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Gravitational wave detection from binary black hole (BBH) inspirals has become routine thanks
to the LIGO/Virgo interferometers. The nature of these black holes remains uncertain. We study
here the spin distributions of LIGO/Virgo black holes from the first catalogue GWTC-1 and the first
four published BBH events from run O3. We compute the Bayes evidence for several independent
priors: flat, isotropic, spin-aligned and anti-aligned. We find strong evidence for low spins in all
of the cases, and significant evidence for small isotropic spins versus any other distribution. When
considered as a homogeneous population of black holes, these results give support to the idea that

LIGO/Virgo black holes are primordial.
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INTRODUCTION

The regular detection with laser interferometers [TH5]
of gravitational wave (GW) events from BBH mergers has
opened a new window into the universe, and in particular
to the exploration of the nature of black holes.

Before the first BBH detections by LIGO, stellar black
holes with masses in the range 5 — 15 M had been de-
tected as components of X-ray binaries, only a few in-
termediate mass black holes (IMBH) were known with
masses above 100 My, while supermassive black holes
(SMBH) were known to exist at the centers of all galaxies.
The origin of black holes in such a large range of masses
remains a mystery, and one fascinating possibility is that
part of these black holes are primordial in origin [6] [7].
In fact, soon after the first detection of black hole merg-
ers by LIGO [§], there were claims of their primordial
nature [9HIT]. Since then, the best scenario consistent
with all observational constraints so far [12] is that of
spatially clustered and broad-mass distributed primor-
dial black holes [7, [13].

As the number of binary black hole merger events de-
tected with GW interferometers increases, a new popu-
lation of black holes is emerging with unexpected prop-
erties in terms of their masses and spins. These proper-
ties significantly differ from previous black holes detected
through X-rays, via stellar dynamics around SMBH at
the center of galaxies, or via gravitational lensing effects
for IMBH. When the range of masses and distances ac-
cessible by the GW interferometers improved, events like
GW190425 and GW190521 appeared with BH masses in
the lower and upper mass gaps, challenging existing as-
trophysical BH formation models. Moreover, events with
small mass ratios ¢ < 1, like GW190814, are also diffi-
cult to generate in stellar binary formation models, due
to the expected mass transfer among the binary compo-
nents, see however [14].

One of the most striking features of this new pop-
ulation of black holes detected in GW events is that

they all seem to have a small spin. Although the in-
dividual spin of each of the black holes in the binary is
poorly constrained,' a derived quantity called the effec-
tive spin, X, can be well inferred from the GW wave-
form. The O1+02 events [I] plus the four run O3 pub-
lished events [2H5] show that, in almost all the BBHs
mergers events, the inferred y.g posteriors cluster around
zero and are narrowly peaked. This single observation al-
ready constrains some BBH formation models, because
even if it is possible to generate a single merger event
with very small yeg in almost all physical scenarios of
BBH formation, the fact that the whole population of
BBH mergers have very small yo.g cannot be explained
by models involving high aligned spins of the two BH’s
in the binary.

Even before the first BBH merger detections, the effec-
tive spin had already been considered an optimal variable
to discriminate among formation channels. By simulat-
ing populations of BBH mergers with different intrinsic
spin values and spin alignments, the authors in [I5], [16]
showed that the effective spin could be relevant to dis-
tinguish the astrophysical environment in which these bi-
nary systems formed, since binaries evolved by dynamical
interactions were expected to have their spins isotropi-
cally oriented, while those coming from the evolution of
an isolated binary star system were more likely to have
their spins highly aligned (see however [17] for updates
on these models.).

The magnitude of the intrinsic spin of each black hole
in the binary, though much poorly constrained from the
data than the effective spin, is important to determine
how these black holes were formed, and in particular
to distinguish a possible stellar versus primordial origin.

1 It is worth pointing out, however, that the best determined
spin for a single black hole is that of the massive companion of
GW190814, with S1 < 0.07 at 90% c.1., thanks to its particularly
low mass ratio ma/mq = 0.11.



