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OVERVIEW

▸ First observing run of Advanced LIGO (O1) occurred 12 September, 
2015 — 19 January, 2016 

▸ 2 confident detections made: 

▸ GW150914 (“The Event”): 14 Sept. 2015 at 09:50:45 UTC [1] 

▸ GW151226 (“Boxing day Event”): 26 Dec 2015 03:38:53 UTC [2] 

▸ Both > 5.3σ [3] 

▸ Third possible signal detected with lower significance, LVT151012 [1] 

▸ 87% chance that is astrophysical in origin [3]

1. LSC+Virgo , PRL 116, 061102 (2016) 2. LSC+Virgo,  PRL 116, 241103 (2016) 3. LSC+Virgo, arXiv:1606.04856

2



OUTLINE

1. SEARCH DESCRIPTION & RESULTS 

2. PARAMETER ESTIMATION OF EVENTS 

3. TESTING GR WITH OBSERVATIONS 

4. LOOKING FORWARD

3



1. SEARCH DESCRIPTION 
& RESULTS



SEARCH DESCRIPTION

TWO MODELED SEARCHES PERFORMED

▸ PyCBC [4] 

▸ Python based, frequency-domain matched filter workflow to compute 
signal-to-noise ratio (SNR) 

▸ Uses a chi-squared statistic to re-weight SNR 

▸ Analyzed 46.1 days of coincident data 

▸ GstLAL [5] 

▸ gStreamer based, time-domain matched filter workflow 

▸ implements a different ranking statistic from PyCBC 

▸ Analyzed 48.3 days of coincident data

4. S. A. Usman et al.,  arXiv:1508.02357 5. C. Messick et al., arXiv:1604.04324
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SEARCH DESCRIPTION
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tive to BBH mergers with total mass ⇠ 30M� or greater [60].
A bank of template waveforms is used to cover the parame-

ter space to be searched [53, 61–64]. The gravitational wave-
forms depend upon the masses m1,2 (using the convention that
m1 � m2), and angular momenta S1,2 of the binary compo-
nents. We characterise the angular momentum in terms of the
dimensionless spin magnitude

a1,2 =
c

Gm2
1,2

|S1,2| , (2)

and the component aligned with the direction of the orbital
angular momentum, L, of the binary [65, 66],

c1,2 =
c

Gm2
1,2

S1,2 · L̂ . (3)

We restrict this template bank to systems for which the spin
of the systems is aligned (or anti-aligned) with the orbital an-
gular momentum of the binary. Consequently, the waveforms
depends primarily upon the chirp mass [67–69]

M =
(m1m2)3/5

M1/5 , (4)

the mass ratio [18]

q =
m2

m1
 1, (5)

and the effective spin parameter [70–73]

ceff =
m1c1 +m2c2

M
, (6)

where M = m1 +m2 is the binary’s total mass. The chirp mass
and effective spin are combinations of masses and spin which
have significant impact on the evolution of the inspiral, and
are therefore accurately measured parameters for gravitational
waveforms [56, 74–77].

The minimum black hole mass is taken to be 2M�, con-
sistent with the largest known masses of neutron stars [78].
There is no known maximum black hole mass [79], however
we limit this template bank to binaries with a total mass less
than M  100M�. For higher mass binaries, the Advanced
LIGO detectors are sensitive to only the final few cycles of in-
spiral plus merger, making the analysis more susceptible to
noise transients. The results of searches for more massive
BBH mergers will be reported in future publications. In prin-
ciple, black hole spins can lie anywhere in the range from �1
(maximal and anti-aligned) to +1 (maximal and aligned). We
limit the spin magnitude to less than 0.99, which is the re-
gion over which we are able to generate valid template wave-
forms [8]. The bank of templates used for the analysis is
shown in Figure 2.

Both analyses separately correlate the data from each de-
tector with template waveforms that model the expected sig-
nal. The analyses identify candidate events that are detected
at both the Hanford and Livingston observatories consistent
with the 10 ms inter-site propagation time. Additional sig-
nal consistency tests are performed to mitigate the effects of
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FIG. 2. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m1 > m2. The colours indicate mass regions
with different limits on the dimensionless spin parameters c1 and
c2. Symbols indicate the best matching templates for GW150914,
GW151226 and LVT151012. For GW150914, GW151226 the tem-
plate was the same in the PyCBC and GstLAL searches while for
LVT151012 they differed. The parameters of the best matching tem-
plates are not the same as the detector frame masses provided by the
detailed parameter estimation discussed in Section IV.

non-stationary transients in the data. Events are assigned a
detection-statistic value that ranks their likelihood of being a
gravitational-wave signal. For PyCBC, r̂c is the quadrature
sum of signal-consistency re-weighted SNRs in the two de-
tectors. For GstLAL, lnL is the log-likelihood ratio for the
signal and noise models. The detection statistics are compared
to the estimated detector noise background to determine, for
each candidate event, the probability that detector noise would
give rise to at least one equally significant event. Further de-
tails of the analysis methods are available in Appendix A.

The results for the two different analyses are presented
in Figure 3. The figure shows the observed distribution of
events, as well as the background distribution used to 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 discussed in further detail be-
low. The templates producing the highest significance in the
two analyses are indicated in Figure 2, the gravitational wave-
forms are shown in Figure 1 and key parameters are summa-
rized in Table I. There were no other significant BBH trig-
gers in the first advanced LIGO observing run. All other ob-
served events are consistent with the noise background for the
search. Follow up of the coincident events r̂c ⇡ 9 in the Py-
CBC analysis suggests that they are likely due to noise fluctu-
ations or poor data quality, rather than a population of weaker
gravitational-wave signals.

It is clear from Figure 3 that at high significance, the
background distribution is dominated by the presence of
GW150914 in the data. Consequently, once an event has

THE BANK USED IN O1

▸ 4 free parameters 

▸ 2 component masses 

▸ 2 (non-precessing) spins 

▸ We limit NS spin to 
|χNS| < 0.05 

▸ Is sensitive to NS with  
|χNS| < 0.4 [6] 

▸ Assume BHs can have  
m ≥ 2 M⨀ 

▸ |χBH| < 0.9895 LSC+Virgo, arXiv:1606.04856
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SEARCH DESCRIPTION

IN A NUTSHELL

▸ Filter each template with data to obtain triggers 

▸ Enforce coincidence to obtain events: triggers must occur 
in same template within +/-15ms at each detector 

▸ Compute ranking statistic for events, select template with 
largest ranking statistic 

▸ Repeat with data shifted in time between detectors to 
obtain rate of background chance events

7



RESULTS

14

2� 3� 4� 5.1� > 5.1�
2� 3� 4� 5.1� > 5.1�

8 10 12 14 16 18 20 22 24
Detection statistic �̂c

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

101

102

N
um

be
r

of
ev

en
ts

GW150914

Search Result
Search Background
Background excluding GW150914

2�3� 4� 5.1� > 5.1�
2� 3� 4� 5.1� > 5.1�

10 20 30 40 50 60 70 80
lnL

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

101

102

N
um

be
r

of
ev

en
ts

GW150914

Search Result
Search Background
Background excluding GW150914

FIG. 7. Left: Search results from the PyCBC analysis. The histogram shows the number of candidate events (orange) and the number of
background events due to noise in the search class where GW150914 was found (black) as a function of the search detection-statistic and
with a bin width of Dr̂c = 0.2. The significance of GW150914 is greater than 5.1 s . The scales immediately above the histogram give the
significance of an event measured against the noise backgrounds in units of Gaussian standard deviations as a function of the detection-statistic.
The black background histogram shows the result of the time-shift method to estimate the noise background in the observation period. 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. The significance of GW150914 is measured against the upper gray scale. The purple background histogram is the
background excluding coincidences involving GW150914 and it is the background to be used to assess the significance of the second loudest
event; the significance of this event is measured against the upper purple scale. Right: Search results from the GstLAL analysis. The histogram
shows the observed candidate events (orange) as a function of the detection statistic lnL . The black line indicates the expected background
from noise where candidate events have been included in the noise background probability density function. The purple line indicates the
expected background from noise where candidate events have not been included in the noise background probability density function. The
independently-implemented search methods and different background estimation method confirm the discovery of GW150914.

Event Time (UTC) FAR (yr�1) F M (M�) m1 (M�) m2 (M�) ceff DL (Mpc)

GW150914
14 September

2015
09:50:45

< 5⇥10�6 < 2⇥10�7

(> 5.1s)
28+2

�2 36+5
�4 29+4

�4 �0.07+0.16
�0.17 410+160

�180

LVT151012
12 October

2015
09:54:43

0.44 0.02
(2.1s)

15+1
�1 23+18

�6 13+4
�5 0.0+0.3

�0.2 1100+500
�500

TABLE I. Parameters of the two most significant events. The false alarm rate (FAR) and false alarm probability (F ) given here were
determined by the PyCBC pipeline; the GstLAL results are consistent with this. The source-frame chirp mass M , component masses m1,2,
effective spin ceff, and luminosity distance DL are determined using a parameter estimation method that assumes the presence of a coherent
compact binary coalescence signal starting at 20 Hz in the data [96]. The results are computed by averaging the posteriors for two model
waveforms. Quoted uncertainties are 90% credible intervals that include statistical errors and systematic errors from averaging the results of
different waveform models. Further parameter estimates of GW150914 are presented in Ref. [18].

measured by GstLAL is consistent with the bound placed by
the PyCBC analysis and provides additional confidence in the
discovery of the signal.

