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Abstract

The first direct Gravitational Wave (GW) detection was made by
the Advanced Laser Interferometer Gravitational Wave Observatory
(LIGO) on September 14, 2015. The emission was originated when two
Black Holes (BHs) forming a Binary Black Hole (BBH) system merged
given rise to a single BH. Since then dozens of GW events associated
with the merge of compact objects were detected. Here we focus on
the 48 GW events related to the merge of BBHs. We summarized the
key parameters which characterize each one of these 48 BBH systems
and explored some relations between them. In particular we estimated
that the amount of energy radiated in the form of GWs is ≈ 5% of
the total initial mass of the system. We discussed the origin of the 48
BBHs (stellar or primordial) and conclude that at least in 10 of the
cases it is highly probable that the origin is primordial, i.e., the BBH
is formed by two individual Primordial Black Holes.
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1 Introduction

The first direct Gravitational Wave (GW) detection was made by the Advanced
Laser Interferometer Gravitational Wave Observatory (LIGO) on September 14,
2015 (Abbott et al., 2017c). The event, which consisted on the merger of two Black
Holes (BHs) with, respectively, 35.6M� and 30.6M� is referred to as GW150914
(Abbott et al., 2016c).

Advanced LIGO and Advanced Virgo have demonstrated a new means to ob-
serve the Universe through the detection of GWs. In their first two observing
runs (O1 and O2), the LIGO Scientific Collaboration and the Virgo Collaboration
(LVC) have reported the detection of GWs from 10 Binary Black Hole (BBH)
mergers, and a binary neutron star inspiral. The third observing run (O3) started
on April 1, 2019, and was suspended on March 27, 2020 (Abbott et al., 2020b).
The results of searches for compact binaries in Advanced LIGO and Advanced
Virgo data taken between 1 April 2019 15:00 UTC and 1 October 2019 15:00 UTC
are referred to as O3a and those obtained later on, up to march 2020, are refereed
to as O3b (Abbott et al., 2021). So far, 48 GW events related to the coalescence
of BBHs have been observed (cf. Section 3). The masses of the involved individ-
ual BHs are within the range 2–95 M�, suggesting the existence of an important
population of BBHs within that mass range (Abbott et al., 2016d).

In Özel & Freire (2016) the maximum mass for neutron stars is set at 2.01M�
although in Cromartie et al. (2020) a mass of 2.14M� associated with the mil-
lisecond pulsar MSP J0740 + 6620 has been reported. The events GW190425
and GW190814 have revealed the existence of compact objects of masses between
1.8 M� and 2.7 M�. In the case of GW190425 the possibility that one or both
components of the system are BHs cannot be ruled from GW data (Abbott et al.,
2020) and, in the case of GW190814 the primary component is a ≈ 23.2M� BH
and the secondary component ≈ 2.59M� is either the lightest BH or the heaviest
neutron star ever discovered in a double compact-object system (Abbott et al.,
2020a). It turns out that although this is above the mass of all known binary
neutron stars it is also below the expectations for known BH candidates with stel-
lar origin (Clesse & Garcia-Bellido, 2020). In fact, the lowest-mass BH candidate
known to date has an attributed mass of 3.3M� (Thompson et al., 2019).

On the other hand it’s not very likely that individual BH components with
masses higher than ∼ 60M� have directly formed after stellar explosions (Clesse
& Garcia-Bellido, 2020). Those masses are larger than those of typical binary
BHs formed in astrophysical scenarios at the final stage of stellar evolution of
main sequence stars (e.g. Blinnikov et al., 2016; Kohri & Terada, 2018; Sasaki
et al., 2018; Scelfo et al., 2018; Belotsky et al., 2019) although the existence of
such BBHs from astrophysical origin is not completely excluded (Belczynski et al.,
2020).

Based on the observed BH candidates known to date it is possible to establish
two mass gaps: i) the so-called lower mass gap between ∼ 2M� and ∼ 5M� and ii)
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the so-called upper pair-instability mass gap between ∼ 50M� and ∼ 150M� (Ab-
bott et al., 2019b; Clesse & Garcia-Bellido, 2020). The existence of any BHs found
within these mass gaps is hard to explain based on stellar evolution arguments
(Clesse & Garcia-Bellido, 2020).

Considering that Primordial Black Holes (PBHs) might have formed in the
early Universe as a consequence of the collapse of density fluctuations (see Sobrinho
et al., 2016; Sobrinho & Augusto, 2020, and references therein) it is plausible to
consider that, at least, a fraction of these BBHs could be of primordial origin (e.g.
Bird et al., 2016; Clesse & Garćıa-Bellido, 2017; Belotsky et al., 2019; Gow et al.,
2020). As a matter of fact the first series of GW observations by LIGO/Virgo
have brought their share of surprises, like progenitor masses above expectations,
suggesting that they may come from low-metallicity environments if of stellar
origin, and low effective spins that are hard to explain in standard stellar evolution
scenarios (Clesse & Garcia-Bellido, 2020). All this suggests the need of revising
and improving stellar or BH evolution scenarios, or of seriously considering the
existence of a new population of BHs of primordial origin (Clesse & Garcia-Bellido,
2020).

