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FIG. 1. Time-frequency representations [42] of the strain data
at the time of GW190412 in LIGO Hanford (top), LIGO Liv-
ingston (middle), and Virgo (bottom). Times are shown from
April 12, 2019, 05:30:44 UTC. Excess power, consistent with
the measured parameters of the event, is present in all three
detectors. The amplitude scale of each time-frequency tile is
normalized by the respective detector’s noise amplitude spec-
tral density. The lower frequency limit of 20 Hz is the same
as in analyses of the source properties of GW190412.

mains. Similar to procedures from the second observing
run [39, 40], these noise sources are linearly subtracted
from the data using auxiliary witness sensors. In O3,
this procedure was completed as a part of the calibration
pipeline [37], both in low latency and offline. Additional
noise contributions due to non-linear coupling of the 60
Hz power mains are subtracted for offline analyses using
coupling functions that rely on machine learning tech-
niques [41].

GW190412 was initially detected by the GstLAL [43],
SPIIR [44], cWB [45], MBTA [46], and PyCBC Live
[47] pipelines running in low-latency configuration, and
reported under the identifier S190412m. The GstLAL,
SPIIR, MBTA, and PyCBC Live pipelines identify
GW signals by matched-filtering [48–50] data using a

bank of filter waveforms that cover a wide range of source
parameters [51–57]. The coherent, unmodelled cWB
pipeline [45], identifies clusters of coherent excess power
with increasing frequency over time in data processed
with the wavelet transform [58].

All analysis pipelines running in low-latency identi-
fied GW190412 as a confident event. The observed SNR
from the GstLAL pipeline was 8.6 in LIGO Hanford,
15.6 in LIGO Livingston, and 3.7 in Virgo. GW190412
was identified with consistent SNR across all low-latency
pipelines.

A GCN alert [59] announcing the event was publicly
distributed 60 minutes after GW190412 and included an
initial sky localization computed using a rapid Bayesian
algorithm, BAYESTAR [60], applied to data from all
available detectors. This sky localization constrained the
position of the event to a 90% credible area of 156 deg2.

Additional offline analysis of the data from April 8 to
April 18 was completed by the GstLAL [61, 62] and Py-
CBC [63, 64] matched filtering pipelines, and the coher-
ent, template independent cWB pipeline [45]. The offline
analyses utilize an updated version of the calibration of
the LIGO data [37] and additional data quality vetoes
[65]. The GstLAL pipeline incorporates data from all
three detectors, while the PyCBC and cWB pipelines
only use data from the two LIGO detectors.

All three offline pipelines identified GW190412 as a
highly significant GW event. This event was assigned a
false-alarm rate (FAR) of < 1 per 1 × 105 years by the
GstLAL pipeline and < 1 per 3× 104 years by the Py-
CBC pipeline. The template independent cWB pipeline
assigned this event a FAR of < 1 per 1 × 103 years. As
GW190412 was identified as more significant than any
event in the computed background, the FARs assigned
by all offline pipelines are upper bounds.

Validation procedures similar to those used to evaluate
previous events [7, 66] were used in the case of GW190412
to verify that instrumental artifacts do not affect the
analysis of the observed event. These procedures rely
upon sensor arrays at LIGO and Virgo to measure en-
vironmental disturbances that could potentially couple
into the interferometers [67]. For all three interferom-
eters, these procedures identified no evidence of excess
power from terrestrial sources that could impact detec-
tion or analysis of GW190412. Data from Virgo contains
instrumental artifacts from scattered light [68] that im-
pact data below 20 Hz within 4 seconds of the coalescence
time. As analyses of GW190412 source properties only
use data from above 20 Hz, no mitigation of these arti-
facts was required.

III. SOURCE PROPERTIES

A. On Radiative Multipoles and Source Properties

GW radiation is observed as a combination of two po-
larizations, h+ and h× weighted with the detector re-
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sponse functions [69]. For GW theory, it is efficient to
work with the complex valued quantity, h = h+ − ih×.
From the perspective of the observer, h can be expanded
into multipole moments using spherical polar coordinates
defined in a source centered frame [70]. Each multipole
moment encodes information about the gravitationally
radiating source. Interfacing GW theory with data anal-
ysis allows the connections between radiative multipole
moments and source properties to be decoded.

Starting with the pioneering work of Einstein, and later
refined by Newman, Penrose, Thorne and many others,
GWs have been known to be at least quadrupolar [70–72].
The −2 spin-weighted spherical harmonics −2Y`m(θ, φ)
have been found to be the simplest appropriate harmonic
basis. They are the orthonormal angular eigenfunctions
of gravitationally perturbed spherically symmetric space-
times and we refer to their beyond-quadrupolar multipole
moments in this basis as higher multipoles [72–77].

In this basis the multipolar decomposition is

h+ − ih× =
∑

`≥2

∑

−`≤m≤`

h`m(t,λλλ)

DL
−2Y`m(θ, φ) , (1)

where (θ, φ) are respectively the polar and azimuthal an-
gles defining the direction of propagation from the source
to the observer, and DL the luminosity distance from
the observer. The radiative multipoles, h`m, depend
on source properties (condensed in λλλ) such as the BH

masses, m1 and m2, and their spins ~S1 and ~S2.
When at least one of the BH spins is misaligned with

respect to the binary’s angular momentum, the orbital
plane and the spins precess around the direction of the
total angular momentum. We refer to these systems as
precessing. For non-precessing systems, reflection sym-
metry about a fixed orbital plane results in a complex
conjugate symmetry between moments of azimuthal in-
dex m and −m. Therefore, when we refer to a specific
(`,m) multipole, h`m, we always mean (`,±m). For pre-
cessing systems and their non-fixed orbital plane, one
may define a co-precessing frame such that θ is relative
to the direction of maximal radiation emission. In this
co-precessing frame h`m approximately take on features
of their non-precessing counterparts [78–82].

Long before merger, the instantaneous frequencies,
f`m, of each h`m are linked to the orbital frequency of the
binary forb by f`m ' mforb [74]. In the moments shortly
before the two BHs merge this simple scaling is broken,
but its imprint persists through the final stages of coa-
lescence [22]. Therefore, higher multipoles imply an ap-
proximately harmonic progression of frequencies within
GW signals from quasi-circularly coalescing BHs.

The source geometry depends on mass ratio and is
most prominently manifested in the relative contribution
of multipoles with odd or even m: for an exactly equal
mass binary with non-spinning components, only multi-
poles with even m respect orbital symmetry and so are
present in the radiation [74]. In this and nearly equal
mass cases, the quadrupole, h22, is by far the most dom-

inant, followed by other multipoles with even m. How-
ever, for sufficiently unequal mass ratios, numerical and
analytical studies have shown that the ` = m = 3 and
subsequent multipoles with ` = m gain increasing im-
portance [74, 75, 83–86]. In the context of source detec-
tion and characterization, analytical and numerical stud-
ies [76, 87–95] have shown that higher multipoles can
have increasing relative importance as system asymme-
try increases due to source properties such as unequal
masses, spin magnitudes and, in the case of precession,
spin directions.

Source orientation also contributes to higher multipole
content and can impact the inference of source param-
eters. Systems whose orbital planes point directly to-
wards the observer present signals which are generally
dominated by h22. In such instances the net dependence
on θ and DL enter co-linearly as −2Y22(θ, φ)/DL. Thus
distance and inclination can be approximately degenerate
for each GW detector. However, for inclined systems, the
higher multipoles introduce other dependencies on θ via
their harmonics, −2Y`m(θ, φ). Consequently, higher mul-
tipoles may break the inclination-distance degeneracy,
thereby tightening constraints on inferred source inclina-
tion and luminosity distance. We show in Sec. III D how
signal models including higher multipoles can break this
degeneracy and improve our ability to infer the source
parameters of GW190412. When we refer to the incli-
nation of GW190412 below, we define it as the angle
between the system’s total angular momentum and the
direction of propagation from the source to the observer,
and denote it by θJN for clarity.

