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ABSTRACT

We use the gravitational wave signals from binary black hole merger events observed by LIGO and
Virgo to reconstruct the underlying mass and spin distributions of the population of merging black
holes. We reconstruct the population using the mixture model framework VAMANA (Tiwari 2020)
using observations in GWTC-2 occurring during the first two observing runs and the first half of the
third run (O1, O2, and O3a). Our analysis identifies a structure in the chirp mass distribution of the
observed population. Specifically, we identify peaks in the chirp mass distribution at 8, 14, 26, and
45M⊙ and a complementary structure in the component mass distribution with an excess of black holes

at masses of 9, 16, 30 and 57M⊙. Intriguingly, for both the distributions, the location of subsequent
peaks are separated by a factor of around two and there is a lack of mergers with chirp masses of
10− 12M⊙. The appearance of multiple peaks is a feature of a hierarchical merger scenario when, due
to a gap in the black-hole mass spectrum, a pile-up occurs at the first peak followed by mergers of
lower mass black-holes to hierarchically produce higher mass black-holes. However, cross-generation
merger peaks and observations with high spins are also predicted to occur in such a scenario that we
are not currently observing. The results presented are limited in measurement accuracy due to small

numbers of observations but if corroborated by future gravitational wave observations these features
have far-reaching implications.

Keywords: black holes, hierarchical mergers, gravitational waves, cosmology

1. INTRODUCTION

The field of gravitational wave (GW) astronomy is
flourishing. The current tally of confidently detected
GW signals now stands at around 50 (Abbott et al.
2019a; Nitz et al. 2019, 2020; Zackay et al. 2019; Venu-
madhav et al. 2020; Abbott et al. 2020b,c), the majority
of which arise from the merger of black hole binaries.
The first observation, GW150914 (Abbott et al. 2020d),
contained black holes more massive than any previously
known stellar-mass black holes. More recently, observa-
tions have provided the first evidence for unequal mass
binaries (Abbott et al. 2020e), the most massive black
hole to date (Abbott et al. 2020d) which challenges stel-
lar evolution models, and potentially also the least mas-
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sive black hole (Abbott et al. 2020f). In addition to
these exceptional events, the remaining observed bina-
ries are beginning to reveal the underlying properties of

the black hole population in the Universe.
The mass and spin distribution for the population of

merging binary black holes are of particular interest.

Distribution of these parameters can potentially inform
about their formation through stellar evolution in the
field or due to dynamical interaction in star clusters; the
two environments that have been long accepted as the

nurseries for the compact binary formation (Sadowski
et al. 2008). Although there has been uncertainty on
the spin distribution of binary black holes it has been
anticipated that the mass distribution will have some
semblance to the stellar initial mass function (Salpeter
1955; Kroupa 2001). Inspired by this anticipation there
have been attempts at modeling the mass distribution
using power-laws (Abbott et al. 2016a; Kovetz et al.
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2017; Wysocki et al. 2019; Abbott et al. 2019b; Perna
et al. 2019) which was extended to include Gaussians to

model a possible high-mass cut-off due to pair-instability

supernova (Talbot & Thrane 2018; Abbott et al. 2019b)

and massive events beyond this high-mass cut-off pro-
posed to be formed due to hierarchical merger of lighter

black holes (Abbott et al. 2020c).
In this article, we present the reconstructed mass and

spin distribution, and the estimated merger rate using

the flexible mixture-model framework VAMANA (Ti-

wari 2020). This framework is distinct from analyses

presented in, e.g. Abbott et al. (2020c) in two critical
ways. Firstly, the mass distribution of the population is

modeled based upon the observed chirp mass and mass

ratios of events. While astrophysical formation scenarios

might provide predictions on the primary mass distribu-

tion, its measurement is degenerate with the mass ratio

of the system. In contrast, the chirp mass

M =
(m1 m2)

(3/5)

(m1 +m2)(1/5)
(1)

is best measured for the majority of observed systems
as this determines the leading-order gravitational wave
emission during the inspiral of the two black holes.

