlm|

11

= dy tanh[da(t — t7°™) + da] + dy . )
These expressions depend explicitly on the ground-state
damping frequency a1, and ringdown frequency wiil of
each mode, and also some of the coefficients (see equa-
tions 31-32 of [12]) depend on the damping frequency of
the first overtone aygj,,. Damping and ringdown frequen-
cies are functions of the final spin of the remnant black
hole, so for the precessing situation we evaluate them
with our prediction of the precessing final spin, which we
discuss below at the end of Sec. I1E.

D. Description of inspiral-plunge precessing Euler
angles

For IMRPhenomXPHM, the state-of-the-art phenomeno-
logical frequency-domain model, two alternative closed-
form expressions for the Euler angles have been used [8].
Here we inherit these prescriptions, but we add an addi-
tional option, to numerically evolve the spin precession
equations.

1. Numerical evolution of the spin precession equations

When the individual spins S 2 are misaligned with
respect to the orbital angular momentum L, both the
spins and the orbital angular momenta directions evolve
in time, producing a precessional motion of the orbital
plane. Under the assumption of conserved direction of
the total angular momentum J, and neglecting radiation
reaction, the evolution equations for the precessing spins
and the orbital angular momentum can be obtained in
Post-Newtonian (PN) theory to a given order in the PN
expansion parameter v [55-59]:

_t/ ~
CiTt =Q;(v(t),q,81,82) x L, (12a)
ds
dit1 = Qi (v(t),q, S1,82) x S, (12b)
dsS
d—tz = Qs(v(t),q,S1,S2) x Ss. (12¢)

Note that these equations are subject to the constraint:
L=-8 -8, (13)

Radiation reaction can be introduced by letting the
PN parameter v(t) = (¢orb(t))'/? evolve in time, which

4

implies another ordinary differential equation (ODE) to
be solved for ©, which in general will depend on the time-
dependent individual spin vectors. In this work however,
we approximate the spin evolution by inheriting the evo-
lution of v(t) from the non-precessing analytical orbital
frequency from the IMRPhenomT model [12, 26], which is
defined as half of the wave frequency of the [ =2, m = 2
non-precessing mode:

orb (1) = 033(t) /2. (14)

This has several advantages: first, the description of
the orbital frequency of IMRPhenomT has been calibrated
against a set of 531 NR waveforms from [60] in the late in-
spiral and merger along with 63 intermediate-mass-ratio
waveforms from the adiabatic solution of the Teukolsky
equation [61]. Thus, while we neglect precession effects as
is consistent with our “twisting-up” approximation, v(t)
remains regular up to the coalescence time across param-
eter space. Second, this avoids solving an extra ODE for
0(t), which is typically the most expensive ODE in the
system, accelerating substantially the numerical integra-
tion of our system of ODEs. In the future we plan to
revisit this construction and investigate how to best in-
corporate information about the evolution of the individ-
ual spins and about the spin projections perpendicular to
the orbital angular momentum.

For the implementation of the PN spin evolution equa-
tions (12) we rely on the SpinTaylor insfrastructure [59]
in the LALSimulation module of the LALSuite frame-
work for GW data analysis [62]. This implementation
includes corrections in the spin equations up to next-
to-next-to-next-to-next-to-leading order (N*LO), includ-
ing both instantaneous terms and orbit averaged terms.
The implementation of the evolution equations in [59]
returns the evolution equation for the Newtonian orbital
angular momentum direction Ly (), which up to next-to-
leading order NLO agrees with L(t). However at higher
order, linear terms in L contaminate L(t), causing the
directions to differ. Although physically it would be de-
sirable to enable these terms, in the implementation of
this model is was decided to disable them, since technical
problems were observed in the rotated modes when en-
abling these contributions. We will revisit this decision
after further investigation in the future.

Solving the equations (12) we obtain the evolution of

L(t), and from eq. (5) the Euler angles defined in eqs. (5),
which “twist” the co-precessing modes into the inertial
precessing modes.

2. Analytical expressions: Next-to-next-to-leading order
effective single-spin and double-spin multiscale analysis

Besides the default implementation of the precess-
ing Euler angles discussed in the previous subsection,
the model inherits the analytical options included in
IMRPhenomXP and IMRPhenomXPHM: the next-to-next-to-



leading order (NNLO) effective single-spin approxima-
tion [44, 57] and the double-spin multiscale analysis
(MSA) approximation [45]. We briefly outline here the
main features of both descriptions.

The NNLO effective single-spin description is based
on the introduction of the triad {m,\,£}, where n is
the unit separation vector between both black holes, £ is
the direction of the unit vector normal to the instanta-
neous orbital plane and A completes the triad following
the right hand rule A = £ x n. The evolution equations
for the Euler angles in the single-spin case are:

do_ & o (150)
dt sin 8 ,/J3+J§
B gD (15b)

dt VIZ+JTE

where J, » are the components of the total angular mo-
mentum J = L+57 in this triad. These equations can be
solved analytically to next-to-next-to-leading order in the
spin-orbit coupling [57] (and then ~y could be obtained an-
alytically from eq. 5¢), assuming a single spinning black
hole, where the spin degrees of freedom of the full prob-
lem are mapped to an effective single spin aligned with
the direction of the orbital angular momentum [63]

miX1,L +MaX2,L
= 7 = 16
Xeft my + ma ( )

and a precessing spin parameter [40]

1
Xp::;ﬂggqnax@4p9f,A25;), (17)

where A; = (2+2/3q) and Ay = (2+3¢/2), that captures
the averaged total in-plane spin (see [64] for a discussion
on the shortcomings of this quantity). This description
was employed in the IMRPhenomP and IMRPhenomPv2
models [5, 46] and it is also available in the IMRPhe-
nomXP and IMRPhenomXPHM models as an alterna-
tive option [8].

