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Spin and mass properties provide essential clues in distinguishing the origins of coalescing black holes
(BHs). With a dedicated semiparametric population model for the coalescing binary black holes (BBHs),
we identify two distinct categories of BHs among the GWTC-3 events, which is favored over the one
population scenario by a logarithmic Bayes factor (In B) of 7.5. One category, with a mass ranging from
~25My to ~80M, is distinguished by the high spin magnitudes (~0.75) and consistent with the
hierarchical merger origin. The other category, characterized by low spins, has a sharp mass cutoff at
~40M , which is natural for the stellar-collapse origin and in particular the pair-instability explosion of
massive stars. We infer the local hierarchical merger rate density as 0.46f8"§’j Gpc~? yr~!. Additionally, we
find that a fraction of the BBHs has a cosine-spin-tilt-angle distribution concentrated preferentially around
1, and the fully isotropic distribution for spin orientation is disfavored by a In B of —6.3, suggesting that the

isolated field evolution channels are contributing to the total population.
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Introduction—Thanks to the excellent performance of
the LIGO/Virgo network, about 90 gravitational wave
(GW) events have been officially reported so far, and most
of them are coalescing binary black holes (BBHs) [1-4].
The origins and evolution paths of these binaries, however,
are still under debate [5-7].

As a result of the (pulsational) pair-instability supernova
[(P)PISN] explosions [8,9], the BHs formed by stellar
evolutions are expected to be absent in the so-called upper-
mass gap (UMG), which is widely anticipated to start at
~40-55M s, though the threshold may be shifted under
some special circumstances [9-15]. However, the hierar-
chical mergers in dynamical environments [5,6,16,17], the
stellar mergers [18,19] and primordial BHs [20,21] may
populate the UMG, and make it invisible. In general, the
hierarchical merger-formed BHs are distinguishable from
those born in stellar explosions for their high spin magni-
tudes (with a typical value of ~0.7) [16,22,23]. Therefore, it
is possible to distinguish the category of higher-generation
(HG) BHs via analyzing the mass versus spin-magnitude
distribution for BHs from GW observations, and simulta-
neously constrain the lower-edge of the UMG (if it was
not contaminated significantly by other exotic BHs).
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A UMG-like high-mass cutoff at ~45M favored by the
GWTC-1 data [10,24] had been challenged by further
observations and, in particular, GW190521 [25], which
suggested the absence of mass cutoff till Z80M, [26-28].
Some parametric investigations anyhow found that the
UMG may still exist [29-33] and there may be hierarchical
mergers [34-36], under some special astrophysical assump-
tions (e.g., single channel for all the BBHs). Such con-
clusions are however not confirmed by the non- or
semiparametric approaches (with minimal assumptions)
[7,37-40]. To reliably clarify the situation, for the first
time, we propose a mixture flexible population model
incorporating the correlation in the component-mass versus
spin-magnitude distribution, to explore the subpopulations
or groups of the coalescing BHs, and hence determine the
origins and evolution channels of the BBHs.

Population model—Since coalescing BHs with diverse
origins may have different component-mass (m) and spin-
magnitude (y) distributions, we use a mixture model for
m-y distribution, which reads

—~
—_
~—

N
”(mv)(|A> = Z”i(m7)(|Ai) X ri,
i=1

where r; is the mixing fraction of the i-th component.
Different from previous approaches modeling on the chirp-
mass, mass-ratio, and aligned-spin distributions [38,41,42],
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FIG. 1. Reconstructed mass (top) and spin (bottom) distribution of BHs; the solid curves are the medians and the colored bands are the

90% credible intervals; note the spin-magnitude distribution of each subpopulation is normalized.

