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We investigate the detectability of subdominant spin effects in merging black-hole binaries using current
gravitational-wave data. Using a phenomenological model that separates the spin dynamics into precession
(azimuthal motion) and nutation (polar motion), we present constraints on the resulting amplitudes and

frequencies. We also explore current constraints on the spin morphologies, indicating if binaries are trapped
near spin-orbit resonances. We dissect such weak effects from the signals using a sequential prior
conditioning approach, where parameters are progressively re-sampled from their posterior distribution.

This allows us to investigate whether the data contain additional information beyond what is already
provided by quantities that are better measured, namely the masses and the effective spin. For the current
catalog of events, we find no significant measurements of weak spin effects such as nutation and spin-orbit

locking. We synthesize a source with a high nutational amplitude and show that near-future detections will

allow us to place powerful constraints, hinting that we may be at the cusp of detecting spin nutations in

gravitational-wave data.
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I. INTRODUCTION

The first three observing runs of the Advanced LIGO-
Virgo-KAGRA network have delivered ~90 gravitational
wave (GW) events [1-4]; additional significant triggers
from the same stretches of data have also been reported
[5-10]. Of these observations, about 80 of them are
mergers of binary black holes (BBHs).

GWs give us an insight into the intrinsic properties of the
merging BBHs. If the component black holes are spinning,
their spins will interact with both the binary’s orbital
angular momentum and each other, causing the system
to precess [11]. The short duration of GW signals and the
subtle effects of spin precession on the gravitational
waveform mean that, so far, a confident detection of spin
precession in a single BBH event remains elusive [12].
GW200129_065458 is a possible exception, with
Refs. [13,14] claiming that a reanalysis of the data with
different waveform models can indeed unveil signatures of
orbital-plane precession.

Stronger evidence was reported at the population level,
with the current catalog indicating that some spin preces-
sion is necessary to explain the data at > 99% level of
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confidence [12]. Constraining spin precession in GW events
informs us on how the BBHs formed, with different formation
channels predicting different BBH spin properties [15-24].
Furthermore, several rare but interesting spin configurations
are predicted to leave a unique signature on the GW strain,
including the spin-orbit resonances [25-30], transitionally
precessing binaries [11,31], instabilities [32-35], and widely
nutating sources (also referred to as “spin flips”) [36-38]. As
GW detectors become more and more sensitive and the
population of BBHs grows, the measurability of spin effects
is bound to improve for both single-event outliers and the
entire population of detected sources.

The high dimensionality of the BBH spin parameter
space and the weak effect of spin precession on the
waveform have prompted state-of-the-art analyses to report
results using a limited number of combined estimators
that are believed to encode the majority of the available
information. Most often these are the so-called effective
spin parameter y. [39,40] and the precession parameter
xp [41,42].

Let us consider two black holes of masses m; and m,,
mass ratio ¢ = m,/m; < 1, total mass M = m,; + m,, spin
magnitudes S; = m?y; (hereafter we set ¢ = G = 1), and
dimensionless Kerr parameters y; € [0, 1]. The effective
spin parameter y.q is defined as
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where L is the Newtonian orbital angular momentum. The
quantity y.q is a constant of motion at 2PN order in spin
precession [40], making it useful to describe the full
evolution of BBHs from large separations to merger.
The effective precession parameter y,, is proportional to
the variation of the direction of the angular momentum
|dL./dt| [41] and can be averaged over the binary’s spin
precession cycle to obtain a more resilient estimator [42].
Several other spin-precession parametrizations have
been proposed, notably including the precession signal
to noise ratio pp [43] and a two-dimensional precession
vector ), [44]. While well motivated, we argue these
parameters make the interpretation of the systems opaque,
somewhat obscuring the underlying dynamical picture.

Taking a step back from the current effective-spin ideas,
some of the authors previously proposed alternative estima-
tors that stems directly from Post-Newtonian (PN) dynam-
ics [27,45,46]. In Ref. [46] we split the motion of the orbital
angular momentum around the total angular momentum
into its nutational (polar) and precessional (azimuthal)
components, and use the resulting frequencies and ampli-
tude as indicators of BBH spin precession. In Refs. [27,45]
we illustrated how BBHs can be divided into mutually
exclusive “morphologies” based on the shape of their
precession cones. These spin morphologies reduce to the
known spin-orbit resonances [25] in their zero-amplitude
limit, thus generalizing the more stringent co-planarity
condition of the three spin vectors S;,, and L. Both the
phenomenological amplitudes and frequency parameters
[46] as well as the spin morphologies [27,45] have yet to be
constrained using the data from current GW event catalogs.

Much like the effective spins, our spin-precession
estimators also depend on the masses and spin components
of the BBHs in nontrivial ways. The resulting Bayesian
posteriors are highly correlated, which can make disen-
tangling effects and interpretation of data somewhat chal-
lenging. This is especially true for weak observables such
as those due to spin precession, where the data are only
mildly informative. A pertinent question to ask in this
context is therefore the following:

Are constraints on the precession parameters providing
information beyond what is already encoded in the other
observables?

We tackle this point using sequential prior conditioning.
In brief, constructing a conditional prior implies combining
the posterior samples of the parameter(s) we are interested
in with the uninformative prior distributions of the other
parameters. An example of such a procedure in GW
astronomy can be seen in Fig. 10 of Ref. [4], where the
Xp priors have been conditioned on .. Prior conditioning

is an effective strategy to highlight parameter correlations
and show to what extent a given estimator uncovers new
information from the data. A more common approach to
identifying features in the data is that of calculating odds
ratios between analyses where the putative features are
included/excluded. While this readily allows one to con-
strain the joint effect of spin precession and nutation (one
needs to compare inference runs with precessing spins
against control cases where spins are assumed to be
aligned, e.g., [47-50]), current signal models do not isolate
one from the other. Our approach aims to be complimentary
and seeks to investigate if using more phenomenological
parameters can uncover additional information.

Among the intrinsic parameters of a GW event, we
expect the BBH masses and the effective spin parameter
Xeft to have a large influence on our posteriors, with the spin
precession estimators providing a subdominant contribu-
tion. Therefore, events with precession parameters con-
strained away from their priors conditioned on both the
masses and y.; would provide smoking-gun evidence that
new information about the event is being revealed.

In this paper, we systematically employ sequential prior
conditioning to investigate if and how the dynamics-based
estimators of Refs. [27,45,46] can be used to constrain
BBH spin precession measured in current GW data. In
Sec. II we briefly review the formulation of the precession/
nutation amplitudes and frequencies, as well as the spin
morphologies. Section III details the methodology required
to sequentially condition priors on measured parameter
posteriors. In Sec. IV we present our results using data from
the current GW catalog. Perhaps unsurprisingly, current
evidence is weak. In Sec. V we present a preliminary
analysis from synthetic LIGO/Virgo data and highlight
prospects for future observations. Finally, in Sec. VI we
draw our conclusions. Some more detailed results are
postponed to Appendices A and B.

I1. SPIN PRECESSION ESTIMATORS

A. Five parameters from the decomposition of
precession and nutation

Our estimators rely on the PN precession-averaged
approach first developed in Refs. [27,45] and explored at
length by both ourselves and other authors [31,38,46,51-56].
In particular, the spin dynamics is decomposed into the
azimuthal (“precession”) and polar (‘“nutation””) motions of
the Newtonian orbital angular momentum L. We only tackle
the secular evolution of the spins, which rely on orbit-
averaged equations of motions [40]. This implies that we
are not sensitive to the dynamics happening on the short
orbital timescale (which itself includes nutations, see
e.g., [57]).

The vector L. moves around J with an azimuthal
frequency Q; and an opening angle 0;. The expressions
for these quantities can be computed analytically at 2PN
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and are reported in Egs. (29) and (6) of Ref. [27],
respectively. In the limit where there is no nutation,
and @; are constant on the precession timescale and only
slowly evolve on the radiation-reaction timescale. This
simple limit, which we refer to as “regular precession” [46]
following the classical nomenclature used for dynamical
systems [58], corresponds to L. evolving around J on a cone
with a fixed opening angle and a constant angular velocity.

Regular precession requires fine-tuned conditions [46].
In the generic case, the frequency €2; and the opening angle
6; are not constant, but evolve on a timescale that is
comparable to that taken by L to evolve around J, causing a
nutational motion. In the PN regime where radiation-
reaction can be safely assumed to be a slow, quasi-adiabatic
process, Refs. [27,45] showed that the entire dynamics can
be described using only one parameter (the underlying
expressions are akin to the familiar effective-potential
method used in Keplerian dynamics). This parameter can
be chosen to be magnitude of the total spin S = |S; + S,|
[27,45], (but see Refs. [51,56] for other suitable para-
metrizations). The motion of S is periodic and ranges
between a maximum S, and minimum S_ with velocity
dS/drt; this can also be computed analytically at 2PN, see
Eq. (26) in Ref. [27]. A full S oscillation is completed in a
period 7 = ZfSS_* |dt/dS|dS and takes place on a fre-
quency o = 2z /7.

An explicit parametrization of the spin evolution allows
for a consistent averaging of physical properties over a
nutation cycle. For a quantity of interest X, its precession
average is simply given by (X)=(2/7) fSS_* X(S)x
|dt/dS|dS. In the generic case where both precession
and nutation are present, the motion of L can thus be
described by the averaged values of the opening angle (6; )
and the precession frequency (Q; ). The variations of these
quantities over a nutation cycle can be captured by the
differences A6; = [0,(S.) —0,(S_)]/2 and AQ; =
Q4 (8.) -, (S)]/2

Summarizing these efforts, Gangardt and Steinle et al.
[46] proposed to dissect the BH binary dynamics using five
phenomenological parameters that, together, describe the
joint precessional and nutational motions. These are:

(i) The precession amplitude (6; ).

