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We map the likelihood of GW190521, the heaviest detected binary black hole (BBH) merger, by
sampling under different mass and spin priors designed to be uninformative. We find that a source-frame
total mass of ∼150 M⊙ is consistently supported, but posteriors in mass ratio and spin depend critically on
the choice of priors. We confirm that the likelihood has a multimodal structure with peaks in regions
of mass ratio representing very different astrophysical scenarios. The unequal-mass region (m2=m1 < 0.3)
has an average likelihood ∼e6 times larger than the equal-mass region (m2=m1 > 0.3) and a maximum
likelihood ∼e2 larger. Using ensembles of samples across priors, we examine the implications of
qualitatively different BBH sources that fit the data. We find that the equal-mass solution has poorly
constrained spins and at least one black hole mass that is difficult to form via stellar collapse due to pair
instability. The unequal-mass solution can avoid this mass gap entirely but requires a negative effective spin
and a precessing primary. Either of these scenarios is more easily produced by dynamical formation
channels than field binary coevolution. Drawing representative samples from each region of the likelihood
map, we find a sensitive comoving volume time Oð10Þ times larger in the mass gap region than the
gap-avoiding region. Considering D3

comL to account for the distance effect, the likelihood of these
representative samples still reverses the advantage to favor the gap-avoiding scenario by a factor ofOð100Þ
before including mass and spin priors. Posteriors are easily driven away from this high-likelihood region by
common prior choices meant to be uninformative, making GW190521 parameter inference sensitive to the
assumed mass and spin distributions of mergers in the source’s astrophysical channel. This may be a
generic issue for similarly heavy events given current detector sensitivity and waveform degeneracies.

DOI: 10.1103/PhysRevD.104.083036

I. INTRODUCTION

GW190521 was a compact binary coalescence event
detected during the first part of the third observing run
(O3a) at the Advanced LIGO and Advanced Virgo observa-
tories [1]. The LIGO-Virgo Collaboration (LVC) reported
that the source was a merger of black holes (BHs) with
masses ∼85 and ∼66 M⊙, and had an effective spin
parameter consistent with zero. The coalescence of the
inferred source binary produced a remnant BH with a mass
of ∼142 M⊙. This classifies the remnant as an intermediate-
mass black hole (IMBH), roughly defined by the mass range
102–106 M⊙, and it is the heaviest merger yet observed [2].

The large constituent BHmasses inferred for GW190521
have sparked tremendous interest since they imply
the detection of binary companions within the black hole
upper mass gap between ∼45 and ∼135 M⊙, which has
been theorized based on the physics of pair instability and
pulsational pair instability inside stars [3–12]. Challenging
the simple picture of black hole formation at the evolu-
tionary end point of very massive stars, this has led to the
revisiting of binary coevolution details that could circum-
vent such mass limits [13–15], particularly for very low
metallicity or metal-free progenitors [16–19]. Another
possibility for generating BHs in the mass gap is through
dynamical formation scenarios in dense stellar environ-
ments where merger remnants can merge again within
a Hubble time, such as active galactic nuclei (AGN) and
star clusters [20–31].*srolsen@princeton.edu
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Formation models and population simulations inform
one of the most important considerations in Bayesian
inference of gravitational wave (GW) source parameters:
the assumed prior distribution. While modeled popula-
tions can give us analytic and numerical intuition about
the astrophysical population of BBH mergers, they too
depend on speculative choices for prior distributions. For
instance, priors on the metallicity and spin distributions
will determine the importance of the first-generation mass
gap BH abundance [32], and the dynamical formation
contribution of second-generation and higher BHs in the
mass gap is sensitive to the priors on the mass and spin
distributions [33,34].
Observing the first BBH merger like GW190521 is

exciting but comes with the caveat that both the source
parameters (namely, mass ratio and spin) and the astro-
physical implications of such a system (e.g., violation of a
mass gap and population statistics) are sensitive to uncer-
tain priors. This makes it important to identify the con-
clusions that are robust to reasonable changes in prior
assumptions. Given the event’s many astrophysical impli-
cations, we search for robust features of GW190521 and
find that different choices of uninformative prior lead to
interpretations with notably different impact on our pre-
liminary statistical understanding of BBH spin-orbit mis-
alignment and the mass gap.
Population analysis has been used to search for a

mass gap empirically [35,36], and GW190521 plays a
key role in informing this discussion. Population analyses
usually rely on posterior samples to map the likelihood
of individual event parameters, which entails the key
assumption that the samples represent unbiased draws
from the posterior under some fiducial prior that can be
reliably mapped to other priors. In agreement with other
works [37,38], we find that GW190521 is an example for
which standard choices of priors cause posterior samplers
to undersample regions of parameter space with high-
likelihood solutions, or miss them entirely. The LVC event
catalog results are obtained under a uniform detector-
frame constituent mass prior and an isotropic spin prior
[39,40], and inferred source parameters can be sensitive to
the choice of priors [41]. One constraining feature of the
LVC priors is the strong preference for zero effective spin.
An alternative is to adopt the uniform effective spin prior
introduced by Zackay et al. [42], so we compare these two
approaches for GW190521.
The mass prior plays an even larger role than the spin

prior in the case of GW190521. The LVC priors led to the
inference of a nearly equal-mass binary with both BHs in
the mass gap [2]. In a reweighting of the LVC posterior
samples using a population-informed mass prior for the
secondary BH, Fishbach and Holz [43] argued the pos-
sibility that a mass ratio farther from unity could describe
the event and move one or both of the BHs outside the mass
gap. Sampling under a mass prior uniform in source-frame

total mass and inverse mass ratio, Nitz and Capano [37]
(referred to hereafter as N&C) found new regions of high
likelihood for unequal-mass solutions. N&C used the
IMRPhenomXPHM waveform model [44], and the latest
updates to the precession implementation have reduced
the advantage in likelihood of the most extreme mass ratio
peak [38], but the recent detection of the ðl; jmj; nÞ ¼
ð3; 3; 0Þ quasinormal mode in the GW190521 ringdown
by Capano et al. [45] supports the interpretation of an
unequal-mass merger.
In this paper we explore the differences between pos-

teriors sampled under the mass priors of N&C and LVC,
paired with the isotropic spin prior and the uniform
effective spin prior. We find that GW190521 is a particu-
larly difficult event to analyze due to the signal’s small
number of cycles in the sensitive band of the detectors.
Waveform model degeneracies in the relevant regions of
intrinsic parameter space become even harder to resolve,
making it difficult for posterior samplers to explore high-
likelihood regions where the prior volume is low. We find
that the source-frame total mass is robust but the inferred
mass ratio and spin are sensitive to the choice of priors. The
mass prior used by N&C favors unequal-mass sources
compared to the LVC mass prior’s preference for inverse
mass ratio near unity, and the likelihood has peaks in
both regions. The solution with comparable masses in the
mass gap has lower likelihood but an advantage in geo-
metric prior volume, and the solution with a secondary BH
below the mass gap strongly favors a primary mass above
100 M⊙, which would represent the first observation of a
merging IMBH.
We find that regardless of spin prior, the unequal-mass

