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The best is yet to come
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About 100 surprises so far, thousands in ~5 yrs, millions in ~20 years
• Large statistics: details emerging at the population level  
• Many events means rare outliers



Outline

•  Astro: formation channels 

•  Stats: Population analyses 

•  Relativity: Hierarchical mergers



Can black holes really make it?
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Power emitted in gravitational waves:

5.2 The interplay between astrophysics and relativity 91

at the leading, Newtonian order (Peters and Mathews 1963; Peters 1964):
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For example, from the above equations we have da/de ⇠ (12/19)(a/e) and consequently
a ⇠ e12/19. The eccentricity decreases faster than the separation: deviations from the
circular inspiral become smaller and smaller as the separation decreases. Fig. 5.2 shows the
merger timescale in the GW-driven phase for BH binaries of total mass M = 10M� and
mass ratio q = 0.8 (which is the same value used in Chapter 7). The coupled differential
equations (5.5) and (5.6) are solved numerically from initial values a0 and e0. We plot on a
color-coded scale the time necessary1 to reach a ' 0. Integrations are performed using the
StepperDopr5 routine developed in Press et al. (2002). The merger timescale increases
with the initial separation a0, because a very small amount of energy is emitted when the
BHs are far from each other (P ⇠ a�5, from Eq. 5.3). Highly eccentric binaries will merge
quicker because less angular momentum has to be emitted (see Eq. 3.1) and more radiation
is emitted at periastron because the bodies are closer to each other.

Further PN corrections of these evolutionary equations in the case of elliptic orbits can be
found in Damour et al. (2004), Sperhake et al. (2008a) and references therein. In this work
we use the standard Peters equations (5.5) and (5.6) to select merging binaries because they
give the timescale of the process within the level of accuracy that we require (Sec. 7.1.2).
The BH inspiral described in Chapter 6, is modeled in far more detail using higher-order
corrections for circular orbits.
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Figure 5.2: Merger timescale in the GW-driven inspiral for BH binaries with M = 10M�
and q = 0.8. The color-coded map shows (on a logarithmic scale the time needed (in yrs) for
a BH binary with semi major axis a0 and eccentricity e0 to reach coalescence. Black lines
mark 106, 108, 1010, 1012 and 1014 yrs from bottom to top respectively. The calculation was
performed by numerically integrating Eqs. (5.5) and (5.6).

1We cannot formally reach the final separation a = 0, because the system becomes stiff: in practice we
follow the solutions down to fiducial separations 10�8

a0, which are well outside the range of separations
where Eqs. (5.5) and (5.6) are valid.

GW-driven inspiral timescale 
Peters 1964

Relativity alone cannot explain the LIGO events,   
we need some astrophysics



Have we been together for so long?

Yes! I’ve known you 
since you were a star

Don’t you remember?   
We just met in cluster



Massive stars to BHs: field evolution

Fig. 1. Example of a specific binary evolution leading to the formation of a BH-BH merger
similar to GW150914 in mass and time. A massive binary star (96 + 60 M⊙) is formed in the
distant past (2 billion years after Big Bang; z ∼ 3.2) and after five million years of evolution
forms a BH-BH system (37 + 31 M⊙). For the ensuing 10.3 billion years this BH-BH system
is subject to angular momentum loss, with the orbital separation steadily decreasing, until the
black holes coalesce at redshift z = 0.09. This example binary formed in a low metallicity
environment (Z = 3% Z⊙). 27

Belczynski+2016

Main-sequence binary star

First evolves to supergiant:  
Roche-lobe overflow, mass transfer

First goes supernova and forms a BH 
Is it still a binary?

Second evolves to supergiant:  
common envelope
Must be efficient… Critical stage to bring the 
separation down! 
… but not too much: is it still a binary?

Second goes supernova and forms a BH 
Is it still a binary?

Inspiral, merger, ringdown and LIGO

1.

2.

3.

4.

5.
6.



Dynamical assembling:  
cluster evolution Belczynski et al 2016

Dense stellar clusters, many three body interactions

Dynamical friction: heavy objects sink towards the center 

Soft binaries become softer, hard binaries become harder

1.
2.
3.

2

2. FORMING HEAVY BBHS IN GCS

We extract from our 48 models all the binaries that
appear similar to GW150914. We start by looking at any
BBH whose source-frame component and chirp masses
fall within the 90% credible regions for GW150914
(m1 = 35.7+5.4

�3.8M�, m2 = 29.1+3.8
�4.4M�, and Mc =

27.9+2.1
�1.7M�, from The LIGO Scientific Collaboration &

The Virgo Collaboration 2016b). This corresponds to
a total of 262 BBHs from 40 of the 48 GC models, 259
of which merge outside the cluster. We assume all GCs
formed ⇠ 12 Gyr ago (at z ' 3.5, consistent with GCs
in the Milky Way, although other galaxies, such as the
Large and Small Magellanic Clouds, have significantly
younger GC populations). Of the 8 GC models that
do not contribute BBHs with masses like GW150914,
4 have disrupted before 12 Gyr and are exlcluded from
our analysis, and the remaining 4 have low initial N and
lower number of initial BHs. The remaining 40 GC mod-
els contribute roughly equal numbers of GW150914-like
BBHs (when normalized to the number of initial stars
in each model). Our models show a strong dependence
on metallicity, with the Z = 0.05Z� and 0.01Z� models
contributing nearly 3 and 5 times as many BBHs as the
Z = 0.25Z� models, respectively.
We then define a true GW150914 progenitor to be

the subset of these 262 binaries that merge between 7
and 13 Gyr after GC formation, corresponding to merg-
ers that occur in the local universe (z < 0.5). We
find 14 such systems across our 48 models, all of which
were ejected from the cluster prior to merger. Of these
14, we find that 10 originate from 5 GC models with
similar initial conditions, corresponding to GCs with
lower metallicities (0.05Z� and 0.01Z�, typical for the
low-metallicity clusters in most galaxies), large masses
(N = 1 ⇥ 106 and 2 ⇥ 106 initial particles, correspond-
ing to final masses of 3⇥ 105M� to 6⇥ 105M� today),
and typical virial radii (Rv = 2 pc). That these binaries
(and the majority of all 262 GW150914-like BBHs) form
from low metallicity and massive clusters is unsurpris-
ing: lower metallicities yield less e↵ective stellar winds
(Vink 2011), reducing the amount of mass that is lost
before a massive star collapses, and producing “heavy”
BHs like the observed components of GW150914 (Bel-
czynski et al. 2010; Mapelli et al. 2013; Spera et al.
2015). Furthermore, massive clusters produce a larger
number of BHs, which enhances the dynamical produc-
tion of BBHs.
The preference for clusters with larger virial radius (2

pc versus the more compact 1 pc clusters) arises from the
need for long inspiral times. Binaries with total masses
of ⇠ 60M� are more massive than the average stellar or
BH mass in the cluster, and are typically ejected within
the first few Gyrs of a cluster’s evolution. However, since

Figure 1. Interaction diagram showing the formation history
for two GW150914 progenitors in a single GC model. From
top to bottom, the history of each individual BH that will
eventually comprise a GW150914-like binary is illustrated,
including all binary interactions. The legend shows the var-
ious types of gravitational encounters included in our GC
models (with the exception of two-body relaxation). In each
interaction, the black sphere represents the GW150914 pro-
genitor BH, while the blue and red spheres represent other
BHs (and stars) in the cluster core.

Rodriguez+2016

Key point: stellar 
evolution is separate! 
They meet, swap, 
meet again, etc…

Hut Bachall 1983



AGN disks: “planetary” migration

Gaseous disks surrounding supermassive BHs in active galactic nuclei

A binary of stellar-mass BHs ends up there (formed there? captured there?)

Induced wakes, gravitational torques, migration

1.
2.
3.

4 Li et al.

Figure 1. Snapshots for the gas surface density in Model A at 500 COM orbits. From left to right, each panel zooms in
closer to the BBH. The dashed white circle shows the BBH Hill radius. Overlaid arrows show the gas velocity streamline in the
co-moving frame of the BBH COM. The dashed red circles in the right panel correspond to the softening scale for each BH.

Table 1. Model parameters and binary evolution

Model a0 ✏ accretion prograde/ Comments

(r0) (a0) retrograde

A 0.02 0.08 on prograde outspiraling

Ar 0.02 0.08 ona prograde outspiraling

B 0.02 0.4 on prograde inspiraling

C 0.02 0.2 on prograde outspiraling

D 0.02 0.08 o↵ prograde outspiraling

E 0.04 0.04b on prograde outspiraling

F 0.04 0.2b on prograde inspiraling

G 0.04 0.04b on retrograde inspiraling

H 0.04 0.2b on retrograde inspiraling

Note— a A smaller removal rate of 0.1⌦bh,i and a larger
radial domain of r ⇠ [0.3, 4] for the BBH is adopted to test
the e↵ect of binary accretion.
b We keep the same physical length of gravitational softening
as Model A or B. For the first five Models (A, Ar, B, C & D),
a0 = 0.18 RH, while for the remaining Models a0 = 0.36 RH.

the disk is nearly indistinguishable from a single large
mass planet (cf. Dempsey et al. 2020). On smaller scales,
the gas streamlines reveal that gas circulates around the
BBH COM. Based on this, there is a clear “CBD” region
just inside RH. This is di↵erent from the viscously con-
trolled CBD in isolated binary simulations (e.g., Tang
et al. 2017; Muñoz et al. 2019), as the existence of the
central SMBH drives large-scale spiral arms that feed
the CBD.
Zooming even closer in to the binary shows clear

CSDs. With such a small softening for Model A, the
CSD around each BH is properly resolved by our high
resolution, and contains several spiral arms. In particu-
lar, the inter-spiral arm connecting the two BHs is quite
prominent, as are the two trailing spiral arms that con-

nect to the large scale spirals through the CBD region.
There is not a sharp cavity around the CSD region as
shown in many isolated binary simulations (e.g., Tang
et al. 2017; Muñoz et al. 2019), which is probably due
to the shallow depth of the gap carved by the BBH.

3.2. Binary Dynamics

In Figure 2, we show the time evolution of the BH-
BH and BBH-SMBH orbits for Model A. The orbit of
the BH-BH binary is characterized by the semi-major
axis abin and eccentricity ebin, while the BBH-SMBH
binary has semi-major axis acom and is circular through-
out its evolution. After release, abin increases with time
as shown in the upper panel. This is consistent with
many recent isolated binary simulations (Miranda et al.
2017; Moody et al. 2019; Muñoz et al. 2019, 2020; Du↵ell
et al. 2020; Tiede et al. 2020). The shaded region shows
the instantaneous separation between the two BHs. We
can see that after ⇠ 1250 COM orbits, the BBH’s eccen-
tricity is strongly excited to ebin ⇠ 0.5 until the binary
dissolves at ⇠ 1500 orbits.
In contrast to Model A, in the large softening case

of 0.4 a0 (Model B), the binary gradually inspirals at
near zero eccentricity until it reaches the softening scale
and stalls (as seen in e.g., Baruteau et al. 2011). For
this case, the COM migration rate is similar to a single
q = 4 ⇥ 10�3 planet (e.g., Chen et al. 2020b). This
suggests that the global migration is mainly controlled
by the torque far beyond the binary’s CBD region.
To explore the e↵ect of the binary release on the sepa-

ration evolution, we show the long-term evolution rate of
ȧbin/abin contributed by the gaseous disk in the fourth
panel of Figure 2, which is defined as

ȧbin

abin
= � "̇bin

"bin
, (3)

4. Maybe migration traps?

Lin+ 2021

Secunda+ 2019



Can we tell them apart?

2 A. Nishizawa et al.

is well known to circularize the orbit. While field and cluster
formation scenarios predict very distinct eccentricity distri-
butions at BHB formation, both scenarios result in nearly
circular binaries in the Advanced LIGO band. The first ob-
served signals did not set strong bounds on the eccentricity
of the binary (Abbott et al. 2016c,b), and it is quite unlikely
that eccentricity measurements with ground-based detectors
will ever di↵erentiate between the field and cluster scenar-
ios. However, Sesana (2016) showed that, depending on the
intrinsic rates (which are only loosely constrained by current
detections) and on the detector baseline, the evolved Laser
Interferometer Space Antenna (eLISA) will observe few to
few thousands BHBs (see also Kyutoku & Seto 2016). Be-
cause of the much lower frequency band, eLISA will detect
these systems before circularization, and in many cases it
will be able to measure their eccentricity (Nishizawa et al.
2016).

In this Letter we use Bayesian model selection to
demonstrate how eLISA eccentricity measurement can con-
clusively distinguish between di↵erent BHB formation chan-
nels. In Section II we consider three models for BHB forma-
tion, and discuss the eccentricity distributions predicted by
these models in the eLISA band1. In Section III we simu-
late and analyse eLISA observations using various models
and detector baselines. In Section IV we present our main
results, and in Section V we discuss their implications. We
assume a concordance ⇤CDM cosmology with h = 0.679,
⌦M = 0.306 and ⌦⇤ = 0.694 (Planck Collaboration et al.
2015).

2 ASTROPHYSICAL MODELS AND
ECCENTRICITY DISTRIBUTIONS

We consider a BHB population merging at a rate R, char-
acterized by a chirp mass probability distribution p(Mr) –
where Mr ⌘ (M1,rM2,r)

3/5
/(M1,r + M2,r)

1/5, and a sub-
script r denotes quantities in the rest frame of the source
– and by an eccentricity probability distribution p(e⇤) at
some reference frequency f⇤ close to coalescence (we set
f⇤ = 10Hz). If p(e⇤) depends only on the BHB formation
route, but not on chirp mass and redshift, the merger rate
density per unit mass and eccentricity is given by

d
3
n

dMrdtrde⇤
= p(Mr) p(e⇤)R. (1)

Equation (1) can be then converted into a number of sources
emitting per unit mass, redshift and frequency at any time
via
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1 For a detailed astrophysical comparison of BHBs formed in
galactic fields and globular clusters observable by eLISA, see
Breivik et al. (2016).

Figure 1. Eccentricity distributions predicted by the field (or-
ange), cluster (turquoise) and MBH (purple) scenarios. The top
panel show the distribution at the reference frequency f⇤ =
10Hz, while the bottom panel is the observable distribution p(e0)
evolved “back in time” to f0 = 0.01Hz.
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We can construct a population of systems potentially observ-
able by eLISA by Monte Carlo sampling from the distribu-
tion in equation (2) using appropriate distribution functions
for p(Mr) and p(e⇤). For the mass distribution we employ
the “flat” mass function of Abbott et al. (2016f), i.e., we as-
sume that the two BH masses are independently drawn from
a log-flat distribution in the range 5M� < M1,2,r < 100M�,
restricting the total BHB mass to the be less than 100M�.
For the eccentricity distribution we consider, as a proof of
concept, three popular BHB formation scenarios:

(i) Model field: this is the default BHB field formation
scenario of Kowalska et al. (2011), taken to be representative
of BHBs resulting from stellar evolution.

(ii) Model cluster: globular clusters e�ciently form BHBs
via dynamical capture. Most of these BHBs are ejected in the
field and evolve in isolation until they eventually merge. Be-
cause of their dynamical nature, BHBs typically form with a
thermal eccentricity distribution. A comprehensive study of
this scenario has been performed by Rodriguez et al. (2016c).