Importantly, GW signal models are used to map be-
tween radiative multipole content and source properties,
and for the robust estimation of source properties, ex-
perimental uncertainty requires GW signal models to be
used in conjunction with methods of statistical inference.

B. Method and Signal Models

We perform an inference of the properties of the binary
using a coherent Bayesian analysis of 8 seconds of data
around the time of the detection from the three detectors
(see e.g., [96]). Results presented here were mainly pro-
duced with a highly parallelized version of the code pack-
age Bilby [97, 98]. Additional analyses were performed
with the package LALInference [99]. RIFT [100, 101]
was also used to check consistency of the intrinsic pa-
rameters and for corroborating the Bayes factors that
are presented below. The power spectral density (PSD)
of the noise that enters the likelihood calculation is es-
timated from the data using BayesWave [102, 103]. The
low-frequency cutoff for the likelihood integration is set
to 20 Hz, and the prior distributions we use are described
in Appendix B.1 of [7]. We note that after initial anal-
yses with large prior intervals on the individual masses,
more restrictive prior boundaries were introduced to ac-
celerate further Bilby analyses. Those additional bound-
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aries do not affect the posterior probabilities reported be-
low as the likelihood is insignificantly small outside the
allowed prior region. However, Kullback-Leibler diver-
gences [104] calculated between prior and posterior are
sensitive to this choice. Full prior specifications can be
found in the data accompanying this paper [105].

The signal models we use to sample the BBH pa-
rameter space are enhanced versions of the models that
have been used in past analyses (e.g., [7]). We em-
ploy models from the effective-one-body (EOB) [106–109]
family that are constructed by completing an analyti-
cal inspiral-merger-ringdown description which builds on
post-Newtonian (PN) [110–112] and black-hole perturba-
tion theory, with numerical-relativity information. The
phenomenological family [113, 114] on the other hand,
is based on a frequency-domain description of hybridized
EOB-inspiral and numerical-relativity merger. The latest
developments used here include the effects of higher mul-
tipoles in precessing models both in the EOBNR family
(SEOBNRv4PHM, [33, 115, 116]) and the phenomeno-
logical family (IMRPhenomPv3HM, [23, 24]).

All model variants that we use in the analysis of
GW190412 are detailed in Table I. In order to test for
imprints of spin-precession and higher multipoles in the
data, we also perform analyses using models without spin
precession and/or without higher multipoles. To verify
the robustness of our results against waveform system-
atics we also performed an analysis using the numerical-
relativity surrogate NRHybSur3dq8 [27] that includes the
effect of higher multipoles, but is limited to spins aligned
with the angular momentum. This surrogate model
is constructed from numerical-relativity waveforms ex-
tended with EOB-calibrated PN waveforms.

C. Masses

In Table II we summarize the inferred values of the
source parameters of GW190412. The statistical un-
certainty is quantified by the equal-tailed 90% credi-
ble intervals about the median of the marginalized one-
dimensional posterior distribution of each parameter. We
report the results obtained with the two most complete
signal models – those members of the EOBNR and Phe-
nom family that include both the effects of precession
and higher multipoles (see Table I). As a conservative
estimate, and because we do not favor one model over
the other, we combine the posteriors of each model with
equal weight, which is equivalent to marginalizing over a
discrete set of signal models with a uniform probability.
The resulting values are provided in the last column of
Table II, and we refer to those values in the text unless
explicitly stated otherwise.

The component masses for this system in the source
frame are m1 = 29.7+5.0

−5.3M� and m2 = 8.4+1.8
−1.0M�. They

are consistent with the BH mass ranges of population
models inferred from the first two LIGO and Virgo ob-
serving runs [7]. However, GW190412 is particularly in-

FIG. 2. The posterior distribution for the mass ratio q and ef-
fective spin χeff of GW190412. We show the two-dimensional
marginalized distribution as well as the one-dimensional
marginalized distribution of each parameter along the axes
for two different signal models that each include the effects
of precessing spins and higher multipoles. The indicated two-
dimensional area as well as the horizontal and vertical lines
along the axes, respectively, indicate the 90% credible regions.

teresting for its measured mass ratio of q = 0.28+0.13
−0.06.

Figures 2 and 3 illustrate that the mass ratio inferred
for GW190412 strongly disfavors a system with compa-
rable masses. We exclude q > 0.5 with 99% probability.
In Section VI we show that the asymmetric component
mass measurement is robust when analyzed using a prior
informed by the already-observed BBH population.

The posteriors shown in Fig. 2 for the two precessing,
higher multipole models are largely overlapping, but dif-
ferences are visible. The EOBNR PHM model provides
tighter constraints than Phenom PHM, and the peak of
the posterior distributions are offset along a line of high
correlation in the q–χeff plane. This mass-ratio–spin de-
generacy arises because inspiral GW signals can partly
compensate the effect of a more asymmetric mass ra-
tio with a higher effective spin [125–129]. The effective
spin [108, 130, 131] is the mass-weighted sum of the indi-

vidual spin components ~S1 and ~S2 perpendicular to the
orbital plane, or equivalently projected along the direc-

tion of the Newtonian orbital angular momentum, ~LN ,

χeff =
1

M

(
~S1

m1
+

~S2

m2

)
·
~LN

‖~LN‖
, (2)

with M = m1 +m2.
GW190412 is in a region of the parameter space that

has not been accessed through observations before; and
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TABLE I. Waveform models used in this paper. We indicate which multipoles are included for each model. For precessing
models, the multipoles correspond to those in the co-precessing frame.

family short name full name precession multipoles (`, |m|) ref.

EOBNR

EOBNR SEOBNRv4 ROM × (2, 2) [57]

EOBNR HM SEOBNRv4HM ROM × (2, 2), (2,1), (3, 3), (4, 4), (5, 5) [26, 32]

EOBNR P SEOBNRv4P X (2, 2), (2, 1) [33, 115, 116]

EOBNR PHM SEOBNRv4PHM X (2, 2), (2, 1), (3, 3), (4, 4), (5, 5) [33, 115, 116]

Phenom

Phenom IMRPhenomD × (2, 2) [117, 118]

Phenom HM IMRPhenomHM × (2, 2), (2, 1), (3, 3), (3, 2), (4, 4), (4, 3) [22]

Phenom P IMRPhenomPv2/v3a X (2, 2) [23, 119]

Phenom PHM IMRPhenomPv3HM X (2, 2), (2, 1), (3, 3), (3, 2), (4, 4), (4, 3) [24]

NR surrogate NRSur HM NRHybSur3dq8 × ` ≤ 4, (5, 5) but not (4, 0), (4, 1) [27]

a The recently improved, precessing model IMRPhenomPv3 is used in Sec. IV A to calculate Bayes factors. For consistency with
previous analyses and computational reasons, the tests presented in Sec. V A use IMRPhenomPv2 instead.

