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1 Introduction 

1.1 Purpose 
In this work, we focus attention on gravitational wave bursts of  

• limited duration. For this work, we consider bursts of less than 1 second duration, and more 
typically, 0.1 – 0.2 second duration. 

• unmodeled waveform, so that (templated) matched filtering techniques are not useful. 
Instead, techniques are employed that make no assumptions and exhibit little bias as to the 
form of the wavefom, so long as it has significant strain amplitude in the LIGO sensitivity 
frequency band, shown in Error! Reference source not found.. 

• Coincident or near-coincident (± 10 msec light travel time) signals between LHO and LLO. 

1.2 S1 run and data set 

1.3 Interpretation 
We search for short-duration bursts of excess power in some frequency band where the detectors 
have high sensitivity. After due care to reject instrumental or environmental sources, and after 
requiring coincidences in time and in burst characteristics between different detectors, we assume 
that any remaining bursts are due to gravitational waves of extra-terrestrial origin.  

There are a variety of astrophysical sources of gravitational waves that have been considered in the 
literature. These include compact binary inspirals [REF], black hole mergers [REF], matter 
plunging into massive black holes [REF], and supernovas [REF]. Some of these sources result in 
gravitational wave waveforms that can be modeled with sufficient accuracy that matched-filtering 
techniques can significantly improve the detection signal-to-noise ratio. Searches for such 
waveforms are described in a separate document [REF]. 

In this document, we focus on gravitational wave signals whose waveforms are a priori unknown. 
The search techniques, described in section [REF], are designed to find short-duration bursts of 
excess power (above the noise level) in the sensitive frequency band, with good efficiency. The 
parameters and thresholds for these search algorithms are adjusted to minimize the false event rate 
due to detector noise fluctuations, while maintaining high efficiency for gravitational wave bursts. 
The resulting observed rate, or rate upper limit, can only be interpreted in the context of some 
model waveform. For example, we can associate a rate, or rate upper limit, with an efficiency for 
detecting gravitational waves with a particular waveform and peak (or rms) amplitude, incident on 
the network of earth-based detectors. We can evaluate this efficiency through simulation of the 
waveforms through the calibrated response of the detectors and the search algorithms, following 
the standard data pipeline (described below) as closely as possible. The sensitivity of the network 
of detectors to source direction and polarization, including time delays between detectors, must be 
taken into account. 
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Many different waveform morphologies can be conceived of. However, the response of our burst 
search pipeline is a complex, potentially non-linear function of the waveform, which can only be 
evaluated through simulations. Since it is practically impossible to formulate a result for any 
conceivable waveform, we are forced to restrict our attention to a small but representative set of 
waveforms morphologies. We have considered several different classes of waveforms in this study: 

• Ad hoc, narrow-band bursts: Sine-Gaussians, with central frequencies between 100 Hz and 
2 kHz, and durations yielding Q of around 9. These are indexed by their central frequency 
and their peak amplitude. See Figure 1. 

• Ad hoc, broad-band bursts: simple Gaussians, with durations varying from several ms to 
several 100 ms. These are indexed by their duration and their peak amplitude. See Figure 2. 

• Astrophysically-motivated broad-band bursts: ZM supernova waveforms [1]. The authors of 
Ref. [1] provide 78 waveform simulations. They are indexed from 1 to 78, and by their 
source distance in parsecs. See Figure 3. 

 

For each waveform, we can evaluate the efficiency for coincident detection by a network of 
detectors, averaged over (assumed isotropically distributed) source direction and polarization, as a 
function of peak amplitude (or, in the case of ZM waveforms, source distance). The observed event 
rates (or rate upper limits) must be interpreted in the context of this efficiency. 

 

 

 
Figure 1: Sine-Gaussian waveforms. Left: Waveform in time, with central frequency of 554 
Hz. Right: Fourier spectrum of family of waveforms with varying central frequency but 
constant Q and peak amplitude. 
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Figure 2: Gaussian bursts. Top: waveform in time for bursts of varying duration. Bottom: 
Fourier spectrum. 
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Figure 3: All 78 Zwerger-Müller waveforms (for supernovas at 1 Mpc) plotted together on 
one time axis. 

