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REMINDER OF THE 
OBSERVED SIGNALS

N.B.: These curves look so nice because they’re reconstructed based 
on the templates used in parameter estimation
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FIG. 1. Left: amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be directly related to the SNR of
the signal (as described in the text). Right: the time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All
bands show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing
spin waveform model [44].

in Figure 1 as the area between the signal and noise curves can153

be directly related to the SNR.154

In general, the gravitational-wave signal from a BBH155

merger takes the form of a chirp with increasing frequency156

and amplitude as the black holes spiral inwards. The am-157

plitude of the signal is maximum at the merger, after which158

it decays rapidly as the final black hole rings down to equi-159

librium. In the frequency domain, the amplitude decreases160

with frequency during inspiral, as the signal spends a greater161

number of cycles at lower frequencies. This is followed by a162

slower falloff during merger and then a steep decrease dur-163

ing the ringdown. The amplitude of GW150914 is signif-164

icantly larger than the other two events and at the time of165

the merger the gravitational-wave signal lies well above the166

noise. GW151226 has lower amplitude but sweeps across167

the whole detector’s sensitive band up to nearly 800 Hz. The168

corresponding time series of the three waveforms are plotted169

in the right panel of Figure 1 to better visualize the difference170

in duration within the Advanced LIGO band: GW150914 lasts171

only a few cycles while LVT151012 and GW151226 have172

lower amplitude but last longer.173

The analysis presented in this paper includes the total set174

of O1 data from September 12, 2015 to January 19, 2016 ,175

corresponding to a total coincident analysis time of 51.5 days176

accumulated when both detectors were operating in their nor-177

mal state. As described in [13] with regard to the first 16 days178

of O1 data, the output data of both detectors typically con-179

tain non-stationary and non-Gaussian features, in the form of180

transient noise artifacts of varying durations. The longer du-181

ration artifacts, such as non-stationary behavior in the inter-182

ferometer noise, are not very detrimental to CBC searches as183

they occur on a time-scale that is much longer than any CBC184

waveform. However, the shorter duration artifacts can pollute185

the noise background distribution of CBC searches. Many of186

these artifacts have distinct signatures [47] visible in the aux-187

iliary data channels provided by the large number of sensors188

used to monitor instrumental or environmental disturbances at189

each observatory site [48]. When a significant noise source is190

identified, contaminated data are removed from the analysis191

data set. After applying this data quality process, detailed in192

[49], the remaining coincident analysis time in O1 is 48.6193

days. The analyses search only stretches of data longer than a194

minimum duration, to ensure that the detectors are operating195

stably. The choice is different in the two analyses and reduces196

the available data to 46.1 days for the PyCBC analysis and197

48 days for the GstLAL analysis.198

III. SEARCH RESULTS199

Two different, largely independent, analyses have been im-200

plemented to search for stellar-mass BBH signals in the data201

of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses202

employ matched filtering [50–58] with waveforms given by203

models based on general relativity [8, 9] to search for gravi-204

tational waves from binary neutron stars, BBHs, and neutron205

star–black hole binaries. In this paper, we focus on the results206

of the matched filter search for BBHs. Results of the searches207

Higher mass 
(~ 71 M)

[Redshifted 
masses; 

~10-20% effect]

Lower mass 
(~ 24 M)

(~ 44 M)

[Figure from O1 BBH paper]
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FIG. 1. Left: amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be directly related to the SNR of
the signal (as described in the text). Right: the time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All
bands show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing
spin waveform model [44].

in Figure 1 as the area between the signal and noise curves can153

be directly related to the SNR.154

In general, the gravitational-wave signal from a BBH155

merger takes the form of a chirp with increasing frequency156

and amplitude as the black holes spiral inwards. The am-157

plitude of the signal is maximum at the merger, after which158

it decays rapidly as the final black hole rings down to equi-159

librium. In the frequency domain, the amplitude decreases160

with frequency during inspiral, as the signal spends a greater161

number of cycles at lower frequencies. This is followed by a162

slower falloff during merger and then a steep decrease dur-163

ing the ringdown. The amplitude of GW150914 is signif-164

icantly larger than the other two events and at the time of165

the merger the gravitational-wave signal lies well above the166

noise. GW151226 has lower amplitude but sweeps across167

the whole detector’s sensitive band up to nearly 800 Hz. The168

corresponding time series of the three waveforms are plotted169

in the right panel of Figure 1 to better visualize the difference170

in duration within the Advanced LIGO band: GW150914 lasts171

only a few cycles while LVT151012 and GW151226 have172

lower amplitude but last longer.173

The analysis presented in this paper includes the total set174

of O1 data from September 12, 2015 to January 19, 2016 ,175

corresponding to a total coincident analysis time of 51.5 days176

accumulated when both detectors were operating in their nor-177

mal state. As described in [13] with regard to the first 16 days178

of O1 data, the output data of both detectors typically con-179

tain non-stationary and non-Gaussian features, in the form of180

transient noise artifacts of varying durations. The longer du-181

ration artifacts, such as non-stationary behavior in the inter-182

ferometer noise, are not very detrimental to CBC searches as183

they occur on a time-scale that is much longer than any CBC184

waveform. However, the shorter duration artifacts can pollute185

the noise background distribution of CBC searches. Many of186

these artifacts have distinct signatures [47] visible in the aux-187

iliary data channels provided by the large number of sensors188

used to monitor instrumental or environmental disturbances at189

each observatory site [48]. When a significant noise source is190

identified, contaminated data are removed from the analysis191

data set. After applying this data quality process, detailed in192

[49], the remaining coincident analysis time in O1 is 48.6193

days. The analyses search only stretches of data longer than a194

minimum duration, to ensure that the detectors are operating195

stably. The choice is different in the two analyses and reduces196

the available data to 46.1 days for the PyCBC analysis and197

48 days for the GstLAL analysis.198

III. SEARCH RESULTS199

Two different, largely independent, analyses have been im-200

plemented to search for stellar-mass BBH signals in the data201

of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses202

employ matched filtering [50–58] with waveforms given by203

models based on general relativity [8, 9] to search for gravi-204

tational waves from binary neutron stars, BBHs, and neutron205

star–black hole binaries. In this paper, we focus on the results206

of the matched filter search for BBHs. Results of the searches207

Higher mass 
(~ 71 M)

[Redshifted 
masses; 

~10-20% effect]

Lower mass 
(~ 24 M)

(~ 44 M)Not	an	unambiguous	
detection

[Figure from O1 BBH paper]
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FIG. 4. Posterior probability densities of the parameters of the three events GW150914, LVT151012 and GW151226 . Top left: component
masses msource

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 curving degeneracy traces lines of constant chirp mass (M source = 8.9+0.3
�0.3 M�

and M source = 15.1+1.4
�1.1 M� respectively). In all three cases, both masses are consistent with being black holes. Top right: The mass and

dimensionless spin magnitude of the final black holes. Bottom left: The effective spin of the inspiralling components of the three events
GW150914, LVT151012 and GW151226 against their mass ratios. Bottom right: The luminosity distance to the three events GW150914,
LVT151012 and GW151226 . For the two dimensional distributions, the contours show 50% and 90% credible regions.

separation than those with negative ceff [69, 109]. While ceff500

has a measurable effect on the inspiral, this is degenerate with501

that of the mass ratio as illustrated for the lower mass inspiral-502

dominated signals in Fig. 4.503

Observations for all three events are consistent with small504

values of |ceff| (|ceff|  0.17, 0.28 and 0.35 at 90% probability505

for GW150914, LVT151012 and GW151226 respectively).506

This indicates that large parallel spins aligned or antialigned507

with the orbital angular momentum are disfavoured.508

It may be possible to place tighter constraints on the com-509

ponent spins by using waveforms that include the full effects510

of precession, as in [79]. This will be investigated in future511

analyses.512

All three events have final black holes with spins of ⇠ 0.7,513

as expected for mergers of similar-mass black holes [110,514

111]. The final spin is dominated by the orbital angular mo-515

mentum of the binary at merger. Consequently, it is more pre-516

cisely constrained than the component spins and is broadly517

similar across the three events. The masses and spins of the518

final black holes are plotted in Fig. 4.519

The spin of the final black hole, like its mass, is calcu-520

lated using fitting formulae calibrated against numerical rel-521

ativity simulations. In [38] we used a formula which only in-522

cluded contributions from the aligned components of the com-523

ponents’ spins [97]; we now use an updated formula which524

also incorporates the effects of in-plane spins [112]. This has a525

small impact on spin of GW150914 (changing from 0.67+0.05
�0.06526

to 0.68+0.05
�0.06), and a larger effect on GW151226 (changing527

from 0.72+0.05
�0.05 to 0.74+0.06

�0.06) as its components have more sig-528

nificant spins.529

C. Distance, inclination and sky location530

The luminosity distance to the source is inversely propor-531

tional to the signal’s amplitude. GW150914 and GW151226532

have comparable distance estimates of DL = 420+150
�180 Mpc533
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[Figure from 
O1 BBH paper]
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FIG. 4. Posterior probability densities of the parameters of the three events GW150914, LVT151012 and GW151226 . Top left: component
masses msource

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 curving degeneracy traces lines of constant chirp mass (M source = 8.9+0.3
�0.3 M�

and M source = 15.1+1.4
�1.1 M� respectively). In all three cases, both masses are consistent with being black holes. Top right: The mass and

dimensionless spin magnitude of the final black holes. Bottom left: The effective spin of the inspiralling components of the three events
GW150914, LVT151012 and GW151226 against their mass ratios. Bottom right: The luminosity distance to the three events GW150914,
LVT151012 and GW151226 . For the two dimensional distributions, the contours show 50% and 90% credible regions.

separation than those with negative ceff [69, 109]. While ceff500

has a measurable effect on the inspiral, this is degenerate with501

that of the mass ratio as illustrated for the lower mass inspiral-502

dominated signals in Fig. 4.503

Observations for all three events are consistent with small504

values of |ceff| (|ceff|  0.17, 0.28 and 0.35 at 90% probability505

for GW150914, LVT151012 and GW151226 respectively).506

This indicates that large parallel spins aligned or antialigned507

with the orbital angular momentum are disfavoured.508

It may be possible to place tighter constraints on the com-509

ponent spins by using waveforms that include the full effects510

of precession, as in [79]. This will be investigated in future511

analyses.512

All three events have final black holes with spins of ⇠ 0.7,513

as expected for mergers of similar-mass black holes [110,514

111]. The final spin is dominated by the orbital angular mo-515

mentum of the binary at merger. Consequently, it is more pre-516

cisely constrained than the component spins and is broadly517

similar across the three events. The masses and spins of the518

final black holes are plotted in Fig. 4.519

The spin of the final black hole, like its mass, is calcu-520

lated using fitting formulae calibrated against numerical rel-521

ativity simulations. In [38] we used a formula which only in-522

cluded contributions from the aligned components of the com-523

ponents’ spins [97]; we now use an updated formula which524

also incorporates the effects of in-plane spins [112]. This has a525

small impact on spin of GW150914 (changing from 0.67+0.05
�0.06526

to 0.68+0.05
�0.06), and a larger effect on GW151226 (changing527

from 0.72+0.05
�0.05 to 0.74+0.06

�0.06) as its components have more sig-528

nificant spins.529

C. Distance, inclination and sky location530

The luminosity distance to the source is inversely propor-531

tional to the signal’s amplitude. GW150914 and GW151226532

have comparable distance estimates of DL = 420+150
�180 Mpc533
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OUR FIRST GLIMPSE OF THE 
DIVERSITY OF THE BINARY BLACK 

HOLE POPULATION

The primary difference in the three binaries is their total mass: In the source 
frame (i.e., without redshifts), these are               ,          ,                     . 