solution is characterized by negative effective spin. The
equal-mass solution is consistent with zero effective spin,
but even for comparable masses the likelihood favors
effective spins near �0.3. When considering primary spin
components in the plane of the orbit, the equal-mass
solution shows little evidence of precession, but the
unequal-mass solution has a drastic preference for nonzero
in-plane spin. Thus we find qualitatively different sources
in the likelihood peaks, and the mass and spin priors
determine which peaks are explored by posterior samplers.
Whether we have observed two BHs in the mass gap or a
stellar-mass BH orbiting a precessing IMBH with negative
effective spin, the system may be tricky to produce with
field binary coevolution, whereas dynamical formation
channels can more easily accommodate each interpretation.
This paper is organized as follows: In Sec. II we describe

the practical considerations that go into posterior sampling
and we define our four sampling priors. In Sec. III we
present the posteriors resulting from parameter estimation
(PE) under each set of mass and spin priors, illustrating the
multimodal structure of the likelihood. In Sec. IV we map
the likelihood manifold to better classify the various
scenarios for the source masses and spins. In Sec. V we

SETH OLSEN et al. PHYS. REV. D 104, 083036 (2021)

083036-2



summarize these results and conclude with a brief dis-
cussion of the challenges that GW190521 poses for BBH
formation channel models.

II. PARAMETER ESTIMATION PRIORS

A. Bayesian inference for GW sources

Bayesian parameter estimation of a GW signal seeks to
infer the source’s intrinsic and extrinsic parameters from
the posterior probability distribution

Pðpint; pextjdÞ ¼ Pðdjpint; pextÞ
Πðpint; pextÞ

ΠðdÞ ; ð1Þ

where d is the strain data, pint represents the intrinsic source
parameters, and pext represents the extrinsic parameters.
Pðdjpint; pextÞ≡ Lðpint; pext; dÞ is the likelihood and
Πðpint; pextÞ is the prior probability we assign to the
parameters. The prior on the data, ΠðdÞ, along with any
other parameter-independent overall factors, can be
absorbed into a normalization constant that we will leave
out of the notation hereafter.
For quasicircular (i.e., negligible orbital eccentricity)

BBH mergers, where the tidal deformability parameters of
Kerr black holes are zero in the adiabatic limit [46,47], we
consider the eight-dimensional intrinsic parameter space
spanned by the constituent BH masses and dimensionless
spins, pint ¼ ðm1; m2; χ⃗1; χ⃗2Þ, where the mass ordering
m1 ≥ m2 determines which BH is labeled the “primary”
versus “secondary” constituent. The extrinsic parameters
constitute the seven-dimensional space of sky location
(right ascension and declination, α and δ), luminosity
distance (DL), orbital orientation with respect to the line
of sight (LOS) at some reference epoch (polar and
azimuthal angles of the LOS in the source frame, ι and φ,
termed inclination and orbital phase), the angular degree of
freedom about the LOS (ψ , termed polarization phase), and
the time of merger (tc).

B. Posterior sampling liabilities

Monte Carlo (MC) integration of the Bayesian evidence
is used to sample the posterior distribution over the full
15-dimensional space of parameters. Due to high dimen-
sionality and waveform degeneracies, exploring all the
important regions of parameter space can be difficult for
sampling algorithms. Sampling in well-measured coordi-
nates with minimal correlation helps reduce the risk of
pathological convergence, but it is still possible for like-
lihood peaks to be missed in regions of low prior volume.
The prior distribution used in sampling is an analytically

tractable problem that may be numerically delicate in
practice. If we know the true prior distribution of a
parameter, then it makes sense to impose that prior during
sampling, but this is not the case for intrinsic parameters. The
true mass and spin priors depend on physical and statistical

characteristics of BBH formation channels. Without knowl-
edge of the true distribution, the goal is to choose priors to be
as uninformative as possible (see Sec. II C) so that the
posterior is determined by the likelihood.
When we model the LVC detector noise as a stationary

Gaussian process, the likelihood’s dependence on the
source parameters is given by

Lðp; dÞ ∝ ehdjhðpÞi−
1
2
hhðpÞjhðpÞi; ð2Þ

where hðpÞ is the modeled gravitational waveform corre-
sponding to merger parameters p≡ ðpint; pextÞ and
hdjhðpÞi is its matched-filter overlap with the data (i.e.,
variance-weighted inner product). If we can find a sampling
prior (more commonly referred to as a false prior) that
allows us to accurately sample this likelihood manifold,
then different choices of target prior can be analyzed in
postprocessing by reweighting the samples with methods
like importance sampling [48] or prior swapping [49].
Reweighting is analytically equivalent to sampling in

the target prior as long as the sampling prior is nonzero
everywhere that the target prior has support. This does not
always hold in practice due to the finite number of samples
and the limitations of MC algorithms. Sampling bias may
be an important issue for a broader class of events including
GW151226 and GW150914 [50], and in agreement with
previous studies [37,38] we find that the standard LVC
priors lead to an incomplete map of the GW190521
likelihood manifold. In contrast to previous approaches,
we do not assume that any one choice of prior produces
samples that can be reweighted reliably. Instead we assume
only that sampling GW190521 posteriors under a given
prior produces a reliable map of the likelihood in regions
which are not suppressed by that sampling prior.
Relaxing the reweighting assumption in favor of this

milder likelihood mapping assumption means that we can
tolerate the possibility of sampling bias, but we cannot put
faith in the posteriors beyond the likelihood map. Despite
the lack of an unbiased Bayesian interpretation in this
framework, posterior samples can still illustrate the inter-
play between priors and likelihood. An important lesson
from this illustration is that there is no such thing as a
truly uninformative prior. Evaluating the information intro-
duced by one prior requires comparison with other priors.
Posterior features that are consistent across a range of priors
can be thought of as robust to the information introduced
by the priors being varied, but features that change are
evidently sensitive to that information. Here we sample the
GW190521 source parameter space under a physically
diverse range of attempts at designing uninformative mass
and spin priors.

C. Comparing uninformative mass and spin priors

One attempt to be uninformative is to say that we do not
have any prior knowledge about the direction of constituent

MAPPING THE LIKELIHOOD OF GW190521 WITH DIVERSE … PHYS. REV. D 104, 083036 (2021)

083036-3



BH spins, and therefore a natural choice would be to
draw spins from independent isotropic distributions.
Following similar logic, our lack of prior knowledge about
the mass distributions of BBH populations means that one
reasonable attempt to be uninformative is to draw the
constituent BH detector-frame masses from independent
distributions that are uniform over some large range. These
are the priors used in the LVC analysis of GW190521 [2],
and in their source parameter inference throughout the
event catalogs [39,40].