 

1.4 Outline of the remainder of the report 
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2 Analysis Pipeline Overview 
 

Ideally, the IFO data in the absence of GW bursts is stationary and Gaussian colored noise. The 
trigger thresholds for the search algorithms are then set to permit a tolerable fake trigger rate, and 
all GW bursts which fall in the estimated sensitivity of the interferometer (in frequency band and 
amplitude) would trigger the search algorithm with high efficiency. The evaluation of the detection 
efficiencies for the burst search algorithms employed in this analysis was performed using a series 
of simulations.  

There are many approaches to burst detection in LIGO data, as evidenced by the fact that we are 
testing three distinct and independent LDAS-based search algorithms (several more have been 
developed for DMT, and more are continually being introduced for LDAS and DMT). 
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3 Efficiency and Simulation 
The efficacy of our burst search algorithms is established by evaluating the efficiency for finding 
burst waveforms in the data (as a function of the large parameter space such burst waveforms 
occupy), for search algorithm thresholds that yield a tolerable trigger rate in the absence of GW 
bursts in the data. One important goal of these simulations is to test and compare these search 
algorithms against each other. It is likely that while some algorithms may perform better for some 
waveform morphologies, no one algorithm will perform best for all possible (simulated) 
morphologies. Therefore, we will continue to pursue the analysis using multiple algorithms. 

 

3.1 Fidelity of simulation pipeline to data pipeline 
Effort was made to ensure that the entire analysis pipeline was the same, in these simulations, as it 
is with real data. In particular, simulated bursts were injected into the data stream as close to the 
beginning of the pipeline as was practical.  

 

3.2 Detector response 
The detector response to gravitational waves is evaluated by applying small sinusoidal forces to the 
end test masses of the interferometers, and observing the response in the gravitational-wave 
channel at those applied frequencies. The changes in position of the test masses in response to these 
small forces is determined through a separate procedure. Before and after the data taking, swept-
sine calibrations were performed over the sensitive frequency band of the detector (20 Hz to 4 
kHz). During data taking, variations in the detector response (due, for example, to gradual changes 
in the mirror alignments) were monitored by continuous application and monitoring of calibration 
lines, typically at 51.3 Hz and 972.8 Hz. All these elements of the calibration procedure result in a 
response function which can be parameterized with a simple zero-pole-gain model. Simulated 
waveforms are passed through a linear filter that implements the strain-to-counts response function 
as determined by this calibration procedure. 

 

3.3 Waveform morphologies and parameters 
 

Effort was made to explore a wide range of waveform morphologies. Since burst waveforms (from 
supernovae, GRBs, etc.) are a priori unknown, many different waveform morphologies can be 
contemplated, including Zwerger-Müller supernova waveforms1, Dimmelmeier relativistic 
supernova waveforms2, sine-Gaussians, Hermite-Gaussians, damped sinusoids (black hole 
ringdowns), inspirals, sombreros, etc. We have here focused only on Zwerger-Müller (ZM) 
supernova waveforms and sine-Gaussians (SG).  

The Zwerger-Müller waveforms come in a catalog of 78 “calibrated” waveforms, with known 
strain for a fixed distance to the source. We have used 8 representative waveforms out of this set. 
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In addition to waveform morphology, the waveforms can be characterized by their duration, peak 
or rms amplitude, and frequency band. Zwerger-Müller waveforms typically have durations of 0.1-
0.2 seconds, and with frequencies well within the Initial LIGO sensitivity band; see Figure 4.  
Eight waveforms from the Zwerger-Müller catalog have been injected in the LDAS DataCondAPI, 
one every 40 seconds in each 360 sec, according to Table 1. The source distance was between 
0.001 pc (simulator multiplier = 1e9) and 100 pc (simulator multiplier = 1e4). 

 

 

Table 1: Zwerger-Müller burst waveforms injected into the data, every 40 seconds. 

ZM label A1B1G1 A1B1G5 A1B3G1 A1B3G5 A4B1G1 A4B1G5 A4B3G1 A4B5G5

Time from 
segment start 

t0 (sec) 
40 80 120 160 200 240 280 320 

 

 
Figure 4: Amplitude and bandwidth of Zwerger-Müller waveforms at 10 kpc. 
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Figure 5: A menagerie of Zwerger-Müller waveforms. Here, 12 of the 78 available waveforms 
are illustrated. The strain is in units of 10-19 for supernovas at 1 Mpc. 