The second difference is that we employ a flexible fit-

ting based upon a mixture model of multiple Gaussians,

rather than a parametrised fit to the data. These choices

allow us to extract structure from the observed signals,

rather than fitting pre-specified models to the data.
We also use the observed binary mergers to infer the

distributions of mass ratios and spins aligned with the

orbital angular momentum. Both of these affect the

emitted waveform but have a less significant impact

than the chirp mass. Furthermore, there is a well-known

degeneracy between the two (Cutler & Flanagan 1994;

Baird et al. 2013). The recovered distributions are con-
sistent with those reported in Abbott et al. (2020c). In

particular, we observe that the aligned spin components
are small in magnitude while the mass ratio distribu-
tion is clearly peaked towards equal masses, although
there is evidence for unequal mass binaries in the pop-

ulation. The in-plane spins impact the emitted wave-

form through spin-induced orbital precession (Aposto-
latos et al. 1994), which is, in principle, measurable in

the observed signal. To date (Abbott et al. 2020b,e),
there is no strong evidence for precession in single GW

observations, and here we do not consider the possibility

of a population of weakly precessing signals. We note

that the existence of precession will have only a weak

impact on the inferred masses and aligned spins of the

binary. In addition, we do not model any redshift de-

pendence of the rate and assume that it is constant in

comoving volume. Under this assumption, we estimate

the merger rate to be 27.3+12.9
−9.7 Gpc−3yr−1 that is con-

sistent with the merger rate reported in (Abbott et al.

2020c) but with a slightly tighter 90% confidence inter-
val.

The remainder of the paper is laid out as follows:

We briefly discuss the analysis in section 2, the recon-

structed population’s properties in section 3, the hierar-
chical structure in the reconstructed mass distribution

4 and it’s astrophysical implication in section 5.

2. ANALYSIS AND SELECTED EVENTS

We analyse the binary black-hole observations up to

GWTC-2 (Abbott et al. 2019a, 2020b), made during
the first two LIGO and Virgo observing runs (O1 and

O2) and the first half of the third run (O3a). Com-
pared to event selection made in (Abbott et al. 2020c)

we make stricter choices, i.e., we select only observa-

tions that passed the false alarm rate threshold of once

in ten years in any of the search pipelines GstLAL, Py-

CBC, and PyCBC-BBH (Abbott et al. 2020b). The
selected search analyses focus specifically on the GW

signals that originate from compact binary coalescence.
The false rate of one event per decade is stricter than
imposed in Abbott et al. (2020c), and is motivated by a

desire to have an essentially pure GW population, not-

ing that the observations span approximately one year of

data. Due to our choice, we do not include GW170729,

GW190424, GW190514, and GW190731 in our analysis.

Furthermore, we restrict attention to Black Hole Bina-
ries and therefore exclude the two observed binary neu-
tron star signals (GW170817, GW190425 (Abbott et al.

2017, 2020a)) from the analysis, as well as GW190814

(Abbott et al. 2020f), whose less massive component has

a mass of 2.6M⊙, which lies below the accepted black

hole mass distribution (Farr et al. 2011; Kreidberg et al.

2012; Dominik et al. 2012). Finally, we exclude the most
massive observation to date GW190521 (Abbott et al.

2020d), as this may be a significant outlier or may have

formed from a different formation mechanism than the

other observations. 1 Moreover, the inferred chirp-mass

of GW190521 heavily depends on the assumptions used

in the parameter recovery; allowing for eccentricity in
the orbit or for high mass ratios significantly changes
the measured chirp-mass (Gayathri et al. 2020; Nitz &

1 We have performed the analysis including GW190521 and
GW190814. GW190521 creates a very broad peak at its mean
chirp-mass value and GW190814 strengthens the first peak while
impacting the component mass distribution. Currently, we are
treating these two observations as outliers and the remaining ob-
servations as vanilla binary black-hole binaries
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Capano 2021).The number of chosen observations is 39
in total.