our model is more appropriate to investigate the subpopu-
lations of individual BHs (in coalescing systems), and
hence to identify the subpopulations in the BBHs. The m-y
distribution of the ith component is

mi(m, x|A;) = PS[m|a;, Muin is Mimax i 65, £ (m5 {f{}ﬂvé?f‘)}
X g()(l)(min,i’)(max,ivﬂ)(,h 6){,1’)7 (2)

where PS is a one-dimensional PowerLawSpline model [27],
which provides a flexible and continuous function, thus is
appropriate to determine the underlying mass distributions
of the BHs in different categories if distinguishable; f;(m)
is the cubic-spline perturbation function interpolated
between Ny, knots placed in the mass range. We use
12 knots (The number of the knots does not affect our
conclusions, see Fig. S27 of Supplemental Material [43].)
to interpolate the perturbation function f;, located linearly
in the logarithm space within [6,59] M, and restrict the
perturbation to zero at the minimum and maximum knots. G
is a truncated Gaussian within the range of [¥iin.is ¥max.i]
with a central value (4, ;) and a standard deviation (o, ;).

As found previously, the two objects in a BBH are not
randomly paired [60,61]. The pairing functions for different
channels (e.g., the dynamical and field channels) may not
be the same [36,41]. However, currently we cannot robustly
differentiate the formation channel of most BBHs. There-
fore, we take a simple pairing function of (m,/m;)’.
Anyhow, even for the unpaired (or randomly paired, i.e.,
f = 0) scenario, our results are unchanged, implying that
our findings are insensitive to the pairing function (see
Sec. VII in the Supplemental Material [43]).

The cosine-tilt-angle distribution reads [7]

GU(cos 0y, cos 05[¢, o)
=G(cosb,|—1,1,1,0,) x G(cosO,| = 1,1,1,0,) x ¢

+ (1 =¢) xU(cosOy| —1,1) xU(cosO,| = 1,1), (3)
where U is the uniform distribution between —1 and 1, and
G is the (normalized) Gaussian distribution truncated
between —1 and 1. Following Abbott et al. [7], the merger
rate density evolution function is taken as R o (1 + z)7.
The final population model takes the form of
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FIG. 2. Posteriors of individual component masses and spin magnitudes of BBHs in GWTC-3 reweighted to a population-informed
prior inferred by the fiducial model. The shaded areas mark the 90% credible regions and the black (orange) points stand for the mean
values for the primary (secondary) BHs. The difference between the two groups is evident: the first group is lighter than ~50M, with
spin magnitudes <0.3, while the second group extends to the higher mass range and has a typical spin magnitude ~0.7.

”(MA;C’(’:»ﬁ)
= C(Asp) x m(my, y1|A) x w(my, 2| A) X (my/my)P
X O(m; —my) X GU(cos,cos0,|C,0,) x p(zly =2.7),
(4)

where C(A; f8) is the normalized function, and ®(m; — m,)
is Heaviside function. All hyperparameters are described in
Table I in the Supplemental Material [43].

Results—We have performed hierarchical inferences and
Bayesian model comparisons (see Secs. I, II, III, and IV of
the Supplemental Material [43]). It reveals two groups of
BHs with significantly different spin-magnitude distribu-
tions and mass distributions (see Fig. 1), which are
evidently illustrated by the posterior distributions of the
observed events weighted by the population-informed
priors obtained by our two-component model (see
Fig. 2). The two categories or groups of BHs are clear
and identifiable. For the spin-magnitude distributions, the
first group (hereafter the low-spin group; LSG) peaks at
0.147013 and terminates at 0.327043 (hereafter the values
are for the median value and the 90% symmetric interval,
unless otherwise noted), while in the second group (here-
after the high-spin group; HSG), the spin-magnitude
distribution starts at 0.36703", peaks at 0.757,7 and ends
at 0.9370Y%. The significantly different spin-magnitude
distributions between the two groups indicates the different

physical origins [16]. For the mass distributions, the LSG
(HSG) starts at 3.26")70sMo (27.167[338 M) and termi-
nates at 47.2679% "My, (82.741[155M ) with an overall
power-law index of 2.1075 (0.821$:73). The posterior of
other parameters for the mass and spin distributions is
displayed in the Figs. S20 and S21 in the Supplemental
Material [43].