FIG. 3. The one-dimensional posterior probability density
for the mass ratio q of GW190412, obtained with a suite of
different signal models. The vertical lines above the bottom
axes indicate the 90% credible bounds for each signal model.

we find that the two models give slightly different, yet
largely consistent results. However, this is the first
time that systematic model differences are not much
smaller than statistical uncertainties. We tested the ori-
gin of these differences by repeating the analysis with
an extended suite of signal models, as shown in Fig. 3.
The results indicate that the mass-ratio measurement
of GW190412 is robust against modeling systematics,
and the different treatments of higher multipoles in the
EOBNR and Phenom families may account for some of
the observed differences. We also see that the NRSur HM
model and the EOBNR HM model agree well with each
other, while the Phenom HM model deviates slightly.
This is consistent with the fact that the NRSur HM
and EOBNR HM models have some features in common.
In NRSur HM, the PN inspiral part of the waveform is

calibrated to EOB waveforms, and in EOBNR HM the
merger and ringdown part of the waveform is calibrated
to a subset of the numerical-relativity simulations used
in the construction of NRSur HM. Further studies will be
needed to fully understand the systematics visible here
and mitigate them as models improve.

D. Orientation and Spins

The contribution of higher multipoles in the gravita-
tional waveform is important for the parameter estima-
tion of systems with small mass ratios [132, 133]. In
Fig. 4 we show the marginalized two-dimensional pos-
terior distribution for luminosity distance and inclina-
tion obtained using signal models either without higher
multipoles, with higher multipoles, or with higher mul-
tipoles and spin-precession. The degeneracy between lu-
minosity distance and inclination angle that is present in
the results obtained without higher multipoles is broken
when higher multipoles are included. The inclusion of
precession effects helps to constrain the 90% credible re-
gion further. Results obtained with the Phenom family
show the same degeneracy breaking when higher multi-
poles are included, but the 90% credible region obtained
with Phenom PHM has some remaining small support
for θJN > π/2.

We constrain the spin parameter χeff of GW190412’s
source to be 0.25+0.08

−0.11. After GW151226 and
GW170729 [2, 7, 34], this is the third BH binary we
have identified whose GW signal shows imprints of at
least one nonzero spin component, although recently an-
other observation of a potentially spinning BH binary
was reported [11]. However, inferred spins are more sen-
sitive than other parameters (e.g., component masses)
to the choice of the prior. A re-analysis of GW events
with a population-informed spin prior recently suggested
that previous binary component spins measurements may
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TABLE II. Inferred parameter values for GW190412 and their
90% credible intervals, obtained using precessing models in-
cluding higher multipoles.

parametera EOBNR PHM Phenom PHM Combined

m1/M� 31.7+3.6
−3.5 27.5+4.6

−4.1 29.7+5.0
−5.3

m2/M� 8.0+0.9
−0.7 9.0+1.6

−1.1 8.4+1.8
−1.0

M/M� 39.7+3.0
−2.7 36.5+3.5

−2.7 38.1+4.0
−3.7

M/M� 13.3+0.3
−0.3 13.3+0.5

−0.4 13.3+0.4
−0.3

q 0.25+0.06
−0.04 0.33+0.12

−0.08 0.28+0.13
−0.06

Mf/M� 38.6+3.1
−2.8 35.3+3.6

−2.8 37.0+4.1
−3.9

χf 0.68+0.04
−0.04 0.66+0.06

−0.07 0.67+0.05
−0.07

mdet
1 /M� 36.5+4.2

−4.2 31.5+5.5
−4.9 34.2+5.7

−6.5

mdet
2 /M� 9.2+0.9

−0.7 10.3+1.7
−1.2 9.7+1.8

−1.1

Mdet/M� 45.7+3.5
−3.3 41.8+4.3

−3.3 43.9+4.6
−4.7

Mdet/M� 15.3+0.1
−0.2 15.2+0.3

−0.2 15.3+0.2
−0.2

χeff 0.28+0.06
−0.08 0.21+0.08

−0.10 0.25+0.08
−0.11

χp 0.31+0.14
−0.15 0.29+0.25

−0.16 0.30+0.19
−0.15

χ1 0.46+0.12
−0.15 0.38+0.22

−0.29 0.43+0.16
−0.26

DL/Mpc 740+120
−130 730+150

−200 730+140
−170

z 0.15+0.02
−0.02 0.15+0.03

−0.04 0.15+0.03
−0.03

θ̂JN 0.71+0.23
−0.21 0.76+0.39

−0.29 0.73+0.34
−0.24

ρH 9.5+0.1
−0.2 9.5+0.2

−0.3 9.5+0.1
−0.3

ρL 16.2+0.1
−0.2 16.1+0.2

−0.3 16.2+0.1
−0.3

ρV 3.7+0.2
−0.5 3.5+0.4

−1.3 3.6+0.3
−1.0

ρHLV 19.1+0.2
−0.2 19.0+0.2

−0.3 19.1+0.1
−0.3

a Symbols: mi: individual mass; M = m1 +m2;
M = (m1m2)3/5M−1/5; superscript “det” refers to the
detector-frame (redshifted) mass, while without subscript,
masses are source-frame masses, assuming a standard
cosmology [120] detailed in Appendix B of [7]; q = m2/m1; Mf ,
χf : mass and dimensionless spin magnitude of the remnant BH,
obtained through numerical-relativity fits [121–124]; χeff , χp:
effective and precessing spin parameter; χ1: dimensionless spin
magnitude of more massive BH; DL: luminosity distance; z:
redshift; θ̂JN : inclination angle (folded to [0, π/2]); ρX
matched-filter SNRs for the Hanford, Livingston and Virgo
detectors, indicated by subscript. ρHLV: network SNR.

have been overestimated because of the use of an unin-
formative prior [134]. Collecting more observations will
enable us to make more confident statements on BH spins
in the future.

The parameter χeff only contains information about
the spin components perpendicular to the orbital plane.
The in-plane spin components cause the orbital plane to
precess [135], but this effect is difficult to observe, espe-
cially when the inclination angle is near 0 or π. Us-
ing models with higher multipoles, however, we con-
strain the inclination of GW190412 exceptionally well
and put stronger constraints on the effect of precession
than in previous binaries [7]. The strength of precession
is parameterized by an effective precession parameter,

FIG. 4. The posterior distribution for the luminosity dis-
tance, DL, and inclination, θJN (angle between the line-of-
sight and total angular momentum), of GW190412. We il-
lustrate the 90% credible regions as in Fig. 2. By comparing
models that include either the dominant multipole (and no
precession), higher multipoles and no precession, or higher
multipoles and precession, we can see the great impact higher
multipoles have on constraining the inclination and distance.
All models shown here are part of the EOBNR family.

0 ≤ χp < 1, defined by [136]

χp = max

{
‖~S1⊥‖
m2

1

, κ
‖~S2⊥‖
m2

2

}
, (3)

where ~Si⊥ = ~Si− ~LN × (~Si · ~LN )/‖~LN‖2 and κ = q(4q+
3)/(4 + 3q). Large values of χp correspond to strong
precession.

Fig. 5 shows that the marginalized one-dimensional
posterior of χp is different from its global prior distribu-
tion. The Kullback-Leibler divergence [104], DKL, for the
information gained from the global prior to the posterior
is 0.96+0.03

−0.03 bits and 0.52+0.02
−0.02 bits for the EOBNR PHM

and Phenom PHM model, respectively. Those values are
larger than what we found for any observation during
the first two observing runs (see Table V in Appendix B
of [7]). Since the prior we use introduces non-negligible
correlations between mass ratio, χeff and χp, we check if
the observed posterior is mainly derived from constraints
on χeff and q. We find that this is not the case, as a prior
restricted to the 90% credible bounds of q and χeff (also
included in Fig. 5) is still significantly different from the
posterior, with DKL = 0.97+0.03

−0.03 bits (0.54+0.02
−0.02 bits) for

the EOBNR PHM (Phenom PHM) model. We constrain
χp ∈ [0.15, 0.49] at 90% probability, indicating that the
signal does not contain strong imprints of precession, but
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FIG. 5. The posterior density of the precessing spin parame-
ter, χp, obtained with the two models that include both the
effects of precession and higher multipoles. In addition, we
show the prior probability of χp for the global prior parame-
ter space, and restricted to the 90% credible intervals of χeff

and q as given in the “Combined” column of in Table II.

very small values of χp . 0.1 are also disfavored. The
results obtained with the EOBNR PHM model are more
constraining than the Phenom PHM results. We return
to the question if GW190412 contains significant imprints
of precession below, and in the context of Bayes factors
in Sec. IV A.