The observed binary population will depend both

upon the population of black holes in binaries in the Uni-

verse as well as the sensitivity of the gravitational wave

network to binaries of particular masses and spins. In

order to infer the astrophysical population, we must ac-
curately model the sensitivity of the gravitational wave
detectors and searches over the parameter space. This

is achieved by estimating the sensitivity of the searches

towards simulated signals added to the data set (Tiwari

2018). We follow an identical procedure in correcting
for the selection effects as described in Abbott et al.

(2020c). All the Parameter Estimation (PE) samples

and simulation campaign’s data is now publicly avail-

able (Abbott et al. 2019e). Out of various PE samples

available we have chosen the ones obtained using the

waveform model IMRPhenomPv2 (Schmidt et al. 2012;

Hannam et al. 2014), primarily because they are avail-

able for all our selected events. However, we note that
GW190412 has exhibited the presence of higher harmon-
ics and IMRPhenomPv2 is not best suited for estimating

the parameters of this signal. While the inclusion of

higher harmonics may affect the inferred mass ratio, it

will not impact the measured chirp-mass of the source.
We model the population using the flexible population

modeler VAMANA (Tiwari 2020) that uses a mixture-
model to reconstructs the chirp mass, aligned spin com-

ponent, and the mass ratio distribution.2 Each compo-

nent of the mixture model is composed of two Gaussians

and a power-law to model the chirp mass, aligned spins

and the mass ratio distributions respectively. The final

density is written as a weighted sum of these compo-

nents. The weights follow a uniform prior and are pro-
posed using a Dirichlet distribution. The likelihood is
extended to include a Poisson term for the estimation of

the merger rate (Barlow 1990). The reconstructed dis-

tributions are robust for a range of choices on the num-

ber of components between 5 and 17. In the asymptotic

limit of a large number of observations, we expect the

mean of the reconstructed distribution to be very close
to the true distribution (Rousseau & Mengersen 2011).

Modeling individual observations with a separate Gaus-

sian will obtain the best fit with the data but will in-

crease the complexity of the model. We have calculated

the marginal likelihood for the results with a varying

number of components and found that it is roughly con-
stant for models with between 7 and 15 components,

2 Currently, VAMANA does not model the redshift evolution of
the merger rate. We instead fix the redshift evolution to uniform
in co-moving using the Planck15 cosmology (Ade et al. 2016)

with the 9 component model providing the highest like-
lihood. For this reason, the results presented here are
from the 9 component analysis, but these are robust un-

der changes in the number of Gaussian components as

shown in the lower plots in Figure 1.
We choose prior distributions in the same way as

for modeling the population from GWTC-1 in Tiwari
(2020). These remain suitable for the current obser-

vations, even though the mass range observed has in-

creased and multiple mergers with unequal masses have

been observed. The prior distribution for the Gaussian

peaks modeling the chirp mass is distributed uniformly

in the log of the mass and can acquire values between

5.4 M⊙ and 52.7 M⊙. These values correspond to the

minimum chirp mass estimate of the lightest observation

and the 80th percentile of the chirp mass estimates for

the most massive observation. The power law modeling

the mass ratio distribution has an exponent, αq, uniform
between -8 and 1, and the minimum mass ratio, qmin,

is between 0 and 0.95. The prior used for Gaussians

modeling the aligned-spin is identical to the ones used

in Tiwari (2020). These are broad choices and, com-

bined with the fact that the final distribution is com-

prised of the sum of multiple components, are able to

accurately represent a broad range of distributions. To

prevent overfitting of the results, we require the poste-

rior for the modeled population to be within a threshold

distance measure from the reference population, where

we choose reff = 0.2 in this analysis (please see equation

5 in Tiwari 2020). The reference population is a simple

phenomenological fit to the data using a power-law for

modeling the chirp mass, a single truncated Gaussian to

model the aligned spin, and a single power-law to model

the mass ratio.
We refer the interested reader to section IIIB of Tiwari

(2020) for a detailed description of the model.

3. THE MASS, SPIN DISTRIBUTION AND THE

MERGER RATE

The underlying population properties inferred from

observations are shown in Figures 1 and 2. For each

of the parameters, we show the 1-dimensional posterior

distribution, marginalized over the other dimensions.