(i) The precession frequency (Q; ).

(iii) The nutation amplitude A#; .

(iv) The nutation frequency w.

(v) The variation of the precession frequency AQ;.
The astrophysical consequences of these five parameters
are explored in Refs. [59,60] for supermassive and stellar-
mass BHs, respectively.

B. Spin morphologies

A complementary categorization that stems directly
from the precession-averaged formalism is that of the spin
morphologies. These generalize the notion of the spin-orbit

resonances [25], which are nontrivial configurations
where nutation vanishes and the four vectors S, S,, L,
and J remain coplanar (see Refs. [16,26,28-30,61,62] for
some of the numerous explorations on the topic). There are
two families of resonant solutions, characterized by the
only two possible configurations that define coplanarity:
A® =0 and A® = z, where A®D is the angle between the
projections of the two spins onto the orbital plane. Starting
from these configurations of regular precession, the entire
parameter space of spinning BH binaries can be divided
into three mutually exclusive classes where:
(i) Binaries librate in the vicinity of the A® =0
resonance (LO).
(i) Binaries circulate freely far from either of the two
resonances (C).
(iii) Binaries librate in the vicinity of the A® ==z
resonance (Lx).
Crucially, not all morphologies are available to all binaries:
the parameters that are constant on the spin-precession
timescale (g, J, Sy, S,, 1, and y.;) can restrict sources to
only having certain morphologies [27]. The secular evo-
lution of J and r on the radiation-reaction timescale can
cause transitions between the different classes. The spin
morphology is thus a quantity that classifies the spin
dynamics while being constant on the spin-precession
timescale. In the LIGO context, this feature could
potentially be exploited to probe BH binary formation
channels [21,60,63].

III. DISSECTING INFORMATION

A. Conditional priors

GW parameter estimation is typically performed within
the framework of Bayesian statistics, which explicitly
require assuming a prior distribution on the targeted
parameters. The standard analyses [1,3,4] assume a prior
that is uniform in m; and m, (though with cuts in this
2-dimensional parameter space that are informed by the
output of the preceding search pipelines), uniform in the
spin magnitudes y; and y,, and isotropic in the spin
directions. This is often referred to as the “uninformative”
prior.1

Starting from these prior assumptions, stochastic sam-
pling is used to obtain the posterior distribution of the
binary parameters. The posterior conveys our best knowl-
edge of the observed BHs. Using public samples from
Refs. [2-4,64], we select the BBH events that have a
probability of astrophysical origin > 0.5 (unless the events
are listed in the GWTC-1 catalog, in which case we use all
of them). We include BBH events with secondary masses
above 2.2 M, in the source frame; the chosen neutron star

'While we use this term for consistency with the literature on
the topic, it is a misnomer because the choices behind these prior
assumptions are subjectively elicited.
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threshold reflecting the mass distribution obtained from
pulsar observations [65]. Where possible, we use the
default samples that combine equally parameter estimation
results from the Phenom and EOB waveform families
(c.f. [2-4,64] and references therein). For events where
such combined results are unavailable, we use samples
from the Phenom waveform family only. We use priors that
are uniform in comoving volume and source-frame time.

We recast prior and posterior distributions for each event
in terms of the five parameters of Ref. [46] and the spin
morphologies of Ref. [27] using the PRECESSION code [66].
The necessary quantities for this procedure are the masses,
the spins (both magnitudes and directions), and the PN
separation of the binary r at the reference frequency of the
parameter estimation. LIGO/Virgo parameter estimation
samples are reported at a reference frequency of 20 Hz
for all events except GW190521, which has a reference
frequency of 11 Hz. For each sample, we estimate the
orbital separation r using Eq. (4.13) of Ref. [67]; this
conversion needs to be performed using detector-frame
masses.

When dealing with weak effects in Bayesian statistics,
one needs to worry about whether the observed features are
data- or prior-driven (see Refs. [68,69] for GW explorations
on this point). Inference on degenerate parameters prompts
the question on whether there is truly new information that
can be extracted, or whether the data are already saying
everything there is to say. In our case, spin precession has a
subdominant effect on the waveform and some regions of
the parameter space of the spin degrees of freedom are only
available to binaries with certain values of the parameters.
We address this issue with sequential prior conditioning,
which increases the granularity between prior and posterior,
hopefully highlighting where the targeted effects come into
play. Prior conditioning has been used in previous analyses
when comparing the effective precession parameter y,
posteriors to priors conditioned on y. [1-4].

The masses are generically easier to constrain than the
spins. Therefore, we first condition our spin inference on
the measured values of m; and m, (or, equivalently, total
mass and mass ratio). This is straightforward to implement
because the uninformative prior assumes that masses and
spins are uncorrelated [1-4]. One can simply take the
marginalized posterior distributions of the two masses and
combine them with random samples drawn from the
uninformative prior for the spins.

Next, it is well known that among the spin degrees of
freedom, the combination y.; [39,40] is better measured
because it affects the length of the waveform. We thus wish
to build a prior that is conditioned on all three parameters
my, my, and y.;. The implementation here is less trivial
because the uninformative prior is posed on m; and S;
separately, resulting in a prior on y.; that depends on the
event-based cuts. We adopt the following numerical
approach. For each mass sample in the posterior

distribution, we extract a random draw from the uninform-
ative spin prior and compute the resulting y.;. We then
compare this against the posterior’s y.¢ and accept the draw
if their absolute difference is below a specified threshold
e =103, The process is iterated, individually for each
sample, until a matching draw is found.

We thus construct four distributions of our spin-precession
estimators:

(i) The uninformative prior.

(i) The prior conditioned on the m; and m, posteriors.

(iii) The prior conditioned on the m;, m, and y.

posterior.

(iv) The posterior.
An example of such sequential conditioning is reported in
Fig. 1 for GW190517_055101, which is an event with a
relatively high value of y.4 (rer = 0.54f8"1199 ). We show
probability distributions for two of our spin estimators, the
precession amplitude (6;) and the spin morphology. This
highlights what information on spin precession remains
present in the data as one goes from prior to posterior
across the two conditionings—we see for both estimators,
the prior distributions become increasingly similar to the
posterior distribution.

Figure 2 shows a convergence study for the numerical
threshold e¢. We test three different thresholds for the

6.0
—— Uninformative prior
5.0 ———  Conditioned on my»
4.0 —— Conditioned on my 2 and x.f
g 30 —-— Posterior
= GW190517 055101
2.0
1.0
0.0 =
0.0 0.2 0.4 0.6 0.8 1.0
(01)
Uninformative prior el
Conditioned on my 5 mm C
Conditioned on my o and Xef
Posterior Lo
0.0 0.5 1.0
Morphologies
FIG. 1. Prior and posterior distributions for the precession

amplitude (0; ) and the spin morphology of GW190517_055101.
In both cases we show the uninformative prior, the prior
conditioned on the masses, the prior conditioned both masses
and effective spin, and the posterior. For the case of the
continuous parameter (6;), distributions are illustrated using
kernel density estimation (top panel). For the case of the spin
morphology (bottom panel), we show the fraction of samples in
each of the three mutually excluding classes Lz, C, and LO. In
both cases, the prior conditioned on both masses and y. is nearly
identical to the posterior distribution, indicating that measure-
ments of those parameters already constrain the precession
estimators almost entirely.
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FIG. 2. Numerical threshold when conditioning on masses and
effective spin. The top panel shows the resulting precessional
amplitudes (6, ) of GW190517_055101 for three different thresh-
olds ¢ = 10! (blue), 1072 (orange) and 103 (green). The bottom
panel shows residuals against the conditioned prior obtained with
our default threshold (¢ = 1073).

nutational amplitude of GW190517_055101. The resulting
Xt and mass conditioned prior distributions of (8, ) show
differences of <0.2 between our two higher-resolution runs
without evident systematics. We have also tested the
convergence of all the other estimators and report similar
accuracy. GW190517_055101 is the event whose y.y
posterior distribution is relatively well constrained furthest
from y.¢; = O (where the uninformative priors tend to be the
largest), thus we expect it to be the most sensitive to
thresholds in €, making results in Fig. 2 conservative and
justifying our chosen default threshold of Ay = 1073,

B. Distance between probability distributions

Some of the more common choices used to compute the
difference between two probability distributions include the
Kullback-Leibler divergence, its symmetrized extension by
Jensen and Shannon [70], and the Hellinger distance [71].
Here we employ the latter because it satisfies some very
desirable properties including symmetry and unit range
(cf. Ref. [72] for a physicists summary). The Hellinger
distance between two continuous probability distributions
p(x) and g(x) is defined as

diy=1- [ ar/ploial). (1)

For the discrete case where p and ¢ can take N values (as in
the case of the spin morphologies) one instead has

N

dy=1-% \/pidi. (2)

i=1

The Hellinger distance can take values in the range [0, 1]
where dy = 0 for two identical distributions and dy = 1
whenever the supports of p and g do not overlap. For
comparison, the Hellinger distance between two identical
normal distributions that are offset by » standard deviations
is d% = 1 —exp(—n?/8), which implies dy ~0.12 for a
1-0 difference.

IV. INFERENCE FROM CURRENT DATA

We now examine the distributions of our estimators
across the current GW catalog. First, we concentrate on a
single event for illustrative purposes.

A. Key behavior of the nutation parameters

Figure 3 shows the distributions of the five precessional
and nutational parameters for GW190412 [73]. This is a
BH merger with a mass ratio g = 0.28f8:§36 that is con-
fidently constrained away from unity and an effective spin
Keff = 0.251“8"?18 that is confidently constrained away from
zero. This makes GW190412 ideal to showcase our
sequential conditioning approach.

