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Lesson Plan

1. Introducing the problem: GW and LIGO
2. Search for Continuous Waves
3. Search for Stochastic Background

Yesterday:

Today:
4. Search for Binary Inspirals
5. Search for Bursts
6. Network Analysis
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Detecting GW Bursts
What does the signal look like?

How do we quantify it?

How do we look for it?
Incoherent coincidence of transients in multiple detectors, with a 
coherent follow-up.
If there is an external trigger (for instance, a GRB): cross-correlate.

A generic short duration transient (less 
than 1 second)
No prediction on waveform or population

Zw
er

ge
ra

nd
 M

ul
le

r, 
19

96

δt ~ 0.005s
−∞



LIGO-G070050-00 4

Supernovae: 
GWs are emitted if there are 

asymmetries in the core collapse. 
Galactic rate: 1/50y 
Virgo cluster rate: 3/y

Examples:

Black Hole / Neutron Star mergers
Stellar core collapses
Instabilities in nascent neutron stars
Kinks and cusps in cosmic strings

Bursts: any non-inspiral, gravitational-wave transients for 
which we have no exact waveform or close approximation.

Black Hole / Black Hole binaries:
chirp at low frequency, short time in LIGO band
templates not well known
match filter not as effective as with neutron star binaries, makes 
sense looking for the merger 
no prediction on rate

Gravitational Wave Bursts

NASA/GSFC

SN1987A

GWB sources are typically not well understood, involving 
complicated (and interesting!) physics.  

They are more difficult to detect, but the scientific payoff 
from GWB detections could be very high.
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Externally Triggered Search -- Gamma Ray Bursts, supernovae (optical/neutrino)
Exploit coincidence with electromagnetic observations. 
Waveforms still unknown, but time and direction are potentially known. 

All-sky, all-times, broadband (in S4: 64Hz-1600Hz) 
search for un-modeled  short transients (few ms – 1 sec)

open to unexpected sources and serendipity

Matched filtering – ringdowns, cosmic string cusps
Ongoing targeted searches that use optimal filtering for a few known waveforms.

The Eyes-Wide-Open 
Search for GW Bursts

Parallel efforts:

Time (ms)

Gaussian 
pulse 235Hz Sine 

Gaussian
50M☼ BBH 
merger Supernova ( from ZM catalog)

Time (ms) Time (ms)Time (ms)-5 5 20-20 150 30 70
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Un-triggered Burst Search
noise

signal

Measured strain data

A classical problem: extracting a 
weak signal  from noise. 
With an additional complication: 
unknown signal morphology

We cannot use matched filtering, as 
we do not know the waveform!

Solution: 

analysis of candidate event triggers
indicators for gravitational wave 
events, when a transient “anomaly”
(excess power or amplitude) appears 
in the detector’s time series.
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H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

Burst Candidate Events
The Burst search pipeline is designed 
to find bursts buried in noise without 
being blinded by false alarms

hrss
2 is proportional to the total energy in the burst 

Measure of the transient’s amplitude with no template assumption

∆T

Tstart

Bandwidth

Fcentral

SNR

A simulated burst
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Defense Against False Alarms

1. Choose good quality data
This sounds obvious, but…

while some criteria are undisputable  
(e.g. interferometers are locked, no ADC overflows, calibration is available)

others we are need to be more cautious about, not to waste data or miss GWs
(e.g. seismic disturbances, dust, instrumental transients)

2. Exploit the availability of 
multiple detectors

Coincidence, coincidence, coincidence…
a GW burst “simultaneously” produces a trigger with similar characteristics 

in all detectors
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Data Selection

H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +
Use a minimal set of data quality criteria 
for data segments to be analyzed:

• no hardware injections, no ADC 
overflows, calibration is 
available

• Discarded last 30 seconds 
before loss of lock and 
segments shorter than 300 sec

Always require multiple detectors 
– triple-coincidence H1+H2+L1 

in a LIGO-only search
– 2 detector combinations in 

joint searches with other 
instruments

For instance, in S4:  
30 calendar days ⇒ 16.4 live days
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Coincident 
Event Trigger Generation

H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

ETG= Event 
Trigger Generator

Each coincident 
event comes with 
a combined 
significance
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Excess power detection

Look for transient increase in power 
in some time-frequency region, with minimal 
assumptions about the signal:

– Duration: 1 to 100 ms
• characteristic time scale for stellar mass 

objects
– Frequency: 60 to 2,000 Hz

• Determined by detector's sensitivity
– Many different implementations

• Fourier modes, wavelets, sine-Gaussians
• Multiple time/frequency resolutions
• Provide redundancy and robustness

A simulated burst
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Ref: Class. Quantum Grav. 21 (2004) S1819

WaveBurst
Excess power in wavelet time-frequency plane.
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coincidence

10%  black pixel probability
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Interferometer 3

…

In the S4 implementation:
Wavelet decomposition from 64–2048 Hz
with 6 different resolutions from
1/16 sec × 8 Hz   to   1/512 sec × 256 Hz

Frequency content cut: required to overlap 64–1600 Hz band
Threshold on combined significance 
of the triple coincident event (Zg) 

WaveBurst outputs coincident events 
with their significance in each of the 
three interferometers.
Parameter estimation:  time, duration, 
frequency, signal amplitude at Earth
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From the Burst S3 paper: Class. Quant. Grav. 23, S29-S39 (2006)
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A different option: Q-pipeline
Project onto multiresolution basis of minimum uncertainty waveforms 

– - overcomplete basis, desirable for detection 
– Template placement scheme similar to inspiral matched filter approach

How to cluster 
“triggers” into 
“events”? 
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Example Q transform 

20% loss, Q of 4

20% loss, Q of 8

1% loss, Q of 4

1% loss, Q of 8

best “match”

poor “match”

• Simulated 256 Hz sinusoidal Gaussian burst with Q of 8
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It can also be done in time domain: 
BlockNormal

BlockNormal
searches data for 
statistical “change 
points” and divides 
the data into
blocks of data with 
consistent mean 
and variance. A 
block is
reported if it differs 
by a significant 
amount from the 
statistics of the
larger data set.

Injected signal
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H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

The r-statistic 
Waveform Consistency Test

Assigns a 
significance on how 
correlated the 
signals in different 
detectors are: Γ
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simulated signal+noise in 2 Iinterferometers

The r-statistic 
Waveform Consistency Test

t1-t2 depends on the source 
position in the sky

we cannot match-filter to a waveform, but we can match waveforms from 
different interferometers, with cross-correlation

toff : source position 
UNKNOWN

tw: burst duration,    
UNKNOWN

?
?

?

? ?

?
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Process pairs of interferometers (whitened data, 64-2000 Hz) and ask the question:
Ref: Class. Quantum Grav. 21 S1695-S1703

Threshold on Γ :  arithmetic mean of 
three pair-wise confidences

Γ =max(CM
L1H1 + CM

L1H2+CM
H1H2)/3

r-statistic: Significance of null-hypothesis:

The incident GW direction is unknown 
→ allow time delay (∆t) between the two data series  11ms H1-L1 and H2-L1 ; 1ms H1-H2

Combine interferometer pairs  and search 
possible signal duration (20, 50, 100 ms)  
to maximize the final statistic Γ

CM =max∆t (-log10 S(∆t))

What is the probability that the two data sequences are un-correlated ?

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
Nrerfc S 2

R0 :  signed correlation of H1 and H2 with 
zero relative time shift: has to be positive

The r-statistic 
Waveform Consistency Test
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Data Conditioning 
in the r-statistic test

Decimate and high-pass few seconds of data around event ⇒100-2048 Hz 

Remove predictable content (effective whitening/line removal): train a linear predictor 
error filter over 10 s of data (1 s before event start),  emphasis on transients,  avoid 
non-stationary, correlated lines. 

LHO-4km

applied as second order section model using zero-phase filtering

Linear Prediction: 
Assume each sample is a 
linear combination of the 
previous M samples.

Prediction Error: 
We are interested in the 
unpredictable signal content.

Training: 
Choose c[m] to minimize the 
mean squared prediction error.
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(simulated)
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H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

Simulated Waveforms

Used to:

• Tune all thresholds/cut

• Estimate detection 
efficiency and interpret 
results
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H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

Time slides  for Pipeline Tuning 
and Background Estimation

Blind Analysis: the pipeline is tuned 
on replicas of the data set, obtained 
by time-shifting the Livingston data 
with respect to the Hanford data.

– In the S4 implementation: 100 time 
shifts 

– -156.25 to +156.25 sec in 3.125-sec 
increments (excluding ±3.125)

All shifted data is processed with 
identical pipeline and cuts.