We also show the two-dimensional distributions of chirp
mass with both mass ratio and aligned spin components.

3.1. Chirp Mass

Figure 1 shows the reconstructed chirp mass distri-
bution. Overall, the distribution is weighted towards

low masses, with an overall peak at around 8M⊙ and
an approximately power-law decay at higher masses.

However, the chirp mass distribution shows a signifi-

cant structure. In addition to the primary peak, there
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Figure 1. Top) The reconstructed one-dimensional chirp mass distribution. The solid line shows the posterior mean and the
shaded regions show the 50% and 90% confidence interval. The dotted black curve is the reference power-law model. The chirp
mass distribution shows evidence for a number of peaks in the distribution. The dashed red lines indicate locations of a set
of hierarchical peaks, separated by an approximate factor of 1.9, with the position of the first peak at 7.3M⊙. The lack of
mergers in the chirp mass range 10 − 12M⊙ is labeled as ’gap’. Bottom) Comparison of the peaks with the best fit power-law
in the shown mass range (discussed in detail in Section 4). The blue curve is the ratio of reconstructed chirp mass’s posterior
density with the power-laws and the shaded region are the 50% and 90% confidence regions. The dashed black lines indicate the
location of the local maxima. For comparison, this figure includes extracted peaks obtained by using 7 (green) and 13 (brown)
components in the mixture.
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Figure 2. Top) The reconstructed one-dimensional mass ratio and aligned spin distributions. The solid line shows the posterior
mean and the shaded regions show the 50% and the 90% confidence interval. The mass ratio distribution is clearly peaked towards
equal masses, but with support for mass ratios of at least 5:1. The reconstructed aligned spin distribution shows support for
small aligned spins, with the distribution, peaked near zero and 90% of the distribution contained within the range [-0.36,
+0.36]. Middle and Bottom Left) Contour plot of reconstructed two-dimensional distributions for mass ratio, aligned spin, and
the chirp mass. There are ten contours enclosing credible intervals ranging from 5% to 95%. Neither the chirp mass or the
aligned spin show a dependence of the mass ratio. Bottom Right) This plot shows the variation of aligned spin magnitude with
the chirp mass. The spins magnitude monotonically increases for chirp masses higher than 30M⊙.
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are further maxima at 14 and 26M⊙, and excess with re-
spect to the power-law model at 45M⊙. We observe that

the peaks in the chirp-mass distribution occur at ap-

proximately a factor of two separations. Figure 1 shows

reconstructed chirp mass distribution and the mass nor-
malised distribution that compares them with the best

fit power-laws. We also observe that there is a lack of
mergers with chirp masses of 10.0 − 12.0M⊙, roughly

midway between the first and the second peak.

The observed structure in the inferred chirp mass

distribution arises directly from the observed distribu-
tion. The flexibility of VAMANA in modeling complex
distributions can be seen from Figure 3. The recon-

structed chirp mass distribution embraces the observed

chirp mass distribution very well. The posterior predic-

tive distribution shows that the observed population lies

within the 90% distribution inferred from the population

across the whole mass range.

3.2. Mass ratio and Spins

The inferred distributions for mass ratio and aligned

spin components of the black holes are shown in Fig-

ure 2. The mass ratio is well modeled by a decaying

power law, with a peak at equal masses. The spins are

well modeled by a Gaussian distribution, peaked close to

zero, although high spins are dis-favoured. There is little

evidence for structure in the mass-ratio and spin distri-

butions. This is to be expected, as these parameters are

less accurately measured than the chirp mass. Further-
more, the choice of the power-law function in modeling
the mass ratio will inadvertently impact the measure-

ment of the spins as the two parameters are significantly

correlated (Baird et al. 2013; Tiwari et al. 2018). Due

to this correlation, the mass ratio is measured far less

accurately, and although the accurate measurement of

chirp mass is mostly independent of other parameters

for a wide range of masses, the accurate measurement

of components masses directly depends on the accurate

measurement of mass ratio. Thus, features of astrophys-

ical origin might be more pronounced in the chirp mass

distribution compared to the component mass distribu-

tion.
The separate components of VAMANA model differ-

ent parts of the population in the three-dimensional

space of defined chirp mass, mass ratio, and aligned spin.