(iii) Model MBH. BHs and BHBs are expected to cluster
in galactic nuclei because of strong mass segregation. In this
case, binaries within the sphere of influence of the central
MBH undergo Kozai-Lidov resonances, forming triplets in
which the external perturber is the MBH itself. This scenario
has been investigated in Antonini & Perets (2012), and it
results in high BHB eccentricities.

The eccentricity distributions at f⇤ = 10Hz, as pre-
dicted by these models, are shown in the top panel of Fig-
ure 1. In the bottom panel we propagate these distributions

MNRAS 000, 1–6 (2016)
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formation scenarios predict very distinct eccentricity distri-
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tion, and discuss the eccentricity distributions predicted by
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tion in equation (2) using appropriate distribution functions
for p(Mr) and p(e⇤). For the mass distribution we employ
the “flat” mass function of Abbott et al. (2016f), i.e., we as-
sume that the two BH masses are independently drawn from
a log-flat distribution in the range 5M� < M1,2,r < 100M�,
restricting the total BHB mass to the be less than 100M�.
For the eccentricity distribution we consider, as a proof of
concept, three popular BHB formation scenarios:

(i) Model field: this is the default BHB field formation
scenario of Kowalska et al. (2011), taken to be representative
of BHBs resulting from stellar evolution.

(ii) Model cluster: globular clusters e�ciently form BHBs
via dynamical capture. Most of these BHBs are ejected in the
field and evolve in isolation until they eventually merge. Be-
cause of their dynamical nature, BHBs typically form with a
thermal eccentricity distribution. A comprehensive study of
this scenario has been performed by Rodriguez et al. (2016c).

(iii) Model MBH. BHs and BHBs are expected to cluster
in galactic nuclei because of strong mass segregation. In this
case, binaries within the sphere of influence of the central
MBH undergo Kozai-Lidov resonances, forming triplets in
which the external perturber is the MBH itself. This scenario
has been investigated in Antonini & Perets (2012), and it
results in high BHB eccentricities.

The eccentricity distributions at f⇤ = 10Hz, as pre-
dicted by these models, are shown in the top panel of Fig-
ure 1. In the bottom panel we propagate these distributions
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field triples

clusters

Brievik+ 2016, Nishizawa+ 2016

Nishizawa+ 2016

Go to LISA…

Eccentricities
Promising! Especially for specific 
scenarios like triples Antonini Perets 2012

Constraining BBH Formation Models with GW Observations 3

Figure 1. Chirp mass distributions for the field and cluster population models. Each panel shows the independently normalized distri-
butions of sources generated (filled histogram) and sources weighted by detectability (unfilled histogram). For reference, the chirp mass of
the two gravitational-wave events GW150914 and GW151226 and gravitational-wave candidate LVT151012 are plotted, with outer lines
representing the 90% credible region. The top, middle, and bottom panels show the distributions for fallback, proportional, full natal kick
prescriptions, respectively. We construct each submodel using one kick magnitude prescription, comprised of equal abundances of binaries
from the four other submodels.

population synthesis codes. The final kick prescrip-
tion, called the full kick prescription, assumes that
the black hole kick is equal to the full kick imparted
to the neutron star:

V
BH

kick
= V

NS

kick
. (3)

2. Two di↵ering kick directions. In one model we as-
sume kicks are isotropically distributed in solid an-
gle around the exploding star, which is the common
assumption in population models. However, obser-
vations of pulsars have suggested a correlation be-
tween the kick direction and spin axis (Kaplan et al.
2008), motivating the inclusion of a polar kick pre-
scription where the kicks are confined to 10� cones
about the rotational axis of the progenitor star.

3. Two di↵erent methods of accounting for uncertain-
ties in the realignment of the component spin axes
after the first supernova. One model allows for re-
alignment of the binary after the first kick, whereas
the other model does not realign. Though this does
not have an e↵ect on the mass distributions of the
field population models, it has a substantial e↵ect
on the spin distributions of the resultant BBHs.

All these variations in model assumptions largely af-

fect the resultant spin-tilt distributions of the binaries.
However, only kick magnitudes play a substantial role
on the final distribution of BBH chirp masses. As seen
in Figure 1, stronger kick prescriptions flatten out the
abundance of low-mass binaries in field models; these
systems acquire larger linear velocities from the kicks,
allowing the kinetic energy of the binary component to
more easily overcome the gravitational potential and be-
come unbound. As this paper focuses on chirp mass mea-
surements, we construct each submodel using one kick
magnitude prescription, comprised of equal abundances
of binaries from the four other submodels. Furthermore,
we expect only one kick magnitude to be true, whereas
kick direction and binary realignment prescriptions may
be dependent on processes such as stellar rotation. Fu-
ture work will incorporate spin measurements in the in-
ference and address these submodels with more detail.

2.2. Cluster Binary Populations

In this study, we consider the “classical” channel of
dynamical formation in old, metal-poor globular clus-
ters. Cluster binaries are drawn from a few dozen glob-
ular cluster models generated using the Cluster Monte
Carlo (CMC) code (see e.g. Chatterjee et al. 2010). Black
holes sink to the centers of globular clusters due to dy-

~100 events needed to 
distinguish these populations 
with masses and rates?

Zevin+ 2017

Stevenson+ 2015, Zevin+ 2017 

Masses and rates
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FIG. 10. Evolution of the spin orientations along the lives of BH-binary progenitors detectable by LIGO. The top (bottom)
subpanel in each plot shows the tilt ✓1 (✓2) of the object forming the more (less) massive BH. All binaries are aligned before the
first supernova (SN1), which imparts a first tilt to both spins. Tidal interactions can realign one of the spins in between the two
explosions. The second kick (SN2) sets the spin misalignment angles at BH binary formation. These orientations then evolve
under the influence of relativistic spin-spin and spin orbit couplings until they become detectable in GWs (roughly at fGW = 20
Hz). At each stage, the median of the distribution is marked with a red line; the blue boxes (bars) include 50% (90%) of the
detection rate. Thin gray lines show individual evolutionary tracks for the 100 binaries with the highest detection rates in each
sample.

Spins have secrets!
Binary star 
interactions imprint 
correlations on the 
spin directions: 
• SN kicks 
• Tides 
• Mass transfer

DG+ 2013, 2018, 
Stevenson+2017,  

Talbot Thrane 2017, etc

DG+ 2018 

What we thought in 2017-2018…



In reality… 
Almost 10 years of GW astronomy and we have not 
solved the formation channel problem (yet?) 

• Many unknown processes (astrophysics is dirty) 
• Intrinsic degeneracies 
• Selection effects 
• The stats is hard 
• Theoretical astrophysicists are “creative” (predictions change)



Inhomogeneous Poisson process: Loredo 2004, Mandel+ 2019,  
Thrane, Talbot 2019,  Vitale, DG+ 2022, 

Populations, the Bayes way
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• Modeling selection effects instead requires propagat-
ing the tested population forward from past time
infinity to detection.

We first travel back in time (20 ! 0 Hz) when treating the
event likelihoods and then “back to the future” (0 ! 20 Hz)
when handling selection effects. Our DeLorean consists
of precession-averaged post-Newtonian (PN) evolutions.

II. STATISTICAL INFERENCE

The statistical problem we tackle is that of an inho-
mogeneous Poisson process including measurement errors
and selection effects [7, 8, 13]. We denote the parame-
ters of individual events with ✓ (e.g. BH masses, spins,
etc.) and those of the overarching population with �
(e.g. power-law index of the mass spectrum, etc.). The
targeted posterior is

p(�|d) / ⇡(�)��N (�)
NY

i=1

Z
ppop(✓|�)L(di|✓) d✓ (1)

where i = 1, ..., N labels the events in the catalog, d
indicates the entire data stream, di indicates a short
stretch of data around event i, L(di|✓) is the likelihood
of the single-event analysis, ppop(✓|�) is the population
model, and ⇡(�) is a prior on the population parameters.
Selection effects enter the population likelihood via

�(�) =

Z
ppop(✓|�)pdet(✓)d✓ (2)

where pdet(✓) 2 [0, 1] is the detection probability given a
binary with parameters ✓. The posterior of Eq. (1) has
been marginalized over the expected number of events
with a scale-free prior. The hyperparameters � thus only
capture the shape of the population distribution and
not the corresponding merger rate; this is equivalent to
imposing

R
ppop(✓|�) = 1.

For ppop(✓|�), we use the phenomenological model re-
ferred to as Power Law + Peak and Default Spin in
Ref. [5], which returns the highest Bayes factor among the
options they tested. The model covers dim(✓) = 6 event
parameters and dim(�) = 12 population parameters. The
distribution of the primary mass m1 is a superposition
of a power-law component with index ↵ truncated be-
tween mmax and mmin and a Gaussian component with
mean µm, width �m, and mixing fraction �m. The sec-
ondary mass m2 conditioned on m1 follows a power-law
distribution with index �q. The distributions of m1,2 are
smoothed over a range �m near mmin. The spin magni-
tudes �1,2 follow a beta distribution with mean µ� and
variance �2

�. The cosines of the angles between the spins
and the orbital angular momentum ✓1,2 are distributed
assuming a superposition of a uniform distribution and
a truncated Gaussian with a peak at cos ✓1,2 = 1, width
�t, and mixing fraction ⇣. Crucially, while we adopt the
same functional form of Ref. [5], the spin tilts ✓1,2 are

here inserted at past time infinity and not at detection.
The distributions of all other parameters (distance, sky
location, etc.) is assumed to be independent of � and
equal to the prior used in the underlying single-event
analyses.

The integrals at the numerator of Eq. (1) are approx-
imated with Monte Carlo summations using samples of
the posterior p(✓|di) / L(di|✓)⇡(✓) from the data release
accompanying Refs. [14] (O1+O2) and [2] (O3a), which in
total include 44 GW events with false-alarm rate < 1 yr�1.
The single-event priors ⇡(✓) are handled analytically with
suitable reweighting factors [15].

For the Power Law + Peak and Default Spin
model, BH masses and spins are not correlated and, con-
sequently, the population model ppop(✓|�) can be written
as the product of two terms, one only including masses
and one only including spins. In Ref. [5], the spin part
was included only in the integral of Eq. (1), and not in
that of Eq. (2). When computing �(�), they instead used
a fixed spin distribution, thus neglecting some � depen-
dencies and introducing a bias. This was motivated by
the large computational cost of the search injections used
to estimate pdet(✓).

We find that a simpler pdet(✓) prescription (as used pre-
viously, e.g. [16]) fully reproduces the results of Ref. [5]
while allowing for a consistent inclusion of spin effects.
In particular, we use the semianalytic approximation
of Ref. [17], assuming two data-taking periods of ap-
proximately 166 days (O1+O2 [1, 18]) and 150 days
(O3a [2]), and a single-detector signal-to-noise ratio (SNR)
threshold of 8 [19]. SNRs are computed with representa-
tive noise curves1 and the IMRPhenomPv2 waveform
model [20]. The integral at the denominator of Eq. (1)
is approximated with a Monte Carlo sum using samples
drawn from an injected population with p(m1) / m�2.35

1 ,
p(m2|m1) / m2

2 [2], uniform spin magnitudes, spin di-
rections with equally weighted isotropic and preferen-
tially aligned components (⇣ = 0.5 and �t = 0.02), and
redshifts distributed uniformly in comoving volume and
source-frame time.

The prior ⇡(�) is uniform over all 12 population param-
eters with limits and additional cuts as in Ref. [5]. We
sample p(�|d) using GWPopulation [21], Dynesty [22],
and Bilby [23].

III. SPIN PROPAGATION

We propagate BH spin orientations across emission
frequencies using the precession-averaged PN formalism
first developed in Refs. [11, 24]. We use an updated
version of the precession code2 which, leveraging new
analytical advancements [25, 26] and numerical recipes,

1
From dcc.ligo.org/LIGO-P1200087-v47 (“early high”, for O1+O2)

and dcc.ligo.org/LIGO-T2000012 (“Livingston”, for O3a).
2

See github.com/dgerosa/precession.

Single-event parameters: masses, spins, redshifts✓
�
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• Modeling selection effects instead requires propagat-
ing the tested population forward from past time
infinity to detection.

We first travel back in time (20 ! 0 Hz) when treating the
event likelihoods and then “back to the future” (0 ! 20 Hz)
when handling selection effects. Our DeLorean consists
of precession-averaged post-Newtonian (PN) evolutions.

II. STATISTICAL INFERENCE

The statistical problem we tackle is that of an inho-
mogeneous Poisson process including measurement errors
and selection effects [7, 8, 13]. We denote the parame-
ters of individual events with ✓ (e.g. BH masses, spins,
etc.) and those of the overarching population with �
(e.g. power-law index of the mass spectrum, etc.). The
targeted posterior is

p(�|d) / ⇡(�)��N (�)
NY

i=1

Z
ppop(✓|�)L(di|✓) d✓ (1)

where i = 1, ..., N labels the events in the catalog, d
indicates the entire data stream, di indicates a short
stretch of data around event i, L(di|✓) is the likelihood
of the single-event analysis, ppop(✓|�) is the population
model, and ⇡(�) is a prior on the population parameters.
Selection effects enter the population likelihood via

�(�) =

Z
ppop(✓|�)pdet(✓)d✓ (2)

where pdet(✓) 2 [0, 1] is the detection probability given a
binary with parameters ✓. The posterior of Eq. (1) has
been marginalized over the expected number of events
with a scale-free prior. The hyperparameters � thus only
capture the shape of the population distribution and
not the corresponding merger rate; this is equivalent to
imposing

R
ppop(✓|�) = 1.

For ppop(✓|�), we use the phenomenological model re-
ferred to as Power Law + Peak and Default Spin in
Ref. [5], which returns the highest Bayes factor among the
options they tested. The model covers dim(✓) = 6 event
parameters and dim(�) = 12 population parameters. The
distribution of the primary mass m1 is a superposition
of a power-law component with index ↵ truncated be-
tween mmax and mmin and a Gaussian component with
mean µm, width �m, and mixing fraction �m. The sec-
ondary mass m2 conditioned on m1 follows a power-law
distribution with index �q. The distributions of m1,2 are
smoothed over a range �m near mmin. The spin magni-
tudes �1,2 follow a beta distribution with mean µ� and
variance �2

�. The cosines of the angles between the spins
and the orbital angular momentum ✓1,2 are distributed
assuming a superposition of a uniform distribution and
a truncated Gaussian with a peak at cos ✓1,2 = 1, width
�t, and mixing fraction ⇣. Crucially, while we adopt the
same functional form of Ref. [5], the spin tilts ✓1,2 are

here inserted at past time infinity and not at detection.
The distributions of all other parameters (distance, sky
location, etc.) is assumed to be independent of � and
equal to the prior used in the underlying single-event
analyses.

The integrals at the numerator of Eq. (1) are approx-
imated with Monte Carlo summations using samples of
the posterior p(✓|di) / L(di|✓)⇡(✓) from the data release
accompanying Refs. [14] (O1+O2) and [2] (O3a), which in
total include 44 GW events with false-alarm rate < 1 yr�1.
The single-event priors ⇡(✓) are handled analytically with
suitable reweighting factors [15].