The MSA double-spin description exploits the natural
separation among different timescales intervening in the
evolution of a precessing binary systems [65]: the orbital
timescale to.p, the precession timescale tpec and the ra-
diation reaction timescale tgr, which during most of the
evolution satisfy

torb < tprec < tRR . (18)

Based on this separation of timescales, radiation reaction
effects can be included as a perturbation on a closed-
form solution for the conservative case [66], where the
precessing angle «(t) can be split into two contributions:

alt) = a_y(t) + ao(t), (19)

where a_1 (t) is the leading-order term averaged over the
precession timescale (which is fast compared with the
radiation-reaction timescale) and then integrated over

radiation reaction, while the term «g(t) is a first order
correction that includes information about the relative
orientation between the individual spins (and hence it
incorporates double-spin information).

The implementation of these analytical approxima-
tions into the model relies on the existing infrastruc-
ture for the IMRPhenomXP and IMRPhenomXPHM models
[8], although there is an important difference: for the
present model, the analytical expressions for the angles
are evaluated employing the non-precessing analytical or-
bital frequency of IMRPhenomT (see eq. (14) and related
discussion in previous section), instead of the Fourier fre-
quency as in the Fourier domain models. This, together
with the fact that the model construction is native in the
time domain, allows us to dispense with the stationary
phase approximation (SPA) employed for twisting up the
modes in the Fourier domain models, which can enhance
the validity of the description in the strong field regime.

We introduce several additional options for the treat-
ment of the NNLO and MSA analytical approximations.
First, our implementation allows to replace the analyt-
ical evaluation of the third Euler angle v(t) by the nu-
merical evaluation of the minimal rotation condition (eq.
5¢), once the other two Euler angles a(t) and B(t) have
been computed. This is motivated by the realization that
the MSA approximation does not correctly satisfy the
aligned-spin limit, i.e. models twisted up with this de-
scription do not reproduce the underlying non-precessing
model in the limit of vanishing in-plane spins. We traced
this problem to the fact that the expression for the third
Euler angle, which is obtained by applying the MSA
expansion to the minimal rotation condition, does not
satisfy this condition in this regime. (And probably it
does not satisfy it in general.) With this addition, the
model is able to reproduce the underlying non-precessing
model in the aligned-spin limit. See Fig.1 for an illustra-
tive example. In the bottom panel we show the noise-
weighted inner product between a nonprecessing wave-
form and a series of precessing waveforms varying the in-
plane component of the secondary spin. It can be seen
how the analytical implementation of the third Euler an-
gle in the MSA implementation leads to a disagreement
of the waveforms in the non-precessing limit (a value of 1
for mismatch indicates equality between the waveforms),
while the numerical evaluation of the third Euler angle
produces a sane behaviour towards this limit.

Second, both the NNLO and the MSA approximations
lose accuracy before merger due to the breakdown of the
underlying PN approximation. In particular, the merger
time predicted by the PN approximations will generally
be different from the merger time predicted by the non-
precessing model, creating some tension. In order to
smooth the behavior in the strong-field regime, we im-
plement an option for substituting the angle description
by a linear continuation from the minimum energy cir-
cular orbit (MECO) time (which sets the boundary of
validity of the underlying adiabatic approximation of the
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FIG. 1. Recovery of the non-precessing limit with analytical
MSA description of the Euler angles for the BBH configura-
tion ¢ = 3, x1,.=-0.5, X2, = 1072 (first two pannels). Top:
departure of the analytical third Euler angle from the minimal
rotation condition. Middle: Plus-polarization amplitude for
the non-precessing model IMRPhenomTHM, for the precessing
extension with full analytical MSA, and when computing the
third Euler angle from the minimal rotation condition. Bot-
tom: Similarity of the non-precessing model for small per-
turbations of the non-precessing case, in terms of the inner
product in waveform space (1 means equality)

PN Taylor approximants [67]) to the peak time:
(20a)
(20b)

acoal(t) — OZ(tMECO) + td(tMECO)v
6c0al(t) — B(tMECO) + t,@(tMECO)

It is evident that this treatment does not contain ac-
tual physical information about the behavior during the
strong field regime. But in any case, the complicated
angle morphology in this region does not correctly repre-
sent the behavior, so we substitute our ignorance about
the behavior in this regime by a simpler well-behaved de-
scription. The actual usage of these options in the code
is explained in Appendix A.

E. Merger-ringdown treatment of precessing Euler
angles

The previous descriptions of the precessing Euler an-
gles apply up to the coalescence time, which we determine
according to the IMRPhenomT model as the peak time of
the [ = 2, m = 2 dominant mode. After this time the or-
bital frequency is not well defined, as the orbiting binary

components have merged into a remnant black hole. For
the post-merger description of the Euler angles, we rely,
as discussed in [26], on the realization that the ringdown
signal exhibits an effective precessional motion [49]. An
analytical approximation to this behavior can be derived
in the limit of small opening angles, taking the leading
contribution of the twisting-up formula considering only
the twisting of the | = 2, |m| = 2 co-precessing modes:

him = €~ d3, (B)hos"™ " (21)

We then compute the complex ratio between the inertial
m = 2 and m = 1 modes as

hiy /hd ~ —%eiia tan(3/2). (22)