Stellar black holes are expected to have nonzero spin,
due to conservation of angular momentum. On the con-
trary, since the size of their Schwarzschild radius is es-
sentially identical to the size of the causal horizon at the
moment of their formation, primordial black holes are all
expected to have zero or very near zero spin at forma-
tion [I8], although subsequent accretion could enhance it
slightly [19].

On the other hand, it has been argued that the more
massive LIGO/Virgo BH could originate from previous
mergers [20, 2I]. However, it is known that the spin
distribution of second generation black holes is peaked
very far from zero, near S ~ 0.686 [22], and this is in
disagreement with the fact that most of the massive BH
in LIGO/Virgo seem to have very low spin. In a careful
analysis, Ref [23] showed that GWTC-1 BBH catalog is
consistent with having no hierarchical mergers.

When the first detections of the O1 run became
available, Farr et al. [24] 25] analysed the discriminat-
ing power of the xog distribution with the first four
GW LIGO/Virgo events, assuming equal masses (¢ =
mgo/my; = 1) for all events and approximating the pos-
terior y.g distributions by Gaussians. They compared
the odds ratios for several models of spin (modulus and
orientations) of the underlying BH population, finding
a preference for either a population with an isotropic
spin distribution or with low intrinsic spin values of the
merging black holes. A more realistic analysis of the
first six LIGO/Virgo mergers was made in [26], includ-
ing Bayesian methods and taking into account the ¢— xeg
correlations, reaching the general conclusion that highly
spinning black holes were disfavoured against low spins,
see also [27].

With the publication of the GWTC-1 catalog, the
LIGO/Virgo collaboration (LVC) made a population
analysis of the mass, redshift and spin properties of
the ten BBH mergers detected in O1+02 runs [28].2
Under different assumptions for the parameters of the
population models, they observed a common trend of
the inferred distribution for the BH spins to decrease
with increasing spin magnitude, but were not able to
place strong constraints on spin orientations, concluding
that black hole spin measurements were not informative
enough at that moment to discern between isotropic and
aligned orientation distribution via yef.

In this work, we improve such discriminating power
by incorporating the projection along the total angular
momentum of the spin of the final BH formed after the
merger as as another variable of the BBH merger popula-
tion analysis. The effective spin and the final spin can be

2 A hierarchical Bayesian analysis of spin distributions was also
performed in [29]. Another Bayesian analysis, studying mass
distributions and merger rates but not spins, was done in [30].

measured independently, since e is inferred from the
inspiral part of the waveform while a¢ can be determined
also from the ringdown part. We follow a multivariate
approach keeping all correlations among the variables
(g, e, ag) of each event, and show that this significantly
improves the Bayesian evidence for an underlying popula-
tion of black hole components with small spin magnitude
and isotropic orientation.

There are still many uncertainties on the full spin
(magnitude and orientation) distribution of the different
BBH formation channels, since the computational mod-
els used to predict these properties depend on many as-
sumptions about poorly understood environmental con-
ditions related to the formation and evolution of the bi-
naries. There are also many unknown aspects related to
the mass, spatial distribution and dynamics of BBH of
primordial origin. For this reason, instead of considering
an specific astrophysical or primordial model for the mass
and spin distributions, we have chosen general hypoth-
esis on the underlying distributions of black hole spin
magnitudes and orientations and compare the different
hypothesis in a full Bayesian analysis.

In Section 1, we describe the spin variables and pa-
rameters that will be considered in our analysis of the
BBH population. In Section 2, we describe the method
employed in calculating the Bayesian evidence from the
published parameter estimation samples, and define the
population hypotheses together with their priors for the
parameters considered in our analysis. In Section 3 we
use Bayesian methods to obtain the evidence for each hy-
pothesis and the corresponding Bayes ratios. Section 4 is
devoted to the hierarchical modelling method that allows
us to infer a posterior distribution for the spin magnitude
of the underlying BH population. In Section 5 we give
our conclusions.