For the Power Law + Peak and Default Spin
model, BH masses and spins are not correlated and, con-
sequently, the population model ppop(✓|�) can be written
as the product of two terms, one only including masses
and one only including spins. In Ref. [5], the spin part
was included only in the integral of Eq. (1), and not in
that of Eq. (2). When computing �(�), they instead used
a fixed spin distribution, thus neglecting some � depen-
dencies and introducing a bias. This was motivated by
the large computational cost of the search injections used
to estimate pdet(✓).

We find that a simpler pdet(✓) prescription (as used pre-
viously, e.g. [16]) fully reproduces the results of Ref. [5]
while allowing for a consistent inclusion of spin effects.
In particular, we use the semianalytic approximation
of Ref. [17], assuming two data-taking periods of ap-
proximately 166 days (O1+O2 [1, 18]) and 150 days
(O3a [2]), and a single-detector signal-to-noise ratio (SNR)
threshold of 8 [19]. SNRs are computed with representa-
tive noise curves1 and the IMRPhenomPv2 waveform
model [20]. The integral at the denominator of Eq. (1)
is approximated with a Monte Carlo sum using samples
drawn from an injected population with p(m1) / m�2.35

1 ,
p(m2|m1) / m2

2 [2], uniform spin magnitudes, spin di-
rections with equally weighted isotropic and preferen-
tially aligned components (⇣ = 0.5 and �t = 0.02), and
redshifts distributed uniformly in comoving volume and
source-frame time.

The prior ⇡(�) is uniform over all 12 population param-
eters with limits and additional cuts as in Ref. [5]. We
sample p(�|d) using GWPopulation [21], Dynesty [22],
and Bilby [23].

III. SPIN PROPAGATION

We propagate BH spin orientations across emission
frequencies using the precession-averaged PN formalism
first developed in Refs. [11, 24]. We use an updated
version of the precession code2 which, leveraging new
analytical advancements [25, 26] and numerical recipes,

1
From dcc.ligo.org/LIGO-P1200087-v47 (“early high”, for O1+O2)

and dcc.ligo.org/LIGO-T2000012 (“Livingston”, for O3a).
2

See github.com/dgerosa/precession.

Selection effects:
Detection probability



What model for the Universe?
LIGO/Virgo and many others

Simple, parametrized functional forms 

Encode some physical intuitions (but hard coded) 

Option 1: 

Option 2: Non-parametric models 

Purely data-driven, but physical interpretation becomes tricky

Rinaldi DelPozzo 2021, Edelman+ 2022, 
Callister Farr 2023 

Option 3: Direct fits to astro sims 

Astrophysics! But very model dependent! 
Need some deep learning to make it work

Taylor DG 2018, Wong+ 2020, Mould DG+ 2022



The population of merging BHs
LIGO/Virgo 2021
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FIG. 9. The empirical cumulative density function F̂ =
P

k Pk(x)/N of observed binary parameter distributions (derived
from the single-event cumulative distributions Pk(x) for each parameter x) are shown in blue for primary mass (left), e↵ective
inspiral spin (center), and redshift (right). All binaries used in this study with FAR< 1/4yr are included, and each is analyzed
using our fiducial noninformative prior. For comparison, the gray bands show the expected observed distributions, based on
our previous analysis of GWTC-2 BBH. Solid lines show the medians, while the shading indicates a 90% credible interval on
the empirical cumulative estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from
this analysis.
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing
the di↵erential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population
distribution (PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD
and 90% credible interval from analyzing GWTC-2 as reported in [11]. The vertical gray band in the primary mass plot shows
90% credible intervals on the location of the mean of the Gaussian peak for the fiducial model.

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PP 23.6+13.7
�9.0 4.5+1.7

�1.3 0.2+0.1
�0.1 28.3+13.9

�9.1

BGP 20.0+11.0
�8.0 6.3+3.0

�2.2 0.75+1.1
�0.46 33.0+16.0

�10.0

FM 21.1+11.6
�7.8 4.3+2.0

�1.4 0.2+0.2
�0.1 26.5+11.7

�8.6

PS 27+12
�8.8 3.5+1.5

�1.1 0.19+0.16
�0.09 31+13

�9.2

Merged 13.3 – 39 2.5 – 6.3 0.099 – 0.4 17.9 – 44

TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.
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FIG. 15. The distributions of component spin magnitudes � (left) and spin-orbit misalignment angles ✓ (right) among
binary black hole mergers, inferred using the Default component spin model described further in Sect. B 2 a; e.g., both
spin magnitudes are drawn from the same distribution. In each figure, solid black lines denote the median and central 90%
credible bounds inferred on p(�) and p(cos ✓) using GWTC-3. The light grey traces show individual draws from our posterior
distribution on the Default model parameters, while the blue traces show our previously published results obtained using
GWTC-2. As with GWTC-2, in GWTC-3 we conclude that the spin magnitude distribution peaks near �i ⇡ 0.2, with a tail
extending towards larger values. Meanwhile, we now more strongly favor isotropy, obtaining a broad cos ✓i distribution that
may peak at alignment (cos ✓i = 1) but that is otherwise largely uniform across all cos ✓.

FIG. 16. Left panel : Inferred distribution of �e↵ for our latest full analysis in black. For comparison, the blue distribution and
interval shows our inferences derived from GWTC2. Right panel : Corresponding result for �p. While both panels in this figure
are derived using the Gaussian spin model, we find similar conclusions with the other spin models used to analyze GWTC-2.

at 99.7% credibility.
This interpretation was challenged in [194] and [195],

which argued that no evidence for extreme spin misalign-
ment exists if BBH spin models are expanded to allow the
existence of a secondary subpopulation with vanishingly
small spins. Other avenues of investigation are also in
tension with the identification of extreme spin-orbit mis-
alignment. When the �e↵ distribution is allowed to cor-

relate with other BBH parameters, like the binary mass
ratio (see Sec. VIIB), evidence for negative �e↵ values
diminishes [196]. Motivated by the concerns raised in
[194] and [195], we repeat our inference of �e↵,min but
under an expanded model that allows for a narrow sub-
population of BBH events with extremely small e↵ective

inspiral spins:

p(�e↵ |µe↵ , �e↵ , �e↵,min) = ⇣bulkN[�eff,min,1](�e↵ |µe↵ , �e↵)

+ (1 � ⇣bulk)N[�1,1](�e↵ |0, 0.01).
(18)

Here, ⇣bulk is the fraction of BBHs in the wide bulk pop-
ulation, truncated above �e↵,min, while (1 � ⇣bulk) is the
fraction of events residing in the vanishing spin sub-
population, which formally extends from �1 to 1. When
repeating our inference of �e↵,min under this expanded
model, our data still prefer a negative �e↵,min but with
lower significance. As seen in Fig. 18, we now infer that
�e↵,min < 0 at 92.5% credibility. This expanded model
allows us to additionally investigate evidence for the exis-

• Good handle on the 
marginal distributions… 

• Still largely relying on simple 
parametrized models 

• But some very interesting 
steps into the wild, “non 
parametric” inference

Using all the events up to GWTC3:

Primary mass Mass ratio

Spins



• First discovered 

• Confirmed with more data 

• Confirmed with more stats

Are BHs correlated? 
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.

FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.

• Next: correlations! E.g. does the mass spectrum evolve with redshift?  

• But masses and spins are definitely anticorrelated!

Effective spin
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Callister+ 2021

LIGO/Virgo 2021

Adamcewicz+ 2022, 2023

LIGO/Virgo 2021

Black-hole mergers in disk-like environments could
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Current gravitational-wave data from stellar-mass black-hole binary mergers suggest a correlation
between the binary mass ratio q and the effective spin �e↵ : more unequal-mass binaries consistently
show larger and positive values of the effective spin. Multiple generations of black-hole mergers in
dense astrophysical environments may provide a way to form unequal-mass systems, but they cannot
explain the observed correlation on their own. We show that the symmetry of the astrophysical
environment is a crucial feature to shed light on this otherwise puzzling piece of observational
evidence. We present a toy model that reproduces, at least qualitatively, the observed correlation.
The model relies on axisymmetric, disk-like environments where binaries participating in hierarchical
mergers share a preferential direction. Migration traps in AGN disks are a prime candidate for this
setup, hinting at the exciting possibility of constraining their occurrence with gravitational-wave data.

I. SYMMETRY AND BLACK-HOLE MERGERS

The growing catalog of gravitational-wave (GW) ob-
servations by LIGO and Virgo [1–4] provides a unique
opportunity to understand and interpret the astrophysics
of stellar-mass black-hole (BH) binaries. One of the most
surprising features that emerged from recent data is a cor-
relation between the masses mi and dimensionless spins
�i of the merging BHs, specifically between the binary
mass ratio q and effective spin �e↵ . These are defined as

q =
m2

m1
 1 , �e↵ =

�1 cos ✓1 + q�2 cos ✓2
1 + q

2 [�1, 1] ,

(1)
where ✓i is the angle between each spin vector and the
orbital angular momentum of the binary L [5]. Binaries
with small values of q tend to have large and positive
values of �e↵ . This trend was first found by Callister
et al. [6] and later confirmed with both a larger dataset [7]
and a different statistical method [8, 9].

From an astrophysical standpoint, the observed corre-
lation between mass ratio and effective spin is puzzling.
Unequal-mass binaries can naturally form if hierarchical
mergers occur in dense astrophysical environments (see
Ref. [10] for a review). The remnants of BH mergers are
more massive than their progenitors and, when paired
with other BHs from the same stellar population, are
natural candidates to form binaries with mass ratio q
significantly smaller than unity. Moreover, the “higher-
generation” BHs formed as a result of a previous merger
are expected to show a characteristic spin distribution
peaked at �⇠ 0.7 [11, 12], which might translate into

⇤ a.santini6@campus.unimib.it

higher values of the effective spin �e↵ . While hierarchical
mergers could naturally pair low mass ratios to large spin
magnitudes, this does not explain why only positive values
of the effective spin would preferentially be associated
with unequal masses, as currently observed [6, 7].

In this paper, we point out that the symmetry of the
astrophysical environment where BH mergers take place
could play a pivotal role in explaining the observed q��e↵

correlation. The key idea behind our study is illustrated
in Fig. 1, where we contrast toy populations with and
without hierarchical mergers and we consider different
symmetries of the environment.

Stellar clusters are, at least approximately, spherically
symmetric. In the absence of a preferred direction, the BH
spin orientations are expected to be distributed isotropi-
cally, which implies that positive and negative values of
�e↵ are equally probable —a feature that can actually be
used to put a limit on the fraction of hierarchical merg-
ers [13, 14]. For this reason, BH mergers in spherically
symmetric environments cover a wedge in the q � �e↵ pa-
rameter space (blue distribution in Fig. 1), with unequal
masses paired to a wide range of effective spins covering
both positive and negative values.

Besides clusters, another promising environment to host
hierarchical mergers are accretion disks surrounding active
galactic nuclei (AGN). These systems are approximately
axisymmetric, with a preferential direction set by the
orbital angular momentum of the disk. At the toy-model
level, one can naively assume that the orbital angular
momenta of stellar-mass BH binaries embedded in the
disk will either (i) coalign and counteralign, or (ii) strictly
coalign with the symmetry axis [15, 16]. In the first
case (yellow distribution in Fig. 1), hierarchical mergers
have the same qualitative features highlighted for clusters,
allowing for both positive and negative values of �e↵ ,
but with characteristic “gaps” between subpopulations
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Current gravitational-wave data from stellar-mass black-hole binary mergers suggest a correlation
between the binary mass ratio q and the effective spin �e↵ : more unequal-mass binaries consistently
show larger and positive values of the effective spin. Multiple generations of black-hole mergers in
dense astrophysical environments may provide a way to form unequal-mass systems, but they cannot
explain the observed correlation on their own. We show that the symmetry of the astrophysical
environment is a crucial feature to shed light on this otherwise puzzling piece of observational
evidence. We present a toy model that reproduces, at least qualitatively, the observed correlation.
The model relies on axisymmetric, disk-like environments where binaries participating in hierarchical
mergers share a preferential direction. Migration traps in AGN disks are a prime candidate for this
setup, hinting at the exciting possibility of constraining their occurrence with gravitational-wave data.

I. SYMMETRY AND BLACK-HOLE MERGERS

The growing catalog of gravitational-wave (GW) ob-
servations by LIGO and Virgo [1–4] provides a unique
opportunity to understand and interpret the astrophysics
of stellar-mass black-hole (BH) binaries. One of the most
surprising features that emerged from recent data is a cor-
relation between the masses mi and dimensionless spins
�i of the merging BHs, specifically between the binary
mass ratio q and effective spin �e↵ . These are defined as

q =
m2

m1
 1 , �e↵ =

�1 cos ✓1 + q�2 cos ✓2
1 + q

2 [�1, 1] ,

(1)
where ✓i is the angle between each spin vector and the
orbital angular momentum of the binary L [5]. Binaries
with small values of q tend to have large and positive
values of �e↵ . This trend was first found by Callister
et al. [6] and later confirmed with both a larger dataset [7]
and a different statistical method [8, 9].

From an astrophysical standpoint, the observed corre-
lation between mass ratio and effective spin is puzzling.
Unequal-mass binaries can naturally form if hierarchical
mergers occur in dense astrophysical environments (see
Ref. [10] for a review). The remnants of BH mergers are
more massive than their progenitors and, when paired
with other BHs from the same stellar population, are
natural candidates to form binaries with mass ratio q
significantly smaller than unity. Moreover, the “higher-
generation” BHs formed as a result of a previous merger
are expected to show a characteristic spin distribution
peaked at �⇠ 0.7 [11, 12], which might translate into
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higher values of the effective spin �e↵ . While hierarchical
mergers could naturally pair low mass ratios to large spin
magnitudes, this does not explain why only positive values
of the effective spin would preferentially be associated
with unequal masses, as currently observed [6, 7].

In this paper, we point out that the symmetry of the
astrophysical environment where BH mergers take place
could play a pivotal role in explaining the observed q��e↵

correlation. The key idea behind our study is illustrated
in Fig. 1, where we contrast toy populations with and
without hierarchical mergers and we consider different
symmetries of the environment.

Stellar clusters are, at least approximately, spherically
symmetric. In the absence of a preferred direction, the BH
spin orientations are expected to be distributed isotropi-
cally, which implies that positive and negative values of
�e↵ are equally probable —a feature that can actually be
used to put a limit on the fraction of hierarchical merg-
ers [13, 14]. For this reason, BH mergers in spherically
symmetric environments cover a wedge in the q � �e↵ pa-
rameter space (blue distribution in Fig. 1), with unequal
masses paired to a wide range of effective spins covering
both positive and negative values.