The asymmetric masses of GW190412 means that the
spin of the more massive BH dominates contributions to
χeff and χp. Therefore, we obtain that the spin magni-

tude of the more massive BH is χ1 = 0.43+0.16
−0.26, which

is the strongest constraint from GWs on the individual
spin magnitude of a BH in a binary so far [7]. The spin
magnitude of the less massive BH remains largely uncon-
strained.

To further explore the presence of precession in the
signal, we perform the following analysis. Gravitational
waveforms from precessing binaries can be decomposed
into an expansion in terms of the opening angle between
the total and orbital angular momenta [137, 138]. Con-
sidering only ` = 2 modes, this expansion contains five
terms, each not showing the characteristic phase and am-
plitude modulations of a precessing signal. When the
spin component that lies in the binary’s orbital plane is
relatively small, the angle between the total angular mo-
mentum and the orbital angular momentum is small as
well [139], and higher-order contributions in this expan-
sion may be neglected. As a result, a precessing waveform
can be modeled by the sum of the leading two contribu-
tions, where the amplitude and phase modulations of a
precessing signal arise from the superposition of these
terms.

In order to identify precession, we therefore require be-
ing able to measure both of these terms. We quantify the
measurability of precession ρp by how much power there
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FIG. 6. The probability distribution of the precessing SNR,
ρp (blue) and the orthogonal optimal SNR, ρ, contained in the
strongest higher multipole, (`,m) = (3, 3) (orange). We also
show the expected distribution from Gaussian noise (dotted
line) and the 3-σ level (dashed line). The results indicate that
there is marginal support for precession, but the posterior
supports a clearly measurable higher multipole.

is in the sub-dominant contribution. The distribution of
ρp is shown in Fig. 6. In the absence of any precession in
the signal, we expect ρ2

p to follow a χ2-distribution with
two degrees of freedom. Using the inferred posterior dis-
tributions, our analysis shows that ρp = 2.86+3.43

−1.56. We
may interpret this as moderate support for precession as
the median exceeds the 90% confidence interval expected
from noise, but a non-negligible fraction of the ρp poste-
rior lies below. This calculation assumes a signal domi-
nated by the ` = 2 multipole. However, we have verified
that the contribution of higher multipoles to the mea-
surement of spin-precession is subdominant by a factor
of ∼5.

IV. HIGHER MULTIPOLES

Signal models that include higher multipoles are
needed to infer the strongest constraints on GW190412’s
source properties. This is because if the data contain
significant imprints of higher multipoles, the appropriate
models can fit the data better than dominant-mode mod-
els, leading to a higher statistical likelihood. Conversely,
if the data would not contain imprints of higher multi-
poles, using more complex models allows us to disfavor
configurations in which clear imprints of higher multi-
poles are predicted [22, 132, 133].

In this section, we analyze how strong the imprints of
higher multipoles are in GW190412 and ask if their con-
tributions in the data are significantly stronger than ran-
dom noise fluctuations. We address this question using
four different approaches, each coming with its unique
set of strengths and caveats.
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A. Bayes Factors and Matched-Filter SNR

We may first ask if higher-multipole models actually fit
the data better than dominant-multipole models. This
can be quantified by the matched-filter network SNR,
ρHLV, which is based on the sum of the squared inner
products between the instruments’ data and the signal
model. Thus the SNR quantifies the extent to which
a single signal model recovers coherent power between
detectors. For the EOBNR family, we find that ρHLV in-
creases from 18.1+0.2

−0.2 for the dominant-multipole model

to 18.8+0.2
−0.3 for the higher multipole model to 19.1+0.2

−0.2 for
the most complete EOBNR PHM model. The precessing,
but dominant-multipole model yields ρHLV = 18.5+0.2

−0.3,
which is smaller than the value for the non-precessing,
higher-multipole model. A similar trend can be observed
for the Phenom family, where the dominant-multipole
model, the Phenom P model, Phenom HM and Phe-
nom PHM yield ρHLV = 18.2+0.2

−0.3, 18.3+0.2
−0.3, 18.9+0.2

−0.3, and

19.0+0.2
−0.3, respectively.

A more complete answer to the question of which
model describes the data best can be given in the
Bayesian framework. The ratio of marginalized like-
lihoods under two competing hypotheses is called the
Bayes factor, B [140]. Bayes factors may be used to
quantify support for one hypothesis over another. The
Bayes factor does not take into account our prior belief
in the hypotheses being tested. Within GR, every com-
pact binary coalescence signal includes higher multipoles
and the prior odds in favor of their presence in the signal
are infinite. We therefore focus on the Bayes factors and
do not discuss the odds ratio (which is the Bayes factor
multiplied by the prior odds).

Table III presents log10 B for various combinations of
two models within the same waveform family. To esti-
mate systematic uncertainties, we test the same hypothe-
ses using multiple model families and multiple codes to
calculate log10 B. Bilby [97, 98] and LALInference [99]
use variants of the nested sampling algorithm [141–144].
RIFT [100, 101] is based on interpolating the marginal-
ized likelihood over a grid covering only the intrinsic
source parameters. Table entries marked “–” have not
been calculated because of computational constraints
(LALInference analysis of precessing EOBNR models) or
because the NRSurrogate model does not allow precess-
ing spins.

We consistently find log10 B ≥ 3 in favor of higher mul-
tipoles. This indicates strong evidence that the observed
signal contains measurable imprints of higher multipoles,
assuming either precessing or non-precessing (aligned
spin) systems. Systematic differences between codes and
waveform models dominate the uncertainty in the num-
bers we report. We find larger differences between codes
when assuming precessing spins, because this is a more
complex analysis that requires exploring more degrees
of freedom in the parameter space than in the non-
precessing case. However, log10 B is large enough across
all models and codes that a statement about higher mul-

tipoles can convincingly be made despite uncertainties of
up to the order unity.

It would be desirable to also compare the hypotheses
that the signal contains imprints of precession with as-
suming no precession. However, using the same codes
and models that were used in Table III, the Bayes fac-
tors we found ranged from no decisive support for ei-
ther hypothesis to indicating marginal support of pre-
cession. All values for log10 B comparing precession vs.
non-precessing models were smaller or comparable to the
systematic uncertainties of order unity. More extensive
studies will be needed to understand the origin of these
systematics better.

B. Optimal SNR

A complementary way to quantify the strength of
higher multipoles is to use parameter-estimation re-
sults from a signal model including higher-order multi-
poles [145, 146]. Each multipole is decomposed into parts
parallel and perpendicular to the dominant multipole by
calculating the noise-weighted inner product [125, 147]
(often referred to as overlap) between it and the dom-
inant multipole. Among the strongest multipoles that
are included in our models, the (`,m) = (3, 3), (4, 4)
and (4, 3) multipoles of GW190412 are close to orthogo-
nal to the dominant (2, 2) multipole within the band of
the detector. In contrast, the (3, 2) and (2, 1) multipoles
have non-negligible parallel components. To quantify the
strength of the higher multipoles we remove any parallel
components from the multipoles and calculate the or-
thogonal optimal SNR using IMRPhenomHM [22]. We
find (`,m) = (3, 3) to be the strongest subdominant mul-
tipole.