In this work we compile the main parameters that characterize the 48 BBH
systems associated with some of the detected GW events so far and to try establish
some relationships between them. We also explored and discuss the hypothesis
that some of those BBH systems are rather of primordial origin than the final
result of a binary star system. The paper is organized as follows: in Section 2 we
review summarily some key aspects concerning BBHs and their coalescence process
leading to a GW emission event and in Section 3 we list the main parameters
concerning these BBH merger events observed so far. In Section 4 we explore
some relations between the different parameters. Finally, in Section 5 we finish
with some conclusions and remarks.

2 Binary Black Holes

An isolated BH is described by only three parameters: mass (m), spin (S) and
electric charge (ε). Since in the case of astrophysical BHs we get ε ≈ 0 (se e.g.
d’Inverno, 1993) here we will consider only BHs with mass and spin, i.e., Kerr
BHs.

The two BHs forming a BBH are described by their gravitational masses (m1,
m2) as well as by their individual spins ( ~S1, ~S2) in terms of magnitude and ori-
entation (assuming the BHs in isolation) (Abbott et al., 2016b). Here we assume,
without any loss of generality, that m1 ≥ m2 and we will refer to the BH with
mass m1 as the primary component and to the BH with mass m2 as the secondary
component. The initial total mass of the BBH is given by (Abbott et al., 2016b):

M = m1 +m2 (1)
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Other useful quantities relating the BH masses are the so-called reduced mass:

µ =
m1m2

M
(2)

and the (adimensional) mass ratio:

q =
m2

m1
(3)

Notice that here q is defined such that 0 < q ≤ 1 all the time2.
The spin corresponds to the angular momentum of the BH about its own

rotation axis. The absolute value of the dimensionless spin magnitude for a BH
with mass m and spin ~S is given by (Abbott et al., 2017b):

a =

∣∣∣∣ cSGm2

∣∣∣∣ (4)

such that 0 ≤ a ≤ 1. When a = 0 we get a non-rotating BH (i.e., we get a
Scharzschild BH) and when a = 1 we get an extreme rotating Kerr BH (see e.g.
d’Inverno, 1993; Sobrinho, 2003).

On the other hand the angular momentum ~L of the BBH orbit is called the or-
bital angular momentum (Abbott et al., 2017b). If the BHs spin angular momenta
~S1 and ~S2 are aligned (anti-)parallel to the orbital angular momentum ~L, then the
orbital motion occurs in a fixed two-dimensional plane, deffined by ~L (Schmidt et
al., 2015).

We may consider to a certain extent the Newtonian angular momentum, such
that it is normal to the orbital plane of the BBH system. However the total orbital
angular momentum differs from this because of Post-Newtonian (PN) corrections
(Abbott et al., 2017b). This simple picture changes when the individual spins
have some arbitrary orientation. In such generic configurations, the orientations
of the individual spins and the orbital plane evolve. In most configurations the
binary follows simple precession, where both the spin and orbital angular momenta
precess around the binary’s total angular momentum (Schmidt et al., 2015; Abbott
et al., 2016b):

~J = ~L+ ~S1 + ~S2 (5)

The direction of the total angular momentum ~J is approximately fixed and is
therefore a natural generalization of the orbital angular momentum as character-
istic direction in the binary system (Schmidt et al., 2015).

If N̂ is the line-of-sight direction of a distant inertial observer (detector), then
we can define θ = ∠(N̂ , Ĵ) as the inclination of the BBH (Schmidt et al., 2015).
For a binary viewed face-on we get cos θ = ±1 and for a binary observed edge-on
we get cos θ = 0.

2Some authors consider instead q = m1

m2
in which case they get q ≥ 1 always.
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Figure 1: The ~J0 aligned source frame of a precessing BBH with masses m1 and m2. Here
~L is the orbital angular momentum of the system whereas ~S = ~S1+ ~S2 is the total spin (cf.
equation 5). The angles ι and α are, respectively, the precession angle and the azimuthal
angle (cf. equations 6 and 7). On the other hand the angle θ represents the inclination
of the BBH with respect to an observer (detector) along the direction N̂ (Schmidt et al.,
2015).

Here we adopt a Cartesian coordinate system attached to the binary such
that at the initial time Ĵ0 ≡ ẑ, which we refer to as the J0-aligned source frame.
Therein, we define the instantaneous direction of the orbital angular momentum,
L̂(t) by the two polar angles (ι(t),α(t)). These functions encode the time evolution
of the orientation of the orbital plane in the source frame. The precession cone
opening angle ι(t) is defined by (Schmidt et al., 2015):

ι(t) = arccos(L̂.Ĵ) (6)

and the azimuthal angle α(t) is given by (Schmidt et al., 2015):

α(t) = arctan

(
Ly

Lx

)
(7)

The geometry of a precessing configuration is depicted in Figure 1. The azimuth
angle is directly related to the precession frequency, i.e., the rate at which L̂
precesses Ĵ (Schmidt et al., 2015):

ωp(t) =
dα(t)

dt
(8)
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Figure 2: The different stages of compact binary inspiral and coalescence for a BBH. The
GW amplitude h(t) is sketched schematically and the analysis technique used for each
phase is identified (Baumgarte & Shapiro, 2010). See text (Sections 2.1, 2.2 and 2.3) for
more details.

The evolution of BBHs (and other compact binaries such as neutron star bina-
ries, or BH-neutron star binaries) proceeds in several distinct stages. In each stage
the orbit progressively decays due to the loss of energy and angular momentum
carried away by GWs (see e.g. Kenyon, 1990). Notice that this is in contrast with
Newtonian gravity where bodies can follow closed, elliptical orbits (see e.g. Lan-
dau & Lifshitz, 1969). Eventually the two BHs spiral into one another and form a
single BH: this is called the coalescence of the BBH (Baumgarte & Shapiro, 2010).