Besides clusters, another promising environment to host
hierarchical mergers are accretion disks surrounding active
galactic nuclei (AGN). These systems are approximately
axisymmetric, with a preferential direction set by the
orbital angular momentum of the disk. At the toy-model
level, one can naively assume that the orbital angular
momenta of stellar-mass BH binaries embedded in the
disk will either (i) coalign and counteralign, or (ii) strictly
coalign with the symmetry axis [15, 16]. In the first
case (yellow distribution in Fig. 1), hierarchical mergers
have the same qualitative features highlighted for clusters,
allowing for both positive and negative values of �e↵ ,
but with characteristic “gaps” between subpopulations

“I tried very hard to kill it but 
couldn’t” Tom Callister (July 2023)
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Figure 4. The left-hand panel shows compact object masses (mCO) from GW detections in O1 and O2, with the black
squares and error bars representing the component masses of the merging black holes and their uncertainties, and red triangles
representing the mass and associated uncertainties of the merger products. The horizontal green line shows the 99th percentile of
the mass distribution inferred from the Model B PPD. In the right-hand panel, the predicted compact-object mass is shown as a
function of the zero-age main sequence mass of the progenitor star (mZAMS) and for four di↵erent metallicities of the progenitor
star (ranging from Z = 10�4 to Z = 2⇥ 10�2, Spera & Mapelli 2017). This model accounts for single stellar evolution from the
PARSEC stellar-evolution code (Bressan et al. 2012), for core-collapse supernovae (Fryer et al. 2012), and for pulsational-pair
instability and pair-instability supernovae (Woosley 2017). The shaded areas represent the lower and upper mass gaps. There
is uncertainty as to the final product of GW170817. It is shown in the left-hand panel to emphasize that BNS mergers might
fill the lower gap.

tribution:

p(m1,m2) /
1

m1m2
, (16)

subject to the same mass cuto↵s 5M� < m2 <
m1 < 50M� as the fixed power-law population. Both
the power-law and flat-in-log populations assume an
isotropic and uniform-magnitude spin distribution
(↵a = �a = 1). These two fixed-parameter populations
are used to estimate the population-averaged sensitive
volume hV T i with a Monte-Carlo injection campaign
as described in Abbott et al. (2018), with each popu-
lation corresponding to a di↵erent hV T i because of the
strong correlation between the mass spectrum and the
sensitive volume. Under the assumption of a constant-
in-redshift rate density, these hV T i estimates yield two
di↵erent estimates of the rate: 57+40

�25 Gpc�3 yr�1for
the ↵ = 2.3 population, and 19+13

�8.2 Gpc�3 yr�1for the
flat-in-log population (90% credibility; combining the
rate posteriors from the two analysis pipelines).

The two fixed-parameter distributions do not incor-
porate all information about the mass, mass ratio, spin
distribution, and redshift evolution suggested by our ob-
servations in O1 and O2. In this section, rather than fix-
ing the mass and spin distribution, we estimate the rate
by marginalizing over the uncertainty in the underlying
population, which we parameterize with the mass and
spin models employed in Sections 3 and 5. When carry-
ing out these analyses, it is computationally infeasible
to determine V T (⇠) for each point in parameter space
with the full Monte-Carlo injection campaign described
in Abbott et al. (2018), so we employ the semi-analytic
methods described in Appendix A. Furthermore, while
the rate calculations in Abbott et al. (2018) incorporate
all triggers down to a very low threshold and fit the num-
ber of detections by modeling the signal and background
distributions in the detection pipelines (Farr et al. 2015;
Abbott et al. 2016f), in this work we fix a high detection
threshold Abbott et al. (2018), which sets the number
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flat-in-log population (90% credibility; combining the
rate posteriors from the two analysis pipelines).

The two fixed-parameter distributions do not incor-
porate all information about the mass, mass ratio, spin
distribution, and redshift evolution suggested by our ob-
servations in O1 and O2. In this section, rather than fix-
ing the mass and spin distribution, we estimate the rate
by marginalizing over the uncertainty in the underlying
population, which we parameterize with the mass and
spin models employed in Sections 3 and 5. When carry-
ing out these analyses, it is computationally infeasible
to determine V T (⇠) for each point in parameter space
with the full Monte-Carlo injection campaign described
in Abbott et al. (2018), so we employ the semi-analytic
methods described in Appendix A. Furthermore, while
the rate calculations in Abbott et al. (2018) incorporate
all triggers down to a very low threshold and fit the num-
ber of detections by modeling the signal and background
distributions in the detection pipelines (Farr et al. 2015;
Abbott et al. 2016f), in this work we fix a high detection
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Figure 2. Mass of final BH as a function of the CO core mass, for di↵erent metallicities. Circles denote models that underwent
at least one pulse, pluses evolved to directly CC, and crosses undergo a PISN. The left blue region denotes where models undergo
CC, the middle green region denotes PPISN, while the right yellow region denotes PISN, as determined by stars with Z = 10�5.
Points in the right panel show the current median mass estimates for the double compact objects detected by LIGO/VIRGO
with their 90% confidence intervals (Abbott et al. 2018a). Dashed horizontal lines emphasize the maximum spread in the
locations for the edge of the BH mass gap, or in other words the spread in the maximum BH mass below the PISN BH mass
gap.

5. PHYSICS DEPENDENCE OF THE GAP

In figure 4, we show the variations in the BH mass
distribution for multiple assumptions of stellar physics,
varied within either their theoretical or experimentally
derived uncertainties. Each model is computed at a fixed
metallicity of Z = 10�3, with only one parameter varied
in each model.

5.1. Wind prescription

Figure 4(a) shows the e↵ect of di↵erent mass loss pre-
scriptions on the CO-BH mass distribution. Overall the
di↵erence in masses between the di↵erent prescriptions
(and ⌘ values) is small. The di↵erent prescriptions bi-

furcate into two groups, those where MBH,max ⇡ 44M�
(H⌘ = 0.1 and N&L⌘ = 0.1) and those with MBH,max ⇡
48M� (Ṁ = 0.0,N&L⌘ = 1.0, and T (with both ⌘0s)).
The models producing smaller maximum BH masses,
also shift their transition to PISN to smaller CO core
masses. These models lose more mass via winds and
come from MHe,int ⇡ 64M�. The second group, which
make MBH,max ⇡ 48M� , come from MHe,int ⇡ 58M�
cores and lose less mass via winds. As the strength of
mass loss increases, either though changing the wind
prescription or increasing the metallicity, the CO-BH
mass distribution flattens and decreases the maximum
BH mass. There is no set of models (H) with ⌘ = 1.0
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GW190521: 
The impossible BH

LVC 2020 binaries. The NRSur7dq4 results are summarized in
Table I. Results for all three models are presented in the
companion paper [39].
Figure 2 shows our estimated 90% credible regions for

the individual masses of GW190521. We estimate indivi-
dual components with ðm1; m2Þ ¼ ð85þ21

−14 ; 66
þ17
−18Þ M⊙ and

a total mass 150þ29
−17 M⊙. This makes GW190521 the most

massive binary BH observed to date, as expected from its
short duration and low peak frequency. To quantify
compatibility with the PISN mass gap, we find the
probability of the primary component being below
65 M⊙ to be 0.32%. The estimated mass and dimensionless
spin magnitude of the remnant object areMf ¼ 142þ28

−16 M⊙
and χf ¼ 0.72þ0.09

−0.12 respectively. The posterior forMf shows
no support below 100 M⊙, making the remnant the first
conclusive direct observation of an IMBH.
The left panel of Fig. 3 shows the posterior distributions

for the magnitude and tilt angle of the individual spins,
measured at a reference frequency of 11 Hz. All pixels in
this plot have equal prior probability. While we obtain
posteriors with strong support at the χ ¼ 1 limit imposed by
cosmic censorship [91], these also show non-negligible
support for zero spin magnitudes. In addition, the maxi-
mum posterior probability corresponds to large angles
between the spins and the orbital angular momentum.
Large spin magnitudes and tilt angles would lead to a
strong spin-orbit coupling, causing the orbital plane to

FIG. 2. Posterior distributions for the progenitor masses of
GW190521 according to the NRSur7dq4 waveform model. The
90% credible regions are indicated by the solid contour in the
joint distribution and by solid vertical and horizontal lines in
the marginalized distributions.

FIG. 3. Left: posterior distribution for the individual spins of GW190521 according to the NRSur7dq4 waveform model. The radial
coordinate in the plot denotes the dimensionless spin magnitude, while the angle denotes the spin tilt, defined as the angle between the
spin and the orbital angular momentum of the binary at reference frequency of 11 Hz. A tilt of 0° indicates that the spin is aligned with
the orbital angular momentum. A nonzero magnitude and a tilt away from 0° and 180° imply a precessing orbital plane. All bins have
equal prior probability. Right: posterior distributions for the effective spin and effective in-plane spin parameters. The 90% credible
regions are indicated by the solid contour in the joint distribution, and by solid vertical and horizontal lines in the marginalized
distributions. The large density for tilts close to 90° leads to large values for χp and low values for χeff.
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coalescence rate [38]. The remnant of GW190521 fulfills
the above definition of an IMBH.
GW190521 was detected by searches for quasicircular

binary coalescences, and there is no evidence in the data for
significant departures from such a signal model. However,
for any transient with high inferred masses, there are few
cycles observable in ground-based detectors, and therefore
alternative signal models may also fit the data. This is
further addressed in the companion paper [39] that also
provides details about physical parameter estimation, and
the astrophysical implications of the observation of GWs
from this massive system.
Observation.—On May 21, 2019 at 03:02:29 UTC, the

LIGO Hanford (LHO), LIGO Livingston (LLO), and Virgo
observatories detected a coincident transient signal. A
matched-filter search for compact binary mergers,
PYCBC LIVE [40,41,42], reported the transient with a
network signal-to-noise ratio (SNR) of 14.5 and a false-
alarm rate of 1 in 8 yr, triggering the initial alert. Aweakly
modeled transient search based on coherent wave burst
(CWB) [43] in its IMBH search configuration [35] reported
a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
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GW190521 are presented in the companion paper [39].
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with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
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from the data [54]. The noise-subtracted data produced by
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FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
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(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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significant departures from such a signal model. However,
for any transient with high inferred masses, there are few
cycles observable in ground-based detectors, and therefore
alternative signal models may also fit the data. This is
further addressed in the companion paper [39] that also
provides details about physical parameter estimation, and
the astrophysical implications of the observation of GWs
from this massive system.
Observation.—On May 21, 2019 at 03:02:29 UTC, the

LIGO Hanford (LHO), LIGO Livingston (LLO), and Virgo
observatories detected a coincident transient signal. A
matched-filter search for compact binary mergers,
PYCBC LIVE [40,41,42], reported the transient with a
network signal-to-noise ratio (SNR) of 14.5 and a false-
alarm rate of 1 in 8 yr, triggering the initial alert. Aweakly
modeled transient search based on coherent wave burst
(CWB) [43] in its IMBH search configuration [35] reported
a signal with a network SNR of 15.0 and a false-alarm rate
lower than 1 in 28 yr. Two other matched-filter pipelines,
SPIIR [44] and GSTLAL [45], found consistent candidates
albeit with higher false-alarm rates. The identification,
localization, and classification of the transient as a binary
BH merger were reported publicly within ≈6 min, with the
candidate name S190521g [46,47].

A second significant GW trigger occurred on the same
day at 07:43:59 UTC, S190521r [48]. Despite the short
time separation, the inferred sky positions of GW190521
and S190521r are disjointed at high confidence, and so the
events are not related by gravitational lensing. Further
discussions pertaining to gravitational lensing and
GW190521 are presented in the companion paper [39].
GW190521, shown in Fig. 1, is a short transient signal

with a duration of approximately 0.1 s and around four
cycles in the frequency band 30–80 Hz. A frequency of
60 Hz at the signal peak and the assumption that the source
is a compact binary merger imply a massive system.
Data.—The LIGO and Virgo strain data are conditioned

prior to their use in search pipelines and parameter
estimation analyses. During online calibration of the data
[53], narrow spectral features (lines) are subtracted using
auxiliary witness sensors. Specifically, we remove from the
data the 60 Hz U.S. mains power signature (LIGO), as well
as calibration lines (LIGO and Virgo) that are intentionally
injected into the detectors to measure the instruments’
responses. During online calibration of Virgo data, broad-
band noise in the 40–1000 Hz frequency range is subtracted
from the data [54]. The noise-subtracted data produced by
the online calibration pipelines are used by online search
pipelines and initial parameter estimation analyses.
Subsequent to the subtraction conducted within the

online calibration pipeline, we perform a secondary offline
subtraction [55] on the LIGO data with the goal of

FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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FIG. 1. The GW event GW190521 observed by the LIGO Hanford (left), LIGO Livingston (middle), and Virgo (right) detectors.
Times are shown relative to May 21, 2019 at 03:02:29 UTC. The top row displays the time-domain detector data after whitening by each
instrument’s noise amplitude spectral density (light blue lines); the point estimate waveform from the CWB search [43] (black lines); the
90% credible intervals from the posterior probability density functions of the waveform time series, obtained via Bayesian inference
(LALINFERENCE [49]) with the NRSur7dq4 binary BH waveform model [50] (orange bands), and with a generic wavelet model
(BayesWave [51], purple bands). The ordinate axes are in units of noise standard deviations. The bottom row displays the time-
frequency representation of the whitened data using the Q transform [52].
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LVC 2020

An extremely confident detection of 
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Orthogonal, but complementary, direction 
to the usual field vs. cluster debate
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Spins: the magic number
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An explosion of new predictions
• Masses in the pair-instability mass gap 

• Peculiar spin distribution peaked at 0.7  

• GW kicks require large escape speed 

• Very frequent in AGNs 

• Promising for GW190412 

• Leading explanation for GW190521 

• Several events in the LIGO catalog? 

• Don’t overdo it! 

• Perhaps reproducing correlations?

DG Berti 2017, Fishbach+ 2017

DG Berti 2019

DG Vitale Berti 2020, Rogriguez+ 2020

LIGO/Virgo 2020

Actually enough for a dedicated review

Heger+ 2003, Woosley+ 2007

Yang+ 2019, Tagawa+ 2020

Kimball+ 2021, Mould DG Taylor 2022

DG Fishbach 2021
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Figure 1 | Masses, spins, and recoil velocities of first- and second-generation BHs. The corner plot on the right (panel a.) shows BH masses m and
spins c. The histogram on the left (panel b.) shows the corresponding kick velocities v. Blue scatter points and histograms indicate a population of 1g
BHs extracted from current LIGO/Virgo population fits.50 Orange scatter points and histograms indicate the corresponding distribution of their merger
remnants, which might form 2g GW events. Black dotted lines indicate typical values of astrophysical relevance: (i) the edge of the pair-instability mass
gap40 m = 45M�, (ii) the remnant spin of equal-mass, non-spinning BH mergers63 c = 0.69, and (iii) an approximate upper limit to the escape speed of
globular clusters81, 82 v = 100 km/s.

The simplified model by Gerosa and Berti89 also finds very small
fractions of hierarchical mergers from globulars if spinning BHs
are considered.

Semi-analytical treatments based on simulated stellar
populations132–134 suggest that the fraction of repeated mergers
in nuclear star cluster is ⇠ 1 order of magnitude larger than
that of globulars and ⇠ 3 orders of magnitude larger than that
of young star clusters. Similarly, energy arguments that relate
the hardening rate of BH binaries to the global properties of
the clusters135 indicate that the occurrence of repeated merg-
ers presents a steep increase in systems with escape speeds
& 300 km/s and mass densities & 105 M�/pc3. Monte Carlo
simulations136 and further analytical modeling80, 137–139 produce
qualitatively similar results: populating the upper mass gap via
in-cluster GW mergers seems possible, but requires sufficiently
massive environments.

