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Searching for a specific waveform
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Searching for CBC waveforms
●  Use GR predicted waveforms 
●  Convolve waveforms with data  
●  Demand coincidence between detectors 
●  Reject glitches w/ consistency checks 



Finding CBC waveforms
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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 are 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 zero lag events have been included in the noise background probability density function. The purple line indicates the
expected background from noise where zero lag events have not been included in the noise background probability density function. The
independently-implemented search method and different background estimation method confirms 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
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�4 �0.06+0.17
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�1 23+18

�5 13+4
�5 0.0+0.3
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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 [90]. The results are computed by averaging the posteriors for two model
waveforms. Quoted uncertainties include both the 90% credible interval and an estimate for the 90% range of systematic error determined
from the variance between waveform models. Further parameter estimates of GW150914 are presented in Ref. [18].

r̂L1 = 13.3 are larger than that of any other single-detector
triggers in the analysis; therefore the significance measure-
ment of 5.1s set using the 0.1 s time shifts is a conservative
bound on the false alarm probability of GW150914.

Fig. 8 (right) shows ±5 ms of the GstLAL matched-filter
SNR time series from each detector around the event time to-
gether with the predicted SNR time series computed from the
autocorrelation function of the best fit template. The differ-
ence between the autocorrelation and the observed matched-
filter SNR is used to perform the GstLAL waveform con-
sistency test. The autocorrelation matches the observed

matched-filter SNR extremely well, with consistency test val-
ues of xH1 = 1 and xL1 = 0.7. No other triggers with compa-
rable matched-filter SNR had such low values of the signal-
consistency test during the entire observation period.

Both analyses have shown that the probability that
GW150914 was formed by random coincidence of detec-
tor noise is extremely small. We therefore conclude that
GW150914 is a gravitational-wave signal. To measure the
signal parameters, we use parameter estimation methods that
assume the presence of a coherent coalescing binary signal
in the data from both detectors [18, 90]. Two waveform
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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 zero lag events have been included in the noise background probability density function. The purple line indicates the
expected background from noise where zero lag events have not been included in the noise background probability density function. The
independently-implemented search method and different background estimation method confirms the discovery of GW150914.
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ues of xH1 = 1 and xL1 = 0.7. No other triggers with compa-
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Searching for the unknown
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Properties of the merging binary black hole GW1509141

The LIGO Scientific Collaboration1 and The Virgo Collaboration2
2

1
The LSC3
2
Virgo4

( compiled 29 January 2016)5

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d6

FIG. 1. Posterior probability distributions for the source-frame
component masses msource

1

and msource

2

. In the 1-dimensional
marginalised distributions we show the Overall (solid), IMR-
Phenom (blue) and EOBNR (red) probability distributions; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%

and 90% credible regions plotted over a color-coded posterior
density function.

dr
af

t

2

FIG. 2. Posterior probability distributions for the source-frame
mass and spin of the remnant BH produced by the coalescence of
GW150914. In the 1-dimensional marginalised distributions we
show the Overall (solid), IMRPhenom (blue) and EOBNR (red)
probability distributions; the dashed vertical lines mark the 90%

credible interval for the Overall PDF. The 2-dimensional plot
shows the contours of the 50% and 90% credible regions plotted
over a color-coded posterior density function.

dr
af

t
3

FIG. 3. Posterior PDFs for the source luminosity distance D
L

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

FIG. 4. Left: Posterior probability distributions (solid line) for the �
p

and �
e↵

spin parameters compared to their prior distribution
(green line). The dashed vertical lines mark the 90% credible interval. The 2-dimensional plot shows probability contours of the
prior (green) and marginalised posterior (black) distribution. The 2D plot shows the contours of the 50% and 90% credible regions
plotted over a color-coded posterior density function. Right: Posterior probability distributions for the dimensionless component spins
S
1

/m2

1

and S
2

/m2

2

relative to the orbital angular momentum L, marginalized over uncertainties in the azimuthal angles. The bins are
constructed linearly in spin magnitude and the cosine of the tilt angles cos

�1

(Ŝi · L̂), where i = {1, 2}, and, therefore, by design have
equal prior probability.

GW150914 parameters

arXiv:1602.03840 



15



Binary black hole waveform
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Credit: SXS 



What GW150914 Tells Us About the 
Validity of General Relativity
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Compton Wavelength of the Graviton Post-Newtonian Approximation to GR 

•  GW150914 is the first observation of a binary black hole merger…   
•  … and thus is the best test of GR in the strong field, dynamical, 

nonlinear regime  

Abbott, et al. ,LIGO Scientific Collaboration and Virgo Collaboration, “Tests of general 
relativity with GW150914”, http://arxiv.org/abs/1602.03841 



Discovery space:  
not just BBHs!
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Crab pulsar (NASA, Chandra 
Observatory) 

Continuous, 
 periodic waves 

Binary Neutron Stars 
Neutron Star- Black Hole binary 
systems 
Binary Black Hole systems 

NASA, WMAP 

Stochastic background 
(astrophysical > cosmological) 

JPL/NASA 

? 

Generic transients 
Supernovae 

W49B composite;  
X-ray: NASA/CXC/MIT/L.Lopez et al.;  

Infrared: Palomar; Radio: NSF/NRAO/VLA 
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This is only the dawn 
of gravitational wave astronomy
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