SPIN OBSERVABLES FROM BBH EVENTS

In this section we will describe the observables rele-
vant to the analysis of spins in LVC black hole bina-
ries. The main observables that we will consider are the
weighted-averaged effective projected spin, x.g, and the
the projection along the total angular momentum of the
final spin a¢f. We could have also chosen the effective
precession spin parameter, x,, but this quantity is much
worse measured in the LVC events published so far and
is mainly determined by the prior.

The effective spin

A derived physical quantity that can be measured very
well by LIGO from the waveform templates is the mass-



averaged (so called effective) projected spin,

_maxitmaxa X1 taXe
Xeff = = y (1)
my + mg 1+gq

where y; = (S; - L)/(|L|m2) is the individual mass-
weighted projection of each black hole spin onto the or-
bital angular momentum L of the binary. Thus, xeg gives
some information about the spin orientations of the inspi-
ralling black holes w.r.t. the orbital angular momentum.
Here ¢ = mgy/my is the binary mass ratio, in the range
q €1[0,1].

A derived quantity that will be useful is the so-called
“chirp mass”,
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where o = (M,./m1)°.

The final spin

The second best-measured spin-related quantity in
LIGO/Virgo binaries is the projection along the total
angular momentum of the spin of the final black hole
after merging, as. We use the approximate expressions
given in [31] for af in the particular case of spinning but
non-precessing black hole binaries. We first define some
quantities and then we assemble everything together.

First we need to define aiot and aeg in terms of the
projected spins, a; = (S; - L)/(|L| ms),

a1 +¢%a
Atot = (11_1_7(](])22 , Geff = aror +§V (a1 +az), (4)
with v(q) = (HLq)Q : € = 0.474046 .

We then have to define the energy, angular momentum
and size of the Innermost Stable Circular Orbit (ISCO),

Ersco(a) = /1 —2/(3rscol(a)), (5)
Lisco(a) = 3f(1+2m) (6)

risco(a) = 3+ Zy —sign(a)\/(3 — Z1)(3 + Z1 + 225),

Zi(a) =1+ (1= e (14 )P + (1 =) ), (1)

Zg(a) =14/ 3&2 + Z12 . (8)

—5.97723| 3.39221 | 4.48865 |—5.77101|—13.0459
35.1278 | —72.9336 | —86.0036| 93.7371 | 200.975
—146.822| 387.184 | 447.009 |—467.383|—884.339
223.911 | —648.502|—697.177| 753.738 | 1166.89

TABLE I: The coefficients k;; for 7 € [0,3] and j € [0,4].

Then the final spin is given by (the coefficients k;; can
be found in Table

af = Qeot + V<Llsco(aefr) — 2a40t(Frsco(aefr) — 1) )
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BAYESIAN POPULATION ANALYSIS

The Bayes theorem relates the likelihood L(d;|0) of
the data d; for a given set of parameters , with the
posterior probability of the parameters given the data,
P(60|d;), via the prior knowledge about the parameters
of the population model 4, I1;(9),

Pi(0ld;) = W)

Ey(d) = / d £(d;10) T1(6) (9)

where E;;(d) is the Bayesian evidence for the data d; and
the population model i. Here we will consider different
priors, II;(0), for the distribution of the parameters in
each of the spin population models characterized by the
hypothesis H;. We first compute the multidimensional
likelihood for each BBH event from the LIGO/Virgo pub-
lished samples, and then calculate the priors associated
with each population hypothesis to derive the evidence

Likelihoods for LIGO/Virgo BBH events

We calculate the multidimensional likelihoods (i.e. in-
cluding correlations) from the posteriors and priors pro-
vided by the LIGO public documentation page.®> We
use the parameter estimation samples for each event,
which are given in terms of the fundamental parameters
(my, ma, $1, 82,0801, cosfy), and using the expressions

3 https://dcc.ligo.org/cgi-bin/DocDB/DocumentDatabase
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FIG. 1: The multidimensional LVC likelihoods projected on the planes (g, af) (top row), (g, Xer) (middle row) and (Xes, ar)
(bottom row) for the ten GWTC-1 events of LIGO/Virgo (left and middle column) plus the four runO3 events (right column).
The dotted lines correspond to the fixed points xes = 0 and af = 0.686. The curves on the (s, ar) plane correspond to ¢ =1
(black), ¢ = 0.75 (purple), ¢ = 0.4 (dark blue) and ¢ = 0.11 (light blue), respectively.