The precessional amplitude (6;) has a broad prior
distribution, partly because the uninformative priors on
masses and spins lead to a preference toward small values
of (0;). Conditioning our priors on the mass parameters
results in a broader distribution, retrospectively showing
that the uninformative prior’s preference for lower (6; ) was
indeed due to the uninformative mass priors. Lower values
of g allow for larger values of (6, ) [46], which can be seen
in the broadening of the (6;) prior once it is conditioned
on GW190412’s mass parameters. When we condition
our priors on both the masses and y.y, the range of the
distribution becomes considerably smaller and is con-
strained away from (6;) = 0. GW190412 has a posterior
distribution that prefers positive and nonzero values of y.
and was reported to show mild evidence of spin precession
[73,74], in agreement with a nonzero precessional ampli-
tude. The marginalized (6, ) posterior is constrained away
from all three prior distributions, which can be accounted
for by the relatively high network signal-to-noise ratio
(SNR) of the event (~19) leading to better parameter
constraints of additional quantities beyond m,, and yg.

Similarly to (6, ), the frequency (Q;) also has a broad
uninformative prior distribution. The mass conditioned
prior prefers smaller (€;) values, confirming the near-
linear relationship between low mass ratio values and (€; )
explored in Ref. [46]. Conditioning the prior on y.s skews
it back to the middle and makes it nearly identical to the
posterior distribution.

The behavior of the nutation frequency w is qualitatively
similar to that of (€, ): the posterior distribution is almost
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FIG. 3. Uninformative prior (blue), conditioned priors (orange, green) and posterior (red) distributions of the five phenomenological
parameters describing the joint precessional/nutational dynamics for event GW190412. Joint 2D distributions show 90% and

50% confidence levels.

fully described by the information carried by the massed
and effective spin. Conditioning on the masses gives a
distribution that prefers higher values of @ compared to the
uninformative prior because, in general, lower values of ¢
correspond to higher values of w [46].

For GW190412, the posterior and prior distributions of
the nutational parameters Af; and AQ; are largely
compatible, a result we observe for most events across
the entire dataset. Nutations are a two-spin effect and as
such they are intrinsically harder to measure [42,75,76].

B. Catalog constraints

Our full results are reported in Table I of Appendix B,
where we list medians and 90% symmetric credible
intervals of the uninformative prior, the conditioned priors,
and the posterior for all our estimators ({0 ), (Q;), A0, , w,

AQ;, and the spin morphologies) for each BBH event in
the current catalog. We see across our table that the
posterior values typically have narrower credible intervals
compared to their prior counterparts, compatible with the
nonzero Hellinger distances between the uninformative
priors and posteriors for each parameter. As is common
practice in the field, we use equal-tailed credible intervals,
which, for bound parameters, exclude the extrema by
definition. For events with high SNR, such as
GW190412 and GW190814, the 90% credible intervals
decrease significantly between prior and posterior (from
widths of ~6 radians to ~2 radians) for well-measured
parameters such as (6;), tracing information gain from
measurements.

In Fig. 4 we summarize the Hellinger distances between
the marginalized prior and posterior distributions of the
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Morphology

GW150914
GW151012

GW170818
GW170823
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=
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GW190403.051519
GW190408 181802

54

GW190828
GW190828 06:
GW200210 09
CGW200322 091133

FIG. 4. Hellinger distances dj for each of the five phenomenological parameters and spin morphologies comparing its three priors
with the posterior for each GW event. Scatter points indicate the distance between posterior vs. uninformative prior (blue triangles),
posterior vs. prior conditioned on m, , (orange circles), and posterior vs. prior conditioned on both m; ; and y.g (green squares). Note
that the third from the top panel for A0 is scaled differently, reflecting the smaller d; values; GW190814 is an outlier with a distance

between posterior and uninformative prior of ~0.55 (arrow).

various estimators. As expected, we find that the distance
dy decreases as the conditioning becomes stricter such that
the posteriors and conditioned priors approach each other.
Events where this is not the case, such as the Hellinger
distances for AQ; for the event GW200210_092255, are
those where the prior and posterior distributions are broad,
leading to dy measurements that overestimate the
differences between the distributions. The Hellinger dis-
tances for the nutational amplitude Af; are small compared
to the other four parameters, and conditioning the priors
does not affect the dy values of the events (except for

GW190814, whose well measured mass ratio significantly
constrain the posterior of Af;).

The only parameters where the distance dy between the
posterior and the prior conditioned on m; , and g is > 0.2
for some events are (f;) and (Q;). This should not be
surprising: precession does not require spin-spin couplings
and is thus easier to measure than nutation. The nutation
frequency w also shows cases with dy > 0.25, but only
between the uninformative prior and the posterior. Much
like (0, ), the frequency w has a strong dependence on the
mass ratio g, but for this parameter the leading PN order
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does not depend on the BBH spins [46]. Therefore, the
distance dy of the w marginals decreases substantially once
the priors are conditioned on the mass parameters.

The event GW 190814 has the highest Hellinger distance
dy values between its uninformative prior and posterior for
almost all estimators. Its high network SNR of 25 leads to
tight constrains on the masses and spins of the two objects,
which in turn meant that conditioning our prior on these
tightly constrained quantities gave significant changes in
the distributions and large distances. In particular, we report
dy = 0.44 for (0;), dy = 0.65 for (Q;), dy = 0.30 for
AG;, dy = 0.73 for w, dy; = 0.05 for AQ;, and dy; = 0.28
for the spin morphology, see Table . GW 190814 is the only
event with a dy measurement above (0.2 between the
uninformative prior and posterior for the nutational ampli-
tude A8, ; however, its low mass ratio of ¢ = 0.1175)! and
spin posteriors constrain it to have negligible spin pre-
cession and nutation.

Informed by the dy values listed in Table I and Fig. 4, we
select the ten events with the highest (6;) Hellinger
distances between the posterior and the prior conditioned
on both m, , and y.g. These are highlighted in Fig. 5. Out
of this subset of events, only GW190521 has a (6;)
posterior that prefers larger values compared to the con-
ditioned prior. GW190521 is an event with high masses

(m; = 95.373%7, my, = 69.0123]), contributing to a high

network SNR (p ~ 14.2). The high network SNR leads to
better parameter estimation and thus better constrained
posteriors. While its effective spin was measured to be
compatible with 0 (y.; = 0.037037), meaningful con-
straints on the spin misalignments led to claims of spin
precession, quantified by an estimate of y, = O.68f8:32?
[47]. Evidence of spin precession for GW190521 persists
when y, is generalized to include all variation over the
precession timescale, (y,) = 0.70103¢ [42]. Similarly to
GW190521, all of the events in Fig. 5 but
GW200210_092254 are reported to have network
SNRs = 10. The lower SNR of GW200210_092254 leads
to wider prior and posterior distributions. Like for
GW190814 and GWI190412, the low mass ratio
(g = 0.12109%) of GW200210_092254 leads to a condi-
tioned prior that prefers a large precessional amplitude,
while the posterior is somewhat constrained away from
large (0, ); although the lower SNR means that we are
unable to place an upper bound on the precession of this
event unlike the ones placed for GW190814 and
GW190412 (cf. Table I). The event GW200129_065458
has the largest median y,, value in the GW catalogs [4], but
after conditioning our priors on just the masses, we do not
find significant constraints placed on spin precession or
nutation for this event.
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FIG. 5.

Precessional amplitude for the ten GW events with the largest Hellinger distance dy value between the posterior and prior

conditioned on both masses and effective spins. Posteriors (red) are shown on the left-hand side of each violin plot, while the
uninformative (blue) and conditioned (green) priors are shown on the right-hand side. Dashed lines indicate the median values of the
corresponding distributions. The Hellinger distance dj value between the posterior and prior conditioned on both masses and effective

spin is quoted above each event.
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Joint prior and posterior marginalized distributions for the precession amplitude (¢, ) and the nutational amplitude A for all

gravitational wave events, quoted at the 90% credible level. Some events with high Hellinger distance for either of the two amplitudes

are highlighted in color.

Figure 6 shows two-dimensional priors and posteriors
for the precessional amplitude (0;) and the nutational
amplitude (Af;) for all BBHs in the catalog. Colors
highlight some events that may be of specific interest.
Overall, we find that (6; ) is better constrained than A8, for
all of the events, highlighting once more that nutation is
harder to measure than precession. In particular, all events
are consistent with a nutational amplitude of 0 at 90%
credible interval. Unlike the nutational amplitude, most of
the posteriors for (0;) are constrained away from zero,
something that is seen best with GW190412, cf. Fig. 3
above. Current constraints on the nutational amplitude are
overall poor, and tend to exclude high values—this is best
shown by the event posteriors of systems with large SNR
and small ¢ such as GW190412 and GW190814. These
constraints on the nutational amplitude are explained by the
mass parameters of the events, as the difference between
the posterior and the prior conditioned on the masses and
the prior conditioned on y. and the masses is negligible
(dy < 0.15). The posterior of GW190521 does not show
the same behavior in the nutational amplitude because
its less extreme mass ratio constrains it away from the

single-spin limit that forbids nutations [46,51], and thus
makes large nutational amplitudes possible. The event
GW200308_173609 has a low SNR of ~7.1, and as a
consequence its posterior distribution does not move away
from its prior even after they are conditioned on the masses
and the y.; of the event. In general, the gray lines
representing the rest of the GW events have posterior
distributions that constrain the precessional amplitude (6, )
to be smaller then the distributions given by the uninform-
ative prior. For most of the population, the nutational
amplitude posterior distribution remains unconstrained, in
agreement with the rest of our findings.