The difference in time of arrival between the Livingston and
Hanford detectors from the individual triggers in the PyCBC
analysis is 7.1ms, consistent with the time delay of 6.9+0.5

�0.4 ms
recovered by parameter estimation [18]. Figure 8 (left) shows
the matched-filter SNR r , the c

2-statistic, and the re-weighted
SNR r̂ for the best-matching template over a period of ±5 ms
around the time of GW150914 (we take the PyCBC trigger
time in L1 as a reference). The matched-filter SNR peaks in

both detectors at the time of the event and the value of the
reduced chi-squared statistic is c

2
H1 = 1 and c

2
L1 = 0.7 at the

time of the event, indicating an excellent match between the
template and the data. The re-weighted SNR of the individ-
ual detector triggers of r̂H1 = 19.5 and r̂L1 = 13.3 are larger
than that of any other single-detector triggers in the analysis;
therefore the significance measurement of 5.1s set using the
0.1 s time shifts is a conservative bound on the false alarm
probability of GW150914.

Figure 8 (right) shows ±5 ms of the GstLAL matched-
filter SNR time series from each detector around the event

PYCBC GSTLAL

▸ Initially reported using first 16 days 
of O1 coincident data [7,8] 

▸ Louder than all background 

▸ FAR < 5 x 10-6/ year 

▸ p-value < 2 x 10-7 (> 5.1σ)

GW150914

FIRST 16 DAYS

LSC+Virgo, PRD 93, 122003 (2016)

8. LSC+Virgo, PRL 116, 061102 (2016) 9. LSC+Virgo, PRD 93, 122003 (2016)
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FIG. 3. Search results from the two analyses. The upper left hand plot shows the PyCBC result for signals with chirp mass M > 1.74M�
(the chirp mass of a m1 = m2 = 2M� binary) and fpeak > 100Hz while the upper right hand plot shows the GstLAL result. In both analyses,
GW150914 is the most significant event in the data, and is more significant than any background event in the data. It is identified with a
significance greater than 5s in both analysies. 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
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 5s . In the GstLAL search GW151226 is
measured to have a significance of 4.5s . The third most significant event in the search, LVT151012 is identified with a significance of 1.7s

and 2.0s in the two analyses respectively. The significance obtained for LVT151012 is only marginally affected by including or removing
background contributions from GW150914 and GW151226.

been confidently identified as a signal, we remove triggers
associated to it from the background in order to get an ac-
curate estimate of the noise background for lower amplitude
events. The lower panel of Figure 3 shows the search results
with GW150914 removed from both the foreground and back-
ground distributions.

A. GW150914

GW150914 was observed on September 14, 2015 at
09:50:45 UTC with a matched filter SNR of 23.7.1 It is re-
covered with a re-weighted SNR in the PyCBC analysis of
r̂c = 22.7 and a likelihood of 84.7 in the GstLAL analysis.
A detailed discussion of GW150914 is given in [16, 38, 43],
where it was presented as the most significant event in the first

1 We quote the matched filter SNR as computed by the PyCBC search using
the updated calibration, the GstLAL values agree within 2%.

PYCBC GSTLAL

▸ Use all of O1 to estimate 
background 

▸ Still louder than all background 

▸ FAR < 6 x 10-7 / year 

▸ p-value < 6 x 10-8 (> 5.3σ)

GW150914

O1

LSC+Virgo, arXiv:1606.04856

9



RESULTS

5

2� 3� 4� 5� > 5�
2� 3� 4� 5� > 5�

8 10 12 14
Detection statistic �̂c

10�8
10�7
10�6
10�5
10�4
10�3
10�2
10�1
100
101
102
103
104

N
um

be
r

of
ev

en
ts

GW151226

Search Result
Background excluding GW150914
Background excluding
GW150914 and GW151226

2� 3� 4� 5�
2� 3� 4� 5�

10 15 20 25 30 35 40
Detection statistic lnL

10�8
10�7
10�6
10�5
10�4
10�3
10�2
10�1
100
101
102
103
104

N
um

be
r

of
ev

en
ts

GW151226

Search Result
Background excluding only GW150914
Background excluding
GW150914 and GW151226

FIG. 3. Search results from the two analyses. The upper left hand plot shows the PyCBC result for signals with chirp mass M > 1.74M�
(the chirp mass of a m1 = m2 = 2M� binary) and fpeak > 100Hz while the upper right hand plot shows the GstLAL result. In both analyses,
GW150914 is the most significant event in the data, and is more significant than any background event in the data. It is identified with a
significance greater than 5s in both analysies. 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
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 5s . In the GstLAL search GW151226 is
measured to have a significance of 4.5s . The third most significant event in the search, LVT151012 is identified with a significance of 1.7s

and 2.0s in the two analyses respectively. The significance obtained for LVT151012 is only marginally affected by including or removing
background contributions from GW150914 and GW151226.

been confidently identified as a signal, we remove triggers
associated to it from the background in order to get an ac-
curate estimate of the noise background for lower amplitude
events. The lower panel of Figure 3 shows the search results
with GW150914 removed from both the foreground and back-
ground distributions.

A. GW150914

GW150914 was observed on September 14, 2015 at
09:50:45 UTC with a matched filter SNR of 23.7.1 It is re-
covered with a re-weighted SNR in the PyCBC analysis of
r̂c = 22.7 and a likelihood of 84.7 in the GstLAL analysis.
A detailed discussion of GW150914 is given in [16, 38, 43],
where it was presented as the most significant event in the first

1 We quote the matched filter SNR as computed by the PyCBC search using
the updated calibration, the GstLAL values agree within 2%.

PYCBC GSTLAL

▸ PyCBC: Louder than all background 
when GW150914 is removed 

▸ FAR < 6 x 10-7 / year 

▸ p-value < 6 x 10-8 (> 5.3σ) 

▸ GstLAL: 

▸ FAR = 2 x 10-7 / year 

▸ p-value = 3.5 x 10-8 (4.5σ)

GW151226

O1 - GW150914

LSC+Virgo, arXiv:1606.04856
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FIG. 3. Search results from the two analyses. The upper left hand plot shows the PyCBC result for signals with chirp mass M > 1.74M�
(the chirp mass of a m1 = m2 = 2M� binary) and fpeak > 100Hz while the upper right hand plot shows the GstLAL result. In both analyses,
GW150914 is the most significant event in the data, and is more significant than any background event in the data. It is identified with a
significance greater than 5s in both analysies. 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
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 5s . In the GstLAL search GW151226 is
measured to have a significance of 4.5s . The third most significant event in the search, LVT151012 is identified with a significance of 1.7s

and 2.0s in the two analyses respectively. The significance obtained for LVT151012 is only marginally affected by including or removing
background contributions from GW150914 and GW151226.

been confidently identified as a signal, we remove triggers
associated to it from the background in order to get an ac-
curate estimate of the noise background for lower amplitude
events. The lower panel of Figure 3 shows the search results
with GW150914 removed from both the foreground and back-
ground distributions.

A. GW150914

GW150914 was observed on September 14, 2015 at
09:50:45 UTC with a matched filter SNR of 23.7.1 It is re-
covered with a re-weighted SNR in the PyCBC analysis of
r̂c = 22.7 and a likelihood of 84.7 in the GstLAL analysis.
A detailed discussion of GW150914 is given in [16, 38, 43],
where it was presented as the most significant event in the first

1 We quote the matched filter SNR as computed by the PyCBC search using
the updated calibration, the GstLAL values agree within 2%.