 

We have chosen to also evaluate efficiencies for narrow-band sine-Gaussians (see Figure 6), 
                                                 

22
0 /)(

00 )2sin()( τπ ttetfhth −−⋅=  
 with duration τ = 0.1 sec, and central frequencies f0 ranging from 100 to 2000 Hz (effectively 
doing a coarse “swept-sine” response to injected narrow-band bursts). In each 360 sec segment 
processed by LDAS, 8 signals have been injected, one every 40 seconds, according to the following 
table. The initial amplitude h0 spanned the range 10-17 – 10-14 in strain. 

Table 2 : Frequencies of sine-Gaussian bursts injected into the data, every 40 seconds. 

Frequency f0 (Hz) 100 153 235 361 554 850 1304 2000 

Time from segment start t0 (sec) 40 80 120 160 200 240 280 320 
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Figure 6: A 554 Hz sine-Gaussian injected into E7 data. Left: zoom in on the time series. 
Right: The time-frequency plane. 

   

Figure 7: Illustrations of (rather loud) burst waveforms injected into E2 data. Top plots are 
the time series, bottom plots show the amplitude spectral density without (red) and with 
(blue) the injected bursts. Left: ZM waveform. Middle: Damped sinusoid. Right: chirp. 

In all the simulations done so far (except as discussed in section 3.6), the signal was assumed to 
come from the optimal source direction (zenith) and polarization for exciting the interferometers’ 
differential mode. The reduction in signal “power” due to non-optimal signal directions and 
polarizations are straightforward to calculate. Thus, if it can be established that the search 
algorithm “power” response versus strain amplitude is well understood, it is entirely unnecessary to 
simulate bursts from non-optimal directions or polarizations. If we choose to use the common-
mode signals in the burst analysis, this must be re-visited.  

Furthermore, bursts from non-optimal directions produce delays of up to 10 msec in the response 
from the two detector sites. Currently, our burst search algorithms do not yet have time resolution 
better than ~ 100 msec, but we hope to improve this in the future (thus reducing the coincident fake 
rate by a factor of 10). At the moment, it seems unnecessary to simulate the effect of such delays.   

3.4 Details of the simulations 
Simulations were performed using the LDAS dataPipeline command. All simulations were 
performed at ldas-mit, where the full E7 coincidence data is available in reduced frames.  
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We have chosen to focus on simulations in which simulated bursts are injected into real E7 
playground data. Examining white or colored Gaussian noise, instead of E7 data, will provide a 
valuable reality check on all aspects of the data analysis pipeline (thresholding, vetos, and 
efficiencies), and this will be pursued at a later date. 

3.4.1 Data sets used 
Simulations were performed separately with data from the H2 and L1 interferometers; specifically, 
the “gravitational wave” channels H2:LSC-AS_Q and L1:LSC-AS_Q, both at 16384 Hz sample rate, 
were used. All three burst search algorithms (tfclusters, slope, power) were used.  

Only the triple-coincidence E7 playground data, described above, was used for these simulations. 
Efficiencies were evaluated by averaging over injections made repeatedly over this entire data set, 
in order to best approximate a representative sample of the full E7 data set. The L1H1H2 
playground includes 37 stretches of 360 sec; however, only 32 have been used, since two lock 
stretches had been earlier excluded from the pipeline analysis due to technical reasons. 

3.4.2 Estimating the PSD 
In both the simulations and in the full E7 analysis pipeline, LDAS processed 360 seconds of data 
per job. For the simulations reported here, 8 burst waveforms were injected into the data, one every 
40 seconds, as listed in Table 2 (for both ZM waveforms and SG waveforms). Having 8 simulated 
bursts per LDAS job allows us to obtain reasonable numbers of simulations without having to run 
too many jobs. However, we run the risk of confusing the burst detection algorithm by having 
many, and potentially very loud, bursts in a single job.  

The most serious problem is that some algorithms (most notably, power, but also tfclusters) look 
for excess power by searching for short-duration bursts over a “quiet” PSD that is estimated from 
the same entire 360-second stretch of data within which bursts are searched for. Loud bursts 
(whether simulated or real) can throw off this PSD estimation, potentially distorting the burst 
finding efficiency and/or fake rate. There has been much discussion about the best way to deal with 
this problem. In particular, it is desirable to estimate the “quiet” PSD using different data than the 
stretch in which one is searching for excess power. This is problematic due to non-stationarity of 
the interferometers, and the rather short lock stretches being used in E7 analysis. In the end, we 
have chosen to live with this mode of estimating the PSD.  

