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Outline
1. How do two black holes get together? 

2. Gravitational-wave observables 

3. Repeated black-hole mergers for LIGO and Virgo

DG Fishbach 2021 (arXiv:2105.03439)All in a new Nature Astronomy review:



Can BHs really make it?
At lowest order, GW emission causes the orbit to shrink:

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.
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Gravitational waves are efficient below 

⇠ 10R� for stellar-mass BHs

Relativity alone is great to model the LIGO signals… 
…but some astrophysics is needed to explain them



Have we been together for so long?

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

Nah, we just met in cluster

Our neighbour is so 
messy, we should move
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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

• Lower mass gap: between BHs and NSs 
• Upper mass gap: supernova instabilities

LVC 2018

Mass predictions: the gaps

Neutron stars 

Lower mass gap 

BHs 

Upper mass gap 

More BHs? 
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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… 
…maybe 

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

Farmer+ 2019, Renzo+ 2020

Can we bypass stars and 
use black holes?

GW events
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M & 50M�
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Spin predictions

K. Belczynski et al.: BH-BH e↵ective spins, masses and rates
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Fig. 17. Detection weighted BH-BH merger total intrinsic (not red-
shifted) mass for models with di↵erent assumptions on wind mass
loss and common envelope development: M50.B (weak stellar winds
and optimistic CE), M50.B (weak stellar winds and pessimistic CE),
M30.B (strong stellar winds and pessimistic CE). For comparison, we
also show LIGO/Virgo O1/O2 mean total mass estimates and their 90%
confidence limits. Note that although no model seems to reproduce the
observed LIGO/Virgo BH-BH total mass distribution, one can expect
that some interplay of several parameters (winds, CE, PPSN, Z(z)) may
possibly in future reproduce the shape of the observed distribution. For
example, stronger PPSN and higher Z(z) (not shown here) will tend to
shift the highest BH masses to lower values. This calls for further pa-
rameter study calculations.

with a peak at: �e f f ⇠ 0.15 (⇠ 80%) and a tail with �e f f & 0.25
(27%). This is because in this variation about 1/3 of systems are
subject to significant tidal spin-up of at least one binary compo-
nent and they produce large BH spins. The tail shows a signifi-
cant drop beyond �e f f & 0.6. Systems with 0.25 . �e f f . 0.6
are these in which only one binary component was subject to
tidal spin-up, while systems with �e f f & 0.6 are those with both
binary components being subject to tidal spin-up in close WR-
WR binaries.

In Figure 20 we present the e↵ective spin distribution for
model M40.B that employs Fuller BH natal spins. We also show
two versions of this model: one without e�cient WR tides and
one with the tides. The distribution is very narrow: �0.1 .
�e f f . 0.1 and is peaked at positive values: average �e↵ = 0.05.
This comes directly from the assumption of very low natal BH
spins: aspin = 0.01 (see eq. 5). For such a low value of natal
BH spins, the e↵ective spin of BH-BH mergers is �e↵ ⇠ 0. Bi-
nary accretion onto the second-born BH spreads e↵ective spins
to �e↵ ⇠ 0.1, while small natal kicks applied to some (low-mass)
BHs in this model create a tail extending to low negative values
�e↵ ⇠ �0.1. For e�cient "WR tides" the distribution is broad:
�0.5 . �e f f . 1.0 with a peak at �e f f ⇠ 0.05 (⇠ 78%) and a tail
with �e f f & 0.25 (22%).

In Figures 21 and 22 we present the e↵ect of high BH natal
kicks on the e↵ective spin distributions in models that employ
MESA and Fuller BH natal spins. For MESA BH natal kicks
we use two models: M30.B (fallback-decreased natal kicks: low-
to-no BH kicks), and M33.B (high natal kicks, independent of
BH mass, drawn from a 1D Maxwellian distribution with � =
265 km s�1). Note that the average e↵ective spin decreases from
model M30.B: �e↵ = 0.15 to model M33.B: �e↵ = 0.04. This
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Fig. 18. Detection weighted distribution of e↵ective spin parameter
of BH-BH mergers for model M20.B (fallback decreased BH kicks;
no BH kicks for massive BHs) and M23.B (high BH natal kicks with
1D � = 265 km s�1 for all BHs) with Geneva mildly e�cient angular
momentum transport. Note that both distributions peak at high values
(�e↵ ⇠ 0.9). Natal kicks decrease the e↵ective spin parameter (average
�e↵ = 0.3; M23.B) as compared to model with almost no BH kicks (av-
erage �e↵ = 0.7; M20.B). For comparison we show the 90% credible
limits (blue arrows) and the most likely values (blue stars) of the e↵ec-
tive spin parameter for ten LIGO/Virgo BH-BH mergers. Although we
can recover all the reported values, the predicted peak of �e↵ distribu-
tion is not coincident with the current LIGO/Virgo data. It indicates that
BHs have typically lower spins than resulting from the Geneva model
for BH natal spins, or that the detected BH-BH mergers are not formed
in the classical isolated binary evolution.

is an e↵ect of the natal kicks that tend to misalign BH spins
and lower the e↵ective spin. For Fuller BH natal kicks we use
two models: M40.B (fallback-decreased natal kicks), and M43.B
(high natal kicks). We also note that the average e↵ective spin
decreases with increasing natal kicks: from model M40.B: �e↵ =
0.05 to model M43.B: �e↵ = 0.004.