This difference in total mass translates  
directly into a difference in the radiated energy:             ,            ,                     .  

However, the peak gravitational wave luminosity is independent of the mass 
and is roughly the same (and impressively large) for all three events: ~200 
M⦿ c

2/s. 

These binaries were not very well localised on the sky (90% credible regions 
from 230 to 1600 square degrees), though we do know that GW150914 came 
from a completely different portion of the sky than the other two events.
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Event GW150914 GW151226 LVT151012
Signal-to-noise ratio

r

23.7 13.0 9.7

False alarm rate
FAR/yr�1 < 6.0⇥10�7 < 6.0⇥10�7 0.37

p-value 7.5⇥10�8 7.5⇥10�8 0.045

Significance > 5.3s > 5.3s 1.7s

Primary mass
msource

1 /M�
36.2+5.2

�3.8 14.2+8.3
�3.7 23+18

�6

Secondary mass
msource

2 /M�
29.1+3.7

�4.4 7.5+2.3
�2.3 13+4

�5

Chirp mass
M source/M�

28.1+1.8
�1.5 8.9+0.3

�0.3 15.1+1.4
�1.1

Total mass
Msource/M�

65.3+4.1
�3.4 21.8+5.9

�1.7 37+13
�4

Effective inspiral spin
ceff

�0.06+0.14
�0.14 0.21+0.20

�0.10 0.0+0.3
�0.2

Final mass
Msource

f /M�
62.3+3.7

�3.1 20.8+6.1
�1.7 35+14

�4

Final spin af 0.68+0.05
�0.06 0.74+0.06

�0.06 0.66+0.09
�0.10

Radiated energy
Erad/(M�c2)

3.0+0.5
�0.4 1.0+0.1

�0.2 1.5+0.3
�0.4

Peak luminosity
`peak/(ergs�1)

3.6+0.5
�0.4 ⇥

1056
3.3+0.8

�1.6 ⇥
1056

3.1+0.8
�1.8 ⇥

1056

Luminosity distance
DL/Mpc 420+150

�180 440+180
�190 1000+500

�500

Source redshift z 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
DW/deg2 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parame-
ters, we report median values with 90% credible intervals that in-
clude statistical errors, and systematic errors from averaging the re-
sults of different waveform models. The uncertainty for the peak
luminosity includes an estimate of additional error from the fitting
formula. The sky localization is the area of the 90% credible area.
Masses are given in the source frame; to convert to the detector frame
multiply by (1 + z). The source redshift assumes standard cosmol-
ogy [39]. Some parameter estimates are quoted to lower precision
for LVT151012 to reflect the greater uncertainty in their inferred
values.

The observed events begin to reveal a population of stellar-91

mass black hole mergers. We use these signals to constrain the92

rates of BBH mergers in the universe, and begin to probe the93

mass distribution of black hole mergers. The inferred rates are94

consistent with those derived from GW150914 [41]. We also95

discuss the astrophysical implications of the observations and96

the prospects for future Advanced LIGO and Virgo observing97

runs.98

The results presented here are restricted to BBH systems99

with total masses less than 100M�. Results of searches for100

more massive black holes, compact binary systems containing101

neutron stars and unmodeled transient signals will be reported102

elsewhere.103

This paper is organized as follows: Sec. II provides an104

overview of the Advanced LIGO detectors during the first ob-105

serving run, and the data used in the search. Sec. III presents106

the results of the search, details of the two gravitational wave107

events, GW150914 and GW151226 , and the candidate event108

LVT151012 . Sec. IV provides detailed parameter-estimation109

results for the events. Sec. V presents results for the consis-110

tency of the two events, GW150914 and GW151226 , with111

the predictions of general relativity. Sec. VI presents the in-112

ferred rate of stellar-mass BBH mergers, and VII discusses113

the implications of these observations and future prospects.114

We include appendices that provide additional technical de-115

tails of the methods used. Appendix A describes the CBC116

search, with A 1 and A 2 presenting details of the construction117

and tuning of the two independently implemented analyses118

used in the search, highlighting differences from the methods119

described in [42]. Appendix B provides a description of the120

parameter-estimation analysis and includes a summary table121

of results for all three events. Appendix C and Appendix D122

provide details of the methods used to infer merger rates and123

mass distributions respectively.124

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA125

SET126

The two Advanced LIGO detectors, one located in Han-127

ford, Washington (H1) and one in Livingston, Louisiana (L1)128

are modified Michelson interferometers with 4-km long arms.129

The interferometer mirrors act as test masses, and the pas-130

sage of a gravitational wave induces a differential displace-131

ment along the arms which is proportional to the gravitational-132

wave strain amplitude. The Advanced LIGO detectors came133

on line in September 2015 after a major upgrade targeting a134

10-fold improvement in sensitivity over the initial LIGO de-135

tectors [43]. While not yet operating at design sensitivity, both136

detectors achieved an instrument noise 3 to 4 times lower than137

ever measured before in their most sensitive frequency band138

between 100 Hz and 300 Hz [1]. The corresponding observ-139

able volume of space for BBH mergers, in the mass range re-140

ported in this paper, was ⇠ 30 greater, enabling the successful141

search reported here.142

The typical instrument noise of the Advanced LIGO detec-143

tors during O1 is described in detail in [45]. In the left panel144

of Figure 1 we show the amplitude spectral density of the to-145

tal strain noise of both detectors (
p

S( f )), calibrated in units146

of strain per
p

Hz [46]. Overlaid on the noise curves of the147

detectors, the waveforms of GW150914, GW151226 and148

LVT151012 are also shown. The expected SNR of a signal,149

h(t), can be expressed as150

r

2 =
Z •

0

|2
p

f h̃( f )|2

Sn( f )
dln( f ) , (1)

where h̃( f ) is the Fourier transform of the signal. Writing it in151

this form motivates the normalization of the waveform plotted152
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TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
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clude statistical errors, and systematic errors from averaging the re-
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The observed events begin to reveal a population of stellar-91

mass black hole mergers. We use these signals to constrain the92

rates of BBH mergers in the universe, and begin to probe the93

mass distribution of black hole mergers. The inferred rates are94

consistent with those derived from GW150914 [41]. We also95

discuss the astrophysical implications of the observations and96

the prospects for future Advanced LIGO and Virgo observing97

runs.98

The results presented here are restricted to BBH systems99

with total masses less than 100M�. Results of searches for100

more massive black holes, compact binary systems containing101

neutron stars and unmodeled transient signals will be reported102

elsewhere.103

This paper is organized as follows: Sec. II provides an104

overview of the Advanced LIGO detectors during the first ob-105

serving run, and the data used in the search. Sec. III presents106

the results of the search, details of the two gravitational wave107

events, GW150914 and GW151226 , and the candidate event108

LVT151012 . Sec. IV provides detailed parameter-estimation109

results for the events. Sec. V presents results for the consis-110

tency of the two events, GW150914 and GW151226 , with111

the predictions of general relativity. Sec. VI presents the in-112

ferred rate of stellar-mass BBH mergers, and VII discusses113

the implications of these observations and future prospects.114

We include appendices that provide additional technical de-115

tails of the methods used. Appendix A describes the CBC116

search, with A 1 and A 2 presenting details of the construction117

and tuning of the two independently implemented analyses118

used in the search, highlighting differences from the methods119

described in [42]. Appendix B provides a description of the120

parameter-estimation analysis and includes a summary table121

of results for all three events. Appendix C and Appendix D122

provide details of the methods used to infer merger rates and123

mass distributions respectively.124

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA125

SET126

The two Advanced LIGO detectors, one located in Han-127

ford, Washington (H1) and one in Livingston, Louisiana (L1)128

are modified Michelson interferometers with 4-km long arms.129

The interferometer mirrors act as test masses, and the pas-130

sage of a gravitational wave induces a differential displace-131

ment along the arms which is proportional to the gravitational-132

wave strain amplitude. The Advanced LIGO detectors came133

on line in September 2015 after a major upgrade targeting a134

10-fold improvement in sensitivity over the initial LIGO de-135

tectors [43]. While not yet operating at design sensitivity, both136

detectors achieved an instrument noise 3 to 4 times lower than137

ever measured before in their most sensitive frequency band138

between 100 Hz and 300 Hz [1]. The corresponding observ-139

able volume of space for BBH mergers, in the mass range re-140

ported in this paper, was ⇠ 30 greater, enabling the successful141

search reported here.142

The typical instrument noise of the Advanced LIGO detec-143

tors during O1 is described in detail in [45]. In the left panel144

of Figure 1 we show the amplitude spectral density of the to-145

tal strain noise of both detectors (
p

S( f )), calibrated in units146

of strain per
p

Hz [46]. Overlaid on the noise curves of the147

detectors, the waveforms of GW150914, GW151226 and148

LVT151012 are also shown. The expected SNR of a signal,149

h(t), can be expressed as150

r

2 =
Z •
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f h̃( f )|2

Sn( f )
dln( f ) , (1)

where h̃( f ) is the Fourier transform of the signal. Writing it in151

this form motivates the normalization of the waveform plotted152
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OUR FIRST GLIMPSE OF THE 
DIVERSITY OF THE BINARY BLACK 

HOLE POPULATION

The primary difference in the three binaries is their total mass: In the source 
frame (i.e., without redshifts), these are               ,          ,                     . 

This difference in total mass translates  
directly into a difference in the radiated energy:             ,            ,                  .  