This allows us, in principle, to model variation of the

mass ratio or spins with the mass of the binary. The

lower plots in Figure 2 show two-dimensional distribu-

tions of the mass ratio/spin with chirp mass. In neither
case is there significant evidence for a mass dependence
in the observed distribution. In particular, the recon-

structed mass ratio and aligned spin have a 90% con-

fidence interval of [0.61, 1.0] and [-0.36, +0.36] respec-
tively. However, this can be attributed to the dominant
contribution from the lower chirp masses which show

support for smaller spins. There seems to be a mono-

tonic increase in the spin magnitude for chirp masses

greater than 30M⊙

3.3. Merger Rate

Figure 4 shows the posterior on the merger rate,

assuming a rate that is constant in comoving vol-
ume. Certainly, invoking a different redshift evolu-

tion, for example, to follow the star formation rate,

will impact the inferred merger rate. For non-evolving

merger rate density, we estimate the merger rate to be

27.3+12.9
−9.7 Gpc−3yr−1; the merger rate reported in (Ab-

bott et al. 2020c) is 23.9+14.9
−8.6 Gpc−3yr−1. The two mean

values are close, however, the 90% uncertainty for our

result is slightly smaller, likely due to the accurate fit-
ting of the observed chirp mass distribution, as seen in
Figure 3.

4. STRUCTURE IN THE MASS SPECTRUM

Let us now return to consider in detail the observed

structure in the mass distribution. As previously men-

tioned, there are clusters of events with peaks around 8,

14, 26 and 45M⊙. Each peak occurs at approximately

double the mass of the previous peak. In order to investi-
gate the location and significance of these peaks, we plot

them relative to the underlying population. To do so, we
split the mass range into four regions, with boundaries
at [5.4, 10.8, 17.7, 37, 70.]M⊙ and, for each region, per-

form a simple power-law fit to the distribution. In the

lower plots in Figure 1, we show the probability distri-

bution normalized by the best-fit power in each region.
This allows us to clearly identify the peaks.

We can obtain the distribution of component masses
from the inferred chirp mass and mass ratio distribu-
tions. Figure 5 shows the reconstructed component mass

distribution. We again identify four peaks in the pos-

terior distribution of the mass spectrum although, due

to the poor measurement of mass ratio, these are less

clearly defined than in the chirp mass distribution. The

location of these peaks follows directly from the location
of peaks in the chirp mass. For an equal mass binary,
m1 = m2 = 1.15M, and this sets the location of the

peaks in component mass. However, the fact that the
mass ratio is not accurately measured leads to a greater
width of the peaks in the component mass distribution.

Here, the mass peaks are observed at 9, 16, 30 and
57M⊙.

The analysis presented in Abbott et al. (2020c) shows

a similar structure in the mass distribution (Figure 4
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Figure 3. The blue band is the 90% confidence of the density of the posterior predictive obtained after applying selection
effects to the reconstructed chirp mass distribution. The dashed curve is the mean observed chirp mass distribution. Inset:
The blue band is the 90% confidence of the cumulative probability of the posterior predictive obtained after applying selection
effects to the reconstructed chirp mass distribution. The grey band is the 90% confidence obtained by bootstrapping various
realisations of the observed data. Each realisation of the observed data is generated by re-weighting the chirp mass estimate of
the observations to the reference population and selecting one data point from each one of them.