4. Discussion

4.1. Angular Momentum Transport in Massive Stars

In this section we discuss the dependence of the final angular
momentum of the star at core collapse on angular momentum
transport prescriptions and initial (ZAMS) rotation rate.

In order to evaluate the dependence of the final angular
momentum on angular momentum transport prescriptions and
initial rotation rate, we ran three additional 32 M� models at
a metallicity of Z = 0.002: a slow initial rotation (Vini =
100 km s�1) non-magnetic (“noTS”, where TS stands for the
Tayler-Spruit dynamo) model with both the Geneva and MESA
code as well as a slow initial rotation (Vini = 100 km s�1) mag-
netic (“TS”) model with the MESA code. The specific angular
momentum profile of these models at the end of core He-burning
are shown in Figure 23. The helium core, which will form the
bulk of the black hole, extends from the center to about 12 M�
in all the models plotted. For comparison, we also show the spe-
cific angular momentum profiles for our two fast initial rotation
models (Vini/Vcrit = 40% : Vini ⇡ 340 km s�1) for 32 M� star
with Z = 0.002 calculated with MESA-TS and Geneva no-TS
assumptions. Note that these two fast models are used to calcu-
late BH spin magnitudes employed in our population synthesis
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Fig. 19. Detection weighted distribution of the e↵ective spin parame-
ter of BH-BH mergers for model M30.B with MESA e�cient angular
momentum transport and fallback decreased BH kicks (no BH kicks for
massive BHs). We either do not allow for e�cient tidal spin-up of WR
stars that are the most common immediate progenitors of BHs in our
models (natal BH spin is calculated directly from MESA stellar mod-
els), or we take it into account (natal BH spin is then calculated as de-
scribed in Sec. 2.5 if the WR star progenitor was subject to an e�cient
tidal spin-up). For the "no WR tides" approach we find a rather narrow
distribution of e↵ective spins (�0.2 . �e f f . 0.2) that is peaked at
positive values (average �e↵ = 0.15). For e�cient "WR tides" the distri-
bution is broad (�0.5 . �e f f . 1.0) with a peak at �e f f ⇠ 0.15 (⇠ 73%)
and a tail with �e f f & 0.25 (27%). For comparison we show the 90%
credible limits (blue arrows) and the most likely values (blue stars) of
the e↵ective spin parameter for ten LIGO/Virgo BH-BH mergers.

calculations (and that are referred to as MESA BH spins and
Geneva BH spins).

Comparing various models, we see the following dependen-
cies:

1. Comparing the magnetic slow and fast rotation MESA mod-
els (dashed red and purple lines, respectively), we see that
they end with a very similar final angular momentum (aspin =
0.084 and aspin = 0.087 for the slow and fast rotation mod-
els, respectively4). There is thus very little dependence on the
initial velocity in magnetic models. This is due to a weaker
magnetic instability (and thus less e�cient angular momen-
tum transport) in slower rotation models. We would thus ex-
pect slower rotation magnetic models to have a very similar
final angular momentum content as the fast models listed in
Table 6.

2. Comparing the magnetic (MESA slow and fast rotation;
dashed red and purple lines) and non-magnetic models
(MESA and GENEVA no-TS slow rotation and GENEVA
fast rotation no-TS models; blue, green and orange lines),
we see that the non-magnetic models have final angular mo-
menta that are more than a factor of 10 higher than the mag-
netic models (the angular momentum profile of the MESA
fast rotation TS model multiplied by a factor of 10 is shown
to facilitate the comparison; brown line). This means that
for the “lower” end of the massive star range, non-magnetic
models predict BHs rotating near or above critical rotation
(aspin & 0.9).