However, the peak gravitational wave luminosity is independent of the mass 
and is roughly the same (and impressively large) for all three events: ~200 
M⦿ c

2/s. 

These binaries were not very well localised on the sky (90% credible regions 
from 230 to 1600 square degrees), though we do know that GW150914 came 
from a completely different portion of the sky than the other two events.
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The observed events begin to reveal a population of stellar-91

mass black hole mergers. We use these signals to constrain the92

rates of BBH mergers in the universe, and begin to probe the93

mass distribution of black hole mergers. The inferred rates are94

consistent with those derived from GW150914 [41]. We also95

discuss the astrophysical implications of the observations and96

the prospects for future Advanced LIGO and Virgo observing97

runs.98

The results presented here are restricted to BBH systems99

with total masses less than 100M�. Results of searches for100

more massive black holes, compact binary systems containing101

neutron stars and unmodeled transient signals will be reported102

elsewhere.103

This paper is organized as follows: Sec. II provides an104

overview of the Advanced LIGO detectors during the first ob-105

serving run, and the data used in the search. Sec. III presents106

the results of the search, details of the two gravitational wave107

events, GW150914 and GW151226 , and the candidate event108

LVT151012 . Sec. IV provides detailed parameter-estimation109

results for the events. Sec. V presents results for the consis-110

tency of the two events, GW150914 and GW151226 , with111

the predictions of general relativity. Sec. VI presents the in-112

ferred rate of stellar-mass BBH mergers, and VII discusses113

the implications of these observations and future prospects.114

We include appendices that provide additional technical de-115

tails of the methods used. Appendix A describes the CBC116

search, with A 1 and A 2 presenting details of the construction117

and tuning of the two independently implemented analyses118

used in the search, highlighting differences from the methods119

described in [42]. Appendix B provides a description of the120

parameter-estimation analysis and includes a summary table121

of results for all three events. Appendix C and Appendix D122

provide details of the methods used to infer merger rates and123

mass distributions respectively.124
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The two Advanced LIGO detectors, one located in Han-127

ford, Washington (H1) and one in Livingston, Louisiana (L1)128

are modified Michelson interferometers with 4-km long arms.129

The interferometer mirrors act as test masses, and the pas-130

sage of a gravitational wave induces a differential displace-131

ment along the arms which is proportional to the gravitational-132

wave strain amplitude. The Advanced LIGO detectors came133

on line in September 2015 after a major upgrade targeting a134

10-fold improvement in sensitivity over the initial LIGO de-135

tectors [43]. While not yet operating at design sensitivity, both136

detectors achieved an instrument noise 3 to 4 times lower than137

ever measured before in their most sensitive frequency band138

between 100 Hz and 300 Hz [1]. The corresponding observ-139

able volume of space for BBH mergers, in the mass range re-140

ported in this paper, was ⇠ 30 greater, enabling the successful141

search reported here.142

The typical instrument noise of the Advanced LIGO detec-143

tors during O1 is described in detail in [45]. In the left panel144

of Figure 1 we show the amplitude spectral density of the to-145

tal strain noise of both detectors (
p

S( f )), calibrated in units146

of strain per
p

Hz [46]. Overlaid on the noise curves of the147

detectors, the waveforms of GW150914, GW151226 and148

LVT151012 are also shown. The expected SNR of a signal,149

h(t), can be expressed as150
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where h̃( f ) is the Fourier transform of the signal. Writing it in151
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formula. The sky localization is the area of the 90% credible area.
Masses are given in the source frame; to convert to the detector frame
multiply by (1 + z). The source redshift assumes standard cosmol-
ogy [39]. Some parameter estimates are quoted to lower precision
for LVT151012 to reflect the greater uncertainty in their inferred
values.

The observed events begin to reveal a population of stellar-91

mass black hole mergers. We use these signals to constrain the92

rates of BBH mergers in the universe, and begin to probe the93

mass distribution of black hole mergers. The inferred rates are94

consistent with those derived from GW150914 [41]. We also95

discuss the astrophysical implications of the observations and96

the prospects for future Advanced LIGO and Virgo observing97

runs.98

The results presented here are restricted to BBH systems99

with total masses less than 100M�. Results of searches for100

more massive black holes, compact binary systems containing101

neutron stars and unmodeled transient signals will be reported102

elsewhere.103

This paper is organized as follows: Sec. II provides an104

overview of the Advanced LIGO detectors during the first ob-105

serving run, and the data used in the search. Sec. III presents106

the results of the search, details of the two gravitational wave107

events, GW150914 and GW151226 , and the candidate event108

LVT151012 . Sec. IV provides detailed parameter-estimation109

results for the events. Sec. V presents results for the consis-110

tency of the two events, GW150914 and GW151226 , with111

the predictions of general relativity. Sec. VI presents the in-112

ferred rate of stellar-mass BBH mergers, and VII discusses113

the implications of these observations and future prospects.114

We include appendices that provide additional technical de-115

tails of the methods used. Appendix A describes the CBC116

search, with A 1 and A 2 presenting details of the construction117

and tuning of the two independently implemented analyses118

used in the search, highlighting differences from the methods119

described in [42]. Appendix B provides a description of the120

parameter-estimation analysis and includes a summary table121

of results for all three events. Appendix C and Appendix D122

provide details of the methods used to infer merger rates and123

mass distributions respectively.124

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA125

SET126

The two Advanced LIGO detectors, one located in Han-127

ford, Washington (H1) and one in Livingston, Louisiana (L1)128

are modified Michelson interferometers with 4-km long arms.129

The interferometer mirrors act as test masses, and the pas-130

sage of a gravitational wave induces a differential displace-131

ment along the arms which is proportional to the gravitational-132

wave strain amplitude. The Advanced LIGO detectors came133

on line in September 2015 after a major upgrade targeting a134

10-fold improvement in sensitivity over the initial LIGO de-135

tectors [43]. While not yet operating at design sensitivity, both136

detectors achieved an instrument noise 3 to 4 times lower than137

ever measured before in their most sensitive frequency band138

between 100 Hz and 300 Hz [1]. The corresponding observ-139

able volume of space for BBH mergers, in the mass range re-140

ported in this paper, was ⇠ 30 greater, enabling the successful141

search reported here.142

The typical instrument noise of the Advanced LIGO detec-143

tors during O1 is described in detail in [45]. In the left panel144

of Figure 1 we show the amplitude spectral density of the to-145

tal strain noise of both detectors (
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S( f )), calibrated in units146

of strain per
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Hz [46]. Overlaid on the noise curves of the147

detectors, the waveforms of GW150914, GW151226 and148

LVT151012 are also shown. The expected SNR of a signal,149

h(t), can be expressed as150

r

2 =
Z •

0

|2
p

f h̃( f )|2

Sn( f )
dln( f ) , (1)
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this form motivates the normalization of the waveform plotted152

Draf
t: LIG

O-P16
00

08
8-v

13
- do

no
t c

irc
ula

te

2

Event GW150914 GW151226 LVT151012
Signal-to-noise ratio
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�4.4 7.5+2.3
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�0.2 1.5+0.3
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3.6+0.5
�0.4 ⇥
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3.3+0.8

�1.6 ⇥
1056

3.1+0.8
�1.8 ⇥

1056

Luminosity distance
DL/Mpc 420+150

�180 440+180
�190 1000+500

�500

Source redshift z 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
DW/deg2 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parame-
ters, we report median values with 90% credible intervals that in-
clude statistical errors, and systematic errors from averaging the re-
sults of different waveform models. The uncertainty for the peak
luminosity includes an estimate of additional error from the fitting
formula. The sky localization is the area of the 90% credible area.
Masses are given in the source frame; to convert to the detector frame
multiply by (1 + z). The source redshift assumes standard cosmol-
ogy [39]. Some parameter estimates are quoted to lower precision
for LVT151012 to reflect the greater uncertainty in their inferred
values.
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tectors [43]. While not yet operating at design sensitivity, both136
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FIG. 5. Posterior probability distributions for the sky locations of GW150914, LVT151012 and GW151226 shown in a Mollweide projec-
tion. 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. H+ and L+ 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.

(redshift z = 0.09+0.03
�0.04) and DL = 440+180

�190 Mpc (z =534

0.09+0.03
�0.04) respectively.5 GW151226 originates from a lower535

mass system than GW150914 and hence the GW signal is in-536

trinsically quieter, hence its SNR is lower than GW150914’s537

even though the distances are comparable. LVT151012 is538

the quietest signal and is inferred to be at a greater distance539

DL = 1000+500
�500 Mpc (z = 0.20+0.09

�0.09).540

In all cases, there is significant fractional uncertainty for the541

distance. This is predominantly a consequence of the degen-542

eracy between the distance and the binary’s inclination, which543

also impacts the signal amplitude [92, 114, 115].544

The inclination is only weakly constrained; in all cases545

there is greatest posterior support for the source being either546

face on or face off (angular momentum pointed parallel or547

antiparallel to the line of sight). This is the orientation that548

produces the greatest GW amplitude and so is consistent with549

the largest distance. The inclination could potentially be bet-550

ter constrained in a precessing system [95, 116]. Only for551

GW150914 is there preference for one of the configurations,552

with there being greater posterior support for the source being553

face off [38].554

Sky localization from a GW detector network is primar-555

ily determined by the measured delay in the signal arriving556

at the sites, with additional information coming from the sig-557

nal amplitude and phase [117–119]. For a two-detector net-558

work, the sky localization forms a characteristic broken an-559

nulus [120–123]. Adding additional detectors to the network560

would improve localization abilities [124–127]. The sky lo-561

calizations of the three events are shown in Fig. 5; this shows562

both celestial coordinates (indicating the origin of the signal)563

and geographic coordinates (illustrating localization with re-564

spect to the two detectors). The arrival time at Hanford rel-565

5 We convert between luminosity distance and redshift using a flat LCDM
cosmology with Hubble parameter H0 = 67.9 kms�1 Mpc�1 and matter
density parameter Wm = 0.306 [39]. The redshift is used to convert be-
tween the observed detector-frame masses and the physical source-frame
masses, m = (1+ z)msource [113].

