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❖ The discovery is the work of ~1000 scientists and 
engineers across the globe 
❖ 3 different collaborations: LIGO, GEO600, Virgo 
❖ 15 countries, 80 institutions 
❖ 100’s of graduate students and postdocs  

❖ It is an engineering marvel, as much as it is a scientific 
discovery 

❖ Many thanks to hundreds of colleagues from the three 
collaborations who have made this possible
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B I N A R Y  B L A C K  H O L E  W A V E F O R M S
waveform characterized by 

slow adiabatic inspiral, fast and luminous merger, rapid ringdown 
very large parameter space 

mass ratio, large BH spins misaligned with orbit, eccentricity 
waveform shape can tell us about component masses, spins and 
eccentricity 
waveform amplitude (in a detector network) can tell us about 
source’s orientation, sky position, polarization and distance
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following section and are consistent with our expect-
ations for an astrophysical BBH source. The inferred
component masses of LVT151012 lie roughly between
the masses of GW150914 and GW151226, as shown
in Fig. 4.

IV. SOURCE PROPERTIES

In this section, we present the inferred properties of the
sources of GW150914, LVT151012, and GW151226,
assuming that the signals each originate from a binary
coalescence as described by general relativity. Tests of the
consistency of the signal with the predictions of general
relativity are presented in Sec. V. Full results for
GW150914 have been provided in Refs. [39,40], and
key results for LVT151012 have been given in
Ref. [44]. Here, we give results based upon an updated
calibration of the data. The analyses of all three signals

closely mirror the original analysis of GW150914, as
detailed in Ref. [39] and described in Appendix B.
The analysis makes use of two waveform models, the

double aligned spin waveform model (EOBNR) [8,9] and
an effective precessing spin model (IMRPhenom) [36–38].
Results from the two waveforms are similar, and the data
give us little reason to prefer one model over the other. We
therefore average the posterior distributions from two
waveforms for our overall results. These are used for the
discussion below, except in Sec. IV B, where we also
consider measurements of spin alignment from the pre-
cessing IMRPhenom waveform.
The results match our expectations for a coherent

signal in both detectors and give us no reason to suspect
that any of the signals are not of astrophysical origin. All
three signals are consistent with originating from BBHs.
Key parameters for the three events are included in
Table I and plotted in Figs. 4,5, and 6. Detailed results
are provided in Table IV in Appendix B.

FIG. 4. Posterior probability densities of the masses, spins, and distance to the three events GW150914, LVT151012, and GW151226.
For the two-dimensional distributions, the contours show 50% and 90% credible regions. Top left panel: Component massesmsource

1 and
msource

2 for the three events. We use the convention that msource
1 ≥ msource

2 , which produces the sharp cut in the two-dimensional
distribution. For GW151226 and LVT151012, the contours follow lines of constant chirp mass (Msource ¼ 8.9þ0.3

−0.3M⊙ and
Msource ¼ 15:1þ1.4

−1.1M⊙, respectively). In all three cases, both masses are consistent with being black holes. Top right panel: The
mass and dimensionless spin magnitude of the final black holes. Bottom left panel: The effective spin and mass ratios of the binary
components. Bottom right panel: The luminosity distance to the three events.

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)
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A. Masses

The binary component masses of all three systems lie
within the range expected for stellar-mass black holes. The
least massive black hole is the secondary of GW151226,
which has a 90% credible lower bound that msource

2 ≥
5.6M⊙. This is above the expected maximum neutron star
mass of about 3M⊙ [80,81] and beyond the mass
gap where there is currently a dearth of black holes
observed in x-ray binaries [82–84]. The range of our
inferred component masses overlaps with those for stellar-
mass black holes measured through x-ray observations but
extends beyond the nearly 16M⊙ maximum of that
population [85–87].
GW150914 corresponds to the heaviest BBH system

(Msource ¼ 65.3þ4.1
−3.4M⊙) we observed, and GW151226

corresponds to the least massive (Msource ¼ 21.8þ5.9
−1.7M⊙).