Overall, these findings point towards galactic
nuclei99, 100, 140, 141 as the most likely cluster environments to
host repeated mergers. The key binary formation mechanism
is different for nuclear star cluster that do or do not host a
central supermassive BH.142 In the former case, short relaxation
time can result in the formation of a steep density cusp of
stellar-mass BHs around the central supermassive BH, which
facilitates mergers by GW captures.140 On the other hand,
nuclear star clusters without a supermassive BH are akin to
heavier globulars where hardening is driven by three-body
encounters.100

Nevertheless, it is important to point our that globular clus-
ters could also host a sizable population of second-generation
mergers if BH spins at birth turn out to be small, which is in
line with some of the current predictions.69 Furthermore, glob-
ular clusters were on average ⇠ 5 times more massive at birth
compared to the present time,143 which increases their escape
speeds by a factor of ⇠

p
5 > 2. These are crucial details be-

cause globulars are thought to be extremely efficient factories of
GW events.144–151

The cluster metallicity might play an important role in the
formation of hierarchical GW events, with a preference for
metal-poor environments133 (but see Ref.152 for opposite claims).
Additionally, a notable boost in the rate of hierarchical stellar-
mass BH mergers in clusters could be provided by Kozai-Lidov
oscillation induced by a massive perturber.138 We also note that
hierarchical mergers involving NSs have also been explored as
a potential formation channel of GW events with one of more
components in the lower mass gap (3M� . M . 5M�), both in
clusters153 and few-body configurations in the field.154–157

3.3 AGN disks

Gaseous AGN disks are also promising environments for
the production of BH binaries merging in the LIGO/Virgo
band.21, 101, 102, 158–161 In this scenario, stellar-mass BHs are embed-
ded in accretion disks surrounding supermassive BHs, and their
evolution is driven by angular-momentum transfer via viscous
interactions —a process that is analogous to that of planetary

4

Zevin Holz 2022

DG Fishbach 2021

Santini, DG+ 2023



Black-hole recoils

• Anisotropic emission of GWs causes 
the final BH to recoil 

• Flux of linear momentum accumulates 
at the very end 

• Typical recoils are of O(100) km/s 

• Go into the 1000s km/s if lucky 

• Only environment with large escape 
speeds can retain remnants! 

• Perhaps avoidable with spin fine-tuning
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The role of the escape speed
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An escape speed of ~50 km/s is necessary to populate the mass gap 

~50 km/s is more than 
most globular clusters. 
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Where do hierarchical black-hole 
mergers come from?

First-generation 
mergers

Hierarchical 
mergers

Isolated binary evolution 
(common envelope)

Isolated binary evolution 
(chemically homogeneous) 

Triples and few-body 
configurations

Young star clusters
Globular clusters

Nuclear star clusters

AGN disks 
(migration traps)

Primordial 
black holes

DG Fishbach 2021



The gaps are precious
Baibhav, DG+ 2020

• Two channels “field” and “cluster”: 

• Some are in the gap: 

• The gap is exclusive: 

• A predicted efficiency: 

• Individual contributions:

N = Nno gap +Ngap
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N = Nfield +Ncluster
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2

while the “field” fraction is given by 1 ≠ f . Let us fur-
ther separate the fraction of the catalog entries that are
inside/outside a specific region of the parameter space
(“gap”), i.e.

N = Nno gap + Ngap . (3)

This gap is a reserved region, in the sense that it can only
be populated by one of the models (say “cluster”): this
implies Nfield,gap = 0, and therefore Ngap = Ncluster,gap.
If the e�ciency of the “cluster” model at populating the
gap

⁄ ©
Ncluster,gap

Ncluster
(4)

can be reliably estimated, one immediately obtains an
estimate of the number of binaries coming from each
population:

Ncluster = Ngap
⁄

, Nfield = N ≠
Ngap

⁄
, (5)

or equivalently of the mixing fraction:

f = Ngap
⁄ N

. (6)

For instance, if N ≥ 100 events are detected during
LIGO/Virgo’s third observing run O3 and one of them
lies in the gap, an e�ciency ⁄ ≥ 5% would imply that
f ≥ 20% of the observed BH binaries must have formed
in clusters, and the remaining 1 ≠ f ≥ 80% must have
formed in the field.

Gaps in the parameter space are naturally populated
by hierarchical BH mergers. When two BHs merge in the
field, the remnant BH does not interact again with other
BHs. This is not necessarily true for BHs that merge in
clusters. If these “second-generation” (henceforth 2g) BHs
remain in the cluster, they might continue to interact with
other BHs, eventually forming new binaries and merging
again [28–31]. These 2g BHs will, on average, be heavier
than their ancestors. Moreover, binary formation and
hardening tend to occur faster for heavier objects, and
thus mergers occur more often.

Both supernova models and LIGO observations [16]
indicate the presence of a mass gap (usually referred to as
the “upper mass gap”, to distinguish it from the putative
gap between BHs and neutron stars). Pair-instability su-
pernova (PISN) and pulsational pair-instability supernova
(PPISN) [32] prevent the formation of BHs with masses
larger than ≥ 45M§ [33–37]. The pair-instability mass
gap is our first reserved region: if a merging binary with a
component BH heavier than the PISN threshold is found,
this would point towards a hierarchical origin.

When two “first-generation” (henceforth 1g) BHs merge,
they form a remnant with a unique distribution of spins
which is largely independent of the spins of their progeni-
tors. In particular, remnant spins are strongly peaked at
‰ ≥ 0.7 [28, 29, 38]. This is our second reserved region,
which we call the “spin gap” (although to be rigorous we

FIG. 1. Illustration of the “mass gap” in the primary mass
m1 (top panel) and of the “spin gap” in the e�ective spin ‰e�
(bottom panel). Solid (dashed) lines are computed under the
assumption that the maximum individual BH spin at birth is
‰max = 0.1 (0.2). Only 2g events can populate the regions of
the parameter space with high values of m1 and/or ‰e� .

should call it the “e�ective spin gap”): if BHs are indeed
born with low spins from stellar collapse, the detection of
a highly spinning object would also indicate a hierarchical
origin. The mass and spin gaps are illustrated in Fig. 1.

A 2g merger can occur only if (i) the preceding 1g
merger happened in situ, and (ii) the merger remnant
remains bound to the cluster. Only BHs that receive
kicks smaller than the escape speed of the clusters can
be retained and potentially merge again. Conversely, the
detection of 2g mergers can be used to constrain the
escape speed of clusters [31, 39]. Generic BH recoils are
O(100 km/s) [31, 40], but kick velocities tend to zero for
BHs with similar masses and small spins, as indicated by
current observations.

While we assume that 2g mergers happen only in dense
star cluster, other astrophysical mechanisms (such as
gas accretion [41], stellar mergers [36], Population III
stars [42–44] or gravitational lensing [45, 46]) could lead
to events that contaminate these gaps and complicate
the measurement of the mixing fraction, f . However
these mechanisms are expected to be subdominant. Fur-
thermore it should still be possible to disentangle the
population of dynamically formed 2g mergers from other
sources, because of the unique relationship between the
1g and 2g populations.
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ther separate the fraction of the catalog entries that are
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(“gap”), i.e.
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clusters. If these “second-generation” (henceforth 2g) BHs
remain in the cluster, they might continue to interact with
other BHs, eventually forming new binaries and merging
again [28–31]. These 2g BHs will, on average, be heavier
than their ancestors. Moreover, binary formation and
hardening tend to occur faster for heavier objects, and
thus mergers occur more often.
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indicate the presence of a mass gap (usually referred to as
the “upper mass gap”, to distinguish it from the putative
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High mass but low spin?
2

the details of the evolution of its progenitor star and
many evolutionary processes are still uncertain. Recent
studies have shown that one can populate the mass gap
by exploiting uncertainties in the 12C(↵, �)16O reaction
rate (Takahashi 2018; Belczynski 2020; Farmer et al.
2020; Costa et al. 2021; Woosley & Heger 2021), as
well as by reviewing stellar-wind prescriptions (Leung
et al. 2019; Belczynski et al. 2020b) and including stellar
rotation (Marchant & Moriya 2020; Woosley & Heger
2021). The presence of stellar companions and/or gaseous
environments might also aid the formation of heavier
BHs via either stellar mergers (Di Carlo et al. 2019, 2020;
Spera et al. 2019; Renzo et al. 2020a; Kremer et al. 2020;
González et al. 2021) or accretion episodes (Marchant
et al. 2019; Roupas & Kazanas 2019; van Son et al.
2020; Safarzadeh & Haiman 2020; Rice & Zhang 2021;
Natarajan 2021). Forming BHs from Population III also
provides an appealing explanation to the larger masses
involved (Umeda et al. 2020; Liu & Bromm 2020; Song
et al. 2020; Tanikawa et al. 2020, 2021; Farrell et al. 2021;
Kinugawa et al. 2021). More speculative explanations
include primordial BHs (De Luca et al. 2021), exotic
compact objects (Bustillo et al. 2021) and physics beyond
the standard model (Sakstein et al. 2020).

In this paper, we explore the distinguishability of hi-
erarchical BH mergers as a mechanism to populate the
pair-instability mass gap. In particular, we point out
the existence of an exclusion region: objects with both
large masses and small spins cannot be easily produced
by either conventional stellar collapse or hierarchical BH
mergers. If a future LIGO/Virgo observing run deliv-
ers a BH with mass m & 50M� but dimensionless spin
� . 0.2, such an event will need to be explained with
other processes. This would imply that the astrophysics
of BH-binary formation does not, after all, impose a
strict limit to the mass of the remnant. On the other
hand, observing several mass-gap events all with large
spins would stress that hierarchical mergers are a pri-
mary contributor to the BH merger rate, at least at the
high-end of the mass spectrum.

The key idea behind this paper is presented in Fig. 1
where we show masses m and spins � of the BH-binary
components formed via hierarchical mergers and de-
tectable by LIGO. We start from a population of BHs
as inferred by Abbott et al. (2020d) using current GW
data (blue diamonds). We then construct two simplified,
but complementary scenarios to illustrate the existence
of the high-mass/low-spin exclusion region. First, we
consider higher-generation BHs grown from individual
seeds that accrete companions sequentially, one after the
other (red triangles; Sec. 3). This is applicable to, e.g.,
runaway collisions in clusters as well as BHs formed via
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1g LIGO Ng+1g vesc=100 km/s

Figure 1. Component BH masses m and spins � for GW
events formed in hierarchical-merger models. Blue diamonds
indicate a population of first-generation sources compatible
with current LIGO data. From these, we construct higher-
generation BHs considering both Ng+1g assemblies (red
triangles, Sec. 3) and hosts with fixed escape speed vesc = 100
km/s (green circles, Sec. 4). Hierarchical mergers cannot
e�ciently populate the grey region in the bottom-right corner.
The few outliers from the LIGO population are due to the
fact that the fit by Abbott et al. (2020d) includes GW190521;
those coming from the hierarchical-merger models have very
specific properties (Sec. 2). To avoid cluttering, we only
show the high-generation BHs involved in the hierarchical
mergers, not their first-generation companions extracted from
the LIGO distribution. The size of the markers is proportional
to the LIGO detectability (see text for details).

gas-assisted migration in AGN disks. We also consider
the hierarchical assembly of BHs in astrophysical hosts
with fixed escape speed, mimicking the dynamics of glob-
ular and nuclear star clusters (green circles; Sec. 4). In
both cases and independently of our modeling assump-
tions, the grey region with m & 50M� and � . 0.2
remains essentially empty. Very large spins � & 0.9 are
also unlikely.

This paper is organized as follows. In Sec. 2, we in-
vestigate the properties of BH binaries that form slowly
rotating remnants. We then present our two simplified
models: Ng+1g sequential mergers (Sec. 3) and hosts
with fixed escape speed (Sec. 4). Finally, in Sec. 5 we
draw our conclusions. We use geometric units where
c = G = 1.
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• Lowered CO reaction rate 

• Weaker stellar winds 

• Rotation 

• Stellar collisions 

• Accretion 

• Pop III stars

Hierarchical mergers 
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Here comes deep learning

• We can tell the 
generations apart 

• Additional structure in 
the gap due to higher 
generations 

• Similar results from a 
cluster-tuned model 
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FIG. 13. The astrophysical distributions of the modeled chirp mass Mc (middle) and mass ratio q (right), as well as the implied
distributions of primary and secondary masses, m1 and m2 respectively (left), as determined by our DNN population model and
Bayesian analysis of the binary BH merger events in GWTC-3. The solid blue lines represent the PPDs while the dashed lines
enclose the 90% symmetric confidence intervals (shaded). In the left panel the vertical gray band encloses the 90% confidence
interval for the maximum mass of first-generation BHs, mmax.
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FIG. 14. The PPDs (in logarithmic scale) of the first-
generation BH masses m1g (purple) and the combined distri-
bution of all components masses m1, m2 (blue). The solid lines
denoted the means while the dashed lines bound the shaded
90% symmetric confidence regions. The vertical gray band
encloses the 90% constraint on the maximum first-generation
BH mass, mmax.

The first-generation and combined component mass
distributions are compared in Fig. 14. In purple is the
reconstructed distribution of first-generation masses,

PPD(m1g) =

Z
p(m1g|�, mmax)p(�, mmax|d)d�dmmax ,

(20)
and in blue is the joint distribution of all primary and
secondary masses. The gray shaded band represents the
90% constraint on the mass limit of first-generation BHs,
mmax. Note the logarithmic scale, and that the PPD
is a set of expectation values (i.e., means) and as such
can lie outside the region bounded by given quantiles.
Though declining above the first-generation cutoff, the
mass distribution features an extended spectrum above
mmax which cannot result from 1g+1g mergers. We find
that 99% of all BHs have masses < 59

+7.8
�6.5M�. The

spectrum ultimately abates at m1 > 80M� –roughly
⇠ 2mmax, implying a lack of greater-than-2g mergers
with parent components from the upper end of the 1g
mass spectrum– and features multiple small-scale modes
in the intervening region. These observations again point
to hierarchical mergers in the underlying population.

C. Spin distribution

Moving to binary BH spins, recall that the first gener-
ation of BHs are modeled with isotropic spins whose di-
mensionless magnitudes are distributed uniformly up to a
maximum �max 2 (0, 1), representing the maximum natal
spin a BH may be born with in stellar collapse. We infer a
value �max = 0.39

+0.08
�0.07. With limited constraining power

in the spin observables, the precise constraints reported
here are likely to be very model dependent. We opted for a
uniform distribution of 1g spin magnitudes because of the
large uncertainties surrounding the spin of compact object
following core collapse (e.g. Refs. [16, 96, 97, 144, 145]);
this is an area where more accurate observations and
more constraining predictions are very much needed. The
overall distribution of spins is determined jointly by the
first-generation distribution, the binary pairing procedure
(as inferred above), the general-relativistic mapping of bi-
nary to remnant properties, and the ejection/retention of
merger remnants in host environments. While we account
for the dimensionless spin magnitudes of higher-generation
binaries in our population modeling, the spin directions
are resampled isotropically.