This coalescence process can split into three different stages (see Figure 2):

1. inspiral

2. plunge and merger

3. ringdown

Solving the BBH coalescence problem in General Relativity (GR) is quite chal-
lenging. Analytic PN expansions are used to determine the early inspiral stage.
The late inspiral stage as well as the plunge and merger stage, where the GW
amplitude is largest, requires Numerical Relativity (NR) simulations. As for the
final ringdown stage it must be treated using BH perturbation methods.

In Figure 3 it is shown, as an example, the signals detected in the case of
the GW150914 in 2015. It is remarkable how the wave signal fits the theoretical

6



Figure 3: The gravitational-wave event GW150914 observed by the LIGO Hanford (H1,
left column panels) and Livingston (L1, right column panels) detectors. Times are shown
relative to September 14, 2015 at 09:50:45 UTC. For details see Abbott et al. (2016c).

predictions such as the one represented in Figure 2 which was published five years
before the first GW detection.

2.1 The Inspiral stage

The first stage during coalescence is the inspiral which consists of a gradually
shrinking orbit that is close to adiabatic (i.e. the process is approximately in an
equilibrium state at every step). Mainly PN methods (i.e. Newtonian physics
with some modifications to account for relativistic effects) are used to treat this
stage which relies on small velocities and weak gravitational fields (Buonanno et
al., 2008). In particular the initial part of the inspiral stage turns out to be the
longest epoch during the BBH coalescence process.

In GR, gravitational radiation is fully described by two independent, and time-
dependent polarizations, h+ and h×. Each instrument k measures the strain (Ab-
bott et al., 2016b):

hk = F+
k h+ + F×k h× (9)

a linear combination of the polarizations weighted by the antenna beam patterns
F+
k and F×k which depend on the source location in the sky and the polarization

of the waves.
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During the inspiral and at the leading order, the GW polarizations can be
expressed as (Abbott et al., 2016b):

h+(t) = AGW (t)(1 + cos2(θ)) cosφGW (t) (10)

h×(t) = −2AGW (t) cos(θ) sinφGW (t) (11)

where AGW (t) and φGW (t) are, respectively, the GW amplitude and the GW phase.
During the inspiral, the phase evolution φGW can be computed using PN the-

ory. At the leading order, the phase evolution can be approximated by (Abbott et
al., 2016b):

Mchirp '
c3

G

[
5

96
π−8/3f−11/3

df

dt

]3/5
(12)

where f is the GW frequency as a function of time t and the mass Mchirp is related
to the component masses according to (Abbott et al., 2017c):

Mchirp =
(m1m2)

3/5

M1/5
(13)

Equation (12) can be integrated in order to obtain (Abbott et al., 2017c):

f−8/3(t) =
(8π)8/3

5

(
GMchirp

c3

)5/3

(tc − t) (14)

which does not involve the time derivative of f explicitly, and can therefore be
used to calculate Mchirp. The constant of integration tc is the time of coalescence
(Abbott et al., 2017c). To leading order, the PN expansion of the GW wave phase
depends on the chirp mass making it a very well constrained parameterization of
the binary mass (Farr et al., 2016).

Additional parameters enter at each of the following PN orders. The second
mass parameter used is the mass ratio q (equation 3). In general from the inspiral,
we expect to measure the chirp mass with highest accuracy and only place weak
constraints on the mass ratio q and the BH spin components parallel to the orbital
angular momentum vector ~L (Abbott et al., 2016b). In general detectors are
much less sensitive to the mass ratio, and strong degeneracies with spin make
constraints on q even worse (Cutler & Flanagan, 1994). Therefore it is primarily
the uncertainty in q that governs the uncertainty in component masses m1 and m2

(Farr et al., 2016).
Gravitational-radiation emission causes any existing orbital eccentricity to de-

cay. This means that it is expected that BHs in binary systems should already
describe tight circular orbits around each other long before the dominant GW fre-
quencies started to be detected (Baumgarte & Shapiro, 2011). In fact this emission
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is efficient in circularizing orbits before the signal enters the sensitive frequency
band of the instruments (∼ 20− 1000 Hz). In the observed events so far there are
no evidence for any residual eccentricity (Abbott et al., 2016b).

For binary coalescences, the GW frequency evolution is primarily determined
by the component masses. For higher mass binaries, merger and ringdown domi-
nate the signal, allowing good measurements of the total mass (equation 1). For
lower mass binaries, the inspiral is more important, providing precision measure-
ments of the chirp mass (equation 13). The transition between the two regimes
(higher/lower mass binaries) is purely technical depending upon the detectors’
sensitivity (Abbott et al., 2017b).

The BH spins play a sub-dominant role in the orbital evolution of the binary,
and are more difficult to determine. The spin projections along the direction of
the orbital angular momentum affect the inspiral rate of the binary. In particular,
spin components aligned (anti-aligned) with ~L increase (decrease) the number of
orbits from any given separation to merger with respect to the non-spinning case
(Abbott et al., 2016b).

