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C. CASENTINI,25,13 S. CAUDILL,16 M. CAVAGLIÀ,21 F. CAVALIER,23 R. CAVALIERI,34 G. CELLA,19 C. B. CEPEDA,1
L. CERBONI BAIARDI,57,58 G. CERRETANI,18,19 E. CESARINI,25,13 R. CHAKRABORTY,1 T. CHALERMSONGSAK,1

S. J. CHAMBERLIN,72 M. CHAN,36 S. CHAO,73 P. CHARLTON,74 E. CHASSANDE-MOTTIN,30 H. Y. CHEN,75 Y. CHEN,76 C. CHENG,73

A. CHINCARINI,47 A. CHIUMMO,34 H. S. CHO,77 M. CHO,62 J. H. CHOW,20 N. CHRISTENSEN,78 Q. CHU,51 S. CHUA,60 S. CHUNG,51

G. CIANI,5 F. CLARA,37 J. A. CLARK,63 F. CLEVA,53 E. COCCIA,25,12,13 P.-F. COHADON,60 A. COLLA,79,28 C. G. COLLETTE,80

L. COMINSKY,81 M. CONSTANCIO JR.,11 A. CONTE,79,28 L. CONTI,42 D. COOK,37 T. R. CORBITT,2 N. CORNISH,31 A. CORSI,71

S. CORTESE,34 C. A. COSTA,11 M. W. COUGHLIN,78 S. B. COUGHLIN,82 J.-P. COULON,53 S. T. COUNTRYMAN,39 P. COUVARES,1
E. E. COWAN,63 D. M. COWARD,51 M. J. COWART,6 D. C. COYNE,1 R. COYNE,71 K. CRAIG,36 J. D. E. CREIGHTON,16 J. CRIPE,2
S. G. CROWDER,83 A. CUMMING,36 L. CUNNINGHAM,36 E. CUOCO,34 T. DAL CANTON,8 S. L. DANILISHIN,36 S. D’ANTONIO,13

K. DANZMANN,17,8 N. S. DARMAN,84 V. DATTILO,34 I. DAVE,48 H. P. DAVELOZA,85 M. DAVIER,23 G. S. DAVIES,36 E. J. DAW,86

R. DAY,34 D. DEBRA,40 G. DEBRECZENI,38 J. DEGALLAIX,65 M. DE LAURENTIS,67,4 S. DELÉGLISE,60 W. DEL POZZO,45
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30APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris, Sorbonne Paris Cité, F-75205 Paris Cedex 13,
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56Washington State University, Pullman, WA 99164, USA
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61VU University Amsterdam, 1081 HV Amsterdam, Netherlands
62University of Maryland, College Park, MD 20742, USA
63Center for Relativistic Astrophysics and School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
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ABSTRACT

The discovery of the gravitational-wave source GW150914 with the Advanced LIGO detectors provides the first
observational evidence for the existence of binary black-hole systems that inspiral and merge within the age of
the Universe. Such black-hole mergers have been predicted in two main types of formation models, involving
isolated binaries in galactic fields or dynamical interactions in young and old dense stellar environments. The
measured masses robustly demonstrate that relatively “heavy” black holes (& 25 M�) can form in nature. This
discovery implies relatively weak massive-star winds and thus the formation of GW150914 in an environment
with metallicity lower than ' 1/2 of the solar value. The rate of binary black-hole mergers inferred from the
observation of GW150914 is consistent with the higher end of rate predictions (& 1 Gpc−3 yr−1) from both
types of formation models. The low measured redshift (z' 0.1) of GW150914 and the low inferred metallicity
of the stellar progenitor imply either binary black-hole formation in a low-mass galaxy in the local Universe and
a prompt merger, or formation at high redshift with a time delay between formation and merger of several Gyr.
This discovery motivates further studies of binary-black-hole formation astrophysics. It also has implications
for future detections and studies by Advanced LIGO and Advanced Virgo, and gravitational-wave detectors in
space.

1. INTRODUCTION

When in the 1970s the mass of the compact object in the
X-ray binary Cygnus X-1 was measured to exceed the maxi-

mum mass of a neutron star (Webster & Murdin 1972; Bolton
1972), black holes (BHs) turned from a theoretical concept
into an observational reality. Around the same time and over
several years, evidence for supermassive BHs in the centers
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of galaxies mounted (see Kormendy & Richstone 1995). The
formation of the stellar-mass BHs found in X-ray binaries is
associated with the core collapse (and potential supernova ex-
plosion) of massive stars when they have exhausted their nu-
clear fuel (e.g. Heger et al. 2003). The origin of supermassive
BHs is less clear. They may have small seeds, that originate
from “heavy” stellar-mass BHs (more massive than' 25 M�)
or large seeds formed from intermediate-mass BHs formed in
the earliest generations of massive stars or directly from large
clouds (see Volonteri 2010).

The gravitational-wave (GW) signal GW150914 detected
on September 14, 2015 09:50:45 UTC by the Advanced LIGO
(aLIGO) detectors (Abbott et al. 2016a) has been shown to
originate from the coalescence of a binary BH (BBH) with
masses of 36+5

−4 M� and 29+4
−4 M� (in the source frame, see

§ 2). This GW discovery provides the first robust confirma-
tion of several theoretical predictions: (i) that “heavy” BHs
exist, (ii) that BBHs form in nature, and (iii) that BBHs merge
within the age of the Universe at a detectable rate.