Expressing the modes in the ringdown as a superposition
of QNM states and considering only the leading ground
state we obtain

_, damp . RD
hBD ~ Hye “izm "Wizm | (23)

2m —
Employing eq. (22), the leading contribution to the Eu-
ler angles a and 8 (and then 7 employing the minimal
rotation condition) during the ringdown then becomes

ol (t) = (w3 — wis))t + g, (24a)
damp

BRP(t) ~ —2arctan (26(“);1;“‘)7‘0122 )t) + B3P, (24b)

where offP and BEP are the value of the angles at the

time of attachment, corresponding to the peak emission
time of the | = 2, m = 2 coprecessing mode in our case.
The expresion for afP(t) is in agreement with the ex-
pression derived in [68] . While the expression for aP (¢)
qualitatively reproduces the NR behavior even for situa-
tions where the opening angle cannot be considered small
(see for example Fig. 2 top panel), further investigation
to understand the caveats of B3RP (t) is needed. For the
current implementation of the model it was thus decided
to implement only the constant value at the merger time.

This will be revisited in future upgrades of the model.

. . . RD/damp
For evaluating the quasinormal frequencies w,,; ’

employed in the previous expression, and also in the con-
struction of the co-precessing ringdown modes amplitude
from eq. (11) and frequency from eq. (10), a prediction
for the final spin x; = S¢/M? of the remnant black hole
is needed. In this model we approximate the final spin
of the remnant black hole of the precessing system ap-
plying a simple augmentation of the non-precessing final
spin based on vector addition of the orbital angular mo-
mentum and the component spins, and using approxima-
tions consistent with our twisting procedure, as in done
in other models like IMRPhenomXP and IMRPhenomXPHM.
As discussed in detail in Sec. IV.D of [8] we approximate
the magnitude of the final spin as

X?augmented _ X%AS + Si/MAL’ (25)
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FIG. 2. Comparison of the different Euler angle implemen-
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worst case in the study detailed below in Sec. IIIA) with
parameters ¢ = 6, xer=-0.43, xp, = 0.8. Top: comparison of
the precessing angle «(t). Bottom: comparison of the plus
polarization for edge-on inclination.

where xf ag corresponds to the dimensionless final spin
of the equivalent non-precessing configuration (the one
employed in the evaluation of the non-precessing modes
for approximating the co-precessing modes) and S| mea-
sures the in-plane spin contribution. For the non-
precessing final spin, we employ the same formula as in
the non-precessing model IMRPhenomTHM, based on a hier-
archical data-driven fit of available NR data [69]. For the
estimation of S|, we allow the same options discussed in
[8], but the default description is based on the evaluation
of the evolved individual spins at the merger time, from
the evolution of eq. (12):

_ 2
= R merger , merger )|
S \/|S1 L(t ) + S2,1 (tmerger)| (26)

where S; | (fmerger) are the projections of the individual
spins perpendicular to L at the coalescence time. Also, in
this option the non-precessing final spin fit is evaluated
employing the parallel spin components to L from the
evolved spins at the coalescence time.

Eq. (25) predicts the magnitude of the final spin. In
order to define the direction of the final spin we proceed
again as discussed in Sec. IV.D in [8], tracking the di-
rection of the orbital angular momentum with respect to
the orbital plane.

III. MODEL PERFORMANCE

In this section we validate the accuracy and com-
putational efficiency of the model. We compare with

NR waveforms and other state-of-the-art precessing mul-
timode waveform models based on the mismatch be-
tween waveforms, recover the parameters of injected syn-
thetic signals corresponding to NR simulations, and ap-
ply Bayesian inference to observed GW events and com-
pare with results for these events from the literature.

As discussed in Appendix A, the LALSuite [62] im-
plementation of our model supports several options re-
garding the choice of approximation for the Euler angle
prescription and for the final spin approximation. These
options are selected with parameters that take integer
values, which we will refer to as PV for precession version
and FS for final spin.

A. Comparison with Numerical Relativity
1. Mismatch comparison with LVCNR catalog

For checking the agreement between the model and
NR waveforms, which are the best source of information
that we have about coalescing BBH signals in the strong-
field regime, we follow the standard practice of computing
the mismatch between waveforms. Taking the standard
definition of the inner product in the space of waveforms
(see e.g. [70]),

P by () B5(f)
fmin Sn (f) 7

where S,(f) is the one-sided power spectral-density
(PSD) of the detector noise, the match M(hy, hg) is de-
fined as the normalized inner product maximized over
relative time and phase shifts between the given set of
waveforms:

(hi1,ho) = 4R (27)

= max <h1,h2>
M(hy, ha) = to,b0 \/<h1,h1>\/<h2’h2>.

The mismatch MM (hq,ha) is defined as the deviation
of the match from unity,

(28)

MM (b1, he) = 1 — M(hy, ho). (29)

For the results presented in this paper, we employ the
Zero-Detuned-High-Power PSD [71], which models the
advanced LIGO [29] design sensitivity.

As done in [8], we analytically optimize over the tem-
plate polarization angle, following [72], and numerically
optimize over reference phase and rigid rotations of the
in-plane spins at the reference frequency. In order to
perform the numerical optimization we use the dual an-
nealing algorithm as implemented in the SciPy Python
package [73]. We then compute the SNR-weighted match
M, [74]

1/3
Mo = S, M2 <hi,NR7hi,NR>3/2 (30)
> (hiNg, hi7NR>3/2 7



where the subscript i refers to different choices of polar-
ization and reference phase of the source.