The spin parameter with the largest effect on waveforms, and a correspondingly
tight constraint from the data, is a mass-weighted combination of the components
of the dimensionless spin vectors of the two BHs that are aligned with the orbital
axis, the effective spin (Farr et al., 2017). It is therefore convenient to decom-
pose the spin vectors with respect to L̂ into their parallel and orthogonal vector
components such that each spin vector (Schmidt et al., 2015):

~Si = ~Si‖ + ~Si⊥ (15)

where i ∈ {1, 2}.
The effective inspiral spin parameter (χeff ), a simple mass-weighted linear

combination of the spins, is defined by (Abbott et al., 2017b; Farr et al., 2017;
Abbott et al., 2016b):

χeff =
m1a1 cos(θLS1) +m2a2 cos(θLS2)

M
(16)

where:

θLSi = arccos(~L.~Si) (17)

represents the tilt angle between the spin ~Si and the orbital angular momentum
~L of the system. The value of θLSi ranges between 0 (spin aligned with orbital
angular momentum) and π (spin anti-aligned). This means that −1 ≤ χeff ≤ 1.

PBHs that were produced during a radiation-dominated cosmological epoch
have low intrinsic spin magnitude. As a result, a generic prediction of the picture
where the LIGO-Virgo BBH events are in part (or all) PBH mergers is that the
effective spin parameter is very low (Fernandez & Profumo, 2019) with the possible
few exceptions of high-mass events (M > 50M�) (De Luca et al., 2020).
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The effective inspiral spin parameter is the most important spin combination
for setting the properties of the inspiral phase and remains important through
merger. Besides it is approximately constant throughout the orbital evolution
(Abbott et al., 2017b).

The in-plane components of the spin control the amount of precession of the
orbit. This may be quantified by the effective precession spin parameter χp which
ranges from 0 (no precession) to 1 (maximal precession) (Abbott et al., 2017b,
2016b).

It is possible to approximate the precession in a generic binary system by com-
bining these four in-plane spin components S1⊥ and S2⊥ into only one additional
spin parameter, a complementary effective precession spin, χp (see Schmidt et al.,
2015; Gerosa et al., 2021, for detailed discussions).

The in-plane spin components rotate within the orbital plane at different ve-
locities. Because of nutation of the orbital plane, the magnitude of the in-plane
spin components oscillates around a mean value, but those oscillations are typi-
cally small. To first approximation, one can quantify the level of precession in a
binary by averaging over the relative in-plane spin orientation. This is achieved by
the following effective precession spin parameter (Abbott et al., 2016b; Schmidt et
al., 2015; Gerosa et al., 2021):

χp =
c

B1Gm2
1

max(B1S1⊥, B2S2⊥) (18)

where:

B1 = 2 +
3q

2
(19)

B2 = 2 +
3

2q
(20)

and S1⊥ and S2⊥ are the components of the spin perpendicular to ~L. Here χp = 0
corresponds to an aligned-spin (non-precessing) system, and χp = 1 to a binary
with the maximum level of precession (Abbott et al., 2016b).

2.2 The plunge and merger stage

As the BHs get closer to each other and their velocities increase the BBH undergoes
very complicated dynamics. As a consequence the accuracy of the PN expansion
degrades, and eventually the full solution of Einstein’s equations is needed to
accurately describe the evolution of the BBH. This is accomplished using NR
(Buonanno et al., 2008; Abbott et al., 2016b).

As the binary shrinks, the frequency and amplitude of the emitted GWs in-
crease (see Figures 2 and 3). The Innermost Stable Circular Orbit (ISCO) is the
last complete orbit before the transition to the merger stage in which the two BHs
merge into a single BH with the emission of an appreciable amount of energy in
the form of GWs (Buonanno et al., 2008).
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2.3 The ringdown stage

Immediately following the merger is the ringdown stage in which the now single
BH will ring by oscillating in shape as it settles down to stationary equilibrium
(Abbott et al., 2016b). Typically an exponentially damped oscillation at constant
frequency can be observed as the BH settles to its final state (Figures 2 and 3).
To treat this stage, one has to apply perturbation methods to a single BH solution
(Baumgarte & Shapiro, 2010, 2011).

The details of the ringdown are primarily governed by the final mass (Mf ) and
final spin (af ) of the final BH. In particular, the values of Mf and af determine
the (constant) frequency and decay time of the BH’s ringdown to its final state
(Abbott et al., 2020b, 2016b).

The late stage of the coalescence allows us to measure the total mass M which,
combined with the measurement of the chirp mass (equation 13) and mass ratio
(equation 3) from the early inspiral stage (see Section 2.1), yields estimates of the
individual component masses for the binary (Abbott et al., 2016b).

The value of the final spin af is a consequence of the conservation of the angu-
lar momentum in which the total angular momentum of the system is converted
partially into the spin of the remnant BH and partially radiated away in GWs
during the merger. Therefore, the final spin is more precisely determined than
either of the spins of the individual BHs (Abbott et al., 2016b).

Spins are a fundamental property of BHs. Additionally, their magnitude and
orientation with respect to the orbital angular momentum carry an imprint of the
evolutionary history of a BBH that could help in identifying the formation channel,
such as distinguishing binaries formed in the field from those produced through
captures in dense stellar environments (Abbott et al., 2016b).

Systems formed through dynamical interactions among already-compact ob-
jects are expected to have isotropic spin orientations, whereas binaries formed from
pairs of stars born together are more likely to have spins preferentially aligned with
the binary orbital angular momentum (Farr et al., 2017).