The inspiral and merger of binaries with BHs or neutron
stars (NSs) have been discussed as the primary source for
ground-based GW interferometers for many decades (e.g.,
Thorne 1987; Schutz 1989). The existence of GWs was estab-
lished with radio observations of the orbital decay of the first
binary pulsar, PSR B1913+16 (Hulse & Taylor 1975; Taylor
& Weisberg 1982). Even before the binary pulsar discovery,
Tutukov & Yungelson (1973) described the evolution of iso-
lated massive binaries (i.e. those not influenced dynamically
by surrounding stars) and predicted the formation of binary
compact objects that merge, including BBHs. Some of the
first population studies of massive stellar binaries and their
evolution even predicted that BBH mergers could dominate
detection rates for ground-based GW interferometric detec-
tors (Lipunov et al. 1997). Furthermore, Sigurdsson & Hern-
quist (1993) recognized that dense star clusters provide an-
other possible way of forming merging BBHs: BHs in dense
star clusters quickly become the most massive objects, sink
towards the cluster core, subsequently form pairs through dy-
namical interactions, and are most commonly ejected in bi-
nary configurations with inspiral times shorter than the age of
the Universe. For the most recent review articles on the for-
mation of binary compact objects in galactic fields and dense
stellar systems, see Postnov & Yungelson (2014) and Benac-
quista & Downing (2013), respectively.

In this paper we discuss GW150914 in the context of astro-
physical predictions in the literature and we identify the most
robust constraints on BBH formation models. In § 2 we re-
port the properties of GW150914, in § 3 and § 4 we discuss
the implications of the measured BH masses and distance to
the source. In § 5 and § 6 we examine conclusions that can
be drawn from the GW constraints on the orbital eccentricity,
BH spins, and BBH merger rates. In § 7 we discuss prospects
for future detections and the types of astrophysical studies we
would need to further advance our understanding of BBH for-

mation. In § 8 we summarize our key conclusions.

2. THE PROPERTIES OF GW150914

GW150914 was discovered first through a low-latency
search for gravitational-wave transients, and later in subse-
quent match-filter analyses of 16 days of coincident data col-
lected by the two aLIGO detectors between September 12 to
October 20 (Abbott et al. 2016a). The signal matches the
waveform expected for the inspiral, merger, and ringdown
from a compact binary. In 0.2 s it swept in frequency from
35 to 250 Hz, reaching a peak GW strain of 1.0×10−21 with
a signal-to-noise ratio of 24 (Abbott et al. 2016e,b).

Consideration of these basic signal properties of frequency
and frequency derivative indicate that the source is a BH
merger. Coherent Bayesian analyses (LVC 2016) using ad-
vanced waveforms (Taracchini et al. 2014; Pürrer 2014; Han-
nam et al. 2014; Khan et al. 2015) allow us to measure several
of the source physical parameters (all quoted at 90% credible
level). In the detector frame, the chirp mass1 is 30+2

−2 M� and
the total mass is 71+5

−4 M�; the mass ratio is 0.82+0.16
−0.21 M� and

the luminosity distance is determined to be 410+160
−180 Mpc (red-

shift 0.09+0.03
−0.04). The two BH masses in the source frame then

are 36+5
−4 M� and 29+4

−4 M�, and the chirp mass in the source
frame is 28+2

−2 M�. The source-frame mass and spin of the fi-
nal BH are 62+4

−4 M� and 0.67+0.05
−0.07 and the source is localized

to a sky area of 600 deg2 (see also Abbott et al. 2016f,d). The
signal does not show deviations from the expectations of gen-
eral relativity, as discussed in detail in Abbott et al. (2016h).

Assuming that the source-frame BBH merger rate is con-
stant within the volume in which GW150914 could have been
detected (found to extend out to redshift of ' 0.5) and that
GW150914 is representative of the underlying BBH popula-
tion, the BBH merger rate is inferred to be 2−53Gpc−3 yr−1

in the comoving frame at the 90% credible level (Kim et al.
2003; Abbott et al. 2016g). The match-filter searches of these
16 days of coincident data also revealed a number of sub-
threshold triggers with associated probabilities of them being
astrophysical or noise in nature (Abbott et al. 2016b). If we
account for the probability of these sub-threshold triggers and
we consider a wide range of models for the underlying BBH
mass distribution, the estimated BBH merger rates extend to
the range 2− 400Gpc−3 yr−1 (Farr et al. 2015; Abbott et al.
2016g).

3. BLACK-HOLE MASSES IN MERGING BINARIES

3.1. Brief Review of Measured BH Masses

Prior to the discovery of GW150914, our knowledge of
stellar-mass BH masses has come from the study of X-ray bi-
naries (XRBs) where a compact object accretes matter from a
stellar companion (e.g., McClintock & Remillard 2006). Dy-
namical compact-object mass measurements in these binaries

1 The chirp mass is M = (m1m2)
3/5/(m1 +m2)

1/5, where m1 and m2 are
the component masses.
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rely on measurements of the system’s orbital period, the am-
plitude of the stellar-companion’s radial velocity curve, and
quantitative constraints on the binary inclination and the com-
panion mass (e.g., Casares & Jonker 2014). When the mass of
the compact object is found to exceed 3 M�, which is the con-
servative upper limit for stable NS (Rhoades & Ruffini 1974;
Kalogera & Baym 1996), then the XRB is considered to host
a black hole. At present 22 BH XRBs have confirmed dy-
namical mass measurements, 19 of these systems lie in our
Galaxy. For the majority of the systems, the measured BH
masses are 5–10 M�, while some have masses of 10–20 M�2.
Black holes have been claimed to be measured dynamically
in two other extragalactic systems, IC10 X-1 (Prestwich et al.
2007; Silverman & Filippenko 2008, MBH = 21–35 M�) and
NGC300 X-1 (Crowther et al. 2010, MBH = 12–24 M�). On
the basis of these observations, Bulik et al. (2011) argue that
these two systems are likely immediate progenitors of BBH
systems. However, recent work casts these BH masses in
doubt: it now appears more likely that the measured velocities
are due to stellar-wind features instead of the BH companion’s
orbital motion (Laycock et al. 2015, and references therein),
and therefore we do not consider the claimed BH masses in
these systems as reliable.

All these observed BH systems are found in low stellar den-
sity galactic fields. Based on multi-wavelength electromag-
netic studies of X-ray point sources, BH XRBs have also been
claimed to exist in globular clusters (Maccarone et al. 2007;
Chomiuk et al. 2013, and references therein); however, dy-
namical mass measurements for these systems have not been
possible, and hence reliable BH mass constraints are not avail-
able.