of Xeg in and ar in (9) for each sample point, we
construct the full multidimensional posterior and prior
distributions for the derived parameters 6 = {q, Yeft, at},
marginalizing over the other parameters. Finally we gen-
erate the multidimensional likelihoods Lryc(d;|6) divid-
ing the posteriors Pryc(d;|6) by their corresponding pri-
ors IIpyc(f). We have plotted the LVC likelihoods for
the three parameters 0 = {q, Xest, ar} in Fig.

When using these likelihoods to infer population prop-
erties in our Bayesian analysis, we will not include possi-
ble selection effects in the (xes, af, q) variables, like the
observational bias towards positive y.g values described
in [32], or possible effects from the fact that the waveform
bank only considers aligned spins. We expect these ef-
fects to be small given the spin variables used, but should
eventually be considered in a future analysis.
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FIG. 2: The priors in the planes (g, af) (top), (g, Xesr) (middle) and (xes, as) (bottom) for the three hypothesis Hi—2 3 4:
isotropic spin (left), aligned spin (middle) and anti-aligned spin (right), for spins centered at x4 = 0, 0.5 and 1 (blue, green and
red resp.).

Priors on the BBH population tion of the spin magnitude.
These five basic Hypotheses are:

Once we have chosen to use the subset of parameters
0 = {q, Xeft, as} for the Bayesian inference, we need to
specify the different hypotheses on the spin distribution
of the merging BBH population. We have chosen 5 differ-
ent hypotheses H; on the spin magnitude and orientation,
which in turn depend on “hyperparameters” A = {0, u} e Hy: isotropic spin orientation, cosfrs, € [—1,1],
that determine the width and the mean of the distribu- Gaussian prior on spin magnitude with p =0 and

e Hy: isotropic spin orientation, cosfrs, € [—1,1],
flat prior on spin magnitude in the range S; € [0, 1],
flat prior on mass ratio, ¢ € [0,1]. This is the
"null” hypothesis.



o € 10,1], flat prior on mass ratio, q € [0, 1].

e Hy: isotropic spin orientation, cosfrs, € [—1,1],
Gaussian prior on spin magnitude with o = 0.2
and p € [0,1], flat prior on mass ratio, q € [0, 1].

e Hs: aligned spin orientation, cosOrs, sampled from
Gaussian centered at +1 and width 0.05, Gaussian
prior on spin magnitude for o = 0.2 and p € [0, 1],
flat prior on mass ratio, q € [0,1].

o Hy: anti-aligned spin orientation, cosfrs, sam-
pled from Gaussian centered at +1 and width 0.05,
Gaussian prior on spin magnitude for o = 0.2 and
u € [0,1], flat prior on mass ratio, q € [0, 1].

We generate the multidimensional prior probability
distributions for each hypothesis II;(#) from 10° ran-
dom realizations in (g, cos ;, u, o), giving rise to the cor-
responding prior distributions in the 8 = {q, Xes, ar}
parameter space. To compute these distributions we
have used the semianalytic expression of ay given in
equation @D in terms of the fundamental parameters
(my, ma, $1, 2,08 01, cos 63).

Fig. [2| shows the projections on the planes (q, ar),
(g, Xeoft) and (Xefr, af) of the prior probability distribu-
tions I1;(q, Xefr, ag) for the last three hypotheses H;_o
(isotropic spins, left column), H;—3 (aligned spins, cen-
tral column) and H;—, (anti-aligned spins, right col-
umn). In each of these plots, we have chosen for illus-
trative purposes three different choices for the spin mag-
nitude: Gaussian distributions centered at u = 0, 0.5, 1
(blue, green and red respectively) with a common width
o = 0.2. The black curves in the (g, af) and (g, Xef)
planes corresponds to the limit case of zero spin of the
underlying black hole population, while the black curve
in the (xeff, af) plane corresponds to the limiting case of
q=1.