We have computed mismatches for IMRPhenomTPHM
against 99 precessing SXS waveforms [60, 75], picking
for each binary configuration the highest resolution avail-
able in the lvenr catalog [76]. As a lower cutoff for the
match integration, we took the minimum between 20 Hz
and the starting frequency of each NR waveform and an
upper cutoff at 2048 Hz. We repeated the calculation for
three representative inclinations between the orbital an-
gular momentum and the line of sight (0,7/3,7/2) and
total masses ranging from 50 My to 250 Mg .

In Fig. 3 we show results for two different versions
of the model, PV = 223 which corresponds to the ana-
lytical MSA implementation, and PV = 300 which is the
default numerical evolution implementation explained in
Sec. IID 1. The label FS indicates the final spin option,
taken as the default for each description (FS = 3 cor-
responds to the formula based on precession-averaged
couplings from MSA analysis, which is the default in
IMRPhenomXPHM, while FS = 4 corresponds to the new
option explained in ITE). We observe that the majority
of cases have mismatches between 0.001 and 0.01, and
in general results improve for higher total mass, with a
good portion of cases below a mismatch of 0.001 for face-
on inclination. The strongest outlier in the comparison is
SXS:BBH:0165, a very short (6.5 orbits) simulation with
challenging parameters (¢ = 6, xexr = —0.43, xp, = 0.8).
We do observe, however, that the default version of the
model improves on the MSA-based twisted-up version
(which is more similar to IMRPhenomXPHM), especially for
zero inclination. A degradation of accuracy when low-
ering the total mass can also be observed, especially in
the top and middle panels of Fig. 3. This could be re-
lated to several reasons, from inaccuracies in the underly-
ing non-precessing model, where the calibration strategy
for the orbital phase could be further improved towards
low frequencies, to the approximations of the precessing
description, in particular the approximation of the or-
bital frequency by the non-precessing orbital frequency
of IMRPhenomT, which may have a cumulative effect for
long waveforms in the low total mass regime.

2. NR injection recovery

The main target of application of our waveform model
is the inference of the source parameters, in particular us-
ing Bayesian inference methods to determine the poste-
rior distribution p(#|d) for the parameters 6 that charac-
terize a binary, given some data d. From Bayes’ theorem,
we have

£(d|0) 7(6)

plold) = =T (31)
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FIG. 3. Mismatch comparison against 99 precessing BBH
simulations from LVCNR catalog, for different inclinations, as
a function of total mass. Dotted black line: 0.03 mismatch.
Dashed black line: 0.05 mismatch.

where £(d|0) is the Gaussian noise likelihood [27, 77, 78],
() the prior distribution for # and Z the evidence

z- / 49 £(d|9) =(6). (32)

Before testing the model performance on real data from
the detectors, it is useful to study how well the model
can recover a synthetic signal where we know the param-
eter values that it should recover. To this end, we have



injected synthetic signals into zero noise (i.e., the noise
realization corresponding to the average value for Gaus-
sian noise), employing two precessing NR simulations,
SXS:BBH:0143 (with parameters mo/m; = 0.52, Yot =
0.25 and xp = 0.21) and SXS:BBH:0062 (with parameters
ma/mi1 = 0.2, Xexr = —0.18 and x, = 0.45). These two
simulations are selected for having (i) a weak precessing
system with parameters compatible with the bulk of cur-
rent gravitational wave observations (SXS:BBH: 0143) and
(ii) a more demanding configuration, with mass asym-
metry for triggering subdominant harmonics and higher
in-plane spins, to test better the precessing descriptions
(SXS:BBH:0062). As for our studies of mismatches above,
to compute the likelihood function we employ the Zero-
Detuned-High-Power PSD [71]. We test different versions
of the model and inject the signal at different total mass
values (thus changing the number of observable cycles in
band). For the analysis here we use the nested sampling
algorithm dynesty [79] as implemented in Bilby [80] and
Parallel Bilby [81] (the following results were obtained
with Parallel Bilby).

We have selected fixed extrinsic parameters for each
injection. In Table I we list the parameters for each in-
jection and the recovered median values with 90% con-
fidence interval error estimates. In Fig. 4 we show the
recovered posterior distributions for the main intrinsic
parameters of both signals injected with a total mass
of 100 M. We compare the analytical MSA version of
the Euler angles (PV=223) with the new numerical in-
tegration implementation (PV=300). For SXS:BBH:0143
recovery is better with the default numerical implementa-
tion. For SXS:BBH:0062 and most parameters the small
deviations between the median value of the distribution
and the actual injected values are similar for both ver-
sions, with however a better recovery of the precessing
spin parameter x,, for version PV=300. In Fig. 5 we show
the recovery of the component masses for the different
total injected masses, employing the default version of
the model. It can be seen that the injected values for the
component masses lie inside the 90% confidence intervals
for all cases, while there is a degradation of the maximum
likelihood prediction as the total mass increases and the
observable cycles in the detector are fewer. In general,
from the results reported in Table I, it can be seen that
the parameter recovery for SXS:BBH: 0143 is good for all
parameters and masses, while for SXS:BBH:0062 there
is some parameter bias at Mp = 200, 300M injections,
where several source parameters are not recovered within
the 90% confidence limits. For the next LIGO-Virgo ob-
servation run, O4, where SNR values as large as the ones
injected here can be expected, indeed further improve-
ments in the model are foreseen.