We have not observed degraded performance from the tfclusters or slope search algorithms due to 
this problem, even for the loudest simulated bursts. It is clear that the power search algorithm 
suffers due to this, but its performance is judged to be adequate for this analysis. Its sensitivity to 
this problem is being improved for S1.  

3.4.3 Number of simulations 
As discussed above, we inject eight different SG or ZM bursts (for a total of 16 different waveform 
morphologies) into each 360-second data stretch processed by LDAS. We use 32 360-second data 
stretches (out of 37) in the E7 triple coincidence playground data; thus, we have 32 simulations for 
each waveform, to average over. We do this for ~14 different burst amplitudes. We do this for each 
of two interferometers (H2 and L1), and each of 3 different search algorithm DSOs (tfclusters, 
slope, power). So, we have performed (all at ldas-mit): 
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(16 waveforms) ×(14 amplitudes) ×(32 data stretches) ×(2 IFOs) ×(3 DSOs)  = 43008 simulations. 

3.4.4 Injecting the signals 
In an LDAS job, 360 seconds of E7 triple coincidence playground data from H2:LSC-AS_Q and 
L1:LSC-AS_Q are read in to the dataPipeline via the frameAPI, and are passed to the datacondAPI. 
There, a data conditioning algorithm performs the following steps: 

• Each of eight ZM waveforms, smoothed and resampled at 16384 Hz for 1 second, are read 
in from ilwd files. OR, each of eight SM waveforms are generated using the datacondAPI 
commands ramp(), sin(), exp(), and mul(). 

• The waveforms are passed through a linear filter3 that implements the strain-to-counts 
transfer function (for LSC-AS_Q) as determined by the LIGO calibration team4. 
Considerable effort went into ensuring that this was being done properly. 

• The resulting filtered waveform was padded with 39 seconds of leading zeros. Eight such 
waveforms were concatenated together, and padded with zeros to match the 360 seconds of 
E7 data. 

• The simulated data was then added to the real E7 data. 

• The combined data was processed in the same way as the full E7 data: passed through a 
whitening filter5, mean-detrended, optionally resampled, and then passed to the wrapperAPI 
in order for the search algorithm DSO to do its work. 

• The resulting search algorithm triggers were scanned to see if one or more triggers were 
found at the known injection times.  

• The veto at L1 effectively blinded some of the injection times. Consequently, the actual 
number of simulated events, for each value of strain and frequency, was less than the 
maximum number injected. Since knowing this value is important for the determination of 
the efficiency, we established it to be equal to the number of IFO-IFO coincidences 
detected with the largest injection (h0 = 10-14), at the (known) injection times. 

3.5 Results of simulations 
We addressed several questions in the simulation studies: 

• For each search algorithm, identify a quantity associated with a triggered burst that is (at 
least, roughly) proportional to the “amplitude”, “power”, or “SNR” of the injected burst. 
This quantity should be suitable for applying a threshold in order to reduce the rate for fake 
triggers. It should be useful for estimating the power in the burst (eg, the peak strain 
amplitude in a sine-Gaussian of fixed central frequency, the rms amplitude of a burst 
waveform, or the distance to a supernova as simulated with a ZM waveform). It turns out 
that, due to differences in the search algorithms and their development, different database 
quantities are used for this purpose for each search algorithm (we hope to standardize this in 
the near future). For slope, we use the “amplitude” entry in the sngl_burst table trigger. For 
power, we use the “snr” entry in the sngl_burst table trigger. For tfclusters, we use the 
product of the “amplitude” and “snr” entries in the sngl_burst table trigger. 
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• The search algorithm authors chose default trigger thresholds to stay above the noise in the 
E7 data, and these thresholds proved to be adequate for the efficiency analysis. 

• Given the strain sensitivity in the E7 data, are the observed powers in the found injection 
triggers consistent between H2 and L1? 

• What is the single-interferometer and H2/L1 coincident efficiency for detection of the burst, 
as a function of central frequency and peak amplitude for sine-Gaussians, and as a function 
of waveform and source distance for Zwerger-Muller supernova waveforms? 

