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• The meaning of word ‘Detection’ for GW community

• Matched filter and cWB

• Detector characterization

• The Event: GW150914 

Outline
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For the content of this presentation, many thanks to 
M. Drago (one of cWB developers)
and 
G.M. Guidi (CBC Virgo-Ligo  co-chair)



What is a GW detection

Detector
Astrophysical 

signal 
Signal extraction
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Periodic
signals

• Rotating Neutron
Stars

Short transient
signals

• Supernovae

Transient
signals

• Compact 
Coalescing
Binaries

BroadBand
signals

• Stochastich GW 
background

Gravitational Waves Signals
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• Optimal Filter

• What to do if we don’t know the signal

• Noise and data quality

• Sky localization

• Parameter estimation

Transient signals

How we detect them
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Our noise 
is Gaussian 
distributed

How we 
can 

extract 
the  signal

Ideal world: Optimal filter 



Hypothesis test

Signal presence

Yes No

Decision 

rule

Yes True Alarm False Alarm

No
False 

Dismissal

True 

Dismissal
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At each time the signal 
could be present or not



Hypothesis test

At each time the 
signal could be 
present or not

At each time we can 
decide that the signal 

is present or not 
(decision rule)
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Signal presence

Yes No

Decision 

rule

Yes True Alarm False Alarm

No
False 

Dismissal

True 

Dismissal



Hypothesis test

At each time the 
signal could be 
present or not

At each time we 
can decide that 

the signal is 
present or not 
(decision rule)

4 situations: two 
right and other 

wrong
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Signal presence

Yes No

Decision 

rule

Yes True Alarm False Alarm

No
False 

Dismissal

True 

Dismissal



Neyman-Pearson criterion

At each time 
the signal 
could be 

present or not

At each time 
we can 

decide that 
the signal is 

present or not 
(decision rule)

4 situations: 
two right and 
other wrong

Neyman-
Pearson 

criterion: best 
decision rule gives 
greater True Alarm 
Rate at the same 
False Alarm Rate
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Signal presence

Yes No

Decision 

rule

Yes True Alarm False Alarm

No
False 

Dismissal

True 

Dismissal



Likelihood Ratio

If our noise is Gaussian 

– Noise model: Gaussian Noise

– Signal model:
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Maximum Likelihood 



Optimal Filter is: Matched Filter
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Noise power spectral density

TemplateData
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Maximizing the likelihood



Matched filter search 
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Signal to Noise Ratio (SNR)
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Noise power spectral density

SignalA key definition for the signal in the 
detector noise is its SNR 



CBC Matched Filtering
We need a template waveform to use to extract the signal from the 

background
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Detector responce and Antenna Patterns
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Detector response in the TT gauge can 

be written as:

Where F+ and Fx depend on the arms 

orientation respect to the wave 

propagation and the wave polarization



Emission: inspiral phase

During the inspiral, if the phase fGW is computed using PN 

expansion,at the leading order the phase evolution depends on the 

chirp mass

(m1 + m2 )
1/5
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the inclination angle between the direction of 

the detector as seen from the binary’s center-
of-mass, and the normal to the orbital plane



Merger and ringdown
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Comparison of the effective-one-body model to a numerical-relativity waveform 
of a precessing black-hole binary. © A. Taracchini/AEI



Building templates bank

• To cover in efficient way the 
parameters space, we build
a templates bank requiring
that the signal can be
detected with a maximum
loss of 3% of its SNR

• A mismactch between
templates is defined as
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The template bank

• ~ 250000 waveforms

• Component masses: [1,99] M⊙

• Total Mass: <100 M⊙

• Dimensionless spins: <0.99 (0.05 
for m<2M⊙)
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arXiv: 1602.03839

Candidate and background events are divided into three 

search classes (red, green, blue) based on template length



Ligo-Virgo CBC pipelines
Currently three pipelines are used to detect gravitational waves through match filtering

MBTA

(Adams et al. 2015)
pyCBC

(Usman et al, 2015)

gstlal-SVD

(Cannon et al. 2012)
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What if we 
don’t know 
the signal

What to do if 
our noise is 

not 
Gaussian

We need 
some 

pipeline 
which does 
not rely on 

the 
knowledge 

of waveform

Generic transient signals search



Coherent WaveBurst
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Excess power are selected from 

a set of wavelet time-frequency 
maps

Data from both detector are 
combined together

Triggers are analyzed 
coherently to estimate signal 
waveform, wave polarization, 

source location, using the 
constrained likelihood method

Selects the best fit waveform 
which corresponds to the 

maximum likelihood statistic 
over a 200000 sky positions



S.Klimenko, December 16, 2007,  GWDAW12, Boston, LIGO-G070839-00-Z 

Coherent WaveBurst

• End-to-end multi-detector coherent pipeline 
– construct coherent statistics for detection and rejection of artifacts

– performs search over the entire sky

– estimates background with time shifts 

coherent statistic 

L(t,f)
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The noise

How to deal with noise
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• Not stationary

• Not Gaussian

• Contaminated by a lot of spurious events

• ....