The masses (m1, m2) and spins (a1, a2) of the BHs in a (circular) binary are
the only parameters needed to determine the final mass Mf and the final spin af
of the BH that is produced at the end of the merger. Appropriate relations are
embedded intrinsically in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH (see Abbott et al.,
2016b, an references therein for a detailed discussion).

It is possible to obtain the angular momentum of the final BH in terms of the
initial configuration of the system by a phenomenological approach rather than by
evolving the system numerically (Buonanno et al., 2008). This approach is based
on the assumptions that: i) to first order, the mass of the system is conserved (less
than 10% is converted into energy); ii) the magnitude of the individual spins of
the BHs will remain approximately constant, since both spin-spin and spin-orbit
couplings are small, and radiation falling into the BHs affects the spins by a small
amount; iii) the system radiates much of its angular momentum in the long inspiral
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stage until it reaches the ISCO, at which point the dynamics quickly leads to the
merger of the two BHs (Buonanno et al., 2008).

During the merger and ringdown phases the total mass and angular momentum
of the system change by only a small amount (Buonanno et al., 2008). Thus, to
estimate the contribution of the orbital angular momentum to the final angular
momentum of the BH, it is sufficient to adopt the orbital angular momentum of
a test-particle orbiting at the ISCO of a Kerr BH with a spin parameter equal to
af (Buonanno et al., 2008).

Bringing all these assumptions together, we may express the spin of the final
BH as (Buonanno et al., 2008):

af
M

=
Lorb

M2
+
m1a1
M2

+
m2a2
M2

(21)

where Lorb is the orbital angular momentum of a particle at the ISCO of a Kerr
BH with spin parameter af . Considering equatorial orbits evaluated at rISCO we
get expressions relating rISCO and af for both prograde and retrograde orbits (for
details see Buonanno et al., 2008, and references therein). The use of the prograde
or retrograde case depends on whether the final spin is aligned or anti-aligned with
the initial orbital angular momentum.

As the GW signal travels from the source to the detector its frequency is
redshifted by a factor (1 + z) where z is the cosmological redshift (e.g. Hogg,
1999). For a system involving only BHs, the observed signal is identical to that
from a source in the rest frame of the detector with total mass (Cutler & Flanagan,
1994; Abbott et al., 2021):

Mdetector = (1 + z)Msource (22)

In GR there is no intrinsic mass or length scale. As a consequence a redshifting of
frequency is indistinguishable from a rescaling of the masses by the same factor on
the dimensionless quantity that incorporates frequency fGm

c3
(Abbott et al., 2016b).

We therefore measure redshifted masses, which are related to source frame masses
according to equation (22).

The source’s luminosity distance DL (see Hogg, 1999) is inferred from the
signal amplitude AGW (cf. equations 10 and 11). The amplitude AGW also scales
linearly with the mass and is inversely proportional to the comoving distance in
an expanding universe. Therefore, AGW scales inversely with the DL (Abbott et
al., 2016b):

AGW ∝
1

DL
(23)

The source’s luminosity distance DL (Hogg, 1999) is inferred from the signal ampli-
tude AGW which is inversely proportional to the distance, but also depends upon
the binary’s inclination angle with respect to the observer (θ). Motion occurs in a
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fixed two-dimensional plane, defined by ~L, which is also the direction of domi-
nant GW energy emission (Schmidt et al., 2015). For a binary viewed face-on
(cos θ = ±1), GWs are circularly polarized, whereas for a binary observed edge-on
(cos θ = 0), GWs are linearly polarized (Abbott et al., 2016b). This degeneracy is
a significant source of uncertainty (Abbott et al., 2017b).

From the GW signal alone we can directly measure the luminosity distance
but not the redshift (cf. equation 23). However in order to convert the masses
measured in the detector frame to physical source-frame masses, the redshift of
the source is required (cf. equation 22). Within the theory of GR redshift and
luminosity distance could be related through the expression (Fanizza et al., 2020):

DL(z) = (1 + z)

∫ z

0

dz′

H(z′)
(24)

where the function H represents the Hubble parameter (e.g. Sobrinho, 2011).
The evaluation of the final mass (at the source frame) provides an estimate of

the total energy (mass) radiated in the form of GWs. We may write (Abbott et
al., 2016b):

Mrad = M −Mf (25)

where all the masses must be considered at the source frame (cf. equation 22).

3 THe BBH merger events observed so far

The list of parameters needed to fully characterize a BBH merger event is quite
extensive. We opted to divide those parameters into three different families (mass,
spin and distance/energy) allocating a table for each case. (cf. Tables 1, 2 and 3).
The majority of the presented values were retrieved from the literature. In some
cases we were unable to find out in the literature the value associated with a
particular parameter. Whenever possible we determine these values based on the
known values of other related parameters. In order to distinguish such situations
we marked the corresponding values with a ∗.

In Table 1 we show the values of the parameters directly related to the masses
of the individual BHs or to the final BH for all the 48 GW events associated
with BBH mergers. Besides the masses m1 and m2 we show the total mass M
(equation 1), chirp mass Mchirp (cf. equations 12, 13 and 14), final mass Mf and
mass ratio q (equation 3).