Higher mass systems merge at a lower gravitational-wave
frequency. For lower-mass systems, the gravitational-wave

signal is dominated by the inspiral of the binary compo-
nents, whereas for higher-mass systems, the merger and
ringdown parts of the signal are increasingly important.
The transition from being inspiral dominated to being
merger and ringdown dominated depends upon the sensi-
tivity of the detector network as a function of frequency;
GW150914 had SNR approximately equally split between
the inspiral and post-inspiral phases [41]. Information
about the masses is encoded in different ways in the
different parts of the waveform: The inspiral predominantly
constrains the chirp mass [70,88,89], and the ringdown is
more sensitive to the total mass [90]; hence, the best-
measured parameters depend upon the mass [91–93]. This
is illustrated in the posterior probability distributions for the
three events in Fig. 4. For the lower-mass GW151226 and
LVT151012, the posterior distribution follows curves of
constant chirp mass, but for GW150914, the posterior is
shaped more by constraints on the total mass [94].

FIG. 5. Posterior probability distributions for the dimensionless component spins cS1=ðGm2
1Þ and cS2=ðGm2

2Þ relative to the normal to
the orbital plane L, marginalized over the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of the tilt
angles, and therefore have equal prior probability. The left plot shows the distribution for GW150914, the middle plot is for LVT151012,
and the right plot is for GW151226.

FIG. 6. Posterior probability distributions for the sky locations of GW150914, LVT151012, and GW151226 shown in a Mollweide
projection. The left plot shows the probable position of the source in equatorial coordinates (right ascension is measured in hours and
declination is measured in degrees). The right plot shows the localization with respect to the Earth at the time of detection. Hþ and Lþ
mark the Hanford and Livingston sites, and H− and L− indicate antipodal points; H-L and L-H mark the poles of the line connecting the
two detectors (the points of maximal time delay). The sky localization forms part of an annulus, set by the difference in arrival times
between the detectors.

BINARY BLACK HOLE MERGERS IN THE FIRST … PHYS. REV. X 6, 041015 (2016)
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within the range expected for stellar-mass black holes. The
least massive black hole is the secondary of GW151226,
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following section and are consistent with our expect-
ations for an astrophysical BBH source. The inferred
component masses of LVT151012 lie roughly between
the masses of GW150914 and GW151226, as shown
in Fig. 4.

IV. SOURCE PROPERTIES

In this section, we present the inferred properties of the
sources of GW150914, LVT151012, and GW151226,
assuming that the signals each originate from a binary
coalescence as described by general relativity. Tests of the
consistency of the signal with the predictions of general
relativity are presented in Sec. V. Full results for
GW150914 have been provided in Refs. [39,40], and
key results for LVT151012 have been given in
Ref. [44]. Here, we give results based upon an updated
calibration of the data. The analyses of all three signals

closely mirror the original analysis of GW150914, as
detailed in Ref. [39] and described in Appendix B.
The analysis makes use of two waveform models, the

double aligned spin waveform model (EOBNR) [8,9] and
an effective precessing spin model (IMRPhenom) [36–38].
Results from the two waveforms are similar, and the data
give us little reason to prefer one model over the other. We
therefore average the posterior distributions from two
waveforms for our overall results. These are used for the
discussion below, except in Sec. IV B, where we also
consider measurements of spin alignment from the pre-
cessing IMRPhenom waveform.
The results match our expectations for a coherent

signal in both detectors and give us no reason to suspect
that any of the signals are not of astrophysical origin. All
three signals are consistent with originating from BBHs.
Key parameters for the three events are included in
Table I and plotted in Figs. 4,5, and 6. Detailed results
are provided in Table IV in Appendix B.

FIG. 4. Posterior probability densities of the masses, spins, and distance to the three events GW150914, LVT151012, and GW151226.
For the two-dimensional distributions, the contours show 50% and 90% credible regions. Top left panel: Component massesmsource

1 and
msource

2 for the three events. We use the convention that msource
1 ≥ msource

2 , which produces the sharp cut in the two-dimensional
distribution. For GW151226 and LVT151012, the contours follow lines of constant chirp mass (Msource ¼ 8.9þ0.3

−0.3M⊙ and
Msource ¼ 15:1þ1.4

−1.1M⊙, respectively). In all three cases, both masses are consistent with being black holes. Top right panel: The
mass and dimensionless spin magnitude of the final black holes. Bottom left panel: The effective spin and mass ratios of the binary
components. Bottom right panel: The luminosity distance to the three events.

