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a common envelope (in which the first BH potentially grows
slightly in mass; O’Shaughnessy et al. 2005a), (iv) the second
core-collapse event leading to BBH formation, and (v) inspi-
ral due to GW emission and merger. Dominik et al. (2012)
found that the vast majority of BBH mergers follow this evo-
lutionary path: 99% at solar metallicity and 90% at 0.1 Z

�

.
Alternative formation pathways, avoiding mass transfer and
common envelope, may be possible if massive stars remain
rapidly rotating, stay chemically homogeneous through their
lifetimes, remain compact, and do not become giant stars (de
Mink et al. 2009; Mandel & de Mink 2016; Marchant et al.
2016).

Most studies indicate that model predictions, in particular
merger rates, but also probability distributions of BBH prop-
erties, are affected by a considerable number of physical fac-
tors and associated parameters, albeit at different levels of
sensitivity: (i) initial binary properties (masses, mass ratios,
and orbital periods), (ii) stellar evolution models including
metallicity-dependent wind-driven mass loss, (iii) mass and
associated angular momentum transfer between binary com-
ponents and loss from the systems, (iv) treatment of tidal evo-
lution, (v) treatment of common-envelope evolution, and (vi)
BH natal kicks. The significance of (v) and (vi) has been dis-
cussed recently for the StarTrack (Belczynski et al. 2008a)
models by Dominik et al. (2012); Belczynski et al. (2015).
Recently, de Mink & Belczynski (2015) concluded that the
current uncertainties in initial binary properties (i) do not dra-
matically change the rates. The other factors, i.e., (ii) – (vi),
have been consistently identified as important, not just for rate
predictions, but also for predictions of BH mass spectra in
merging BBHs.

As we have discussed, the GW150914 masses favor the
newer, weaker stellar winds and metallicities below Z

�

.
Quantitative models for BH and BBH formation considering
such conditions have appeared only in the past five years,
starting with Belczynski et al. (2010b), and in numerous
follow-up studies (Dominik et al. 2012, 2013, 2015; Spera
et al. 2015; Belczynski et al. 2015). Dominik et al. (2013)
fold in cosmological effects, accounting for redshift evolu-
tion of the formation rate and metallicity (down to Z = 10�4).
With the extension to such low metallicities, the strong de-
pendence on the common-envelope treatment found earlier
(Dominik et al. 2012) is weakened in the case of formation
of BHs more massive than 20 M

�

. In fact, it is striking that,
once full metallicity evolution is included, BBH systems that
merge within the age of the Universe and have total masses as
high as ⇠ 100 M

�

are rather generically formed regardless of
other model assumptions; still, predicted detectable samples
seem to be dominated by less massive BBH systems (Dominik
et al. 2015; Belczynski et al. 2014).

On the extreme low-metallicity end, it has been proposed
that BBH formation is also possible in the case of stellar bina-
ries at zero metallicity (Population III, PopIII, stars; see Bel-
czynski et al. 2004; Kinugawa et al. 2014). The predictions

from these studies are even more uncertain, since we have no
observational constraints on the properties of first-generation
stellar binaries (e.g., mass function, mass ratios, orbital sepa-
rations). However, if one assumes that the properties of PopIII
massive binaries are not very different from binary popula-
tions in the local Universe (admittedly a considerable extrap-
olation), then recently predicted BBH total masses agree as-
tonishingly well with GW150914 and can have sufficiently
long merger times to occur in the nearby Universe (Kinugawa
et al. 2014). This is in contrast to the predicted mass proper-
ties of low (as opposed to zero) metallicity populations, which
show broader distributions (Belczynski et al. 2015).

We conclude that predictions from a broad range of models
for BBH formation from isolated binaries are consistent with
the GW150914 masses provided newer, weaker massive-star
winds and extrapolations to metallicities of 1/2 Z

�

or lower
are adopted. More calculations of massive binary evolution
with updated wind prescriptions and taking cosmological evo-
lution into account are needed to fully exploit the new infor-
mation that would be provided by additional GW detections.

3.4. BBH Masses from Dense Stellar Environments

Over the last few decades our understanding of the evolu-
tion of BHs in dense stellar clusters has evolved considerably.
Based on early analyses (Kulkarni et al. 1993; Sigurdsson &
Hernquist 1993) BHs form in clusters from massive stars and
quickly mass segregate to the center through dynamical fric-
tion (on a timescale shorter than the overall relaxation time by
a factor that is the ratio of the mass of the typical BH mass to
the average background star mass). In these high-density con-
ditions, BHs dynamically interact, forming binaries, and of-
ten are ejected from the cluster. Such dynamical interactions
preferentially keep the heaviest objects in binaries and eject
the lightest, producing heavier binaries and driving mass ra-
tios closer to unity (Heggie 1975). Portegies Zwart & McMil-
lan (2000) presented the first significant N-body simulation
of equal-mass BHs in a dense cluster, and they found that the
ejected BBH systems are sufficiently eccentric that they will
merge within the age of the Universe at a rate important for
LIGO/Virgo observations. Since then, studies of varying lev-
els of detail have examined BBH formation in clusters and
have identified the importance of three-body interactions for
hardening binaries to the point they can merge in a Hubble
time, pointing out that these interactions are also responsible
for dynamical ejections (Gültekin et al. 2004, 2006; Kocsis
et al. 2006; Banerjee et al. 2010; Bae et al. 2014) as well as
in galactic centers (Miller & Lauburg 2009; O’Leary et al.
2009; Kocsis & Levin 2012; Tsang 2013). Gravitational-wave
kicks (Zlochower & Lousto 2015 and references therein) can
also eject post-merger, single BHs from their host clusters.
Throughout these studies BHs are assumed to be of a single
fixed mass (typically 10 M

�

). That means that, although their
results are relevant for our understanding of the physics of
stellar dynamics on BBH formation and evolution and the ex-