  

3.5.1 Sine-Gaussian simulations with the tfclusters search algorithm 
Given the strain sensitivity in the E7 data, are the observed powers in the found injection triggers 
consistent between H2 and L1? The strain sensitivity curves in Error! Reference source not 
found. suggest that over a broad range in frequency, H2 is a factor 3 more sensitive than L1. In 
Figure 8, we plot the tfclusters trigger power for H2 versus L1, for sine-Gaussians with a range of 
amplitudes and central frequencies. The ratio of 3 is observed to be roughly true for all detectable 
bursts. Similar results are obtained with the slope search algorithm. 
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Figure 8: tfcluster power at L1 vs power at H2 for different strain sizes, at various 
frequencies. The ratio L1=H2/3 is in agreement with expectations from the E7 strain 
sensitivity curves (Error! Reference source not found.).  

Is the trigger power correlated with the peak strain amplitude? In Figure 9, we plot the tfclusters 
trigger power versus peak strain amplitude for sine-Gaussians of varying frequency and amplitude, 
injected into H2 and L1. The green horizontal lines correspond to tfclusters threshold 0.2 – 0.4. We 
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can see that the tfclusters trigger power is proportional to the peak amplitude squared (for a given 
SG central frequency). With these thresholds, above 360 Hz, we are sensitive to peak strain 
amplitudes of  >10-17.  

 

 
Figure 9: tfclusters trigger power versus peak strain amplitude for sine-Gaussians of varying 
frequency and amplitude, injected into H2 and L1. The green horizontal lines correspond to 
tfclusters threshold 0.2 – 0.4. Blue is L1, red is H2. 
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3.5.2 Sine-Gaussian simulations with the slope  search algorithm 
As noted above, the response of the slope algorithm to sine-Gaussians at H2 and L1 show the 
expected ratio of responses, as does tfclusters. 

The slope trigger power versus peak strain amplitude for sine-Gaussians of varying frequency and 
amplitude, injected into H2 and L1, is shown in Figure 10. The slope trigger threshold 0.2 is at 
3250, at the bottom of these plots. The slope trigger power is proportional to the peak amplitude 
squared (for a given SG central frequency), for strain amplitudes greater than some threshold 
(around 10-16). However, some signals with peak strain amplitude as low as 10-17 produce triggers 
above threshold, especially in H2 and at higher frequencies. 

 
Figure 10: slope trigger power versus peak strain amplitude for sine-Gaussians of varying 
frequency and amplitude, injected into H2 and L1. The green horizontal lines correspond to 
tfclusters threshold 0.2 – 0.4. Blue is L1, red is H2. 
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From the plots in Figure 9 and Figure 10, we can conclude that, using the current trigger thresholds, 
we are capable of coincident detection of sine-Gaussian waveforms with peak strain amplitudes 
greater than ~ 10-17 - 10-16, depending on central frequency, in the E7 data. 

3.5.3 Zwerger-Müller waveforms with the tfclusters algorithm 
Figure 11 shows the tfclusters trigger power versus distance (in pc) to a ZM supernova, for 
different ZM waveform morphologies, at L1 and H2. The dependence is nicely quadratic (linear on 
a log-log scale) until the signals become almost too faint to trigger the search algorithm. In Figure 
12 we see that, depending upon the waveform, signals can be detected from up to 2 parsecs away 
(but not much more!) in the E7 data. 

 
Figure 11: tfcluster trigger power vs ZM distance for different ZM morphologies (blue is L1, 
red is H2). 
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Figure 12: tfclusters detection efficiency (H2 and L1 combined) vs distance for the different 
morphologies. 

3.5.4 Zwerger-Müller waveforms with the slope  algorithm 
The analogous plots for the slope algorithm are shown in Figure 13 and Figure 14. The trigger 
power correlates well with the simulated source distance, up to a point; at larger distances, the 
curves flatten out, but remain above detection threshold. It appears that, with the current threshold, 
slope can detect some ZM waveforms out to large distances; this strange behavior is under 
investigation.  
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Figure 13: slope trigger power vs ZM distance for different ZM morphologies (blue is L1, red 
is H2). 



LSC Data Analysis LIGO-T02XXXX-A-D 

 23

 
Figure 14: slope (despite the y-axis mis-labeling) trigger power (lower) and detection 
efficiency at each site (upper) (blue is L1, red is H2) versus distance for the ZM-A1B1G1 
waveform. 
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3.6 Injecting signals into the Interferometers 
In the efficiency studies described above, a key assumption is that the injection of a burst 
waveform into the data stream (in LDAS) is “equivalent” to the effect that a real gravitational 
wave, incident on a LIGO interferometer, has on the data stream. Implicit in this assumption is the 
claim that we fully understand the response of each LIGO interferometer to incident gravitational 
waves.  