Figure 4. The posterior on the merger rate of binary black-
holes for a non-evolving rate in redshift. The dashed lines
enclose the 90% confidence interval which has been estimated
to be [17.6, 40.2] Gpc−3yr−1.

shows this most clearly), with peaks in the primary mass

at around 10, 35 and 70M⊙. We note, however, that the

most flexible mass distribution used models a power law
with two peaks, so could not fit a distribution with four

peaks. The fact that the peaks in figure 5 are at different

locations is expected as we are showing the mass distri-

bution for both components rather than just the primary,
as reported in Abbott et al. (2020c). The relationship

between these will depend upon the distribution of mass
ratios. Assuming a mass ratio distribution ∝ q1.4, as ob-

tained in Abbott et al. (2020c), the peak of the primary

mass distribution will occur at a 20% greater mass than

the peak in the component mass distribution (while the

secondary will be at 20% lower mass). Thus, the fea-

tures observed in Abbott et al. (2020c) are consistent

with the three observed peaks in component masses of
9, 30 and 57M⊙. Due to the greater flexibility of our

model, and by inferring the better-measured chirp mass

distribution, we are able to identify an additional peak

at 16M⊙.

The occurrence of these peaks can be attributed to

clustering in the observed chirp mass distribution. The

first and fourth clusters have a limited number of obser-

vations, however, clustering is apparent in the remaining

chirp mass range. We have verified that the Akaike in-

formation criterion (Hastie et al. 2009) is minimised for

3 Gaussians when modeling is performed on the observed

chirp mass distribution at masses above 10.8 M⊙. The

chirp mass structure cannot be confidently explained by
a simple power-law model as we calculate a Bayes fac-
tor between the mean reconstructed chirp mass distribu-
tion and the reference chirp mass distribution to be 60.
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Figure 5. Top) Component mass distribution constructed for binary black holes. The solid line is the mean distribution
while the light shaded region shows 90% confidence interval and the dark shaded region shows 50% confidence interval. The
distribution loosely follows a broken power law but has additional features. The red dashed lines indicate the component mass
for equal mass corresponding to the chirp mass values indicated by red lines in figure 1. We also associate the peaks consistent
with the masses of the exceptional events GW150914 and GW190412.

Moreover, we replace the second peak in the mean recon-

structed chirp-mass distribution with a best-fit power-

law to approximate the power-law + Gaussian model

used in Abbott et al. (2020c). We compare this new dis-

tribution with the mean reconstructed chirp-mass distri-
bution and obtain a Bayes factor of around 8 suggesting
the peak at 14 M⊙ is significant. The peaks are com-

plemented by the lack of mergers with chirp masses of

10.0 − 12.0M⊙. The probability that none of the ob-

servations are produced within this chirp-mass range by
the reference chirp-mass distribution is less than 5%.

The mass-gap and peaks can be associated in sim-
plest terms if we allow for the notion that the first peak
arises because of a pile-up of black-hole due to a mass

gap and the following peaks due to hierarchical merg-

ers (Miller & Hamilton 2002; Antonini & Rasio 2016;

Antonini et al. 2019; Rodriguez et al. 2019; Fragione
& Silk 2020). When we account for around 5% loss

in mass expected due to the emission of gravitational
waves (Jiménez-Forteza et al. 2017; Healy et al. 2014)

the masses of the peaks align very well, as can be seen

in Figure 1. For reference, we show mass locations, each

approximately 1.9 times the previous one. Although the

first peak is dominant in the inferred rate, it is actually
determined by a smaller number of observations than

the second and third peaks, as can be seen from the

observed distribution in Figure 3. More observations

are needed to accurately reconstruct the first peak. We

note that the masses of the binary GW190412 are con-

sistent with the expected location of the first and the

third peak, while the masses of the black holes in the

first observation, GW150914, are consistent with the lo-

cation of the third peak. We also note the challenges

for a hierarchical model, specifically a) the existence of

a mass gap in the 13M⊙ region, b) observed low spins

for higher generation mergers in contrast to expectations

(Campanelli et al. 2007; González et al. 2007; Buonanno

et al. 2008), and c) preferential pairing for equal mass

systems (strictly speaking, preferential mass-pairing is

only needed for the mergers involving black holes in the

first generation; absence of which will fill the 10−12M⊙

gap). In Kimball et al. (2020), using a phenomenological

mass model, the authors find evidence for hierarchical
mergers in the events from GWTC-2. However, their
approach and the resulting implication is significantly

different from the presented work.