C. Spin morphologies

We now look at constraining the BBH spin morphology
[27,45]. Our results are presented in Table I and Fig. 7.

Events with mass ratios that significantly depart from
unity (e.g., GW190412, GW190814) are constrained to
be fully in the circular morphology. This is because the
parameter space available to binaries in the two librating
morphologies shrinks rapidly as ¢ — 0 [27]. Some events
present dy = 0.2 between their uninformed priors and
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FIG. 7. The fraction of samples in each of the three spin precession morphologies—librating about 0 (LO, blue), librating about
7 (Lz, red) and circulating (C, green)—for all GW events. For each event, the fractions in the posterior distribution are shown by the
most opaque, leftmost bar, followed by the fractions in each morphology for the prior conditioned on the masses and the effective spin
Xeit> then the fractions for the prior conditioned on the masses distribution, and finally the fractions in the uninformative prior to the left.
Above each event, we quote the Hellinger distance between the fractions in the uninformative prior distribution and the fractions in the

posterior.

posteriors, but overall, we find that the morphology of a
given event is largely determined once we condition on
both masses and effective spin. For events with near equal
masses, the uniform priors show an initial preference for the
circulating morphology, which is then constrained to be
smaller in their posteriors.

Figure 8 illustrates the sensitivity of the spin morphol-
ogies to sequential prior conditioning. When comparing the
fraction of posterior samples in any of the two librating
morphologies (L0, Lz) to the same fraction in the unin-
formed prior (left panel), for most events these fractions are
constrained to be dissimilar, indicating that the data
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Conditioned on mj »
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The fraction of samples f (L0, L) in either of the two librating morphologies for all three priors against that for the posterior,

progressively increasing the conditioning from left to right. Events are color-coded by the median value of their mass ratio g. The
diagonal gray line indicates the case where the fraction of librating samples is the same for both distributions. Events with a median
effective spin parameter y g posterior value higher than 0.2 are represented by triangles, while the rest are shown as circles.

indicate that binaries are somewhat compatible with libra-
tion. As expected [27], the fraction of librating samples in
the posterior is closely correlated with the mass ratio (color
scale). Events with mass ratios below (above) approxi-
mately 0.5 present a larger (smaller) fraction of the librating
samples in the uninformed prior compared to the posterior.
Once we condition the prior samples on the masses only
(middle panel), for most events the probability of libration
is approximately the same for the conditioned prior and the
posterior. A similar correlation exists between the fraction
of librating samples in the posterior and the events’ y.g.
When the event priors are conditioned also on y. (right
panel), we see that events with y. > 0.2 in the posterior
(depicted by the triangles) are pushed to the right, implying
more event samples are librating in the prior conditioned on
both the masses and y.¢ than the prior conditioned on the
masses alone. Once both of these correlations are taken
into account, the spin morphologies are fully described by
their mass and y . measurements, and no outliers remain in
the right panel.

V. SYNTHETIC OBSERVATION

Our investigations show that, overall, the SNR of the
current GW catalog is too moderate to draw accurate
constraints on our precession/nutation estimators. We
now present a pilot study on synthetic data, showcasing
the potential of a putative “golden” event for spin
dynamics—a hopeful prediction for the upcoming LIGO/
Virgo/KAGRA observing run.

We fine-tune the parameters of a BBH such that spin
nutations are manifestly prominent. In particular, we set
q = 0.4 and spins of magnitude y;, = 0.95 directed into
the orbital plane (0, , = 7/2) at a reference frequency of
20 Hz. The angle between the two black hole spins in the
orbital plane is set as A¢p = 0.1. This results in an injected

signal with (0, ) = 0.59, M(Q;) = 1.7 x 1073 (i.e., 4.6 Hz
in the detector frame), Af; =020, Mw = 1.5 x 1073
(4.0 Hz in the detector frame), and MAQ, = 4.8 x 107*
(1.3 Hz in the detector frame), and belongs to the
circulating morphology.

The total source-frame mass of the system is set to
70 M4 to maximize the number of GW cycles in band, and
the orbital-plane inclination is ~30°, close to face-on. The
source is placed at a luminosity distance of 500 Mpc; the
sky location is (RA, DEC) = (0.75,0.5). We assume noise
curves for LIGO and Virgo that are representative of the
predicted detector performances during the upcoming the

22 n n n AI
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18 Conditioned on my 2 and yeg [
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q=04
X1.2 = 0.95
A0 =0.20 |
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p(AdL)
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FIG. 9. Distribution of nutational amplitude Af; for a syn-
thesized signal designed to maximize the nutational amplitude.
The posterior (red) is well constrained from all the prior
distributions (blue, orange, green), even when these are condi-
tioned on masses and effective spin. The vertical black line
represents the injected Af; value.
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04 observing run [77]. Signals are injected and recovered
using the IMRPhenomXPHM waveform model [78]. The
injected signals have SNRs of about 45 in LIGO
Livingston, 33 in LIGO Hanford, and 25 in Virgo. We
sample the resulting posterior using parallel nested sam-
pling [79] as implemented in the BILBY pipeline [80],
assuming their standard uninformative priors.

Our full results are reported in Appendix A. The distri-
butions of the nutational amplitude A8; is highlighted in
Fig. 9. In particular, the posterior is well-constrained from all
three prior distributions, providing a confident detection of
spin nutation. More specifically we find a dy = 0.55
between the posterior and the uninformative prior, a dy =
0.89 between the posterior and the prior conditioned on m »,
and a dy =0.95 between the posterior and the prior
conditioned on both m , and y.¢. Unlike for the GW events

in the dataset, as we condition our priors on the masses and
then on the masses and y, the distributions are pushed
toward low A@; values. This is due to the priors on the spin
magnitudes preferring low values, while the injected source
has y; , = 0.95. Since we do not condition our priors directly
on the spin magnitudes but only on y., all our distributions
but the posteriors present many samples with low y; ,. On the
other hand, nutations require high spins, thus pushing the
posterior toward high A@; values.

From our posterior distribution we report amplitudes
(0,)=0.59700, M(Q,)=1.7101 <1073, A0, = 0.19709%,
Mo = 1.55709 x 1073, and MAQ, = 4.5711 x 1074, and
a 0.0007/0.9993/0.0 fraction of samples in the LO/C/Lx
morphology, respectively. The prior and posterior distri-
butions of all five precessional parameters are shown
in Fig. 10.
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FIG. 10. Uninformative prior (blue), prior conditioned on the masses only (orange), prior conditioned on the masses and on y.g
(green) and posterior (red) distributions of the five precessional and nutational parameters for the synthetic event described in Sec. V.
The joint distributions represent the 90% and 50% confidence levels. The black vertical and horizontal lines show the injected system.
The median value of the posterior for each parameter is displayed above the marginalized distributions.

024019-12



CONSTRAINING BLACK-HOLE BINARY SPIN PRECESSION ...

PHYS. REV. D 106, 024019 (2022)

While limited to a single case, this exercise serves as a
proof of concept, indicating that direct detection of spin
nutations is not out of reach. For such a favorable event, our
estimators are indeed sensitive to additional information
beyond the masses and the dominant spin parameter y.g.

VI. CONCLUSIONS

Spin precession and nutation are both subtle effects on
the waveform. While statements such as “at least one of the
component black holes has spin greater than 0.2” were
possible since the very first GW detections [81], detailed
spin dynamics is much harder to extract from the data. In
this paper, we exploited previously developed estimators of
BBH spin precession and nutation [27,45,46] in conjunc-
tion with current GW data.

Precisely because spin effects are subdominant, we tackled
the interpretation issue on whether indirect constraints from
other, easier-to-see parameters are enough to explain features
in the data. To this end, we formalized and systematically
applied a sequential prior-conditioning approach.

Our analysis does not find strong evidence of either
precession or nutation in any individual event using our
phenomenological estimators. These results are compatible
with those of Refs. [1-4], which also find no compelling
evidence for spin precession in single events. Sequential
prior conditioning indicates that, while comparisons
between uninformative priors and posteriors could be used
to claim evidence for spin precession, their differences are
largely reabsorbed when one takes into account measure-
ments of masses and effective spins.

We also presented a pilot injection study, proving that
favorable sources at current sensitivities will indeed allow
us to disentangle precession and nutation from the coupled
motion of the BBH spins. This showcases the potential of
our spin estimators parameters to uncover finer details from

TABLE L.

GW signals, paving the way to deeper explorations in terms
of both fundamental physics and astronomy [21,59,60,63].
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APPENDIX A: PRECESSIONAL AND
NUTATIONAL PARAMETERS OF THE
SYNTHETIC SIGNAL

Figure 10 presents the distributions of the five preces-
sional and nutational parameters of the synthetic observa-
tion described in Sec. V. The injected value of each
parameter is successfully recovered within the 90% con-
fidence intervals of the posterior distribution.

APPENDIX B: FULL RESULTS
IN TABULAR FORM

Table I reports results for all distributions and all our
estimators across the current GW catalog.

Complete set of results. For each event, each estimator, and each of the four sequential conditioning considered in this paper

we indicate the median and 90% credible interval. For the spin morphologies, we indicate the probability mass function at each of the

three discrete points.