A more solid finding we report is that the spins of 1g+1g
binary BHs are limited below the typical dimensionless
spin of merger remnants ⇡ 0.7 [17]. Hierarchical BHs
with much lower spins are extremely rare [77], yet another
indication that some higher-generation binary BH are
required to fit the data with our model (cf. Sec. V D). We
measure spins using two effective parameters; the effective
aligned spin �e↵ measures the binary spin component par-
allel to the orbital plane [110], and the effective precessing
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FIG. 16. The distributions of the branching fractions (left to right: f1g+1g, f1g+2g, f2g+2g, f>2g) for merger generations in the
astrophysical distribution of merging stellar-mass binary BHs, as measured with our deep learning approach to population
inference on the GWTC-3 catalog. The median and symmetric 90% confidence region for each generation fraction is reported
above –and plotted as vertical dashed lines within– the corresponding panel.

f1g+2g/f1g+1g = 0.22
+0.07
�0.08 and f2g+2g/f1g+1g = 0.06

+0.02
�0.02

(reporting medians and symmetric 90% confidence in-
tervals). Given the disparity of the underlying model
assumptions between the two analyses and the addition
of new detections in GWTC-3, our results jointly point
to the fact that, if admitted in the fitted population, a
modest number of binary BHs with hierarchical origin
appears necessary to best explain the data.

VI. SUMMARY AND FUTURE PROSPECTS

Our astrophysical findings were made possible by ad-
vances in the treatment of the GW data, in particular
exploiting deep-learning techniques. These two aspects
are summarized in Sec. VI A and VIB, respectively.

A. Astrophysics summary

We fitted current LIGO/Virgo data assuming a popula-
tion of sources that generalizes current phenomenological
functional forms while consistently allowing for the oc-
currence of hierarchical mergers. Therefore, the crucial
feature of our model is the separation of first- and higher-
generation merger populations, the latter of which is not
phenomenological. This allows us to place constraints
directly on the properties of those BHs born as stellar
remnants in addition to the population as a whole. We
summarize our key results as follows (quoting medians
and 90% credible regions):

• The distribution of escape speeds of environments
hosting binary BH mergers is relatively flat, though
lower values are preferred; modeled as a power law
between 0 < vesc < 500 km s

�1 the index is � =

�0.3+0.4
�0.3. Such environments may retain merger

remnants since, e.g., 85
+6
�7% of 1g+1g remnants

receive gravitational recoils vkick < 500 km s
�1.

• When parameterized as a truncated power law
(whose minimum is fixed to 5M�), the distribution
of first-generation masses has index � = �1.4+0.4

�0.5
and thus favors lighter BHs. First-generation BHs
have an upper mass limit mmax = 39

+3.6
�3.4M�.

• Negative power-law slopes are recovered for the
binary pairing probabilities distributions, indicating
both components are selected with a preference for
lighter BHs, though this preference is stronger for
secondaries; the primary (secondary) pairing index
is ↵ = �0.9+0.6

�0.7 (� = �2.4+1.8
�1.7). This finding is

inconsistent with uniform binary pairing (↵ = � =

0) at the 90% level.

• This results in a primary (secondary) mass distribu-
tion that peaks around m1 ⇡ 12M� (m2 ⇡ 8M�),
with a buildup and then decline before the first-
generation upper mass limit. Mass ratios peak at
unity but extend to q & 0.1. While 99% of the
population has masses < 60

+7.2
�6.5M�, there is an ex-

tended spectrum beyond the first-generation mass
distribution due to repeated mergers.

• Assuming a distribution of first-generation BH spins
that is isotropic in direction and uniform in mag-
nitude, we find that the maximum spin formed in
stellar collapse is �max = 0.41

+0.08
�0.06. The distri-

bution of effective aligned spins features support
within |�e↵ | < 0.46

+0.04
�0.05. The effective precessing

spins are multimodal with a maximum at �p ⇡ 0.2
and a secondary peak due to repeated mergers at
�p ⇡ 0.6, but fall off in the two-spin region with
. 1% of the distribution at �p > 1 and vanishing
support for �p & 1.5.
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have an upper mass limit mmax = 39

+3.6
�3.4M�.

• Negative power-law slopes are recovered for the
binary pairing probabilities distributions, indicating
both components are selected with a preference for
lighter BHs, though this preference is stronger for
secondaries; the primary (secondary) pairing index
is ↵ = �0.9+0.6

�0.7 (� = �2.4+1.8
�1.7). This finding is

inconsistent with uniform binary pairing (↵ = � =

0) at the 90% level.

• This results in a primary (secondary) mass distribu-
tion that peaks around m1 ⇡ 12M� (m2 ⇡ 8M�),
with a buildup and then decline before the first-
generation upper mass limit. Mass ratios peak at
unity but extend to q & 0.1. While 99% of the
population has masses < 60

+7.2
�6.5M�, there is an ex-

tended spectrum beyond the first-generation mass
distribution due to repeated mergers.

• Assuming a distribution of first-generation BH spins
that is isotropic in direction and uniform in mag-
nitude, we find that the maximum spin formed in
stellar collapse is �max = 0.41

+0.08
�0.06. The distri-

bution of effective aligned spins features support
within |�e↵ | < 0.46

+0.04
�0.05. The effective precessing

spins are multimodal with a maximum at �p ⇡ 0.2
and a secondary peak due to repeated mergers at
�p ⇡ 0.6, but fall off in the two-spin region with
. 1% of the distribution at �p > 1 and vanishing
support for �p & 1.5.

Mould, DG, Taylor 2022

Consistently include hierarchical mergers when fitting the data? 
Awesome but the population is not analytic anymore.

• Cluster-inspired training simulations 
• FFT-based KDEs 
• Neural network ~70k parameters 
• Selection-effect modeling 
• Hierarchical Bayesian analysis with 

nested sampling

Kimball+ 2021, 2022

Mould, DG, Taylor 2022

Mould, DG, Taylor 2022



What’s breaking the symmetry?

• Hierarchical mergers make small 
mass ratios… 

• Hierarchical mergers make big 
spins… 

• But how on Earth only positive 
effective spins?  

• Why not negative as well? 

• There must be a preferential 
direction
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.

FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.

LIGO/Virgo 2021

The symmetry of the environment is the secret!

We argue…Santini DG+ 2023

BHs from stars

BHs from BHs

…but not here



Here comes the disk! 2
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FIG. 1. Mass ratios q and effective spins �e↵ for binaries formed in the galactic fields (leftmost panel in gray), or in dense
environments with three different symmetries. From left to right, we consider hosts with spherical symmetry (blue), cylindrical
symmetry with both prograde and retrograde orbits (orange), and cylindrical with only prograde orbits (red). The parameters
of the model described in Sec. II are set to ↵ = �3.5, � = 1.1, � = �2.3, �max = 0.2, fdisk = 0.2, and � = 1. The size of
the markers is linearly proportional to the LIGO detection probability pdet. Black crosses and gray contours indicate the
one-dimensional medians and 90% credible intervals of the GW-event posteriors reweighted to a population-informed prior that
allows for the correlation [7]. The two-component model explored in this paper is a combination of the leftmost and rightmost
populations of this figure.

of different generations. Instead, assuming coalignment
with the external angular momentum of the disk (red
distribution in Fig. 1) suppresses the left “wing” of the
population and produces a negative correlation between
q and �e↵ . The gap between the central and the right
subpopulations in the red distribution can be filled by
binaries formed in isolation, which are expected to have
mostly positive values of �e↵ (gray distribution in Fig. 1).

Interestingly, AGN disks are the playground for what
is perhaps the only astrophysical study to date looking
for a possible origin of the q � �e↵ correlation [17]. There
the authors proposed numerous phenomenological, and
admittedly tuned, considerations to suppress specific re-
gions of the q � �e↵ parameter space from their previous
models [16].

The rest of this paper further explores the following
questions:

• Can the symmetry of the environment explain, at
least qualitatively, the observed q ��e↵ correlation?

• Looking ahead, could the mass-spin correlation of
BH binaries be used to infer the symmetry of the
astrophysical environments hosting BH mergers?

In Sec. II we present a simple but concrete implementation
of this idea. In Sec. III we attempt a comparison with
the LIGO-Virgo data. In Sec. IV we draw our conclusions
and present possible directions for future research.

II. A SIMPLE MODEL

We present a simplified set of prescriptions to explore
the correlation between q and �e↵ . Our goal here is not
to develop a complete model to fully explain current GW
data or to provide Bayesian population fits. Rather, we
wish to explore some key physical ingredients that could
produce a correlation at least qualitatively similar to what
we currently observe.

A. Building the populations

The BHs observed by LIGO and Virgo might be com-
ing from multiple formation channels with presumably
comparable detection rates [18]. It is therefore unlikely
that the entire population of observable systems can par-
ticipate in hierarchical mergers [19, 20], which only occur
in a subset of these channels [10]. We thus consider a
two-component model. One can think of the first compo-
nent as a proxy for isolated binaries formed in the galactic
field, while the second component contains hierarchical
mergers in an axisymmetric, disk-like setting. While we
refer to our sources as “field” and “disk,” we stress that
this is nothing more than a flexible setup to model their
qualitative behavior. The mixing fraction fdisk 2 [0, 1]
quantifies the relative presence of mergers in the disk
(fdisk) and field (1�fdisk) components. We assume a fidu-
cial value fdisk = 0.2 because there is no strong evidence
that the majority of mergers originate from the AGN
channel [18, 21], but we have verified that our results are

Field binaries
Clusters  

(spherical symmetry)

Disks? 
(co/counter-alignment)

Disks!  
(prograde only)

A mix of grey and red gives a decent fit!

Santini DG+ 2023

Some explorations by McKernan+ 2021, Vaccaro+ 2023



Why I think repeated 
mergers are exciting

gravitational waves = relativity + astrophysics 

Hierarchical mergers largely rely on 
relativity while providing key insights 

on the underlying astrophysics

Remember that

Relativity is clean, astrophysics is dirty…
… but relativity is “vacuum”, astrophysics is full of stuff to discover



The best is yet to come
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Baibhav, DG+ 2019

About 100 surprises so far, thousands in ~5 yrs, millions in ~20 years
• Large statistics: details emerging at the population level  
• Many events means rare outliers
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A targeted population model
A linear population model for the first two moments of the conditional distribution

5

GW observations. Finally, we point out relevant caveats
of our investigation, including the role of ✓max. Unless
specified otherwise, we set ✓max = 0.

A. Model predictions

The left panel of Fig. 2 shows binaries in the disk com-
ponent for a fiducial model with ↵ = �3.5, � = 1.1,
� = �2.3, �max = 0.2, fdisk = 0.2, and � = 1. This is
the same population shown in red in Fig. 1. The right
panel shows a model variation with � = 2 (cf. Sec. III C).
In particular, we highlight the BH generation N of the
Ng+1g merger chains and show how these populate dif-
ferent regions in the q � �e↵ plane.

Initial 1g+1g binaries have q 2 [0.1, 1] and �e↵ 2

[��max, �max], the latter being a direct consequence of
Eq. (1) with isotropic spin directions. As the seed BH un-
dergoes subsequent mergers, binaries present, on average,
larger values of �e↵ and smaller values of q. The lack of
N � 2 binaries with �e↵ < 0 indicates that one merger is
sufficient to align the spin of the newly formed 2g BHs
with the orbital angular momentum of the binary, and
thus with the angular momentum of the disk.

The relative rate of detectable sources steeply decreases
with N . This is highlighted in Fig. 3, where we show the
cumulative detection probability of a given generation
normalized to the total detection probability:

p(N) =

P
i pdet,i I(geni = N)P

i pdet,i
, (3)

where I is an indicator function that is equal to 1 if the
generation of the sample i is equal to N , and zero other-
wise. Larger values of � imply BHs of higher generations.
The observed trend is due to both our Poissonian as-
sumption and to the sensitivity of ground-based detectors:
higher-generation binaries present, on average, lower mass
ratio, and are thus harder to detect. The BH spectrum
peaks at N ' �, as expected.

Despite their reduced rate, our fiducial model predicts
that some detectable binaries with N & 3 should popu-
late the region of the parameter space with q . 0.4 and
�e↵ & 0.5. It also predicts an apparent excess of binaries
with close-to-equal masses and moderate effective spins
(left panel of Fig. 2). The latter is, at least partially,
a consequence of sampling all 1g BH masses from the
same mass function with a uniform pairing probability
(cf. Sec. III C). At present, GW data [7] do not pro-
vide significant support in either of these portions of the
q � �e↵ plane. On the one hand, this implies that a more
sophisticated model is necessary; on the other hand, it
also indicates that the next observing runs might provide
constraints on the BH mass function in accretion disks,
which is uncertain [24, 49].

B. Comparison with GW data

Despite its extreme simplicity, our model can reproduce
the joint q��e↵ distribution observed in current GW data.
This is shown in Fig. 4, where we compare its predictions
against results from Ref. [7]. In that study, GW data were
analyzed assuming a population prior where the effective
spin is normally distributed with mean and variance that
are linear functions of the mass ratio [6]:

p(�e↵ |q) =
1q

2⇡�2
�(q)

exp

⇢
�

[�e↵ � µ�(q)]2

2�2
�(q)

�
, (4)

µ�(q) = µ0 � µ1(1 � q) , (5)
log10 ��(q) = log10 �0 � log10 �1(1 � q) . (6)

We use samples of the population parameters
{µ0, µ1, �0, �1} publicly released with Ref. [7] and look
for a combination of our model parameters that is able to
capture at least the overall trend (see Sec. III C for impor-
tant caveats on this procedure). In particular, in Fig. 4
we explore values � = 0.1, 1, 2 and �max = 0.05, 0.5 while
setting ↵ = �3.5, � = 1.1, � = �2.3, and fdisk = 0.2. We
have verified that setting � = �1, as motivated in Sec. II,
results in distributions that are largely indistinguishable.

We divide our simulated sources in equispaced bins
along the q directions and compute the mean and standard
deviation of �e↵ for each bin; these are compared against
the measured values of µ� and ��, respectively. For
each simulation, the number of bins is selected such that
each bin contains at least 50 entries. Errors on the bin
counts are estimated by bootstrapping [50]. Crucially, the
analysis of Ref. [7] reports the observable population of
BH binaries, not the observed one. For an apple-to-apple
comparison, we exclude from our populations binaries
with pdet = 0 (because they are not observable), but
otherwise include all sources with equal weight. In other
words, binaries are not filtered by detectability as long as
pdet > 0. This is because selection effects have already
been included by the authors of Ref. [7] and should not
be double counted.

We find that the case with �max = 0.05 and � = 1 is
in reasonable agreement with the data. It is largely com-
patible with the measured values of both µ�(q) and ��(q)
when considering their Bayesian uncertainties. Larger
(smaller) values of � tend to overestimate (underestimate)
both µ�(q) and ��(q), while all cases with �max = 0.5 pro-
duce a large mismatch with the observations for q & 0.6.

In our populations, the predicted value of µ� approaches
�max/2 for q ! 1. For equal-mass systems, our population
is mostly dominated by the isolated-binary component
because fdisk < 1 and � > 0. From Eq. (1) with q = 1
and ✓1,2 = 0 (which is assumed for our field binaries), one
has �e↵ = (�1 + �2)/2. Both spin magnitudes �1,2 are
distributed uniformly in [0, �max], which implies that the
expectation value of �e↵ is equal to �max/2. Although
this limit is not exactly reproduced in our populations
because of a subdominant fraction of disk binaries with
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.
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FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.
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FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.
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FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.

