
You’ll never merge alone 
Davide Gerosa

davide.gerosa@unimib.it 
www.davidegerosa.com

University of Milano-Bicocca

Dec 5, 2022 
Unsolved problems in 

astrophysics 

Jerusalem, Israel

with M. Mould, S. Taylor, M. Fishbach, 
E. Berti, A. Vecchio, N. Giacobbo, 

M. Mancarella, V. Baibhav

mailto:davide.gerosa@unimib.it


You’ll never merge alone 
Davide Gerosa

davide.gerosa@unimib.it 
www.davidegerosa.com

University of Milano-Bicocca

Dec 5, 2022 
Unsolved problems in 

astrophysics 

Jerusalem, Israel

On the job market!

with M. Mould, S. Taylor, M. Fishbach, 
E. Berti, A. Vecchio, N. Giacobbo, 

M. Mancarella, V. Baibhav

mailto:davide.gerosa@unimib.it


Sorry, I just couldn’t resist



MERGE

Sorry, I just couldn’t resist



LIGO/Virgo: 90 waves and counting
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Discovering are piling up!  
About 90 black-hole binary mergers detected so far.   
Will become millions in ~20 years! LIGO 2021



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
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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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Mass predictions: the gaps

Neutron stars 

Black holes 

More black holes? 

Lower mass gap: 
between BHs and NSs

Upper mass gap: 
supernova instabilities
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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

Pair-instability supernovae

Farmer+ 2019

Heger  Woosley 2002, Belczynski+ 2016, 
Woosley+ 2017, Spera Mapelli 2017, 
Marchant+ 2018,  Stevenson+ 2019

1.    Electron-positron production 
2.    Radiation pressure drops 
3.    Core contracts 
4.    Temperature goes up 
5.    Explosive oxygen burning 
6.    Entire star is gone (PISN) 
7.    Repeated pulsations (PPISN)

As the mass of the core increases: 

This limit is very solid… 
…until it isn’t 

Belczynski+ 2019, 2020, Farmer+ 2020, 
Costa+ 2021, Farag 2022

Farmer+ 2019, Renzo+ 2020

Can we bypass stars and 
use black holes?

GW events
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BH forbidden for  
M & 50M�
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GW190521. 
Who ordered that?

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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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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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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FIG. 2. Our theoretical distributions.
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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? 

• An exclusion region... 

• Don’t overdo it! 

• Used to prototype a deep-learning 
pipeline

DG Berti 2017, Fishbach+ 2017

DG Berti 2019

DG Vitale Berti 2020, Rogriguez+ 2020

LIGO/Virgo 2020

And many more! Enough for a dedicated review

Heger+ 2003, Woosley+ 2007

Yang+ 2019, Tagawa+ 2020

Kimball+ 2021

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

DG Giacobbo Vecchio 2020, Baibhav, DG+ 2020

Zevin Holz 2022

DG Fishbach 2021

Mould DG Taylor 2022



More spin means more kick
• Non spinning BHs: up to ~160 Km/s

Gonzales+ 2007 • Misaligned spins:
“Superkick” up to ~5000 Km/s
Gonzales+ 2007; Campanelli+ 2007, Lousto Zlochower 2011,2013 
Enhanced by ~25% for eccentric binaries

Sopuerta+ 2007, Sperhake, DG+ 2020

DG+ 2018



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. 

• Nuclear star cluster 
• Triples 
• Disc-assisted migration

Antonini+ 2016

Stone+ 2017, Bartos+ 2017

Antonini+ 2017, Bin+ 2019



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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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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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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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

0 50 100 150
m [M�]
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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 
cannot do it  

(even if you try hard)

If a future event is there…  
we need something else!

e.g Farmer+ 2020, Costa+ 2021, Farag+ 2022

e.g. Leung+ 2019,  Belczynski+ 2020

e.g Marchant Moriya 2020, Woosley Heger 2021  

e.g. Di Carlo+ 2019, Renzo+ 2020

e.g. van Son et al. 2020, Natarajan 2021  
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Here comes deep learning

• We can tell the 
generations apart! 

• Additional structure in 
the gap due to higher 
generations
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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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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.
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(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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Consistently includes 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

Please ask for more!



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
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