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Reversible-jump MCMC reveals binary black hole

subpopulations with distinct redshift evolution

1 Population-weighted posteriors and probabilities

In this section, we analyze the population-weighted posteriors of individual events
as well as their posterior probabilities of subpopulation membership, in light of the
astrophysical interpretations in the main text.

Formalism. In order to examine the posterior probability that each individual
observed event belongs in each subpopulation, we derive expressions for the posterior
probability of the source parameters θi of event i given the data {d}.

Let k = 1, 2, . . . , n index the subpopulations of a given model (of fixed dimen-
sionality), and ki denote the membership of event i to subpopulation k. From Bayes’
theorem, the probability that event i belongs to subpopulation k conditioned on the
data and population parameters {λ},Λ is given by

p(ki|{d}) ∝
∫

d{λ}dΛL(di|ki, {λ},Λ) p(ki|{λ},Λ) p({λ},Λ|{d}̸=i). (1)

p({λ},Λ|{d}̸=i) is the “leave-one-out” posterior probability of the hyperparameters
that condition on the data of all events except for event i, to avoid double counting.
This is related to the posterior probability of the full analysis via

p({λ},Λ|{d}̸=i) ∝
p({λ},Λ|{d})
L(di|{λ},Λ)

(2)

taking advantage of the fact that the event-level likelihoods factorize. In Eq. (1),
p(ki|{λ},Λ) is the probability of event i belonging to subpopulation ki given the
population; it has no dependence on {d}̸=i since it is conditionally independent of the
other events’ data given the population parameters. It is given by

p(ki|{λ},Λ) =
Nki(λki ,Λ)

N({λ},Λ)
(3)
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where Nk(λk,Λ) is the total expected number of mergers of subpopulation k, obtained
by integrating its differential merger rate over θ.

The likelihood of di given that it belongs to subpopulation ki and population
parameters is

L(di|ki, {λ},Λ) =

∫
dθ

L(di|θ)
Nki(λki ,Λ)

dNki

dθ
(λki ,Λ). (4)

This can be approximated as a Monte Carlo sum over event i’s posterior samples θp
i

L(di|ki, {λ},Λ) ∝∼
∑
p

1

πPE(θ
p
i )

1

Nki(λki ,Λ)

dNki

dθ
(λki ,Λ). (5)

Eq. (1) can finally be computed by multiplying together Eqs. (2), (3) and (5) and
expressing the integral as a sum over population posterior samples {λm},Λm

p(ki|{d}) ∝∼
∑
p

1

πPE(θ
p
i )

∑
m

dNki

dθ
(λm

ki
,Λm)

∣∣∣
θp
i

[
N({λm},Λm)L(di|{λm},Λm)

]−1

(6)
which is what we used to compute the probabilities shown below in Extended Data
Fig. 2. The bracketed quantities can be pre-computed for each population poste-
rior sample m; L(di|{λm},Λm) can also be computed via Monte Carlo integration,
marginalizing Eq. (4) over the different subpopulations

L(di|{λ},Λ) ∝∼
∑
p

1

πPE(θ
p
i )

1

N({λ},Λ)

∑
k

dNk

dθ
(λk,Λ). (7)

Next, the population-weighted posterior

p(θi|{d}) ∝ L(di|θi)p(θi|{d}̸=i) (8)

can be obtained in a similar manner, following ref. [1]:

p(θi|{d}) ∝∼
p(θi|di)
πPE(θi)

∑
k

∑
m

dNk

dθ
(λm

k ,Λm)
∣∣∣
θi

[
N({λm},Λm)L(di|{λm},Λm)

]−1

.

(9)
In practice, we assign each posterior sample θp

i a weight

wp
i ∝ 1

πPE(θ
p
i )

∑
k

∑
m

dNk

dθ
(λk,Λ)

∣∣∣
θp
i

[
N({λm},Λm)L(di|{λm},Λm)

]−1

(10)

from which we can use a kernel density estimator to create the contours in Fig. 5
and Extended Data Fig. 1.