In Table 2 we show the adimensional spin parameter (see equation 4) for the
primary (a1) and secondary BHs (a2), the effective inspiral spin χeff (equation 16)
and the effective precession spin χp (equation 18) for the BBH as well as the spin
of the final BH (cf. equation 21). Notice that the set of spin values (a1,a2) is rather
incomplete. We manage to find the values of a1 and a2 for only, respectively, 13 and
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10 events (for a total of 48 events). In three cases (GW190425, GW190719 215514,
GW190909 114149) the value of χp is also absent. Finally in the case of GW190425
the value of af also lacks.

Finally, in Table 3 we show the luminosity distance (DL) and cosmological
redshift (z) for each GW event (cf. equations 23 and 24). We also show the value
of the luminosity peak (Lpeak) and the radiated energy (Mrad, equation 25) for the
first 10 events, i.e., for the BBH mergers detected during the two first observing
runs (O1 and O2).

We calculated the radiated energy (Mrad) for the missing values of the re-
maining 38 events using equation (25). Given the uncertainties on the values of
M and Mf on these events, the uncertainty of the final result Mrad would be, in
absolute value, � Mrad. For example, calculating Mrad for GW190909 114149,
using equation (25) and calculating the error using standard deviation, we get
3.0M�±78.4M�, which is absurd. Therefore, we opted to determine the relative
error associated with each of the Mrad values known to date and we verified that
these values would vary between 11.1% and 37.5%, such that we used the greatest
of these values to estimate the uncertainty associated to each of the missing values
of Mrad.

Notice that besides the parameters shown on Tables 1, 2 and 3 there are a few
additional parameters with which we could get a more complete picture for each
event. In fact to fully describe the BBH we would need nine additional param-
eters: right ascension (α), declination (δ), binary’s orbital inclination angle (θ),
polarization (ψ), coalescence time (tc), phase of coalescence (φc), orbit eccentricity
(ε) and the periapsis (p) of the system (Abbott et al., 2016b).

4 Exploring the data

In Figure 4 we represent the relation between the masses m1 and m2 (m1 ≥ m2)
for the 48 BBHs shown on Table 1. We divided into five regions according to the
so-called lower and upper mass gaps. The small region labeled I, accommodating
the single event GW190425 represents the lower mass gap and the region II, which
accommodate only a single event (GW190521) represents the upper mass gap. As
it was mentioned before (see Section 1) the existence of any BBHs within these
regions (in this case we have two) is hard to explain based on typical stellar evo-
lution arguments. On the other hand the BBHs located on region III, in fact the
majority of the BBHs on our list, are those which existence is in accordance with
stellar evolution arguments. Besides these three we have tow hybrid regions. In re-
gion IV we have seven BBHs (GW170729, GW190519 153544, GW190602 175927,
GW190620 030421, GW190701 203306, GW190706 222641, GW190929 012149)
for which although m1 fits the upper mass gap, m2 does not and, finally, in region
V we have the case GW190814 for which m2 fits the lower mass gap but m1 does
not. In Figures 5 and 6 we can see the distribution of m1 and m2, respectively.

In Figure 7 we show the relation between the spin of the primary BH, a1, and
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Figure 4: The relation between the masses m1 and m2 (m1 ≥ m2) for the 48 BBHs shown
on Table 1. The plane is divided into five regions: I) lower mass gap; II) upper mass gap;
III) typical stellar evolution region; IV and V) hybrid regions (see text for more details).

the spin of the secondary BH, a2. Although the number of cases is small, there
seems to be a tendency for the secondary BH (less massive one) to possess an
higher spin with respect to the primary BH. This tendency could also be somehow
observed in Figures 8 and 9.

In Figure 10 we plot the final mass Mf against the total mass M (equation 1)
for the 48 BBHs shown in Table 1. We performed a linear regression (using the
Least Squares Method) from which we obtained the relation:

Mf ≈ 0.95M + 0.16 (26)

Observing that the intercept point at M = 0 is ∼ 10−1M� we will just consider:

Mf ≈ 0.95M (27)

In Figures 11 and 12 we plot, respectively, the radiated mass Mrad against the
total mass M and the final mass Mf using the values from Tables 1 and 3. In both
cases we performed a linear regression obtaining:

Mrad ≈ 0.0478M (28)

Mrad ≈ 0.0497Mf (29)

With the help of equation (25) we recover from both equations (28) and (29),
once again, the relation given in equation (27). This allows us to conclude that
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Figure 5: Distribution of the masses m1 shown on Table 1. There are 18 (37.5%) primary
BHs with masses between 30-40 M�.
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Figure 6: Distribution of the masses m2 shown on Table 1. There are 19 (≈ 38.6%)
secondary BHs with masses between 20-30 M�.

in average in a BBH merger event a total of ≈ 5% of the initial mass is converted
into energy.

Notice, however, that the Least Squares Method requires that the independent
variable is known with great precision, which is not the case in either of our
examples (e.g., on the case of GW170729 we have for a mass of 79.5M� associated
errors higher than 10M�, cf. Table 1). This means that when dealing with the
result given by expression (27) we must keep this in mind and be precocious.

In Figures 13 and 14 we can see the distribution of the total mass M and of
the final mass Mf , respectively.

Using equations (27) and (28) we can calculate the final mass Mf and the
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Figure 7: Relation between the spin of the primary BH, a1, and the spin of the secondary
BH, a2. The values are shown on Table 2. The solid line represents the identity function.
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Figure 8: Relation between the primary mass, m1, and the primary spin, a1. Values are
shown on Table 1 and on Table 2, respectively.
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Figure 9: Relation between the secondary mass, m2, and the secondary spin, m2. Values
are shown on Table 1 and on Table 2, respectively.

radiated energy Mrad of the event GW190425, which values were missing from
Table 1. We get that Mf ≈ 3.23M� and Mrad ≈ 0.16M�.