These plots show that the different hypotheses on the
underlying spin configurations populate very different ar-
eas of the (g, xes, af) parameter space, and therefore,
taken as priors and integrated over the whole parameter
space with the likelihood of each event shown in Fig[l]
we expect very different Bayesian evidence and therefore
significantly informative Bayes ratios for the different hy-
potheses.

Comparing the distributions on the different planes we
see that while the x.g distributions are flat with respect
to ¢, a well known degeneracy for random spins, the a¢
distributions have a strong dependence on g. Models
with high and aligned or anti-aligned spins simply cannot
produce events with low a; and ¢ values, as found for
event GW190814. Only populations with close to zero
spin or high but isotropic spins can populate the lower
left corner of the (g, ar) plane. If the forthcoming O3a
catalog includes more events of low ¢, we expect a much
better determination of the spin of the underlying black
hole population.

These five hypotheses give rise to multidimensional pri-
ors in the space of derived parameters 6 = {q, Xef, at},
which can then be used to integrate them, together with
the LVC likelihoods, to obtain the Bayesian evidence for
each prior hypothesis H;, which depend on A = {0, u},

Ei;(A) :/d39 L(h;|0) I1;(0|A) . (10)

Once we have obtained the LVC likelihoods from their
parameter estimation samples, and computed the indi-
vidual priors for our hypothesis, we can perform the 3D
integration with Mathematica.

BAYES FACTORS

In order to evaluate the global significance of a prior
hypothesis from the full BBH catalog, we compute the
global Bayes factor for the whole BH population. For
this, we will multiply the individual Bayes ratios, assum-
ing that all events in the catalog are independent,

. N E..
In Bj,(A)=> In 7E5 (A), (11)
j=1

for each hypothesis H;(A = {o, u}).

In practice what we do is a reweighting of the priors,
using our population model hypothesis, I1;(8), versus the
published LIGO/Virgo priors, iy (6), which depend on
the assumptions of the experiment on each event,

Ei;(N) / d*0 Livc(d;]0) T1;(0|A)

3 IL;(0]A)
Erve /d 0 Prve(0]d;) Tivo(0) (12)
Since Eryc is the same for all hypotheses, it factors out
in the Bayes ratio . We can then perform the inte-
gral in the full 3D parameter space 6 = {q, Xes, ar}
maintaining all the correlations in the multivariate priors
and posteriors.

We show in Fig. [3] the Bayes ratios of the four different
hypotheses H;—1 23,4 with respect to the null hypothesis
Hy of flat distributions for mass ratios, spin magnitudes
and random spin orientations. According to Jeffrey’s
scale [33], when In By > 5, hypothesis 1 is significantly
more likely that hypothesis 2, see however [34].

It is clear from figure [J] that low spin magnitudes
are significantly preferred for the BBH population of
LIGO/Virgo events, with Bayes ratios above In B1o = 5
for o, i < 0.2, therefore we find strong evidence for small
values of the spin, for all four Hypotheses H; versus the
"null” (All Flat) Hypothesis Hy. In the case of Hypoth-
esis Hy, whith zero spin and allowing for variable width,
we find strong evidence (In By = 6.2) for relatively nar-
row spin distributions ¢ = 0.15. This low and narrow



Bayes Hi/Hq

Parameters
7 — {a.arXer}
— {a.Xerr}
— {a.ar}
{arXerr}

@ g
£
3
2
1
0
0.0 0.2 0.4 0.6 0.8 1.0
g
Bayes Hs/Ho
0
-50
-100
@
c
= -150
Parameters
- ,af,
—200 {a.arnXerr}
— {a.Xerr}
— {aq.ar}
—250 {arXer}
0.0 0.2 0.4 0.6 0.8 1.0