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)
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qualitative framework. Quantitatively, Belczynski et al. (2010a)
and later Mapelli et al. (2013) and 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 final 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
expansion of the star into a giant (Maeder 1987). It has been
proposed that rapid rotation, especially at low metallicities,
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
formation of more massive BHs(de Mink et al. 2009; Mandel
& de 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 regarding 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 SN explosion 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
leading up to the collapse and not about the SN 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 formation
from massive stars, using the latest stellar wind, rotation, and
metallicity models, we conclude that the GW150914 BBH most
likely formed in a low-metallicity environment: below ;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 a 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 (e.g.,
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 population
models focused on the formation of double compact objects
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 &
Yungelson (1993). Several groups have explored different
aspects of BBH formation from isolated binaries at varying
levels of detail(many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the following
steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and
angular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass transfer

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 for GW150914 are indicated by the horizontal bands.
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qualitative framework. Quantitatively, Belczynski et al. (2010a)
and later Mapelli et al. (2013) and 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 final BH mass depends on the
details of the wind prescription (see Figure 1).
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metallicity models, we conclude that the GW150914 BBH most
likely formed in a low-metallicity environment: below ;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 a 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 (e.g.,
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 population
models focused on the formation of double compact objects
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 &
Yungelson (1993). Several groups have explored different
aspects of BBH formation from isolated binaries at varying
levels of detail(many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the following
steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and
angular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass transfer

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 for GW150914 are indicated by the horizontal bands.
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(Lipunov+ 1997, Belczynski+ 2010, Dominik+ 2015, Belczynski+ 2015, 
Nelemans+ 2001, Rodriguez+ 2016, de Mink+ 2009, Marchant+ 2016, de 
Mink & Mandel 2016, Belczynski+ 2016) 
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uncertainty in either direction [5]. In all cases, the upper
limits derived here are 2 to 3 orders of magnitude above the
realistic estimated rates, and about a factor of 10 above the
most optimistic predictions. These results are summarized
in Fig. 5.

VII. DISCUSSION

We performed a search for gravitational waves from
compact binary coalescences with total mass between 2
and 25M! with the LIGO and Virgo detectors using data
taken between July 7, 2009, and October 20, 2010. No
gravitational waves candidates were detected, and we
placed new upper limits on CBC rates. These new limits
are up to a factor of 1.4 improvement over those achieved
using previous LIGO and Virgo observational runs up to
S5/VSR1 [4], but remain 2 to 3 orders of magnitude above
the astrophysically predicted rates.

The installation of the advanced LIGO and Virgo detec-
tors has begun. When operational, these detectors will
provide a factor of 10 increase in sensitivity over the initial
detectors, providing a factor of "1000 increase in the
sensitive volume. At that time, we expect to observe tens
of binary coalescences per year [5].

In order to detect this population of gravitational-wave
signals, we will have to be able to confidently discriminate
it from backgrounds caused by both stationary and

transient detector noise. It is customary [5] to assume
that a signal with SNR of 8 in each detector would stand
far enough above background that we would consider it to
be a detection candidate. The blind injection had somewhat
larger SNR than 8 in each detector, and we were able
estimate a FAR of 1 in 7000 yr for that event.
Alternatively, consider a coincident signal with exactly
SNR of 8 in two detectors. Provided the signal is a good
match to the template waveform (!2