In order to check this assumption, we would like to compare our simulations to the response of 
each interferometer to gravitational waves of known waveform. Since this is not possible, we can 
instead study the response of each interferometer to excitations provided by the GDS system6, 
which is capable of generating small test mass motions by injecting signals into the LSC-
ETMX_EXC, LSC-ETMY_EXC, and DARM_CTRL_EXC channels. 

These interferometer signal injections test our understanding of the entire signal chain from 

• GDS excitation point → 

• displacements of test masses → 

• data logged in LSC-AS_Q and related DM and common mode channels → 

• entire burst search analysis chain.  
In particular, we need a quantitative comparison between signals injected into the IFO and signals 
injected into the datastream in software (in LDAS).  

These injections also test our understanding of the dependence on source direction and polarization. 

We assembled a set of waveforms to be injected, focusing on sine-Gaussians, with the same central 
frequencies as were used for signal injections into the data stream (Table 2). Thus, we are again 
doing a coarse “swept-sine” response of the interferometers to narrow-band bursts. As in the data 
stream injections, these interferometer injections had durations of ~ 0.2 seconds and were spaced 
40 seconds apart. We consider two classes of injections:  

• Bursts incident from the zenith, with optimal polarization for excitation of the differential 
mode. We vary the frequencies of the bursts according to Table 2. Both H2 and L1 
interferometers are excided in coincidence (or in known delayed coincidence). We vary the 
amplitude of the bursts from “barely detectable” to “loud, but not so loud as to knock the 
interferometer out of lock. A total of 48 burst injections are envisioned. 

• Bursts whose incidence angle and polarization varies over a coarse grid, so that both 
differential and common mode degrees of freedom are excited. Both H2 and L1 
interferometers are excided in coincidence (or in known delayed coincidence), with delays 
that are appropriate given the direction of incidence of the wave. We vary the frequencies of 
the bursts according to Table 2. We focus on relatively loud amplitude bursts. A total of 100 
burst injections are envisioned. 

The signal that is sent to each of the ETMs by the GDS system is a product of factors:  

• A waveform with units of strain, sampled at 16384 Hz, is input to the system. 
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• The peak strain amplitude can be scaled to a desired value. 

• This is multiplied by the arm length (2000 m for H2 and 4000 m for L1), and by “antenna 
pattern” factors (for the two ETMs in each of the 3 interferometers) corresponding to a 
particular source direction and polarization.  

• From the calibration4, we know how many DAC counts, G, correspond to a motion of 1 nm, 
at frequencies much below the pendulum frequency (fp = 0.74 Hz). G is typically on the 
order of 1 nm/count. 

• Since sine-Gaussians are narrow band, with central frequency fc, there is a factor of (fc / fp )2 
to account for the pendulum response to force from the GDS-controlled coil actuators. 
(more complicated filtering would be required for broad-band signals). 

• Relative delays between the three interferometers are calculated based on the source 
direction (on the order of msec). 

The multiawgstream facility developed by I. Leonor and P. Shawhan was used to inject series of 
signals into the LSC-ETMX_EXC, LSC-ETMY_EXC, and DARM_CTRL_EXC channels of the H2 
and L1 interferometers. A subset of all the desired injections were made prior to S1: 

• Signals were injected into both H2 and L1 on June 27, 2002. However, there were some 
bugs in the procedure (in particular, both ETMX and ETMY were excided with the same 
sign, so that the signal was mostly common-mode.) 

• M. Landry injected signals into H2 on 8/14/027. 

• S. Marka injected signals into L1 on 8/16/028 
These injections are currently being analyzed. XXXXXXXXXX 

 

3.7 Further work 
Development of the simulations and evaluations of the efficiencies are ongoing work in the 
analysis of LIGO data. We have not yet addressed many important questions, and much of the 
work we have done must be repeated for S1 and subsequent data sets. In particular: 

• We must explore a much broader range of waveform morphologies and parameters. 

• We must apply simulation techniques to develop and evaluate algorithms for rejecting false 
trigger coincidences. 

• Simulations can help us better understand the coincident efficiency as a function of source 
direction and polarization. 

• We must evaluate the detection efficiencies in the presence of 3 or more interferometers, 
with varying sensitivity. 