PYCBC GSTLAL

▸ PyCBC: FAR = 1/2.7 years (1.7σ) 

▸ GstLAL: FAR = 1/5.9 years (2.0σ) 

▸ Not significant enough to claim as 
definitive event 

▸ However… parameters consistent 
with population of BBH signals 

▸ Based on rate estimate of BBHs, 
87% probability that it is a signal

LVT151012

O1 - GW150914

LSC+Virgo, arXiv:1606.04856

LVT151012 LVT151012
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ESTIMATION



PARAMETER ESTIMATION

MCMC & NESTED SAMPLING

▸ Use 2 independent stochastic sampling engines to 
evaluate likelihood over multi-dimensional parameter 
space 

▸ Markov-chain Monte Carlo (MCMC) [9,10] 

▸ Nested sampling [11,12] 

▸ Time and mass estimate from searches used to inform prior 

▸ tc: +/-0.1s uniform prior centered on searches’ tc

9. C. Rover et al., CQG 23, 4895 (2006) 
10. M. van der Sluys et al., CQG 25, 184011(2008) 

11. J. Skilling, Bayesian Analysis 1, 833 (2006) 
12. J. Veitch & A. Vecchio, PRD 81, 062003 (2010)
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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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

LUMINOSITY DISTANCE

▸ GW150914: 

▸ GW151226: 

▸ LVT151012:

LSC+Virgo, arXiv:1606.04856

DL = 420+150
�180 Mpc

DL = 440+180
�190 Mpc

DL = 1000+500
�500 Mpc
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DL = 1000+500
�500 Mpc

z = 0.20+0.09
�0.09

DL = 440+180
�190 Mpc

z = 0.09+0.03
�0.04

▸ GW150914: 

▸ GW151226: 

▸ LVT151012:
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a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

LUMINOSITY DISTANCE
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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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

COMPONENT MASSES

▸ GW150914: 

▸ GW151226: 

▸ LVT151012:

LSC+Virgo, arXiv:1606.04856

msource

1

= 36.2+5.2
�3.8 M�

msource

2

= 29.1+3.7
�4.4 M�

msource

1

= 14.2+8.3
�3.7 M�

msource

2

= 7.5+2.3
�2.3 M�

msource

1

= 23+18

�6

M�

msource

2

= 13+4

�5

M�

16



PARAMETER ESTIMATION

8

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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-
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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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-
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spins (right panel of Fig. 5) matches our expectations once
the information that jχeff j is small has been included. Two
elements may be responsible for this. If precession occurs,
at most one modulation cycle would be present in the LIGO
sensitivity window. If the source was viewed with J close
to the line of sight (Fig. 2), the amplitude of possible
modulations in the recorded strain is suppressed.
The joint posterior PDFs of the magnitude and orienta-

tion of S1 and S2 are shown in the right panel of Fig. 5.
The angle of the spins with respect to L (the tilt angle)
is considered a tracer of BBH formation channels [97].
However, we can place only weak constraints on this
parameter for GW150914: the probabilities that S1 and S2
are at an angle between 45° and 135° with respect to the
normal to the orbital plane L are 0.77 and 0.75, respec-
tively. For this specific geometrical configuration the spin
magnitude estimates are a1 < 0.8 and a2 < 0.8 at 90%
probability.
Some astrophysical formation scenarios favor spins

nearly aligned with the orbital angular momentum, par-
ticularly for the massive progenitors that in these scenarios
produce GW150914 [97,114,115]. To estimate the impact
of this prior hypothesis on our interpretation, we used the
fraction (2.5%) of the spin-aligned result (EOBNR) with
S1;2 · L > 0 to revise our expectations. If both spins must
be positively and strictly co-aligned with L, then we can
constrain the two individual spins at 90% probability to be
a1 < 0.2 and a2 < 0.3.
The loss of linear momentum through GWs produces a

recoil of the merger BH with respect to the binary’s original

center of mass [116,117]. The recoil velocity depends on
the spins (magnitude and orientation) of the BHs of the
binary and could be large for spins that are appropriately
misaligned with the orbital angular momentum [118–121].
Unfortunately, the weak constraints on the spins
(magnitude and direction) of GW150914 prevent us from
providing a meaningful limit on the kick velocity of the
resulting BH.

A. A minimal-assumption analysis

In addition to the analysis based on the assumption that
the signal is generated by a binary system, we also consider
a model which is not derived from a particular physical
scenario and makes minimal assumptions about hþ;×.
In this case we compute directly the posterior pð~hj~dÞ by
reconstructing hþ;× using a linear combination of ellipti-
cally polarized sine-Gaussian wavelets whose amplitudes
are assumed to be consistent with a uniform source
distribution [84,122], see Fig. 6. The number of wavelets
in the linear combination is not fixed a priori but is
optimized via Bayesian model selection. This analysis
directly infers the PDF of the GW strain given the data
pð~hj~dÞ.
We can compare the minimal-assumption posterior for

the strain at the two instruments with the results of the
compact binary modeled analysis pð~hð~ϑÞj~dÞ. The wave-
forms are shown in Fig. 6. There is remarkable agreement
between the actual data and the reconstructed waveform
under the two model assumptions. As expected, the

FIG. 5. Left: PDFs (solid black line) for the χp and χeff spin parameters compared to their prior distribution (green line). The dashed
vertical lines mark the 90% credible interval. The one-dimensional plots show probability contours of the prior (green) and marginalized
PDF (black). The two-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a color-coded PDF. Right:
PDFs for the dimensionless component spins cS1=ðGm2

1Þ and cS2=ðGm2
2Þ relative to the normal to the orbital plane L, marginalized

over uncertainties in the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of the tilt angles,
cos θLSi ¼ Si · L=ðjSijjLjÞ, where i ¼ f1; 2g, and therefore have equal prior probability.
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spins (right panel of Fig. 5) matches our expectations once
the information that jχeff j is small has been included. Two
elements may be responsible for this. If precession occurs,
at most one modulation cycle would be present in the LIGO
sensitivity window. If the source was viewed with J close
to the line of sight (Fig. 2), the amplitude of possible
modulations in the recorded strain is suppressed.
The joint posterior PDFs of the magnitude and orienta-

tion of S1 and S2 are shown in the right panel of Fig. 5.
The angle of the spins with respect to L (the tilt angle)
is considered a tracer of BBH formation channels [97].
However, we can place only weak constraints on this
parameter for GW150914: the probabilities that S1 and S2
are at an angle between 45° and 135° with respect to the
normal to the orbital plane L are 0.77 and 0.75, respec-
tively. For this specific geometrical configuration the spin
magnitude estimates are a1 < 0.8 and a2 < 0.8 at 90%
probability.
Some astrophysical formation scenarios favor spins

nearly aligned with the orbital angular momentum, par-
ticularly for the massive progenitors that in these scenarios
produce GW150914 [97,114,115]. To estimate the impact
of this prior hypothesis on our interpretation, we used the
fraction (2.5%) of the spin-aligned result (EOBNR) with
S1;2 · L > 0 to revise our expectations. If both spins must
be positively and strictly co-aligned with L, then we can
constrain the two individual spins at 90% probability to be
a1 < 0.2 and a2 < 0.3.
The loss of linear momentum through GWs produces a

recoil of the merger BH with respect to the binary’s original

center of mass [116,117]. The recoil velocity depends on
the spins (magnitude and orientation) of the BHs of the
binary and could be large for spins that are appropriately
misaligned with the orbital angular momentum [118–121].
Unfortunately, the weak constraints on the spins
(magnitude and direction) of GW150914 prevent us from
providing a meaningful limit on the kick velocity of the
resulting BH.

A. A minimal-assumption analysis

In addition to the analysis based on the assumption that
the signal is generated by a binary system, we also consider
a model which is not derived from a particular physical
scenario and makes minimal assumptions about hþ;×.
In this case we compute directly the posterior pð~hj~dÞ by
reconstructing hþ;× using a linear combination of ellipti-
cally polarized sine-Gaussian wavelets whose amplitudes
are assumed to be consistent with a uniform source
distribution [84,122], see Fig. 6. The number of wavelets
in the linear combination is not fixed a priori but is
optimized via Bayesian model selection. This analysis
directly infers the PDF of the GW strain given the data
pð~hj~dÞ.
We can compare the minimal-assumption posterior for

the strain at the two instruments with the results of the
compact binary modeled analysis pð~hð~ϑÞj~dÞ. The wave-
forms are shown in Fig. 6. There is remarkable agreement
between the actual data and the reconstructed waveform
under the two model assumptions. As expected, the

FIG. 5. Left: PDFs (solid black line) for the χp and χeff spin parameters compared to their prior distribution (green line). The dashed
vertical lines mark the 90% credible interval. The one-dimensional plots show probability contours of the prior (green) and marginalized
PDF (black). The two-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a color-coded PDF. Right:
PDFs for the dimensionless component spins cS1=ðGm2

1Þ and cS2=ðGm2
2Þ relative to the normal to the orbital plane L, marginalized

over uncertainties in the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of the tilt angles,
cos θLSi ¼ Si · L=ðjSijjLjÞ, where i ¼ f1; 2g, and therefore have equal prior probability.
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follow a line of constant chirp mass 8.9þ0.3
−0.3M⊙, and

constrain the mass ratio to be greater than 0.28. The
posterior distribution is not consistent with component
masses below 4.5M⊙ (99% credible level). This is above
the theoretical maximum mass of a neutron star for
common equations of state [66,67]. Thus, both components
are identified as black holes.
Compact binary coalescences act as standard sirens

[68,69]. Their luminosity distance can be extracted from
the amplitude of an observed signal provided the orienta-
tion of the orbital plane can be determined. Information
about whether the orbit is face-on, edge-on, or in between is
encoded in the two polarizations of the gravitational wave.
However, the two LIGO detectors are nearly coaligned and
the source of GW151226 is likely to be located close to the
maxima of the directional responses of both detectors [3].
Consequently, it is difficult to extract the polarization
content, and therefore the orientation of the orbital plane.
As a result, the luminosity distance is only weakly con-
strained to be 440þ180