r # 1 in Eq. (1)) this
corresponds to "c ¼ 11:3. As can be seen from the ex-
tended background events with the blind injection removed
in Fig. 3 (light gray crosses), this gives a FAR of "1 in
2% 104 yr in a single trial, or 1 in 3000 yr over all trials.
Achieving similar-or-better background distributions in
Advanced LIGO and Virgo will require detailed data qual-
ity studies of the detectors and feedback from the CBC
searches, along with well-tuned signal-based vetoes. We
have continued to develop the pipeline with these goals in
mind. For this analysis we significantly decreased the
latency between taking data and producing results, which
allowed data quality vetoes to be finely tuned for the CBC
search. These successes, along with the successful recov-
ery of the blind injection, give us confidence that wewill be
able to detect gravitational waves from CBCs at the ex-
pected rates in Advanced LIGO and Virgo.
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Hisenda i Innovació of the Govern de les Illes Balears,
the Foundation for Fundamental Research on Matter sup-
ported by the Netherlands Organisation for Scientific
Research, the Polish Ministry of Science and Higher
Education, the FOCUS Programme of Foundation for
Polish Science, the Royal Society, the Scottish Funding
Council, the Scottish Universities Physics Alliance, the
National Aeronautics and Space Administration, the
Carnegie Trust, the Leverhulme Trust, the David and
Lucile Packard Foundation, the Research Corporation,
and the Alfred P. Sloan Foundation.

FIG. 5 (color online). Comparison of CBC upper limit rates for
BNS, NSBH, and BBH systems. The light gray regions display
the upper limits obtained in the S5/VSR1 analysis; dark gray
regions show the upper limits obtained in this analysis, using the
S5/VSR1 limits as priors. The new limits are up to a factor of 1.4
improvement over the previous results. The lower (blue hatched)
regions show the spread in the astrophysically predicted rates,
with the dashed-black lines showing the realistic estimates [5].
Note: in Ref. [5], NSBH and BBH rates were quoted using a
black hole mass of 10M!. We have therefore rescaled the S5 and
S6 NSBH and BBH upper limits in this plot by a factor of
ðM5=M10Þ5=2, where M10 is the chirp mass of a binary in
which the black hole mass is 10M! and M5 is the chirp mass of
a binary in which the black hole mass is 5M!.
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is piecewise-constant in bins in the m1-m2 plane:

dN
dVcdtRdlogm1d logm2

=

8
>>>>>>>><

>>>>>>>>:

n11 M0  m1 < M1,M0  m2 < M1

n12 M0  m1 < M1,M1  m2 < M2

· · · · · ·

ni j Mi�1  m1 < Mi,Mj�1  m2 < Mj

· · · · · ·

, (9)