One should however be cautious to derive general con-
clusions about inherent systematic biases from only a few
points in the high-dimensional parameter space of CBCs.
For a given set of intrinsic parameters, a representative
subset of extrinsic parameters would have to be selected
to perform a systematic analysis, which becomes pro-

hibitively costly with current codes if a significant portion
of the intrinsic parameter space has to be studied. Fur-
ther studies towards understanding waveform modelling
caveats for preparing the next, more precise, observing
runs of the detectors will require the combination of full
parameter estimation with cheaper techniques like fitting
factor estimates and Fisher matrix approaches. We leave
the development of these studies for future work. A fur-
ther issue is that for high total mass, when the available
information from the inspiral is smaller and only a few
cycles are present in band, degeneracies between the ex-
trinsic parameters and combinations of the intrinsic pa-
rameters can complicate the analysis, as we discuss in de-
tail in our re-analysis of the high mass event GW190521
[82].

B. Comparison with other state-of-the-art
precessing multimode waveform models

We also compute full strain matches, employing
the same definition and PSD as in Sec. IITA, for
IMRPhenomTPHM against a number of other state-of-the-
art waveform models (SEOBNRv4APHM [11], NRSur7dg4 [20]
and IMRPhenomXPHM [8]), on two sets of 30000 random
configurations, chosen so that the first set lies within the
training region for NRSur7dq4 (i.e. ¢ < 4 and spins
isotropically distributed with the constraint a; o < 0.8)
while the second set encompasses a wider region of pa-
rameter space, allowing mass ratios up to ¢ = 20 as well
as nearly maximally-spinning black holes (a;,2 < 0.99).
The total mass distribution of the samples is in the
range (50,200)Mg for the second set and (90,350)Mg
for the first set. The mass-ratio distribution is uniform in
ma/my < 1. We generate the random samples only once
and then repeat the match calculation on different pairs
of models to ensure a fair comparison. The upper left
panel of Fig. 6 shows that the bulk of the mismatch dis-
tribution between IMRPhenomTPHM and SEOBNRv4PHM or
NRSur7dq4 lies around 1073; the median of the distribu-
tion (marked by a dashed line) is shifted towards slightly
higher values in the comparison against IMRPhenomXPHM,
which also shows a broader tail towards poor matches.
In the other panels of the same figure, we compare the
performance of different IMRPhenomTPHM configurations
against IMRPhenomXPHM, NRSur7dqg4 (in the training re-
gion) and SEOBNRv4PHM . Versions incorporating a numer-
ical evolution of the spin dynamics (green and red curves)
are in closer agreement with SEOBNRv4PHM, while we do
not observe significant differences among versions when
comparing to NRSur7dq4. In Fig. 7, we show instead
the distribution of matches against other time-domain
models as a function of the primary spin magnitude and
mass ratio. This plot allows to trace the origin of the
tail of low matches observed in the preceding histograms:
the largest differences between different waveform models
are correlated with very unequal masses and highly pos-
itive/negative spins. This is expected since, due to the
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FIG. 4. Recovered posterior distributions for the key intrinsic
IMRPhenomTPHM standard version (PV=300) and the version with MSA Euler angles (PV=223). Top: SXS:BBH:0143. Bottom:

SXS:BBH:0062. M, is the chirp mass.

parameters at injected mass Mr = 100My, comparing the

SXS:BBH:0143 SXS:BBH: 0062
Injected values Recovered values Injected values Recovered values

Mior /Mo 100/200/300| 99.7871-511196.98 7851 292.66 1159, 100/200/300 |101.7273:78{220.59+1745 | 335 31+25-33
M./Mg |40.88/81.76/122.64| 40.717978| 79.7674741116.78+199, 130.84/61.17/91.75| 30.8411:95| 82.697 114 |125.57+1722
q 0.52| 05219911 05H007T 47011 0.2 02799 0361915 0367913
Xeff 0.25| 0267007 0.2370:08|  0.247013 -0.18| —0.150:00 | —0.21%915| —0.1970:32
Yo 0.21| 0.1979121 02519151  0.26018 045 0.41%%L | 0371026  (.3319:33
05N 0.82| 0.84*9121 0811919 0.78%523 0.2| 0287313 0527954 0.53120!
Pres 15| 0957943 38970451  331%052 0| 0.86%324] 3467933 1347478
0 0.33| 0.31%514] 0387931  0.35723 0.33| 1.870411  1.15%94t) 1374952

o 1.375| 1.38%9:011 1.38+004) 1 38+0-07 1.375| 1.387093| 1.38+0-061 1 39+0-11
-1.21—1.21%980 | —1.2179-92 | —1.2173:07 S1.21| —1.2178 831 —1.2178:86 1 —1.2270-99

P 60/35/25| 57.4575:0433.1175:9%)|  23.297014 32/25/25| 30.0109%)| 23.3T5 05| 22.82751%

TABLE 1. Injected parameters and recovered parameters (median and 90% confidence intervals) for the set of injections
employed for testing the model performance with the default (PV = 300, FS = 4) version of the model. All angle values are
given in radians. pl; is the network (Hanford-Livingston-Virgo) signal-to-noise ratio (SNR).

limited availability of numerical waveforms in this region,
extrapolation effects are likely to prevail.