In order to analyse some kind of dependence between the values of the final
spin af and the parameters of total mass M , final mass Mf , radiated energy Mrad

and mass ratio q, we plotted Figures 15, 16, 17 and 18. In these 4 figures we noted
that the value of af is approximately constant if we did not consider the outlier
present in the plots, GW190814. Therefore, we calculated the mean value of af
and also the standard deviation, such that:

af ≈ 0.70±0.04 (30)

In Figure 19 we represent the relation between the effective inspiral spin (χeff )
and the effective precession spin (χp) for the events known to date shown on
Table 2. We get that 85% of the events has χeff between −0.2 and 0.2 and
that there are 6 events that are outside of that region (GW170729, GW190412,
GW190517 055101, GW190519 153544, GW190620 030421, GW190706 222641).
In Figures 21 and 20 we represented the distribution of χeff and χp, respectively.

5 Conclusions

The first direct GW detection was made by LIGO on September 14, 2015. This
event, designated as GW150914, was originated when two BHs with, respectively,
35.6M� and 30.6M�, inspiraling in a BBH system merged given rise to a single
BH with 63.1M�. As a result an amount of ≈ 3.1M� was radiated into space
mainly in the form of GWs. Since then Advanced LIGO and Advanced Virgo have
detected dozens of GW events. Here we focused on the 48 GW events associated
with the merge of BBHs that were detected until now.
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Figure 10: The relation between the total masses, M , and the final masses, Mf , for the 48
BBHs shown on Table 1.The solid line was obtained by linear regression (see equation (27)
and text for more details).
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Figure 11: Relation between the total mass, M , and the radiated energy, Mrad. Values
are shown on Table 1 and on Table 3, respectively. The solid line was obtained by linear
regression (see equation (28) and text for more details).
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Figure 12: Relation between the final mass, Mf , and the radiated energy, Mrad. Values
are shown on Table 1 and on Table 3, respectively. The solid line was obtained by linear
regression (see equation (29) and text for more details).

In Tables 1, 2 and 3 we summarize some of the key parameters that characterize
these 48 BBH systems.

In Table 1 we compiled the parameters related with the mass of each of the
individual BHs or with the mass of the final BH. Namely we have m1 (the mass of
the primary BH), m2 (the mass of the secondary BH; conventionally m2 ≤ m1),
M (the system total mass, equation 1), Mchirp (cf. equations 12 and 13), Mf (final
mass) and q (mass ratio, equation 3).

In Table 2 we compiled the parameters related with the spin of each of the
individual BHs. Namely we have a1 (the spin of the primary BH), a2 (the spin of
the secondary BH), χeff (the effective inspiral spin, equation 16), χp (the effective
precession spin, equation 18) and af (the spin of the final BH, equation 21).

Finally, Table 3 was dedicated to the parameters related to energy and distance.
Namely we have DL (the luminosity distance, equation 23), Lpeak (the luminosity
peak), z (the cosmological redshift) and Mrad (the readiated energy, equation 25).

We were unable to find the values for all the parameters in the literature. In
particular in the case of the mass ratio q we only found the values corresponding to
the events GW190412 and GW190814, so we determined the remaining 46 values
using equation (3). In the case of Mrad we had values for only the first 10 events,
corresponding to the BBH mergers detected during the first two observing runs
(O1 and O2). We managed to determine the values for the rest of the events using
equation (25) (see Section 3 for details).

In Tables 2 and 3 we were also unable to find all the values in the litera-
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Figure 13: Distribution of the masses M shown on Table 1. 16 out of the 48 BBHs on this
paper has total mass between 60-80 M�.
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Figure 14: Distribution of the masses Mf shown on Table 1. 14 out of the 48 BBHs has
final mass between 40-80 M�.

ture. In Table 2 we only found values of a1 for 13 events and values of a2 for
10 events. There are also three values of χp (GW190425, GW190719 215514 and
GW190909 114149) and one value of af (GW190425) that are missing in the lit-
erature. In Table 3 we could only find values of Lpeak for the first 10 events,
corresponding to the BBH mergers detected during the first two observing runs
(O1 and 02) (see Section 3 for details).

An open and controversial question related to the existence of these BBH sys-
tems is related to their true origin, more exactly, if they are the result of standard
stellar evolution or if they were originated in the primordial Universe long before
the first stars.
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Figure 15: Relation between the total mass, M , and the spin of the final BH, af . Values
are shown on Table 1 and on Table 2, respectively. The horizontal straight line represents
the mean value of af if we do not consider GW190814.
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Figure 16: Relation between the final mass, Mf , and the final spin, af , shown on Table 1
and on Table 2, respectively. The horizontal straight line represents the mean value of af
if we do not consider GW190814.
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Figure 17: Relation between the spin of the final BH, af , and the radiated energy, Mrad.
Values are shown on Table 2 and on Table 3, respectively. The vertical straight line
represents the mean value of af if we do not consider GW190814.
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Figure 18: Relation between the mass ratio, q, and the spin of the final BH, af . Values
are shown on Table 1 and on Table 2, respectively. The horizontal straight line represents
the mean value of af if we do not consider GW190814.
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Figure 19: Relation between the effective inspiral spin, χeff , and the effective precession
spin, χp, shown on Table 2. The values between the two vertical lines on χeff = −0.2 and
χeff = 0.2 represent 85% of the events.
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Figure 20: Distribution of the values of the effective precession spin, χp, of the 48 BBHs
events presented in this paper. Values are shown on Table 2. There is a large percentage
(≈ 41.67% ) of events with values of χp between 0.4 and 0.5.
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Figure 21: Distribution of the values of the effective inspiral spin, χeff , of the 48 BBHs
events presented in this paper. Values are shown on Table 2. 85% of the events have
values of χeff between −0.2 and 0.2.