Another attempt to minimize the amount of information
introduced by a sampling prior is to make it uniform in the
best-measured parameters. For a quasicircular BBH, a well-
measured spin parameter is typically the effective spin,
defined as

χeff ¼
1

1þ q
ðχ⃗1 þ qχ⃗2Þ · L̂; ð3Þ

where q ¼ m2=m1 ∈ ð0; 1� is the mass ratio and L̂ is the
direction of the binary’s orbital angular momentum. Just as
coupling the constituent masses through the chirp mass
gives us a coordinate which is better suited to the space of
GW signals than the more physically intuitive variables
composing it, so too does coupling the mass ratio and orbit-
aligned spin components through the effective spin. A spin
prior that is uniform in χeff randomizes sampling of the
combination of mass ratio and spins that the data are best at
describing, allowing the likelihood to more directly deter-
mine the posterior distribution. This comes at the cost of
disfavoring values of the constituent spin magnitudes close
to zero. On the other hand, the isotropic prior is uniform in
constituent spin magnitude but suppresses effective spins
far from zero. Comparing these approaches gives a better
understanding of the information that each choice intro-
duces into posteriors, and the combined ensemble of
samples is a more reliable map of the likelihood over
the full range of both effective spin and spin magnitude.
For the mass prior, we compare the LVC approach

and that of Nitz and Capano [37], who sample with a prior
that is uniform in source-frame total mass, M¼m1þm2∈
½80;300�M⊙, and inverse mass ratio, q−1 ¼ m1=m2 ∈
½1; 25�. This is a good way to be agnostic in the case of
GW190521 because source-frame total mass is the best-
measured mass parameter, and randomizing the sampling
of inverse mass ratio avoids suppressing unequal-mass
(i.e., small mass ratio⇔ large inverse mass ratio) regions of
parameter space that contain high-likelihood solutions.
If we think in terms of prior volume by mass ratio, uniform
in q−1 favors unequal-mass solutions, whereas the LVC
mass prior is better at exploring equal-mass regions of the
likelihood manifold. In Sec. III we see the effect that each
choice has on GW190521 posteriors in combination with
each spin prior, and in Sec. IV we use the combined

ensemble of samples to obtain a more reliable map of the
likelihood throughout the mass ratio sampling range.
Hereafter we refer to the prior that is uniform in effective

spin as the “FLAT” spin prior (described in more detail
in [42]). The LVC prior with isotropic independent con-
stituent spins will be called the “ISO” spin prior. The prior
that is uniform in the source-frame total mass and inverse
mass ratio will be called the “NC” mass prior, using the
ranges above (following Nitz and Capano [37]). The prior
that is uniform in detector-frame constituent masses will be
called the “LVC”mass prior. We extend the LVCmass prior
beyond the bounds of the original publication [2] in order to
include the entire range of constituent masses where the
N&C posteriors had support.

D. Geometric extrinsic priors
and physical assumptions

For the extrinsic parameters we use geometric priors.
That is, our priors are isotropic in all the BBH and detector
orientation angles. For the LVC mass prior we use a
distance distribution that is uniform in luminosity volume,
following Abbott et al. [2]. For the NC mass prior we use a
distance distribution that is uniform in comoving spatial
volume, following Nitz and Capano [37]. The comoving
and luminosity distances are proportional by a cosmologi-
cal redshift factor, DL=Dcom ¼ 1þ z, and we compute the
redshift using a Λ cold dark matter (ΛCDM) cosmology
with the Planck 2015 measurements [51]. Note that this
comoving volume differs from the comoving volume
time (VT), which has an additional redshift factor for
time dilation.
Neither comoving nor luminosity volume would be

exactly correct to hold uniform under the true astrophysical
prior. In any situation where the two choices give different
answers, we also need to incorporate the redshift evolution
of merger rates to construct an unbiased astrophysical
distance prior. We have verified that GW190521 is a case
in which the difference between posteriors under priors
that are uniform in comoving versus luminosity volume is a
negligible perturbation on top of the variation between
uninformative mass and spin priors. In all cases our
sampling region’s total spatial volume maps to the lumi-
nosity distance range DL ≤ 10 Gpc. The prior on coales-
cence time is uniform over 100 ms centered about
Global Positioning System time 1242442967.44 at the
Livingston (L1) detector.
We assume a quasicircular inspiral, which is valid as

long as the BBH circularization timescale is much smaller
than the merger timescale [52]. This holds in most cases,
although dynamical scenarios can produce eccentric merg-
ers under the right conditions (e.g., head-on collision or
close capture, possibly aided by interactions with additional
compact companions). Thus another step toward agnostic
priors is to allow for nonzero orbital eccentricity. There are
currently not enough numerical relativity (NR) simulations
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in the space of eccentric BBH mergers to make a reliable
surrogate model for parameter estimation with generic
spin and mass ratio, so we work in the quasicircular
approximation.

III. GW190521 POSTERIORS

A. Sampler specifications

We perform independent parameter estimations under
each of the four sets of priors using the PyMultiNest library
[53] powered by MultiNest [54], which is a nested sampling
algorithm designed to be effective for multimodal poste-
riors [55,56]. The sampler computes the evidence integral
using a user-specified number of “live points” to draw
equal-weight samples until a user-specified absolute error
tolerance in the log evidence is achieved. The need for more
costly settings than a typical GW event’s PE was already
reported by Nitz and Capano [37] for GW190521, and we
found this to be true both here and for the multimodal
posteriors of GW151226 [57]. We report results with 20000
live points (≳10 times more than required for a typical
event) and a tolerance value of 0.05 (10 times more
stringent than required for a typical event) across all priors.
We compute the likelihood using inspiral-merger-

ringdown (IMR) waveforms generated by the
IMRPhenomXPHM phenomenological approximant [44].
This includes the effects of higher-order multipole modes
up to l ¼ 4 and precessing spins over a broad range of
mass ratios and spin magnitudes. We use the default pre-
cession implementation with all available modes [i.e., twist-
ing up the coprecessing frame modes ðl; jmjÞ∈fð2;2Þ;
ð2;1Þ;ð3;3Þ;ð3;2Þ;ð4;4Þg with PrecVersion ¼ 223].
It is the same waveform model used by Nitz and Capano
[37] except for some recent updates to the precession
implementation in the extreme mass ratio regime, and it is
comparable to the phenomenologicalmodels used in theLVC
analysis. Our whitened detector strain data is obtained by
reprocessing the LVC data [1] and estimating the power
spectral density (PSD)with drift correction using themethods
of Zackay et al. [58]. Variance-weighted inner products are
computed efficiently with relative binning [59].