C. Parameter estimation on GW190412

After analysing the performance of the model com-
pared with precessing waveforms from other state-of-
the-art waveform models and NR waveforms, in partic-
ular the correct parameter recovery of synthetic injected
signals, we now examine the performance of the model

analysing a real BBH event, GW190412 [40], which also
has been recently re-analysed with the 4th generation of
Phenom waveform models, including the non-precessing
version of our model, IMRPhenomTHM, in [41] (see also a
recent analysis of this event, employing the NR surro-
gate model NRSur7dqg4, as well as the phenomenological
models IMRPhenomXPHM and IMRPhenomPv3HM, in [83]).
As done in [41], we employ v2 of the strain data [34]
for GW190412 released through the Gravitational Wave
Open Science Center (GWOSC) [85, 86], with a default
sampling rate of 16384 Hz, for consistency with the of-
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ficial LVC study. This version has non-linear subtrac-
tion [87] of 60 Hz power lines applied to it. We also use
the PSDs [88, 89] and calibration uncertainties [90] in-
cluded in v11 of the posterior sample release [91] for this
event. We analyse 8s of strain data from each of the Han-
ford, Livingston and Virgo detectors around the trigger
time of the event, as reported in GraceDB [92].

In Fig. 8 we compare the results for two versions of
IMRPhenomTPHM, analytical MSA angles (PV = 223) and
the default numerical implementation (PV = 300), with
the results for the model SEOBNRv4APHM released with the
LVC publication [40, 91] and the preferred results for the
standard version of the model IMRPhenomXPHM from the
recent re-analysis in [41] (we note that the results for
SEOBNRv4APHM were obtained with a different parameter
estimation pipeline, RIFT [93] and without employing
marginalization over detector uncertainty). Recovery of
the parameters is consistent with the previous published
results, with median values inside the confidence intervals
of the combined LVC results [40] and the IMRPhenomXPHM
results from [41]. Mass ratio is constrained, according
to the 90% confidence intervals, to more unequal val-
ues than the results for IMRPhenomXPHM, more in accor-
dance with the results from SEOBNRv4PHM. In a similar
way, both versions of the model have support for higher
values of the effective precessing spin parameter xy,, while
Xeft 1S the parameter showing greater difference between
both versions: PV=300 agrees better with SEOBNRv4PHM
and PV=223 agrees better with IMRPhenomXPHM. In Ta-
ble IT we report the median and 90% confidence intervals
for the main parameters recovered with version PV=300
FS=4, showing that all values are consistent with previous

published results.

In Fig. 9 we compare the network matched filter
SNR for the different models. We can observe that both
IMRPhenomTPHM model versions are able to recover higher
values of SNR than the equivalent IMRPhenomXPHM run,
though the width of the distribution (for the chirp mass
in this case) is wider than for SEOBNRv4PHM. In terms
of the Bayes factor for the different runs, we can see in
Table III that both IMRPhenomTPHM versions are slightly
preferred with respect to IMRPhenomXPHM, in agreement
with the SNR results. In terms of comparison with a non-
precessing approximant, we employ the published run for
IMRPhenomTHM from [41] and we find moderate support
for the precessing hypothesis.

In addition to the analysis of this event, the model
has been employed in a re-analysis [94] of the more mas-
sive events from the GWTC-1 catalog [31]. Contrary
to our results for GW190412, for several events in our
re-analysis results of GWTC-1 the IMRPhenomTHM and
IMRPhenomTPHM models recover slightly smaller SNRs
and Bayes factors than the corresponding frequency-
domain models IMRPhenomXHM and IMRPhenomXPHM.
The notable exceptions are the most massive event,
GW170729, and GW170814, which shows mild support
for precession. A likely explanation for this behavior is
that, while the description of precession is in general more
accurate with the default version of IMRPhenomTPHM,
due to the numerical integration of the precession equa-
tions and the improved treatment of the merger-ringdown
regime, the underlying non-precessing description is in
general still less accurate than the IMRPhenomX* coun-
terpart, especially in the description of the orbital fre-
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quency evolution. This trade-off complicates to some ex-
tent the analysis of the improvements brought by this
new model for smaller masses, and we plan to upgrade
the non-precessing description towards the employment
of the model in the future planned observation run O4.
We have also re-analysed [32] the very massive event
GW190521 [95, 96]. In this case we find that as expected
IMRPhenomTPHM not only provides a better fit to the data
than IMRPhenomXPHM, but also shows a much more con-
sistent behavior when varying the options for precession
approximation and final spin (PV and FS).

D. Benchmarks

In the previous sections we have tested the accuracy of
the model with respect to the predictions of other state-
of-the-art waveform models as well as NR simulations,
showing also consistent parameter recovery for synthetic
and real GW signals. Another important aspect to test

is the computational efficiency of the model, since typical
parameter estimation runs involve of the order of 10% or
more waveform evaluations, so that a model that can
be useful for systematic studies of events or for studies of
parameter estimation methods has to be computationally
efficient.

In Fig. 10, we show the average evaluation time for
the polarizations evaluated ten times at a fiducial con-
figuration (¢ = 3, a1 = 0.5, ag = 0.3), computed as in
eq. (9), comparing current precessing multimode wave-
form models. In the top panel, we show the results for a
fixed sampling rate of 4096 Hz (or, equivalently, a fixed
time spacing of 1/4096 seconds) varying the total mass of
the system (and hence the waveform length) for a fixed
bandwidth between 20Hz and 2048 Hz. In the bottom
panel, we show the results fixing the total mass of the
system to 100 Mg and varying the sampling rate from
2048 Hz to 16384 Hz. Results have been obtained on a
Skylake node with a clock speed of 2401 MHz of the CIT
cluster. From this, we can extract the conclusion than for
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TABLE II. Inferred parameter values (median) for GW190412 and their 90% credible intervals, obtained using precessing
models including higher multipoles. Columns 2—4 correspond to the results from the LVC analyses [40], the fifth column gives
the results from the precessing higher-modes model IMRPhenomXPHM reported in [41], and the last column provides the results

obtained with our model, for the default version run.

