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In this work we introduce PHENoMXO4a, the first phenomenological, frequency-domain gravitational wave­
form model to incorporate multipole asymmetries and precession angles tuned to numerical relativity. We 
build upon the modeling work that produced the PHENoMPNR model and incorporate our additions into the IM­
RPHENoMX framework, retuning the coprecessing frame model and extending the tuned precession angles to 
higher signal multipoles. We also include, for the first time in frequency-domain models, a recent model for 
spin-precession-induced multipolar asymmetry in the coprecessing frame to the dominant gravitational-wave 
multipoles. The accuracy of the full model and its constituent components is assessed through comparison to 
numerical relativity and numerical relativity surrogate waveforms by computing mismatches and performing 
parameter estimation studies. We show that, for the dominant signal multipole, we retain the modeling im­
provements seen in the PHENOMPNR model. We find that the relative accuracy of current full IMR models varies 
depending on location in parameter space and the comparison metric, and on average they are of comparable 
accuracy. However, we find that variations in the pointwise accuracy do not necessarily translate into large 
biases in the parameter estimation recoveries. 

I. INTRODUCTION

The properties of compact-binary gravitational-wave (GW) 
sources are inferred by convolving detector data with theo­
retical signal models [1-11]. In LIGO-Virgo-KAGRA (LVK) 
compact binary observations to date the most commonly used 
families of signal models have been PHENoM, SEOBNR and 
NRSURROGATE [12-33] The PHENOM and SEOBNR models are 
constructed from a combination of analytic or semianalytic 
approximations during the inspiral, and numerical relativity 
(NR) calculations for the late inspiral, merger and ringdown; 
the NRSURROGATE models are constructed primarily from NR 
waveforms. The accuracy of PHENoM and SEOBNR models 
is determined by the accuracy of the analytic ingredients, by 
the length, accuracy and parameter-space coverage of the NR

waveforms, and by the details of the model construction, in­
cluding any physical approximations. By contrast, the main 
limitation in current surrogate models is not their accuracy, 
but their parameter-space coverage and the length of the input 
waveforms (which, given the fixed frequency range of detec­
tor sensitivities, limits the masses at which they can be used 
for analysis). 

Two of the limitations in the PHENOM and SEOBNR models 
used in the first three LVK observing runs (01-3) were that 
precession effects ( due to spins misaligned with the orbital an­
gular momentum) are based only on analytic approximations 
and do not include tuning to any NR simulations of precess­
ing binaries, and that the models neglect an asymmetry in the 
multipoles that is present in precessing configurations. In this 
paper we present a new model that adds both of these fea­
tures, PHENoMXO4a (XO4a). (Throughout the paper we will 
introduce each model with its full name, but also introduce 

an abbreviation, which we we will use to simplify reference 
throughout the paper to a large number of models with very 
similar names.) 

This paper extends on the work in Ref. [34] (Paper I), and 
we refer the reader to this paper for more background on 
the phenomenology of precessing binaries, and a summary 
of approaches to modelling the GW signal from them. Pa­
per I presented the PHENoMPNR (PNR) model, where merger­
ringdown precession effects in the f = 2 multipoles were 
tuned to 40 NR simulations of single-spin systems between 
mass ratios of 1 � q = mifm2 � 8, where m1 and m2 are the 
component masses of the binary system with m1 � m2, and 
the primary black hole has dimensionless spin x misaligned 
from the orbital angular momentum by lks-

In this work the model is retuned to all 80 simulations in 
the NR catalogue discussed in Ref. [35], to improve the over­
all accuracy of the phenomenological fits, but in particular the 
behavior of low-spin binaries near the aligned-spin limit. The 
resulting model is implemented within the IMRPHENOMX in­
frastructure [21]. We also extend the model of the precession 
dynamics to higher multipoles through an approximate fre­
quency mapping analogous to that used to construct higher 
signal multipoles in the earlier PHENOMHM model [15], and 
make use of an estimate of the ringdown frequency for each 
multipole in a frame that tracks the binary's precession, as 
presented in Ref. [36]. 

We incorporate a model for the multipole asymmetry in the 
dominant (f, 1ml) = (2, 2) multipoles based on a prescription 
presented in Ref. [37]. This allows us to easily construct the 
antisymmetric contribution to the dominant multipole from 
physical quantities that were already modeled for the sym­
metric contribution, namely the signal amplitude, phase, and 


















