B. Posterior sampling results

Posteriors from the ISO spin prior and LVC mass prior
are largely consistent with the posteriors obtained by LVC
using phenomenological approximants [1], with most of
the posterior weight contained in the region of primary
mass less than twice the secondary mass and effective spin
close to zero. Under the FLAT spin prior the peak near zero
effective spin shifts up to χeff ∼ 0.2 and we find broad
support for negative effective spin (Fig. 1). In Fig. 2 we see
that this produces a second luminosity distance peak near
2 Gpc in addition to the peak found by LVC near 5 Gpc.
The negative effective spin solution branch requires a closer
distance to maintain comparable SNR to the non-negative

branch due to the decrease in intrinsic luminosity at
negative effective spin relative to positive spin. This effect
is more pronounced for heavier systems, and the particular
relevance to IMBH detection was recently explored by
Mehta et al. [60]. There is a similar correlation between
distance and mass ratio because, for fixed total mass and
effective spin, equal-mass mergers have a luminosity
advantage over extreme mass ratios. In Fig. 3 we see the
LVC mass priors favoring BHs inside the mass gap under
both spin priors, although the FLAT spin prior has some
support for a secondary mass below the gap. We do not
find strong evidence for precession under the LVC mass
prior, nor is there sufficient evidence to exclude the
possibility (see Fig. 4).
Under the NC mass prior the story is very different.

There is a large peak at a mass ratio of q ∼ 0.2, as well as a
smaller peak smeared across q < 0.1 that is enhanced by
the FLAT spin prior, and regardless of spin prior there is a
preference for negative effective spin (Fig. 1). We see
that the solutions with higher likelihood are of the type
uncovered by Fishbach and Holz [43] and Nitz and Capano
[37], where one or both BHs are outside of the mass gap.
There is also evidence of primary BH spin components in
the plane of the orbit, which can be seen in the enhance-
ment of a favored primary spin tilt when comparing the NC

FIG. 1. Effective spin and mass posteriors compared across
priors. In the two-dimensional plots, the contours mark 50% and
90% confidence intervals. While the source-frame total mass is
consistent, q and χeff are sensitive to choices of priors. Intrinsic
parameter regions favored by one prior but suppressed by another
represent qualitatively different mass and spin characteristics,
which highlights the failure of any of these intrinsic prior choices
to be truly uninformative when inferring GW190521 source
properties.
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mass prior to the LVC mass prior for either of the spin
priors, as shown in Fig. 4.
A large fraction of these unequal-mass, negative effec-

tive spin solutions have a primary spin at an extreme tilt
with respect to the orbital angular momentum (∼45° from
antialignment). We present this illustration of precession
through spin tilt rather than the commonly used variable
χp because the physical interpretation is clear. It should be
noted, however, that neither χp nor the primary spin tilt is
particularly well measured here. An important step in the
near future will be finding a consistent way to quantify
precession, such as in the work of Gerosa et al. [61] to
design new effective precession parameters for capturing
the in-plane spin degrees of freedom over different
timescales.
The dependence on intrinsic parameter priors makes it

difficult to interpret the GW190521 source parameters
without mass and spin priors that are assumed to describe
the true astrophysical population from which the system
originated. Bayesian inference is an excellent way to
estimate parameters when one has a good understanding

of the prior distribution, but without such knowledge the
priors become a liability. However, without any assump-
tions about the astrophysical origin we can still use the fact
that we have sampled a broad range of priors to construct a
map of the GW190521 likelihood manifold.

IV. LIKELIHOOD MAPPING

A. Likelihood maximization

The simplest way to begin this mapping process is to
maximize the likelihood over the entire parameter space.
The maximum-likelihood solution is the set of parameters
giving the largest matched-filter SNR. On the one hand,
since the data is noisy and some values of geometric
parameters are less likely than others a priori, the maxi-
mum-likelihood solution can be misleading. On the other
hand, sometimes the data speak so loudly that they cannot
be ignored. This was the case for the unequal-mass solution
identified by Nitz and Capano [37] under the previous
version of the waveform model, which had a maximum
likelihood ∼e12 larger than the equal-mass peak. Using that
same version we were able to reproduce the peak reported
by Nitz and Capano [37] for the unequal-mass region, and
the FLAT spin prior led to improvement in the equal-mass

FIG. 2. Sky location, luminosity distance, and likelihood
compared across priors. The distributions of right ascension
(α) and declination (δ) are robust to intrinsic prior choices, with
the island at ðα; δÞ ≈ ð3.3; 0.5Þ rad having a mild advantage in
both posterior and likelihood. This consistency gives evidence
that the different solutions are not just an artifact of unlucky
antenna orientation. The priors do, however, lead to markedly
different likelihood and distance distributions, with likelihood
increasing as the distance decreases. This illustrates a direct
competition between the likelihood and geometric prior volume,
although the distance effect is not sufficient to explain the degree
to which GW190521 posteriors diverge from the information
contained in the likelihood despite attempts to make the mass and
spin priors uninformative.

FIG. 3. Constituent BH source-frame mass posteriors compared
across priors, with a mass gap of ½45; 135� M⊙ indicated by black
lines (the shaded region m2 > m1 is excluded by definition). In
the two-dimensional plots, the contours mark 50% and 90% con-
fidence intervals. We see that the qualitatively different scenarios
of mass ratio and spin highlighted by different priors also
translate to different possible numbers of BH masses inside
the gap. Posteriors under the LVC mass prior strongly prefer the
double gap scenario, whereas the NC mass prior opens up the
possibility of moving one or both BHs outside the mass gap.
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peak’s likelihood relative to the N&C samples, giving a
likelihood ratio of ∼e10 between the two maxima.
However, in agreement with other recent GW190521

studies [38,45] we no longer find such a dramatic differ-
ence under the latest waveform model version. To search
for a similarly exceptional solution with the updated
waveform model, we maximized the likelihood over differ-
ent grids throughout parameter space, refining to smaller
subintervals of M ∈ ½100; 360� M⊙, q ∈ ½0.04; 1�, χeff ∈
½−0.99; 0.99� as we found better local maxima. We also ran
the posterior sampler over restricted regions in addition
to the full PE, but the result from the previous waveform
model version was not recovered. With the updated
IMRPhenomXPHM we found a reduction of the maximum
log-likelihood by ∼5 in the unequal-mass peak versus an
increase of ∼3 in the equal-mass peak relative to the former
version. This reduces the maximum log-likelihood differ-
ence to ∼2 between the peaks. Considering uncertainties in
waveform modeling and PSD estimation, and the irreduc-
ible noise which randomly boosts some solutions relative
to others, this new peak value is less compelling than
the likelihood advantage under the previous version. The
whitened waveforms from the maximum-likelihood

parameters for q<0.3 (unequal-mass) and q > 0.3
(equal-mass) regions of parameter space are shown
in Fig. 5.
Although the likelihood’s maxima are comparable

between the regions, the maximum-likelihood solution
for the equal-mass region has more fine-tuned support.
In particular, the unequal-mass peak is hard to find in
sampling but easier in maximization because it has dense
support near the maximum, whereas our maximization
over subintervals in the equal-mass region found only a
few narrow upward fluctuations producing likelihood