−190 Mpc, corresponding to a redshift of
0.09þ0.03

−0.04 assuming a flat ΛCDM cosmology [62].
Component spins affect the relativistic motion of the

binary but often have only subtle effects on the gravita-
tional waveform. Therefore, we can only extract limited
information about the spins. Figure 4 (left) shows the
probability density functions of the mass-weighted combi-
nations of orbit-aligned spins χeff [70,71] and in-plane
spins χp [72] for the precessing spin waveform model. The
same figure (right) shows the individual spins of the
component black holes. The posterior density functions

inferred from the precessing and nonprecessing spin wave-
form models indicate that χeff is positive at greater than the
99% credible level; therefore, at least one of the black holes
has nonzero spin. We find that at least one black hole has a
spin magnitude greater than 0.2 at the 99% credible level.
Only weak constraints can be placed on χp, suggesting that
the data are not informative regarding spin-precession
effects [5].
To test whether GW151226 is consistent with general

relativity, we allow the coefficients that describe the
waveform (which are derived as functions of the source
parameters from the post-Newtonian approximation
[26–28] and from fits to numerical relativity simulations)
to deviate from their nominal values, and check whether
the resulting waveforms are consistent with the data [73].
The posterior probability densities of the coefficients
are found to center on their general relativity values.
Additionally, both the offsets and widths of the posteriors
for the post-Newtonian inspiral coefficients decrease sig-
nificantly when analyzing GW150914 and GW151226
jointly, in some cases to the 10% level, as discussed in [5].
The waveform models used are consistent with general

relativity simulations. Figure 5 shows GW151226’s wave-
form reconstruction (90% credible region as in [57]) using
the nonprecessing spin templates employed to find the
signal and extract parameters, plotted during the time
interval with the most significant SNR. Also shown is a
direct numerical solution of Einstein’s equations [38,74,75]
for a binary black hole with parameters near the peak of the
parameter estimation posterior.

FIG. 4. Left: Posterior density function for the χp and χeff spin parameters (measured at 20 Hz) compared to their prior distributions.
The one-dimensional plot shows probability contours of the prior (green) and marginalized posterior density function (black) [58,59].
The two-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a color-coded posterior density
function. The dashed lines mark the 90% credible interval. Right: Posterior density function for the dimensionless component spins,
cS1=ðGm2

1Þ and cS2=ðGm2
2Þ, relative to the normal of the orbital plane L̂. Si and mi are the spin angular momenta and masses of the

primary (i ¼ 1) and secondary (i ¼ 2) black holes, c is the speed of light and G is the gravitational constant. The posterior density
functions are marginalized over the azimuthal angles. The bins are designed to have equal prior probability; they are constructed linearly
in spin magnitudes and the cosine of the tilt angles cos−1ðŜi · L̂Þ.
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follow a line of constant chirp mass 8.9þ0.3
−0.3M⊙, and

constrain the mass ratio to be greater than 0.28. The
posterior distribution is not consistent with component
masses below 4.5M⊙ (99% credible level). This is above
the theoretical maximum mass of a neutron star for
common equations of state [66,67]. Thus, both components
are identified as black holes.
Compact binary coalescences act as standard sirens

[68,69]. Their luminosity distance can be extracted from
the amplitude of an observed signal provided the orienta-
tion of the orbital plane can be determined. Information
about whether the orbit is face-on, edge-on, or in between is
encoded in the two polarizations of the gravitational wave.
However, the two LIGO detectors are nearly coaligned and
the source of GW151226 is likely to be located close to the
maxima of the directional responses of both detectors [3].
Consequently, it is difficult to extract the polarization
content, and therefore the orientation of the orbital plane.
As a result, the luminosity distance is only weakly con-
strained to be 440þ180

−190 Mpc, corresponding to a redshift of
0.09þ0.03

−0.04 assuming a flat ΛCDM cosmology [62].
Component spins affect the relativistic motion of the

binary but often have only subtle effects on the gravita-
tional waveform. Therefore, we can only extract limited
information about the spins. Figure 4 (left) shows the
probability density functions of the mass-weighted combi-
nations of orbit-aligned spins χeff [70,71] and in-plane
spins χp [72] for the precessing spin waveform model. The
same figure (right) shows the individual spins of the
component black holes. The posterior density functions

inferred from the precessing and nonprecessing spin wave-
form models indicate that χeff is positive at greater than the
99% credible level; therefore, at least one of the black holes
has nonzero spin. We find that at least one black hole has a
spin magnitude greater than 0.2 at the 99% credible level.
Only weak constraints can be placed on χp, suggesting that
the data are not informative regarding spin-precession
effects [5].
To test whether GW151226 is consistent with general

relativity, we allow the coefficients that describe the
waveform (which are derived as functions of the source
parameters from the post-Newtonian approximation
[26–28] and from fits to numerical relativity simulations)
to deviate from their nominal values, and check whether
the resulting waveforms are consistent with the data [73].
The posterior probability densities of the coefficients
are found to center on their general relativity values.
Additionally, both the offsets and widths of the posteriors
for the post-Newtonian inspiral coefficients decrease sig-
nificantly when analyzing GW150914 and GW151226
jointly, in some cases to the 10% level, as discussed in [5].
The waveform models used are consistent with general

relativity simulations. Figure 5 shows GW151226’s wave-
form reconstruction (90% credible region as in [57]) using
the nonprecessing spin templates employed to find the
signal and extract parameters, plotted during the time
interval with the most significant SNR. Also shown is a
direct numerical solution of Einstein’s equations [38,74,75]
for a binary black hole with parameters near the peak of the
parameter estimation posterior.

FIG. 4. Left: Posterior density function for the χp and χeff spin parameters (measured at 20 Hz) compared to their prior distributions.
The one-dimensional plot shows probability contours of the prior (green) and marginalized posterior density function (black) [58,59].
The two-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a color-coded posterior density
function. The dashed lines mark the 90% credible interval. Right: Posterior density function for the dimensionless component spins,
cS1=ðGm2

1Þ and cS2=ðGm2
2Þ, relative to the normal of the orbital plane L̂. Si and mi are the spin angular momenta and masses of the

primary (i ¼ 1) and secondary (i ¼ 2) black holes, c is the speed of light and G is the gravitational constant. The posterior density
functions are marginalized over the azimuthal angles. The bins are designed to have equal prior probability; they are constructed linearly
in spin magnitudes and the cosine of the tilt angles cos−1ðŜi · L̂Þ.

PRL 116, 241103 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
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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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

FINAL MASS & SPIN*

▸ GW150914: 

▸ GW151226: 

▸ LVT151012:

LSC+Virgo, arXiv:1606.04856

M source

f

= 62.3+3.7
�3.1 M�

a
f

= 0.68+0.05
�0.06

M source

f

= 20.8+6.1
�1.7 M�

a
f

= 0.74+0.06
�0.06

M source

f

= 35+14

�4

M�

a
f

= 0.66+0.09
�0.10 *Calculated using fitting formulae to NR. [17]

17. N.K. Johnson-McDaniel et al., Tech. Rep. LIGO-T1600168 (2016)
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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: 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 contours follow 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 and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

RADIATED ENERGY & LUMINOSITY

▸ GW150914: 

▸ GW151226: 

▸ LVT151012:

LSC+Virgo, arXiv:1606.04856

Erad = 3.0+0.5
�0.4 M�c

2

`peak = 3.6+0.5
�0.4 ⇥ 1056erg/s

Erad = 1.0+0.1
�0.2 M�c

2

`peak = 3.3+0.8
�1.6 ⇥ 1056erg/s

Erad = 1.5+0.3
�0.4 M�c

2

`peak = 3.1+0.8
�1.8 ⇥ 1056erg/s
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SKY LOCATION

▸ With 2 detectors can only limit 
location to annulus on the sky 

▸ 90% credible regions: 

▸ GW150914: 230 deg2 

▸ GW151226: 850 deg2 

▸ LVT151012: 1600 deg2
9

FIG. 5. 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. 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.

ponents’ spins [98]; we now use an updated formula which
also incorporates the effects of in-plane spins [113]. This has a
small impact on spin of GW150914 (changing from 0.67+0.05

�0.06
to 0.68+0.05

�0.06), and a larger effect on GW151226 (changing
from 0.72+0.05

�0.05 to 0.74+0.06
�0.06) as its components have more sig-

nificant spins.

C. Distance, inclination and sky location

The luminosity distance to the source is inversely propor-
tional to the signal’s amplitude. GW150914 and GW151226
have comparable distance estimates of DL = 420+150

�180 Mpc
(redshift z = 0.09+0.03

�0.04) and DL = 440+180
�190 Mpc (z =

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

mass system than GW150914 and hence the GW signal is in-
trinsically quieter, and its SNR is lower than GW150914’s
even though the distances are comparable. LVT151012 is
the quietest signal and is inferred to be at a greater distance
DL = 1000+500

�500 Mpc (z = 0.20+0.09
�0.09).

In all cases, there is significant fractional uncertainty for the
distance. This is predominantly a consequence of the degen-
eracy between the distance and the binary’s inclination, which
also impacts the signal amplitude [93, 115, 116].