The templates that include higher multipoles do not
allow the amplitude and phase of the (3, 3) multipole to
be free parameters; they are determined by the proper-
ties of the system. An analysis of this event using only
the dominant (2, 2) multipole recovers posteriors that are
consistent with a broad range of inclinations, coalescence
phases, and mass ratios, while the same analysis using
higher multipoles results in significantly more restricted
posteriors (see Fig. 4). This suggests that by changing
those parameters, our models can effectively treat the
amplitude and phase of the higher multipoles as tun-
able parameters that make their contributions more or
less pronounced. If the data only contained the domi-
nant quadrupole mode and Gaussian noise, the squared
orthogonal SNR in the subdominant multipole will be χ2-
distributed with two degrees of freedom [137, 138]. This
was verified by analysing an injection with parameters
close to GW190412.

This noise-only distribution is shown in Fig. 6, along
with the orthogonal optimal SNR in the (`,m) = (3, 3)
mode. The peak of the SNR distribution is at the Gaus-
sian equivalent 3-σ level for the noise-only distribution,
making this the most significant evidence for something
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TABLE III. log10 B computed between two hypotheses that assume either a signal model including higher multipoles (` ≤ 5) or
a dominant-multipole model (` = 2). log10 B > 0 indicates support for higher multipoles. Each entry is based on a comparison
between either precessing (first row) or nonprecessing, aligned-spin (second row) models of the same model family. See Table I
for full details of the models. For each family, we also indicate the code used for calculating log10 B.

Hypotheses EOBNR Phenom NRSurrogate

Bilby LALInference RIFT Bilby RIFT

higher vs dominant multipoles (precessing) 4.1 – 3.0 3.5 –

higher vs dominant multipoles (aligned) 3.5 3.3 3.6 3.7 3.4

other than the dominant multipole to date [148].

C. Time-frequency Tracks

An independent analysis was performed to detect the
presence of higher-order multipoles in the inspiral part of
the signal, using the time-frequency spectrum of the data.
Full details of the approach are described in [149], but
we summarize the main idea and results for GW190412
below.

The instantaneous frequency f`m(t) of the GW sig-
nal from an inspiraling compact binary is related to that
of the dominant (2, 2) mode by f`m(t) ' (m/2) f22(t).
We compute f22(t) from the dominant multipoles of the
EOBNR HM and Phenom HM models, using the max-
imum likelihood source parameters from the standard
analysis presented in Sec. III. Inspired by the above scal-
ing relation, we then look along the generalized tracks,
fα(t) ' αf22(t), in a time-frequency representation that
is the absolute square of the continuous wavelet transfor-
mation (CWT) of the whitened on-source data, X̃(t, f).
We have used Morlet wavelets to perform the CWT,
where the central frequency of the wavelet was chosen so
as to maximize the sum of pixel values along the f22(t)
curve. This wavelet transformation is shown in the top
panel of Fig. 7.

In order to quantify the energy along each track, we
define Y (α) to be the energy |X̃(t, f)|2 in all pixels con-
taining the track fα(t), where we discretize the data with
a pixel size of ∆t = 1/4096 s along the time-axis and
∆f = 1/5 Hz along the frequency axis. By doing so, we
can decouple the energy in individual multipoles of the
signal. Once f22(t) is defined, this is a computationally
efficient way to analyze which multipoles have sufficient
energy to be detectable in the data; no further model-
ing input is needed, although we do not require phase
coherence along each track.

The resulting Y (α) for GW190412 is shown in the bot-
tom panel of Fig. 7. It has a global peak at α = 1, corre-
sponding to the dominant (2, 2) multipole, and a promi-
nent local peak at α = 1.5, corresponding to the m = 3
multipoles. We also calculate Y (α) from different seg-
ments surrounding, but not including GW190412, to cap-
ture the detector noise characteristics; in this case we call
the quantityN(α). The ensemble average µ(α) = 〈N(α)〉

and standard deviation σ(α) of N(α) are also plotted for
reference and to highlight the relative strength of the GW
signal present in the on-source segment.

Instead of estimating the significance of the m = 3
multipoles from comparing Y (α) to its background at
α = 1.5, we perform a more powerful statistical analysis
in which we test the hypotheses that the data contain ei-
ther only noise (H0), or noise and a dominant-multipole
maximum likelihood signal (H1), or noise and a maxi-
mum likelihood signal that includes m = 2 and m = 3
multipoles (H2). By maximizing the likelihood of observ-
ing Y (α) given each hypothesis over a free amplitude pa-
rameter for each multipole, we obtain likelihood ratios for
H1 and H2, and their difference is in turn incorporated
into a detection statistic β (see Eq. (7) in [149]).

From the on-source data segment taken from the LIGO
Livingston detector, we found the detection statistic β =
6.5 with a p-value of 6.4× 10−4 for EOBNR HM model;
and β = 6.6 with a p-value < 6.4×10−4 for Phenom HM
model, which strongly supports the presence of m = 3
modes in the signal. The full distribution of β from off-
source data segments from the LIGO Livingston detector
surrounding the trigger time of GW190412 is shown in
the inset of Fig. 7.

D. Signal Reconstructions

As an additional test of consistency, and an instruc-
tive visual representation of the observed GW signal, we
compare the results of two signal reconstruction methods.
One is derived from the parameter-estimation analysis
presented in Sec. III, the second uses the model-agnostic
wavelet-based burst analysis BayesWave [150] which was
also used to generate PSDs. A detailed discussion of such
signal comparisons for previous BBH observations can be
found in [151].

For GW190412, both signal reconstruction methods
agree reasonably well as illustrated in Fig. 8. To quantify
the agreement for each signal model from the Phenom
and EOB families, we compute the noise-weighted in-
ner product [125, 147] between 200 parameter-estimation
samples and the BayesWave median waveform. The
BayesWave waveform is constructed by computing the
median values at every time step across samples. Similar
comparison strategies have been used in [3, 5, 34, 152].
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FIG. 7. Top Panel: Time-frequency spectrogram of data con-
taining GW190412, observed in the LIGO Livingston detec-
tor. The horizontal axis is time (in seconds) relative to the
trigger time (1239082262.17). The amplitude scale of the de-
tector output is normalized by the PSD of the noise. To il-
lustrate the method, the predicted track for the m = 3 multi-
poles is highlighted as a dashed line, above the track from the
m = 2 multipoles that are visible in the spectrogram. Bottom
Panel: The variation of Y (α), i.e., the energy in the pixels
of the top panel, along the track defined by fα(t) = αf22(t),
where f22(t) is computed from the Phenom HM analysis. Two
consecutive peaks at α = 1.0 and α = 1.5 (thin dashed line)
indicate the energy of the m = 2 and m = 3 multipoles, re-
spectively. Inset : The distribution of the detection statistic
β in noise, used to quantify p-values for the hypothesis that
the data contains m = 2 and m = 3 multipoles (red dashed
line).

For the models of the EOBNR family, we find that the
agreement with the unmodeled BayesWave reconstruc-
tion increases slightly from overlaps of 0.84+0.01

−0.02 for the

dominant-multipole, non-precessing model to 0.86+0.01
−0.02

when higher multipoles are included, to 0.88+0.01
−0.02 for the

most complete EOBNR PHM model (median overlap and
90% errors). Increasing overlaps are consistent with the
findings of the other methods presented in this section
that indicate that the extra physical effects included in
the higher-multipole precessing model match the data
better. The overlaps we find are also consistent with ex-
pectations from [151]. The Phenom family may suggest
a similar trend. The overlap for non-precessing dom-
inant multipole model is 0.84+0.02

−0.02, and it increases to

0.85+0.01
−0.02 for the non-prcessing higher multipoles model,

to 0.86+0.02
−0.03 for the precessing higher multipoles model

Phenom PHM.