The detector noise



Identifyng noise source

• Transient noise (glitches) can occur within the 
targeted frequency range

• More than 200000 auxiliary channels are recorded 
to monitor instrument behaviour and environmental 
conditions

• In the case of clear correlation within glitches in 
gravitational wave channel and auxiliary ones, data 
are discarded from the analysis (vetoed)
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Data quality

• Data quality flags: exclude periods on the order of seconds 
to hours when known noise couplings is met

– Category 1: critical issue

– Category 2: known coupling active

– Category 3: coupling mechanism not understood

• Data quality triggers: short duration vetoed generated by 
algorithms that identify significant correlations between 
triggers in h(t) and auxiliary channels

– Category 3
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Data quality effects
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The impact of data-quality 

vetoes and signal 

consistency requirements on 

the background trigger 
distribution from the cWB

search for gravitational-

wave bursts by coherent 

network SNR. The detected 
coherent network SNR of 

arXiv: 1602.03844



The network
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Location in the sky

GW laser 
interferometers are 

not pointing 
telescopes 

Sky location can be 
reconstructed 

through the time of 
arrival of GW 

radiation at the 
different detector 
sites, as well as the 
relative amplitude 
and phase of the 
GWs in different 

detectors. 
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Transient Source Localization:

2 detectors
HL

Injected signal
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Credit: S. Fairhurst

Transient Source Localization
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14 September 2015

The event
GW150914



September 14, 2015 – 11:50:45 CET 

LIGO Livingston ObservatoryLIGO Hanford Observatory

Initial detection made by a low latency 

searches for generic GW transients: Coherent 

WaveBurst

Reported within 3 minutes after data 

acquisition
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Full bandwidth waveforms 

without filtering.    Numerical 

relativity models of black 
hole horizons during 

coalescence

Effective black hole 

separation in units of 

Schwarzschild radius 

(Rs=2GM/c2);  and effective 

relative velocities given by 

post-Newtonian parameter 
v/c = (GMf/c3)1/3

Estimated GW Strain Amplitude 
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Assessing the statistical  
significance of the event 
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False Alarm

• Noise artefacts in more detectors can for 
chance produce coincidences

• Time-shift procedure: characterize 
statistically the rate of this accidental 
coincidences
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Time shift of L1 data more than 10ms

L1

H1

Maximum coincidence time: 10 ms

Original time-line (zero lag)

L1

H1

Maximum coincidence time: 10 ms

• Re-sampling many times give enough statistics to assess 
confidence to an event on the zero lag  (Background)



cWB statistical significance

Events classified in 3 different classes:

• C1 class  events with time-frequency morphology of known populations of 
noise transients: excluded;

• C3 class  events with frequency that increases with time; 

• C2 class  all remaining events.

Background evaluation  Based on the time shift method:

Number of shift produced an equivalent to 67400 years

cWB version off-line: data reanalyzed  to assess the 

statistical significance 
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C3: FAR <1/22500 years,  p <2x10-6, 

4.6 

C2 + C3: FAR <1/8400 years,  p <5x10-6, 4.4 
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Search for GW emission by binary 
system: total mass range  1- 99 M



> 4 M


Model 
based on  PN, 

BH perturbation 
theory and NR

~ 2.5 x 105 wave 
forms  used to 

cover the 
parameter 

space 

SNR of the 
Matched filter 
computed  as 

function of time 
𝜌(𝑡) and identify 

maxima and 
calculate c2 to 
test consistency 

with the 
matched 

template, then 
apply detector 

coincidence 
within 15 ms

Calculate 

𝜌 𝑡 𝐶
2

= 𝜌 𝑡 𝐻
2 + 𝜌 𝑡 𝐿

2

of the SNR of  
each detector 

Background 
computed by 

shifting 107 times 
equivalent to 
608,000 years 

Combined 

SNR = 23.6  , FAR 
= 1/203,000 

years 

5.1 sigma

Binary Coalescence search
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Combined SNR = 23.6  , FAR = 1/203,000 

years  5.1 
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The Parameter Estimation
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Source parameters for GW150914

Estimated source parameters from GW150914. We report median 
values with 90% credible intervals that include statistical errors 
from averaging  the results of different waveform models. Masses 
are given in the source frame: to convert  in the detector frame  
multiply by (1+z )
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Sky location

Source location with large 

uncertainty ~ 600 deg2
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LOSC
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https://losc.ligo.org/events/GW150914/
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102