Both BHs of the GW150914 coalescence are more massive
than the BHs in known XRBs with reliably measured mass:
this GW discovery provides the most robust evidence for the
existence of “heavy” (& 25 M�) stellar-mass BHs. In what
follows we review our current understanding of BH and BBH
formation both in isolation and in dense environments, and we
examine the implications of the high GW150914 BH masses.

3.2. Predicted Masses for Single BHs

Black holes are expected to form at the end of the nuclear
lifetimes of massive stars. The stellar core collapses to form
a proto-NS and the occurrence and strength of a supernova
(SN) explosion determines how much material is ejected, and
whether a BH is formed. Fryer & Kalogera (2001) distin-
guish BH formation through partial or full fallback of the ini-
tially exploding envelope, or through the complete collapse of
the BH progenitor due to a core collapse that is not powerful
enough to drive an explosion. Fryer et al. (2012) find that the
transition from NS to BH formation occurs at initial progeni-
tor masses of' 18–20 M� and the transition from fallback to

2 For probability distribution functions of measured BH masses, see Farr
et al. (2011); Özel et al. (2010).

complete BH collapse takes place at initial progenitor masses
of ' 40 M�. Other studies (e.g., Ugliano et al. 2012) find that
either the SN is successful and a NS is formed, or the whole
star collapses to a BH; there is a range of progenitor masses
(15–40 M� for solar metallicity) where either a NS or a BH
could form.

This relatively simple picture of BH formation from single
stars is greatly affected by several key factors: the strength of
massive-star winds and their dependence on the star’s metal-
licity (Z, e.g., Maeder 1992), stellar rotation (e.g., de Mink
et al. 2009), and the microphysics of stellar evolution. These
factors affect the relationship between the initial progenitor
mass and the stellar (core) mass at the time of collapse, and
thus the mass of the resulting BH.

Winds are understood to be radiation-driven. Their
strengths depend on stellar properties, but cannot be derived
from first principles; instead they are empirically derived and
calibrated based on observations (for a review, see Smith
2014). Over the last decades, wind strengths for different
evolutionary stages have been significantly revised, mainly
downwards leading to more massive progenitors at core col-
lapse (for a review see Vink 2008). In general, stars at lower
metallicities exhibit weaker winds, since the lower metal con-
tent reduces opacity, enables easier radiation transport, and re-
duces radiation momentum transfer and hence mass loss from
the stellar surface. The functional dependence on metallicity
is also empirically constrained by studying massive stars in
environments of different metallicities. However, the range
in metallicities probed by observations is much smaller than
the range where massive stars are formed over cosmic history,
and hence extrapolations to metallicities orders of magnitude
smaller than solar Z� (i.e., Z = 0.02) are adopted. Although
we have no way of validating such extrapolations, here we
consider the published low-metallicity models.

Heger et al. (2003) and Mapelli et al. (2009) were among
the first to examine how compact object formation depends
on progenitor masses, stellar winds, and metallicity, albeit in a
rather qualitative framework. Quantitatively, Belczynski et al.
(2010a) and later Mapelli et al. (2013); Spera et al. (2015)
showed that adopting the latest wind prescriptions (Vink
2008) significantly increases the stellar mass at core collapse
and thus the maximum BH mass that can form from single
stars, although the exact relation between initial mass and fi-
nal BH mass depends on the details of the wind prescription
(see Figure 1).

Stellar rotation can lead to angular momentum transport
and extra mixing in the stellar interiors. In extreme cases, the
evolution of the star can be significantly altered, avoiding ex-
pansion of the star to giant dimensions (Maeder 1987). It has
been proposed that rapid rotation, especially at low metallic-
ities, where winds and associated angular momentum losses
are weaker, or in close binaries, where tides may replenish the
angular momentum, may play a significant role in the forma-
tion of more massive BHs (de Mink et al. 2009; Mandel & de
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Weak wind

Strong wind

Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z� = 0.02 for the old (strong) and new (weak) massive
star winds (Figure 3 from Belczynski et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence
(ZAMS; i.e., initial) progenitor mass for a set of different (absolute) metallicity values (Figure 6 from Spera et al. 2015). The
masses of GW150914 are indicated by the horizontal bands.

Mink 2016; Marchant et al. 2016). Nevertheless, there are no
calculations that find BHs more massive than 30 M� unless
the metallicity is lower than Z�.

Stellar properties at core collapse and the ensuing compact-
remnant masses have also been shown to depend, albeit much
more weakly, on the treatment of microphysics in stellar
structure and evolution codes, especially on assumptions re-
garding convective overshooting and resultant mixing (Jones
et al. 2015). Finally, Fryer et al. (2012) and Spera et al.
(2015) investigate how basic properties of the supernova ex-
plosion might affect remnant masses at different metallicities.
They show that remnant masses in excess of ' 12 M� at Z�
(' 30 M� at 1/100 Z�) are formed through complete collapse
of their progenitors. Therefore, the masses of BHs in “heavy”
BBH mergers only carry information about the evolution lead-
ing up to the collapse and not about the supernova mechanism.

The measured masses of the merging BHs in GW150914
show that stellar-mass BHs as massive as 32 M� (the lower
limit on the more massive BH at 90% credible level) can form
in nature. Given our current understanding of BH forma-
tion from massive stars, using the latest stellar wind, rota-
tion, and metallicity models, we conclude that the GW150914
BBH most likely formed in a low-metallicity environment: be-
low '1/2 Z� and possibly below ' 1/4 Z� (Belczynski et al.
2010a; Mapelli et al. 2013; Spera et al. 2015).