ative to Livingston was DtHL = 7.0+0.2
�0.2 ms for GW150914,566

DtHL = �0.6+0.6
�0.6 ms for LVT151012 , and DtHL = 1.1+0.3

�0.3 ms567

for GW151226 .568

The 90% credible region for sky localization is 230 deg2
569

for GW150914, 850 deg2 for GW151226 , and 1600 deg2 for570

LVT151012 . As expected, the sky area is larger for quieter571

events. The sky area is expected to scale inversely with the572

square of the SNR [123, 128], and we see that this trend is573

followed.574

V. TESTS OF GENERAL RELATIVITY575

GW150914 provided us with the first empirical access to576

the genuinely strong-field dynamics of gravity. With the fre-577

quency of the waveform peak amplitude well aligned with the578

best instrument sensitivity, the part of the coalescence just be-579

fore merger, as well as the merger-ringdown regime, could be580

studied in considerable detail, as described in [40]. This al-581

lowed for checks of the consistency between masses and spins582

estimated from different portions of the waveform [129], as583

well as parameterized tests of the waveform as a whole [130].584

Even though not much of the early inspiral was in the detec-585

tors’ sensitive band, interesting bounds could be placed on586

departures from general relativity in the PN coefficients up to587

3.5PN. Since the source of GW151226 merged at ⇠ 450 Hz,588

the signal provides the opportunity to probe the PN inspi-589

ral with many more waveform cycles, albeit at relatively low590

SNR. Especially in this regime, it allows us to tighten further591

our bounds on violations of general relativity.592

As in [40], to analyze GW151226 we start from the IMR-593

Phenom waveform model of [35–37] which is capable of de-594

scribing inspiral, merger, and ringdown, and partly accounts595

for spin precession. The phase of this waveform is charac-596

terized by phenomenological coefficients {pi}, which include597

PN coefficients as well as coefficients describing merger and598

ringdown. The latter were obtained by calibrating against nu-599

merical waveforms and tend to multiply specific powers of600

f , and they characterize the gravitational-wave amplitude and601

[Figure from O1 BBH paper]



A FEW SPECIAL 
PROPERTIES OF GW151226

In addition to being the lowest-mass binary detected so far, 
GW151226 has some other notable features. 

It is the only binary of the three that we are able to say has a 
spinning component: 
 
At least one of its black holes must have been spinning with at 
least 20% of the maximum spin (or a horizon equatorial velocity 
of at least ~0.1c) at the 99% credible level. 

It also has the largest median final spin, 74% of maximum, 
compared to 66% or 68% of maximum for the other two.



A FEW SPECIAL 
PROPERTIES OF GW151226

In addition to being the lowest-mass binary detected so far, 
GW151226 has some other notable features. 

It is the only binary of the three that we are able to say has a 
spinning component: 
 
At least one of its black holes must have been spinning with at 
least 20% of the maximum spin (or a horizon equatorial velocity 
of at least ~0.1c) at the 99% credible level. 

It also has the largest median final spin, 74% of maximum, 
compared to 66% or 68% of maximum for the other two.Posteriors on the magnitude and direction of the spins, 

from the GW151226 paper [annotations from the science summary]

http://www.ligo.org/science/Publication-GW151226/index.php


A VISUALIZATION OF A SYSTEM 
CONSISTENT WITH GW151226

Nonprecessing binary with mass ratio ~3.3 and spins of ~0.5 
and ~0.4 (one aligned and one antialigned); YouTube link  

Credit: SXS Collaboration/www.black-holes.org

https://www.youtube.com/watch?v=KwbXxzgAObU
http://www.black-holes.org/


TESTS OF GENERAL RELATIVITY WITH THE 
O1 BBH RESULTS: 

A REMINDER OF THE TESTS MADE WITH 
GW150914

The relatively high SNR and high mass of GW150914 made it 
possible to apply a whole suite of tests to the signal, described in 
PRL 116, 221101 (2016). 
 
 
 
 
 
 
 
  two hypotheses to be logBGR

scalar ¼ 1.3" 0.5when using the
PSD from the breathing mode analysis and logBGR

scalar ¼
−0.2" 0.5 when using the PSD from the GR analysis. In
both cases, the log Bayes factors do not significantly favor
one model over the other. The only notable difference is in
the reconstructed sky locations; the latter reflects the
different response of the detector network to the tensor
components compared to the purely scalar mode.
We reiterate that this test is only meant to illustrate the

difficulty in distinguishing between GR and non-GR
polarization states on the basis of GW150914 data alone.
Furthermore, the results are not in contradiction with the
comprehensive parameter estimation studies of GW150914
[3], which model only the transverse-traceless GR polar-
izations. Finally, we note that in the weakly dynamical
regime, binary pulsars [12] do provide evidence in favor of
GR, in that they would have a different decay rate if scalar
radiation were to dominate. To directly study the polari-
zation content of gravitational radiation from the strong-
field dynamics, a larger network including detectors with
different orientations, such as Advanced Virgo [102],
KAGRA [103], and LIGO-India [104], will be required,
at least in the context of unmodeled GW-signal
reconstruction.
Outlook.—The observation of GW150914 has given us

the opportunity to perform quantitative tests of the genu-
inely strong-field dynamics of GR. We investigated the
nature of GW150914 by performing a series of tests
devised to detect inconsistencies with the predictions of
GR. With the exception of the graviton Compton wave-
length and the test for the presence of a non-GR
polarization, we did not perform any studies aimed at

constraining parameters that might arise from specific
alternative theories [13,14,88], such as Einstein-æther
theory [105] and dynamical Chern-Simons theory [106],
or from compact-object binaries composed of exotic
objects such as boson stars [107] and gravastars [108].
Studies of this kind are not yet possible since we lack
predictions for what the inspiral-merger-ringdown GW
signal should look like in those cases. We hope that the
observation of GW150914 will boost the development of
such models in the near future.
In future work we will also attempt to measure more than

one damped sinusoid from the data after GW150914’s
peak, thus extracting the QNMs and inferring the final
black hole’s mass and spin. We will thus be able to test the
no-hair theorem [68,69] and the second law of black-hole
dynamics [72,73]. However, signals louder than
GW150914 might be needed to achieve these goals. GR
predicts the existence of only two transverse polarizations
for GWs. We plan to investigate whether an extended
detector network will allow the measurement of non-
transverse components [13] in further GW signals.
The constraints provided by GW150914 on deviations

from GR are unprecedented due to the nature of the source,
but they do not reach high precision for some types of
deviation, particularly those affecting the inspiral regime. A
much higher SNR and longer signals are necessary for
more stringent tests. However, it is not clear up to which
SNR our parametrized waveform models are still a faithful
representation of solutions of Einstein’s equations.
Furthermore, to extract specific physical effects we need
waveform models that are expressed in terms of relevant
parameters. We hope that others, encouraged by
GW150914, will make further efforts to develop reliable,
physically relevant, and computationally fast waveform
models. More stringent bounds can be obtained by com-
bining results from multiple GW observations
[60,85,86,99]. Given the rate of coalescence of binary
black holes as inferred in Ref. [109], we are looking
forward to the upcoming joint observing runs of LIGO
and Virgo.
The detection of GW150914 ushers in a new era in the

field of experimental tests of GR. The first result of this era
is that, within the limits set by our sensitivity, all of the tests
performed on GW150914 provided no evidence of dis-
agreement with the predictions of GR.
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for support of the construction of Advanced LIGO and
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FIG. 8. Cumulative posterior probability distribution for λg (the
black curve) and exclusion regions for the graviton Compton
wavelength λg from GW150914. The shaded areas show ex-
clusion regions from the double-pulsar observations (turquoise),
the static Solar System bound (orange), and the 90% (crimson)
region from GW150914.
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Constraints on 
GW dispersion

To assess the significance of our findings more quanti-
tatively, we define the parameters ΔMf=Mf and Δaf=af
that describe the fractional difference between the two
estimates of the final mass and spin, and we calculate their
joint posterior distribution, using for ðMf; afÞ the posterior
distribution obtained from the full IMR waveform; see
Ref. [60] for explicit expressions. The result is shown in the
bottom panel of Fig. 4; the solid line marks the isoprob-
ability contour that contains 90% of the posterior. The plus
symbol indicates the null (0,0) result expected in GR,
which lies on the isoprobability contour that encloses 28%
of the posterior.
We have checked to see that, if we perform this analysis

on NR signals added to LIGO instrumental noise, the null
(0,0) result expected in GR lies within the isoprobability

contour that encloses 68% of the posterior roughly 68% of
the time, as expected from random noise fluctuations. By
contrast, our test can rule out the null hypothesis (with high
statistical significance) when analyzing a simulated signal
that reflects a significant GR violation in the frequency
dependence of the energy and angular momentum loss [60],
even when we choose violations which would be too small
to be noticeable in double-pulsar observations [12]; for an
explicit example, we refer to Fig. 1 of Ref. [60]. This
includes signals with a χ2 value close to unity, so that they
would not have been missed by the modeled-signal
searches. Thus, our inspiral-merger-ringdown test shows
no evidence of discrepancies with the predictions of GR.
The component masses and spins estimated in Ref. [3],

together with NR-derived relations, imply Mf ¼ 68þ4
−4M⊙

(62þ4
−4 M⊙ in the source frame) and af ¼ 0.67þ0.05

−0.07 at
90% confidence. From the posterior distributions of the
mass and spin of the final black hole, we can predict the
frequency and decay time of the least-damped QNM (i.e.,
the l ¼ 2, m ¼ 2, n ¼ 0 overtone) [63]. We find fQNM220 ¼
251þ8

−8 Hz and τQNM220 ¼ 4.0þ0.3
−0.3 ms at 90% confidence.