The inclination is only weakly constrained; in all cases
there is greatest posterior support for the source being either
face on or face off (angular momentum pointed parallel or
antiparallel to the line of sight). This is the orientation that
produces the greatest GW amplitude and so is consistent with
the largest distance. The inclination could potentially be bet-
ter constrained in a precessing system [96, 117]. Only for

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 [40]. The redshift is used to convert be-
tween the observed detector-frame masses and the physical source-frame
masses, m = (1+ z)msource [114].

GW150914 is there preference for one of the configurations,
with there being greater posterior support for the source being
face off [38].

Sky localization from a GW detector network is primar-
ily determined by the measured delay in the signal arriving
at the sites, with additional information coming from the sig-
nal amplitude and phase [118–120]. For a two-detector net-
work, the sky localization forms a characteristic broken an-
nulus [121–124]. Adding additional detectors to the network
would improve localization abilities [125–128]. The sky lo-
calizations of the three events are shown in Fig. 5; this shows
both celestial coordinates (indicating the origin of the signal)
and geographic coordinates (illustrating localization with re-
spect to the two detectors). The arrival time at Hanford rel-
ative to Livingston was DtHL = 7.0+0.2

�0.2 ms for GW150914,
DtHL = �0.6+0.6

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

for GW151226.
The 90% credible region for sky localization is 230 deg2

for GW150914, 850 deg2 for GW151226, and 1600 deg2 for
LVT151012. As expected, the sky area is larger for quieter
events. The sky area is expected to scale inversely with the
square of the SNR [124, 129], and we see that this trend is
followed.

V. TESTS OF GENERAL RELATIVITY

GW150914 provided us with the first empirical access to
the genuinely strong-field dynamics of gravity. With the fre-
quency of the waveform peak amplitude well aligned with the
best instrument sensitivity, the part of the coalescence just be-
fore merger, as well as the merger-ringdown regime, could be
studied in considerable detail, as described in [41]. This al-
lowed for checks of the consistency between masses and spins
estimated from different portions of the waveform [130], as
well as parameterized tests of the waveform as a whole [131–
134]. Even though not much of the early inspiral was in the
detectors’ sensitive band, interesting bounds could be placed
on departures from general relativity in the PN coefficients

LSC+Virgo, arXiv:1606.04856
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TESTS OF GR

TESTS USING GW150914 [18]

▸ Inspiral/Merger-Ringdown consistency test 

▸ Tests for the least damped QNM 

▸ Constraints on parameterized deviations from GR 
waveforms 

▸ Constraint on the graviton Compton wavelength 

▸ 𝜆g < 1013kg [mg ≤ 1.2 x 10-22 eV/c2] 

▸ GR passed all tests

18. LSC+Virgo, PRL 116, 221101 (2016)
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BANDWIDTH OF SIGNALS 3

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 related to the SNR of the signal
(as described in the text). Right: 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 [45].

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 fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. 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 lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude 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
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], 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 operating 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 Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented 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 [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational 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. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-

LSC+Virgo, arXiv:1606.04856
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TESTS OF GR

TESTS USING ALL EVENTS

▸ Inspiral/Merger-Ringdown consistency test 

▸ Tests for the least damped QNM 

▸ Constraints on parameterized deviations from GR 
waveforms 

▸ Constraint on the graviton Compton wavelength
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TESTS OF GR

WAVEFORM PARAMETERIZATION

▸ IMRPhenom phase [19]: 

▸ Parameterize deviations to these coefficients [20]; e.g.: 

▸ Vary deviations along with other parameters

28
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PARAMETERIZED TEST RESULTS 10

FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters pi, as well as intermediate
parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself and the middle one for GW151226 by itself,
while the bottom panel shows combined posteriors from GW150914 and GW151226. While the posteriors for deviations in PN coefficients
from GW150914 show large offsets, the ones from GW151226 are well-centered on zero as well as being 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.

up to 3.5PN. Since the source of GW151226 merged at
⇠ 450 Hz, the signal provides the opportunity to probe the
PN inspiral with many more waveform cycles, albeit at rel-
atively low SNR. Especially in this regime, it allows us to
tighten further our bounds on violations of general relativity.

As in [41], to analyze GW151226 we start from the IMR-
Phenom waveform model of [35–37] which is capable of de-
scribing inspiral, merger, and ringdown, and partly accounts
for spin precession. The phase of this waveform is charac-
terized by phenomenological coefficients {pi}, which include
PN coefficients as well as coefficients describing merger and
ringdown. The latter were obtained by calibrating against nu-

merical waveforms and tend to multiply specific powers of
f , and they characterize the gravitational-wave amplitude and
phase in different stages of the coalescence process. We then
allow for possible departures from general relativity, param-
eterized by a set of testing coefficients d p̂i, which take the
form of fractional deviations in the pi [135, 136]. Thus, we
replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary
freely in addition to the source parameters that also appear
in pure general relativity waveforms, using the general rel-
ativity expressions in terms of masses and spins for the pi
themselves. Our testing coefficients are those in Table I of

LSC+Virgo, arXiv:1606.04856
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FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters pi, as well as intermediate
parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself and the middle one for GW151226 by itself,
while the bottom panel shows combined posteriors from GW150914 and GW151226. While the posteriors for deviations in PN coefficients
from GW150914 show large offsets, the ones from GW151226 are well-centered on zero as well as being 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.

up to 3.5PN. Since the source of GW151226 merged at
⇠ 450 Hz, the signal provides the opportunity to probe the
PN inspiral with many more waveform cycles, albeit at rel-
atively low SNR. Especially in this regime, it allows us to
tighten further our bounds on violations of general relativity.

As in [41], to analyze GW151226 we start from the IMR-
Phenom waveform model of [35–37] which is capable of de-
scribing inspiral, merger, and ringdown, and partly accounts
for spin precession. The phase of this waveform is charac-
terized by phenomenological coefficients {pi}, which include
PN coefficients as well as coefficients describing merger and
ringdown. The latter were obtained by calibrating against nu-

merical waveforms and tend to multiply specific powers of
f , and they characterize the gravitational-wave amplitude and
phase in different stages of the coalescence process. We then
allow for possible departures from general relativity, param-
eterized by a set of testing coefficients d p̂i, which take the
form of fractional deviations in the pi [135, 136]. Thus, we
replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary
freely in addition to the source parameters that also appear
in pure general relativity waveforms, using the general rel-
ativity expressions in terms of masses and spins for the pi
themselves. Our testing coefficients are those in Table I of

LSC+Virgo, arXiv:1606.04856
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FIG. 6. Posterior density distributions and 90% credible intervals for relative deviations d p̂i in the PN parameters pi, as well as intermediate
parameters bi and merger-ringdown parameters ai. The top panel is for GW150914 by itself and the middle one for GW151226 by itself,
while the bottom panel shows combined posteriors from GW150914 and GW151226. While the posteriors for deviations in PN coefficients
from GW150914 show large offsets, the ones from GW151226 are well-centered on zero as well as being 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.

up to 3.5PN. Since the source of GW151226 merged at
⇠ 450 Hz, the signal provides the opportunity to probe the
PN inspiral with many more waveform cycles, albeit at rel-
atively low SNR. Especially in this regime, it allows us to
tighten further our bounds on violations of general relativity.

As in [41], to analyze GW151226 we start from the IMR-
Phenom waveform model of [35–37] which is capable of de-
scribing inspiral, merger, and ringdown, and partly accounts
for spin precession. The phase of this waveform is charac-
terized by phenomenological coefficients {pi}, which include
PN coefficients as well as coefficients describing merger and
ringdown. The latter were obtained by calibrating against nu-

merical waveforms and tend to multiply specific powers of
f , and they characterize the gravitational-wave amplitude and
phase in different stages of the coalescence process. We then
allow for possible departures from general relativity, param-
eterized by a set of testing coefficients d p̂i, which take the
form of fractional deviations in the pi [135, 136]. Thus, we
replace pi ! (1+d p̂i) pi and let one or more of the d p̂i vary
freely in addition to the source parameters that also appear
in pure general relativity waveforms, using the general rel-
ativity expressions in terms of masses and spins for the pi
themselves. Our testing coefficients are those in Table I of

LSC+Virgo, arXiv:1606.04856
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LOOKING FORWARD

▸ We estimate the rate of 
BBH coalescence 

▸ GW150914+LVT151012: 

▸ +GW151226: 

▸ See talk by T. Dent for 
details 

▸ Estimate the probability of 
detecting N or more 
events in O2, O3

15

disfavors low-mass clusters [151]. On the other hand, if all
merging BBHs arise from isolated binaries evolving via the
common-envelope phase, the lower limit on the merger rate
disfavors a combination of very low common envelope bind-
ing energy with a high efficiency of common envelope ejec-
tion [175] (high values of a ⇥ l , as defined in [177–179]),
or very high black hole natal kicks of several hundred km/s
[180]. However, since population synthesis studies have typ-
ically varied one parameter at a time, individual parameter
values cannot be ruled out until the full parameter space is
explored [e.g., 181]. Moreover, the parametrisations used in
existing models may not even capture the full physical uncer-
tainties [e.g., 182, 183].