It is, in principle, possible that “heavy” BHs are formed
through indirect paths that do not require low metallicity, but
we consider this very unlikely. For example, the formation of
“heavy” BHs through the dynamical mergers of lower-mass
BHs with massive stars in young clusters has been considered.
However, these models adopt the optimistic assumption that
in such mergers, even for grazing collisions, all of the mass
is retained, leading to significant BH mass growth (Mapelli &

Zampieri 2014; Ziosi et al. 2014). Stellar collisions in dense
stellar environments (see Portegies Zwart et al. 1999) could
potentially produce stars massive enough to form “heavy”
BHs, but these objects are also subject to strong winds and
intense mass loss unless they are stars of low metallicity
(Glebbeek et al. 2009). Finally, formation of “heavy” BHs
from the mergers of lower-mass BHs in clusters is unlikely
because most dynamically formed merging BBHs are ejected
from the host cluster before merger (Rodriguez et al. 2015,
see their Figure 2).

3.3. BBH Masses from Isolated Binary Systems

The fact that the majority of massive stars are members
of binary systems with a roughly flat mass-ratio distribution
(Kobulnicky & Fryer 2007; Sana et al. 2012; Kobulnicky et al.
2014) provides the opportunity for BBH formation in isolated
binary systems. In that case, the masses of BHs depend not
only on the initial mass of the star and metallicity, but also on
any binary interactions. The development of binary popula-
tion models focused on the formation of double compact ob-
jects goes back to Kornilov & Lipunov (1983) and Dewey &
Cordes (1987), but the first population models to account for
BBH formation appeared a decade later starting with Tutukov
& Yungel’son (1993). Several groups have explored differ-
ent aspects of BBH formation from isolated binaries at vary-
ing levels of detail (many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the follow-
ing steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and an-
gular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass trans-
fer phase that is dynamically unstable leading to inspiral in
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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-
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pected merger rates (section 6), they cannot be used to deter-
mine the expected masses of BBH mergers formed in dynam-
ical environments.

O’Leary et al. (2006, 2007) and (Sadowski et al. 2008) pre-
sented the first BBH population predictions from dense clus-
ters with a BH mass spectrum. Their treatment of the effects
of stellar dynamics was based on simple cross sections and a
static density background. Nevertheless, their results generi-
cally produced BBH mergers in the local Universe with BH
masses of several tens of solar masses.

The first simulations to account in detail for both binary
evolution and stellar dynamics with a BH mass spectrum and
with realistic numbers of particles were by Downing et al.
(2010, 2011) and by Morscher et al. (2013, 2015). Morscher
et al. (2015); Rodriguez et al. (2016) further accounted for a
population of globular clusters with varying cluster properties
(mass, density, and metallicity). Examination of these results
indicates, very much like the models of isolated binary evolu-
tion, that clusters of lower metallicity produce BBH mergers
of higher masses, with chirp masses in excess of 10 M�and up
to 25–30 M� (the chirp mass of GW150914 is 28+2

−2 M�). We
note that none of these studies incorporate the newer, weaker
winds leading to more massive BHs adopted by some of the
models for isolated binaries (section 3.3). Such a modification
applied to clusters will unavoidably increase the BBH masses
from clusters even further. BBH populations are also pre-
dicted to form in young, open clusters (Goswami et al. 2014;
Ziosi et al. 2014) with “heavy” masses. In this case, BBHs are
formed mostly through dynamical exchanges in three-body
encounters of single BHs with binaries containing one or two
BHs.

We conclude that BBH formation in dense star clusters is
consistent with GW150914, provided that the clusters have
typical metallicities lower than Z� in order to form suffi-
ciently massive merging BBHs. Most of these mergers occur
outside the clusters following dynamical BBH ejection. Al-
though, under optimistic assumptions, formation of “heavy”
BHs at solar metallicity has been discussed through stellar or
BH-star mergers in young clusters, such paths require chains
of dynamical interactions for eventual BBH formation. Clus-
ter models with more detailed treatment of binary evolution,
dynamics, updated stellar winds, and exploration of cluster
properties are needed to determine the robustness of the pre-
dicted BBH mass spectra.

4. BINARY BLACK-HOLE MERGERS IN THE NEARBY
UNIVERSE

Apart from the BH masses of the binary system, another im-
portant measurement of GW150914 is its luminosity distance
in the range of 230–570 Mpc (at 90% credible level) which
corresponds to a redshift of 0.05–0.12 and an age of the Uni-
verse of ' 12.2− 13.1 Gyr at the time of the merger (using
Planck Collaboration et al. 2015). The specific implications
of this measurement vary, depending on whether GW150914

originated from isolated binary evolution or from dynamical
interactions in a dense stellar environment.

In the case of dynamical origin, mergers of such “heavy”
BBHs in the local Universe fit comfortably. Models of dy-
namical BBH formation (Portegies Zwart & McMillan 2000;
Miller & Lauburg 2009; O’Leary et al. 2009; Downing et al.
2011; Kocsis & Levin 2012; Tsang 2013; Ziosi et al. 2014;
Rodriguez et al. 2015, 2016; Morscher et al. 2015) show that
stellar and BH interactions take about ∼ 1 Gyr to form BBHs
which have a wide range of delay times between formation
and merger for BBHs from old and young clusters.

In the case of a BBH merger from an isolated binary at low
metallicity, there is a continuum of possibilities in between
two extremes: the BBH progenitor of GW150914 could have
formed in the local universe with a short merger delay time,
or it could have formed at higher redshift with a long merger
delay time. We cannot distinguish between these two extremes
with the observation of this single event.

Short merger times are typically favored. One of the
most recent isolated binary model predictions (Dominik et al.
2013), shows preference for merger times of ' 10–300 Myr.
However, low-metallicity star formation is rare in nearby
galaxies. The age and metallicity distribution of a large
sample of nearby galaxies from the Sloan Digital Sky Sur-
vey (SDSS) with median redshift of 0.13 shows that very
few galaxies have low metallicities, all of which are low-
mass (< 109 M�) and have relatively young stellar popula-
tions (< 1 Gyr, Gallazzi et al. 2005). In any case, the well
measured mass-metallicity relation (Tremonti et al. 2004)
implies that BBH formation paths with merger delay times
below ∼ 1 Gyr require that the source originated in nearby
(z< 0.2), low-mass, young galaxies.