Testing for the least-damped QNM in the data.—We
perform a test to check the consistency of the data with
the predicted least-damped QNM of the remnant black
hole. For this purpose, we compute the Bayes factor
between a damped-sinusoid waveform model and
Gaussian noise, and we estimate the corresponding param-
eter posteriors. The signal model used is hðt ≥ t0Þ ¼
Ae−ðt−t0Þ=τ cos ½2πf0ðt − t0Þ þ ϕ0&, hðt < t0Þ ¼ 0, with a
fixed starting time t0, and uniform priors over the unknown
frequency f0 ∈ ½200; 300& Hz and damping time
τ ∈ ½0.5; 20& ms. The prior on amplitude A and phase ϕ0

is chosen as a two-dimensional Gaussian isotropic prior in
fAs ≡ −A sinϕ0; Ac ≡ A cosϕ0gwith a characteristic scale
H, which is in turn marginalized over the range H ∈
½2; 10& × 10−22 with a prior ∝ 1=H. This is a practical
choice that encodes relative ignorance about the detectable
damped-sinusoid amplitude in this range. We use 8 s of data
(centered on GW150914) from both detectors, bandpassed
to [20, 1900] Hz. The data are analyzed coherently,
assuming the signal arrived 7 ms earlier at Livingston
compared to Hanford, and the amplitude received in the
two detectors has an approximately equal magnitude and
opposite sign (as seen in, e.g., Fig. 1 of Ref. [1]).
We compute the Bayes factor and posterior estimates of

ff0; τg as a function of the unknown QNM start time t0,
which we parametrize as an offset from a fiducial GPS
merger time tM ¼ 1126259462.423 s (at the LIGO
Hanford site). (The merger time is obtained by taking
the EOBNR MAP waveform and lining this waveform up
with the data such that the largest SNR is obtained. The
merger time is then defined as the point at which the
quadrature sum of the hþ and h× polarizations is maxi-
mum.) Figure 5 shows the 90% credible contours in the

FIG. 4. (Top panel) 90% credible regions in the joint posterior
distributions for the mass Mf and dimensionless spin af of the
final compact object as determined from the inspiral (dark violet,
dashed curve) and postinspiral (violet, dot-dashed curve) signals,
and from a full inspiral-merger-ringdown analysis (black curve).
(Bottom panel) Posterior distributions for the parameters
ΔMf=Mf and Δaf=af that describe the fractional difference
in the estimates of the final mass and spin from inspiral and
postinspiral signals. The contour shows the 90% confidence
region. The plus symbol indicates the expected GR value (0,0).
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Consistency of low- 
and high-frequency 
parts of the signal

Consistency of residuals 
with noise after subtracting 
the most-probable template 

is a measure of significance for the excess power in the
data, and the signal-to-glitch Bayes factor, which measures
the coherence of the excess power between the two
detectors.
Our analysis reveals that the GW150914 residual favors

the instrumental noise hypothesis over the presence of a
coherent signal as well as the presence of glitches in either
detectors; see the dashed lines in the top panel of Fig. 1.
The positive Bayes factor for the signal-to-glitch hypoth-
eses indicates that the data prefer the presence of a coherent
signal over glitches; nevertheless, the signal remains below
common significance thresholds, as indicated by the limit
on the residual SNRres given in the lower panel of Fig. 1
and further explained below. This is an indication of the
stability of the LIGO detectors at the time of GW150914.
We also apply the same analysis to 100 4-s long segments
of data drawn within a few minutes of GW150914, and
produce the cumulative distribution functions of Bayes
factors shown in the upper panel of Fig. 1. We find that,
according to the burst analysis, the GW150914 residual is
not statistically distinguishable from the instrumental noise
recorded in the vicinity of the detection, suggesting that all
of the measured power is well represented by the GR
prediction for the signal from a binary black-hole merger.
The results of this analysis are very similar regardless of the
MAP waveform used (i.e., EOBNR or IMRPHENOM).
We compute the 95% upper bound on the coherent

network SNRres. This upper bound is SNRres ≤ 7.3 at
95% confidence, regardless of the MAP waveform used
(i.e., EOBNR or IMRPHENOM). We note that this coherent-
burst SNR has a different meaning compared to the
(modeled) matched-filtering binary-coalescence SNR of
24 cited for GW150914. Indeed, the upper-limit SNRres
inferred for GW150914 lies in the typical range for the data
segments around GW150914 (see the bottom panel of
Fig. 1), so it can be attributed to instrument noise alone.
If we assume that SNRres is entirely due to the mismatch

between the MAPwaveform and the underlying true signal,
and that the putative violation of GR cannot be reabsorbed
in the waveform model by biasing the estimates of the
physical parameters [54,55], we can constrain the mini-
mum fitting factor (FF) [56] between the MAP model and
GW150914. An imperfect fit to the data leaves SNR2

res ¼
ð1 − FF2ÞFF−2SNR2

det [57,58], where SNRdet ¼ 25:3þ0.1
−0.2 is

the network SNR inferred by LALINFERENCE [3].
SNRres ≤ 7.3 then implies FF ≥ 0.96. Considering that,
for parameters similar to those inferred for GW150914, our
waveform models have much higher FFs against numerical
GR waveforms, we conclude that the noise-weighted
correlation between the observed strain signal and the true
GR waveform is ≥96%. This statement can be read as
implying that the GR prediction for GW150914 is verified
to be better than 4%, in a precise sense related to noise-
weighted signal correlation, and, conversely, that effects
due to GR violations in GW150914 are limited to less than

4% (for effects that cannot be reabsorbed in a redefinition
of physical parameters).
Inspiral-merger-ringdown consistency test.—We now

perform a test to show that the entire GW150914 waveform
does not deviate from the predictions of a binary black-hole
coalescence in GR. One way to do that is to compare the
estimates of the mass and spin of the remnant obtained from
the low-frequency and high-frequency parts of the wave-
form, using the relations between the binary’s components
and final masses and the spins provided by NR [59].
For the purpose of this test, we choose fend insp

GW ¼
132 Hz as the frequency at which the late-inspiral phase
ends. In Fig. 2 we plot the EOBNRMAP waveform [3] and
its 90% credible intervals, as well as the corresponding
instantaneous frequency; the vertical line marks fend insp.
Figure 3 shows the frequency-domain MAP waveform
amplitude; note that 132 Hz lies just before what is
generally denoted as the merger-ringdown phase in the
frequency domain.
To perform the test, we first truncate the frequency-

domain representation of the waveforms to lie between

FIG. 1. (Upper panel) Cumulative distribution function (CDF)
of the log Bayes factor—the logarithm of the ratio of Bayesian
evidences between two competing models—for the signal-
versus-noise and signal-versus-glitch BAYESWAVE models, com-
puted for 100 4-s stretches of data around GW150914. (Lower
panel) Cumulative distribution function (CDF) of the 95%
credible upper bound on a network coherent-burst SNR, denoted
SNR95, again computed for 100 instrument-noise segments. In
both panels, we indicate with dashed lines the log Bayes factors
and the upper bound on a coherent-burst SNR corresponding to
the residuals obtained after subtracting the most-probable wave-
form from GW150914.
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bounds quickly become rather loose as the PN order is
increased. As a consequence, the double-pulsar bounds are
significantly less informative than GW150914, except at
0 PN order, where the double-pulsar bound is better thanks
to the long observation time (∼10 yr against ∼0.4 s for
GW150914). (We note that when computing the upper
bounds with the binary-pulsar observations, we include the
effect of eccentricity only in the 0 PN parameter. For the
higher PN parameters, the effect is not essential considering
that the bounds are not very tight.) Thus, GW150914 allows
us for the first time to constrain the coefficients in the PN
series of the phasing up to 3.5 PN order.
Furthermore, in Table I and Fig. 7 we summarize the

constraints on each testing parameter δφ̂i for the single- and
multiple-parameter analyses. In particular, in the sixth and
seventh columns of Table I, we list the quantile at which the
GR value of zero is found within the marginalized one-
dimensional posterior (i.e., the integral of the posterior
from the lower bound of the prior up to zero). We note that
in the single-parameter analysis, for several parameters, the
GR value is found at quantiles close to an equivalent of
2σ − 2.5σ, i.e., close to the tails of their posterior proba-
bility functions. It is not surprising that this should happen
for the majority of the early-inspiral parameters since we
find that these parameters have a substantial degree of
correlation. Thus, if a particular noise realization causes the
posterior distribution of one parameter to be off centered
with respect to zero, we expect that the posteriors of all of
the other parameters will also be off centered. This is
indeed what we observe. The medians of the early-inspiral
single-parameter posteriors reported in Table I show
opposite sign shifts that follow closely the sign pattern
found in the PN series.

We repeated our single-parameter analysis on 20 data
sets obtained by adding the same NR waveform with
GW150914-like parameters to different noise-only data
segments close to GW150914. In one instance, we
observed δφ̂i posterior distributions very similar to those
of Table I and Fig. 7, both in terms of their displacements
from zero and of their widths, whereas for the others the
displacements tended to be much smaller (though the
widths were still comparable). Thus, it is not unlikely that
instrumental noise fluctuations would cause the degree of
apparent deviation from GR found to occur in the single-
parameter quantiles for GW150914, even in the absence of
an actual deviation from GR. However, we cannot fully
exclude a systematic origin from inaccuracies or even
missing physics in our waveform models. Future observa-
tions will shed light on this aspect.
In the multiple-parameter analysis, which accounts for

correlations between parameters, the GR value is usually
found to be very close to the median of the marginalized
distributions. This is partly due to the fact that we are not
sensitive to most of the early-inspiral parameters, with the
exception of the 0PN and 0.5PN coefficients. As for the
intermediate and merger-ringdown parameters, since most
of the SNR for GW150914 comes from the high-frequency
portion of the observed signal, we find that the constraints
on those coefficients are very robust and essentially
independent of the analysis configuration chosen, single
or multiple.
Finally, the last two columns of Table I report the

logarithm of the ratio of the marginal likelihoods (the
logarithm of the Bayes factor log10 BGR

model) as a measure of
the relative goodness of fit between the IMRPHENOM and
GIMR models (see Ref. [3] and the references therein). If

FIG. 7. Violin plot summarizing the posterior probability density distributions for all of the parameters in the GIMR model. (Summary
statistics are reported in Table I.) From left to right, the plot shows increasingly high-frequency regimes, as outlined in the text and
Fig. 3; the leftmost posteriors, labeled from 0 PN to 3.5 PN, are for the early-inspiral PN regime; the βi and αi parameters correspond to
the intermediate and merger-ringdown regimes. Note that the constraints get tighter in the merger and ringdown regimes. In red, we
show posterior probability distributions for the single-parameter analysis, while in cyan we show the posterior distribution for the
multiple-parameter analysis. The black error bar at 0PN shows the bound inferred from the double pulsar; higher PN orders are not
shown, as their constraints are far weaker than GW150914’s measurement and they would appear in the plot as vertical black lines
covering the entire y axis. The 2.5 PN term reported in the figure refers to the logarithmic term δφ̂5l. Because of their very different scale
compared to the rest of the parameters, the 0 PN and 0.5 PN posterior distributions from GW150914 and the double-pulsar limits at 0 PN
order are shown on separate panels. The error bars indicate the 90% credible regions reported in Table I. Because of correlations among
the parameters, the posterior distribution obtained from the multiple-parameter analyses in the early-inspiral regimes are informative
only for the 0.5 PN coefficient.
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TESTS OF GENERAL RELATIVITY WITH THE 
O1 BBH RESULTS: 

COMBINING TOGETHER PARAMETER 
CONSTRAINTS FROM GW150914 AND GW151226

The only test that receives an update with GW151226 is the 
parameterized test: 
 
The overall SNR is not high enough to perform the residual test 
and the SNR in the ringdown is not high enough for the IMR 
consistency test. 
 