Callister+ 2021

Ligo/Virgo 2021

(Could this be a restrictive assumption?) Future work



Careful, it’s a population correlation!
•     and          are known to correlate at the single-event level! 
• Both enter the waveform phase at 1.5PN 
• But this is something else!  
• Potential caveat: waveform systematics leaking into the population fit? 
• Combination with selection effects?

Cutler Flanagan 1994

Ng, DG+ 2018
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FIG. 19. The dependence of aligned spin magnitude on the
chirp mass. The light/dark shaded regions are the aligned
spin magnitude at a credibility 90%/50%. The distribution
is consistent with small values for lower chirp mass binaries,
however, the spin magnitude is less tightly constrained for
chirp masses of 30 M� and higher.

FIG. 20. Posterior constraints on the mean (top) and stan-
dard deviation (bottom) of the �e↵ distribution as a function
of mass ratio q. At 97.5% credibility, we find that the mean
of the �e↵ shifts towards larger values for more unequal mass
systems. The grey region in the lower panel shows the area
artificially excluded by our prior on the parameters �0 and �;
see Eq. (20).

FIG. 21. Posteriors on the mass ratios and e↵ective inspi-
ral spins of BBHs in GWTC-3, reweighted to a population-
informed prior allowing for a correlation between q and �e↵ .
We infer that the mean of the BBH �e↵ distribution shifts
towards larger values with decreasing mass ratios. Accord-
ingly, reweighted events shift considerably, such that events
with q ⇠ 1 contract about �e↵ ⇡ 0 while events with q < 1
shift towards larger e↵ective inspiral spins.

allowed to evolve with q:

p(�e↵ |q) / exp


� (�e↵ � µ(q))2

2�2(q)

�
, (19)

with

µ(q) = µ0 + ↵(q � 1) (20a)

log10 �(q) = log10 �0 + �(q � 1). (20b)

The new hyperparameters ↵ and � measure the extent
to which the location or width of the �e↵ distribution
changes as a function of mass-ratio.

We repeat hierarchical inference of the BBH popula-
tion, adopting the fiducial model for the primary mass
and redshift distribution. At 97.5% credibility, we con-
strain ↵ < 0, indicating that more unequal-mass bina-
ries preferentially possess larger, more positive �e↵ . Fig-
ure 20 illustrates our constraints on the mean and stan-
dard deviation of the �e↵ distribution as a function of
mass ratio. Each light trace represents a single sample
from our hyperposterior, and the solid black lines denote
the median values and central 90% bounds on µ(q) and
�(q) at a given value of q. If we adopt these hierarchi-
cal results as a new, population-informed prior, Fig. 21
shows the resulting reweighted posteriors for the BBHs
among GWTC-3. Each filled contour bounds the central
90% region for a given event in the q–�e↵ plane, while
black points mark events’ one-dimensional median q and
�e↵ measurements.

LIGO/Virgo 2021
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FIG. 1. Mass ratios q and effective spins �e↵ for binaries formed in the galactic fields (leftmost panel in gray), or in dense
environments with three different symmetries. From left to right, we consider hosts with spherical symmetry (blue), cylindrical
symmetry with both prograde and retrograde orbits (orange), and cylindrical with only prograde orbits (red). The parameters
of the model described in Sec. II are set to ↵ = �3.5, � = 1.1, � = �2.3, �max = 0.2, fdisk = 0.2, and � = 1. The size of
the markers is linearly proportional to the LIGO detection probability pdet. Black crosses and gray contours indicate the
one-dimensional medians and 90% credible intervals of the GW-event posteriors reweighted to a population-informed prior that
allows for the correlation [7]. The two-component model explored in this paper is a combination of the leftmost and rightmost
populations of this figure.

of different generations. Instead, assuming coalignment
with the external angular momentum of the disk (red
distribution in Fig. 1) suppresses the left “wing” of the
population and produces a negative correlation between
q and �e↵ . The gap between the central and the right
subpopulations in the red distribution can be filled by
binaries formed in isolation, which are expected to have
mostly positive values of �e↵ (gray distribution in Fig. 1).

Interestingly, AGN disks are the playground for what
is perhaps the only astrophysical study to date looking
for a possible origin of the q � �e↵ correlation [17]. There
the authors proposed numerous phenomenological, and
admittedly tuned, considerations to suppress specific re-
gions of the q � �e↵ parameter space from their previous
models [16].

The rest of this paper further explores the following
questions:

• Can the symmetry of the environment explain, at
least qualitatively, the observed q ��e↵ correlation?

• Looking ahead, could the mass-spin correlation of
BH binaries be used to infer the symmetry of the
astrophysical environments hosting BH mergers?

In Sec. II we present a simple but concrete implementation
of this idea. In Sec. III we attempt a comparison with
the LIGO-Virgo data. In Sec. IV we draw our conclusions
and present possible directions for future research.

II. A SIMPLE MODEL

We present a simplified set of prescriptions to explore
the correlation between q and �e↵ . Our goal here is not
to develop a complete model to fully explain current GW
data or to provide Bayesian population fits. Rather, we
wish to explore some key physical ingredients that could
produce a correlation at least qualitatively similar to what
we currently observe.

A. Building the populations

The BHs observed by LIGO and Virgo might be com-
ing from multiple formation channels with presumably
comparable detection rates [18]. It is therefore unlikely
that the entire population of observable systems can par-
ticipate in hierarchical mergers [19, 20], which only occur
in a subset of these channels [10]. We thus consider a
two-component model. One can think of the first compo-
nent as a proxy for isolated binaries formed in the galactic
field, while the second component contains hierarchical
mergers in an axisymmetric, disk-like setting. While we
refer to our sources as “field” and “disk,” we stress that
this is nothing more than a flexible setup to model their
qualitative behavior. The mixing fraction fdisk 2 [0, 1]
quantifies the relative presence of mergers in the disk
(fdisk) and field (1�fdisk) components. We assume a fidu-
cial value fdisk = 0.2 because there is no strong evidence
that the majority of mergers originate from the AGN
channel [18, 21], but we have verified that our results are

Mixing fraction
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binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
p(m2|m1) / m�

2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields

✓f = arccos

✓
L + S1 cos ✓1 + S2 cos ✓2

J

◆
. (2)

At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2

p
r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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and we vary �max in our parameter-space exploration
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tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
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distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
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i�i are the BH spins. This
yields
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At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2
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r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value

3

solid under variations of this parameter.
All field BHs are of first generation (1g), while disk

binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
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disks. Additional 1g+1g mergers are expected to take
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mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
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meaning to fdisk.
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2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
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and � = 1.1 inspired by current GW observations [7],
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(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
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and the spin magnitudes uniformly in the same intervals
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tion [30], and � = �1, motivated by studies showing that
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simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
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assume that the angle ✓L between the angular momentum
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distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
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At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
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called “BH kicks”), which in turn prevent the occurrence
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impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value

N ~ Poisson(   )
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solid under variations of this parameter.
All field BHs are of first generation (1g), while disk

binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
p(m2|m1) / m�

2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields

✓f = arccos

✓
L + S1 cos ✓1 + S2 cos ✓2

J

◆
. (2)

At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2

p
r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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FIG. 2. Disk-component of the population of BH binaries predicted by our model highlighting the contribution of the different
merger generations. We show the population predicted assuming ↵ = �3.5, � = 1.1, �max = 0.2, fdisk = 0.2, and � = 1. In the
left panel we assume � = �2.3, as in the rightmost panel of Fig. 1, while in the right panel we set � = 2. Colors and markers
differentiate the Nth BH generation in the occurring Ng+1g merger chains. The size of the markers is linearly proportional to
the LIGO detectability pdet.
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FIG. 3. Normalized detectable fraction of events in each
generation p(N) for different choices of the Poisson parame-
ter �. Darker (lighter) colors correspond to larger (smaller)
values of �. We only show the disk sub-population of our
two-component model and assume fiducial values ↵ = �3.5,
� = 1.1, � = �2.3, �max = 0.2 and fdisk = 0.2.

z extracted uniformly in comoving volume and source-
frame time, namely p(z) / (dVc/dz)/(1 + z) assuming
the Planck18 cosmology [43]. We consider a single in-
terferometer with LIGO’s ZeroDetunedHighPower

noise curve [44], simulate signals with the IMRphenomD

waveform model [45], and consider sources as detectable
when their signal-to-noise-ratio is greater than 8 [46]. The
detection probability pdet is estimated by marginalizing
analytically over the extrinsic parameters [41] as imple-
mented in the gwdet package [47]. For computational
efficiency, we neglect spin effects when computing pdet, as
these provide a subdominant contribution in the context
of the highly simplified astrophysics of our model [29, 42].
We have verified that this is a reasonable approximation
by performing selected runs using the machine-learning
classifier from Ref. [48], which includes spin effects at the
price of a higher computational cost. For the set of pa-
rameters adopted in Fig. 1, the difference in pdet is . 0.14
in 90% of the cases, and our main results are essentially
unchanged.

III. REPRODUCING THE OBSERVED
CORRELATION

We first analyze how different generations of binaries
populate the q � �e↵ plane. We then proceed to compare
our results against the distributions predicted by current
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waveform model [45], and consider sources as detectable
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detection probability pdet is estimated by marginalizing
analytically over the extrinsic parameters [41] as imple-
mented in the gwdet package [47]. For computational
efficiency, we neglect spin effects when computing pdet, as
these provide a subdominant contribution in the context
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by performing selected runs using the machine-learning
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FIG. 5. Model predictions for different degrees of axisymmetry,
as encoded in the parameter ✓max. We consider a model with
parameters ↵ = �3.5, � = 1.1, � = �2.3, �max = 0.05, fdisk =
0.2, and � = 1. We show the 90% contours of the resulting
binaries, weighted by the LIGO detectability pdet. The dashed
gray curve refers to the field component and the solid black line
refers to 1g+1g BHs (both of these are independent of ✓max).
The two colored contours refers to detectable hierarchical
mergers (N > 1) assuming either ✓max = 0 as in the rest of
the paper (blue) or ✓max = 45� (orange). Crosses refer to the
one-dimensional medians of the respective distributions.

assuming Ng+1g merger chains relies on the presence of
migration traps in AGNs, which is a topic of debate [24,
55]. As it is often the case, the inverse problem is more
interesting (“can the q � �e↵ correlation be taken as an
indication of the existence of migration traps in AGN
disks?”), though it requires more detailed modeling.

Requiring that the angular momentum of all binaries is
strictly coaligned to that of the disk (✓max = 0) is arguably
our strongest modeling assumption (see e.g. Ref. [56]).
To this end, we briefly investigate how different values of
✓max impact our results, thus exploring different degrees
of symmetry of the environment.

Figure 5 compares the detectable population of disk
binaries of different generations and different symmetries.
The distribution of 1g+1g binaries is independent of ✓max.
On the other hand, hierarchical Ng+1g binaries with
N > 1 are affected by ✓max, with larger values of ✓max

producing sources with smaller �e↵ for a given q. In our
Ng+1g chains, one BH merger is enough to align the
spin of the remnant BH to Ldisk. Therefore, if ✓max = 0,
already at the second step of the sequence the angle
between the angular momentum of the new binary and

the spin of the remnant is ✓1⇠ 0, which implies cos ✓1⇠ 1
(if the remnant is the primary BH in the new binary,
which is the most likely case). Setting a non-zero value of
✓max instead translates into values of cos ✓1 < 1 and thus
smaller values of �e↵ , regardless of the generation N .

Crucially, Fig. 5 shows that our qualitative conclusions
do not depend on the specific values of ✓max, as even
increasing ✓max from 0 to 45� causes a shift in the one-
dimensional medians weighted by pdet as small as 10%
(which is a subdominant variation when compared to
the extent of the event posteriors from current data, cf.
Fig. 1). We also verified that introducing such a degree of
misalignment does not spoil the agreement with Ref. [7]
highlighted in Sec. III B.

In conclusion, while strict coalignment with Ldisk is
not a crucial requirement of our model, considering hi-
erarchical mergers with some preferential coalignment is
important, as allowing for counteralignment inevitably
overpopulates the negative-�e↵ region of the parameter
space (Fig. 1), in tension with current observations.

Finally, our treatment neglects mass segregation or,
equivalently, a nontrivial BH pairing probability inside
the accretion disk. In reality, more massive BHs are
expected to migrate faster toward the putative migration
traps [57].

Within our model, we can mimic this effect by changing
the mass spectral index of the disk component �. A larger,
positive value of � implies a top-heavy mass function that
prefers more massive BHs. For instance, setting � = 2
instead of � = �2.3 heavily suppresses the presence of
binaries with q⇠ 1 and �e↵⇠ 0.3, see Fig. 2. In particular,
we do not find detectable Ng+1g binaries with N > 2 for
q & 0.7, and just a handful of 2g+1g events with q & 0.8.
While this goes in the direction of suppressing the top of
the right wing in the red distribution of Fig. 1, which is
indeed sparsely populated by current events, increasing �
tends to overestimate both µ�(q) and ��(q).

More work and more physical models are needed to
further investigate if and how mass segregation in AGN
disks impacts the observed q � �e↵ correlation, and thus
(potentially) to constrain its occurrence with future data.

IV. CONCLUSIONS

In this paper, we have constructed a toy model capable
of reproducing the observed anticorrelation between the
mass ratio q and the effective spin �e↵ of merging BHs.
While surprising, this observational result withstood a
large number of tests [6, 8, 9] and appears statistically
solid. Additional points of scrutiny that should be bet-
ter explored include potential artifacts imposed by the
underlying linear model of Eqs. (5) and (6), and subtle
waveform systematics which might transfer biases from
single-event analyses to population fits. That said, if the
observed correlation is indeed of astrophysical nature, it
offers a precious opportunity to constrain the pairing pro-
cesses of merging BHs as well as their host environment.
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FIG. 1. Mass ratios q and effective spins �e↵ for binaries formed in the galactic fields (leftmost panel in gray), or in dense
environments with three different symmetries. From left to right, we consider hosts with spherical symmetry (blue), cylindrical
symmetry with both prograde and retrograde orbits (orange), and cylindrical with only prograde orbits (red). The parameters
of the model described in Sec. II are set to ↵ = �3.5, � = 1.1, � = �2.3, �max = 0.2, fdisk = 0.2, and � = 1. The size of
the markers is linearly proportional to the LIGO detection probability pdet. Black crosses and gray contours indicate the
one-dimensional medians and 90% credible intervals of the GW-event posteriors reweighted to a population-informed prior that
allows for the correlation [7]. The two-component model explored in this paper is a combination of the leftmost and rightmost
populations of this figure.

of different generations. Instead, assuming coalignment
with the external angular momentum of the disk (red
distribution in Fig. 1) suppresses the left “wing” of the
population and produces a negative correlation between
q and �e↵ . The gap between the central and the right
subpopulations in the red distribution can be filled by
binaries formed in isolation, which are expected to have
mostly positive values of �e↵ (gray distribution in Fig. 1).