Alternatively, the BBH system may have formed much ear-
lier (e.g., z& 2), when low-metallicity star formation was
more common (see Madau & Dickinson 2014), but then it
must have taken much longer to merge (∼ 5–10 Gyr). Such
long merger delay times are often disfavored significantly
compared to short delays (by factors of 10–100; see, e.g. Do-
minik et al. 2013).

To present a more quantitative discussion, we consider the
study by Dominik et al. (2013) in more detail. They dis-
cuss BBH formation from isolated binaries, accounting for
the dependence on star formation, galaxy-mass, and metal-
licity evolution from the local Universe to cosmological red-
shifts and find that most local BBH mergers originate from
star formation in the first few Gyr of the Universe and with
long merger delay times (see also Dominik et al. 2015). Fig-
ure 2 (adopted from Figure 4 of Dominik et al. 2013) indi-
cates that the BBH merger rate of binaries with metallicities of
1/2, 1/4 and 1/10 Z� increases with redshift and peaks at red-
shifts of 1, 3 and 4, respectively, i.e., at distances much larger
than the measured GW150914 luminosity distance. The local
(z∼ 0.1) BBH merger rates at such low metallicities are sup-
pressed by factors of ∼ 10–100 compared to higher redshifts,
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Figure 3. Allowed initial BBH semimajor axis and eccentric-
ity in order to merge within 10 Gyr (left of the thick solid blue
line) for a BBH with the GW150914 masses. The thin solid
lines with circles represent the evolutionary trajectories of in-
dividual example systems, starting at the edge of the allowed
range (the circles give the time to merger of log t/yr = 1, 2, 3,
4 ... 10, from left to right). The dashed lines denote periastron
separations of 10, 20, and 40 R� (left to right: orange, yellow,
purple). The green dotted line shows the trajectory of a binary
that has a remaining eccentricity of 0.1 at a GW frequency of
10 Hz.

but they are still comparable (within a factor of about 2) to
the high-metallicity local merger rate densities that produce
lower-mass BBHs.

To further study the potential progenitors of GW150914
and their expected merger time, we plot in Figure 3 the al-
lowed parameter range for the initial (right after BBH for-

mation) semimajor axis (a) and eccentricity (e) of the BBH
orbit that produces a merger within 10 Gyr, using the point-
mass approximation of Peters (1964). Binaries with long de-
lay times originate close to the thick solid line. Evolution-
ary trajectories show that systems become circular long be-
fore merger, even for high initial e, unless they form with
extremely short merger times or extremely high e (see sec-
tion 5). For initially circular orbits, a needs to be smaller than
0.215 AU or 46 R� for the binary to merge within ∼10 Gyr.
BBHs that form from two existing BHs in clusters can form
anywhere in the allowed parameter range. In the case of iso-
lated binaries, the separation before the formation of the sec-
ond BH needs to be wide enough to accommodate the pro-
genitor star. The BBH then forms with a similar separation
(or similar periastron distance, if there is mass loss in the su-
pernova or if BHs receive natal kicks), unless the BH kick is
large and fine-tuned in its direction to drastically change the
orbital separation. Since these progenitor stars have radii of at
least several R� (& 10 R� for chemically homogeneous evo-
lution), we estimate that the periastron distance needs to be
larger than ∼10–20 R� as indicated in Figure 3.

We conclude that, based on published model results,
“heavy” BBH mergers from low-metallicity environments in
the local Universe are not particularly surprising, regardless
of whether their origin is dynamical or from isolated bina-
ries. The rate of “heavy” BBH mergers may very well in-
crease with redshift either due to the increase in low-Z star-
formation rates or due to higher rates at shorter merger times,
at least for redshifts of up to ' 1. These redshifts are within
the horizon distance of aLIGO/Advanced-Virgo (AdV) design
sensitivity, expected to be reached by ∼ 2020 (Abbott et al.
2016i, and see § 7).

5. BINARY ECCENTRICITY AND BLACK-HOLE SPINS
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There is no evidence for eccentricity in the orbital dynam-
ics of GW150914, but eccentricities of .0.1 would not be
detectable for this event (Abbott et al. 2016f). In any case,
from Figure 3 it is clear that any eccentricity would have dis-
sipated by the time the binary entered the detectors’ sensi-
tive frequency band. Indeed, in this Figure we plot the evolu-
tion of a system that would retain an eccentricity of 0.1 at 10
Hz, but this evolution only takes 1.25 days from e = 0.999 to
merger! Kowalska et al. (2011) and Belczynski et al. (2002)
show that for their field BBH models, the expected eccen-
tricities would be undetectable. Only formation in a dynam-
ical environment at short semimajor axis and an extremely
high eccentricity could produce a detectable eccentricity (e.g.
O’Leary et al. 2009) for a small fraction of BBHs. A small
fraction of BBHs may form through triple stars in globular
clusters and potentially maintain significant eccentricities un-
til the merger (Samsing et al. 2014; Antonini et al. 2015).

Parameter-estimation analysis of GW150914 (Abbott et al.
2016f) with gravitational waveforms that account for spin ef-
fects (including precession) constrains the dimensionless spin
magnitude of the primary BH to . 0.7 (at 90% credible level);
the spin of the secondary BH is not significantly constrained.
The dimensionless spin components aligned (or anti-aligned)
with the orbital angular momentum axis are likely to be small,
whereas the spin components in the orbital plane are poorly
constrained. The tentative implication is that, if spin mag-
nitudes are indeed large, then the spin-orbit misalignment is
likely to be high too; if the spin magnitudes are small, then
the tilts remain unconstrained.