FIG. 4. Precession of the primary BH spin examined through
measurement of primary spin tilt cosine, χ⃗1 · L̂, and effective
precession parameter, χp. Focusing on each pair of posteriors
with the same spin prior, we see the NC mass prior leads to
increased preference for particular values of these precession
parameters relative to the posteriors under the LVC mass prior in
both cases. Although neither the spin tilt nor χp is very well
measured, this motivates us to investigate the possibility that the
IMBH scenario (with support under the NC mass prior) requires a
precessing primary in contrast to the lack of strong evidence for
precession in the mass gap scenario.

FIG. 5. Maximum-likelihood waveforms from numerical
maximization over the unequal-mass and equal-mass regions.
The equal-mass solution (orange) has source-frame masses
ð130; 110Þ M⊙ and an effective spin of 0.36, with primary spin
magnitude 0.97 at a tilt of 86°. The unequal-mass solution
(blue) has source frame masses ð187; 16Þ M⊙ and an effective
spin of −0.35, with primary spin magnitude 0.99 at a tilt of
107°. Both lie in the upper tail of the total mass distribution and
have a primary with nearly maximal spin at an extreme tilt with
respect to the orbital angular momentum. The maximum-
likelihood ratio favors the unequal-mass solution over the
equal-mass one to a lesser degree than the average likelihood
in each peak, with lnðLmaxðq > 0.3Þ=Lmaxðq < 0.3ÞÞ ≈ −2.
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comparable to the maximum. The same structure appears in
the distributions of posterior samples (seen most clearly in
the mass ratio vs likelihood panel of Fig. 8), where the
sampler identified dense clusters of high-likelihood sol-
utions near the peak of the unequal-mass region, whereas
the equal-mass region is populated primarily by lower-
likelihood solutions with sporadic points of increased
likelihood.
This average likelihood difference between different

regions of parameter space across all sampling priors is
shown in Fig. 6, where we combine all the posterior
samples into an ensemble for mapping likelihood struc-
tures. When choosing solutions representative of different
regions of parameter space, the local maxima of the
likelihood have the attractive feature of being prior inde-
pendent. However, the maximum likelihood does not apply
any penalty for fine-tuning: due to parameter degeneracies,
different solutions (in the sense of waveform shapes) have
different amounts of phase space volume associated.
The quantification of this volume is prior dependent, and

hence arbitrary to some degree, but altogether absent from

the maximum-likelihood criterion. We also note that at least
the prior on extrinsic parameters is well justified. Figure 6
shows that this effect is quite important for the case of
GW190521: although the likelihood’s maxima are compa-
rable between the regions, the average likelihood in each are
quite different. Moreover, the likelihood has a sizable
anticorrelation with the source’s distance, with better fitting
solutions being more finely tuned to a smaller distance.
Motivated by these observations, in the following section we
devise another criterion to identify representative solutions
that includes information from the phase space volume.

B. Characteristic solutions by mass ratio
and effective spin

If we combine the samples from all our priors, we must
abandon the inference question (“what are the source
parameters of GW190521?”) and instead adopt the less
powerful but more answerable question: “Considering all
the regions of parameter space where our physical model
can consistently produce a good fit to the data, how does

(a) (b)

FIG. 6. Constituent (a) BH masses and (b) distance and likelihood compared between quadrants of mass ratio and effective spin for the
ensemble of all samples combined across the four sampling priors. The mass gap of ½45; 135� M⊙ is indicated by black lines. We see at
least two peaks associated with different characteristic distances and likelihoods, and the solutions with comparable masses but negative
effective spin (green) appear to trace out waveform degeneracy between the peaks. The 1D plots share the same normalization across
ensembles, showing the negligible contribution of the unequal-mass region with non-negative spin. In the 2D plots, the contours mark
the 50th and 90th percentiles. Through this breakdown of solutions we construct a map of the likelihood structures suggested by Figs. 1,
3, and 2, but which we were unable to fully examine through any single choice of prior. Both the unequal-mass solutions with negative
effective spin (blue) and equal-mass solutions with non-negative effective spin (orange) have fairly well-specified characteristic
distances and likelihood, which give the latter a clear advantage in prior volume and the former an even larger advantage in fitting the
data. The mass gap can only be avoided where q ≤ 0.3; χeff < 0 (which places the secondary mass at ∼25 M⊙ independent of the
primary mass, guaranteeing at least one BH outside the gap), whereas q > 0.3; χeff ≥ 0 solutions lie almost exclusively in the double gap
region.
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fixing some subset of the parameters constrain the other
parameters?” This helps us understand how the various
approximate physical degeneracies between waveforms
with different parameters are navigated in this particular
realization of noise, under the constraint that we match a
putative signal which may fall into one of a few (possibly
overlapping) regions of parameter space. In Fig. 6 we can
see that the only solution with support for the scenario that
both BHs have masses outside the mass gap is the unequal-
mass solution with negative effective spin.
We also see the likelihood peaks selecting for different

luminosity distances, with the negatively spinning solutions
preferring less distant sources. We expect this to some
degree from the interplay between the shape of the PSD and
the lower intrinsic loudness of negative effective spin
mergers relative to zero and positive effective spin [62],
especially for high-mass mergers [60]. All regions of
parameter space have a remarkably consistent distribution
of sky positions in this breakdown, which helps assure us
that these different solution regions are not simply different
polarizations and antenna projections of the same set of
parameters. This is a useful breakdown of the parameter
space because, in addition to the evident separation of
solutions by mass ratio and effective spin, there has been
much investigation into the presence or lack of mergers
with negative effective spin, and how this relates to
selection effects and population modeling [41,63–70].
In Table I we consider representative samples for the

following intrinsic parameter space regions:

pU−
int ≡ fq ≤ 0.3; χeff < 0jL=Lmax > e−18g;

pE−
int ≡ fq > 0.3; χeff < 0jL=Lmax > e−18g;

pEþ
int ≡ fq > 0.3; χeff ≥ 0jL=Lmax > e−18g: ð4Þ

For GW190521, these intrinsic parameter space regions can
be associated with characteristic likelihoods and distances
ðD̄; L̄Þ. The likelihood ratio cutoff of ∼10−8 relative to the
maximum is to prevent our notion of characteristic distance
and likelihood from being influenced by solutions that do
not fit the data well. We do not discuss further the region of
unequal-mass solutions with positive effective spin because
we did not find a comparable likelihood peak in that
quadrant. In each of the parameter space regions above, the
data identify a cluster of high-likelihood solutions in the
vicinity of some characteristic set of parameters.
The representative samples in Table I are a compromise

between the noisy likelihood peaks and the prior-driven
posteriors. To balance these effects, we consider samples
within a standard deviation from the medians of the
parameter regions pU−

int ; p
E−
int ; p

Eþ
int and restrict to the patch

of sky that is favored across all priors: right ascension
near 3.3 rad and declination near 0.5 rad (see Fig. 2).
For each region we select 100 samples at random and
compute the matches between each pair of waveforms.