Event Probability (0,.)[x1071] M{Q,)[x1074] Af,[x107'] Mw[x104] MAQ, [x107*]  LO/C/Lx

GW150914 Uninformative Prior 1.8537 1424304 2.8758 0.8%43 6.7:1294  0.11/0.84/0.05
Cond. on m, » 1.6129 18.3137 24477 0.4104 039337 0.29/0.58/0.13
Cond. on m;, and g 1.5729 18.2145¢ 23589 04503 057379 0.28/0.62/0.1
Posterior L1538 18.133 2.0173 0.3103 0.67550  0.24/0.68/0.08

GW151012 Uninformative Prior 1.8737 14.1534 2.7182 0.8743 6.91146  0.11/0.84/0.05
Cond. on m; » 15426 6.938 29171 0.3193 19157 0.15/0.78/0.07
Cond. on my, and ye 14127 7.0 2.713 02796 1547 0.14/0.8/0.05
Posterior 1058 7.0552 2.318¢ 0.219¢ 15134 0.12/0.83/0.05

(Table continued)
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TABLE 1. (Continued)

Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW151226 Uninformative Prior 1.2539 28122 2.014 0.2197 1.6:723  0.08/0.89/0.04
Cond. on m; » 12722 2.2599 2.63% 0.1702 1.0%1  0.11/0.85/0.05
Cond. on m,, and yer  1.2%)8 23102 2.8163 0.119! 0.8+164  0.11/0.85/0.04
Posterior 11704 22108 2.6137 0.1701 10537 0.1/0.86/0.04
GW170104 Uninformative Prior 1.8769 144129 27483 0.8757 6.841297 0.11/0.85/0.05
Cond. on m » 17433 12.4734 3479 0.519% 3.84808 0.15/0.78/0.06
Cond. on m;; and ey 1.6173 124534 3.2470 0.579¢ 3.6°83  0.14/0.81/0.05
Posterior 1.47%] 123533 3.0172 0.519¢ 407827 0.12/0.84/0.04
GW170608 Uninformative Prior 10733 13730 1742 0.1707 0.8+12 0.06/0.91/0.03
Cond. on m, » 11508 1.810¢ 24738 0.1791 0.41343 0.14/0.8/0.06
Cond. on my, and g 1.0718 1.84907 2.178) 0.1791 03515 0.12/0.84/0.04
Posterior 0.8%0% 1.8%07 18 0.07%, 03757 0.1/0.87/0.03
GW170729 Uninformative Prior 26138 86.9123% 37492 517118 19.0457570.19/0.72/0.09
Cond. on m, » 2.2138 4331233 4.0134 2.07%3 1327817 0.17/0.75/0.08
Cond. on my, and yor  1.97%3 50.6:3% 4755 L8116 —0.0157F,  0.22/0.65/0.13
Posterior 17522 5141217 4.5733 1.871% -0.9737%¢  0.21/0.67/0.12
GW170809 Uninformative Prior 1.8>8 14.27208 2.7152 0.8757 6.67160  0.1/0.85/0.05
Cond. on m , 1723 16.4752 3.4783 0.670% 3.21268 0.18/0.74/0.08
Cond. on my, and g 1.5%22 17.15592 32187 0.5197 155487 0.18/0.76/0.06
Posterior 12509 17.1538 2.8150 0.5:07 1555050 0.15/0.79/0.05
GW170814 Uninformative Prior 1.8459 14.4+207 2.782 0.874¢ 6.97125  0.11/0.85/0.05
Cond. on m; » 1.671% 143132 24177 0.3104 0357 0.28/0.6/0.12
Cond. on my; and ye 14117 14.8739 2.3139 0.3103 -0.07%5  0.27/0.62/0.1
Posterior 1.5 14.742] 2.3179 0.3193 —0.0*49)  0.29/0.61/0.1
GW170818 Uninformative Prior 1.8737 1447706 2.71%1 0.8%3$ 6.9111890.1/0.85/0.05
Cond. on m , 17722 19.1438 3.15%5 0.6704 17205 0.22/0.68/0.1
Cond. on my, and yer  1.87%3 18.4783 3.0153 0.6707 2.8787 0.21/0.71/0.08
Posterior 19721 18.3769 31177 06807 321614 0.22/0.7/0.07
GW170823 Uninformative Prior 26433 87.312360 3.755%0 50448 17.673772 0.19/0.72/0.09
Cond. on m » 1.877¢ 27.053%* 3.3158 0.9%,4 3.0t13%5 0.22/0.68/0.1
Cond. on m;; and e 1.7173 28.1555° 3.213 0.8%,: 0.9% 111 0.22/0.7/0.08
Posterior 1724 28.27104 3.3433 0.8,9 L1310 0.22/0.7/0.08
GW190403_051519 Uninformative Prior 59058 192.61/5%°  2750¢ 3001330 138.87455%"  0.08/0.88/0.04
Cond. on m; , 461120 105.071032 34780 1591132 87478146 0.08/0.89/0.04
Cond. on my, and yerr  2.4722 158.17248 52193 8.7:34 98.2+112200.14/0.73/0.13
Posterior 2.3122 163.27799 5.21)00 8.2732 91.7+112020.17/0.73/0.1
GW190408_181802 Uninformative Prior 2.1463 9.1+88 28550 08757 6.3192  0.08/0.89/0.03
Cond. on m 5 16129 11.053] 3.2479 0.3103 1.87524  0.19/0.74/0.07
Cond. on my, and g 1.5:20 110458 2.9759 0.3534 1.675>  0.17/0.77/0.06
Posterior 13416 110538 2.773 0.3194 1.8788  0.16/0.79/0.05
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Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW190412 Uninformative Prior 22762 47534 24137 0.610% 4413833 0.05/0.93/0.02
Cond. on m, , 3.0133 41432 24139 0.870% 555%"  0.01/0.99/0.01
Cond. on my, and ye  2.9%27 49103 2.6 0.7192 6.0134¢  0.01/0.98/0.01
Posterior 21414 47598 2.713% 0.7 8.873%4 0.0/1.0/0.0
GW190413_052954 Uninformative Prior 25474 23.017%7 34580 20738 15471921 0.1/0.86/0.04
Cond. on m » 1.973] 26.81153 3.7180 1.15¢ 7.217770.17/0.75/0.07
Cond. on my, and yer  1.97%9 27147 3.687 11404 6.4782  0.17/0.77/0.06
Posterior 1.87%] 27.6715¢ 3.57%7 L1453 5801%5  0.17/0.76/0.07
GW190413_134308 Uninformative Prior 2.947% 98.7:29%° 39830 74LLEY 3451582 0.16/0.77/0.07
Cond. on m , 22437 5274273 4.013% 2.3722 13.61354,  0.2/0.72/0.08
Cond. on my, and yer 22734 5241287 3.6731 2.3%¢ 1255337 0.18/0.75/0.07
Posterior 2,839 531142 41997 25024 13772093 021/0.72/0.07
GW190421_213856 Uninformative Prior 2.6479 34.21303 3.51%3 2.9743 21172698 0.1/0.85/0.05
Cond. on m, , 1.97%7 37.77132 3.413) 1241 334193 0.24/0.66/0.1
Cond. on m;; and yer  2.01%] 37.05174 3230 127503 465196 0.23/0.68/0.09
Posterior 20178 37.4181 34793 12402 4411168 0.24/0.67/0.09
GW190426_190642 Uninformative Prior 6.27157  513.903%00 33510 67.8737%0 344870013 0.1/0.84/0.06
Cond. on mj , 3.033 260371358 4258 12073 30.0055557  0.26/0.63/0.12
Cond. on m,, and yer  2.5734 309.37297¢ 45030 1175 3748 0.29/0.54/0.17
Posterior 2.7 31375298 45530 12119 36188 0.3/0.52/0.17
GW190503_185404  Uninformative Prior 25173 21.9°779 32480 1977 142093 0.09/0.87/0.04
Cond. on m » 2.0139 25.51139 4.0187 11533 8.87 %% 0.15/0.78/0.07
Cond. on my, and gy~ 1.9772 256111 3.7:87 12558 8.2H%s  0.14/0.81/0.05
Posterior 1.72¢ 25.7+143 3.47%3 1.2559 6.9: %0, 0.13/0.83/0.04
GW190512_180714 Uninformative Prior 2.1163 7.847% 2.615% 0.7439 514934 0.08/0.89/0.04
Cond. on m; , 17439 6.5} 34787 0.410% 517382 0.07/0.9/0.03
Cond. on m, , and yerr  1.4777 6.6+ 3.0079 0.4%0% 4681 0.06/0.91/0.02
Posterior 0.8% 04 6.7 22158 0.4103 3.25%000.04/0.94/0.02
GW190513_205428 Uninformative Prior 2.5772 18.47213 3144 1.7 12241452 0.09/0.87/0.04
Cond. on m, 2,074 15.27]L1 37777 LT 11813 0.09/0.87/0.04
Cond. on m,, and yer  1.87%) 16.4+112 3.7482 11798 10.27/552 0.09/0.87/0.04
Posterior 1.3570 16.911%! 34471 L1204 10.8730%7  0.08/0.88/0.04
GW190514_065416 Uninformative Prior ~ 3.4+]12 62.02359 34193 64117 3548%3  0.1/0.86/0.04
Cond. on m; 5 20731 39,7188 3.5132 15120 537403 0.2/0.7/0.09
Cond. on my; and yo 24554 35.87706 3.51%8 16473 11.75539  0.19/0.72/0.09
Posterior 2.3133 3591213 3.5188 1.677, 1147124 0.2/0.71/0.09
GW190517_055101 Uninformative Prior 2.7H)90 23.51312 2.91%2 24139 14.671[83  0.08/0.88/0.04
Cond. on m; , 1.9730 22.7+192 37583 1.0533 7051908 0.16/0.77/0.07
Cond. on my, and gy 1.6 27.27972 4.818¢ 0.9707 —3.71393  0.25/0.55/0.19
Posterior 16417 27.0194 45789 08107 2471719 028/0.52/0.2
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Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW190519_153544 Uninformative Prior 3.145) 66.51933 3.834 6.071%7 42713265 0.11/0.84/0.05
Cond. on m; » 24138 65.7133° 517191 3.5128 3025393 0.15/0.79/0.06
Cond. on m,, and yery  2.1777 7794317 6.0°198 30" 9.418%17  0.22/0.67/0.12
Posterior 2.0039 79.01378 5.8737 3.012 10258787 0.2/0.7/0.1
GW190521 Uninformative Prior 2.8474 56.97337 4.0133 4.71%4 38.0149%  0.11/0.84/0.05
Cond. on m, , 2218 65.15%2 37437 24138 8.155%5  0.22/0.67/0.1
Cond. on my; and oy~ 22772 67.03%7 3.753%0 24122 6.873505  0.23/0.67/0.09
Posterior 3.4737 68.63;3 4.0153%! 2.817¢ 6.5 1554 0.25/0.62/0.13
GW190521_074359 Uninformative Prior 2.675) 2234193 3.7 2.1 14741910 0.09/0.87/0.04
Cond. on m, 1.877% 28.1782 34188 09108 2671353 0.23/0.68/0.1
Cond. on my, and gy 1.7+20 29.9+6% 3.3197 0.8 0.15/1s  0.22/0.7/0.08
Posterior L4t 30.3199 3.4 0.879¢ —0.3718990.2/0.73/0.07
GW190527_092055 Uninformative Prior 3.541%° 5331788 3.0182 591142 3117324 0.08/0.88/0.04
Cond. on m; » 20138 21.7:3%0 3.7182 11132 9.87 157 0.14/0.8/0.06
Cond. on m, and yefr  1.8+29 23.4155¢ 3.818¢ 1157 7.0+18700.15/0.79/0.06
Posterior 1.9733 24.01323 3.8482 117} 6411985 0.15/0.79/0.07
GW190602_175927 Uninformative Prior 4,013 101.573530 32796 119539 63715574 0.09/0.87/0.04
Cond. on m, , 24438 84.310] 415% 37539 15.67550¢  0.21/0.69/0.1
Cond. on m, and ye 2,243 90.0+417 4.21195 35133 74539 0.21/0.7/0.09
Posterior 20178 91.97%! 4.111%0 3.5 3613203 0.2/0.71/0.08
GW190620_030421 Uninformative Prior 3.35,06 645735 34138 6.61136 37.635,2  0.1/0.86/0.05
Cond. on 1 » 24532 5274397 4.4176 2.7 2135323 0.16/0.77/0.07
Cond. on my5 and oy~ 2.117% 62.15592 537,93 2.4+12 6.074150  0.21/0.67/0.12
Posterior 1.8773 63.11352 5.017¢ 244 494553 0.2/0.69/0.11
GW190630_185205 Uninformative Prior 24473 17.24192 3.0°78 16533 12.2+0L70.08/0.89/0.04
Cond. on m; , 1.7:26 157484 3.7:83 0.7:5 547450 0.15/0.79/0.06
Cond. on my5 and yeir ~ 1.5722 166102 3.655% 06l 28I 0.15/0.8/0.05
Posterior L7k 16.8793 29157 0.6°0¢ 1671385 0.1/0.86/0.04
GW190701_203306 Uninformative Prior 2.8784 42.3557] 3,587 37439 25413426 0.1/0.84/0.05
Cond. on m , 213 5121202 3.6137 1.9+ 6.1725¢1 0.23/0.67/0.1
Cond. on m, and yefr 2,243 49,753 3.5192 1977 841705  0.22/0.7/0.08
Posterior 2.0727 49.91229 3.3733 18721 831422 0.21/0.7/0.09
GW190706_222641 Uninformative Prior 3.1782 87.4134° 3.973%0 7.11% 45378314 0.13/0.81/0.06
Cond. on m, » 2,655 84.01337 4.84,9° 50133 37.31838  0.14/0.8/0.06
Cond. on my, and yer ~ 2.2730 100.67504 561308 44737 19.717776  0.2/0.69/0.11