(i)—Evidence for hierarchical mergers—As shown in
the Fig. 1, the spin-magnitude distribution of HSG (blue
dashed region) is peaked at ~0.6-0.8, which could be
naturally associated with the spin distribution of the
remnants of BBH mergers [22,23]. With the identification
of the HSG as the HG category, we estimate that hierar-
chical mergers (containing at least one HG BH) take a
fraction of 2.6f13.'; %, and 0.397073% of the sources have
two HG BHs (see Fig. S26 in Supplemental Material [43]).
Such fractions may be too high to be realistic for the
globular clusters alone [62], thus the contributions from the
nuclear star clusters [63] and/or the accretion disks of
active galactic nuclei (AGN) [17,64,65] may be needed.
Assuming the merger rate of BBHs evolves with the
redshift as o (z + 1)?7, as obtained by Abbott et al. [7],
we infer the local hierarchical merger rate density as
0.4610%) Gpc—3yr~!. Additionally, we have identified
events with probabilities > 50% to be hierarchical mergers
(summarized in Table IV of the Supplemental Material
[43]). In particular, GW190521 and GW191109_010717
have probabilities > 50% to host double HG BHs.
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FIG. 3. Posterior of the maximum-mass cutoff of the LSG, the

68.3% (10) minimal credible intervals are indicated by dashed
line; my,y  has a tail extending to the higher mass range, which
may be caused by the flexibility of the PowerLawSpline mass
model, see detailed discussion in Sec. VIIIB. of the Supple-
mental Material [43].

(ii)—Evidence for pair-instability supernovae explo-
sions—Apart from the HG category, the remaining BHs
(i.e., the LSG) belongs to the stellar-collapse category.
There is a rapid decline after ~40M, in the mass function
of the LSG, as shown in Fig. 1, which supports the
existence of the UMG caused by the (P)PISN [8,9].
Indeed, we have my,, | = 41.5673%2°M, (the 16 minimal
credible interval, as shown in Fig. 3), which is in good
agreement with the maximum mass of the stellar-formed
BHs predicted by stellar evolution theories [10-12], as well
as the results inferred with astrophysical-motivated para-
metric model and the deep-learning model [36,66]. The
mass of the 99% (99.5%) percentile for the first-generation
is 37.427759M ¢ (39.615379M ), see Fig. S24 in Supple-
mental Material [43]. The m,,,, ; has a tail caused by the
flexibility of the PowerLawSpline model, as illustrated by the
Fig. S23 in Supplemental Material [43]. Abbott et al. [7]
suggest that either the UMG presents above 75M or there
is a non-negligible fraction of the high-mass binaries
formed in a way that avoids pair instability. The latter is
in agreement with our interpretation.

(iii)—The spin-orientation distribution of BBHs—We
find a fraction ( = 0.70703%) of the BBHs has a cosine-
spin-tilt-angle distribution peaking at 1 with width of ¢, =
0.627038 (see Fig. 4), consistent with the isolated field
BBHs [67]. We estimate that 24f115 % of BHs have spin-tilt
angles > 90°. Flatter distributions of cos@ have been
reported in [7], whereas we find the fully isotropic spin-
orientation distribution is disfavored by In B = —6.3. The
difference between our results and the previous [7,68] is
mainly attributed to the different configurations for
the Monte Carlo integral in likelihood estimation and
the different modeling of spin-magnitude versus mass

= +0.38
or = 0.62%55

7 =10.70%838

frg = 0.24:33;

fneg

Ot 4 freg

FIG. 4. Posterior distribution of o, {, and the antialigned
fraction f,; the dashed and solid contours mark the central
50% and 90% posterior credible regions, respectively.

distribution (see Sec. VI of Supplemental Material [43]
for more details). Vitale er al. [68] found that the cos &
distribution may not peak at ~1. For comparison, we
perform an inference with a variable u, for the Two-
component model, and obtain 0.797019 (see Fig. S14 in
Supplemental Material [43]). It is worth noticing that the
modeling of the tilt-angle distribution does not affect the
identification of the two subpopulations of BHs in this
work (see Sec. VII of Supplemental Material [43]).