where Vc is the comoving volume, tR is source-frame time, m1767

is the mass of the larger BH, m2 is the mass of the smaller BH,768

the
�

ni j | i, j = 1, . . . ,Nbin
 

are the values of the mass func-769

tion in each bin, and the {Mi | i = 0 . . .Nbin} are bin bound-770

aries in mass space. We use 20 bins spaced evenly in logm771

between masses of 3M� and 80M�. This range encompasses772

the masses estimated from PE for the BHs in the three sys-773

tems. It is important to estimate the mass distribution in the774

two-dimensional space of masses, even if the eventual output775

of the estimation is one-dimensional, because of the correla-776

tion present between mass measurements from PE.777

This model for the BBH mass function has a large num-778

ber of degrees of freedom (210); given our sparse data, we779

should regularise the model. We impose a stationary Gaus-780

sian process (GP) prior on the bin heights, n
ab

. We choose781

a squared-exponential kernel in log-mass space and perform782

the analysis twice using different mean functions correspond-783

ing to the flat-in-log and power-law population assumptions784

in Section VI. This restricts the BH mass function to the class785

of C• functions that have correlation length scales and varia-786

tion in the logm1-logm2 plane consistent with rate bounds (in787

bins containing PE samples) and upper limits (in bins with no788

samples). Choosing a mean function gives the prior expecta-789

tion of the shape of the mass function, but strong upper limits790

and bounds can cause the inferred shape to deviate arbitrarily791

from this prior if the data demand it.6792

We account for the uncertainty in our knowledge of the793

massses of the BH in these BBH systems using the PE poste-794

rior distributions from Section IV. The full set of parameters795

in our model are the bin heights (210 parameters) and the GP796

prior parameters (5, comprising three parameters for the met-797

ric in the squared exponential kernel and an overall mean and798

variance scale parameter).799

The mass function is inferred from the observed mass dis-800

tribution of the PE samples for the three triggers and non-801

detections in mass regions with search sensitivity; relating802

the intrinsic mass distribution to the observed mass distribu-803

tion requires estimating the search sensitive time-volume as a804

6 Using a this sort of prior to regularise the bin-by-bin fits is sometimes
called “partial pooling” [96] and the priors are known as “shrinkage pri-
ors” [97]. Rates for bins that lie within ⇠ 1 correlation length in logm
space are pulled toward each other, and therefore behave to a degree as one
common, pooled, rate in the analysis. All rates are also “shrunk” toward
the mean function by the prior.
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B I N A R Y  B L A C K  H O L E S  A S  T E S T B E D S  O F  
G E N E R A L  R E L AT I V I T Y

Gravity gets ultra-strong during a BBH merger compared to any 
observations in the solar system or in binary pulsars 

in the solar system: Φ/c2 ~ 10-6 

In a binary pulsar: Φ/c2 ~ 10-4 

Near a black hole: Φ/c2 ~ 0.5 

Dissipative predictions of gravity are not even tested at the 1st  
post-Newtonian order 

In binary black holes even (v/c)7  post-Newtonian terms might 
not be adequate for high SNR (~100) events expected to be 
observed by Advanced LIGO, Virgo and KAGRA
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Gravitational wave tails Testing the presence of tails

Blanchet and Schaefer (1994) Blanchet and Sathyaprakash (1995)
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FIG. 8. The 90% credible upper bounds on deviations in the PN
coefficients, from GW150914 and GW151226. Also shown are
joint upper bounds from the two detections; the main contributor
is GW151226, which had many more inspiral cycles in band than
GW150914. At 1 PN order and higher the joint bounds are slightly
looser than the ones from GW151226 alone; this is due to the large
offsets in the posteriors for GW150914.

deviations from their general relativity values of zero [41]. By
contrast, the posteriors of GW151226 tend to be centered on
the general relativity value. As a result, the offsets of the com-
bined posteriors are smaller. Moreover, the joint posteriors
are considerably tighter, with a 1-s spread as small as 0.07
for deviations in the 1.5PN parameter j3, which encapsulates
the leading-order effects of the dynamical self-interaction of
spacetime geometry (the “tail” effect) [143–146] as well as
spin-orbit interaction [68, 147, 148].

In Fig. 8, we show the 90% credible upper bounds on
the magnitude of the fractional deviations in PN coefficients,
|d ĵi|, which are affected by both the offsets and widths of
the posterior density functions for the d ĵi. We show bounds
for GW150914 and GW151226 individually, as well as the
joint upper bounds resulting from the combined posterior den-
sity functions of the two events. Not surprisingly, the quality
of the joint bounds is mainly due to GW151226, because of
the larger number of inspiral cycles in the detectors’ sensitive
frequency band. Note how at high PN order the combined
bounds are slightly looser than the ones from GW151226
alone; this is because of the large offsets in the posteriors from
GW150914.

Next we consider the intermediate-regime coefficients d b̂i,
which pertain to the transition between inspiral and merger–
ringdown. For GW151226, this stage is well inside the sensi-
tive part of the detectors’ frequency band. Returning to Fig. 7,
we see that the measurements for GW151226 are of compa-
rable quality to GW150914, and the combined posteriors im-
prove on the ones from either detection by itself. Last, we
look at the merger-ringdown parameters d âi. For GW150914,
this regime corresponded to frequencies of f 2 [130,300] Hz,
while for GW151226 it occurred at f & 400 Hz. As expected,

the posteriors from GW151226 are not very informative for
these parameters, and the combined posteriors are essentially
determined by those of GW150914.

In summary, GW151226 makes its most important contri-
bution to the combined posteriors in the PN inspiral regime,
where both offsets and statistical uncertainties have signif-
icantly decreased over the ones from GW150914, in some
cases to the ⇠ 10% level.