BHs with masses larger than ∼ 50M� are not common among the observed
BH candidates known to date. The same goes to BHs with masses smaller than
∼ 5M�. On the other hand we could have PBHs with almost all kinds of masses,
depending on the considered models. With this idea on mind we divided the
(m1,m2) plane into five different regions (cf. Figure 4).

In Region I, which corresponds to the lower mass gap, we have a single event:
GW190425 (m1 = 2.0M� and m2 = 1.4M�) and in Region II, which corresponds
to the upper mass gap, we have also a single event: GW190521 (m1 = 95.3M� and
m2 = 69.0M�). In region V we have the case GW190814 with m2 = 2.59M� which
fits the lower mass gap and m1 = 23.2M� which does not fit the lower mass gap
(region V can be seen as an hybrid region). All these three BBHs are, according to
their masses, potentially of primordial origin. This issue was already pointed out
by Clesse & Garcia-Bellido (2020) as systems composed of PBHs formed during
the QCD epoch.

Besides region V we have yet another hybrig region in Figure 4. In fact, in re-
gion IV we have seven BBHs (GW170729, GW190519 153544, GW190602 175927,
GW190620 030421, GW190701 203306, GW190706 222641, GW190929 012149)
for which although m1 fits the upper mass gap, m2 does not (see Table 1 for
the mass values). It is reasonable to at least consider the hypothesis that these
BBHs are also potentially of primordial origin. Another scenario is that we are in
the presence of BBHs formed after an encounter of a PBH with a BH of stellar
origin (although this is not impossible it seems highly unlikely).

On the other hand the BBHs located within region III (see Figure 4), in fact
the majority of the 48 BBHs on our list, are those which existence is in accordance
with typical stellar evolution (although they could be also of primordial origin).
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Table 4: 10 BBHs of primordial origin, values of m1, m2 and χeff from Tables 1 and 2.

GW event m1(M�) m2(M�) χeff

GW170729 50.2+16.2
−10.2 34.0+9.1

−10.1 0.37+0.21
−0.25

GW190425 2.0+0.6
−0.3 1.4+0.3

−0.3 0.06+0.11
−0.05

GW190519 153544 66.0+10.7
−12.0 40.5+11.0

−11.1 0.31+0.20
−0.22

GW190521 95.3+28.7
−18.9 69.0+22.7

−23.1 0.03+0.32
−0.39

GW190602 175927 69.1+15.7
−13.0 47.8+14.3

−17.4 0.07+0.25
−0.24

GW190620 030421 57.1+16.0
−12.7 35.5+12.2

−12.3 0.33+0.22
−0.25

GW190701 203306 53.9+11.8
−8.0 40.8+8.7

−12.0 −0.07+0.23
−0.29

GW190706 222641 67.0+14.6
−16.2 38.2+14.6

−13.3 0.28+0.26
−0.29

GW190814 23.2+1.1
−1.0 2.59+0.08

−0.09 −0.002+0.060
−0.061

GW190929 012149 80.8+33.0
−33.2 24.1+19.3

−10.6 0.01+0.34
−0.33

In Figure 4 we have seven events that are present in region IV and comparing
these events with those present in Figure 19 that are outside of the region be-
tween the vertical lines (χeff = −0.2 and χeff = 0.2), we get four events in com-
mon (GW170729, GW190519 153544, GW190620 030421 and GW190706 222641).
The events that are not in common are GW190412, GW190517 055101 (from Fig-
ure 19), GW190602 175927, GW190701 203306 and GW190929 012149 (from the
region IV in Figure 4).

In summary we have:

� Regions I, II, IV and V: 10 BBHs of primordial origin (see Table 4)

� Region II: 38 BBHs of stellar (or primordial origin)

In Figures 5 and 6 we have shown the distribution of m1 and m2, respectively.
The masses of the 96 individual BHs are mostly within the range [20M�, 40M�]
which is in agreement with some scenarios of PBH formation (see e.g. Sobrinho &
Augusto (2020)).

By linear regression (see Figures 10, 11 and 12) we obtained the relation
Mf ≈ 0.95M (equation 27). This allowed us to determine the value of Mf for
the event GW190425, which was missing from Table 1, such that Mf = 3.23M�.
By linear regression we also obtained the relation Mrad ≈ 0.0478M (equation 28),
such that this allowed us to determine the value of Mrad for the event GW190425,
which was also missing from Table 3, Mrad = 0.16M�.
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We noticed that with the available data the final spin of the resulting BH is
almost constant af ≈ 0.70 ± 0.04 (see Figures 15, 16, 17 and 18) if we do not
consider the outlier event GW190814.

In terms of future work, it is intended to complete the sets of parameters
presented in the tables, either with observational data or with theoretically deter-
mined values, as well as to explore the connection between the observed events
and their eventual primordial origin.
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