One can perform the dispersion/massive graviton test, but does 
not find an improvement in the bounds. 
 
(LVT151012 is not a strong enough signal to be of significant use 
to tests of GR.)



TESTS OF GENERAL RELATIVITY WITH THE 
O1 BBH RESULTS: 

COMBINING TOGETHER PARAMETER 
CONSTRAINTS FROM GW150914 AND GW151226

The only test that receives an update with GW151226 
is the parameterized test: 
 
The overall SNR is not high enough to perform the 
residual test and the SNR in the ringdown is not high 
enough for the IMR consistency test. 
 
One can perform the dispersion/massive graviton 
test, but does not find an improvement in the bounds.
The tight constraints on the 1.5PN term are particularly interesting, as this 

contains the leading-order backscattering and spin-orbit coupling.
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FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters ji and jil , as well as
intermediate parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself (as also shown in [40]) 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 more tight, causing the combined posteriors to similarly improve over those of GW150914 alone. For deviations in the bi, the
combined posteriors improve over those of either event individually. For the ai, the joint posteriors are mostly set by the posteriors from
GW150914, whose merger-ringdown occurred at frequencies where the detectors are the most sensitive.

phase in different stages of the coalescence process. We then602

allow for possible departures from general relativity, param-603

eterized by a set of testing coefficients d p̂i, which take the604

form of fractional deviations in the pi [131, 132]. Thus, we605

replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary606

freely in addition to the source parameters that also appear607

in pure general relativity waveforms, using the general rel-608

ativity expressions in terms of masses and spins for the pi609

themselves. Our testing coefficients are those in Table I of610

[40]. For convenience we list them again: (i) {d ĵ0, . . . ,d ĵ7}6
611

and {d ĵ5l ,d ĵ6l} for the PN coefficients (where the last two612

multiply a term of the form f g log f ), (ii) intermediate-regime613

parameters {d b̂2,d b̂3}, and (iii) merger-ringdown parameters614

{d â2,d â3,d â4}.7615

6 This includes a 0.5PN testing parameter d ĵ1; since j1 is identically zero in
general relativity, we let d ĵ1 be an absolute rather than a relative deviation.

7 We do not consider parameters that are degenerate with the reference time
or the reference phase, nor the late-inspiral parameters d ŝi (for which the

Inspiral Merger-RingdownIntermediate

[Figure from 
O1 BBH paper]
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is the parameterized test: 
 
The overall SNR is not high enough to perform the 
residual test and the SNR in the ringdown is not high 
enough for the IMR consistency test. 
 
One can perform the dispersion/massive graviton 
test, but does not find an improvement in the bounds.
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FIG. 7. 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 high PN order the joint bounds are slightly looser
than the ones from GW151226 alone; this is due to the large offsets
in the posteriors for GW150914.

In our analyses we let each one of the d p̂i in turn vary616

freely while all others are fixed to their general relativity val-617

ues, d p̂ j = 0 for j 6= i. These tests model general relativ-618

ity violations that would occur predominantly at a particu-619

lar PN order (or in the case of the intermediate and merger-620

ringdown parameters, a specific power of frequency in the rel-621

evant regime), although together they can capture deviations622

that are measurably present at more than one order.8623

Given more than one detection of BBH mergers, posterior624

distributions for the d p̂i can be combined to yield stronger625

constraints. In Fig. 6 we show the posteriors from GW150914,626

generated with final instrumental calibration, and GW151226627

by themselves, as well as joint posteriors from the two events628

together. We do not present similar results for the candidate629

LVT151012 since it is not as confident a detection as the oth-630

ers; furthermore, its smaller detection SNR means that its con-631

tribution to the overall posteriors is insignificant.632

For GW150914, the testing parameters for the PN coeffi-633

cients, d ĵi and d ĵil , showed moderately significant (2–2.5s )634

deviations from their general relativity values of zero [40]. By635

contrast, the posteriors of GW151226 tend to be centered on636

the general relativity value. As a result, the offsets of the com-637

bined posteriors are smaller. Moreover, the joint posteriors638

are considerably tighter, with a 1-s spread as small as 0.07639

for deviations in the 1.5PN parameter j3, which encapsulates640

the leading-order effects of the dynamical self-interaction of641

uncertainty on the calibration can be almost as large as the measurement
uncertainty).

8 In [40], for completeness we had also shown results from analyses where
the parameters in each of the regimes (i)-(iii) are allowed to vary simulta-
neously; however, these tests return wide and uninformative posteriors.

spacetime geometry (the “tail” effect) [133] as well as spin-642

orbit interaction [65, 134, 135].643

In Fig. 7, we show the 90% credible upper bounds on644

the magnitude of the fractional deviations in PN coefficients,645

|d ĵi|, which are affected by both the offsets and widths of the646

posterior density functions for the d ĵi. We show bounds for647

GW150914 and GW151226 individually, as well as the joint648

upper bounds resulting from the combined posterior density649

functions of the two events. Not surprisingly, the quality of650

the joint bounds is mainly due to GW151226 , because of651

the larger number of inspiral cycles in the detectors’ sensitive652

frequency band. Note how at high PN order the combined653

bounds are slightly looser than the ones from GW151226654

alone; this is because of the large offsets in the posteriors from655

GW150914 that we mentioned before.656

Next we consider the intermediate-regime coefficients d b̂i,657

which pertain to the transition between inspiral and merger–658

ringdown. For GW151226 , this stage is well inside the sensi-659

tive part of the detectors’ frequency band. Returning to Fig. 6,660

we see that the measurements for GW151226 are of com-661

parable quality to GW150914, and the combined posteriors662

improve on the ones from either detection by itself.663

Last, we look at the merger-ringdown parameters d âi.664

For GW150914, this regime corresponded to frequencies of665

f 2 [130,300] Hz, while for GW151226 it occurred at666

f & 400 Hz. As expected, the posteriors from GW151226 are667

not very informative for these parameters, and the combined668

posteriors are essentially determined by those of GW150914.669

In summary, GW151226 makes its most important contri-670

bution to the combined posteriors in the PN inspiral regime,671

where both offsets and statistical uncertainties have signif-672

icantly decreased over the ones from GW150914, in some673

cases to the ⇠ 10% level.674

An inspiral-merger-ringdown consistency test as performed675

on GW150914 in [40] is not meaningful for GW151226 ,676

since very little of the signal is observed in the post-merger677

phase. Likewise, the SNR of GW151226 is too low to allow678

for an analysis of residuals after subtraction of the most proba-679

ble waveform. Finally, in [40], GW150914 was used to place a680

lower bound on the graviton Compton wavelength of 1013 km.681

Combining information from the two signals does not signif-682

icantly improve on this; an updated bound must await further683

observations.684

VI. BINARY BLACK HOLE MERGER RATES685

The observations reported here enable us to constrain the686

rate of BBH coalescences in the local Universe more precisely687

than was achieved in [41], due to the longer duration of data688

containing a larger number of detected signals.689

To do so, we consider two classes of triggers: those whose690

origin is astrophysical and those whose origin is terrestrial.691

Terrestrial triggers are the result of either instrumental or en-692

vironmental effects in the detector, and their distribution is693

calculated from the search background estimated by the anal-694

yses (as shown in Fig. 3). The distribution of astrophysical695

events is determined by performing large-scale simulations of696

Comparison of upper bounds on deviations of 
post-Newtonian coefficients.

[Figure from 
O1 BBH paper]
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FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012 -like BBH, and GW151226 -like BBH mergers. The
event based rate is the sum of these. The median and 90% credible
levels are given in Table II.

FIG. 10. Sensitivity of the inferred BBH coalescence rate to the as-
sumed astrophysical distribution of BBH masses. The curves repre-
sent the posterior assuming that BBH masses are distributed flat in
log(m1)-log(m2) (Flat), match the properties of the observed events
(Event Based), or are distributed as a power law in m1 (Power Law).
The posterior median rates and symmetric 90% symmetric crebile
intervals are given in Table II.

FIG. 11. The posterior distribution for a in Eq. (7) using the in-
ferred masses for our three most significant triggers, GW150914,
LVT151012 , and GW151226 . See Section D for details on
the method. The median and 90% symmetric credible interval is
a = 2.5+1.5

�1.6. The vertical black line indicates the value of a that cor-
responds to the Power Law mass distribution used to infer the rate of
BBH coalescence.

method that can fit general mass distributions will be pre-757

sented in future work. Our methodology is described more758

fully in Appendix D.759

We assume that the distribution of black hole masses in co-760

alescing binaries follows761

p(m1) µ m�a

1 , (7)

with a uniform distribution on the secondary mass between762

Mmin = 5M� and m1. With a = 2.35, this mass distribution763

is the Power Law distribution used in our rate estimation.764

We use a hierarchical analysis [137–140] to infer a from765

the properties of the three significant events — GW150914,766

GW151226 and LVT151012 — where all three are treated767

equally and we properly incorporate parameter-estimation un-768

certainty on the masses of each system (see Appendix D).769

Our inferred posterior on a is shown in Fig. 11. The value770

a = 2.35, corresponding to the Power Law mass distribution771

used above to infer rates lies near the peak of the posterior,772

and the median and broad 90% credible interval is773

a = 2.5+1.5
�1.6 . (8)

It is not surprising that our fit peaks near a ⇠ 2.5 because774

the observed sample is consistent with a flat distribution and775

the sensitive time-volume scales roughly as M15/6. The range776

of slopes we obtain is sensitive to the choice of Mmin because777

the fits prefer densities that decrease with increasing mass; our778

selection of Mmin = 5M� matches the population used to infer779

rates above and includes nearly all of the posterior samples780

from our events.781

VII. ASTROPHYSICAL IMPLICATIONS AND FUTURE782

PROSPECTS783

In [141], we discussed the astrophysical implications of the784

first gravitational-wave detection, GW150914, of the merger785

of two black holes with masses m1 = 36.2+5.2
�3.8M� and m2 =786
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responds to the Power Law mass distribution used to infer the rate of
BBH coalescence.
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the observed sample is consistent with a flat distribution and775

the sensitive time-volume scales roughly as M15/6. The range776

of slopes we obtain is sensitive to the choice of Mmin because777

the fits prefer densities that decrease with increasing mass; our778

selection of Mmin = 5M� matches the population used to infer779

rates above and includes nearly all of the posterior samples780

from our events.781
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In [141], we discussed the astrophysical implications of the784

first gravitational-wave detection, GW150914, of the merger785

of two black holes with masses m1 = 36.2+5.2
�3.8M� and m2 =786

Two ways of performing rate estimates: 

1. Take all binaries in the universe to be like one of the three 
O1 binaries. Here GW151226 dominates the rate estimate, 
as the lowest-mass system (so it could only be detected relatively nearby). 
2. Use a fiducial mass distribution. Here two choices are made to 
bracket the expected mass distribution. 