parameter SEOBNRv4PHM IMRPHENOMPV3HM LVC Combined IMRPhenomXPHM IMRPhenomTPHM
m3/Me 31.7+3¢ 28.1+4:8 297739 30.0752 30.9735
ms/Me 8.0702 8.871% 8.4+18 84713 82708
M? /Mg 39.7+39 36.9157 38.1149 384142 39.112%

s +0.3 +0.5 +0.4 +0.5 +0.3
M® /Mg 13.3%93 13.219°3 13.3794 13.3707% 13.3793
q 0.25+6-06 0.317552 0.28+0:13 0.28+9:09 0.27+5:02
Yeit 0.2810-96 0.2275:9% 0.25+9-0% 0.25%51 0.2770:07
Xp 0.31%535 0.31%5:37 0.30%535 0.23%535 0.28%533
X1 0.4615-12 0.411522 0.43+6-16 0.39+5-16 0.44%5-1%
Dr,/Mpc 7407120 7407150 7307170 7341150 7237133
z 0.15+5-02 0.1515:93 0.15+6-03 0.15+5-03 0.15%5:03
Osn 0.7155:33 0.717559 0.73+5:34 0.75+5:3¢ 0.7570:38
pi 9510, 9.5%0% 95103 9.4%5% 95103
pL 16.2753 16.1752 16.275°2 16.175°2 16.2753
pv 3.7+5:2 3.6193 3.610°2 3.6153 3.8102
pHIV 19.1792 19.079:2 19.179% 18.979:2 19.019:3

TPHM vs XPHM TPHM vs THM

TPHM PV=223 12.8 11.9

TPHM PV=300 10.5 9.8

TABLE III. Comparison of Bayes factor ratio between the
different IMRPhenomTPHM runs with the IMRPhenomXPHM results
and the non-precessing IMRPhenomTHM results from [41].

masses greater than 50 M, and for typical sampling rates
at these masses (2048 Hz, 4096 Hz), the IMRPhenomTPHM
model has the second fastest evaluation time from the
analysed set, only after IMRPhenomXPHM, where extra op-
timizations have been applied, such as the implementa-
tion of the multibanding technique [97].

We also show results for lowering the start-
ing waveform generation frequency, regulated by the
LALSimulation pn-amplitude-order parameter (here
we call it amp-order):

2fmin

—_— 33
2 + amp-order’ (33)

fstart =

where fsary is the frequency for starting the waveform

generation and fu, is the starting frequency for the
noise-weighted inner product in eq. (27). This is required
for consistently including all the subdominant mode con-
tent in band once the waveforms are Fourier-transformed
to compute noise-weighted inner products, due to the
frequency scaling ¢y, = (m/2)¢pas of the subdominant
harmonics frequencies. For example, in order to have
all modes in band up to m = 4 at fun, one needs to
set amp-order = 2. This translates into an increased
waveform length. While we can see that increasing the
waveform length has a big impact at low masses, we can
see that differences are reduced at high masses.

Besides waveform evaluation time, it is useful to ex-
amine the mean likelihood evaluation time, since this is
a key value for parameter estimation applications: on
top of the waveform evaluation cost, this number incor-
porates the cost of conditioning and Fourier-transforming
the polarizations. In Table IV we can see the mean likeli-
hood evaluation time for several models, split into differ-
ent mass bins and for different durations of the analyzed
data segments. For each result, we have computed the
likelihood for 100 different total mass values uniformly
distributed in the indicated mass range, for an equal mass
configuration with random spin magnitudes and direc-
tions for each case, employing all the available modes of
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FIG. 7. Two-dimensional distribution of matches when

comparing the default version of IMRPhenomTPHMwith
SEOBNRv4PHM and NRSur7dqg4, as a function of the primary
spin magnitude and mass ratio. In both cases, matches de-
grade for very unequal-mass systems with a1 2 0.6.

each model. We can see that while at low masses (from
10 Mg to 60 Mg) the model is five times more expen-
sive than the reference model IMRPhenomXPHM (the
same being true for the comparison of dominant-mode
models between IMRPhenomTP and IMRPhenomXP),
at high mass the difference is approximately only a fac-
tor 2, which is quite remarkable taking into account that
IMRPhenomTPHM needs a numerical Fourier transform
before being applied in the likelihood evaluation. Notice-
ably, the model is almost two orders of magnitude faster
than the time-domain model SEOBNRv4PHM.

IV. CONCLUSIONS

In this paper we have presented a precessing time
domain model for the GW signal of coalescing black
holes, IMRPhenomTPHM, which can be considered to
be a time-domain companion to the IMRPhenomXPHM
frequency-domain model. =~ Working in the time do-
main allows several improvements over the accuracy of
IMRPhenomXPHM: The inspiral description is more ac-
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curate thanks to the numerical integration of the post-
Newtonian spin evolution in eq. (12). The merger is im-
proved by only modifying the non-precessing waveforms,
which we take from our IMRPhenomTHM model, in the
ringdown to adapt to the precessing final spin value. In
the time domain this is straightforward by only modify-
ing the ringdown portion of the waveform, however this
cannot be cleanly translated to the frequency domain,
due to the “smearing” effect of the Fourier transform.
Furthermore we have included an additional option to
the analytical description of the Euler angles to smooth
the behavior at merger, substituting our ignorance about
the actual plunge dynamics by a well-behaved simpler de-
scription, from the MECO time to the coalescence time.
Finally, in the ringdown we can ensure a consistent be-
havior with black-hole-perturbation theory by determin-
ing the Euler angles from the QNM frequencies. Our
approach opens up several avenues for further improve-
ments of the model. One natural avenue is full calibration
to numerical relativity precessing simulations. While the
first Fourier-domain phenomenological model calibrated
to precessing simulations has been recently presented in
[42], we believe that in the time domain the procedure
might be simpler, allowing complementary strategies for
calibration. Another new possibility is to analytically
tune the information that enters the numerical evolution
of the spin equations (12), e.g. by incorporating the in-
plane spin components in the phasing of the co-precessing
modes.