These BH spin magnitude constraints derived from GW ob-
servations are comparable in strength to what we typically ob-
tain from X-ray analyses (for reviews, see McClintock et al.
2014; Miller & Miller 2015). These BH spin estimates in
XRBs have been made from analysis of the X-ray spectra
of accretion disks, based either on the influence of a spin-
dependent radius of the disk inner edge on the continuum of
the spectra or of the effect of the BH spin on the shape of emis-
sion lines. Black-hole spins are typically found to be high for
systems with high-mass donors. In general, the cores of mas-
sive stars are expected to rotate rapidly and thus may lead to
rapid BH spin at formation, unless there is efficient angular
momentum coupling between the core and the (expanding)
envelope (e.g. Hirschi et al. 2005). The ability to constrain
the BH spins in GW150914 reveals a new approach to under-
standing the spin distribution of BHs that is independent of
XRB measurements. Measuring BH spins in a variety of BH
binaries has the potential of revealing the origin of BH spins,
at formation and through subsequent accretion evolution in
binaries (e.g. Belczynski et al. 2008b; Valsecchi et al. 2010;
Wong et al. 2012; Fragos & McClintock 2015; Amaro-Seoane
& Chen 2015).

For BBH formation from isolated binaries, BH spin align-
ment is expected if the spin of the BH is aligned with the
spin of its progenitor star and thus with the binary. Even

if BH kicks are relatively large (>100 km s−1), it is found
that BBH spin tilts are rather constrained to typical values
below about ' 20 deg (Kalogera 2000). For BBH formation
in dense environments there is no reasoning suggesting that
spins would be correlated in any way through BH interac-
tions and thus significant misalignment would be more likely.
Thus, if we would know that the BH spins in GW150914 were
aligned with the orbital angular momentum, then their magni-
tude would already be constrained by this GW measurement.
Conversely, spin precession effects significantly modify the
relative orientation of the two BH spins between their forma-
tion and merger (Schnittman 2004; Gerosa et al. 2015; Kesden
et al. 2015), particularly when both spin magnitudes are large.
While initially random spins remain random at coalescence,
spin precession effects can distort the relative likelihood of
some misalignment angles. Therefore the misalignment an-
gles measured for GW150914 cannot be directly identified as
the birth BH spin misalignments.

We conclude that the non-detection of eccentricity for
GW150914 is not a surprise regardless of the BBH forma-
tion mechanism. Since the spin magnitude is not expected
to change during the X-ray binary phase, the upper limit on
the primary BH spin indicates that it was not formed with ex-
tremal spin. At present, the evidence for relatively small mag-
nitudes of the BH spin components aligned with the orbital
angular momentum does not provide constraints on the for-
mation mechanism. The non-aligned components and hence
spin-orbit tilts are essentially unconstrained. With additional
BBH detections, a clear preference for mostly aligned spins
would favor formation from isolated binaries and small na-
tal BH kicks. On the other hand, a predominance of large
misalignments could favor formation through dynamical pro-
cesses instead. As the sample grows, spin measurements will
prove critical for distinguishing formation channels and their
relative contributions to the merger rate.

6. BINARY BLACK-HOLE MERGER RATES

The upper limits on the merger rates from initial
LIGO/Virgo observations were not stringent enough to ex-
clude even the most optimistic theoretical predictions (Aasi
et al. 2013). In contrast, GW150914 provides the first inter-
esting GW rate constraints on astrophysical models. As dis-
cussed in § 2, the rate at which such BBH mergers occur in
the low-redshift Universe (z .0.5) is inferred in the range of
2−400 Gpc−3 yr−1 (Abbott et al. 2016g).

Over the years, some studies have discussed models of iso-
lated binary populations, which result in completely aborting
the formation of BBH systems that merge within the age of
the Universe, e.g., Nelemans et al. (2001); Belczynski et al.
(2002) and most recently Mennekens & Vanbeveren (2014).
In all these models, the lack of BBH mergers can be traced
back to one or more of the following model assumptions:
strong (old) wind models; no metallicity dependence of wind
strengths; no orbital evolution due to tides; high BH natal
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Figure 4. Left: Horizon distance (left axis) and horizon redshift (right axis) as a function of total mass (bottom axis) and chirp
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the different lines and the chirp mass of GW150914 is indicated with a red star. Right: the same, but now for detection-weighted
sensitive comoving volume, defined to yield the expected number of detections if multiplied with a merger rate per unit volume.
For details see Appendix.

kicks. All these assumptions effectively widen the orbits of
massive binaries and prevent, not the formation of BBH sys-
tems in general, but more specifically the formation of BBH
systems that merge within the age of the Universe. Dynami-
cal formation of BBHs is aborted if BHs receive natal kicks
larger than the local escape speed (e.g., &50 km/s for typical
globular clusters, see Gnedin et al. 2002) such that the BHs
escape before they can interact.

The existence of GW150914 shows that BBH mergers occur
in nature, and therefore models which don’t predict their exis-
tence within a Hubble time through any formation channel are
excluded (e.g., certain models in Nelemans et al. 2001; Bel-
czynski et al. 2002, 2007; Mennekens & Vanbeveren 2014).
For both isolated binary evolution and dynamical formation,
the implication of BBH existence is that BH kicks cannot al-
ways be high (> 100 km s−1), in order to avoid disrupting or
widening the orbits too much, or ejecting the BHs from clus-
ters before they can interact. In the case of isolated binaries,
BBH existence also implies that massive star winds cannot be
strong, and in the absence of high rotation, survival through
common-envelope evolution in massive binaries must be pos-
sible.