[Figures from 
O1 BBH paper]

N.B.: The rates 
analysis assigns 

an 87% probability to 
LVT151012 being of 
astrophysical origin.
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FIG. 12. The probability of observing N > 10, N > 35, and N > 70
highly significant events, as a function of surveyed time-volume. The
vertical line and bands show, from left to right, the expected sensitive
time-volume for the O2 and O3 observations.

be required to test whether binaries can be classified into dis-903

tinct clusters arising from different formation channels [170],904

or to compare the population to specific evolutionary models905

[171–174]. Such observations will make it possible to further906

probe the underlying mass distribution of merging BBHs and907

the dependence of the merger rate on redshift. Meanwhile,908

space-borne detectors such as eLISA could observe heavy909

BBHs several years before merger; multi-spectrum observa-910

tions with ground-based and space-borne observatories would911

aid in measuring binary parameters, including location, and912

determining the formation channel by measuring the eccen-913

tricity at lower frequencies [175–177].914

We can use the inferred rates to estimate the number of915

BBH mergers expected in future observing runs. We make916

use of the future observing plans laid out in [127] to predict917

the expected rate of signals in the second and third advanced918

LIGO and Virgo observing runs. To do so, we restrict at-919

tention to those signals which will be observed with a false920

alarm rate smaller than 1/100yr. In the injections used to es-921

timate sensitive time-volumes, a fraction 0.61 of the events922

above the low threshold used in the PyCBC rates calculation923

are found with a search false alarm rate lower than one per924

century. The expected number of observed events will then925

scale linearly with the sensitive time-volume hV T i of a fu-926

ture search. The improvement in sensitivity in future runs will927

vary across the frequency band of the detectors and will there-928

fore have a different impact for binaries of different mass. For929

concreteness, we use a fiducial BBH system with total mass930

60M� and mass ratio q = 1 [141], to estimate a range of sensi-931

tive time-volumes for the planned O2 and O3 observing runs.932

We show the predictions for the probability of obtaining N or933

more high-significance events as a function of hV T i (in units934

of the time-volume surveyed during O1) in Fig. 12.935

VIII. CONCLUSION936

During its first observing run Advanced LIGO has observed937

gravitational waves from the coalescence of two stellar-mass938

BBHs GW150914 and GW151226 with a third candidate939

LVT151012 also likely to be a BBH system. Our mod-940

eled binary coalescence search detects both GW150914 and941

GW151226 with a significance greater than 5.3s , while942

LVT151012 is found with a significance 1.7s . The com-943

ponent masses of these systems span a range from the heav-944

iest black hole in GW150914 with a mass of 36.2+5.2
�3.8M�,945
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954
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ASTROPHYSICAL 
IMPLICATIONS 

GW150914 is consistent with a wide variety of binary black hole formation channels, 
including isolated binary evolution (either via the standard common envelope phase or via 
chemically homogeneous evolution in a tidally locked binary) and dynamical formation. 
 
Its high masses imply formation in an environment with at most half solar metallicity (fraction of 

elements heavier than Hydrogen). 

GW151226 and LVT151012 (if an astrophysical signal) are also compatible with both isolated 
and dynamical formation, though the low masses of GW151226 (                and                       ) are 
likely inconsistent with chemically homogeneous evolution, which is thought to require higher 
masses. There is a 4% probability that the secondary of GW151226 lies in the putative 3-5 M

⦿ 

gap between neutron stars and black holes. 
 
Both of these binaries could have been formed from higher mass progenitors at solar 
metallicity, or by lower-mass progenitors at lower metallicities. They have masses in line with 
those inferred from X-ray observations of black holes in binaries (with non-black hole companions).
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M source/M�
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�0.3 15.1+1.4
�1.1

Total mass
Msource/M�

65.3+4.1
�3.4 21.8+5.9

�1.7 37+13
�4

Effective inspiral spin
ceff

�0.06+0.14
�0.14 0.21+0.20

�0.10 0.0+0.3
�0.2

Final mass
Msource

f /M�
62.3+3.7
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�4

Final spin af 0.68+0.05
�0.06 0.74+0.06

�0.06 0.66+0.09
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Radiated energy
Erad/(M�c2)

3.0+0.5
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Peak luminosity
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�1.8 ⇥
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Luminosity distance
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�500

Source redshift z 0.09+0.03
�0.04 0.09+0.03

�0.04 0.20+0.09
�0.09

Sky localization
DW/deg2 230 850 1600

TABLE I. Details of the three most significant events. The false
alarm rate, p-value and significance are from the PyCBC analysis;
the GstLAL results are consistent with this. For source parame-
ters, we report median values with 90% credible intervals that in-
clude statistical errors, and systematic errors from averaging the re-
sults of different waveform models. The uncertainty for the peak
luminosity includes an estimate of additional error from the fitting
formula. The sky localization is the area of the 90% credible area.
Masses are given in the source frame; to convert to the detector frame
multiply by (1 + z). The source redshift assumes standard cosmol-
ogy [39]. Some parameter estimates are quoted to lower precision
for LVT151012 to reflect the greater uncertainty in their inferred
values.

The observed events begin to reveal a population of stellar-91

mass black hole mergers. We use these signals to constrain the92

rates of BBH mergers in the universe, and begin to probe the93

mass distribution of black hole mergers. The inferred rates are94

consistent with those derived from GW150914 [41]. We also95

discuss the astrophysical implications of the observations and96

the prospects for future Advanced LIGO and Virgo observing97

runs.98

The results presented here are restricted to BBH systems99

with total masses less than 100M�. Results of searches for100

more massive black holes, compact binary systems containing101

neutron stars and unmodeled transient signals will be reported102

elsewhere.103

This paper is organized as follows: Sec. II provides an104

overview of the Advanced LIGO detectors during the first ob-105

serving run, and the data used in the search. Sec. III presents106

the results of the search, details of the two gravitational wave107

events, GW150914 and GW151226 , and the candidate event108

LVT151012 . Sec. IV provides detailed parameter-estimation109

results for the events. Sec. V presents results for the consis-110

tency of the two events, GW150914 and GW151226 , with111

the predictions of general relativity. Sec. VI presents the in-112

ferred rate of stellar-mass BBH mergers, and VII discusses113

the implications of these observations and future prospects.114

We include appendices that provide additional technical de-115

tails of the methods used. Appendix A describes the CBC116

search, with A 1 and A 2 presenting details of the construction117

and tuning of the two independently implemented analyses118

used in the search, highlighting differences from the methods119

described in [42]. Appendix B provides a description of the120

parameter-estimation analysis and includes a summary table121

of results for all three events. Appendix C and Appendix D122

provide details of the methods used to infer merger rates and123

mass distributions respectively.124

II. OVERVIEW OF THE INSTRUMENTS AND THE DATA125

SET126

The two Advanced LIGO detectors, one located in Han-127

ford, Washington (H1) and one in Livingston, Louisiana (L1)128

are modified Michelson interferometers with 4-km long arms.129

The interferometer mirrors act as test masses, and the pas-130

sage of a gravitational wave induces a differential displace-131

ment along the arms which is proportional to the gravitational-132

wave strain amplitude. The Advanced LIGO detectors came133

on line in September 2015 after a major upgrade targeting a134

10-fold improvement in sensitivity over the initial LIGO de-135

tectors [43]. While not yet operating at design sensitivity, both136

detectors achieved an instrument noise 3 to 4 times lower than137

ever measured before in their most sensitive frequency band138

between 100 Hz and 300 Hz [1]. The corresponding observ-139

able volume of space for BBH mergers, in the mass range re-140

ported in this paper, was ⇠ 30 greater, enabling the successful141

search reported here.142

The typical instrument noise of the Advanced LIGO detec-143

tors during O1 is described in detail in [45]. In the left panel144

of Figure 1 we show the amplitude spectral density of the to-145

tal strain noise of both detectors (
p

S( f )), calibrated in units146

of strain per
p

Hz [46]. Overlaid on the noise curves of the147

detectors, the waveforms of GW150914, GW151226 and148

LVT151012 are also shown. The expected SNR of a signal,149

h(t), can be expressed as150

r

2 =
Z •

0

|2
p

f h̃( f )|2

Sn( f )
dln( f ) , (1)

where h̃( f ) is the Fourier transform of the signal. Writing it in151

this form motivates the normalization of the waveform plotted152
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ASTROPHYSICAL 
IMPLICATIONS 

If one assumes that a single formation channel is operating, the inferred lower limit on 
the rate of binary black hole coalescences disfavours certain scenarios (e.g., low-mass 
globular clusters in the dynamical formation case, or very high natal kicks of several 
100 km/s for black holes in the isolated binary channel). However, multiple channels 
are likely in operation. 

The revised rate still leads to a stochastic gravitational wave signal of unresolved 
merging black hole binaries that is potentially measurable with several years of 
observation at design sensitivity. 

With the expected wealth of binary black hole detections in the coming years, 
population models will start to become highly constrained, by estimates of the mass and 
spin distributions of stellar mass binary black holes in our universe. 
 
For a first taste, the LSC obtained constraints on the power law index of the binary 
black hole component mass distribution assuming (for simplicity, but not very 
realistically) a single power law from 5 to 100 M

⦿
; the index is then                 .
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FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012 -like BBH, and GW151226 -like BBH mergers. The
event based rate is the sum of these. The median and 90% credible
levels are given in Table II.

FIG. 10. Sensitivity of the inferred BBH coalescence rate to the as-
sumed astrophysical distribution of BBH masses. The curves repre-
sent the posterior assuming that BBH masses are distributed flat in
log(m1)-log(m2) (Flat), match the properties of the observed events
(Event Based), or are distributed as a power law in m1 (Power Law).
The posterior median rates and symmetric 90% symmetric crebile
intervals are given in Table II.