An inspiral-merger-ringdown consistency test as performed
on GW150914 in [41] is not meaningful for GW151226, since
very little of the signal is observed in the post-merger phase.
Likewise, the SNR of GW151226 is too low to allow for
an analysis of residuals after subtraction of the most prob-
able waveform. in [41], GW150914 was used to place a
lower bound on the graviton Compton wavelength of 1013 km.
GW151226 gives a somewhat weaker bound, due to its lower
SNR, so that combining information from the two signals
does not significantly improve on this; an updated bound must
await further observations. Finally, BBH observations can
be used to test consistency of the signal with the two polar-
izations of gravitational waves predicted by general relativity
[149]. However, as with GW150914, we are unable to test
the polarization content of GW151226 with the two, nearly
aligned aLIGO detectors. Future observations, with an ex-
panded network will allow us to look for evidence of addi-
tional polarization content arising from deviations from gen-
eral relativity.

VI. BINARY BLACK HOLE MERGER RATES

The observations reported here enable us to constrain the
rate of BBH coalescences in the local Universe more precisely
than was achieved in [42], due to the longer duration of data
containing a larger number of detected signals.

To do so, we consider two classes of triggers: those whose
origin is astrophysical and those whose origin is terrestrial.
Terrestrial triggers are the result of either instrumental or en-
vironmental effects in the detector, and their distribution is
calculated from the search background estimated by the anal-
yses (as shown in Fig. 3). The distribution of astrophysical
events is determined by performing large-scale simulations of
signals drawn from astrophysical populations and added to the
data set. We then use our observations to fit for the number of
triggers of terrestrial and astrophysical origin, as discussed in
detail in Appendix C. The details of the astrophysical popula-
tion have minimal impact on the fit as in all cases we assume
a population distributed uniformly in co-moving volume. Fig-
ure 9 shows the inferred distributions of signal and noise trig-
gers, as well as the combined distribution. The observations
are in good agreement with the model. GW150914 stands
somewhat above the inferred distribution, as it is an unusually
significant event – only 6% of the astrophysical population of
sources appearing in our search with a false rate of less than
one per century will be more significant than GW150914.

It is clear from the figure that three triggers are more likely
to be signal (i.e. astrophysical) than noise (terrestrial). We
evaluate this probability and find that, for GW150914 and

Abbott+ PRL, 2016
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relativity violations that would occur predominantly at a
particular PN order (or in the case of the intermediate and
merger-ringdown parameters, a specific power of frequency
in the relevant regime), although together they can capture
deviations that are measurably present at more than
one order.
In Ref. [41], for completeness, we have also shown

results from analyses where the parameters in each of the
regimes (i)–(iii) are allowed to vary simultaneously, but
these tests return wide and uninformative posteriors. By
contrast, analyses where the testing parameters δp̂i are
varied one at a time have much smaller statistical

uncertainties. Moreover, as demonstrated in Ref. [144],
checking for a deviation from zero in a single testing
parameter is an efficient way to uncover GR violations that
occur at multiple PN orders, and one can even find
violations at powers of frequency that are distinct from
the one that the testing parameter is associated with
[145,146]. Hence, such analyses are well suited to search
for generic departures from GR, though it should be
stressed that if a violation is present, the measured values
of the δp̂i will not necessarily reflect the predicted values of
the correct alternative theory. To reliably constrain theory-
specific quantities such as coupling constants or extra