The representative is the sample with the largest sum of
squared matches over the set. This maximization mitigates
the randomness associated with the stochasticity of the
sampling and, to some degree, the influence of our specific
choice of priors. The whitened waveforms and data are
plotted at each detector in Fig. 7. Keep in mind that these
are just representative samples, so the parameters in Table I
can only be used for qualitative illustrations and order-of-
magnitude estimations.
Given these representative samples, we compare the

characteristic sensitive VT of each solution region. If we
believe the Universe produces equal numbers of each type of
merger per unit comoving volume time, then the ratio of
expected number of detections is the ratio of the maximum
comovingvolume time forwhich a systemwith those intrinsic
parameters is expected to exceed some SNR threshold.
The threshold drops out of the ratio but is necessary for
getting absolute distances and their cosmological redshifts,
so we use a SNR threshold of 10. Thus we compare

VTðpintÞ ¼
Z

DL;maxðpintÞ

0

4πD2
L

ð1þ zÞ4
�
1 −

DL

1þ z
dz
dDL

�
dDL;

ð5Þ

where again the redshift computations assume a ΛCDM
cosmology with Planck 2015 results [51]. We might worry

TABLE I. Source parameters representing characteristic solu-
tions in each of the likelihood peaks [with parameter space
regions defined in Eq. (4)], restricting to the patch of sky that is
favored across all priors and solution regions. The chirp mass is
detector frame and the constituent masses are source frame. The
VT of each solution is integrated numerically following Eq. (5),
where the intrinsic luminosity distance, DL;max, is computed by
numerical maximization of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihhþjhþi
p

over inclination and
orbital phase using a PSD constructed to represent high-sensi-
tivity single detector operation during O3a (the averaging
procedure described in [71]), and defined for a SNR threshold
of 10 in this fiducial detector. We also compute the ratio ofD3

comL
to give some sense of the competition between the likelihood and
the geometric prior volume, with the likelihood advantage of pU−

int

overpowering the intrinsic luminosity advantage of pEþ
int before

considering the mass and spin priors.

Samples at ðα; δÞ ≈ ð3.3; 0.5Þ pU−
int pE−

int pEþ
int

Mdet (M⊙) 66 96 122
q 0.18 0.54 0.90
m1 (M⊙) 139 105 85
m2 (M⊙) 25 56 77
χeff −0.47 −0.24 0.18
χ⃗1 · L̂ −0.65 −0.84 0.62
jχ⃗1j 0.93 0.77 0.43
DL (Gpc) 2.1 2.5 4.7
VT ratio 0.2 : 0.6 : 1
D3

comL ratio 1 : 0.03 : 0.01
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that these particular data call for tuning extrinsic parameters
like inclination such that the characteristic distance for
GW190521 is much less than the maximum distance at
which a system with those intrinsic parameters is observable
(this effect is discussed in, e.g., [60]). To account for this we
define the sensitive VT in terms of intrinsic luminosity
distance, DL;maxðpintÞ, which is proportional to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihhþjhþi
p

maximized over all extrinsic parameters for a given set of
intrinsic parameters.
Using a fiducial O3a PSD (constructed as in [71] to give

a representation of high-sensitivity single detector oper-
ation) with a SNR threshold of 10, we estimateDL;max to be
∼3.2 Gpc for pU−

int , ∼5.8 Gpc for pE−
int , and ∼8.7 Gpc for

pEþ
int . This gives a rough estimate for the comoving volume-

time ratio, VT, of pU−
int ∶pE−

int ∶p
Eþ
int ∼ 0.2∶0.6∶1. This is only

a zeroth-order approximation, so it should not be over-
interpreted. At most we can make very mild statements
by assuming a BBH population with constant merger rate
densities RU−; RE−; REþ for the characteristic systems.

For instance, if RU−=REþ ≪ 10 then it would be surprising
to have observed a system in pU−

int before observing a
system in pEþ

int . Since GW190521 would mark the first
observation of its kind no matter which of the possible
solutions we choose to believe, this type of statement helps
to categorize our degree of surprise at each conclusion
given some astrophysical population model.
We see that, for the representative samples in Table I, the

characteristic likelihood advantage of pU− over pEþ is
opposed by a phase space volume difference coming from
the intrinsic luminosity advantage of pEþ over pU−. To get
a rough idea of how the effects compare locally, consider
the ratio of single-sample contributions to the evidence
before specifying rate densities (i.e., in the absence of
astrophysical mass and spin priors): the likelihood ratio
multiplied by the geometric prior ratio from the extrinsic
parameters. The only extrinsic parameter whose phase
space volume appreciably differs between pU− and pEþ
is the distance. Thus we include the ratio ofD3

comL between
the samples in Tables I and II. This is a proxy for the
relative local evidence contributions of samples before
mass and spin priors are considered, providing a rough
scale comparison for the effects of characteristic likelihood
and distance differences that we see in the likelihood maps.
The representative samples in Table I give D3

comL ratios
of pU−

int ∶pE−
int ∶p

Eþ
int ∼ 1∶0.03∶0.01. At these characteristic

points we find that, compared to the structure of the

FIG. 7. Whitened strain at each detector for the representative
samples given in Table I. Note that these parameters are
illustrative and cannot be interpreted with the same statistical
rigor as, e.g., maximum-likelihood solutions.

TABLE II. Source parameters representing solutions with 0, 1,
or 2 BHs in the mass gap of ½45; 135� M⊙ [see Eq. (6)], restricting
to the patch of sky that is favored across all priors and solution
regions. The chirp mass is detector frame and the constituent
masses are source frame. The VT of each solution is integrated
numerically following Eq. (5). The intrinsic luminosity distance,
DL;max, is computed by numerical maximization of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihhþjhþi
p

over inclination and orbital phase using a PSD constructed to
represent high-sensitivity single detector operation during O3a
(the averaging procedure described in [71]), and defined for a
SNR threshold of 10 in this fiducial detector. We also compute the
ratio ofD3

comL to give some sense of the competition between the
likelihood and the geometric prior volume, with the likelihood
advantage of p0gap

int overpowering the intrinsic luminosity advan-
tage of p2gap

int before considering the mass and spin priors.