It is likely, however, that multiple formation channels are
in operation simultaneously, and GW150914, LVT151012,
and GW151226 could have been formed through different
channels or in different environments. A lower limit on the
merger rate cannot be used to rule out evolutionary parame-
ters if multiple channels contribute. Future observations will
be required to test whether binaries can be classified into dis-
tinct clusters arising from different formation channels [184],
or to compare the population to specific evolutionary models
[185–188]. Such observations will make it possible to further
probe the underlying mass distribution of merging BBHs and
the dependence of the merger rate on redshift. Meanwhile,
space-borne detectors such as eLISA could observe heavy
BBHs several years before merger; multi-spectrum observa-
tions with ground-based and space-borne observatories would
aid in measuring binary parameters, including location, and
determining the formation channel by measuring the eccen-
tricity at lower frequencies [189–191].

We can use the inferred rates to estimate the number of
BBH mergers expected in future observing runs. We make
use of the future observing plans laid out in [128] to predict
the expected rate of signals in the second and third advanced
LIGO and Virgo observing runs. To do so, we restrict at-
tention to those signals which will be observed with a false
alarm rate smaller than 1/100yr. In the simulations used to
estimate sensitive time-volumes, 61% of the events above the
low threshold used in the PyCBC rates calculation are found
with a search false alarm rate lower than one per century. The
expected number of observed events will then scale linearly
with the sensitive time-volume hV T i of a future search. The
improvement in sensitivity in future runs will vary across the
frequency band of the detectors and will therefore have a dif-
ferent impact for binaries of different mass. For concreteness,
we use a fiducial BBH system with total mass 60M� and
mass ratio q = 1 [146], to estimate a range of sensitive time-
volumes for future observing runs. The second observing run
(O2) is anticipated to begin in late 2016 and last six months,
and the third run (O3) to begin in 2017 and last nine months.
We show the predictions for the probability of obtaining N or
more high-significance events as a function of hV T i (in units
of the time-volume surveyed during O1) in Fig. 12. Current
projections for O2 suggest that the sensitivity will be consis-
tent with the lower end of the band indicated in Figure 12.
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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 second (O2) and third (O3) advanced detector
observing runs.

VIII. CONCLUSION

During its first observing run Advanced LIGO has observed
gravitational waves from the coalescence of two stellar-mass
BBHs GW150914 and GW151226 with a third candidate
LVT151012 also likely to be a BBH system. Our mod-
eled binary coalescence search detects both GW150914 and
GW151226 with a significance of greater than 5.3s , while
LVT151012 is found with a significance 1.7s . The compo-
nent masses of these systems span a range from the heav-
iest black hole in GW150914 with a mass of 36.2+5.2

�3.8M�,
to 7.5+2.3

�2.3M�, the lightest black hole of GW151226. The
spins of the individual coalescing black holes are weakly con-
strained, but we can rule out two non-spinning components
for GW151226 at 99% credible level. All our observations are
consistent with the predictions of general relativity, and the fi-
nal black holes formed after merger are all predicted to have
high spin values with masses that are larger than any black
hole measured in x-ray binaries. The inferred rate of BBH
mergers based on our observations is 9–240Gpc�3 yr�1which
gives confidence that future observing runs will observe many
more BBHs.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the
United States National Science Foundation (NSF) for the con-
struction and operation of the LIGO Laboratory and Advanced

LSC+Virgo, arXiv:1606.04856

9 — 240 Gpc-3 yr-1

2 — 600 Gpc-3 yr-1 [18]

18. LSC+Virgo, arXiv:1602.03842
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CONCLUSIONS

▸ We have confidently detected gravitational waves from 2 
coalescing BBHs, GW150914 & GW151226, in O1. 

▸ A third event, LVT151012, is also probably from a BBH. 

▸ GW151226 has at least one component with spin ≥ 0.2 

▸ All events are consistent with GR. 

▸ O2 will bring more detections. 

▸ The future is bright loud!
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DETAILED PARAMETER ESTIMATES
20

TABLE IV. Parameters that characterise GW150914, GW151226 and LVT151012. For model parameters we report the median value with the range of the symmetric 90% credible
interval [212]; 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 4 parallel runs with a nested sampling algorithm [202], 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 [40]. 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 explanation of the parameters are given in [38].