The background is estimated using a 
different set of time-shifted 3-fold 
coincidences.

In the S4 implementation:
– LLO data shifted relative to LHO 
– 100 × 5s  time shifts (5s ≤ |∆t| ≤

250s)
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H1 H2 L1

Simulated 
waveforms

+

∆t

ETG

Coincidence (time, frequency)

Waveform consistency test

burst candidate events

ETGETG

+ +

Burst Candidate Events

More cuts:

• H1/H2 amplitude cut

• Additional data quality 
criteria

• Auxiliary channel vetoes

Set analysis thresholds

Detection or Upper limit?
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0.5% of these 
simulated signals 
fail amplitude cut

H1/H2 Amplitude Cut
0.5 < (H1/H2) < 2
Based on calibrated hrss
estimated by WaveBurst

Sine-Gaussians 
(Q={3,8.9}, 70–1053 Hz)

20
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itu
de

0
time [ms]

S4 false alarms
(time-shifted)
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New Cut in S5 analysis: 
Threshold on H1 L1 Correlation

After cuts on the H1-H2 amplitude and the sign of the correlation,
we are left with H1-H2 glitches dominating   Γ=ΓL1H1 + ΓL1H2+ΓH1H2)/3

Vetoed by requiring ΓH1L1 above threshold
Choice: ΓH1L1> 3 (less than 0.1% probability to get the measured r
from uncorrelated noise at L1 and H1)

Simulated sine-gaussians SG 235 Hz Q=9

Early-S5
time slides, 
before data 
quality cuts
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Detector Transients
An example from S2

4km Michelson control signal4km power recycling control signal

H1 H2
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Acoustic disturbances
(planes and helicopters)

Time [sec]

An example from S5
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Seismic Disturbances
15 minutes before a train during S5…

Time [sec]

Time [sec]Time [sec]

Fr
eq

 [H
z]

Fr
eq

 [H
z]

Fr
eq

 [H
z]

L1:DARM_ERR

L0:PEM-EY_SEISZL0:PEM-EY_SEISY
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Local seismic disturbances 

SNR = 831.7 SNR = 471.9 

SNR = 5914.6 

H1 H2

H0:PEM-ISCT4_ACCZ
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Data Quality Cuts

– Calibration line dropouts 
– Dips in arm cavity stored light
– Elevated DC light level (H1 and L1)
– Elevated seismic noise in 0.9–1.1 Hz band at Hanford
– Jet plane fly-over at Hanford
– Wind over 35 mph [62 km/h] at Hanford

Net loss of observation time:  5.6%

Additional data-quality cuts for short segments (~minute scale) are 
applied to coincident events; some are chosen a priori, others are 
based on efficiency studies with single-interferometer transients

S4:

Then there are auxiliary-channel vetos…
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S5 Data Quality Veto Strategy

Advisory flags: no clear evidence of correlation to loud transients, but if we find 
a detection candidate at these time, we need to exert caution 
(e.g. high wind and certain data validation issues)

Category 4

“Conditional” post-processing vetoes, for upper limit: statistical correlation to 
loud transients. We still look for detection candidates at those times, exerting 
caution when establishing detection confidence.
(e.g. train/seismic flags, 1 minute pre-lockloss, “dips” of light stored in the arm 
cavities)

Category 3

“Unconditional” post-processing vetoes: data is unreliable and there is an 
established one-on-one correlation with loud transients.
(e.g. saturations in the alignment control system, glitches in the power main)

Category 2

Inspiral: data not worth analyzing 
Burst: Minimal data quality vetoes, for the selection of data segments to be 
analyzed (e.g. calibration problems, test injections, photodiode saturations)

Category 1

Cited examples are for the S5 Burst search. 
Very similar choices in Inspiral search, with some subleties in the Cat 1-2 distinction

In addition: event-by-event veto based on correlated glitching on auxiliary channels
Ref: LIGO-G060628-00
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Exploit transients on auxiliary channels 
– Found by the KleineWelle algorithm
– Establish "safe" veto conditions with hardware injections
– Balance between veto efficiency and  livetime loss (false dismissal)

Auxiliary Channel Vetoes

For example,  in S4: 
Identified in studies of time-shifted 
data  7 veto conditions at Hanford 
from anticoincidence with transients 
on auxiliary channels
⇒ vetoed 6 out of the 10 loudest 
events with 1-2% effective deadtime
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GW-AUX 
correlations and vetoes