Bayes Ha/Hq

6 Parameters
— {a.anxerr}
4 — {aXer}
— {aq.ar}
2 {ar.Xer}
S0
o
£
-2
-4
-6
-8
0.0 0.2 0.4 0.6 0.8 1.0
n
Bayes Ha/Ho
5
0
-5
@
< -10 S
_15 Parameters
— {a.anXerr}
_20 — {AXer}
— {q.ar}
-25 {ar.Xerr}
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3: The log of the Bayes ratios in the variables (g, xest, ar) for the four hypothesis: H; = isotropic spin centered at zero
and width o € [0, 1] (top left) and H2 34 = isotropic spin (top right), aligned spin (bottom left) and anti-aligned spin (bottom
right), for spin distributions centered at p € [0, 1], for o = 0.2. We also study the sensitivity of the Bayes ratios to the evidence
in the 2D planes (g, Xef), (¢, ar) and (xesr, as), with increasing values of the Bayes ratios. We find strong evidence |In Bi2| > 6
at small values of the spin, for all four Hypotheses H; versus the (null) “All Flat” Hypothesis Ho, attaining the maximum value
of |In By2| > 8 for Hy at p < 0.01. The events contributing to these Bayes factors are the GWTC-1 (10-event catalog) plus the

four published run-O3 events from LIGO/Virgo Collaboration.

spin hypothesis represents the isotropic spin distribution
that one would expect from an underlying population of
primordial black holes. On the other hand, when we vary
the spin magnitude as a Gaussian centered at u for fixed
width ¢ = 0.2, we find, in all three orientation Hypoth-
esis Hy 34, that the maximum evidence occurs again for
@ = 0. Therefore we conclude that, whatever the ori-
entation, there is very strong evidence for low spins in
LIGO/Virgo BH.

Note that the aligned spin hypothesis Hs has Bayes
factors In B1o < —b5 for spins p > 0.25, reaching large
Bayes ratios In B1o < —100 for large spins p > 0.8, there-
fore our analysis of LVC catalog strongly disfavoures a
population of BBH with aligned spins and magnitudes
greater than 0.25. Note also that hypothesis H; and
H,, for isotropic and anti-aligned spins, have a similar
behaviour in their Bayes factors at low spins, u < 0.5,
reaching values above In B1s ~ 6 for 4 < 0.06 in the

isotropic case, and above In By ~ 8 for p < 0.02 in the
anti-aligned case, giving slightly higher significance for
anti-aligned versus isotropic spins in the range p < 0.5.
However, for large spins, p > 0.5, the anti-aligned hy-
pothesis is much more strongly disfavoured than the
isotropic one.

We also compute the Bayes factors for the three pairs
(g, xetr), (q, ar) and (Xefr, af) finding less evidence for
low spins compared with the full analysis. The least sig-
nificant is the Bayes ratio in the plane (g, Xofr), giving
only mild preference for low spins. As we include in-
formation coming from a¢, as in (xes, at), (¢, af) and
(g, Xeft, ag), the evidence for low spin rises, in some cases
up to In B2 ~ 6 or above, which is very strong evidence
in favor of that hypothesis.

Historically, the emphasis has been focused on the
importance of distinguishing between aligned and anti-
aligned astrophysical models of BBH formation. Now



that the evidence for small spins is so strong, the orien-
tation of the spins becomes less relevant. It is much more
interesting to characterize the posterior distributions of
the whole population and to quantify the deviation from
zero spins according to the various hypotheses H;, which
take into account orientation. This will be useful in or-
der to characterize the possible origin of LVC BBH events
from primordial black hole populations.

BAYESIAN HIERARCHICAL MODELING

Given that the random isotropic spin hypothesis, Hy,
gives a value of In Bjy ~ 6, strongly favouring low spin
magnitudes a < 0.2 for the combined LVC BBH events,
we would like to explore in detail the black hole popula-
tion distribution of spin magnitudes.