The main application that we foresee for this new
model in GW data analysis are high-mass events, where
the additional accuracy in treating precession can play
a crucial role in the recovery of the source parameters.
Indeed, in two accompanying papers [82, 94] we find that
for the two high-mass events GW170729 and in particu-
lar GW190521 with IMRPhenomTPHM we infer broadly
consistent credible regions as with IMRPhenomXPHM
but achieve better matches with the data (in the sense
of higher maximum likelihood and SNR). In general
the agreement in most of the events is remarkably
consistent between both phenomenological models, so
the employment of this new independent time-domain
model also brings confidence in the results obtained with
IMRPhenomXPHM.

In the future we plan to improve both the frequency-
domain and time-domain IMRPhenom models, and cali-
brate them to precessing NR simulations. Beyond quasi-
circular systems we also expect that the development of
eccentric waveform models, and in particular precessing
eccentric ones, will benefit from the insights gained both
from the frequency and time domain strategies. Finally,
we note that part of the original motivation for time-
domain models was to serve as an alternative baseline
to develop tests of general relativity, such as inspiral-
merger-ringdown or parameterized tests [98—-100]. To
this end, different phenomenological parameterizations
of frequency and time-domain models will help to assess
the robustness of such tests. Moreover, we note that a
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FIG. 8. Inferred posterior distributions for the parameters of the BBH event GW190412, comparing our new IMRPhenomTPHM
results with those for SEOBNRv4PHM from [40, 91] and IMRPhenomXPHM from [41]. Stars indicate the maximum likelihood value

for each run.

[Mmin, Mmax] AT IMRPhenomTP IMRPhenomXP SEOBNRv4P IMRPhenomTPHM IMRPhenomXPHM SEOBNRv4PHM NRSur7dq4

4 15. . 2006. . 24.2 4563.2 4
160,100] s 5.0 7.0 006.0 55.0 563 30
8s 14.7 13.9 1968.2 55.8 39.6 AT17.7 30.7
4s 73.9 14.7 4614.6 271.6 54.2 4729.6 -
[10,60]
8s 75.5 29.2 4672.2 267.3 84.8 5051.3 -

TABLE IV. Mean likelihood evaluation time in milliseconds for several precessing models including higher-order modes for equal-
mass signals. The numbers represent averages over two different total mass ranges [Mmin, Mmax] = {[10, 60], [60, 100]} My and
random spin orientations and magnitudes. The first column indicates the total mass range in which the models are evaluated
and the second one specifies the data analysis segment length in seconds used for the calculations.
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FIG. 9. Network matched filter SNR comparison between
the different results for the event GW190412. Dashed lines:
maximum network matched filter SNR value.

time-domain treatment guarantees a cleaner separation
between the ringdown and the inspiral/merger regimes,
while this is not possible in the frequency domain due to
smearing effect of the Fourier transform.
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Appendix A: Usage of the LALSimulation
implementation

The IMRPhenomTPHM model has been implemented as
C code in the LALSimulation package of the LALSuite
[62] software framework for GW data analysis. Time-
domain polarizations can be called through the standard
interface SimInspiralChooseTDWaveform. Also spher-
ical harmonic modes in the Ly-frame satisfying LAL
conventions can be called through the LALSimulation
SimInspiralChooseTDModes function.

For selecting the specific description of the precess-
ing FEuler angles detailed in Sec. 11D and IIE, the user
can specify the parameters PhenomXPrecVersion (PV),
in a three or five digit format. The first three digits
correspond to the core specification of the Euler angles
description: 102 for NNLO, 223 for MSA and 300 for nu-
merical evolution of the spin precession equations (alter-
native versions of NNLO and MSA can also be specified,
see Table III of Appendix F in [8]). For the analytical
descriptions, the fourth digit selects the merger-ringdown
treatment: 0 corresponds to disabling the ringdown an-
gle approximation from eq. (24), 1 to enabling it, and 2
to enabling it with the addition of the linear continua-
tion from MECO time to coalescence time in eq. (20).
The fifth digit corresponds to the treatment of the third
Euler angle: 0 corresponds to the analytical expression
and 1 to numerical evaluation. Our default implementa-
tion with PV = 300 does not include additional options,
and it always enables the ringdown angles approxima-
tion described in eq. (24). See Table V for a summary of
available options.

The final spin description can be selected via the pa-
rameter PhenomXFinalSpinMod (FS). Available options
inherited from the IMRPhenomXP/PHM implementation are
described in Table V of Appendix F in [8]. In this model
we have incorporated a new default option, described in
Sec. I1 E, where the individual spins are evaluated at coa-
lescence time from the evolution of eq. (12). This option



is the default and can also be explicitly specified with op-
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tion FS = 4, but it is only available with PV = 300 since it
requires the numerical evolution of the individual spins.
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