Rate predictions for binary mergers and associated
LIGO/Virgo detection expectations were summarized in
Abadie et al. (2010), and for BBH mergers a range of 0.1−
300 Gpc−3 yr−1was reported. More recent studies, not in-
cluded in Abadie et al. (2010), for isolated binary evolution
give very similar predictions: 0− 100 Gpc−3 yr−1 by (Man-
del & de Mink 2016), 0.5−220 Gpc−3 yr−1 by Dominik et al.
(2015), 0− 1000 Gpc−3 yr−1 by Mennekens & Vanbeveren
(2014). Recent studies of globular cluster dynamics also re-
port comparable rates (Rodriguez et al. 2015, 2016; Downing
et al. 2010, 2011).We conclude that the GW150914 rate con-
straints are broadly consistent with most of the BBH rate pre-
dictions, and only the lowest predicted rates (. 1 Gpc−3 yr−1)
can be excluded.

7. THE PATH FORWARD FOR FUTURE STUDIES

In the coming years the aLIGO and AdV detectors will be
upgraded to a higher sensitivity, as shown in Figure 4: on the
left we plot the maximum luminosity distance (DL) and red-
shift (z), and on the right a measure for the surveyed volume
(V c) for the initial LIGO/Virgo detectors, the current aLIGO
and future expectations (see the Appendix for the details). We
can anticipate that the BBH detection sample will increase by
at least a factor of ∼ 10 as observing runs become more sen-
sitive and of longer duration. With these new detections, it
will become possible to go beyond the mostly qualitative in-
ferences discussed here, and quantitatively constrain the prop-
erties of double-compact-objects (DCOs) and their formation
models.

In general, quantitatively constraining the model can be
done either by deriving a parametrized description of the un-
derlying model (e.g. Mandel 2010; O’Shaughnessy 2013) or
by comparing specific population models to the data (e.g. Bu-
lik & Belczyński 2003; Mandel & O’Shaughnessy 2010).

For the latter, detailed information about the models and
properties of the predicted populations are needed, e.g.,
masses and rate densities as a function of redshift. Given the
large number of model parameters, it is challenging to obtain
a statistically appropriate sampling of the parameter space to
the level required to address degeneracies; no existing study
has provided a sufficiently complete data set. However, such
analyses will eventually allow us to constrain massive-star
winds and rotation, the common-envelope binary evolution
phase, BH mass relations, and BH kicks. GW detections of
binaries with NSs will probe lower-mass stars and NS kicks
and the supernova mechanism. For dynamical formation, we
can also probe cluster properties and their dependence on red-
shift.

In the past, binary pulsars, supernovae, and gamma-
ray burst observations have been used as constraints on
DCO models (e.g. Portegies Zwart & Yungelson 1998;



14

O’Shaughnessy et al. 2005b). More recently, studies have
explored quantitative, statistical methods for deriving con-
straints and examined the minimum sample sizes needed for
distinguishing between a small set of different isolated-binary
models (Bulik & Belczyński 2003; Mandel & O’Shaughnessy
2010; Kelley et al. 2010; O’Shaughnessy 2013; Messenger &
Veitch 2013; Stevenson et al. 2015; Mandel et al. 2015; Bel-
czynski et al. 2015). We note that the majority of these studies
conclude that sample sizes of order ∼100 events are needed
for strong constraints.

Before comprehensive quantitative constraints on models
become possible, one might consider whether measurements
for this one event or just a handful of sources would allow
us to distinguish between the two main formation paths: iso-
lated binaries and dynamical processes. The masses of the
BHs in BBH systems from both isolated binary formation and
from clusters depend on the mass spectrum of single BHs,
and thus in both formation channels a range of masses is ex-
pected. For example, the Belczynski et al. (2015) isolated
binary models find detectable BBHs with total masses be-
tween 15–20 M�and ∼100 M�(chirp masses up to ∼50 M�),
the Rodriguez et al. (2015, 2016) cluster models find chirp
masses of 10–22 M�(that could be higher for weaker stellar
winds), and the Kinugawa et al. (2014) PopIII BBH mergers
have higher chirp masses (most above 20 M�). The strong
dependence on chirp mass of the distance to which sources
can be detected (see Fig. 4) strongly enhances the probabil-
ity of detecting these massive BBHs compared to lower-mass
objects (Flanagan & Hughes 1998).

In view of these predictions, distinguishing between for-
mation in isolated binaries and through dynamical processes
based solely on mass measurements is unlikely. The situa-
tion is similar for mass ratios: BBH formation through both
isolated binary evolution and dynamical processes tends to fa-
vor binaries of roughly comparable masses, within a factor of
∼ 2 (Dominik et al. 2015; Rodriguez et al. 2015; Mandel &
de Mink 2016).

Initial eccentricities would be very different through the two
paths, but most current predictions are for binaries having cir-
cularized by the time they enter the frequency band of rel-
evance to ground-based interferometers (see section 5). An
accurate localization of the source would make it possible to
check for the presence of nearby clusters. For such localiza-
tion with GW detectors only additional advanced detectors,
and a very high signal-to-noise ratio would be needed. Al-
ternatively, the discovery of an electro-magnetic counterpart
could pinpoint the position (Abbott et al. 2016d). At present,
we are left with two possibilities, for distinguishing among
formation paths: BH spins or precise determination of the
BBH merger rate as a function of redshift. Detection of spin
misalignment would be a strong indication for dynamical for-
mation, but is challenging, as GW spin measurements are typ-
ically not well constrained (e.g. Abbott et al. 2016f; Vitale
et al. 2014; van der Sluys et al. 2008a,b); the rates option

is challenging too, given the large, overlapping ranges in the
rate predictions from the two paths and their uncertain redshift
evolution. In the future, we may be able to further constrain
models by combining BBH rate constraints with constraints
on NS mergers (even if only upper limits). Consideration of
the models consistent with all these constraints will allow us
to make firmer predictions for detection expectations of other
types of EM/GW binaries involving NSs and white dwarfs.

The BBH population discovered through GW150914 also
has implications for other GW detections. First, before enter-
ing the aLIGO/AdV band, the BBH systems evolve through
the frequency range of space-borne GW detectors such as
(e)LISA (0.1 – 10mHz) (Amaro-Seoane et al. 2013). Because
of the high masses of systems like GW150914, it only takes
∼1,000 years to evolve from 2 – 3 mHz to merger and the
systems can be detected not only inside the Milky Way, but
to distances of ∼10 Mpc. These “heavy” stellar-mass BBHs
could be plausible (e)LISA sources, if the merger rate is at the
upper end of the inferred range.