Posterior 1.9723 102.7+336 517,98 42138 187789 0.19/0.71/0.1
GW190707_093326 Uninformative Prior 1.9768 21504 1950 0.3%93 19774 0.04/0.94/0.02
Cond. on m , 1.273$ 2.3 2.7152 0.1791 07133 0.13/0.82/0.05
Cond. on my, and yeiy 11748 23102 2.31%3 0.1 0.6113%  0.12/0.85/0.04
Posterior 0.8%)2 2.3539 19533 0.1 0.6183  0.1/0.87/0.03
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Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW190708_232457 Uninformative Prior 2.1772 44539 235357 0.55,9 3745360 0.05/0.92/0.02
Cond. on m, » 14519 51147 2.97%7 0.2197 105559 0.16/0.77/0.07
Cond. on m ;5 and yee  1.274]7 53417 2.6172 0.1193 07514 0.14/0.81/0.05
Posterior 0.87372 5258 2.0154 0.1707 0.87317  0.12/0.85/0.03
GW190719_215514 Uninformative Prior 3.3 66.42%02 3.71%4 5944 39.513%24  0.11/0.85/0.05
Cond. on m , 21443 26.51200 3.9784 L553] 13.677%47  0.13/0.81/0.06
Cond. on m, and yerr  1.9773 3111457 4.6133 13558 8.4723%  0.18/0.72/0.1
Posterior 1.87%% 3127204 45189 13533 8.9775t  0.17/0.73/0.1
GW190720_000836 Uninformative Prior 2.0771 2.3%17 2.0 0.319¢ 2.172960.04/0.94/0.02
Cond. on m; 5 13128 247452 2.613% 0.1597 155188 0.09/0.87/0.04
Cond. on my; and o 1.3%32 25503 2.87%) 0.1197 14473 0.09/0.88/0.03
Posterior 107} 2.5%03 2.8438 0.197 L7531 0.09/0.89/0.02
GW190725_174728 Uninformative Prior 1.9779 19113 19459 0.210% L6%%*  0.04/0.94/0.02
Cond. on m » 14738 1.8701 24733 0.1793 141163 0.07/0.9/0.03
Cond. on my, and e 1.3%3] 1.854 2.2134 0.1797 147148 0.06/0.92/0.02
Posterior 13423 18434 2.4132 0.1797 15777 0.06/0.91/0.02
GW190727_060333  Uninformative Prior 2.5767 29.91287 3.518% 2419 19.6124930.1/0.85/0.05
Cond. on m; 5 19427 34,7438 32199 117533 335575 0.24/0.65/0.11
Cond. on my, and g 1.8772 37.05138 3.3797 11702 0.05]%38  0.25/0.65/0.1
Posterior 1.8724 37.01133 3.2134 10552 0.17143 0.24/0.65/0.1
GW190728_064510 Uninformative Prior 2.1162 19434 1.9+ 0.3703 1.7538%  0.03/0.95/0.02
Cond. on m , 1372 2470 2.6°37 0.119 L1572 0.11/0.85/0.05
Cond. on my; and yor  1.2122 25507 2.754 0.1797 09174 0.1/0.86/0.04
Posterior 0.87572 24102 2.1 0.1197 0.93H 0.08/0.89/0.03
GW190731_140936 Uninformative Prior 3.0°94 39,9432 3.4780 4.0173 25413172 0.09/0.87/0.04
Cond. on m; 5 20133 36.61 174 3.7139 15417 8.073%¢  0.2/0.72/0.08
Cond. on my, and .  1.8728 38.91179 37533 14703 3.94 %55 0.18/0.74/0.07
Posterior 17437 39.014Y 3.513% 14758 4173399 0.18/0.74/0.07
GW190803_022701 Uninformative Prior 278 30,7376 3.3783 2.8%3) 1971597 0.1/0.86/0.04
Cond. on m » 2.0122 3167130 3.5139 1.270% 491129 0.2/0.71/0.09
Cond. on m,, and yer  1.97%2 31.61134 3.4499 11503 474134 02/0.73/0.07
Posterior 19137 31.8:1;'9 3.4158 11539 4.91“11262% 0.2/0.73/0.07
GW190805_211137 Uninformative Prior 547137 102,842 24787 172011 7611857 0.07/0.9/0.04
Cond. on m; » 2.3438 61.31313 40138 2.7433 14.25300 0.18/0.73/0.09
Cond. on my, and e 2.0124 721512 4.7+)07 2.5%1 —1.9%3248 0.24/0.6/0.16
Posterior 2.4128 73.11398 50110 26118 -2.013337  0.26/0.56/0.18
GW190814 Uninformative Prior 2.1187 9.31260 24177 0.8%32 3.2182 0.1/0.85/0.05
Cond. on m; 5 57412 1.0197 0.8%32 0.5191 08557 0.0/0.99/0.0
Cond. on m;; and yerr  3.0173% 0.8707 0.8%7 0.5599 11581 0.0/1.0/0.0
Posterior 04198 0.8%47 0.8712 0.519 7.47823 0.0/1.0/0.0
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Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW190828_063405 Uninformative Prior 24774 1741183 32178 .58 1155130 0.09/0.87/0.04
Cond. on m; » 1722 22.0784 2.9°83 0.670¢ 1.07%32 0.26/0.64/0.11
Cond. on my, and yor 161 24.0189 3.11589 0.670% -1.0%5%5  027/0.61/0.12
Posterior 14718 23.9023 2.8159 0.5:903 -1.0183  0.27/0.62/0.11
GW190828_065509 Uninformative Prior 2.2789 8.2182 2.51%8 0.87¢ 5752 0.07/0.9/0.03
Cond. on m; , 2,032 55147 30180 06103 597579 0.04/0.94/0.02
Cond. on my, and ye 17532 5.8 2.9181 0.570% 597  0.03/0.96/0.01
Posterior 13128 56171 2.5734 0.5194 6.2759  0.02/0.97/0.01
GW190910_112807 Uninformative Prior 234558 312550 3718 2241 17.972490.12/0.83/0.06
Cond. on m, » 19737 3424103 31158 10532 1.95/359  0.27/0.62/0.12
Cond. on m;, and ye  1.7+22 3515009 3.0734 0.910¢ 0.41139> 0.26/0.65/0.09
Posterior 15417 3515109 2.8758 0.807 0411323 0.27/0.65/0.08
GW190915_235702 Uninformative Prior 2.376¢ 16.1°53° 31173 1.4+ 10.744%3  0.09/0.87/0.05
Cond. on m; » 1.8723 19.5756 3.6183 0.8139 5.554%  0.16/0.76/0.07
Cond. on my5 and oy 17175 202189 3.518¢ 0.8107 4.0H12% 0.16/0.79/0.06
Posterior 221428 20.3774 3.8158 0.8%02 52784 0.18/0.75/0.07
GW190916_200658 Uninformative Prior 627158 325715684 290001 465518 223.4728253  0.09/0.86/0.05
Cond. on m; » 2478 36.67350 3.7139 2.4+ 19.0°3732  0.13/0.81/0.06
Cond. on m; and e 2.173¢ 413591 40138 22122 14.155279 0.15/0.78/0.08
Posterior 1.9732 4161398 3.9°38 2.2728 14.473354  0.15/0.78/0.07
GW190917_114630 Uninformative Prior 247122 0.51% 0.9%59 0.1591 04737 0.02/0.97/0.01
Cond. on m; » 2.4%] 0.410 12429 0.1 0.574 0.0/0.99/0.0
Cond. on my, and yerr  2.2%53 0.410¢ 12123 0.1791 0.5739 0.01/0.99/0.0
Posterior 1.35% 0.450% 12473 0.159 0.9173 0.0/0.99/0.0
GW190924_021846 Uninformative Prior 25537 101} L1 0.2197 0.8753 0.02/0.97/0.01
Cond. on m, 5 1.2539 1.039¢ 23539 0.1797 0.7:37  0.06/0.91/0.03
Cond. on my, and yeir 11738 1.179¢ 2.0 0.1 0.737  0.05/0.93/0.02
Posterior 0.73¢ 1157 1.6 0.1501 0.87155  0.04/0.95/0.01
GW190925_232845 Uninformative Prior 24499 6.91%9 2.4%8) 0.9753 6.07%33  0.06/0.92/0.03
Cond. on m; » 1.5724 71728 3.0172 0.2196 1.8743  0.16/0.78/0.07
Cond. on m;, and yer 14779 74178 3.0174 0.2107 107589 0.15/0.79/0.06
Posterior 1258 74121 2.8773 0.219 097343 0.14/0.81/0.05
GW190926_050336 Uninformative Prior 5603 1393183 25000 215583 97283077 0.07/0.89/0.04
Cond. on m , 2.3148 29.6304 3.71%7 1.7 1471335 0.13/0.82/0.06
Cond. on my, and yr  2.37}8 28.87319 3.6:83 1.8431 14972209 0.12/0.83/0.05
Posterior 2.3 29.61323 3.8182 1.8432 14.877157  0.13/0.83/0.05
GW190929_012149 Uninformative Prior 3.41)09 64.51959 3.4132 6.71337 38.713039  0.09/0.86/0.05
Cond. on m 3.9139¢ 4421312 3.3189 6.2757 40.17%5¢ 0.06/0.91/0.03
Cond. on m, and ye  3.7477 44.47323 33182 6.674¢ 38.74555%  0.06/0.91/0.03
Posterior 6.0°35 49.0339 3218 6.7143 30.358%°  0.07/0.89/0.04
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Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW190930_133541 Uninformative Prior 3.01130 2.1128 13447 0.5+ 17555 0.03/0.96/0.01
Cond. on m, » 13537 22139 2.5138 0.1197 127183 0.09/0.87/0.04
Cond. on m, and g 13726 2.310 2.675) 0.17°9% 1.1737  0.09/0.88/0.03
Posterior 1.01)8 2310 22138 0.1} 13721 0.08/0.9/0.03
GW191103_012549  Uninformative Prior 2.81131 1.877¢ 1.2} 0.4%)2 147142 0.03/0.96/0.02
Cond. on m; 5 13423 2.35,9 2.751 0.1197 11573 0.11/0.85/0.05
Cond. on my, and gy~ 1.37)8 24103 28582 0157 095159 0.11/0.84/0.05
Posterior L1703 24107 2.6133 0.1797 09782 0.11/0.85/0.04
GW191105_143521 Uninformative Prior 294134 2.3432 135 0.5707 1.8%)75  0.03/0.95/0.02
Cond. on mj , 1.27)8 22108 2.6137 0.1701 0.7/ 0.13/0.82/0.05
Cond. on my, and yer 11707 2.2+09 23162 150! 0.6:33  0.11/0.85/0.04
Posterior 0.8% 0% 22159 1.8192 0.179] 0.57123  0.09/0.88/0.03
GW191109_010717 Uninformative Prior ~ 5.17)53 0257274 24485 15871004 7] 646345 (.06/0.9/0.04
Cond. on m; » 22431 59.87269 41738 2.3 9.8429%82  0.22/0.69/0.09
Cond. on my, and e 2.9%37 49.61388 4.0139 29172 23.115059  021/0.7/0.09
Posterior 41727 50.0570 4.5189 3.558 18.75,98  0.16/0.71/0.12
GW191113_071753 Uninformative Prior 511,64 514377 0953 1.81190 3505 0.03/0.96/0.02
Cond. on m; » 3340 3.6132 1.842 0.9197 3.673%° 0.02/0.97/0.01
Cond. on my, and yerr  2.8%57 34770 L7543 097509 41555 0.02/0.97/0.01
Posterior 1.8 3118 1.8178 0.959% 6.0733  0.02/0.98/0.01
GW191126_115259 Uninformative Prior 3.31139 47437 14599 10753 3.673%°  0.04/0.95/0.02
Cond. on m, , 13722 2,977 2744 0.1597 L1327 0.11/0.84/0.05
Cond. on my, and yr  1.3717 3.04)4 2.9793 0.1597 0.8+2140.12/0.83/0.05
Posterior 1.0513 3.057 27459 01702 0.87269  0.11/0.85/0.04
GW191127_050227 Uninformative Prior 524154 120746458 25587 1870534 88.710%¢  0.06/0.9/0.04
Cond. on m » 2.8133 38.3787 32787 3.3788 22273179 0.11/0.84/0.05
Cond. on my, and yer ~ 2.5162 43.7358 3.51% 3.0174 19.473160  0.13/0.81/0.07
Posterior 2918 4671337 3.673% 31174 16.3735>  0.14/0.79/0.07
GW191129_134029 Uninformative Prior 2.81130 1.8728 12447 0.4554 144330 0.03/0.96/0.02
Cond. on m » 1272 1.7:98 27454 0.1 0.9%3¢  0.09/0.88/0.04
Cond. on my, and yr  1.17%7 171939 2.5157 0.1 0.8%13]  0.08/0.9/0.03
Posterior 07553 L7439 LOHS 01y 097E  0.05/0.93/0.01
GW191204_110529 Uninformative Prior 414148 1955579 1.9768 37182 14.8713500.04/0.93/0.03
Cond. on m; » 1.72] 13.473°9 3.2178 0.5, 281784 0.18/0.75/0.08
Cond. on my, and yeiy  1.6724 13.9789 3.2:8) 0.5104 21183 0.17/0.76/0.07
Posterior 1.9722 14.013% 3.3786 0.5°9% 21152 0.18/0.75/0.07
GW191204_171526 Uninformative Prior 2.91)33 21534 13518 0.57)% 1.84133  0.03/0.95/0.02
Cond. on m » 1.2554 22102 2.7159 0.170] 0.9f13¢  0.11/0.84/0.05
Cond. on my, and yey 12713 2.3109 2.9+%4 0.1 0.619%  0.11/0.85/0.04
Posterior 1.04)2 23508 2.7153 0.15] 10529 0.1/0.87/0.03
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TABLE 1. (Continued)

Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW191215_223052 Uninformative Prior 3.91148 1434553 18502 295%° 11671930 0.04/0.93/0.02
Cond. on ;5 1.6723 11.8743 3.2179 0.4190¢ 24179¢0.17/0.75/0.08
Cond. on m,, and yer  1.6722 117538 3.1789 0.479% 267735 0.17/0.78/0.06
Posterior 1.87%2 11.675¢ 31150 0.4190¢ 2.87370  0.17/0.77/0.06
GW191216_213338 Uninformative Prior 2.81)32 1.9%5¢ 1248 0.534 167141 0.03/0.95/0.02
Cond. on mj 5 12121 19507 2.613¢ 0.1 1LOH1S  0.09/0.87/0.04
Cond. on my, and yer  1.1412 19400 25161 0140 0.9%/3]  0.08/0.89/0.03
Posterior 0.6 2.0159 1811 0.1 0.65;2  0.05/0.93/0.01
GW191222_033537 Uninformative Prior 5005 70.8729° 2.3183 12732 56.6779)  0.06/0.91/0.03
Cond. on m; 5 20128 4461180 3.3137 15538 3.2 0.24/0.65/0.11
Cond. on my, and yoy ~ 2.0°78 44.0+187 3.3133 1.4%)8 4411842 0.24/0.67/0.09
Posterior 1.8727 43.8+189 3.1132 1.4%}8 4512002 0.23/0.68/0.08
GW191230_180458 Uninformative Prior 52787 108.975364 25587 17.6015°5 8251782 0.06/0.9/0.04
Cond. on m; 5 22432 62.51%1 3.5138 23127 6.873004  0.24/0.65/0.11
Cond. on m, and ye  2.2+33 61.8730% 3.5497 23178 8.2137%¢  0.23/0.68/0.09
Posterior 25438 62.7°352 3.6137 2.3778 8.2H12%0  0.23/0.66/0.11
GW200112_155838 Uninformative Prior 431149 27.27823 20578 5217 21808 0.05/0.92/0.03
Cond. on m , 1723 21.4+8% 3.1188 0.670% 1.6719%6 0.24/0.66/0.1
Cond. on m,, and yerr 1.6 222183 3.01%4 0.610¢ 027876 0.24/0.67/0.09
Posterior 1.37]¢ 22,1184 2.9752 0.670¢ 0311274 0.23/0.7/0.07
GW200128_022011 Uninformative Prior 4.81)33 5737330 22780 1067387 4674 0.06/0.91/0.03
Cond. on ;5 20121 42,6176 3.4132 14554 3.2 1987 0.25/0.64/0.11
Cond. on my, and ye  1.8%23 4547122 32101 1.3704 —0.11212> 0.25/0.65/0.11
Posterior 2.3122 45.6112¢ 3.613%° 13403 0.0t>23  0.26/0.6/0.13
GW200129_065458 Uninformative Prior 421149 24.57781 1.9474 45357 18.51)753  0.05/0.93/0.03
Cond. on m; » 1.7:24 19.3433 2.771% 0.5119 0978+ 0.27/0.62/0.12
Cond. on my, and zr 15732 203746 2878 05103 -0.1132 0.26/0.64/0.1
Posterior 15538 19.9+20 3.6180 0.559% 0.21057 0.27/0.64/0.09
GW200202_154313 Uninformative Prior 2.89%° 1.6°23 1.2+ 04132 1.35%%  0.03/0.96/0.02
Cond. on m » L1538 1.759¢ 2.5757 0.1191 0.55,5%  0.12/0.82/0.05
Cond. on m;; and e 1.07)18 1.750% 2.3137 0.1794 0455 0.11/0.85/0.04
Posterior 0.75L4 17587 1848 0.1799 024138 0.07/0.9/0.02
GW200208_130117 Uninformative Prior ~ 4.4#130 3221122 20174 6.112%7  259/21%  0.05/0.92/0.03
Cond. on m , 1.9727 26.654%° 3.6:5¢ 1.0532 4811567 0.19/0.73/0.08
Cond. on m,, and g 1.9128 26.17130 35480 1.07)2 5871005 0.18/0.75/0.07
Posterior 16775 26.11H13:4 32885 0943 5.7+1$860.17/0.77/0.06
GW200208_222617 Uninformative Prior 5600%° 19335221 27003 2880280 141553198 0.07/0.89/0.04
Cond. on m , 374146 19.6+837 2.3758 3.81270 18.6712%7  0.05/0.91/0.03
Cond. on m, and yor  2.775% 25.0117%8 3.0173 3.05,%° 2117283 0.08/0.87/0.05