2



Individual events. Extended Data Fig. 1 shows the default skewt 3-component
model’s population-weighted posteriors of all analyzed events in m1 and χeff . Events
which are likely (> 75%) to belong to one subpopulation are color-coded accordingly;
otherwise, they are plotted in gray.

We identify these events in Extended Data Fig. 2, which shows the default model’s
subpopulation probabilities of the top 10 most confident events in each subpopulation,
as well as the top 10 most ambiguous events. We then compare this to the subpopula-
tion probabilities of the NPLNP 1 power-law + 2 Gaussians model of the same events,
which we plot to the right. All events that are confidently detected in each subpopula-
tion in the skewt population model are also confidently detected in the NPLNP model,
supporting the robustness of these subpopulations.

The high-spin continuum subpopulation contains many of the exceptional events
in the catalog in at least one of our population models. These include GW190412 [2],
which is notable for its highly asymmetric masses, as well as GW231123 [3],
which is both notable for their high masses and spins. GW190412 has also been
identified as a candidate for an active galactic nucleus (AGN) disk-driven hier-
archical merger origin [4–6], and both chemically homogeneous evolution (CHE)
[7] and hierarchical AGN-disk mergers [8, 9] have been proposed as formation
scenarios for GW231123. Additionally, the primary spin of GW190412 is too
low [10] and the spins of GW231123 too high [11] for a cluster hierarchical
merger scenario. Nonetheless the high-spin continuum subpopulation does contain
most of the events identified as candidates for hierarchical mergers in previous
works, including GW190517 055101, GW231028 153006 [12], GW231118 005626 [13],
GW190519 153544, GW190620 030421, and GW190706 222641 [14]. This further
emphasizes the ambiguous astrophysical interpretation of this subpopulation.

We can also examine the population-weighted posteriors of the O4b exceptional
events GW241011 and GW241110 [15, 16], which we show in Extended Data Fig. 1.
These events are identified as the most likely candidates for containing a black hole
(BH) with a hierarchical origin [12, 13, 15], although we do not include them in our
population analysis (as doing so would constitute essentially adding two events to the
population by hand). With the skewt (NPLNP) population model, we find that the
probability that GW241011 belongs in the high-spin continuum is 90.4% (99.9996%),
while the corresponding probability for GW241110 is 35% (91%). This is consistent
with the ambiguous astrophysical interpretation of this subpopulation, especially in
the skewt population model. It is important to note that because both events have
exceptional spins, including them in the population analysis has the potential to sig-
nificantly change the properties of this subpopulation. Furthermore, because we only
use χeff rather than the full component spin vectors, we are not sensitive to more spe-
cific predictions of the hierarchical merger channel, such as the expectation for one
or more of the component BHs to have spin magnitude χ ≈ 0.7 [17, 18]. Reapplying
our framework to the full O4b catalog, and possibly expanding to more spin param-
eters, will constitute an important next step for finding a robust subpopulation of
hierarchical mergers.
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Supplementary Fig. 1: 90% credibility intervals on the marginal distributions of
(a) m1 and (b) χeff at z = 0, z = 0.5, and z = 1.

2 Correlations including spins

Previous works have found a broadening of the χeff distribution with redshift [19, 20]
and a correlation between mass ratio and χeff [21–23], although evidence for the latter
has become more ambiguous in the latest dataset [24]. We find no strong evidence for
either of these correlations in our analysis, which we show in Fig. 1 and Supplementary
Fig. 1. Our results suggest that the broadening of the χeff distribution with redshift is
either driven by an intrinsic evolution of the BH spin distribution, or by subpopulations
with more complex redshift evolution than can be accommodated by a power law
(e.g., subpopulations localized within a narrower range of redshifts). This stands in
contrast with the results of ref. [20]; we note, however, that their analysis included the
two remarkable O4b events GW241110 and GW241011, and employed a population
model specifically designed to target a subpopulation of hierarchical mergers.
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