V. TESTS OF GENERAL RELATIVITY

As the first detected BBH signal with a mass ratio
significantly different from unity, GW190412 provides
the opportunity to test GR in a previously unexplored
regime. Due to the mass asymmetry, this signal contains
information about the odd parity multipole moments.
Hence the tests of GR reported here are sensitive to po-
tential deviations of the multipolar structure away from
GR [153]. A violation from GR may arise from how the
signal is generated by the source; additionally, the form
of the signal described by GR may be tested by check-
ing the consistency of independently obtained estimates
of parameters between the inspiral and merger-ringdown
parts of the full BBH waveform. The following analy-
ses are done by using the LALInference library [99] to
generate posterior probability distributions on these pa-
rameters by using the nested sampling algorithm.

A. Constraints on gravitational wave generation

We check the consistency of this source with general
relativistic source dynamics by allowing for parameter-
ized deformations in each phasing coefficient in the bi-
nary’s waveform. They were first performed on inspiral-
only waveforms in [154, 155] and an extension to higher-
modes was studied in [156]. The current version of the
test using the phenomelogical waveform models rely on
extensions of the methods laid out in [157, 158]. Such
tests have been performed on all GW detections made
in O1 and O2 [159, 160] and have been updated re-
cently with the best constraints by combining all signif-
icant BBH detections made during O1 and O2 in [161].
We perform this analysis with the precessing, dominant-
multipole phenomenological model Phenom P, and, for
consistency with previous tests, with the aligned-spin
dominant-mode EOBNR model (see Table I).
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FIG. 8. Reconstructions of the gravitational waveform of GW190412 in the LIGO Hanford, LIGO Livingston and Virgo
detectors (from left to right). We show detector data, whitened by an inverse amplitude-spectral-density filter computed using
BayesLine [102], together with the unmodeled BayesWave reconstruction that uses a wavelet bases, and the reconstruction
based on the precessing, higher multipole models from the EOBNR and Phenom families. The bands indicate the 90% credible
intervals at each time. We caution that some apparent amplitude fluctuations in this figure are an artifact of the whitening
procedure.

The inspiral regime of both waveforms is modeled us-
ing the PN approximation. The fractional deviation pa-
rameters δϕ̂n are added to their respective PN coeffi-
cients ϕn at n/2-PN order. While the deviation coeffi-
cients are added differently in the two models, the differ-
ences are taken care of by effectively re-parameterizing
the coefficients added to the EOB-based model for con-
sistency in comparing bounds from the Phenom-based
model. The full set of parameters being tested are
{δϕ̂0, δϕ̂1, δϕ̂2, δϕ̂3, δϕ̂4, δϕ̂5l, δϕ̂6, δϕ̂6l, δϕ̂7}. Here, δϕ̂5l

and δϕ̂6l refer to the fractional deviations added to the
log-dependent terms at 2.5PN and 3PN respectively.
Moreover, δϕ̂1 is an absolute deviation as there is no
0.5PN term within GR. These parameters are tested by
varying only one δϕ̂n at a time, and introducing these to
the parameter set of the full signal model. This increased
parameter space dimensionality makes it especially chal-
lenging to use the already computationally expensive
Phenom PHM waveform, and we restrict our analysis to
using the precessing Phenom P approximant. To check
for possible systematics introduced from analyzing this
signal with the dominant-mode Phenom P model, a sig-
nal similar to GW190412 was created with the Phenom
PHM waveform model and injected into data generated
using the BayesWave PSDs for the event. The recovery of
this signal, using Phenom P shows that the posteriors are
completely consistent with the injected values, suggest-
ing that for a GW190412-like signal with same SNR, the
inclusion of the higher multipoles does not significantly
bias results when those multipoles are not included.

The posterior distributions on the fractional deviation
parameters are always found to be consistent with the
GR prediction of δϕ̂n = 0. Additionally, the EOB model
can test deviations in the −1PN dipole term, while the
phenomenological signal model can be used to test the in-
termediate and merger-ringdown parameters of the sig-
nal, which are consistent with their GR value. How-
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FIG. 9. 90% upper bounds obtained from parameterized de-
viations in PN coefficients.

ever, owing to the longer inspiral of this signal, the
bounds obtained from this event in the inspiral regime
are among the most constraining bounds obtained from
the analyses on individual BBH detections as reported
in [161]. We show the 90% upper bounds computed in
Fig. 9. The only BBH signals that give more robust or
comparable bounds above 0 PN order are those from
GW170608 (the lowest mass BBH to have been pub-
lished) and GW151226.

B. Inspiral-Merger-Ringdown Consistency

We check the consistency of signal parameters between
the low and high frequency parts of the signal [162, 163].
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Estimates of the final mass Mf and final spin χf of
the remnant BH are found from the two parts of the
frequency domain signal and their fractional differences
are checked for consistency. For this source, the transi-
tion from the lower-frequency to higher-frequency part
(the Kerr innermost stable circular orbit) of the signal
is estimated from the median intrinsic source parame-
ters and the resulting prediction for Mf and χf to be
at f = 211 Hz [164]. We used the signal model Phe-
nom PHM, sampling on the BBH parameter set to ob-
tain posterior probability distributions on all parameters.
The component masses and spins are estimated directly
from the lower-frequency part of the signal, and, using
numerical relativity fit formulae [121–124], the posteri-
ors on Mf and χf are inferred. From the higher-frequency
part of the signal, estimates on component masses and
spins are obtained again using the same waveform model,
and the posteriors on Mf and χf are inferred using the
same fit formulae as above. From those two distributions,
a posterior distribution of the fractional differences, de-
noted by ∆Mf/M̄f and ∆χf/χ̄f respectively, is then com-
puted. Here, M̄f and χ̄f denote the mean values of the
distributions of Mf and χf respectively. While we ex-
pect mass and spin differences of exactly (0,0) given a
pure signal obeying GR, the presence of detector noise
will generally yield a posterior with some non-zero spread
around (0,0).

Figure 10 shows the results of the posterior distribu-
tions on these fractional quantities. The 90% credible
regions of the quantities ∆Mf/M̄f and ∆χf/χ̄f enclose
(0,0) as can be seen from both the one-dimensional pos-
teriors and the two-dimensional contours. GW190412 re-
sults are consistent with past observations of BBHs [161].

VI. IMPLICATIONS FOR BBH POPULATION
PROPERTIES

BBHs detected by the LIGO–Virgo network can be
used to constrain the uncertain physical processes inher-
ent to compact binary formation channels. As the first
observed BBH with definitively asymmetric masses, the
inclusion of GW190412 in the current catalog of BBHs
has a significant impact on inferred population proper-
ties. Here, we examine (i) how the addition of GW190412
to the catalog of BBHs from the first and second observ-
ing runs affects population statements; (ii) the robust-
ness of the component mass measurements of GW190412
when evaluated as part of the previously observed pop-
ulation; and (iii) whether this system’s mass ratio is a
significant outlier with respect to that population.