FIG. 7. Posterior density distributions and 90% credible intervals for relative deviations δp̂i in the PN parameters pi (where ðlÞ denotes
the logarithmic correction), as well as intermediate parameters βi and merger-ringdown parameters αi. The top panel is for GW150914
by itself and the middle one for GW151226 by itself, while the bottom panel shows combined posteriors from GW150914 and
GW151226. While the posteriors for deviations in PN coefficients from GW150914 show large offsets, the ones from GW151226 are
well centered on zero, as well as being tighter, causing the combined posteriors to similarly improve over those of GW150914 alone. For
deviations in the βi, the combined posteriors improve over those of either event individually. For the αi, the joint posteriors are mostly set
by the posteriors from GW150914, whose merger-ringdown occurred at frequencies where the detectors are the most sensitive.
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the logarithmic correction), as well as intermediate parameters βi and merger-ringdown parameters αi. The top panel is for GW150914
by itself and the middle one for GW151226 by itself, while the bottom panel shows combined posteriors from GW150914 and
GW151226. While the posteriors for deviations in PN coefficients from GW150914 show large offsets, the ones from GW151226 are
well centered on zero, as well as being tighter, causing the combined posteriors to similarly improve over those of GW150914 alone. For
deviations in the βi, the combined posteriors improve over those of either event individually. For the αi, the joint posteriors are mostly set
by the posteriors from GW150914, whose merger-ringdown occurred at frequencies where the detectors are the most sensitive.
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relativity violations that would occur predominantly at a
particular PN order (or in the case of the intermediate and
merger-ringdown parameters, a specific power of frequency
in the relevant regime), although together they can capture
deviations that are measurably present at more than
one order.
In Ref. [41], for completeness, we have also shown

results from analyses where the parameters in each of the
regimes (i)–(iii) are allowed to vary simultaneously, but
these tests return wide and uninformative posteriors. By
contrast, analyses where the testing parameters δp̂i are
varied one at a time have much smaller statistical

uncertainties. Moreover, as demonstrated in Ref. [144],
checking for a deviation from zero in a single testing
parameter is an efficient way to uncover GR violations that
occur at multiple PN orders, and one can even find
violations at powers of frequency that are distinct from
the one that the testing parameter is associated with
[145,146]. Hence, such analyses are well suited to search
for generic departures from GR, though it should be
stressed that if a violation is present, the measured values
of the δp̂i will not necessarily reflect the predicted values of
the correct alternative theory. To reliably constrain theory-
specific quantities such as coupling constants or extra
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by itself and the middle one for GW151226 by itself, while the bottom panel shows combined posteriors from GW150914 and
GW151226. While the posteriors for deviations in PN coefficients from GW150914 show large offsets, the ones from GW151226 are
well centered on zero, as well as being tighter, causing the combined posteriors to similarly improve over those of GW150914 alone. For
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developments expected 
within the next 10 years
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A  G L O B A L  N E T W O R K  O F  
G R AV I TAT I O N A L  WAV E  D E T E C T O R S
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• O2: 6 months 
2016-2017 

• O3: 9 months 
2017-2018 

• 2018: KAGRA 
operational 

• 2019+: LIGO 
full sensitivity 

• 2022+: Virgo 
full sensitivity 
and LIGO India 
operational
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Image courtesy 
Leo Singer (NASA), 

Varun Bhalerao (IUCAA) 

E R R O R  E L L I P S E S  W I T H  H I LV

54Leo Singer’s talk



Takami+Rezzolla

W H AT  E L S E  D O  W E  E X P E C T  T O  
O B S E R V E

55

Binary neutron stars and 
black holes
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Primordial background

Illustration: NASA
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Credit: Planck Team
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what can we expect in 
the next 2-3 decades?
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L A S E R  I N T E R F E R O M E T E R  
S P A C E  A N T E N N A  ( L I S A )

❖ L-class ESA mission approved for launch in 2034
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V O YA G E R :    
x  3  

i m p r o v e m e n t  i n  
a L I G O  s t r a i n  

s e n s i t i v i t y  

EINSTEIN 
TELESCOPE: 

Triangular, 10 km 
arm length, 

underground, 
cryogenic  
detectors 

C O S M I C  
E X P L O R E R :   

40 km arm length, 
cryogenic, 

overground 
interferometer
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S T R A I N  S E N S I T I V I T I E S  O F  F U T U R E  
D E T E C T O R S
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H O W  F A R  C A N  S E E  S O U R C E S ?
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3 G  S C I E N C E  D R I V E R S

Extreme gravity 

Extreme matter 

Cosmic history
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E X T R E M E  G R AV I T Y

Quasi-normal modes and the no-hair theorem 

Dynamical spacetime: Higher modes, 
precessing orbits, Extremal spins… 

GR violations and alternative gravity theories 

Bursts and stochastic background from 
cosmic strings 

Gravitational collapse, supernova
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E X T R E M E  M AT T E R

