
Understanding Binary Black 
Holes Through Gravitational 

Wave Detections

M. Benacquista
University of Texas Rio Grande Valley
Center for Gravitational Wave Astronomy



Stellar Aggregates, Bad Honnef December 7, 20162

assess significance. In both analyses, there are three events
that lie above the estimated background: GW150914,
GW151226, and LVT151012. All three of these are
consistent with being BBH merger signals and are dis-
cussed in further detail below. The templates producing the
highest significance in the two analyses are indicated in
Fig. 2, the gravitational waveforms are shown in Fig. 1, and
key parameters are summarized in Table I. There were no
other significant BBH candidates in the first advanced
LIGO observing run. All other observed events are con-
sistent with the noise background for the search. A follow-
up of the coincident events ρ̂c ≈ 9 in the PyCBC analysis

suggests that they are likely due to noise fluctuations or
poor data quality, rather than a population of weaker
gravitational-wave signals.
It is clear from Fig. 3 that at high significance, the

background distribution is dominated by the presence of
GW150914 in the data. Consequently, once an event has
been confidently identified as a signal, we remove triggers
associated with it from the background in order to get an
accurate estimate of the noise background for lower
amplitude events. The lower panel of Fig. 3 shows the
search results with GW150914 removed from both the
foreground and background distributions.

FIG. 3. Search results from the two analyses. The upper left-hand plot shows the PyCBC result for signals with chirp mass M >
1.74 M⊙ (the chirp mass of anm1 ¼ m2 ¼ 2 M⊙ binary) and fpeak > 100 Hz, while the upper right-hand plot shows the GstLAL result.
In both analyses, GW150914 is the most significant event in the data, and it is more significant than any background event in the data. It
is identified with a significance greater than 5σ in both analyses. As GW150914 is so significant, the high significance background is
dominated by its presence in the data. Once it has been identified as a signal, we remove it from the background estimation to evaluate
the significance of the remaining events. The lower plots show results with GW150914 removed from both the foreground and
background, with the PyCBC result on the left and the GstLAL result on the right. In both analyses, GW151226 is identified as the most
significant event remaining in the data. GW151226 is more significant than the remaining background in the PyCBC analysis, with a
significance of greater than 5σ. In the GstLAL search, GW151226 is measured to have a significance of 4.5σ. The third most significant
event in the search, LVT151012, is identified with a significance of 1.7σ and 2.0σ in the two analyses, respectively. The significance
obtained for LVT151012 is not greatly affected by including or removing background contributions from GW150914 and GW151226.
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of the detectors, the waveforms of GW150914,
GW151226, and LVT151012 are also shown. The expected
signal-to-noise ratio (SNR) ρ of a signal, hðtÞ, can be
expressed as

ρ2 ¼
Z

∞

0

ð2j ~hðfÞj
ffiffiffi
f

p
Þ2

SnðfÞ
d lnðfÞ; ð1Þ

where ~hðfÞ is the Fourier transform of the signal. Writing it
in this form motivates the normalization of the waveform
plotted in Fig. 1, as the area between the signal and noise
curves is indicative of the SNR of the events.
The gravitational-wave signal from a BBH merger takes

the form of a chirp, increasing in frequency and amplitude
as the black holes spiral inwards. The amplitude of the
signal is maximum at the merger, after which it decays
rapidly as the final black hole rings down to equilibrium. In
the frequency domain, the amplitude decreases with fre-
quency during inspiral, as the signal spends a greater
number of cycles at lower frequencies. This is followed
by a slower falloff during merger and then a steep decrease
during the ringdown. The amplitude of GW150914 is
significantly larger than the other two events, and at the
time of the merger, the gravitational-wave signal lies well
above the noise. GW151226 has a lower amplitude but
sweeps across the whole detector’s sensitive band up to
nearly 800 Hz. The corresponding time series of the three
waveforms are plotted in the right panel of Fig. 1 to better
visualize the difference in duration within the Advanced
LIGO band: GW150914 lasts only a few cycles, while
LVT151012 and GW151226 have lower amplitudes but last
longer.
The analysis presented in this paper includes the total set

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

which contain a total coincident analysis time of 51.5 days
accumulated when both detectors were operating in their
normal state. As discussed in Ref. [13] with regard to the
first 16 days of O1 data, the output data of both detectors
typically contain nonstationary and non-Gaussian features,
in the form of transient noise artifacts of varying durations.
Longer duration artifacts, such as nonstationary behavior in
the interferometer noise, are not very detrimental to CBC
searches as they occur on a time scale that is much longer
than any CBC waveform. However, shorter duration
artifacts can pollute the noise background distribution of
CBC searches. Many of these artifacts have distinct
signatures [49] visible in the auxiliary data channels from
the large number of sensors used to monitor instrumental or
environmental disturbances at each observatory site [50].
When a significant noise source is identified, contaminated
data are removed from the analysis data set. After applying
this data quality process, detailed in Ref. [51], the remain-
ing coincident analysis time in O1 is 48.6 days. The
analyses search only stretches of data longer than a
minimum duration, to ensure that the detectors are operat-
ing stably. The choice is different in the two analyses and
reduces the available data to 46.1 days for the PyCBC
analysis and 48.3 days for the GstLAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been
implemented to search for stellar-mass BBH signals in the
data of O1: PyCBC [2–4] and GstLAL [5–7]. Both these
analyses employ matched filtering [52–60] with waveforms
given by models based on general relativity [8,9] to search
for gravitational waves from binary neutron stars, BBHs,
and neutron star–black hole binaries. In this paper, we
focus on the results of the matched-filter search for BBHs.

FIG. 1. Left panel: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
ffiffiffiffiffiffiffiffiffi
SðfÞ

p
, in units of strain per

ffiffiffiffiffiffi
Hz

p
,

and the recovered signals of GW150914, GW151226, and LVT151012 plotted so that the relative amplitudes can be related to the SNR
of the signal (as described in the text). Right panel: Time evolution of the recovered signals from when they enter the detectors’ sensitive
band at 30 Hz. Both figures show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian
analysis using a nonprecessing spin waveform model [48].
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TABLE IV. Parameters that characterize GW150914, GW151226, and LVT151012. For model parameters, we report the median value with the range of the symmetric 90%
credible interval [214]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise, we report the mean and its 90%
standard error from four parallel runs with a nested sampling algorithm [215], and for the deviance information criterion, we report the mean and its 90% standard error from a
Markov-chain Monte Carlo and a nested sampling run. The source redshift and source-frame masses assume standard cosmology [18]. Results are given for spin-aligned EOBNR
and precessing IMRPhenom waveform models. The “Overall” results are computed by averaging the posteriors for the two models. For the overall results, we quote both the 90%
credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. Further explanations of the
parameters are given in Ref. [39].

GW150914 GW151226 LVT151012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall

Detector frame
Total mass M=M⊙ 71.0þ4.6

−4.0 71.2þ3.5
−3.2 71.1þ4.1"0.7

−3.6"0.8 23.6þ8.0
−1.3 23.8þ5.1

−1.5 23.7þ6.5"2.2
−1.4"0.1 45þ17

−4 44þ12
−3 44þ16"5

−3"0

Chirp mass M=M⊙ 30.4þ2.3
−1.6 30.7þ1.5

−1.5 30.6þ1.9"0.3
−1.6"0.4 9.71þ0.08

−0.07 9.72þ0.06
−0.06 9.72þ0.07"0.01

−0.06"0.01 18.1þ1.3
−0.9 18.1þ0.8

−0.8 18.1þ1.0"0.5
−0.8"0.1

Primary mass m1=M⊙ 40.2þ5.2
−4.8 38.5þ5.4

−3.3 39.4þ5.4"1.3
−4.1"0.2 15.3þ10.8

−3.8 15.8þ7.2
−4.0 15.6þ9.0"2.6

−4.0"0.2 29þ23
−8 27þ19

−6 28þ21"5
−7"0

Secondary mass m2=M⊙ 30.6þ5.1
−4.2 32.7þ3.1

−4.9 31.7þ4.0"0.1
−4.9"1.2 8.3þ2.5

−2.9 8.1þ2.5
−2.1 8.2þ2.6"0.2

−2.5"0.5 15þ5
−6 16þ4

−6 16þ5"0
−6"1

Final mass Mf=M⊙ 67.8þ4.0
−3.6 67.9þ3.2

−2.9 67.8þ3.7"0.6
−3.3"0.7 22.5þ8.2

−1.4 22.8þ5.3
−1.6 22.6þ6.7"2.2

−1.5"0.1 43þ17
−4 42þ13

−2 42þ16"5
−3"0

Source frame
Total mass Msource=M⊙ 65.5þ4.4

−3.9 65.1þ3.6
−3.1 65.3þ4.1"1.0

−3.4"0.3 21.6þ7.4
−1.6 21.9þ4.7

−1.7 21.8þ5.9"2.0
−1.7"0.1 38þ15

−5 37þ11
−4 37þ13"4

−4"0

Chirp mass Msource=M⊙ 28.1þ2.1
−1.6 28.1þ1.6

−1.4 28.1þ1.8"0.4
−1.5"0.2 8.87þ0.35

−0.28 8.90þ0.31
−0.27 8.88þ0.33"0.01

−0.28"0.04 15.2þ1.5
−1.1 15.0þ1.3

−1.0 15.1þ1.4"0.3
−1.1"0.0

Primary mass msource
1 =M⊙ 37.0þ4.9

−4.4 35.3þ5.1
−3.1 36.2þ5.2"1.4

−3.8"0.4 14.0þ10.0
−3.5 14.5þ6.6

−3.7 14.2þ8.3"2.4
−3.7"0.2 24þ19

−7 23þ16
−5 23þ18"5

−6"0

Secondary mass msource
2 =M⊙ 28.3þ4.6

−3.9 29.9þ3.0
−4.5 29.1þ3.7"0.0

−4.4"0.9 7.5þ2.3
−2.6 7.4þ2.3

−2.0 7.5þ2.3"0.2
−2.3"0.4 13þ4

−5 14þ4
−5 13þ4"0

−5"0

Final mass Msource
f =M⊙ 62.5þ3.9

−3.5 62.1þ3.3
−2.8 62.3þ3.7"0.9

−3.1"0.2 20.6þ7.6
−1.6 20.9þ4.8

−1.8 20.8þ6.1"2.0
−1.7"0.1 36þ15

−4 35þ11
−3 35þ14"4

−4"0

Energy radiated Erad=ðM⊙c2Þ 2.98þ0.55
−0.40 3.02þ0.36

−0.36 3.00þ0.47"0.13
−0.39"0.07 1.02þ0.09

−0.24 0.99þ0.11
−0.17 1.00þ0.10"0.01

−0.20"0.03 1.48þ0.39
−0.41 1.51þ0.29

−0.44 1.50þ0.33"0.05
−0.43"0.01

Mass ratio q 0.77þ0.20
−0.18 0.85þ0.13

−0.21 0.81þ0.17"0.02
−0.20"0.04 0.54þ0.40

−0.33 0.51þ0.39
−0.25 0.52þ0.40"0.03

−0.29"0.04 0.53þ0.42
−0.34 0.60þ0.35

−0.37 0.57þ0.38"0.01
−0.37"0.04

Effective inspiral spin χeff −0.08þ0.17
−0.14 −0.05þ0.11

−0.12 −0.06þ0.14"0.02
−0.14"0.04 0.21þ0.24

−0.11 0.22þ0.15
−0.08 0.21þ0.20"0.07

−0.10"0.03 0.06þ0.31
−0.24 0.01þ0.26

−0.17 0.03þ0.31"0.08
−0.20"0.02

Primary spin magnitude a1 0.33þ0.39
−0.29 0.30þ0.54

−0.27 0.32þ0.47"0.10
−0.29"0.01 0.42þ0.35

−0.37 0.55þ0.35
−0.42 0.49þ0.37"0.11

−0.42"0.07 0.31þ0.46
−0.27 0.31þ0.50

−0.28 0.31þ0.48"0.03
−0.28"0.00

Secondary spin magnitude a2 0.62þ0.35
−0.54 0.36þ0.53

−0.33 0.48þ0.47"0.08
−0.43"0.03 0.51þ0.44

−0.46 0.52þ0.42
−0.47 0.52þ0.43"0.01

−0.47"0.00 0.49þ0.45
−0.44 0.42þ0.50

−0.38 0.45þ0.48"0.02
−0.41"0.01

Final spin af 0.68þ0.05
−0.07 0.68þ0.06

−0.05 0.68þ0.05"0.01
−0.06"0.02 0.73þ0.05

−0.06 0.75þ0.07
−0.05 0.74þ0.06"0.03

−0.06"0.03 0.65þ0.09
−0.10 0.66þ0.08

−0.10 0.66þ0.09"0.00
−0.10"0.02

Luminosity distance DL=Mpc 400þ160
−180 440þ140

−170 420þ150"20
−180"40 450þ180

−210 440þ170
−180 440þ180"20

−190"10 1000þ540
−490 1030þ480

−480 1020þ500"20
−490"40

Source redshift z 0.086þ0.031
−0.036 0.094þ0.027

−0.034 0.090þ0.029"0.003
−0.036"0.008 0.096þ0.035

−0.042 0.092þ0.033
−0.037 0.094þ0.035"0.004

−0.039"0.001 0.198þ0.091
−0.092 0.204þ0.082

−0.088 0.201þ0.086"0.003
−0.091"0.008

Upper bound
Primary spin magnitude a1 0.62 0.73 0.67" 0.09 0.68 0.83 0.77" 0.12 0.64 0.69 0.67" 0.04
Secondary spin magnitude a2 0.93 0.80 0.90" 0.12 0.90 0.89 0.90" 0.01 0.89 0.85 0.87" 0.04

Lower bound
Mass ratio q 0.62 0.68 0.65" 0.05 0.25 0.30 0.28" 0.04 0.22 0.28 0.24" 0.05

Log Bayes factor lnBs=n 287.7" 0.1 289.8" 0.3 % % % 59.5" 0.1 60.2" 0.2 % % % 22.8" 0.2 23.0" 0.1 % % %
Information criterion DIC 32977.2" 0.3 32973.1" 0.1 % % % 34296.4" 0.2 34295.1" 0.1 % % % 94695.8" 0.0 94692.9" 0.0 % % %
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TABLE IV. Parameters that characterize GW150914, GW151226, and LVT151012. For model parameters, we report the median value with the range of the symmetric 90%
credible interval [214]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise, we report the mean and its 90%
standard error from four parallel runs with a nested sampling algorithm [215], and for the deviance information criterion, we report the mean and its 90% standard error from a
Markov-chain Monte Carlo and a nested sampling run. The source redshift and source-frame masses assume standard cosmology [18]. Results are given for spin-aligned EOBNR
and precessing IMRPhenom waveform models. The “Overall” results are computed by averaging the posteriors for the two models. For the overall results, we quote both the 90%
credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. Further explanations of the
parameters are given in Ref. [39].

GW150914 GW151226 LVT151012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall

Detector frame
Total mass M=M⊙ 71.0þ4.6

−4.0 71.2þ3.5
−3.2 71.1þ4.1"0.7

−3.6"0.8 23.6þ8.0
−1.3 23.8þ5.1

−1.5 23.7þ6.5"2.2
−1.4"0.1 45þ17

−4 44þ12
−3 44þ16"5

−3"0

Chirp mass M=M⊙ 30.4þ2.3
−1.6 30.7þ1.5

−1.5 30.6þ1.9"0.3
−1.6"0.4 9.71þ0.08

−0.07 9.72þ0.06
−0.06 9.72þ0.07"0.01

−0.06"0.01 18.1þ1.3
−0.9 18.1þ0.8

−0.8 18.1þ1.0"0.5
−0.8"0.1

Primary mass m1=M⊙ 40.2þ5.2
−4.8 38.5þ5.4

−3.3 39.4þ5.4"1.3
−4.1"0.2 15.3þ10.8

−3.8 15.8þ7.2
−4.0 15.6þ9.0"2.6

−4.0"0.2 29þ23
−8 27þ19

−6 28þ21"5
−7"0

Secondary mass m2=M⊙ 30.6þ5.1
−4.2 32.7þ3.1

−4.9 31.7þ4.0"0.1
−4.9"1.2 8.3þ2.5

−2.9 8.1þ2.5
−2.1 8.2þ2.6"0.2

−2.5"0.5 15þ5
−6 16þ4

−6 16þ5"0
−6"1

Final mass Mf=M⊙ 67.8þ4.0
−3.6 67.9þ3.2

−2.9 67.8þ3.7"0.6
−3.3"0.7 22.5þ8.2

−1.4 22.8þ5.3
−1.6 22.6þ6.7"2.2

−1.5"0.1 43þ17
−4 42þ13

−2 42þ16"5
−3"0

Source frame
Total mass Msource=M⊙ 65.5þ4.4

−3.9 65.1þ3.6
−3.1 65.3þ4.1"1.0

−3.4"0.3 21.6þ7.4
−1.6 21.9þ4.7

−1.7 21.8þ5.9"2.0
−1.7"0.1 38þ15

−5 37þ11
−4 37þ13"4

−4"0

Chirp mass Msource=M⊙ 28.1þ2.1
−1.6 28.1þ1.6

−1.4 28.1þ1.8"0.4
−1.5"0.2 8.87þ0.35

−0.28 8.90þ0.31
−0.27 8.88þ0.33"0.01

−0.28"0.04 15.2þ1.5
−1.1 15.0þ1.3

−1.0 15.1þ1.4"0.3
−1.1"0.0

Primary mass msource
1 =M⊙ 37.0þ4.9

−4.4 35.3þ5.1
−3.1 36.2þ5.2"1.4

−3.8"0.4 14.0þ10.0
−3.5 14.5þ6.6

−3.7 14.2þ8.3"2.4
−3.7"0.2 24þ19

−7 23þ16
−5 23þ18"5

−6"0

Secondary mass msource
2 =M⊙ 28.3þ4.6

−3.9 29.9þ3.0
−4.5 29.1þ3.7"0.0

−4.4"0.9 7.5þ2.3
−2.6 7.4þ2.3

−2.0 7.5þ2.3"0.2
−2.3"0.4 13þ4

−5 14þ4
−5 13þ4"0

−5"0

Final mass Msource
f =M⊙ 62.5þ3.9

−3.5 62.1þ3.3
−2.8 62.3þ3.7"0.9

−3.1"0.2 20.6þ7.6
−1.6 20.9þ4.8

−1.8 20.8þ6.1"2.0
−1.7"0.1 36þ15

−4 35þ11
−3 35þ14"4

−4"0

Energy radiated Erad=ðM⊙c2Þ 2.98þ0.55
−0.40 3.02þ0.36

−0.36 3.00þ0.47"0.13
−0.39"0.07 1.02þ0.09

−0.24 0.99þ0.11
−0.17 1.00þ0.10"0.01

−0.20"0.03 1.48þ0.39
−0.41 1.51þ0.29

−0.44 1.50þ0.33"0.05
−0.43"0.01

Mass ratio q 0.77þ0.20
−0.18 0.85þ0.13

−0.21 0.81þ0.17"0.02
−0.20"0.04 0.54þ0.40

−0.33 0.51þ0.39
−0.25 0.52þ0.40"0.03

−0.29"0.04 0.53þ0.42
−0.34 0.60þ0.35

−0.37 0.57þ0.38"0.01
−0.37"0.04

Effective inspiral spin χeff −0.08þ0.17
−0.14 −0.05þ0.11

−0.12 −0.06þ0.14"0.02
−0.14"0.04 0.21þ0.24

−0.11 0.22þ0.15
−0.08 0.21þ0.20"0.07

−0.10"0.03 0.06þ0.31
−0.24 0.01þ0.26

−0.17 0.03þ0.31"0.08
−0.20"0.02

Primary spin magnitude a1 0.33þ0.39
−0.29 0.30þ0.54

−0.27 0.32þ0.47"0.10
−0.29"0.01 0.42þ0.35

−0.37 0.55þ0.35
−0.42 0.49þ0.37"0.11

−0.42"0.07 0.31þ0.46
−0.27 0.31þ0.50

−0.28 0.31þ0.48"0.03
−0.28"0.00

Secondary spin magnitude a2 0.62þ0.35
−0.54 0.36þ0.53

−0.33 0.48þ0.47"0.08
−0.43"0.03 0.51þ0.44

−0.46 0.52þ0.42
−0.47 0.52þ0.43"0.01

−0.47"0.00 0.49þ0.45
−0.44 0.42þ0.50

−0.38 0.45þ0.48"0.02
−0.41"0.01

Final spin af 0.68þ0.05
−0.07 0.68þ0.06

−0.05 0.68þ0.05"0.01
−0.06"0.02 0.73þ0.05

−0.06 0.75þ0.07
−0.05 0.74þ0.06"0.03

−0.06"0.03 0.65þ0.09
−0.10 0.66þ0.08

−0.10 0.66þ0.09"0.00
−0.10"0.02

Luminosity distance DL=Mpc 400þ160
−180 440þ140

−170 420þ150"20
−180"40 450þ180

−210 440þ170
−180 440þ180"20

−190"10 1000þ540
−490 1030þ480

−480 1020þ500"20
−490"40

Source redshift z 0.086þ0.031
−0.036 0.094þ0.027

−0.034 0.090þ0.029"0.003
−0.036"0.008 0.096þ0.035

−0.042 0.092þ0.033
−0.037 0.094þ0.035"0.004

−0.039"0.001 0.198þ0.091
−0.092 0.204þ0.082

−0.088 0.201þ0.086"0.003
−0.091"0.008

Upper bound
Primary spin magnitude a1 0.62 0.73 0.67" 0.09 0.68 0.83 0.77" 0.12 0.64 0.69 0.67" 0.04
Secondary spin magnitude a2 0.93 0.80 0.90" 0.12 0.90 0.89 0.90" 0.01 0.89 0.85 0.87" 0.04

Lower bound
Mass ratio q 0.62 0.68 0.65" 0.05 0.25 0.30 0.28" 0.04 0.22 0.28 0.24" 0.05

Log Bayes factor lnBs=n 287.7" 0.1 289.8" 0.3 % % % 59.5" 0.1 60.2" 0.2 % % % 22.8" 0.2 23.0" 0.1 % % %
Information criterion DIC 32977.2" 0.3 32973.1" 0.1 % % % 34296.4" 0.2 34295.1" 0.1 % % % 94695.8" 0.0 94692.9" 0.0 % % %
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TABLE IV. Parameters that characterize GW150914, GW151226, and LVT151012. For model parameters, we report the median value with the range of the symmetric 90%
credible interval [214]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise, we report the mean and its 90%
standard error from four parallel runs with a nested sampling algorithm [215], and for the deviance information criterion, we report the mean and its 90% standard error from a
Markov-chain Monte Carlo and a nested sampling run. The source redshift and source-frame masses assume standard cosmology [18]. Results are given for spin-aligned EOBNR
and precessing IMRPhenom waveform models. The “Overall” results are computed by averaging the posteriors for the two models. For the overall results, we quote both the 90%
credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. Further explanations of the
parameters are given in Ref. [39].

GW150914 GW151226 LVT151012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall

Detector frame
Total mass M=M⊙ 71.0þ4.6

−4.0 71.2þ3.5
−3.2 71.1þ4.1"0.7

−3.6"0.8 23.6þ8.0
−1.3 23.8þ5.1

−1.5 23.7þ6.5"2.2
−1.4"0.1 45þ17

−4 44þ12
−3 44þ16"5

−3"0

Chirp mass M=M⊙ 30.4þ2.3
−1.6 30.7þ1.5

−1.5 30.6þ1.9"0.3
−1.6"0.4 9.71þ0.08

−0.07 9.72þ0.06
−0.06 9.72þ0.07"0.01

−0.06"0.01 18.1þ1.3
−0.9 18.1þ0.8

−0.8 18.1þ1.0"0.5
−0.8"0.1

Primary mass m1=M⊙ 40.2þ5.2
−4.8 38.5þ5.4

−3.3 39.4þ5.4"1.3
−4.1"0.2 15.3þ10.8

−3.8 15.8þ7.2
−4.0 15.6þ9.0"2.6

−4.0"0.2 29þ23
−8 27þ19

−6 28þ21"5
−7"0

Secondary mass m2=M⊙ 30.6þ5.1
−4.2 32.7þ3.1

−4.9 31.7þ4.0"0.1
−4.9"1.2 8.3þ2.5

−2.9 8.1þ2.5
−2.1 8.2þ2.6"0.2

−2.5"0.5 15þ5
−6 16þ4

−6 16þ5"0
−6"1

Final mass Mf=M⊙ 67.8þ4.0
−3.6 67.9þ3.2

−2.9 67.8þ3.7"0.6
−3.3"0.7 22.5þ8.2

−1.4 22.8þ5.3
−1.6 22.6þ6.7"2.2

−1.5"0.1 43þ17
−4 42þ13

−2 42þ16"5
−3"0

Source frame
Total mass Msource=M⊙ 65.5þ4.4

−3.9 65.1þ3.6
−3.1 65.3þ4.1"1.0

−3.4"0.3 21.6þ7.4
−1.6 21.9þ4.7

−1.7 21.8þ5.9"2.0
−1.7"0.1 38þ15

−5 37þ11
−4 37þ13"4

−4"0

Chirp mass Msource=M⊙ 28.1þ2.1
−1.6 28.1þ1.6

−1.4 28.1þ1.8"0.4
−1.5"0.2 8.87þ0.35

−0.28 8.90þ0.31
−0.27 8.88þ0.33"0.01

−0.28"0.04 15.2þ1.5
−1.1 15.0þ1.3

−1.0 15.1þ1.4"0.3
−1.1"0.0

Primary mass msource
1 =M⊙ 37.0þ4.9

−4.4 35.3þ5.1
−3.1 36.2þ5.2"1.4

−3.8"0.4 14.0þ10.0
−3.5 14.5þ6.6

−3.7 14.2þ8.3"2.4
−3.7"0.2 24þ19

−7 23þ16
−5 23þ18"5

−6"0

Secondary mass msource
2 =M⊙ 28.3þ4.6

−3.9 29.9þ3.0
−4.5 29.1þ3.7"0.0

−4.4"0.9 7.5þ2.3
−2.6 7.4þ2.3

−2.0 7.5þ2.3"0.2
−2.3"0.4 13þ4

−5 14þ4
−5 13þ4"0

−5"0

Final mass Msource
f =M⊙ 62.5þ3.9

−3.5 62.1þ3.3
−2.8 62.3þ3.7"0.9

−3.1"0.2 20.6þ7.6
−1.6 20.9þ4.8

−1.8 20.8þ6.1"2.0
−1.7"0.1 36þ15

−4 35þ11
−3 35þ14"4

−4"0

Energy radiated Erad=ðM⊙c2Þ 2.98þ0.55
−0.40 3.02þ0.36

−0.36 3.00þ0.47"0.13
−0.39"0.07 1.02þ0.09

−0.24 0.99þ0.11
−0.17 1.00þ0.10"0.01

−0.20"0.03 1.48þ0.39
−0.41 1.51þ0.29

−0.44 1.50þ0.33"0.05
−0.43"0.01

Mass ratio q 0.77þ0.20
−0.18 0.85þ0.13

−0.21 0.81þ0.17"0.02
−0.20"0.04 0.54þ0.40

−0.33 0.51þ0.39
−0.25 0.52þ0.40"0.03

−0.29"0.04 0.53þ0.42
−0.34 0.60þ0.35

−0.37 0.57þ0.38"0.01
−0.37"0.04

Effective inspiral spin χeff −0.08þ0.17
−0.14 −0.05þ0.11

−0.12 −0.06þ0.14"0.02
−0.14"0.04 0.21þ0.24

−0.11 0.22þ0.15
−0.08 0.21þ0.20"0.07

−0.10"0.03 0.06þ0.31
−0.24 0.01þ0.26

−0.17 0.03þ0.31"0.08
−0.20"0.02

Primary spin magnitude a1 0.33þ0.39
−0.29 0.30þ0.54

−0.27 0.32þ0.47"0.10
−0.29"0.01 0.42þ0.35

−0.37 0.55þ0.35
−0.42 0.49þ0.37"0.11

−0.42"0.07 0.31þ0.46
−0.27 0.31þ0.50

−0.28 0.31þ0.48"0.03
−0.28"0.00

Secondary spin magnitude a2 0.62þ0.35
−0.54 0.36þ0.53

−0.33 0.48þ0.47"0.08
−0.43"0.03 0.51þ0.44

−0.46 0.52þ0.42
−0.47 0.52þ0.43"0.01

−0.47"0.00 0.49þ0.45
−0.44 0.42þ0.50

−0.38 0.45þ0.48"0.02
−0.41"0.01

Final spin af 0.68þ0.05
−0.07 0.68þ0.06

−0.05 0.68þ0.05"0.01
−0.06"0.02 0.73þ0.05

−0.06 0.75þ0.07
−0.05 0.74þ0.06"0.03

−0.06"0.03 0.65þ0.09
−0.10 0.66þ0.08

−0.10 0.66þ0.09"0.00
−0.10"0.02

Luminosity distance DL=Mpc 400þ160
−180 440þ140

−170 420þ150"20
−180"40 450þ180

−210 440þ170
−180 440þ180"20

−190"10 1000þ540
−490 1030þ480

−480 1020þ500"20
−490"40

Source redshift z 0.086þ0.031
−0.036 0.094þ0.027

−0.034 0.090þ0.029"0.003
−0.036"0.008 0.096þ0.035

−0.042 0.092þ0.033
−0.037 0.094þ0.035"0.004

−0.039"0.001 0.198þ0.091
−0.092 0.204þ0.082

−0.088 0.201þ0.086"0.003
−0.091"0.008

Upper bound
Primary spin magnitude a1 0.62 0.73 0.67" 0.09 0.68 0.83 0.77" 0.12 0.64 0.69 0.67" 0.04
Secondary spin magnitude a2 0.93 0.80 0.90" 0.12 0.90 0.89 0.90" 0.01 0.89 0.85 0.87" 0.04

Lower bound
Mass ratio q 0.62 0.68 0.65" 0.05 0.25 0.30 0.28" 0.04 0.22 0.28 0.24" 0.05

Log Bayes factor lnBs=n 287.7" 0.1 289.8" 0.3 % % % 59.5" 0.1 60.2" 0.2 % % % 22.8" 0.2 23.0" 0.1 % % %
Information criterion DIC 32977.2" 0.3 32973.1" 0.1 % % % 34296.4" 0.2 34295.1" 0.1 % % % 94695.8" 0.0 94692.9" 0.0 % % %
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TABLE IV. Parameters that characterize GW150914, GW151226, and LVT151012. For model parameters, we report the median value with the range of the symmetric 90%
credible interval [214]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise, we report the mean and its 90%
standard error from four parallel runs with a nested sampling algorithm [215], and for the deviance information criterion, we report the mean and its 90% standard error from a
Markov-chain Monte Carlo and a nested sampling run. The source redshift and source-frame masses assume standard cosmology [18]. Results are given for spin-aligned EOBNR
and precessing IMRPhenom waveform models. The “Overall” results are computed by averaging the posteriors for the two models. For the overall results, we quote both the 90%
credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. Further explanations of the
parameters are given in Ref. [39].

GW150914 GW151226 LVT151012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall

Detector frame
Total mass M=M⊙ 71.0þ4.6

−4.0 71.2þ3.5
−3.2 71.1þ4.1"0.7

−3.6"0.8 23.6þ8.0
−1.3 23.8þ5.1

−1.5 23.7þ6.5"2.2
−1.4"0.1 45þ17

−4 44þ12
−3 44þ16"5

−3"0

Chirp mass M=M⊙ 30.4þ2.3
−1.6 30.7þ1.5

−1.5 30.6þ1.9"0.3
−1.6"0.4 9.71þ0.08

−0.07 9.72þ0.06
−0.06 9.72þ0.07"0.01

−0.06"0.01 18.1þ1.3
−0.9 18.1þ0.8

−0.8 18.1þ1.0"0.5
−0.8"0.1

Primary mass m1=M⊙ 40.2þ5.2
−4.8 38.5þ5.4

−3.3 39.4þ5.4"1.3
−4.1"0.2 15.3þ10.8

−3.8 15.8þ7.2
−4.0 15.6þ9.0"2.6

−4.0"0.2 29þ23
−8 27þ19

−6 28þ21"5
−7"0

Secondary mass m2=M⊙ 30.6þ5.1
−4.2 32.7þ3.1

−4.9 31.7þ4.0"0.1
−4.9"1.2 8.3þ2.5

−2.9 8.1þ2.5
−2.1 8.2þ2.6"0.2

−2.5"0.5 15þ5
−6 16þ4

−6 16þ5"0
−6"1

Final mass Mf=M⊙ 67.8þ4.0
−3.6 67.9þ3.2

−2.9 67.8þ3.7"0.6
−3.3"0.7 22.5þ8.2

−1.4 22.8þ5.3
−1.6 22.6þ6.7"2.2

−1.5"0.1 43þ17
−4 42þ13

−2 42þ16"5
−3"0

Source frame
Total mass Msource=M⊙ 65.5þ4.4

−3.9 65.1þ3.6
−3.1 65.3þ4.1"1.0

−3.4"0.3 21.6þ7.4
−1.6 21.9þ4.7

−1.7 21.8þ5.9"2.0
−1.7"0.1 38þ15

−5 37þ11
−4 37þ13"4

−4"0

Chirp mass Msource=M⊙ 28.1þ2.1
−1.6 28.1þ1.6

−1.4 28.1þ1.8"0.4
−1.5"0.2 8.87þ0.35

−0.28 8.90þ0.31
−0.27 8.88þ0.33"0.01

−0.28"0.04 15.2þ1.5
−1.1 15.0þ1.3

−1.0 15.1þ1.4"0.3
−1.1"0.0

Primary mass msource
1 =M⊙ 37.0þ4.9

−4.4 35.3þ5.1
−3.1 36.2þ5.2"1.4

−3.8"0.4 14.0þ10.0
−3.5 14.5þ6.6

−3.7 14.2þ8.3"2.4
−3.7"0.2 24þ19

−7 23þ16
−5 23þ18"5

−6"0

Secondary mass msource
2 =M⊙ 28.3þ4.6

−3.9 29.9þ3.0
−4.5 29.1þ3.7"0.0

−4.4"0.9 7.5þ2.3
−2.6 7.4þ2.3

−2.0 7.5þ2.3"0.2
−2.3"0.4 13þ4

−5 14þ4
−5 13þ4"0

−5"0

Final mass Msource
f =M⊙ 62.5þ3.9

−3.5 62.1þ3.3
−2.8 62.3þ3.7"0.9

−3.1"0.2 20.6þ7.6
−1.6 20.9þ4.8

−1.8 20.8þ6.1"2.0
−1.7"0.1 36þ15

−4 35þ11
−3 35þ14"4

−4"0

Energy radiated Erad=ðM⊙c2Þ 2.98þ0.55
−0.40 3.02þ0.36

−0.36 3.00þ0.47"0.13
−0.39"0.07 1.02þ0.09

−0.24 0.99þ0.11
−0.17 1.00þ0.10"0.01

−0.20"0.03 1.48þ0.39
−0.41 1.51þ0.29

−0.44 1.50þ0.33"0.05
−0.43"0.01

Mass ratio q 0.77þ0.20
−0.18 0.85þ0.13

−0.21 0.81þ0.17"0.02
−0.20"0.04 0.54þ0.40

−0.33 0.51þ0.39
−0.25 0.52þ0.40"0.03

−0.29"0.04 0.53þ0.42
−0.34 0.60þ0.35

−0.37 0.57þ0.38"0.01
−0.37"0.04

Effective inspiral spin χeff −0.08þ0.17
−0.14 −0.05þ0.11

−0.12 −0.06þ0.14"0.02
−0.14"0.04 0.21þ0.24

−0.11 0.22þ0.15
−0.08 0.21þ0.20"0.07

−0.10"0.03 0.06þ0.31
−0.24 0.01þ0.26

−0.17 0.03þ0.31"0.08
−0.20"0.02

Primary spin magnitude a1 0.33þ0.39
−0.29 0.30þ0.54

−0.27 0.32þ0.47"0.10
−0.29"0.01 0.42þ0.35

−0.37 0.55þ0.35
−0.42 0.49þ0.37"0.11

−0.42"0.07 0.31þ0.46
−0.27 0.31þ0.50

−0.28 0.31þ0.48"0.03
−0.28"0.00

Secondary spin magnitude a2 0.62þ0.35
−0.54 0.36þ0.53

−0.33 0.48þ0.47"0.08
−0.43"0.03 0.51þ0.44

−0.46 0.52þ0.42
−0.47 0.52þ0.43"0.01

−0.47"0.00 0.49þ0.45
−0.44 0.42þ0.50

−0.38 0.45þ0.48"0.02
−0.41"0.01

Final spin af 0.68þ0.05
−0.07 0.68þ0.06

−0.05 0.68þ0.05"0.01
−0.06"0.02 0.73þ0.05

−0.06 0.75þ0.07
−0.05 0.74þ0.06"0.03

−0.06"0.03 0.65þ0.09
−0.10 0.66þ0.08

−0.10 0.66þ0.09"0.00
−0.10"0.02

Luminosity distance DL=Mpc 400þ160
−180 440þ140

−170 420þ150"20
−180"40 450þ180

−210 440þ170
−180 440þ180"20

−190"10 1000þ540
−490 1030þ480

−480 1020þ500"20
−490"40

Source redshift z 0.086þ0.031
−0.036 0.094þ0.027

−0.034 0.090þ0.029"0.003
−0.036"0.008 0.096þ0.035

−0.042 0.092þ0.033
−0.037 0.094þ0.035"0.004

−0.039"0.001 0.198þ0.091
−0.092 0.204þ0.082

−0.088 0.201þ0.086"0.003
−0.091"0.008

Upper bound
Primary spin magnitude a1 0.62 0.73 0.67" 0.09 0.68 0.83 0.77" 0.12 0.64 0.69 0.67" 0.04
Secondary spin magnitude a2 0.93 0.80 0.90" 0.12 0.90 0.89 0.90" 0.01 0.89 0.85 0.87" 0.04

Lower bound
Mass ratio q 0.62 0.68 0.65" 0.05 0.25 0.30 0.28" 0.04 0.22 0.28 0.24" 0.05

Log Bayes factor lnBs=n 287.7" 0.1 289.8" 0.3 % % % 59.5" 0.1 60.2" 0.2 % % % 22.8" 0.2 23.0" 0.1 % % %
Information criterion DIC 32977.2" 0.3 32973.1" 0.1 % % % 34296.4" 0.2 34295.1" 0.1 % % % 94695.8" 0.0 94692.9" 0.0 % % %
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TABLE IV. Parameters that characterize GW150914, GW151226, and LVT151012. For model parameters, we report the median value with the range of the symmetric 90%
credible interval [214]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise, we report the mean and its 90%
standard error from four parallel runs with a nested sampling algorithm [215], and for the deviance information criterion, we report the mean and its 90% standard error from a
Markov-chain Monte Carlo and a nested sampling run. The source redshift and source-frame masses assume standard cosmology [18]. Results are given for spin-aligned EOBNR
and precessing IMRPhenom waveform models. The “Overall” results are computed by averaging the posteriors for the two models. For the overall results, we quote both the 90%
credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. Further explanations of the
parameters are given in Ref. [39].

GW150914 GW151226 LVT151012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall

Detector frame
Total mass M=M⊙ 71.0þ4.6

−4.0 71.2þ3.5
−3.2 71.1þ4.1"0.7

−3.6"0.8 23.6þ8.0
−1.3 23.8þ5.1

−1.5 23.7þ6.5"2.2
−1.4"0.1 45þ17

−4 44þ12
−3 44þ16"5

−3"0

Chirp mass M=M⊙ 30.4þ2.3
−1.6 30.7þ1.5

−1.5 30.6þ1.9"0.3
−1.6"0.4 9.71þ0.08

−0.07 9.72þ0.06
−0.06 9.72þ0.07"0.01

−0.06"0.01 18.1þ1.3
−0.9 18.1þ0.8

−0.8 18.1þ1.0"0.5
−0.8"0.1

Primary mass m1=M⊙ 40.2þ5.2
−4.8 38.5þ5.4

−3.3 39.4þ5.4"1.3
−4.1"0.2 15.3þ10.8

−3.8 15.8þ7.2
−4.0 15.6þ9.0"2.6

−4.0"0.2 29þ23
−8 27þ19

−6 28þ21"5
−7"0

Secondary mass m2=M⊙ 30.6þ5.1
−4.2 32.7þ3.1

−4.9 31.7þ4.0"0.1
−4.9"1.2 8.3þ2.5

−2.9 8.1þ2.5
−2.1 8.2þ2.6"0.2

−2.5"0.5 15þ5
−6 16þ4

−6 16þ5"0
−6"1

Final mass Mf=M⊙ 67.8þ4.0
−3.6 67.9þ3.2

−2.9 67.8þ3.7"0.6
−3.3"0.7 22.5þ8.2

−1.4 22.8þ5.3
−1.6 22.6þ6.7"2.2

−1.5"0.1 43þ17
−4 42þ13

−2 42þ16"5
−3"0

Source frame
Total mass Msource=M⊙ 65.5þ4.4

−3.9 65.1þ3.6
−3.1 65.3þ4.1"1.0

−3.4"0.3 21.6þ7.4
−1.6 21.9þ4.7

−1.7 21.8þ5.9"2.0
−1.7"0.1 38þ15

−5 37þ11
−4 37þ13"4

−4"0

Chirp mass Msource=M⊙ 28.1þ2.1
−1.6 28.1þ1.6

−1.4 28.1þ1.8"0.4
−1.5"0.2 8.87þ0.35

−0.28 8.90þ0.31
−0.27 8.88þ0.33"0.01

−0.28"0.04 15.2þ1.5
−1.1 15.0þ1.3

−1.0 15.1þ1.4"0.3
−1.1"0.0

Primary mass msource
1 =M⊙ 37.0þ4.9

−4.4 35.3þ5.1
−3.1 36.2þ5.2"1.4

−3.8"0.4 14.0þ10.0
−3.5 14.5þ6.6

−3.7 14.2þ8.3"2.4
−3.7"0.2 24þ19

−7 23þ16
−5 23þ18"5

−6"0

Secondary mass msource
2 =M⊙ 28.3þ4.6

−3.9 29.9þ3.0
−4.5 29.1þ3.7"0.0

−4.4"0.9 7.5þ2.3
−2.6 7.4þ2.3

−2.0 7.5þ2.3"0.2
−2.3"0.4 13þ4

−5 14þ4
−5 13þ4"0

−5"0

Final mass Msource
f =M⊙ 62.5þ3.9

−3.5 62.1þ3.3
−2.8 62.3þ3.7"0.9

−3.1"0.2 20.6þ7.6
−1.6 20.9þ4.8

−1.8 20.8þ6.1"2.0
−1.7"0.1 36þ15

−4 35þ11
−3 35þ14"4

−4"0

Energy radiated Erad=ðM⊙c2Þ 2.98þ0.55
−0.40 3.02þ0.36

−0.36 3.00þ0.47"0.13
−0.39"0.07 1.02þ0.09

−0.24 0.99þ0.11
−0.17 1.00þ0.10"0.01

−0.20"0.03 1.48þ0.39
−0.41 1.51þ0.29

−0.44 1.50þ0.33"0.05
−0.43"0.01

Mass ratio q 0.77þ0.20
−0.18 0.85þ0.13

−0.21 0.81þ0.17"0.02
−0.20"0.04 0.54þ0.40

−0.33 0.51þ0.39
−0.25 0.52þ0.40"0.03

−0.29"0.04 0.53þ0.42
−0.34 0.60þ0.35

−0.37 0.57þ0.38"0.01
−0.37"0.04

Effective inspiral spin χeff −0.08þ0.17
−0.14 −0.05þ0.11

−0.12 −0.06þ0.14"0.02
−0.14"0.04 0.21þ0.24

−0.11 0.22þ0.15
−0.08 0.21þ0.20"0.07

−0.10"0.03 0.06þ0.31
−0.24 0.01þ0.26

−0.17 0.03þ0.31"0.08
−0.20"0.02

Primary spin magnitude a1 0.33þ0.39
−0.29 0.30þ0.54

−0.27 0.32þ0.47"0.10
−0.29"0.01 0.42þ0.35

−0.37 0.55þ0.35
−0.42 0.49þ0.37"0.11

−0.42"0.07 0.31þ0.46
−0.27 0.31þ0.50

−0.28 0.31þ0.48"0.03
−0.28"0.00

Secondary spin magnitude a2 0.62þ0.35
−0.54 0.36þ0.53

−0.33 0.48þ0.47"0.08
−0.43"0.03 0.51þ0.44

−0.46 0.52þ0.42
−0.47 0.52þ0.43"0.01

−0.47"0.00 0.49þ0.45
−0.44 0.42þ0.50

−0.38 0.45þ0.48"0.02
−0.41"0.01

Final spin af 0.68þ0.05
−0.07 0.68þ0.06

−0.05 0.68þ0.05"0.01
−0.06"0.02 0.73þ0.05

−0.06 0.75þ0.07
−0.05 0.74þ0.06"0.03

−0.06"0.03 0.65þ0.09
−0.10 0.66þ0.08

−0.10 0.66þ0.09"0.00
−0.10"0.02

Luminosity distance DL=Mpc 400þ160
−180 440þ140

−170 420þ150"20
−180"40 450þ180

−210 440þ170
−180 440þ180"20

−190"10 1000þ540
−490 1030þ480

−480 1020þ500"20
−490"40

Source redshift z 0.086þ0.031
−0.036 0.094þ0.027

−0.034 0.090þ0.029"0.003
−0.036"0.008 0.096þ0.035

−0.042 0.092þ0.033
−0.037 0.094þ0.035"0.004

−0.039"0.001 0.198þ0.091
−0.092 0.204þ0.082

−0.088 0.201þ0.086"0.003
−0.091"0.008

Upper bound
Primary spin magnitude a1 0.62 0.73 0.67" 0.09 0.68 0.83 0.77" 0.12 0.64 0.69 0.67" 0.04
Secondary spin magnitude a2 0.93 0.80 0.90" 0.12 0.90 0.89 0.90" 0.01 0.89 0.85 0.87" 0.04

Lower bound
Mass ratio q 0.62 0.68 0.65" 0.05 0.25 0.30 0.28" 0.04 0.22 0.28 0.24" 0.05

Log Bayes factor lnBs=n 287.7" 0.1 289.8" 0.3 % % % 59.5" 0.1 60.2" 0.2 % % % 22.8" 0.2 23.0" 0.1 % % %
Information criterion DIC 32977.2" 0.3 32973.1" 0.1 % % % 34296.4" 0.2 34295.1" 0.1 % % % 94695.8" 0.0 94692.9" 0.0 % % %
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Outline

• Gravitational radiation emission from the source. 

• Gravitational radiation detection from 
interferometers. 

• Parameter estimation. 

• Event rates and formation scenarios. 
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http://www.soundsofspacetime.org/spinning-binaries.html

Can measure initial spins through spin-orbit 
coupling if enough cycles of inspiral are measured.

http://www.soundsofspacetime.org/spinning-binaries.html
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Interferometric Detection
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Inspiral Merger Ringdown

Newtonian PN NR Perturbation

Parameter estimation
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A. Masses

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

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

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

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

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

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

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

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

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

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

IV. SOURCE PROPERTIES

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

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

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

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

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

1 and
msource

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

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

−0.3M⊙ and
Msource ¼ 15:1þ1.4

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

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)
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following section and are consistent with our expect-
ations for an astrophysical BBH source. The inferred
component masses of LVT151012 lie roughly between
the masses of GW150914 and GW151226, as shown
in Fig. 4.

IV. SOURCE PROPERTIES

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

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

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

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

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

1 and
msource

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

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

−0.3M⊙ and
Msource ¼ 15:1þ1.4

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

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)
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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant

DL / ḟ

hf3
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following section and are consistent with our expect-
ations for an astrophysical BBH source. The inferred
component masses of LVT151012 lie roughly between
the masses of GW150914 and GW151226, as shown
in Fig. 4.

IV. SOURCE PROPERTIES

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

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

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

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

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

1 and
msource

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

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

−0.3M⊙ and
Msource ¼ 15:1þ1.4

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

B. P. ABBOTT et al. PHYS. REV. X 6, 041015 (2016)
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following section and are consistent with our expect-
ations for an astrophysical BBH source. The inferred
component masses of LVT151012 lie roughly between
the masses of GW150914 and GW151226, as shown
in Fig. 4.

IV. SOURCE PROPERTIES

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

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

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

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

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

1 and
msource

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

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

−0.3M⊙ and
Msource ¼ 15:1þ1.4

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

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

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

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

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

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

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

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

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

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

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

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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from 35 Hz to a peak amplitude at 450 Hz. The signal-to-
noise ratio (SNR) accumulates equally in the early inspiral
(∼45 cycles from 35 to 100 Hz) and late inspiral to merger
(∼10 cycles from 100 to 450 Hz). This is different from the
more massive GW150914 binary for which only the last 10
cycles, comprising inspiral and merger, dominated the
SNR. As a consequence, the parameters characterizing
GW151226 have different precision than those of
GW150914. The chirp mass [26,45], which controls the
binary’s evolution during the early inspiral, is determined
very precisely. The individual masses, which rely on
information from the late inspiral and merger, are measured
far less precisely.
Figure 1 illustrates that the amplitude of the signal is less

than the level of the detector noise,where themaximum strain
of the signal is 3.4þ0.7

−0.9 × 10−22 and 3.4þ0.8
−0.9 × 10−22 in LIGO

Hanford and Livingston, respectively. The time-frequency
representation of the detector data shows that the signal is not
easily visible. The signal is more apparent in LIGO Hanford
where the SNR is larger. The SNR difference is predomi-
nantly due to the different sensitivities of the detectors at the
time. Only with the accumulated SNR frommatched filtering
does the signal become apparent in both detectors.

III. DETECTORS

The LIGO detectors measure gravitational-wave strain
using two modified Michelson interferometers located in
Hanford, WA and Livingston, LA [2,3,46]. The two
orthogonal arms of each interferometer are 4 km in length,
each with an optical cavity formed by two mirrors acting as
test masses. A passing gravitational wave alters the

FIG. 1. GW151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30–600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNRp) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNRp

corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.
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differential arm length so that the measured difference is
ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where L ¼ Lx ¼ Ly and h is
the gravitational-wave strain amplitude projected onto the
detector. Calibration of the interferometers is performed by
inducing test mass motion using photon pressure from a
modulated calibration laser. Employing methods as
described in [48], the calibration uncertainty (1σ) in both
detectors at the time of the signal is better than 8% in
amplitude and 5 deg in phase.
At the time of GW151226, both LIGO detectors were

operating with a sensitivity typical of that exhibited
throughout the observing period [46]. Investigations similar
to the detection validation procedures for GW150914 found
no evidence that instrumental or environmental disturb-
ances contributed to GW151226 [4,23]. Tests quantifying
the detectors’ susceptibility to external environmental
disturbances, such as electromagnetic fields [49], indicated
that any disturbance strong enough to account for the signal
would be clearly detected by the array of environmental
sensors. All environmental fluctuations recorded during
GW151226 were too small to account for more than 6% of
its peak strain amplitude. Furthermore, none of the envi-
ronmental sensors recorded any disturbances that evolved
in time and frequency like GW151226.

IV. SEARCHES

Two matched-filter searches [18] used coincident obser-
vations between the two LIGO detectors from September 12,

2015 to January 19, 2016 to estimate the significance of
GW151226 [5].Oneof these searcheswas theoff-lineversion
of the online search discussed previously [17]. The off-line
searches benefit from improved calibration and refined data
quality information not available to online searches [5,23].
Each search identifies coincident events that are found in

both LIGO detectors with the same template and within
15 ms [18]. The 15-ms window is determined by the 10-ms
intersite propagation time plus a 5-ms allowance for uncer-
tainty in the arrival time of weak signals. Both searches use a
discrete bank of waveform templates [7,50–55] which target
gravitational waves from binary black hole systems with a
total mass of less than 100M⊙ and dimensionless spins
aligned with the orbital angular momentum. Details of this
bank are given in [18]. Identification by these two indepen-
dent searches increases our confidence in the robustness and
reliability of the detection.
The two searches employ different methods of ranking

gravitational-wave candidates and techniques for estimat-
ing the noise background [14,17,18]. Each search defines a
unique detection statistic to rank the likelihood of a
candidate being a signal. The significance of a candidate
event is estimated by comparing it with the noise back-
ground. This background is created using individual noise
events produced in each detector’s data. Since GW150914
had already been confirmed as a real gravitational-wave
signal [4], it was removed from the data when estimating
the noise background.

FIG. 2. Search results from the two binary coalescence searches using their respective detection statistics ρ̂c (a combined matched
filtering signal-to-noise ratio, defined precisely in [14]; left) and lnL (the log of a likelihood ratio, defined precisely in [17]; right). The
event GW150914 is removed in all cases since it had already been confirmed as a real gravitational-wave signal. Both plots show the
number of candidate events (search results) as a function of detection statistic with orange square markers. The mean number of
background events as a function of the detection statistic is estimated using independent methods [18]. The background estimates are
found using two methods: excluding all candidate events which are shown as orange square markers (purple lines) or including all
candidate events except GW150914 (black lines). The scales along the top give the significance of an event in Gaussian standard
deviations based on the corresponding noise background. The raised tail in the black-line background (left) is due to random
coincidences of GW151226 in one detector with noise in the other detector and (right) due to the inclusion of GW151226 in the
distribution of noise events in each detector. GW151226 is found with high significance in both searches. LVT151012 [5,18], visible in
the search results at ≲2.0σ, is the third most significant binary black hole candidate event in the observing period.
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multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.
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results for these population assumptions are also shown in
Table II and in Fig. 10. The inferred overall rate is shown in
Fig. 11. As expected, the population-based rate estimates
bracket the one obtained by using the masses of the
observed black hole binaries.