Posterior

26015 25AMEP 2903 303) 2041357 0.08/0.88/0.05

(Table continued)
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TABLE 1. (Continued)

Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW200209_085452 Uninformative Prior 5053 79.473589 24183 13.378 60.117%22  0.06/0.91/0.03
Cond. on m, , 1.9 31.37189 3318 1.0732 2851373 0.22/0.67/0.11
Cond. on my, and yerr  2.0728 29.7+111 3.2783 11533 561410 0.22/0.69/0.09
Posterior 2.317% 30.04/97 3.27%3 L1533 5541062 0.21/0.69/0.1
GW200210_092254 Uninformative Prior 4.0113%° 17554 0.8743 0.6754 124181 0.02/0.96/0.01
Cond. on m; 5 5707 1413 0.9% )4 0.6103 11553 0.0/0.99/0.0
Cond. on m;, and yefr  4.6133 13559 0.9 0.6107 134131 0.0/0.99/0.0
Posterior 26133 1.259 0.8%37 0.6107 2.15% 0.0/1.0/0.0
GW200216_220804 Uninformative Prior 515153 90.614314 24783 148100 68276381 0.06/0.9/0.04
Cond. on m; , 2.4162 48.81383 3739 2.87H 18743304 0.16/0.77/0.07
Cond. on my, and yep 234 53.114% 3.713¢ 2,743 13.353%15 0.16/0.77/0.07
Posterior 2.352 533417 3.7139 2842 13.3555%¢  0.16/0.77/0.07
GW200219_094415 Uninformative Prior 464132 45.611654 21778 8.3+4%1 35.873165  0.05/0.92/0.03
Cond. on m » 2013 33453 3.4199 12554 4241914 0.23/0.68/0.09
Cond. on my5 and g~ 2.0°30 3247159 33580 12fjg 558 021/0.71/0.08
Posterior 2.1422 32,5433 3.4787 12714 6.171388 0.21/0.71/0.09
GW200220_061928 Uninformative Prior 6.913%7 42721366 27005 74718006 311,925 0.08/0.87/0.05
Cond. on m, , 2851 21950159 400yt 997085 28374057 0.24/0.65/0.11
Cond. on my, and e 27458 2201500 45550 97l 19.5k¢ 0.26/0.62/0.12
Posterior 2.913¢ 23335739 4453°  1001f) 18.019530  0.26/0.61/0.13
GW200220_124850 Uninformative Prior 51557 91.875%° 2.4183 15.0519%°  69.010508  0.06/0.9/0.04
Cond. on m , 2.0132 37.7H118 3.6139 1.4729 6.4720%>0.2/0.71/0.09
Cond. on my, and o  2.1733 36.97193 3.4139 15519 7.541748 0.2/0.72/0.08
Posterior 2.313¢ 36.91/88 3.4132 15419 75524 0.2/0.72/0.09
GW200224_222234  Uninformative Prior 4.54150 35971181 21578 677HY 285724 0.05/0.92/0.03
Cond. on m, , 1.8724 30.145% 31758 0.9102 1445657 0.26/0.63/0.11
Cond. on my, and g 1.720 31.7483 3.0154 0.8708 -0.255e  0.26/0.65/0.1
Posterior 1753 31.8774 3.2192 0.8%97 —0.1759%°  0.3/0.61/0.09
GW200225_060421 Uninformative Prior 3.67142 70448 1.6178 15498 57424 0.04/0.94/0.02
Cond. on m, » 1477 6.4733 3.8 0.2597 1559 0.15/0.79/0.06
Cond. on my; and yor 15172 6.2133 3.054 0.2:10 2.11532 0.14/0.8/0.06
Posterior 19421 6.1139 2.81%8 0.2:93 231222 0.15/0.8/0.05
GW200302_015811 Uninformative Prior 4.41149 2931736 2.0172 547281 2244227 0.05/0.92/0.03
Cond. on m; » 21130 1551123 3.8780 L1710 1181104 0.08/0.88/0.04
Cond. on m;, and e 1.8733 16.04¢3° 3.8177 L1038 10771312 0.08/0.89/0.03
Posterior 17534 1587130 3.517] 11598 11.3552]  0.07/0.89/0.03
GW200306_093714 Uninformative Prior 6.0+161 46.413884 154 118 3247272 0.04/0.93/0.03
Cond. on m, 2,075 11,1478 32173 08fLs 69158 0.09/0.86/0.04
Cond. on m ;5 and g 1.8%3¢ 12,9172 3.618 0.653 6.17982  0.12/0.81/0.07
Posterior 1.7533 129774 3.6177 0.6 6.4578 0.12/0.81/0.07
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TABLE 1. (Continued)

Event Probability (0,)[x107"] M{Q,)[x1074] A0, [x107'] Mw[x10™4] MAQ,[x107*]  LO/C/Lx
GW200308_173609 Uninformative Prior 6.011%3 5512500 35050 72013362 380.3/2%55  0.1/0.85/0.05
Cond. on m, , 361113 88316083 3gHI00 77051 537412413 0.1/0.86/0.05
Cond. on m, and ye  3.0119%3 97.7155%2 41138 76783 50.87,7%7  0.11/0.83/0.06
Posterior 3.05% 1011 4410 757090 50005958 0.12/0.82/0.06
GW200311_115853 Uninformative Prior ~ 4.3*149 25.51 %4 2057 49777 204758 0.05/0.93/0.03
Cond. on m , 1722 19.8769 29184 0.610% 125808 025/0.65/0.1
Cond. on my, and gy 1.6°7) 20.0137 2.8183 0.5107 L1535 0.23/0.68/0.08
Posterior 1.67%1 19.913¢ 29153 0.5509 157774 0.23/0.69/0.08
GW200316_215756 Uninformative Prior 3.01136 2.8148 1.355] 0.6123 227208 0.03/0.95/0.02
Cond. on mj » 14534 2.5103 2.637 0.1593 151794 0.08/0.88/0.04
Cond. on m;; and yo  1.3%28 2747 2.7152 0.150¢ 154302 0.08/0.9/0.03
Posterior 0.9 26504 24737 0.1 1.6732%  0.06/0.92/0.02
GW200322_091133  Uninformative Prior  7.3%5°  174.6/705%° 17730 38819%° 1236055 0.06/0.91/0.04
Cond. on m; » 3.97168 539114331 20183 4972682 23910836 0.08/0.88/0.04
Cond. on m;; and e 3.15%! 59.5+11758 24789 437286 2g7t6833  0.08/0.87/0.05
Posterior 3.35¢! 60271154 2351 4.413627 24.57]3%20.09/0.86/0.05
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