Using the ten significant BBH events in the catalog of
GWs from the first and second observing runs (GWTC-
1, [7]), we constrained the parameters of phenomenolog-
ical models that represent the underlying BBH popula-
tion [15]. In certain models, the mass-ratio distribution
is parameterized with a power law, p(m2|m1) ∝ qβq [165–
167], where βq is the spectral index of the mass ratio dis-

FIG. 10. Posteriors on fractional parameter differences of final
mass and final spin. The GR value of 0 for both the param-
eters is marked by “+”. The brown contour encloses 90%
probability and the yellow contour encloses 68% probability.

tribution. Since all 10 events from GWTC-1 are consis-
tent with symmetric masses, the posteriors for βq showed
a preference for positive values [15], providing initial ev-
idence supporting equal-mass pairings over randomly-
drawn mass pairings [168]. However, the steepness of βq
was unconstrained, which limited our ability to determine
how prevalent equal-mass pairings are relative to their
asymmetric counterparts. The inclusion of GW190412
in the population provides a much stronger constraint
on the mass ratio spectral index, as shown in Figure 11.
Applying the population of significant events from the
first and second observing runs as well as GW190412 to
the simplest model that invokes a power-law spectrum to
the mass ratio distribution (Model B from [15]), we find
βq < 2.7 (5.8) at the 90% (99%) credible level. This in-
dicates that though equal-mass pairings may still be pre-
ferred, there is significant support for asymmetric mass
pairings; the posterior population distribution [15, 169]
for this model indicates that & 10% of merging BBHs
should have a mass ratio of q . 0.40. In fact, the support
for βq ≤ 0 in the recovered distribution indicates that the
true mass ratio distribution may be flat or even favor
unequal-mass pairings. This is not in tension with the
mass ratios of the already-observed population; though
all mass ratio posteriors from GWTC-1 are consistent
with q = 1, they also have significant support for lower
values. These constraints on βq are preliminary and fi-
nal results from O3 will only be obtained after analyzing
the population that includes all BBH events from this
observing run.
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FIG. 11. Posterior on mass ratio spectral index βq with (solid
lines) and without (dashed lines) the inclusion of GW190412.
We show inference using both the EOBNR and Phenom fam-
ilies; for the 10 events from GWTC-1 we use the publically-
available samples for both of these waveform families pre-
sented in [7], and for GW190412 we use the EOBNR PHM
and Phenom PHM posterior samples presented in this paper.

We also check whether the asymmetric mass ratio for
GW190412 is robust when the component mass posterior
distributions are reweighted using a population-informed
prior based on Model B from [15]. Since the major-
ity of observed systems are consistent with equal mass,
the mass ratio posterior for GW190412 pushes closer to-
wards equal mass when using a population-informed prior
rather than the standard uninformative priors used to
generate posterior samples. However, the mass ratio of
GW190412 is still constrained to be q < 0.43 (0.59) at the
90% (99%) credible level, compared to q < 0.38 (0.49)
using the standard priors from parameter estimation.

Using methods from [170], we test the consistency of
GW190412 with the population of BBHs inferred from
the first and second observing runs. We first construct
a population model (Model B) derived only from the
events in GWTC-1, following the prescription in [15], and
draw 11 observations from this model (representing the
10 significant BBHs from the first two observing runs
as well as GW190412). Examining the lowest mass ra-
tio drawn from each set of 107 such realizations, we find
the population-weighted mass ratio posterior samples of
GW190412 lie at the 1.7+10.3

−1.3 percentile of the cumulative
distribution of lowest mass ratios. This indicates that
given the BBH population properties inferred from the
first two observing runs, drawing a system with a mass
ratio analogous to GW190412 would be relatively rare.
The apparent extremity of GW190412 is likely driven by
the limited observational sample of BBHs and the lack
of constraining power on the mass ratio spectrum prior
to the observation of GW190412. Constructing a popula-
tion model that includes the observation of GW190412 in
the fit, we find GW190412 to lie at the 25+47

−17 percentile
of the cumulative distribution of lowest mass ratios, in-

dicating that GW190412 is a reasonable draw from the
updated population.

VII. ASTROPHYSICAL FORMATION
CHANNELS FOR GW190412

Multiple astrophysical channels are predicted to pro-
duce the merging BBHs identified by the LIGO–Virgo
network. The majority of these channels have mass ratio
distributions that peak near unity, but also often pre-
dict a broad tail in the distribution that extends to more
asymmetric masses. Though a wide array of formation
channels exist, each with distinct predictions for merger
rates and distributions of intrinsic BBH parameters, most
channels can be broadly categorized as the outcome of
either isolated binary stellar evolution or dynamical as-
sembly (for reviews, see [171, 172], respectively).

In the canonical isolated binary evolution scenario, by
which a compact binary progenitor achieves a tight or-
bital configuration via a common envelope phase [171,
173–178], BBH mergers with mass ratios of q . 0.5
are typically found to be less common than their near-
equal-mass counterparts by an order of magnitude or
more [179–184], though certain population synthesis
modeling finds BBH mergers with asymmetric masses to
be more prevalent [185, 186]. However, even if the forma-
tion probability of asymmetric mass ratio systems is an
order of magnitude lower than the formation probabil-
ity of equal mass systems, the observation of one clearly
asymmetric mass system given the current observational
catalog is unsurprising. In contrast, the progenitor of
GW190412 is unlikely to have formed through chemically
homogeneous evolution, as this scenario typically can-
not form binaries with mass ratios below q < 0.5 [187–
189]. The asymmetric component masses of GW190412
may also suggest formation in an environment with lower
metallicity, as lower metallicities are predicted to produce
a higher rate of merging BBHs having mass ratios con-
sistent with GW190412 [178, 179, 183, 184], though this
prediction is not ubiquitous across population synthesis
models [190].

Dense stellar environments, such as globular clus-
ters [191–194], nuclear clusters [195], and young open
star clusters [196–200], are also predicted to facilitate
stellar-mass BBH mergers. Numerical modeling of dense
clusters suggests that significantly asymmetric compo-
nent masses are strongly disfavored for mergers involving
two first-generation BHs that have not undergone prior
BBH mergers (e.g., [201]). However, asymmetric com-
ponent masses may be attained by a first-generation BH
merging with a higher-generation BH that has already
undergone a prior merger or mergers [166, 202, 203]. For
formation environments such as globular clusters, this
would require low natal spins for the initial population
of BHs so that an appreciable number of merger products
can be retained in the shallow gravitational potential of
the cluster [203, 204]. Alternatively, BBH mergers with
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asymmetric masses may be the result of massive-star col-
lisions in young star clusters, as these environments have
been shown to amplify unequal-mass BBH mergers rela-
tive to their isolated counterparts [199].

Other formation scenarios may also be efficient at gen-
erating BBH mergers with significantly asymmetric com-
ponent masses. BBHs in triple or quadruple systems can
undergo Lidov–Kozai oscillations [205, 206] that may ex-
pedite the GW inspiral of the binary. Such systems can
either exist in the galactic field with a stellar-mass outer
perturber [207–213] or in galactic nuclei with a supermas-
sive BH as the tertiary component [214–217]. Though
most modeling of hierarchical stellar systems do not in-
clude robust predictions for mass ratio distributions of
merging BBHs, certain models find galactic field triples
with asymmetric masses for the inner BBH to have a
merger fraction that is about twice as large as their equal-
mass counterparts [207]. In the context of hierarchical
triples in galactic nuclei, recent modeling predicts a sig-
nificant tail in the mass ratio distribution of merging
BBHs that extends out to mass ratios of ∼ 8:1 [217].
BBH mergers with significantly asymmetric component
masses are also predicted for systems formed in the disks
of active galactic nuclei [218–224]. The deep gravita-
tional potential near the vicinity of the supermassive BH
may allow for stellar-mass BHs to go through many suc-
cessive mergers without being ejected by the relativistic
recoil kick, leading to BBH mergers with highly asym-
metric masses [223, 224]. Though these channels may
not be dominant, they could explain a fraction of the
sources observed by the LIGO–Virgo network.