The inferred rates of BBH mergers are consistent with
the results obtained in Refs. [42,155], following the
observation of GW150914. The median values of the rates
have decreased by approximately a factor of 2, as we now
have three likely signals (rather than two) in 3 times as
much data. Furthermore, because of the observation of an
additional highly significant signal GW151226, the uncer-
tainty in rates has reduced. In particular, the 90% range of
allowed rates has been updated to 9–240 Gpc−3 yr−1,
where the lower limit comes from the flat in log mass
population and the upper limit from the power-law pop-
ulation distribution.
With three significant triggers, GW150914, LVT151012,

and GW151226, all of astrophysical origin to high prob-
ability, we can begin to constrain the mass distribution of
coalescing BBHs. Here, we present a simple, parametrized
fit to the mass distribution using these triggers; a non-
parametric method that can fit general mass distributions
will be presented in future work. Our methodology is
described more fully in Appendix D.
We assume that the distribution of black hole masses in

coalescing binaries follows

pðm1Þ ∝ m−α
1 ; ð7Þ

with Mmin ≤ m2 ≤ m1 and m1 þm2 ≤ 100M⊙, and a uni-
form distribution on the secondary mass between Mmin ¼
5M⊙ and m1. With α ¼ 2.35, this mass distribution is the
power-law distribution used in our rate estimation. Our
choice ofMmin is driven by a desire to incorporate nearly all
the posterior samples from GW151226 and because there is
some evidence from electromagnetic observations for a
minimum BH mass near 5M⊙ [82,156] (but see Ref. [84]).
We use a hierarchical analysis [156–159] to infer α from

the properties of the three significant events—GW150914,
GW151226, and LVT151012—where all three are treated
equally and we properly incorporate parameter-estimation
uncertainty on the masses of each system. Our inferred
posterior on α is shown in Fig. 12. The value α ¼ 2.35,
corresponding to the power-law mass distribution used
above to infer rates, lies near the peak of the posterior, and
the median and broad 90% credible interval is

α ¼ 2.5þ1.5
−1.6 : ð8Þ

It is not surprising that our fit peaks near α ∼ 2.5 because
the observed sample is consistent with a flat distribution and
the sensitive space-time volume scales roughly as M15=6.
The mass distribution of merging black hole binaries

cannot be constrained tightly with such a small number of
observations. This power-law fit is sensitive to a number of
arbitrary assumptions, including a flat distribution in the
mass ratio and a redshift-independent merger rate and mass
distribution. Most critically, the fit is sensitive to the choice
of the lower-mass cutoff Mmin: Larger values of Mmin lead

FIG. 10. The posterior density on the rate of GW150914-like
BBH, LVT151012-like BBH, and GW151226-like BBH merg-
ers. The event-based rate is the sum of these. The median and
90% credible levels are given in Table II.

FIG. 11. The posterior density on the rate of BBH mergers. The
curves represent the posterior assuming that BBH masses are
distributed flat in logðm1Þ − logðm2Þ (Flat), match the properties
of the observed events (Event based), or are distributed as a power
law inm1 (Power law). The posterior median rates and symmetric
90% symmetric credible intervals are given in Table II.
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Formation Scenarios
The challenge is to create systems with close enough 
separation to merge within a Hubble time: 

• Initial separation: 

• 150914: 50 R⊙ 

• 151226: 21 R⊙ 

• 151012: 32 R⊙
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The Laser Interferometric Gravitational-wave Observatory (LIGO) has de-

tected gravitational waves from the coalescence and merger of two massive

stellar-origin black holes. The detection is consistent with our earlier predic-

tions that the first LIGO detections were imminent, and would likely consist

of a massive binary black hole merger formed in isolated stellar environment.

Within the framework of our “classical” evolutionary scenario we find that

the stellar progenitors of the black holes constituting GW150914 most likely

formed in low metallicity environments (Z < 10% Z⊙). We also find a bimodal

distribution for the formation time of GW150914, with a peak only ∼ 2 Gyr

after the Big Bang (z ∼ 3) and another (∼ 30% lower) peak in the relatively

recent past at ∼ 11 Gyr (z ∼ 0.2). The typical channel for the formation of

GW150914 involves two very massive stars (40–100 M⊙) that interacted once

through stable mass transfer and once through common envelope evolution,

and both black holes formed without their progenitors exploding as super-
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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
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ABSTRACT

The exciting discovery of gravitational waves from merging black hole (BH) binaries by Advanced
LIGO has generated widespread interest in the astrophysical origin of these sources. Dense star
clusters such as globular clusters (GCs) are expected to form large numbers of stellar BHs. However,
what happens to these BHs after formation remains somewhat uncertain. Recent theoretical studies
with N -body simulations predict that large numbers of stellar BHs could remain bound to at least
some GCs at present, and merging BH–BH binaries are produced dynamically in significant numbers.
Numerical simulations usually make a “standard” set of assumptions related to, e.g., BH formation
in supernovae, stellar winds, binary properties of high-mass stars, and initial stellar mass function
(IMF). However, these assumptions have large uncertainties. Here we systematically vary model
assumptions within existing uncertainties and study the e↵ects on the evolution of BHs in GCs, and
on the final structural properties of GCs. This is made possible by the use of a parallel Monte Carlo
code, which provides much higher computational speed than direct N -body codes, thereby allowing
large numbers of models to be computed. We find that variations in initial assumptions can set
otherwise identical initial clusters on completely di↵erent evolutionary paths, significantly a↵ecting
their observable properties at present, or even a↵ecting the cluster’s very survival to the present.
However, these changes usually do not a↵ect the numbers or properties of merging BH–BH binaries
produced by GCs. The only exception is that varying assumptions about stellar IMF and winds can
significantly change the masses of BHs in merging binaries. For a given IMF and metallicity, all other
variations (e.g., in initial binary properties and binary fraction) leave the numbers and masses of BH–
BH mergers largely unchanged. This is in contrast to binary population synthesis models for the field,
where results are very sensitive to a large number of uncertain parameters in the initial properties
of binaries and in the binary stellar evolution physics. We discuss our results in the context of the
recently detected BH–BH merger GW150914, assuming that it originated in a GC. The very large BH
masses in this system are likely not common, even with weak winds and low metallicity; instead, the
properties inferred for the other LIGO trigger event, LVT151012, are closer to what we would predict
for the bulk of BH–BH mergers produced dynamically in GCs.
Subject headings: black hole physics–methods: numerical–methods: statistical–stars: black holes–

stars: kinematics and dynamics–globular clusters: general

1. INTRODUCTION

Our understanding of how black holes (BHs) evolve
inside star clusters has a long and varied history. Fol-
lowing the classic work by Spitzer (1969), it was sug-
gested that old (⇠ 12 Gyr) globular clusters (GCs) can-
not retain a significant BH population up to the present
day. It was argued that, due to the much higher mass of
the BHs compared to typical stars, the BHs will quickly
(. 102 Myr) mass segregate to form an isolated subclus-
ter that is dynamically decoupled from the GC. Due to
the small size, high density, and small number of objects
in the subclusters, relaxation and strong encounters were
expected to eject the majority of BHs on a timescale
⇠ 1Gyr. Thus, at most a few BHs would remain in the
old GCs observed in the Milky Way (MW, e.g., Kulka-
rni et al. 1993; Sigurdsson & Hernquist 1993; Portegies
Zwart & McMillan 2000; Kalogera et al. 2004). Further-
more, it was argued that if significant numbers of BHs are
present in today’s GCs, a subset of them might be in ac-
creting binary systems, and detectable as X-ray sources.
However, observations of luminous X-ray sources in the

MW GCs prior to 2012 suggested that all of these sources
are accreating neutron stars and not BHs, consistent with
theoretical expectation at the time(e.g., van Zyl et al.
2004; Lewin & van der Klis 2006; Altamirano et al. 2010,
2012; Bozzo et al. 2011).

This classical picture started to change with recent dis-
coveries of BH candidates in extragalactic GCs, charac-
terized by their super-Eddington luminosities and high
variability on short timescales (Maccarone et al. 2007;
Irwin et al. 2010). More recently, with the completion of
the upgraded VLA, surveys combining radio and X-ray
data for the MW GCs detected quiescent BHs by com-
paring their radio and X-ray luminosities (e.g., Strader
et al. 2012; Chomiuk et al. 2013). Interestingly, the MW
GCs containing the detected BH candidates show large
ranges in structural properties, indicating that the re-
tention of BHs may be quite common. Several recent or
ongoing surveys promise much richer observational con-
straints on this question (e.g., Strader et al. 2013; Strader
2014; Miller-Jones et al. 2014a,b).