We have further investigated the cos @ distributions in the
two subpopulations, and it shows that, beside the first-
generation subpopulation, the HG subpopulation may also
have a fraction of nearly aligned assembly. Nevertheless,
the fully isotropic distribution for the HG subpopulation
cannot be ruled out yet (see Sec. IX of Supplemental
Material [43] for details).

Conclusion and discussion—We investigate the popula-
tion properties of BBHs in the GWTC-3, with a flexible
semi-parametric population model. For the first time, we
identify two subpopulations of coalescing BHs (with a
In B = 7.5 comparing to the one-component model), which
are nicely consistent with the widely discussed hierarchical
mergers [16] and the pair-instability mass gap (PIMG)
[69,70]. These two issues are currently of great concern in
gravitational-wave astronomy [5,7,9,16].

It was found that the unequal-mass BBHs have larger
effective spins [7,71]. The hierarchical mergers identified in
this work may explain such an anticorrelation between
q-yere (see Fig. S30 of the Supplemental Material [43]).
Fishbach and Kalogera [72] found that the observed spins
in x-ray binaries (XRBs) [73] are in tension with the BBH
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spin distribution at the > 99.9% level. When we only
account for the first-generation BBHs (i.e., the LSG), such
tension would be more significant, indicating the lack of
shared evolutionary paths between the two types of systems
[74]. The spin-magnitude distribution of HSG can partially
overlap with that of the XRB BHs, however, there is
significant tension between their mass distributions [75].

Kimball et al. [35] reported evidence for hierarchical
mergers in GWTC-2. However, their population model
consists of a specific mass function and a fixed spin-
magnitude distribution for higher-generation BHs, assum-
ing that all BBHs were formed dynamically in gravita-
tionally bound clusters, which seems unnatural [41]. Many
other flexible semi- or nonparametric population models
[7,38-40,76] have been used to fit the GWTC-3 data, but
none of these approaches has taken into account the
correlation in the component-mass versus spin-magnitude
distribution and hence drawn different conclusions from us.

After posting our initial version online, other semi or
nonparametric population models have also been devel-
oped to explore the subpopulations within the GWTC-3,
see Godfrey et al. [77] and Ray et al. [78]. Although some
findings of these two studies align with ours, neither
provides evidence for a subpopulation with y ~0.7 or a
mass cutoff at ~40M . Different from us, Godfrey et al.
[77] assumes that both spin magnitudes of a BBH follow
the same distribution. While discrepancies between our
findings and those of Ray et al. [78] likely arise from
different approaches in modeling population parameters:
we focus on spin magnitudes and orientations, while they
concentrate on effective spins.

Gerosa and Fishbach [16] proposed that investigating the
occurrence of hierarchical mergers constitutes an orthogo-
nal and complementary direction to the usual “field versus
dynamics” formation-channel debate. The route to the
former issue usually depends on the spin-magnitude dis-
tributions [22,23], while the latter mainly relies on the spin-
orientation distributions [67,79]. Our subsequent research
[80], building on the identification of hierarchical mergers
in this study, shows that BBH components in the 10M ; and
35M g, peaks of the primary-mass distribution exhibit nearly
aligned and isotropic spin orientations, respectively. These
orientations correspond to field and dynamic formation
channels, aligning with the properties reported in Godfrey
et al. [77], Ray et al. [78] for the respective peaks.

Encouragingly, hundreds of observations are promising
after the next observing run [59], so that the origins and
formation channels may be clearly identified. Additionally,
the location of the PIMG will be measured more precisely,
which can help constrain the 'C(a,y)'%0 in the stellar
evolution theories [11]. Subsequently, one can even mea-
sure the lower edge of the PIMG evolving with the red shift,
and hence the metallicity evolving with the age of the
Universe [14]. Moreover, the lower edge of PIMG provides
essential ingredients for measuring the expansion rate

[H(z)] of the Universe, via so-called “spectral sirens”
[81-84]. With the significantly enriched GW data, more
subpopulations of BHs/BBHs and features in each sub-
population may be revealed, which are not identified with
current data using more complex population models as
introduced in Sec. II of the Supplemental Material [43].
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