Samples at ðα; δÞ ≈ ð3.3; 0.5Þ p0gap
int p1gap

int p2gap
int

Mdet (M⊙) 70 83 126
q 0.19 0.41 0.81
m1 (M⊙) 144 100 88
m2 (M⊙) 27 41 71
χeff −0.48 −0.46 0.26
χ⃗1 · L̂ −0.64 −0.76 0.89
jχ⃗1j 0.92 0.97 0.53
DL (Gpc) 2.1 3.1 5.4
VT ratio 0.2 : 0.4 : 1
D3

comL ratio 1 : 0.4 : 0.02
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likelihood manifold, the extrinsic phase space volume is a
subdominant effect.

C. Characteristic solutions by mass gap

In a similar qualitative sense we may want to know what
spin and extrinsic characteristics are implied if we require
that some number of BHs fall in a mass gap of
∼½45; 135� M⊙. In Fig. 8 we see that the scenario with
both BHs falling outside this mass gap roughly maps onto
the region pU−

int , and thus requires an unequal-mass system
with a tilted primary spinning against the orbit at a
luminosity distance of ∼2 Gpc. The double mass gap
scenario has two different peaks roughly separated between
χeff being moderate and negative versus possibly positive
but consistent with zero. These two solutions correspond to
luminosity distances of ∼2.5 and ∼5 Gpc, respectively. We
can again predict the observed distance effect through the
relationship between intrinsic loudness and effective spin.

Somewhat less expected is the strong preference for a
primary BH with in-plane spin components in the unequal-
mass solution. In the top panel of Fig. 9 we see that a
primary spin with vanishing in-plane components is
excluded at high confidence from the solution region with
both BHs outside the gap. The bottom panel shows that the
double mass gap scenario, on the other hand, is consistent
with essentially any value of the in-plane spin components,
making it hard to argue for or against a precessing primary.
The solution with one BH in the gap (consisting almost
entirely of scenarios with the smaller BH below the gap and
the primary one more than twice as massive) splits between
a region of mass ratio near the unequal-mass peak of
q ∼ 0.2, which has an IMBH just below the upper edge of
the gap, and a second region of q ∼ 0.5 and primary mass
≲100 M⊙ that is qualitatively similar to the negative spin
branch of the double mass gap solution.
From the likelihood mapping perspective, the ensemble

with one BH in the gap is more like an interpolation from
the lower-likelihood region of equal-mass solutions to the
higher-likelihood region of unequal-mass solutions. The
first column of panels in Fig. 8 illustrates the role of this
intermediary scenario as a bridge between two solution
regions, and the high degree of uncertainty in placing the
edges of the mass gap makes it reasonable to interpret it
that way rather than imposing physical significance on the
blurry boundary between certainly violating the gap and
probably avoiding it.
Turning again to representative samples to get some

rough intuition, we identify the following intrinsic param-
eter space regions (with mass values in units of M⊙):

p0gap
int ≡ fm1 ≥ 135; m2 ≤ 45jL=Lmax > e−18g;

p1gap
int ≡ fm1 < 135; m2 ≤ 45jL=Lmax > e−18g;

p2gap
int ≡ fm1 < 135; m2 > 45jL=Lmax > e−18g: ð6Þ

We make the same cut in likelihood ratio to prevent the
representative sample draws from being influenced by
waveforms that do not fit the data well, and we disregard
the region m1 > 135 M⊙; m2 > 45 because it contains a
negligible number of samples and no likelihood peak.
Following the same random procedure for obtaining the
representative samples in Table I, we select representative
samples from these mass gap regions. The parameters are
given in Table II and their whitened waveforms are plotted
at each detector in Fig. 10.
By the same methods as in Sec. IV B, we estimate

DL;max to be ∼3.3 Gpc for p0gap
int , ∼4.8 Gpc for p1gap

int , and

∼9.0 Gpc for p2gap
int , which leads to an approximate comov-

ing volume-time ratio, VT, of p0gap
int ∶p1gap

int ∶p2gap
int ∼

0.2∶0.4∶1. If we imagine a BBH population with constant
merger rate densities R0gap; R1gap; R2gap for the character-
istic systems, then we would be surprised to have observed

FIG. 8. Mass ratio, effective spin, likelihood, and distance
compared between regions with 0, 1, or 2 BH masses falling in
the gap of ½45; 135� M⊙ for the ensemble of all samples combined
across the four sampling priors. In the 2D plots, the contours
mark the 50th and 90th percentiles. The 1D plots share the same
normalization across ensembles. We see that there are many more
samples making up the scenarios with BHs in the mass gap, but
these distributions are fattened by low-likelihood solutions that
entered the ensemble through priors which gave a pathological
representation of the maximum likelihood, and therefore also of
the minimum likelihood required to be relevant. The likelihood
advantage of the no gap scenario over the double gap scenario is,
however, less pronounced than that of pU−

int over pEþ
int . This is

because the double gap samples also include a contribution from
the negative effective spin branch of the equal-mass region, where
we find the higher-likelihood solutions at closer distances.
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the gap-avoiding scenario before the double gap scenario if
R0gap=R2gap ≪ 10. On the other hand, using the same proxy
for relative local evidence contributions in the absence of
rate densities as in the previous section, we find D3

comL
ratios of p0gap

int ∶p1gap
int ∶p2gap

int ∼ 1∶0.4∶0.02. In this rough
scale comparison between the effects of characteristic
likelihood and distance differences evident in the likelihood
maps, similar to pU− versus pEþ, we see that the likelihood
advantage of the gap-avoiding scenario wins out over the
intrinsic luminosity advantage of the double mass gap
scenario for the representative samples in Table II.

V. DISCUSSION

A. Summary of results

The LVC parameter estimation found that the most likely
scenario for GW190521 was an equal-mass (q > 0.3) BBH
with both constituents falling inside the (pulsational) pair

FIG. 9. Primary BH in-plane spin over all samples for scenarios
with 0, 1, or 2 BH masses inside the gap of ½45; 135� M⊙.
Nonzero in-plane spin is associated with the case of no mass gap
BHs at high significance, whereas the case for precession is
indeterminate for the double gap scenario. Solutions with one BH
mass in the gap make up a region of interpolation between the
other two distributions.