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

Detector frame
Total mass M/M� 71.0+4.6

�4.0 71.2+3.5
�3.2 71.1+4.1±0.7

�3.6±0.8 23.6+8.0
�1.3 23.8+5.1

�1.5 23.7+6.5±2.2
�1.4±0.1 45+17

�4 44+12
�3 44+16±5

�3±0
Chirp mass M /M� 30.4+2.3

�1.6 30.7+1.5
�1.5 30.6+1.9±0.3

�1.6±0.4 9.71+0.08
�0.07 9.72+0.06

�0.06 9.72+0.07±0.01
�0.06±0.01 18.1+1.3

�0.9 18.1+0.8
�0.8 18.1+1.0±0.5

�0.8±0.1
Primary mass m1/M� 40.2+5.2

�4.8 38.5+5.4
�3.3 39.4+5.4±1.3

�4.1±0.2 15.3+10.8
�3.8 15.8+7.2

�4.0 15.6+9.0±2.6
�4.0±0.2 29+23

�8 27+19
�6 28+21±5

�7±0
Secondary mass m2/M� 30.6+5.1

�4.2 32.7+3.1
�4.9 31.7+4.0±0.1

�4.9±1.2 8.3+2.5
�2.9 8.1+2.5

�2.1 8.2+2.6±0.2
�2.5±0.5 15+5

�6 16+4
�6 16+5±0

�6±1
Final mass Mf/M� 67.8+4.0

�3.6 67.9+3.2
�2.9 67.8+3.7±0.6

�3.3±0.7 22.5+8.2
�1.4 22.8+5.3

�1.6 22.6+6.7±2.2
�1.5±0.1 43+17

�4 42+13
�2 42+16±5

�3±0

Source frame
Total mass Msource/M� 65.5+4.4

�3.9 65.1+3.6
�3.1 65.3+4.1±1.0

�3.4±0.3 21.6+7.4
�1.6 21.9+4.7

�1.7 21.8+5.9±2.0
�1.7±0.1 38+15

�5 37+11
�4 37+13±4

�4±0
Chirp mass M source/M� 28.1+2.1

�1.6 28.1+1.6
�1.4 28.1+1.8±0.4

�1.5±0.2 8.87+0.35
�0.28 8.90+0.31

�0.27 8.88+0.33±0.01
�0.28±0.04 15.2+1.5

�1.1 15.0+1.3
�1.0 15.1+1.4±0.3

�1.1±0.0
Primary mass msource

1 /M� 37.0+4.9
�4.4 35.3+5.1

�3.1 36.2+5.2±1.4
�3.8±0.4 14.0+10.0

�3.5 14.5+6.6
�3.7 14.2+8.3±2.4

�3.7±0.2 24+19
�7 23+16

�5 23+18±5
�6±0

Secondary mass msource
2 /M� 28.3+4.6

�3.9 29.9+3.0
�4.5 29.1+3.7±0.0

�4.4±0.9 7.5+2.3
�2.6 7.4+2.3

�2.0 7.5+2.3±0.2
�2.3±0.4 13+4

�5 14+4
�5 13+4±0

�5±0
Final mass Msource

f /M� 62.5+3.9
�3.5 62.1+3.3

�2.8 62.3+3.7±0.9
�3.1±0.2 20.6+7.6

�1.6 20.9+4.8
�1.8 20.8+6.1±2.0

�1.7±0.1 36+15
�4 35+11

�3 35+14±4
�4±0

Energy radiated Erad/(M�c2) 2.98+0.55
�0.40 3.02+0.36

�0.36 3.00+0.47±0.13
�0.39±0.07 1.02+0.09

�0.24 0.99+0.11
�0.17 1.00+0.10±0.01

�0.20±0.03 1.48+0.39
�0.41 1.51+0.29

�0.44 1.50+0.33±0.05
�0.43±0.01

Mass ratio q 0.77+0.20
�0.18 0.85+0.13

�0.21 0.81+0.17±0.02
�0.20±0.04 0.54+0.40

�0.33 0.51+0.39
�0.25 0.52+0.40±0.03

�0.29±0.04 0.53+0.42
�0.34 0.60+0.35

�0.37 0.57+0.38±0.01
�0.37±0.04

Effective inspiral spin ceff �0.08+0.17
�0.14 �0.05+0.11

�0.12 �0.06+0.14±0.02
�0.14±0.04 0.21+0.24

�0.11 0.22+0.15
�0.08 0.21+0.20±0.07

�0.10±0.03 0.06+0.31
�0.24 0.01+0.26

�0.17 0.03+0.31±0.08
�0.20±0.02

Primary spin magnitude a1 0.33+0.39
�0.29 0.30+0.54

�0.27 0.32+0.47±0.10
�0.29±0.01 0.42+0.35

�0.37 0.55+0.35
�0.42 0.49+0.37±0.11

�0.42±0.07 0.31+0.46
�0.27 0.31+0.50

�0.28 0.31+0.48±0.03
�0.28±0.00

Secondary spin magnitude a2 0.62+0.35
�0.54 0.36+0.53

�0.33 0.48+0.47±0.08
�0.43±0.03 0.51+0.44

�0.46 0.52+0.42
�0.47 0.52+0.43±0.01

�0.47±0.00 0.49+0.45
�0.44 0.42+0.50

�0.38 0.45+0.48±0.02
�0.41±0.01

Final spin af 0.68+0.05
�0.07 0.68+0.06

�0.05 0.68+0.05±0.01
�0.06±0.02 0.73+0.05

�0.06 0.75+0.07
�0.05 0.74+0.06±0.03

�0.06±0.03 0.65+0.09
�0.10 0.66+0.08

�0.10 0.66+0.09±0.00
�0.10±0.02

Luminosity distance DL/Mpc 400+160
�180 440+140

�170 420+150±20
�180±40 450+180

�210 440+170
�180 440+180±20

�190±10 1000+540
�490 1030+480

�480 1020+500±20
�490±40

Source redshift z 0.086+0.031
�0.036 0.094+0.027

�0.034 0.090+0.029±0.003
�0.036±0.008 0.096+0.035

�0.042 0.092+0.033
�0.037 0.094+0.035±0.004

�0.039±0.001 0.198+0.091
�0.092 0.204+0.082

�0.088 0.201+0.086±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 —

LSC+Virgo, arXiv:1606.04856
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PARAMETER ESTIMATION

WAVEFORM MODELS

▸ “EOBNR”: non-precessing spin model using effective-one-
body (EOB) formalism tuned to numerical relativity (NR) (11 
parameters) [13,14] 

▸ “IMRPhenom”: precessing waveform model derived from 
phenomenological fits of hybridized EOB & NR waveforms 
(13 parameters) [15,16] 

▸ Precessing EOBNR used in later followup of GW150914 [17] 

▸ gives consistent results as IMRPhenom

13. A. Taracchini et al., PRD 89, 061502  (2014) 
14. M.  Pürrer, CQG 31, 195010  (2014) 
15. M. Hannam et al., PRL 113, 151101 (2014) 

16. P. Schmidt Ph.D. Thesis (2014) 
17. LSC+Virgo, arXiv:1606.01210
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PARAMETER ESTIMATION

GW150914 PE WITH PRECESSING EOBNR MODEL

LSC+Virgo, arXiv:1606.01210
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. We show one-dimensional histograms for precess-
ing EOBNR (red) and precessing IMRPhenom (blue); the
dashed vertical lines mark the 90% credible intervals. The
two-dimensional density plot shows 50% and 90% credible re-
gions plotted over a color-coded posterior density function.

FIG. 3. Posterior probability densities for the dimensionless
spin magnitudes. (See Fig. 2 for details.)

EOBNR near GW150914 by performing parameter es-
timation runs on mock NR signals injected into LIGO
data. This test is complementary to an ongoing study of
the same nature that however does not employ the pre-
cessing EOBNR model used in this paper. We use a new
LAL infrastructure [55, 56] to inject spline-interpolated
and tapered NR waveforms into detector data; spins are
defined with respect to the orbital angular momentum
at a reference frequency of 20 Hz. All higher harmon-
ics of the GW signal are included up to the l = 8 mul-
tipole. At the inclinations used in this study the im-
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FIG. 4. Posterior probability density of BH spin directions,
plotted as in Fig. 5 of Ref. [2].

FIG. 5. Posterior probability densities of the e↵ective spin
and perpendicular e↵ective spin. (See Fig. 2 for details.)

pact of modes with l > 2 is small, but merits further
study, a detailed analysis will be presented in a forth-
coming paper. We restrict this investigation to a NR
waveform which was computed by the SXS collaboration
using the SpEC [57] code and is available in the public
waveform catalogue [58] as SXS:BBH:0308. The intrin-
sic parameters of the NR waveform q = 0.81, a1 = 0.34,
and a2 = 0.67 are consistent with the results obtained in
Ref. [2] and this waveform agrees well with the detector
data.

We can freely choose the angle between the line of
sight and the angular momentum of the binary for mock
NR signals. Since there is some uncertainty in the bi-
nary’s inclination, we perform one run near maximum a
posteriori probability (MaP) inclination, ◆ = 2.856 rad
(163.6�), and a second one at the upper bound of the
90% credible interval of the marginal probability density
function (PDF) of the inclination, ◆ = 1.2 rad (68.8�).
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Ref. [2] and this waveform agrees well with the detector
data.
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RESULTS

UNCORRELATED VS CORRELATED SOURCES

▸ FAR estimate gives rate of chance coincidences from 
uncorrelated noise sources 

▸ Use environmental sensors to investigate any correlated 
noise sources 

▸ No other environmental influences could be found [21] 

▸ Conclude that GW150914 & GW151226 are gravitational 
waves.

21. LSC+Virgo, arXiv:1602.03844
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MODELED SEARCHES

MATCHED FILTERING

▸ Have a signal buried in some strain s 

▸ Use a template waveform h to calculate 
the signal-to-noise ratio (SNR) 𝜌: 

▸ By replacing h with he-2𝜋ift we construct 𝜌(t) 

▸ Triggers are points where 𝜌(t) is maximized

⇢ =
|hh|si|p
hh|hi ha|bi ⌘ 4

Z 1

0

ã⇤(f)b̃(f)

Sn(f)
df

Courtesy A. Nitz
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▸ Possible CBC parameters (#): 

▸ component masses m1, m2 (2) 

▸ dimensionless spins of 
components χ1, χ2 (6) 

▸ location & orientation (6)

SEARCH DESCRIPTION

~L

CBC PARAMETERS

m1

m2

~�1
~�2

~J

Precessing System

~r

*not including coalescence time tc, assuming 
circular orbit & 0 or negligible tidal deformation

14 Parameters*
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SEARCH DESCRIPTION

~L

CBC PARAMETERS

▸ Possible CBC parameters (#): 

▸ component masses m1, m2 (2) 

▸ dimensionless spins of 
components χ1, χ2 (6) (2) 

▸ location & orientation (6) 

analytically maximized over  
for non-precession 

▸ We consider non-precessing 
systems in our searches

~�1
~�2

m1

m2

~J

Non-Precessing System

*not including coalescence time tc, assuming 
circular orbit & 0 or negligible tidal deformation

4 Parameters*
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MODELED SEARCHES

COINCIDENCE TEST

▸ Apply a coincidence test to single-detector triggers 

▸ Must be in same template & within ±15ms 

▸ Construct ranking statistic from reweighted SNR of coincident 
triggers:

⇢̂c =
q
⇢̂2H + ⇢̂2L

H1

L1
t
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MODELED SEARCHES

BACKGROUND ESTIMATE

▸ Do time slides to estimate background rate of false alarms 

▸ Perform all possible ∆t = 0.1s slides

H1

L1

H1

L1 +2�t

+�t

F(⇢̂c) ⇡
nb(⇢̂c)

NS
; FAR(⇢̂c) ⇡

nb(⇢̂c)

NST
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MODELED SEARCHES

PYCBC CHI-SQUARED TEST

▸ Divide template h into p frequency 
bins of equal power 

▸ Filter each hi with the data s 

▸ If template matches signal, expect: 

▸ Calculate:

hhi|si = hh|si /p

�2
r =

p

2p� 2

1

hh|hi

pX

i=1

����hhi|si �
hh|si
p

����
2
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MODELED SEARCHES

REWEIGHTED SNR

⇢̂ =

(
⇢
⇥
(1 + (�2

r)
3)/2

⇤� 1
6 , if �2

r > 1,
⇢, if �2

r  1.
Reweighted 

SNR

LSC+Virgo, PRD 93, 122003 (2016)
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PARAMETER ESTIMATION

NEED FOR PE CODE

▸ Modeled searches are 
designed to identify times 
when a signal exists, 
estimate significance given 
non-Gaussian transients 

▸ Discreteness of template 
bank  parameters of 
waveform not estimated 
accurately 

▸ Need followup code

4

tive to BBH mergers with total mass ⇠ 30M� or greater [60].
A bank of template waveforms is used to cover the parame-

ter space to be searched [53, 61–64]. The gravitational wave-
forms depend upon the masses m1,2 (using the convention that
m1 � m2), and angular momenta S1,2 of the binary compo-
nents. We characterise the angular momentum in terms of the
dimensionless spin magnitude

a1,2 =
c

Gm2
1,2

|S1,2| , (2)

and the component aligned with the direction of the orbital
angular momentum, L, of the binary [65, 66],

c1,2 =
c

Gm2
1,2

S1,2 · L̂ . (3)

We restrict this template bank to systems for which the spin
of the systems is aligned (or anti-aligned) with the orbital an-
gular momentum of the binary. Consequently, the waveforms
depends primarily upon the chirp mass [67–69]

M =
(m1m2)3/5

M1/5 , (4)

the mass ratio [18]

q =
m2

m1
 1, (5)

and the effective spin parameter [70–73]

ceff =
m1c1 +m2c2

M
, (6)

where M = m1 +m2 is the binary’s total mass. The chirp mass
and effective spin are combinations of masses and spin which
have significant impact on the evolution of the inspiral, and
are therefore accurately measured parameters for gravitational
waveforms [56, 74–77].