Second, the expected increase in the merger rate of BBHs
towards higher redshift opens the possibility that the large
number of individually unresolvable high-redshift BBH merg-
ers would instead form a detectable stochastic background
signal. Such a signal could be probed with aLIGO/AdV de-
tection of, or upper limits on, the stochastic GW background,
as explored in detail in Abbott et al. (2016c).

The possibility that GW150914 is produced by a binary of
the first generation PopIII stars may provide a direct link be-
tween the local Universe and the BHs that may have been
the seeds that grew into the supermassive BHs we find in
the centers of most galaxies (Volonteri et al. 2003). Even if
GW150914 itself is not a product of PopIII stars, the confir-
mation of the high BH masses expected from the weaker stel-
lar winds of low-metallicity stars also supports the idea that
PopIII stars, with even much lower metallicity, may produce
even more massive BHs, unless they become so massive that
they are completely disrupted by pair-instability supernovae
(e.g., Fryer et al. 2001; Woosley et al. 2007).

8. CONCLUSIONS

We have examined the implications of the GW discovery of
a BBH merger in the context of the existing literature on the
formation of BBHs in isolated binaries and in dense stellar
environments. Despite the fact that we have only one firm
detection, we can draw several astrophysical conclusions.

For the first time we have observational evidence that BBH
systems actually form in nature, with properties such that they
merge in the local Universe. This is a unique confirmation of
numerous theoretical predictions over the past forty years that
merging BBHs can form, from both isolated binaries in galac-
tic fields and from dense stellar environments. Notably, the
measured BH masses in the merging binary are higher than
any of the BH masses dynamically measured reliably from X-
ray binaries. Such “heavy” BHs require that they were formed
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from massive stars in low-metallicity environments (1/2 Z�
or lower), given our current understanding of massive-star
winds and their dependence on metallicity. Model rate pre-
dictions from both formation mechanisms are broadly con-
sistent with the BBH merger rate implied by the GW150914
discovery. The relatively extreme models which either abort
the formation of merging BBHs or predict rates lower than
' 1 Gpc−3 yr−1 are now excluded. Apart from weaker winds
at low metallicities, a significant fraction of BHs must receive
low kicks; survival through common-envelope phases or high
rotation in massive stars may be necessary. We note that the
majority of recent model predictions survive this constraint.
Targeted simulations and additional GW merger detections
will be needed to quantify the balance between BBH forma-
tion rate, delay times until merger, and hence BBH merger
rates as a function of redshift. This first BBH discovery al-
ready has implications for a stochastic GW background and
for the potential of observations with a future eLISA-like
space mission.

These are the key conclusions we can derive based on the
GW150914 properties and the existing DCO astrophysics lit-
erature. Final analysis of this first aLIGO observational run
may provide additional rate constraints from additional detec-
tions of BBHs or NS binaries, or in their absence interesting
upper limits on merger rates of NS binaries. These combined
rate constraints will provide the most stringent quantitative
limits on model predictions. An increased source sample re-
sulting from future GW data will of course better constrain the
merger rates, but will also allow us to probe the mass distribu-
tions and any dependence on redshift. To go beyond the cur-
rent, mostly qualitative discussion, and move towards com-
prehensive model constraints, it will be important to develop
frameworks that account for observational biases and for ap-
propriate sampling of the model parameter space including
relevant parameter degeneracies. In closing, we are looking
forward to the development of GW astronomy as a new way
of probing the Universe.
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APPENDIX

The sensitivity of the detector network to GW emission
from equal-mass BBHs with non-spinning components is cal-
culated using the following procedure. We use a single-
detector signal-to-noise ratio threshold of 8 as a proxy for the
detectability of binary mergers by a detector network; this is
a commonly used proxy (e.g., Abadie et al. 2010) which has
been demonstrated to be accurate to within ∼ 10% for com-
puting surveyed volumes (Abbott et al. 2016g). The curves
labeled 2010, 2015–2016, 2017–2018 and 2019+ are com-
puted using, respectively, the measured noise power spectral
density (PSD) of H1 during the S6 science run, the measured
noise PSD of H1 during the 2015 science run, low-end pre-
dictions for LIGO noise PSD for the late stages of detector
commissioning, and for design sensitivity runs in the zero de-
tuning, high power configuration (Abbott et al. 2016i). We use
inspiral-merger-ringdown effective one-body waveforms cal-
ibrated to numerical relativity for these calculations (Tarac-
chini et al. 2014). The actual sensitivity will depend on the
exact network configuration, the data quality, and the signal
parameters, so the curves in Figure 4 should be viewed only
as approximations. In particular, the signal strength and de-
tectability generally depend on BH spins.

The left panel shows the horizon distance, which is the lu-
minosity distance at which GWs from a face-on, equal-mass,
overhead binary with the given source-frame total mass (bot-
tom axis) or chirp mass (top axis) would be detected at a
signal-to-noise ratio of 8; the corresponding redshift is shown
on the right vertical axis. The right panel shows the surveyed
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detection-weighted comoving volume V c

V c =
∫

∞

0

dVc

dz
fd(z)

1
1+ z

dz , (1)

where dVc
dz is computed using the Planck Collaboration et al.

(2015) cosmology and the last factor corrects for the differ-
ence in source and observer clocks. Because the GW strength
of signals depends (to within factors ∼2) on inclination and
the detector response depends strongly on sky position, fd(z)
is the probability that a binary with the given source-frame
masses at redshift z is louder than the signal-to-noise ratio
threshold of 8 (integrated over isotropic sky locations and
orientations). With this definition, and assuming a constant
volumetric merger rate R per unit comoving volume per unit
source time, the expected number of detections during an ob-
serving run of duration T is given by R V cT .
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