In order to go forward in the information content with
respect to the Bayesian approach of the previous section,
we will use Bayesian hierarchical modeling, see e.g. [16],
as a way to estimate the posterior distribution for spin
magnitudes of the LVC black hole population. Here the
spin magnitude a enters indirectly through the depen-
dence of other measured quantities, like the effective spin
Xet Or the final spin af, on it. Then the posterior PDF
for a is computed as

Py(a) =1(a) [] Eij(a), (13)

where E;;(a) are the Bayesian evidences computed
from the LVC likelihoods with the spin-dependent priors
IL;(q, Xoft, at|A), with A = {o = 0.05,0.1,0.25, p = a},
and TI(a) is assumed here to be flat in spin magnitude a,
not to give any prior preference for any spin magnitude.
We have plotted in Fig. [4] the posterior distributions for
the three spin Hypothesis (isotropic, aligned and anti-
aligned). In all cases, the preferred spin magnitude is
below a < 0.12, within 50% c.l. For example, for isotropic
spins, currently favoured by the data, we find a < 0.25 at
90% c.l. For aligned spins the PDF is even more strongly
peaked around zero spin, with a < 0.1 at 90% c.l. All
this suggests that the inclusion of the four published run
03 events, with increased sensitivity of the detectors,
has revealed a property of the population of LIGO/Virgo
black holes that was not present in previous studies [2§].

CONCLUSIONS

The routine detection of BBH inspirals by LVC has
opened the door to a detailed exploration of the nature
of black holes and their populations. The online avail-
ability of the strain time-streams and the parameter es-
timation samples for each event allows for an independent
analysis, opening the possibility to compute multivariate

likelihoods for combinations of derived parameters like
the mass ratio, or the effective spin.

It is then a matter of personal choice which parame-
ters to use in order to infer properties of the populations
of black holes detected by LVC. In this paper we have
concentrated on just three parameters (g, xes, af) that
we believe capture the essence of the spin nature of the
population of LVC black holes.

We have put forward four different spin-magnitudes
and spin-orientation prior hypothesis, H;=1, 4 (i.e.
isotropic, aligned and anti-aligned), to compare with
the (null) all-flat prior hypothesis, Hy, and conducted
a Bayesian analysis study to determine the goodness of
a given spin-distribution hypothesis for the whole popu-
lation of LIGO/Virgo black holes.

We find that all spin-orientation hypothesis have a
larger Bayes factor for low spins. In some cases the log
of the Bayes factor reaches values well above five, thus
signalling a strong evidence in favour of low spins (below
magnitude a = 0.2). Moreover, the largest Bayes factors
are obtained by spin distributions peaked at zero spin
(Bayes factors above 5 for widths p < 0.2), with very
small width.

We also note that aligned spins are strongly dis-
favoured, specially for large spin magnitudes (with the
log of the Bayes factors as low as —100), as would be ex-
pected from astrophysical black holes from isolated bina-
ries. On the other hand, we find that LIGO/Virgo black
hole population has a preference towards low spins with
isotropic orientations, consistent with what one would
expect from primordial black holes in clusters [I0].

We have then computed the posterior PDF for the spin
magnitude in the case of the three alternative spin hy-
pothesis, for different spin widths (o = 0.05, 0.10, 0.25).
In all cases the spin distribution is peaked at very low
values (a ~ 0.1, 0.05, 0.1 for isotropic, aligned and anti-
aligned cases, respectively), which clearly indicates a
preference of the whole LIGO/Virgo BH population for
low spins, irrespective of orientation.

Therefore, we conclude that only using the BH spin as
a discriminator between the astrophysical versus primor-
dial nature of LIGO/Virgo black holes, when considered
as a homogeneous population of black holes, our analysis
seems to suggest very strongly that they are consistent
with being primordial.
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FIG. 4: The posterior PDFs P(a) for the spin magnitude in the case of isotropic (left), aligned (center) and anti-aligned (right)
hypothesis. We have computed the PDF's for three different spin widths, o = 0.05 (blue), o = 0.1 (red) and ¢ = 0.25 (green).
The PDFs do not seem to depend much on the width o of the distribution. In all cases, the PDFs peak close to zero spin,
specially for o = 0.25. The vertical gray lines correspond to the 90% c.l. limit, which is almost the same for all PDFs.
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