The minimum black hole mass is taken to be 2M�, con-
sistent with the largest known masses of neutron stars [78].
There is no known maximum black hole mass [79], however
we limit this template bank to binaries with a total mass less
than M  100M�. For higher mass binaries, the Advanced
LIGO detectors are sensitive to only the final few cycles of in-
spiral plus merger, making the analysis more susceptible to
noise transients. The results of searches for more massive
BBH mergers will be reported in future publications. In prin-
ciple, black hole spins can lie anywhere in the range from �1
(maximal and anti-aligned) to +1 (maximal and aligned). We
limit the spin magnitude to less than 0.99, which is the re-
gion over which we are able to generate valid template wave-
forms [8]. The bank of templates used for the analysis is
shown in Figure 2.

Both analyses separately correlate the data from each de-
tector with template waveforms that model the expected sig-
nal. The analyses identify candidate events that are detected
at both the Hanford and Livingston observatories consistent
with the 10 ms inter-site propagation time. Additional sig-
nal consistency tests are performed to mitigate the effects of

100 101 102

m1 [M�]

100

101

m
2

[M
�

]

|�1| < 0.9895, |�2| < 0.05

|�1,2| < 0.05

|�1,2| < 0.9895

GW150914
GW151226
LVT151012 (gstlal)
LVT151012 (PyCBC)

FIG. 2. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m1 > m2. The colours indicate mass regions
with different limits on the dimensionless spin parameters c1 and
c2. Symbols indicate the best matching templates for GW150914,
GW151226 and LVT151012. For GW150914, GW151226 the tem-
plate was the same in the PyCBC and GstLAL searches while for
LVT151012 they differed. The parameters of the best matching tem-
plates are not the same as the detector frame masses provided by the
detailed parameter estimation discussed in Section IV.

non-stationary transients in the data. Events are assigned a
detection-statistic value that ranks their likelihood of being a
gravitational-wave signal. For PyCBC, r̂c is the quadrature
sum of signal-consistency re-weighted SNRs in the two de-
tectors. For GstLAL, lnL is the log-likelihood ratio for the
signal and noise models. The detection statistics are compared
to the estimated detector noise background to determine, for
each candidate event, the probability that detector noise would
give rise to at least one equally significant event. Further de-
tails of the analysis methods are available in Appendix A.

The results for the two different analyses are presented
in Figure 3. The figure shows the observed distribution of
events, as well as the background distribution used to 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 discussed in further detail be-
low. The templates producing the highest significance in the
two analyses are indicated in Figure 2, the gravitational wave-
forms are shown in Figure 1 and key parameters are summa-
rized in Table I. There were no other significant BBH trig-
gers in the first advanced LIGO observing run. All other ob-
served events are consistent with the noise background for the
search. Follow up of the coincident events r̂c ⇡ 9 in the Py-
CBC analysis suggests that they are likely due to noise fluctu-
ations or poor data quality, rather than a population of weaker
gravitational-wave signals.

It is clear from Figure 3 that at high significance, the
background distribution is dominated by the presence of
GW150914 in the data. Consequently, once an event has

LSC+Virgo, arXiv:1606.04856
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PARAMETER ESTIMATION

BAYES THEOREM

▸ Probability that a waveform h with parameters 𝜗 = {m1, m2, …} exists in 
data s is given by: 

▸ In Nd detectors with stationary Gaussian noise: 
 
 
 

P (h[~#]|s) = L(s|h[~#])P (h[~#]);

L(s|h[~#]) = “likelihood ratio” ⌘ P (s|h[#])
P (s|0)

L(sk|hk[
~#]) / exp

"
�1

2

NdX

k=1

D
hk[

~#]� sk
��� hk[

~#]� sk
E#

Matched-filter SNR = log𝓛 maximized over phase & 
amplitude in single detector assuming non-precessing, 
dominant mode waveforms
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FIG. 5. The distribution of the differences in the number of events
between consecutive time shifts, where Ci denotes the number of
events in the ith time shift. The green line shows the predicted distri-
bution for independent Poisson processes with means equal to the
average event rate per time shift. The blue histogram shows the
distribution obtained from time-shifted analyses. The variance of
the time-shifted background distribution is 1.996, consistent with the
predicted variance of 2. The distribution of background event counts
in adjacent time shifts is well modeled by independent Poisson pro-
cesses.

on the candidate’s false alarm probability. After discarding
time removed by data-quality vetoes and periods when the de-
tector is in stable operation for less than 2064 seconds, the
total observation time remaining is T = 16 days. Repeating
the time-shift procedure ⇠ 107 times on these data produces
a noise background analysis time equivalent to Tb = 608000
years. Thus, the smallest false alarm probability that can be
estimated in this analysis is approximately F = 7 ⇥ 10�8.
Since we treat the search parameter space as 3 independent
classes, each of which may generate a false positive result, this
value should be multiplied by a trials factor or look-elsewhere
effect [60] of 3, resulting in a minimum measurable false
alarm probability of F = 2⇥10�7. The results of the PyCBC
analysis are described in Sec. V.

IV. GSTLAL ANALYSIS

The GstLAL [92] analysis implements a time-domain
matched filter search [6] using techinques that were devel-
oped to perform the near real-time compact-object binary
searches [7, 8]. To accomplish this, the data s(t) and templates
h(t) are each whitened in the frequency domain by dividing
them by an estimate of the power spectral density of the de-
tector noise. An estimate of the stationary noise amplitude
spectrum is obtained with a combined median–geometric-
mean modification of Welch’s method [8]. This procedure
is applied piece-wise on overlapping Hann-windowed time-
domain blocks that are subsequently summed together to yield
a continuous whitened time series sw(t). The time-domain

whitened template hw(t) is then convolved with the whitened
data sw(t) to obtain the matched-filter SNR time series r(t)
for each template. By the convolution theorem, r(t) obtained
in this manner is the same as the r(t) obtained by frequency
domain filtering in Eq. (1).

Of the 17.5 days of data that are used as input to the analy-
sis, the GstLAL analysis discards times for which either of the
LIGO detectors is in their observation state for less than 512 s
in duration. Shorter intervals are considered to be unstable de-
tector operation by this analysis and are removed from the ob-
servation time. After discarding time removed by data-quality
vetoes and periods when the detector operation is considered
unstable the observation time remaining is 17 days. To re-
move loud, short-duration noise transients, any excursions in
the whitened data that are greater than 50s are removed with
0.25 s padding. The intervals of sw(t) vetoed in this way are
replaced with zeros. The cleaned whitened data is the input to
the matched filtering stage.

Adjacent waveforms in the template bank are highly corre-
lated. The GstLAL analysis takes advantage of this to reduce
the computational cost of the time-domain correlation. The
templates are grouped by chirp mass and spin into 248 bins
of ⇠ 1000 templates each. Within each bin, a reduced set
of orthonormal basis functions ĥ(t) is obtained via a singular
value decomposition of the whitened templates. We find that
the ratio of the number of orthonormal basis functions to the
number of input waveforms is ⇠0.01 – 0.10, indicating a sig-
nificant redundancy in each bin. The set of ĥ(t) in each bin is
convolved with the whitened data; linear combinations of the
resulting time series are then used to reconstruct the matched-
filter SNR time series for each template. This decomposition
allows for computationally-efficient time-domain filtering and
reproduces the frequency-domain matched filter r(t) to within
0.1% [6, 55, 93].

Peaks in the matched-filter SNR for each detector and each
template are identified over 1 s windows. If the peak is above
a matched-filter SNR of 4, it is recorded as a trigger. For each
trigger, the matched-filter SNR time series around the trig-
ger is checked for consistency with a signal by comparing the
template’s autocorrelation function R(t) to the matched-filter
SNR time series r(t). The residual found after subtracting the
autocorrelation function forms a goodness-of-fit test,

x

2 =
1
µ

Z tp+d t

tp�d t
dt|r(tp)R(t)�r(t)|2, (9)

where tp is the time at the peak matched-filter SNR r(tp), and
d t is a tunable parameter. A suitable value for d t was found
to be 85.45 ms (175 samples at a 2048Hz sampling rate). The
quantity µ normalizes x

2 such that a well-fit signal has a mean
value of 1 in Gaussian noise [8]. The x

2 value is recorded with
the trigger.

Each trigger is checked for time coincidence with triggers
from the same template in the other detector. If two triggers
occur from the same template within 15 ms in both detectors,
a coincident event is recorded. Coincident events are ranked
according to a multidimensional likelihood ratio L [16, 94],
then clustered in a ±4s time window. The likelihood ratio
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