4 The values of dimensionless spun parameter, correspond to a specific
angular momentum of Fig. 23 ⇠ 4.54 ⇥ 1015 cm2/s; see Eq. (2).
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Fig. 20. Detection weighted distribution of the e↵ective spin parameter
of BH-BH mergers for model M40.B with Fuller super-e�cient angular
momentum transport and fallback decreased BH kicks (no BH kicks for
massive BHs). We either do not allow for the e�cient tidal spin-up of
WR stars that are the most common immediate progenitors of BHs in
our models (natal BH spin is calculated directly from MESA stellar
models), or we take it into account (natal BH spin is then calculated
as described in Sec. 2.5 if the WR star progenitor was subject to an
e�cient tidal spin-up). For the "no WR tides" approach we find very
narrow distribution of e↵ective spins (�0.1 . �e f f . 0.1) that is peaked
at positive values (average �e↵ = 0.05). For e�cient "WR tides" the
distribution is broad (�0.5 . �e f f . 1.0) with a peak at �e f f ⇠ 0.05
(⇠ 78%) and a tail with �e f f & 0.25 (22%). For comparison we show
90% credible limits (blue arrows) and the most likely values (blue stars)
of e↵ective spin parameter for ten LIGO/Virgo BH-BH mergers.
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Fig. 21. Detection weighted distribution of the e↵ective spin param-
eter of BH-BH mergers for model M30.B with fallback decreased na-
tal kicks (low natal BH kicks for low-mass BHs, and no natal kicks
for high-mass BHs) and for model M33.B with high natal kicks (all
BHs, independent of mass, are subject to natal kicks drawn from a 1D
Maxwellian distribution with� = 265 km s�1). Note that the average ef-
fective spin decreases from model M30.B (�e↵ = 0.15) to model M33.B
(�e↵ = 0.04) as an e↵ect of natal kicks that tend to misalign BH spins
and lower the e↵ective spin (see eq. 1). For comparison we show the
90% credible limits (blue arrows) and the most likely values (blue stars)
of the e↵ective spin parameter for ten LIGO/Virgo BH-BH mergers.
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Belczynski, DG+ 2020

Extremely sensitive to details
• Core-envelope interactions in massive stars 
• Tidal realignment in the Wolf-Rayet phase 
• Supernova kicks 
• Mass transfer 
• Relativistic precession till merger 

�e↵ =

✓
S1/m1 + S2/m2

m1 +m2

◆
· L̂
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Fuller Ma 2019
Zaldarriaga+ 2017

Kalogera 2000

Stegmann+ 2020

DG+ 2013, 2018

Sets the lenght of the waveform

https://arxiv.org/search/astro-ph?searchtype=author&query=Belczynski%2C+K


Orthogonal, but complementary, direction 
to the usual field vs. cluster debate
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Black hole generations
DG Berti 2017 



Spins: the magic number
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FIG. 2. Our theoretical distributions.
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Primary’s spin

Secondary’s spin

Peculiar spin distribution 
peaked at 0.7 

DG Berti 2017, Fishbach+ 2017, Berti Volonteri 2008
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An explosion of new predictions
• Masses in the pair-instability mass gap 

• Peculiar spin distribution peaked at 0.7  

• But GW kicks impose large escape speed 

•  Very frequent in AGNs 

• Promising for GW190412 

• Leading explanation for GW190521 

• Perhaps a several events in the new LIGO 
catalog? 

• Inferring the properties of the parents 

• A model that can be ruled out! 

• Parametric inference with deep learning

DG Berti 2017, Fishbach+ 2017

DG Berti 2019

DG Vitale Berti 2020

LIGO/Virgo 2020

New review

Heger+ 2003, Woosley+ 2007

Yang+ 2019, Tagawa+ 2020

Kimball+ 2020

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
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Mould, DG+ (soon!)

DG Giacobbo Vecchio 2021



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

Large spins have a critical 
impact on the kick: can black 

holes really merge again?



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



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.

DG, Giacobbo, Vecchio 2021

• 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

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  

e.g. Farrell et al. 2020, Kinugawa et al. 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

<latexit sha1_base64="llFO1RkyZHSLWlrQZIlEWrNizCE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQhJJIRTdC0Y2rUsE+oA1hMr1ph04ezEyEErJ246+4caGIW7/AnX/jtM1CWw9cOHPOvcy9x4s5k8qyvo3C0vLK6lpxvbSxubW9Y+7utWSUCApNGvFIdDwigbMQmoopDp1YAAk8Dm1vdDPx2w8gJIvCezWOwQnIIGQ+o0RpyTUP61d1N+2JAPsMeD/Dpzh/U55IBSJzzbJVsabAi8TOSRnlaLjmV68f0SSAUFFOpOzaVqyclAjFKIes1EskxISOyAC6moYkAOmk01MyfKyVPvYjoStUeKr+nkhJIOU48HRnQNRQznsT8T+vmyj/0klZGCcKQjr7yE84VhGe5IL7TABVfKwJoYLpXTEdEkGozkCWdAj2/MmLpHVWsauV87tquXadx1FEB+gInSAbXaAaukUN1EQUPaJn9IrejCfjxXg3PmatBSOf2Ud/YHz+AC/Imfk=</latexit>

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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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.

Nfield,gap = 0
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Outline
1. How do two black holes get together? 

2. Gravitational-wave observables 

3. Repeated black-hole mergers for LIGO and Virgo

DG Fishbach 2021 (arXiv:2105.03439)All in a new Nature Astronomy review:
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