To be detectable either via electromagnetic signatures
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Summary
• Gravitational wave observations give 

• Masses 
• Inclination 
• Distance 
• Spin 

• Difficulties 
• Sky location 
• Spins are difficult 
• Formation ? Kicks ?
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Prospects for eLISA
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orbital period, and distance. The black hole masses cover the range from M 2 (6, 80) M�, the
orbital periods cover the range Porb 2 (0, 2000) s, and the distances are less than 30 Mpc. The
orbital inclinations and sky locations were randomly chosen. All of these binaries were then run
through an eLISA simulator to determine the expected signal to noise ratio. We include the
gravitational chirp in the evolution of this sample of binaries. Only those binaries that remain
within the eLISA band for a full year are included in the signal to noise ratio calculations. Using
the initial pool from the Monte Carlo study and the pool of binaries with a signal to noise ratio
above the threshold, we can determine the likelihood of detection for any binary with a given
chirp mass, orbital period, and distance. Projections of the likelihood are shown in Figure 1.

Figure 1. Likelihood of detection for binary black holes obtained from the Monte Carlo study.
The likelihoods have been marginalized over frequency on the left, chirp mass in the center, and
distance on the right. The abrupt cuto↵ in the likelihoods on the right is due to systems that
evolve out of the eLISA band in one year.

Using the known locations of the populated galaxies in the catalogue along with the binary
properties to the potential eLISA sources, we can then estimate the likelihood of detection for
each binary in the population. We obtain a first order estimate of the number of observable
extragalactic binaries through this approach, which averages over orbital inclinations and does
not take into account the sky location of each host galaxy. There were no observable binaries
within the elliptical galaxy population, five potentially observable binaries in the spiral galaxy
population, and five in the irregular galaxy population. Out of the ten, two of these binaries
had a greater than 50% probability of detection. The results are shown in Table 2

Table 2. Probability for detection from the 10 binary black holes.

Galaxy type Detection Probability (%)

Spiral 89.6 2.2 2.2 1.7 0.3
Irregular 51.1 17.2 9.7 2.1 2.1

4. Conclusions
We have used a very simple population synthesis technique to perform an initial investigation
into the possibility of observing stellar mass binary black holes at extragalactic distances. For
one realization of the population, using simple prescriptions for the population as a function

3

If a binary black hole merges, this implies that there 
are many more binary black holes at lower 
frequencies. 

These will be eLISA sources

MB, Hinojosa, Mata, Belczynski 2015
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• Frequency evolution of a binary: 

• Number density of binaries in frequency range df: 

• Number density of binaries above fmin:
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Volume to 30 Mpc and minimum frequency of 1 mHz. 

Merger rate in events/Gpc3/yr. 

All systems with same chirp mass. 

The number of systems in this volume is numerically 
equal to the merger rate. 

Expect more than 2-400 systems within 30 Mpc in the 
eLISA band.

32



Stellar Aggregates, Bad Honnef December 7, 201633

2

FIG. 1: The multi-band GW astronomy concept. The violet lines are the total sensitivity curves (assuming two Michelson) of
three eLISA configurations; from top to bottom N2A1, N2A2, N2A5 (from [11]). The orange lines are the current (dashed) and
design (solid) aLIGO sensitivity curves. The lines in di↵erent blue flavours represent characteristic amplitude tracks of BHB
sources for a realization of the flat population model (see main text) seen with S/N> 1 in the N2A2 configuration (highlighted
as the thick eLISA middle curve), integrated assuming a five year mission lifetime. The light turquoise lines clustering around
0.01Hz are sources seen in eLISA with S/N< 5 (for clarity, we down-sampled them by a factor of 20 and we removed sources
extending to the aLIGO band); the light and dark blue curves crossing to the aLIGO band are sources with S/N> 5 and
S/N> 8 respectively in eLISA; the dark blue marks in the upper left corner are other sources with S/N> 8 in eLISA but
not crossing to the aLIGO band within the mission lifetime. For comparison, the characteristic amplitude track completed by
GW150914 is shown as a black solid line, and the chart at the top of the figure indicates the frequency progression of this
particular source in the last 10 years before coalescence. The shaded area at the bottom left marks the expected confusion
noise level produced by the same population model (median, 68% and 95% intervals are shown). The waveforms shown are
second order post-Newtonian inspirals phenomenologically adjusted with a Lorentzian function to describe the ringdown.

0.73) [12], and dtr/dfr describes the temporal evolution
of the source due to GW emission assuming circular or-
bits:

dtr
dfr

=
5c5

96⇡8/3
(GMr)

�5/3f�11/3
r . (3)

As mentioned above, for both the flat and salp models,
probability distributions of the intrinsic rate R are given
in [3] (see their figure 5). We make 200 Monte Carlo
draws from each of those, use equation (2) to numeri-
cally construct the cosmological distribution of emitting
sources as a function of mass redshift and frequency, and
make a further Monte Carlo draw from the latter. For
each BHB mass model, the process yields 200 di↵erent
realizations of the instantaneous BHB population emit-
ting GWs in the Universe. We limit our investigation
to 0 < z < 2 and fr > 10�4Hz, su�cient to cover all
the relevant sources emitting in the eLISA and aLIGO
bands.

Signal-to-noise ratio computation. An in-depth study

of possible eLISA baselines in under investigation [11],
and the novel piece of information we provide here might
prove critical in the selection of the final design. There-
fore, following [11], we consider six baselines featuring
one two or five million km arm-length (A1, A2, A5) and
two possible low frequency noises – namely the LISA
Pathfinder goal (N1) and the original LISA requirement
(N2)–. We assume a two Michelson (six laser links) con-
figuration, commenting on the e↵ect of dropping one arm
(going to four links) on the results. We assume a five year
mission duration.

In the detector frame, each source is characterized
by its redshifted quantities M = Mr(1 + z) and f =
fr/(1 + z). During the five years of eLISA observations,
the binary emits GWs shifting upwards in frequency from
an initial value fi, to an ff that can be computed by in-
tegrating equation (3) for a time tr = 5yr/(1 + z). The
sky and polarization averaged S/N in the eLISA detector

Sesana 2016
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eLISA error 
box 
superimposed 
on a chart of 
the Virgo 
cluster, 
centered on 
NGC 4365 for 
a typical BBH 
signal.
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8 Brodie et al.

Fig. 7.— A three color (gri) Suprime-Cam image of NGC 4365, with its globular cluster (GC) candidates marked by small circles. This
image is a zoom-in at ⇠ 180 ⇥ 170 (⇠ 120⇥ 110 kpc) of the original, which is three times the area. An HST/Advanced Camera for Surveys
image mosaic was also used to select GCs out to ⇠ 40 from the galactic center. Blom et al. (2012a) determined that NGC 4365 has
6450±110 GCs and that its GC system extends beyond 9.5 galaxy e↵ective radii.

of GCs (NGC) around each galaxy and are vital ingredi-
ents in models that use GCs as kinematic tracers.

The GC systems of massive ETGs typically extend
to projected radii greater than 100 kpc, and require
wide-field imaging covering tens of arcminutes on a side
in order to obtain reasonably complete spatial cover-
age. Therefore the early photographic surveys of nearby
galaxies (e.g., Harris & Racine 1979) remained the state
of the art for decades until modern CCD cameras reached
the requisite field sizes (e.g., Rhode & Zepf 2001; Dirsch
et al. 2003; Peng et al. 2004a).

Some of this work emphasized the use of three-band
(two-color) photometry in order to reduce the contami-
nation of the GC samples by foreground stars and back-
ground galaxies – a problem which can otherwise become
severe at large radii and for the less luminous galaxies.
This issue can be addressed even further by subarcsec-
ond image quality, which resolves out many of the back-
ground contaminants. Deep exposures are also impor-
tant to reach beyond the peak of the GC luminosity func-
tion and thereby to allow for proper GC number counts.

This critical combination of imaging attributes – wide-
field, deep, good seeing, multi-color – has never before

been carried out in a homogeneous survey of galaxies,
but is now an integral part of both NGVS and SLUGGS.
The main imaging source for SLUGGS is Suprime-Cam:
the best instrument in the world for producing spatially-
complete GC system catalogs, owing to the telescope’s
8 m aperture, the large areal coverage (340 ⇥ 270), and
the typically excellent seeing on Mauna Kea. Most of the
data are taken explicitly for our survey, although some
of the images are found in the SMOKA archive (Baba
et al. 2002). For a few of the galaxies, we make use
of archival data from CFHT/MegaCam (Boulade et al.
2003). In almost all cases these wide-field data are sup-
plemented with HST imaging of the galaxy centers (see
Section 3.1.3).

3.1.2. Imaging Acquisition and Reduction

Imaging is carried out in three filters for each galaxy: g,
r and i (except for a few galaxies with adequate archival
data available). Our nominal target for each filter is
S/N ⇠ 20 at one magnitude fainter than the turnover
of the GC luminosity function (occurring at Mi ⇠ �8).
The total exposure times depend on the band, galaxy
distance, and observing conditions, ranging from ⇠ 300 s
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