5. ASTROPHYSICAL IMPLICATIONS

The mass distribution of field binaries is expected to

follow a power-law like distribution with the maximum

mass of the binaries sensitive to the metallicity and the

initial mass function of the progenitor stars. At solar

metallicities (Dominik et al. 2012), the chirp mass dis-
tribution for mergers is predicted to peak in the range

6 − 8M⊙, consistent with the first peak observed here.

At lower metallicities, the black hole mass distribution

is expected to extend to higher masses. Pair-instability

supernovae can impose an upper limit on the maximum

mass of the binary as well as introduce a build-up at

high masses (Fowler & Hoyle 1964; Rakavy et al. 1967;
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Bond et al. 1984; Heger & Woosley 2002). Population
synthesis models that simulate complex physics of stel-

lar evolution expect the maximum black-hole to many

tens of solar mass (Spera et al. 2019). However, the re-

sults presented here provide initial evidence of a lack of
black hole binaries in the chirp mass range 10–12 M⊙.

If supported by future observations, this will become an
important piece of information to constrain the stellar
evolution physics employed in binary black-hole forma-

tion.

Overall, the reconstructed mass-distribution in Fig-

ure 1 and 5 is roughly a broken power-law along with
the four peaks and it is possible that more than one

formation channel is contributing to the observed black

hole mergers. Mergers within star clusters might be a

promising channel that explains the existence of struc-

ture in the mass-spectrum (Sigurdsson & Hernquist

1993; Portegies Zwart & McMillan 2000; Rodriguez et al.
2015; Antonini & Rasio 2016; Gerosa & Berti 2019).

This could include their formation in active galactic Nu-
clei (Stone et al. 2017; Gröbner et al. 2020; Yang et al.

2019) or formation of binaries due to scattering in galac-

tic cusps (O’Leary et al. 2009). The mass spectrum can

potentially inform about the many-body dynamics in

the star clusters. Specifically, the relative amplitude and

the width of the peaks could provide information about

the host environment and if the peaks after the mass
gap are exclusively due to hierarchical mergers then the
host environment must enable retaining a substantial

fraction of merger remnants.

Multiple tests of general relativity have been proposed

or performed using GWs. These tests usually are per-
formed on individual observations where the consistency

of the signal is checked against general relativity. Some
of these tests checks for the consistency of the resid-
ual data with instrumental noise when the best fit GW

waveform has been subtracted, consistency among the

inspiral, merger, and the merger part of the signal, and

consistency of the signal’s phase evolution against wave-

forms that have non-general relativistic effects included

parametrically (Mishra et al. 2010; Yunes & Siemens
2013; Abbott et al. 2016b, 2019c,d). Some proposals

have extended these tests to included multiple observa-

tions by performing a hierarchical analysis (Ghosh et al.

2018; Zimmerman et al. 2019; Isi et al. 2019; Abbott

et al. 2020g). If the separation of peaks is hierarchical

in nature, once established, the relative locations will
quantify the percentage loss of mass in GW due to the
merger of black holes and will therefore provide an op-
portunity to test general relativity predictions of energy

emission during the merger. Although the absolute lo-

cation of the peaks depends on the assumed cosmology,

the relative position should remain unchanged within

the framework of standard cosmology. Reconstructed

features in the mass spectrum do not provide any non-

gravitational information and thus cannot be used to

estimate the Hubble’s constant. But, if a feature can

be identified in the source mass-spectrum (Messenger &
Read 2012; Farr et al. 2019) it is conceivable to conduct

a combined test of general relativity and cosmology.

6. CONCLUSION

We have presented the inferred mass, mass ratio, and

spin distributions of black holes binaries using the obser-

vations from GWTC-2 (Abbott et al. 2020b). Most no-

tably, we observe a lack of mergers with chirp masses of

10−12M⊙ and four distinct peaks in the mass spectrum.

Each peak occurs at approximately 1.9 times the mass of
the previous peak. Our conclusions are currently limited

by statistics and we await if they stand the test of time as
more events in the GW catalog get added. If confirmed
by future observations these features have far-reaching
implications and will provide deeper insights into the

channels responsible for the formation and merger of

compact binary black holes and potentially novel tests

of general relativity.
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