FIG. 10. Whitened strain at each detector for the representative
samples given in Table II. Note that these parameters are
illustrative and cannot be interpreted with the same statistical
rigor as, e.g., maximum-likelihood solutions.
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instability mass gap, and that the binary’s effective spin was
consistent with zero [2]. This result was obtained under
priors uniform in detector-frame BH masses and isotropic
in constituent spins. Population-informed priors on the
secondary mass led to the gap straddler interpretation of the
LVC samples by Fishbach and Holz [43], and priors
uniform in the source-frame total mass and inverse mass
ratio led to the discovery by Nitz and Capano [37] of
solutions with higher likelihood at mass ratios far from
unity. In Sec. III we presented posteriors sampled under the
four different pairings of the mass and spin priors described
in Sec. II. Based on the sensitivity of the GW190521 source
parameter inference to this choice between uninformative
priors, it is difficult to confidently infer parameters without
the strong assumption that the mass and spin priors describe
the true merger population in the event’s formation channel.
In order to say something about these different solution

regions without assuming a specific mass and spin dis-
tribution, we consider the ensembles of samples across all
four priors. At this point we stop speaking in terms of
Bayesian evidence and think of the samples instead as a
likelihood map, indicating which parameter space regions
fit the data well. From this vantage point we cut the q–χeff
space into quadrants and find that the only region produc-
ing a GW190521 solution with both masses outside the gap
is the unequal-mass (q < 0.3) region with negative effec-
tive spin. The solution regions in this breakdown [see
Eq. (4)] agree on the sky position, but the characteristic
distance and likelihood differ, with an increase in like-
lihood and a decrease in distance when moving toward
more negative effective spin and mass ratio farther from
unity (see Fig. 6).
We illustrate this competition between geometric prior

volume and likelihood by computing the ratios of sensitive
VTðpintÞ for the representative samples in Table I, which
tell us about the intrinsic luminosity of each solution region
independent of the GW190521 data, and the ratios of
D3

comL, which give a rough idea of the relative probabilities
suggested by the data after accounting for the comoving
volume effect but before mass and spin priors are intro-
duced. The results in Table I show that the equal-mass
region with non-negative spin (pEþ

int ) has a sensitive VT
larger than that of the unequal-mass region with negative
effective spin (pU−

int ) by a factor of Oð10Þ. This geometric
prior advantage is overcome by the characteristic likelihood
in D3

comL, with the representative sample ratio favoring
pU−
int over pEþ

int by a factor of Oð100Þ.
Turning to a breakdown by number of BH masses in the

gap of ½45; 135� M⊙, we confirm that the scenario with both
masses outside the gap approximately corresponds to pU−

int
and the double gap scenario maps onto both the positive
and negative effective spin branches of the equal-mass
peak. Repeating the calculations above with representative
samples from the gap breakdown defined in Eq. (6), we see
that the results in Table II paint a similar picture to the

q–χeff breakdown. The double gap region has a sensitive
VT advantage of Oð10Þ over the region that avoids the
mass gap, but the ratios of characteristic D3

comL suggest
that, after including the distance effect but before consid-
ering mass and spin priors, the data prefer to move both
BHs outside the gap by a factor of Oð100Þ over the double
gap scenario.

B. Astrophysical implications

These rough estimates from representative samples can
only provide qualitative intuition about what to expect from
posteriors under a prospective set of mass and spin priors.
There is, however, a conclusion from the likelihood map
that appears robust to priors and to reasonable changes in
the bounds of the mass gap: parameters that fit the data well
either place at least one BH inside the mass gap or avoid
the gap with a mass ratio far from unity and a precessing
primary spinning opposite to the direction of the orbit.
Though one might have hoped that moving both BHs out of
the mass gap could help the case for an isolated binary
evolution origin, we find that such solutions have spin
orientations that are characteristic of dynamical formation
[68,72,73]. Producing mergers with negative effective spin
and precession without dynamical formation requires a
combination of special circumstances, such as might be
found in a triple or higher-multiple system where the
Lidov-Kozai effect is aided by dynamical interactions with
additional compact companions to create extreme spin-
orbit misalignment [74].
With at least one BH in the mass gap, the spins are

consistent with standard binary coevolution but explaining
the masses requires a refined understanding of stellar
collapse [10,11,14–19,26,75] and/or accretion [20,76,77]
to avoid calling upon dynamical channels where hierar-
chical mergers could contribute to observed merger rates
[23,25,26,78,79]. In dense stellar environments the total
rates of dynamical and isolated mergers can be compa-
rable [80], but additional compact companions may be
necessary to aid in (re)capturing a remnant and merging
the higher-generation system on observable timescales
[21,24,81]. Analyzing these phenomena requires modeling
of remnant natal kicks, and timescale constraints cause
hierarchical merger rate densities to be sensitive to the BH
spin distribution [82].
One population that has dynamical mechanisms for

producing both mass gap mergers and IMBH mergers with
negative effective spin is the disk of an AGN [27,28].
Following the announcement of an electromagnetic (EM)
counterpart candidate from AGN J124942.3þ344929 [83],
analyses of GW190521 have also evaluated the evidence of
posteriors under priors that fix the source to the host AGN’s
sky location [37,38,84], but there is not enough evidence
to confidently associate the events with each other [85].
Independent of this possible EM counterpart, one might
consider the Bayesian evidence of GW190521 PE under
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mass and spin priors describing the BBH merger popula-
tion in AGN disks. The distribution is believed to split
into subpopulations in the bulk of the disk and in migration
traps [79]. The mass and spin characteristics of each
merger population can be estimated with simulations,
although the results depend on the assumed distribution
of BH masses, natal spins, and kicks [29]. AGN have also
been predicted to be effective at producing eccentric BBH
mergers [86,87], which might make up a significant
fraction of the AGN disk mergers in the sensitive band
of ground-based detectors [88].
What we can say without knowledge of the true

population is that the source-frame total mass is consis-
tently unimodal and centered near ∼150 M⊙, meaning the
claim that the remnant is an IMBH is robust. There is also a
prior-independent lack of evidence to rule out precession.
The data are fit best by solutions with a mass ratio far from
unity, where the mass gap is avoided but the effective spin
is negative and the primary is precessing. However, even
these apparently robust statements rely on the assumption
of a quasicircular BBH inspiral, and an eccentric merger
interpretation of GW190521 was proposed by Gayathri
et al. [89] based on the comparable fit to the data obtained
from 325 NR simulations of eccentric mergers with generic
spin and inverse mass ratio up to 7. Regardless of the true
source properties, a full PE that includes the additional
dimension of eccentricity would almost certainly find
new regions of comparable likelihood considering the
degeneracy between precession and extreme eccentricity
for IMBH mergers [90] and so few signal cycles in the
sensitive band to resolve it. As more heavy events are
detected, the indeterminacy we see for GW190521 might
become a recurring theme. This would make our under-
standing of the observed population sensitive to the way we
resolve these high-mass degeneracies. The most important
developments moving forward will be broadening the
sensitive band of detectors to access lower frequencies
where IMBH inspiral signals fall, and improving waveform
models by increasing the NR waveform catalog for
calibrating efficient interpolants for generically spinning,
eccentric binaries with higher-order harmonics over a wide
range of mass ratios.
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