FIG. 11. The posterior distribution for a in Eq. (7) using the in-
ferred masses for our three most significant triggers, GW150914,
LVT151012 , and GW151226 . See Section D for details on
the method. The median and 90% symmetric credible interval is
a = 2.5+1.5

�1.6. The vertical black line indicates the value of a that cor-
responds to the Power Law mass distribution used to infer the rate of
BBH coalescence.

method that can fit general mass distributions will be pre-757

sented in future work. Our methodology is described more758

fully in Appendix D.759

We assume that the distribution of black hole masses in co-760

alescing binaries follows761

p(m1) µ m�a

1 , (7)

with a uniform distribution on the secondary mass between762

Mmin = 5M� and m1. With a = 2.35, this mass distribution763

is the Power Law distribution used in our rate estimation.764

We use a hierarchical analysis [137–140] to infer a from765

the properties of the three significant events — GW150914,766

GW151226 and LVT151012 — where all three are treated767

equally and we properly incorporate parameter-estimation un-768

certainty on the masses of each system (see Appendix D).769

Our inferred posterior on a is shown in Fig. 11. The value770

a = 2.35, corresponding to the Power Law mass distribution771

used above to infer rates lies near the peak of the posterior,772

and the median and broad 90% credible interval is773

a = 2.5+1.5
�1.6 . (8)

It is not surprising that our fit peaks near a ⇠ 2.5 because774

the observed sample is consistent with a flat distribution and775

the sensitive time-volume scales roughly as M15/6. The range776

of slopes we obtain is sensitive to the choice of Mmin because777

the fits prefer densities that decrease with increasing mass; our778

selection of Mmin = 5M� matches the population used to infer779

rates above and includes nearly all of the posterior samples780

from our events.781

VII. ASTROPHYSICAL IMPLICATIONS AND FUTURE782

PROSPECTS783

In [141], we discussed the astrophysical implications of the784

first gravitational-wave detection, GW150914, of the merger785

of two black holes with masses m1 = 36.2+5.2
�3.8M� and m2 =786



CONCLUSIONS

Advanced LIGO’s first observing run gave us the first taste of the fruits of gravitational wave 
astronomy, with two firm binary black hole coalescences, the famous GW150914 and the later 
GW151226, and one possible binary black hole, LVT151012. 

These binaries have total masses from ~20 to ~60 M
⦿

, and poorly constrained spins, though we know 

that at least one component of GW151226 was spinning, with a spin of at least 20% of the maximum. 

We can perform various tests of general relativity, finding no evidence for deviations. The lower-mass 
GW151226 helps to constrain the inspiral portion of the signal, while GW150914 is more constraining 
for the merger-ringdown portion. 

We can also constrain the rate of binary black hole coalescences in the universe, and from this expect 
to see many more mergers in upcoming observing runs (O2 is starting later this year!). 

All these signals are consistent with a wide variety of astrophysical models for their formation, but such 
models will become increasingly constrained with the expected tens to hundreds of detections in the 
coming years.



EXTRA SLIDES



EXAMPLE FORMATION 
CHANNELS FOR GW150914

Fig. 1. Example of a specific binary evolution leading to the formation of a BH-BH merger
similar to GW150914 in mass and time. A massive binary star (96 + 60 M⊙) is formed in the
distant past (2 billion years after Big Bang; z ∼ 3.2) and after five million years of evolution
forms a BH-BH system (37 + 31 M⊙). For the ensuing 10.3 billion years this BH-BH system
is subject to angular momentum loss, with the orbital separation steadily decreasing, until the
black holes coalesce at redshift z = 0.09. This example binary formed in a low metallicity
environment (Z = 3% Z⊙). 27

Isolated binary 
(Belczynski+, arXiv:1602.04531)

2

2. FORMING HEAVY BBHS IN GCS

We extract from our 48 models all the binaries that
appear similar to GW150914. We start by looking at any
BBH whose source-frame component and chirp masses
fall within the 90% credible regions for GW150914
(m1 = 35.7+5.4

�3.8M�, m2 = 29.1+3.8
�4.4M�, and M

c

=
27.9+2.1

�1.7M�, from The LIGO Scientific Collaboration &
The Virgo Collaboration 2016b). This corresponds to
a total of 262 BBHs from 40 of the 48 GC models, 259
of which merge outside the cluster. We assume all GCs
formed ⇠ 12 Gyr ago (at z ' 3.5, consistent with GCs
in the Milky Way, although other galaxies, such as the
Large and Small Magellanic Clouds, have significantly
younger GC populations). Of the 8 GC models that
do not contribute BBHs with masses like GW150914,
4 have disrupted before 12 Gyr and are exlcluded from
our analysis, and the remaining 4 have low initial N and
lower number of initial BHs. The remaining 40 GC mod-
els contribute roughly equal numbers of GW150914-like
BBHs (when normalized to the number of initial stars
in each model). Our models show a strong dependence
on metallicity, with the Z = 0.05Z� and 0.01Z� models
contributing nearly 3 and 5 times as many BBHs as the
Z = 0.25Z� models, respectively.
We then define a true GW150914 progenitor to be

the subset of these 262 binaries that merge between 7
and 13 Gyr after GC formation, corresponding to merg-
ers that occur in the local universe (z < 0.5). We
find 14 such systems across our 48 models, all of which
were ejected from the cluster prior to merger. Of these
14, we find that 10 originate from 5 GC models with
similar initial conditions, corresponding to GCs with
lower metallicities (0.05Z� and 0.01Z�, typical for the
low-metallicity clusters in most galaxies), large masses
(N = 1 ⇥ 106 and 2 ⇥ 106 initial particles, correspond-
ing to final masses of 3⇥ 105M� to 6⇥ 105M� today),
and typical virial radii (R

v

= 2 pc). That these binaries
(and the majority of all 262 GW150914-like BBHs) form
from low metallicity and massive clusters is unsurpris-
ing: lower metallicities yield less e↵ective stellar winds
(Vink 2011), reducing the amount of mass that is lost
before a massive star collapses, and producing “heavy”
BHs like the observed components of GW150914 (Bel-
czynski et al. 2010; Mapelli et al. 2013; Spera et al.
2015). Furthermore, massive clusters produce a larger
number of BHs, which enhances the dynamical produc-
tion of BBHs.
The preference for clusters with larger virial radius (2

pc versus the more compact 1 pc clusters) arises from the
need for long inspiral times. Binaries with total masses
of ⇠ 60M� are more massive than the average stellar or
BH mass in the cluster, and are typically ejected within
the first few Gyrs of a cluster’s evolution. However, since

Figure 1. Interaction diagram showing the formation history
for two GW150914 progenitors in a single GC model. From
top to bottom, the history of each individual BH that will
eventually comprise a GW150914-like binary is illustrated,
including all binary interactions. The legend shows the var-
ious types of gravitational encounters included in our GC
models (with the exception of two-body relaxation). In each
interaction, the black sphere represents the GW150914 pro-
genitor BH, while the blue and red spheres represent other
BHs (and stars) in the cluster core.

Dynamical formation 
(Rodriguez+, ApJL 824, L8, 2016)

http://arxiv.org/abs/1602.04531
http://dx.doi.org/10.3847/2041-8205/824/1/L8


ASTROPHYSICAL 
IMPLICATIONS 

If one assumes that a single formation channel is operating, the inferred lower limit on 
the rate of binary black hole coalescences disfavours certain scenarios (e.g., low-mass 
globular clusters in the dynamical formation case, or very high natal kicks of several 
100 km/s for black holes in the isolated binary channel). However, multiple channels 
are likely operating. 

The revised rate still leads to a stochastic gravitational wave signal of unresolved 
merging black hole binaries that is potentially measurable with several years of 
observation at design sensitivity. 

With the expected wealth of binary black hole detections in the coming years, 
population models will start to become highly constrained, by estimates of the mass and 
spin distributions of stellar mass binary black holes in our universe. 
 
For a first taste, the LSC obtained constraints on the power law index of the binary 
black hole component mass distribution assuming (for simplicity, but not very 
realistically) a single power law from 5 to 100 M

⦿
; the index is then                 .
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FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012 -like BBH, and GW151226 -like BBH mergers. The
event based rate is the sum of these. The median and 90% credible
levels are given in Table II.

FIG. 10. Sensitivity of the inferred BBH coalescence rate to the as-
sumed astrophysical distribution of BBH masses. The curves repre-
sent the posterior assuming that BBH masses are distributed flat in
log(m1)-log(m2) (Flat), match the properties of the observed events
(Event Based), or are distributed as a power law in m1 (Power Law).
The posterior median rates and symmetric 90% symmetric crebile
intervals are given in Table II.
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FIG. 11. The posterior distribution for a in Eq. (7) using the in-
ferred masses for our three most significant triggers, GW150914,
LVT151012 , and GW151226 . See Section D for details on
the method. The median and 90% symmetric credible interval is
a = 2.5+1.5

�1.6. The vertical black line indicates the value of a that cor-
responds to the Power Law mass distribution used to infer the rate of
BBH coalescence.

method that can fit general mass distributions will be pre-757

sented in future work. Our methodology is described more758

fully in Appendix D.759

We assume that the distribution of black hole masses in co-760

alescing binaries follows761

p(m1) µ m�a

1 , (7)

with a uniform distribution on the secondary mass between762

Mmin = 5M� and m1. With a = 2.35, this mass distribution763

is the Power Law distribution used in our rate estimation.764

We use a hierarchical analysis [137–140] to infer a from765

the properties of the three significant events — GW150914,766

GW151226 and LVT151012 — where all three are treated767

equally and we properly incorporate parameter-estimation un-768

certainty on the masses of each system (see Appendix D).769

Our inferred posterior on a is shown in Fig. 11. The value770

a = 2.35, corresponding to the Power Law mass distribution771

used above to infer rates lies near the peak of the posterior,772

and the median and broad 90% credible interval is773

a = 2.5+1.5
�1.6 . (8)

It is not surprising that our fit peaks near a ⇠ 2.5 because774

the observed sample is consistent with a flat distribution and775

the sensitive time-volume scales roughly as M15/6. The range776

of slopes we obtain is sensitive to the choice of Mmin because777

the fits prefer densities that decrease with increasing mass; our778

selection of Mmin = 5M� matches the population used to infer779

rates above and includes nearly all of the posterior samples780

from our events.781

VII. ASTROPHYSICAL IMPLICATIONS AND FUTURE782

PROSPECTS783

In [141], we discussed the astrophysical implications of the784

first gravitational-wave detection, GW150914, of the merger785

of two black holes with masses m1 = 36.2+5.2
�3.8M� and m2 =786
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The median (with 90% credible interval) of                 is not unexpected, as the 
sensitive time-volume scales like M2.5. This is also consistent with the range of ~1.8 to 

~5.0 for α obtained from dynamical mass measurements with X-rays (with no 
accounting for selection effects).
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“Power Law” distribution 
used in rate estimation

m2 uniform 
between 

5 M⦿ and m1
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O1 BBH paper]