What are the most compact object in Nature 

Equation of state of neutron star cores 

GRB physics from Binary neutron star observations 

Dynamics of neutron star interiors, tidal 
instabilities 

Nature of Low-mass x-ray binaries
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C O S M I C  H I S T O R Y

Mapping the history of black hole formation 

Do gravitational waves see the same universe as light  

Formation and evolution of compact objects 
throughout the Universe  

The chemical content of the Universe from NS-NS 
and NS-BS 

Cosmic string bursts and backgrounds
66
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Consists of 3 spacecraft in 
heliocentric orbit 

Distance between spacecraft 
~ 1 million km 

10 to 30 degrees behind earth 

The three eLISA spacecraft follow 
Earth almost as a rigid triangle 
entirely due to celestial 
mechanics 

The triangle rotates like a 
cartwheel as craft orbit the 
sun

77

E L I S A :  L 3  M I S S I O N  I N  E S A’ S  C O S M I C  
H O R I Z O N  P R O G R A M M E

The Gravitational Universe – The eLISA Space Gravitational Wave Observatory 13
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All of the above scientific objectives can be addressed by a 
single L-class mission consisting of 3 drag-free spacecraft 
forming a triangular constellation with arm lengths of one 
million km and laser interferometry between “free-falling” 
test masses. The interferometers measure the variations in 
light travel time along the arms due to the tidal deforma-
tion of spacetime by gravitational waves. Compared to the 
Earth-based gravitational wave observatories like LIGO 
and VIRGO, eLISA addresses the much richer frequency 
range between 0.1 mHz and 1 Hz, which is inaccessible on 
Earth due to arm length limitations and terrestrial gravity 
gradient noise.
The Next Gravitational wave Observatory (NGO) mission 
studied for the L1 selection [15] is an eLISA strawman mis-
sion concept. It enables the ambitious science program de-
scribed here, and has been evaluated by ESA as both tech-
nically feasible and compatible with the L2 cost target. Its 
foundation is mature and solid, based on decades of devel-
opment for LISA, including a mission formulation study, 
and the extensive heritage of flight hardware and ground 
preparation for the upcoming LISA Pathfinder geodesic 
explorer mission, which will directly test most of the eLI-
SA performance and validate the eLISA instrumental noise 
model [144–145].

Mission design
The NGO mission has three spacecraft, one ‘mother’ at the 
vertex and two ‘daughters’ at the ends, which form a single 
Michelson interferometer configuration (Figure 9). The 
spacecraft follow independent heliocentric orbits without 
any station-keeping and form a nearly equilateral triangle 
in a plane that is inclined by 60° to the ecliptic. The con-
stellation follows the Earth at a distance between 10° and 

30°, as shown in Figure 10. Celestial mechanics causes the 
triangle to rotate almost rigidly about its centre as it orbits 
around the sun, with variations of arm length and opening 
angle at the percent level.
The payload consists of four identical units, two on the 
mother spacecraft and one on each daughter spacecraft 
(Figure 11). Each unit contains a Gravitational Reference 
Sensor (GRS) with an embedded free-falling test mass that 
acts both as the end point of the optical length measure-
ment, and as a geodesic reference test particle. A telescope 
with 20 cm diameter transmits light from a 2 W laser at 
1064 nm along the arm and also receives a small fraction 
of the light sent from the far spacecraft. Laser interferom-
etry is performed on an optical bench placed between the 
telescope and the GRS.
On the optical bench, the received light from the distant 
spacecraft is interfered with the local laser source to pro-

�����������
	���
���������������������
����� One mother and two daugh-
ter spacecraft exchanging laser light form a two-arm Michelson interfer-
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Figure 10: eLISA Orbits. The three eLISA-NGO spacecraft follow the Earth 
�*��&��$%'*+�*+#  �+)#�&!$���(,)�$0��,��+'���$�*+#�$�%��"�&#�*��

Figure 11: eLISA payload.����"�(�0$'���,&#+��'&+�#&*�����1�%�+�$�*�'(���
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