Interestingly, AGN disks are the playground for what
is perhaps the only astrophysical study to date looking
for a possible origin of the q � �e↵ correlation [17]. There
the authors proposed numerous phenomenological, and
admittedly tuned, considerations to suppress specific re-
gions of the q � �e↵ parameter space from their previous
models [16].

The rest of this paper further explores the following
questions:

• Can the symmetry of the environment explain, at
least qualitatively, the observed q ��e↵ correlation?

• Looking ahead, could the mass-spin correlation of
BH binaries be used to infer the symmetry of the
astrophysical environments hosting BH mergers?

In Sec. II we present a simple but concrete implementation
of this idea. In Sec. III we attempt a comparison with
the LIGO-Virgo data. In Sec. IV we draw our conclusions
and present possible directions for future research.

II. A SIMPLE MODEL

We present a simplified set of prescriptions to explore
the correlation between q and �e↵ . Our goal here is not
to develop a complete model to fully explain current GW
data or to provide Bayesian population fits. Rather, we
wish to explore some key physical ingredients that could
produce a correlation at least qualitatively similar to what
we currently observe.

A. Building the populations

The BHs observed by LIGO and Virgo might be com-
ing from multiple formation channels with presumably
comparable detection rates [18]. It is therefore unlikely
that the entire population of observable systems can par-
ticipate in hierarchical mergers [19, 20], which only occur
in a subset of these channels [10]. We thus consider a
two-component model. One can think of the first compo-
nent as a proxy for isolated binaries formed in the galactic
field, while the second component contains hierarchical
mergers in an axisymmetric, disk-like setting. While we
refer to our sources as “field” and “disk,” we stress that
this is nothing more than a flexible setup to model their
qualitative behavior. The mixing fraction fdisk 2 [0, 1]
quantifies the relative presence of mergers in the disk
(fdisk) and field (1�fdisk) components. We assume a fidu-
cial value fdisk = 0.2 because there is no strong evidence
that the majority of mergers originate from the AGN
channel [18, 21], but we have verified that our results are

Mixing fraction
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solid under variations of this parameter.
All field BHs are of first generation (1g), while disk

binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
p(m2|m1) / m�

2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields

✓f = arccos

✓
L + S1 cos ✓1 + S2 cos ✓2

J

◆
. (2)

At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2

p
r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields

✓f = arccos

✓
L + S1 cos ✓1 + S2 cos ✓2

J

◆
. (2)

At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2

p
r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
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2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
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lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
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yields
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At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2
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r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
p(m2|m1) / m�

2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields

✓f = arccos
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At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2

p
r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value

N ~ Poisson(   )
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binaries can participate in hierarchical mergers of the
Ng+1g type with N > 1 [22]. These are “chain accretion”
episodes where an initial BH accretes N objects from an
available reservoir of 1g BHs. In the context of AGN disks,
the occurrence of such events is motivated by the potential
presence of migration traps [23, 24]: locations in the disk
where viscous drag pushes the inner perturber outward
and the outer perturber inward. If/when a BH reaches
a trap, it is expected to act as a catalyzer and accrete
other objects that are brought to the same location by
the disk dynamics [22]. Crucially, these migration-trap
chains do not make up the totality of mergers in AGN
disks. Additional 1g+1g mergers are expected to take
place in different regions of the disk [25], and Ng+Ng
mergers are also predicted to be present, although with
a lower rate [16, 26]. This is an important caveat that
should be taken into account when associating a physical
meaning to fdisk.

For the field component, we make the following as-
sumptions. The primary masses m1 2 [5, 50] M� have
a distribution p(m1) / m↵

1 , the secondary masses have
p(m2|m1) / m�

2 over the interval m2 2 [5 M�, m1], and
the spin magnitudes are distributed uniformly in the range
� 2 [0, �max]. We consider fiducial values of ↵ = �3.5
and � = 1.1 inspired by current GW observations [7],
and we vary �max in our parameter-space exploration
(cf. Sec. III). We assume the field BH spins to be per-
fectly aligned with the orbital angular momentum of the
binary (✓1,2 = 0). This is a simplifying but reasonable as-
sumption that neglects, among others, the effect of natal
kicks [27–29].

For the disk component undergoing hierarchical merg-
ers, we sample the 1g BH masses according to p(m) / m� ,
and the spin magnitudes uniformly in the same intervals
considered above. We explore two possible values of �:
� = �2.3, motivated by the Kroupa initial mass func-
tion [30], and � = �1, motivated by studies showing that
disk dynamics may harden the BH mass spectrum [31].

The details of the Ng+1g merger series formed in migra-
tion traps depend on the host properties, including AGN
lifetime, accretion efficiency, and disk viscosity. For our
simple model, we assume that each BH seed accretes 1g
objects up to a maximum generation N = Nmax. Inspired
by Ref. [22], we sample Nmax from a Poisson distribution
with mean �: in practice, we are encapsulating the numer-
ous properties of the host in a single parameter � which
controls the relative importance of hierarchical mergers,
and thus their impact on the q � �e↵ correlation. For
simplicity, we also neglect the role of gas accretion on the
evolution of BH masses and spins.

Our disk-like environments are defined by a preferential
direction Ldisk, which models the global orbital angular
momentum of the disk. For each Ng+1g merger chain, we
assume that the angle ✓L between the angular momentum
of the merging binaries L and that of the disk Ldisk is
distributed uniformly in cosine and bounded from above,

i.e. ✓L  ✓max. This is a crucial parameter of our model,
as this angle controls the degree of symmetry of the envi-
ronment. An axisymmetric host with coaligned binaries
(red distribution in Fig. 1) corresponds to ✓max = 0, while
a cluster-like environment with isotropic spin directions
(blue distribution in Fig. 1) corresponds to tilt angles
distributed uniformly in cosine up to ✓max = ⇡.

As for the spin directions, we assume all 1g BHs from
the disk component to be distributed isotropically, as
these are presumably captured from the surrounding envi-
ronment [24]. For the Ng BHs, we use numerical-relativity
fitting formulas to estimate the remnant mass [32] and
spin magnitude [33], as implemented in Refs. [34, 35].
We assume that the remnant spin is parallel to the total
angular momentum of the binary J = L+S1 +S2 before
merger [33, 36], where Si = m2

i�i are the BH spins. This
yields
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At the next merger in the Ng+1g series, the tilt angle
of the Ng BH is equal to the ✓f angle from the previous
merger. The azimuthal spin angles are resampled isotrop-
ically, as they are degenerate with the orbital phase. In
Eq. (2), we estimate the orbital angular momentum from
the Newtonian expression L = m1m2
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r/M evaluated

at a fiducial separation r = 10M before plunge, where
M = m1+m2 is the total mass. This roughly corresponds
to the breakdown of the post-Newtonian approximation,
within which angular momenta can be added without
taking into account the full complexity of general relativ-
ity. We have verified that this specific choice does not
impact our results, which remain largely unaffected even
for values of the orbital separation as small as r ' 3M .

BH remnants could be ejected from their astrophysical
host by recoils imparted during the merger process (the so-
called “BH kicks”), which in turn prevent the occurrence
of hierarchical mergers [37]. Kick ejection is unlikely
to play a relevant role in AGN disks. Typical orbital
velocities at the locations of the migration traps are of
O(104) km/s [23] —hardly perturbed by typical BH kicks,
which are of O(100) km/s [38]. “Superkicks” of O(1000)
km/s are possible [39, 40] but very rare, because they
require highly fine-tuned binary configurations. We simply
assume that BH remnants do not leave their hosts.

B. Detectability

Rather than generating populations with a fixed num-
ber of initial BHs, we keep assembling binaries until the
cumulative detection probability pdet [41, 42] reaches a
pre-determined threshold

P
i pdet,i = 1000 (this specific

number is not important and was set to obtain suffi-
ciently large statistics when plotting results). This al-
lows us to compare different sets of model parameters on
equal footing. We assign to each binary a redshift value
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FIG. 2. Disk-component of the population of BH binaries predicted by our model highlighting the contribution of the different
merger generations. We show the population predicted assuming ↵ = �3.5, � = 1.1, �max = 0.2, fdisk = 0.2, and � = 1. In the
left panel we assume � = �2.3, as in the rightmost panel of Fig. 1, while in the right panel we set � = 2. Colors and markers
differentiate the Nth BH generation in the occurring Ng+1g merger chains. The size of the markers is linearly proportional to
the LIGO detectability pdet.
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FIG. 3. Normalized detectable fraction of events in each
generation p(N) for different choices of the Poisson parame-
ter �. Darker (lighter) colors correspond to larger (smaller)
values of �. We only show the disk sub-population of our
two-component model and assume fiducial values ↵ = �3.5,
� = 1.1, � = �2.3, �max = 0.2 and fdisk = 0.2.

z extracted uniformly in comoving volume and source-
frame time, namely p(z) / (dVc/dz)/(1 + z) assuming
the Planck18 cosmology [43]. We consider a single in-
terferometer with LIGO’s ZeroDetunedHighPower

noise curve [44], simulate signals with the IMRphenomD

waveform model [45], and consider sources as detectable
when their signal-to-noise-ratio is greater than 8 [46]. The
detection probability pdet is estimated by marginalizing
analytically over the extrinsic parameters [41] as imple-
mented in the gwdet package [47]. For computational
efficiency, we neglect spin effects when computing pdet, as
these provide a subdominant contribution in the context
of the highly simplified astrophysics of our model [29, 42].
We have verified that this is a reasonable approximation
by performing selected runs using the machine-learning
classifier from Ref. [48], which includes spin effects at the
price of a higher computational cost. For the set of pa-
rameters adopted in Fig. 1, the difference in pdet is . 0.14
in 90% of the cases, and our main results are essentially
unchanged.

III. REPRODUCING THE OBSERVED
CORRELATION

We first analyze how different generations of binaries
populate the q � �e↵ plane. We then proceed to compare
our results against the distributions predicted by current
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frame time, namely p(z) / (dVc/dz)/(1 + z) assuming
the Planck18 cosmology [43]. We consider a single in-
terferometer with LIGO’s ZeroDetunedHighPower

noise curve [44], simulate signals with the IMRphenomD

waveform model [45], and consider sources as detectable
when their signal-to-noise-ratio is greater than 8 [46]. The
detection probability pdet is estimated by marginalizing
analytically over the extrinsic parameters [41] as imple-
mented in the gwdet package [47]. For computational
efficiency, we neglect spin effects when computing pdet, as
these provide a subdominant contribution in the context
of the highly simplified astrophysics of our model [29, 42].
We have verified that this is a reasonable approximation
by performing selected runs using the machine-learning
classifier from Ref. [48], which includes spin effects at the
price of a higher computational cost. For the set of pa-
rameters adopted in Fig. 1, the difference in pdet is . 0.14
in 90% of the cases, and our main results are essentially
unchanged.
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FIG. 5. Model predictions for different degrees of axisymmetry,
as encoded in the parameter ✓max. We consider a model with
parameters ↵ = �3.5, � = 1.1, � = �2.3, �max = 0.05, fdisk =
0.2, and � = 1. We show the 90% contours of the resulting
binaries, weighted by the LIGO detectability pdet. The dashed
gray curve refers to the field component and the solid black line
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the spin of the remnant is ✓1⇠ 0, which implies cos ✓1⇠ 1
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prefers more massive BHs. For instance, setting � = 2
instead of � = �2.3 heavily suppresses the presence of
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While this goes in the direction of suppressing the top of
the right wing in the red distribution of Fig. 1, which is
indeed sparsely populated by current events, increasing �
tends to overestimate both µ�(q) and ��(q).

More work and more physical models are needed to
further investigate if and how mass segregation in AGN
disks impacts the observed q � �e↵ correlation, and thus
(potentially) to constrain its occurrence with future data.

IV. CONCLUSIONS

In this paper, we have constructed a toy model capable
of reproducing the observed anticorrelation between the
mass ratio q and the effective spin �e↵ of merging BHs.
While surprising, this observational result withstood a
large number of tests [6, 8, 9] and appears statistically
solid. Additional points of scrutiny that should be bet-
ter explored include potential artifacts imposed by the
underlying linear model of Eqs. (5) and (6), and subtle
waveform systematics which might transfer biases from
single-event analyses to population fits. That said, if the
observed correlation is indeed of astrophysical nature, it
offers a precious opportunity to constrain the pairing pro-
cesses of merging BHs as well as their host environment.
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Looks like it works

• Error bars via statistical bootstrapping 
• Grid exploration with a simple least-square optimization 
• Careful: this is not a full Bayesian fit. The model is just too simple.  
• The focus here is targeting the key trend.  
• Only other astro attempt also uses disks                     McKernan+ 2021, Vaccaro+ 2023
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comparable masses and spins that are not necessarily
aligned, we predict that the value of the effective spin for
equal-mass binaries might be a relatively clean observable
related to the maximum BH spin formed during stellar
collapse [51, 52].

C. Caveats

While suggestive of a connection between the observed
q ��e↵ correlation and the symmetry of the astrophysical
environment in which mergers take place, our exploration
has some important caveats.

First, we are not performing a rigorous statistical fit to
identify the set of model parameters that best matches
the data. While hierarchical Bayesian analyses [53, 54]
are now standard practice in the field, our model is admit-
tedly too simple, to the point that using such a detailed
methodology would obscure the key trends. That is, the
fit would most likely converge somewhere, but stretching

its interpretation (as is sometimes done in the literature)
would not, in our opinion, be appropriate. Instead, we
opted for a simpler comparison which is in line with the
simplicity of the model. This is sufficient for the main goal
of this study, namely to point out that the symmetry of
dense environments might represent an important ingre-
dient to explain the observed correlation. This intuition
must be confirmed using both more accurate statistical
approaches and more realistic astrophysical models.

For the same reason, we have restricted our exploration
to the two-dimensional marginalized distribution of q and
�e↵ . The BH binary parameter space is of course higher
dimensional, and a full comparison against the data should
take additional features (total mass, redshift, other spin
components) into account. Absolute rates, possibly in
conjunction with other astrophysical probes such as AGN
observations, could provide additional constraining power.

On the astrophysical side, our model contains only two
components (here dubbed “field” and “disk”), which is
unlikely to be realistic [18]. Within the disk component,
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has some important caveats.
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identify the set of model parameters that best matches
the data. While hierarchical Bayesian analyses [53, 54]
are now standard practice in the field, our model is admit-
tedly too simple, to the point that using such a detailed
methodology would obscure the key trends. That is, the
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would not, in our opinion, be appropriate. Instead, we
opted for a simpler comparison which is in line with the
simplicity of the model. This is sufficient for the main goal
of this study, namely to point out that the symmetry of
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dient to explain the observed correlation. This intuition
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dimensional, and a full comparison against the data should
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For the same reason, we have restricted our exploration
to the two-dimensional marginalized distribution of q and
�e↵ . The BH binary parameter space is of course higher
dimensional, and a full comparison against the data should
take additional features (total mass, redshift, other spin
components) into account. Absolute rates, possibly in
conjunction with other astrophysical probes such as AGN
observations, could provide additional constraining power.

On the astrophysical side, our model contains only two
components (here dubbed “field” and “disk”), which is
unlikely to be realistic [18]. Within the disk component,
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