• Features studied in a first pass:
– Overlap as a function of trigger frequency and trigger amplitude
– Formal veto analysis, i.e., study of the veto efficiency vs dead time, time-lag 

analysis, use percentage
– Cross-correlations

• GW – ASI example in L1 over the first 103 days of S5

correlation time (sec)
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Time-shift (in seconds) Time-shift (in seconds)

Curve traces threshold
on AUX channel

Ref: LIGO-G060638-00
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First 5 months of S5:
Before Analysis and DQ Cuts

Ref: LIGO-G060601-00
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First 5 months of S5:
After Analysis and DQ Cuts

Ref: LIGO-G060601-00
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Simulated signals
(sine-Gaussians)

True coincidences
Time slides (77 livetimes)
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Analysis thresholds 
and coincidence rates – S4 analysis

Frequentist one-sided upper limit (90% C.L.) based on zero events 
passing all cuts in S5:  R90% = 2.303 / 15.53 days = 0.15 /day

log(Zg) > 2.9

Γ > 4
Blind analysis:
thresholds chosen on a 
set of 100 time-slides 
(different from those used 
for background estimation)
Expected 0.04 events log(Zg)

PRELIMINARY
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After Category 2 DQ flags Category 2 and 3 DQ flags

Empirically chosen, frequency-dependent threshold
~1/(f-64Hz) in 100-300Hz,    4 at high frequency,    6 at low frequency 

Target rate of accidental coincidences: << 1 per analysis period
Expected: 0.06 in early S5, 0.4/year

In S5: frequency-dependent cut

Ref: LIGO-G060601-00

Time-slides, early S5 Time-slides, early S5
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How do we interpret a burst 
result?

This is where we break our “no 
assumption” rule: to measure our 

efficiency, we MUST pick a waveform!  
So we keep it as general as possible…
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Detection Efficiency

Test sensitivity by adding 
simulated GWBs to the data.
– Eg: Gaussian-modulated

sinusoid.
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Science Run 4

PRELIMINARY
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S4 Sensitivity 

hrss 50% for Q=8.9 sine-Gaussians with various central freqs

Initial LIGO example noise curve from Science Requirements Document

S2

S4

PRELIMINARY
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“Interpreted” Upper Limit

A similar upper limit 
curve for each simulated 
template (Gaussian, 
black-hole mergers, 
supernovae…)

η = upper limit on event number
T= live time
ε(hrss) = detection efficiencyT)ε(h

η)R(h
rss

rss ×
=

Lower amplitude 
limits from lower 
detector noise

Lower rate limits 
from longer 
observation 
times

S1

S2

S4

Expected U.L. if no detection, first 5 months of S5

Sine-Gaussian waveforms, Q=8.9

Excluded 90% C.L.

PRELIMINARY

Ref: LIGO-G060601-00
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Astrophysical interpretation
• start from instantaneous energy flux emitted by a gravitational wave 

source in the two independent polarizations h+(t) and h×(t)

In S5: EGW ~ 10–1 M☼ at 20 Mpc (153 Hz case)

• Following derivation in LIGO-T040055-00, we get an order-of-
magnitude estimation of the detectable energy for isotropic GW 
emission of sine-gaussian pulses with Q>>1 

PRELIMINARY
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Online High Threshold Analysis

• Aimed at detection: finding loud 
events right away

• High Zg threshold ~21
• No Γ cut
• No data quality or veto cuts.
• About 2.5 times less sensitive than 

what is expected from low 
threshold analysis.

• 162 (100 time slides) +1 (zero lag)
triggers found as of Oct-24-2006.

• Single zero-lag event fails H1-H2 
Amplitude cut.Ref: LIGO-G060601-00

PRELIMINARY
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search LIGO data at time of GRB triggers from Swift, HETE-2, etc…

Cross correlate data

Target search to sky position when known

Place limit on GW emission from individual GRBs and from the population

No GW signal found associated with 39 GRBs in S2, S3, S4 runs

set limits on GW signal amplitude

~ 10 GRB triggers per month during  S5

Swift/
HETE-2/
IPN/
INTEGRALRXTE/RHESSI

LIGO-LHO LIGO-LLO

Triggered Searches

PRELIMINARY



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