In summary, though the mass ratio of GW190412 is
the most extreme of any BBH observed to date, it is con-
sistent with the mass ratios predicted from a number of
proposed BBH formation channels. Many astrophysical
channels predict that near-equal-mass BBH mergers are
more common than mergers with significantly asymmet-
ric component masses. However, as the observational
sample of BBHs grows, it is not unexpected that we
would observe a system such as GW190412 that occu-
pies a less probable region of intrinsic parameter space.
Future detections of BBHs will enable tighter constraints
on the rate of GW190412-like systems.

VIII. CONCLUSIONS

Every observing run in the advanced GW detector era
has delivered new science. After the first observations
of BBHs in the first observing run, and the continued
observation of BBHs as well as the multimessenger ob-
servation of a binary neutron star in the second observing
run [6, 225], O3 has been digging deeper into the popu-
lations of compact binary mergers. The observation of a
likely second neutron-star binary in O3 has already been
published [8], and here we presented another GW obser-
vation with previously unobserved features.

GW190412 was a highly significant event, with a com-

bined SNR of 19 across all three GW detectors. It is the
first binary observed that consists of two BHs of signifi-
cantly asymmetric component masses. With 99% prob-
ability, the primary BH has more than twice the mass
of its lighter companion. The measurement of asym-
metric masses is also robust even when the properties of
GW190412 are inferred using a population-based prior.
This observation indicates that the astrophysical BBH
population includes unequal-mass systems.

GW190412 is also a rich source from a more fundamen-
tal point of view. GR dictates that gravitational radia-
tion from compact binaries is dominated by a quadrupo-
lar structure, but it also contains weaker contributions
from subdominant multipoles. Here we provided conclu-
sive evidence that at least the second most important
multipole – the (`, |m|) = (3, 3) multipole – makes a sig-
nificant, measurable contribution to the observed data.
As a result, the orientation of the binary is more accu-
rately determined and tighter bounds are obtained on
relevant intrinsic source parameters such as the mass ra-
tio and spin of the system.

The asymmetric mass ratio of GW190412 allows the
primary spin to have a more measurable effect on the sig-
nal. We find the primary spin magnitude to be 0.43+0.16

−0.26,
which is the strongest constraint on the individual spin
magnitude of a BH using GWs so far. Though we only
find marginal statistical hints of precession in the data,
the results presented here illustrate that we confidently
disfavor strong precession (as would be characterized by
a large in-plane spin parameter).

GW190412 is a BBH that occupies a previously un-
observed region of parameter space. As we continue to
increase the sensitivity of our detectors and the time
spent observing, we will gain a more complete picture
of the BBH population. Future observations of similar
types of binaries, or even more extreme mass ratios, will
sharpen our understanding of their abundance and might
help constrain formation mechanisms for such systems.
GW190412 also shows that numerical and analytical ad-
vances in modeling coalescing binaries in previously un-
explored regimes remains crucial for the analysis of cur-
rent and future GW data. The most recent and most
complete signal models robustly identified GW190412’s
source properties and showed consistency with GR. Sys-
tematic differences are visible and will become more im-
portant when we observe stronger signals, pointing to the
necessity for future work in this area.

LIGO and Virgo data containing GW190412, and sam-
ples from a subset of the posterior probability distribu-
tions of the source parameters [105], are available from
the Gravitational Wave Open Science Center [226].
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General Relativity and Gravitation 40, 1705 (2008).
[74] L. Blanchet, Living Rev. Relativ. 9 (2006).
[75] L. Blanchet, G. Faye, B. R. Iyer, and S. Sinha, Classical

and Quantum Gravity 25, 165003 (2008).
[76] K. G. Arun, A. Buonanno, G. Faye, and E. Ochsner,

Phys. Rev. D 79, 104023 (2009).
[77] L. Blanchet, B. R. Iyer, C. M. Will, and A. G. Wiseman,

Classical and Quantum Gravity 13, 575 (1996).
[78] A. Buonanno, Y. Chen, and M. Vallisneri, Phys. Rev. D

67, 104025 (2003).
[79] P. Schmidt, M. Hannam, S. Husa, and P. Ajith,

Phys. Rev. D 84, 024046 (2011), arXiv:1012.2879 [gr-
qc].

[80] P. Schmidt, M. Hannam, and S. Husa, Phys. Rev. D
86, 104063 (2012), arXiv:1207.3088 [gr-qc].

[81] E. Ochsner and R. O’Shaughnessy, Phys. Rev. D 86,
104037 (2012).

[82] M. Boyle, R. Owen, and H. P. Pfeiffer, Phys. Rev. D
84, 124011 (2011).

[83] L. E. Kidder, Phys. Rev. D 77, 044016 (2008).
[84] J. Healy, P. Laguna, L. Pekowsky, and D. Shoemaker,

Phys. Rev. D 88, 024034 (2013).
[85] L. London, D. Shoemaker, and J. Healy, Phys. Rev. D

90, 124032 (2014).
[86] C. K. Mishra, A. Kela, K. G. Arun, and G. Faye,

Phys. Rev. D 93, 084054 (2016).
[87] J. Calderón Bustillo, S. Husa, A. M. Sintes, and

M. Pürrer, Phys. Rev. D 93, 084019 (2016).
[88] J. Calderón Bustillo, P. Laguna, and D. Shoemaker,

Phys. Rev. D 95, 104038 (2017).
[89] P. B. Graff, A. Buonanno, and B. S. Sathyaprakash,

Phys. Rev. D 92, 022002 (2015).
[90] Y. Pan, A. Buonanno, M. Boyle, L. T. Buchman, L. E.

Kidder, H. P. Pfeiffer, and M. A. Scheel, Phys. Rev. D
84, 124052 (2011).

[91] I. Harry, J. Calderón Bustillo, and A. Nitz,
Phys. Rev. D 97, 023004 (2018).

[92] C. Capano, Y. Pan, and A. Buonanno, Phys. Rev. D
89, 102003 (2014).

[93] V. Varma, P. Ajith, S. Husa, J. C. Bustillo, M. Hannam,
and M. Pürrer, Phys. Rev. D 90, 124004 (2014).

[94] C. Van Den Broeck and A. S. Sengupta, Classical and
Quantum Gravity 24, 1089 (2007).

[95] I. Kamaretsos, M. Hannam, S. Husa, and B. S.
Sathyaprakash, Phys. Rev. D85, 024018 (2012).

[96] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, et al., Phys. Rev. Lett. 116,
241102 (2016).
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96Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi,” I-00184 Roma, Italy

97National Tsing Hua University, Hsinchu City, 30013 Taiwan, Republic of China
98Charles Sturt University, Wagga Wagga, New South Wales 2678, Australia

99Physics and Astronomy Department, Stony Brook University, Stony Brook, NY 11794, USA
100Center for Computational Astrophysics, Flatiron Institute, 162 5th Ave, New York, NY 10010, USA

101University of Chicago, Chicago, IL 60637, USA
102The Chinese University of Hong Kong, Shatin, NT, Hong Kong

103Dipartimento di Ingegneria Industriale (DIIN),
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180Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
181Institut des Hautes Etudes Scientifiques, F-91440 Bures-sur-Yvette, France

182IISER-Kolkata, Mohanpur, West Bengal 741252, India
183Department of Astrophysics/IMAPP, Radboud University Nijmegen,

P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
184Kenyon College, Gambier, OH 43022, USA

185Whitman College, 345 Boyer Avenue, Walla Walla, WA 99362 USA
186Hobart and William Smith Colleges, Geneva, NY 14456, USA

187Department of Physics, Lancaster University, Lancaster, LA1 4YB, UK
188OzGrav, Swinburne University of Technology, Hawthorn VIC 3122, Australia

189Trinity University, San Antonio, TX 78212, USA
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