• So far, we have injected signals into E2 or E7 data. We must evaluate the “ultimate” 
efficiencies of the search algorithms using stationary, Gaussian white or colored noise. 

• … 
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4 Multiple Interferometer Coincidence 
 

The efficiency of an Event Trigger Generator (ETG) to a particular waveform with peak amplitude 
h can be determined by simulation within LDAS. The waveform is added to the raw (noisy AS_Q) 
data such that it corresponds to optimal response with respect to source direction and polarization.  
The result is that the efficiency is 0 for very small h, 1 for very large h, and smoothly rising from 0 
to 1 in between. (This is the efficiency for detection during unvetoed live-time). This turn-on in 
efficiency is well modeled by a sigmoid in log(h); call it eff(h). It is specific to a given waveform, 
ETG algorithm, and data epoch.  Some examples are shown in Error! Reference source not 
found., as dashed lines for four different detectors (one specific waveform and data epoch). For 
this example, we’re making up the actual sigmoid parameters for the four detectors; but they are 
similar to curves generated from simulations by Laura; see, eg, the plots at the bottom of  

http://emvogil-3.mit.edu/~cadonati/S1/simul/SG2/SineGaussianFixedQ.html ). 

 

 
Figure 15: Detector efficiency versus amplitude, averaging over isotropically distributed 
sources. 

 

http://emvogil-3.mit.edu/~cadonati/S1/simul/SG2/SineGaussianFixedQ.html
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However, our true detection efficiency depends on the source direction and polarization. We can 
assume that the sources are distributed isotropically, with only one polarization component (we’ll 
return to this assumption later), which is oriented randomly. In that case, we can easily calculate 
the resultant detection efficiency averaged over source directions (θ,φ) and polarization ψ through 
the well-known detector antenna function R(θ,φ,ψ), as follows: 
 

( )∫= hReffdddheffavg ),,(cos)( ψφθψφθ  

 

The average efficiency versus h obtained in this way is shown in solid curves for four detectors in 
Error! Reference source not found.. The average value for R(θ,φ,ψ) is ~0.37. 
 

It is straightforward to generalize this to multiple detector coincidences, by evaluating 

 

( ) ( )LhReffhReffdddheffcoinc bbaa ),,(),,(cos)( ψφθψφθψφθ∫=  

where a, b, … label different detectors in coincidence. The … means that we can add efficiencies 
for 2, 3, 4, or more detectors in coincidence. We can use Earth-centered co-rotating coordinates for 
the locations and orientations of the different detectors, and for the source direction and 
polarization. For example, efficiency curves for triple and quadruple coincidences of 4 detectors 
running during S1 are shown in Figure 16. 
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Figure 16: Detector coincidence efficiency versus amplitude, averaging over isotropically 

distributed sources. 

 

Detector locations and orientations are taken from the LAL Software Documentation, 
http://www.lsc-group.phys.uwm.edu/lal/lsd.pdf , Table 9.1. 

 

It must be remembered that these curves must be re-drawn for different waveform morphologies, 
different ETG algorithms and thresholds, and different data epochs / calibrations. 

 

Note that detailed simulations in LDAS are only required for single detectors, with optimal source 
orientation and polarization; the remainder of the averaging over source directions and 
polarizations, and coincidence efficiencies, are handled through simple numerical integrations. 

 

However, we have made some crucial assumptions: 

• There is no loss of coincidence efficiency due to the time delay between bursts in different 
detectors; the coincident time window must be kept large compared with the source-
direction-dependent delay times. 

http://www.lsc-group.phys.uwm.edu/lal/lsd.pdf
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• There is no loss of coincidence efficiency due to any post-coincidence cuts, such as 
requiring coherence between the burst waveforms, or their amplitudes or frequency bands, 
in the different detectors. Keep any cuts loose! 

• We assume that the burst waveforms come in only one polarization (or, more generally, 
both polarizations have the same waveform, with fixed amplitude ratio). If, contrary-wise, 
bursts have two polarizations with different waveforms, then the resultant excitation of the 
IFO differential mode will be some source-direction-dependent combination of the two 
waveforms. This can only be dealt with by going back to the LDAS simulations; and the 
parameter space that must be explored via those simulations becomes much larger. 

 

 



LSC Data Analysis LIGO-T02XXXX-A-D 

 30

5 Bounding the Gravitational Wave Burst Rate 
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6 Astrophysical Interpretation 
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7 Caveats 
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