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Abstract.
The LIGO Scienti¯c Collaboration has been preparing for the search of burst-

like events in the ¯rst LIGO sciencedata. We present an overview of the goals of
the burst search and provide a description of the di®erent methods used to generate
triggers from the raw time series.We alsointro ducethe infrastructure of the protot ype
burst analysis pipeline. This brings together triggers from the gravitational wave and
diagnostics channels in a statistically de¯ned veto strategy, and then usesa multiple
interferometer coincidencemechanism to identify candidate burst events. Finally, we
discussvarious aspects of the burst analysis, such as the identi¯cation of the detector
stationarit y and strategies in the determination of the background, upper limits and
e±ciency estimation. Theseare presented asof the time of the 7th GWDAW workshop
that took place in Kyoto, Japan in December 2002.
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Figure 1. Spectral strain sensitivity of the three LIGO interferometers during the
¯rst sciencerun (S1).

1. In tro duction

The Laser Interferometer Gravitational wave Observatory (LIGO) [1] is comprisedof
three long baselineinterferometerssituated in Livingston, LA and Hanford, WA that
will be able to detect gravitational waves at a sensitivity of hr ms ¼ 10¡ 21 at about
100 Hz. The detectorsbuilt by a Caltech-MIT collaboration are completedand their
commissioningis progressingtoward their designsensitivity. A major milestonein the
instruments' commissioningand operation was the ¯rst sciencerun (will be referredto
as S1 from this point on). S1 lasted 17 days and collected coincidencedata from all
three LIGO detectorsfrom August 23, 2002to September 9, 2002. The detectorswere
operatedin their ¯nal optical con¯guration aspower recycledMichelsoninterferometers
with Fabry-Perot cavities. The sensitivities(see¯gure 1) of the three instruments during
S1 were to within a factor 100of their designgoalswith the best onepresented by the
Livingston-4km interferometer at » 3 £ 10¡ 21=

p
Hz at 300 Hz. The total observation

time of S1was408hours, in 95.7of which all three interferometerswerecollecting data
simultaneously.
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The S1data re°ect the most sensitive interferometric data sofar over a broad band
of frequenciestaken by detectors in coincidence.Simultaneously with LIGO's S1, the
GEO-600 [2] project in Germany collected interferometric data with the detector in
power recycledmode.

The LIGO Scienti¯c Collaboration (LSC) [3] has analyzeddata from the S1 run,
simultaneously interestedin searching for any detectablegravitational wave signal and
in setting upper limits if none is found, as the astrophysical wisdom suggests[4]. This
investigation was mostly aimed at establishing the methods and infrastructure to be
adopted in the analysis of sciencedata that the LIGO detectors will collect over the
next two years.

Within the LSC, the search for gravitational wave bursts is pursuedby the Bursts
Working Group [5]. Reports and ¯nal results from the analysisof the S1 data by the
Bursts Working Group are in their ¯nal stagesof preparation and they will become
available soon [6].

2. S1 goals of the burst search

The goalof the Bursts Working Group is to look for short transients (typically lessthan
1 s) of gravitational radiation without necessarilyknowing their waveformand spectrum.
This includesburst signalsfrom supernov½ andblack holemergers,for which the physics
and computational implications are complexenoughthat any analytical calculation of
the expectedwaveformsis extremely di±cult. While the detailed knowledgeof a signal
waveformwould haveallowedthe useof optimal matched¯ltering techniques,the Bursts
Working Group has chosento pursue a general,model-independent investigation that
exploresanomaliesin the interferometer strain data using general time domain and
time-frequencydomain search techniques. This allows to keepLIGO's quest for bursts
open to any unanticipated sourceof gravitational radiation.

An additional focusof the Bursts Working Group is to look for correlationsbetween
gravitational wave bursts and external triggers from neutrino telescopes [7] or ° -ray
burst (GRB) detectors. A number of GRB progenitors are plausible gravitational
wave burst emitters; a comparisonof the correlation function of the LIGO detectors
immediately before a GRB (\on source") and at random times (\o® source") may
statistically establish their association [8]. For S1, the Bursts Working Group has
focusedon the implementation of the analysis technique for such externally triggered
search and exercisedit on the singleGRB event coincident with LIGO's S1data set. A
full scale,end-to-endanalysisof the sensitivity to GRB-gravitational wave correlations
will be pursuedin future LIGO runs.

In the next sections,wewill focuson the implementation detailsof the moregeneral,
untriggered search.
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Figure 2. The burst search pipeline. A per-interferometer (IF O) search establishes
event triggers in anticoincidence with any possible veto trigger. The multi-IF O
analysiscombinesthe information from the individual IFOsand requirestheir temporal
coincidence.Additional feature comparison is performed whenever the search engines
yield such information. Monte Carlo techniques based on hardware and software
injection are then used to establish the sensitivity of the search to bursts of given
strength.

3. The burst search pip eline

The burst analysis pipeline has been designedto accommodate a generic search for
transients using the LIGO detectorsand it is depicted in ¯gure 2.

The data stream from the LIGO interferometers(IFOs) is comprisedof more than
5000 channels that are sampled continuously. No hardware or software triggers are
createdby the detector's acquisition system: all time seriesare written onto disk and
areprocessedlater in software. The time seriesfrom the demodulated photodiodeat the
interferometerantisymmetric port (\AS Q") recordsany di®erential length changein the
arms inducedby the passageof a gravitational wave. We refer to it as the gravitational
wavechannelor strain channel(onesuch channelper IFO). This time seriesis processed
by the astrophysical burst search algorithms, yielding Event Triggers. Several auxiliary
read-back channelsof the servo control systemsand instruments monitoring the physical
environment are simultaneouslyrecorded.Thesechannelsare usedto veto transients of
non-astrophysical origin.

The burst pipeline generateson a per-IFO basisa sequenceof events re°ecting the
anticoincidenceof the Event and Veto Triggers. At a secondstage,events from each
IFO are brought together for a multi-IF O analysis where the time coincidenceof the
events is imposedand a comparisonof their extracted features{ whenever available {
is exercised. Hardware and software injections are used to establish the e±ciency of
the pipeline. A background estimation basedon time shifts of individual IFO's event
triggers is usedto bound the rate of gravitational wave bursts.

A central element in the S1 analysishas beenthe de¯nition of a playground data
set, covering ¼10%of the S1coincidencedata. In order to avoid any statistical biasesin
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the search for bursts, we have restricted to this set any tuning of the search algorithms
and veto parameters.Oncethe analysiswas¯xed, we applied it to the remaining¼ 90%
of the S1coincidencedata, exclusive of the playground set.

4. Data stationarit y and epoch veto

It is important that the search for transient of gravitational radiation be carried out
only on data from su±ciently stationary interferometers. At the most fundamental
level, we only analyze data produced when the interferometers are locked in their
full con¯guration and no alignments or other adjustments are taking place. The
interferometer operator certi¯es that each instrument has entered this state (called
Science Mode) by pressinga button on the control screen.An automatic systemdetects
when the state has changedeither becausethe system fell out of lock or becausean
adjustment was made. The intervals of ScienceMode data are recordedin a database.

Several handleson the time-averagedperformanceof the instruments are provided
by the auxiliary channelsand by the strain channel. They can be usedto establishthe
quality of the data collectedover a period of time and to reject segments during which
the instruments were misbehaving. We refer to such data quality cuts as epoch vetoes,
as they reducethe livetime of our experiment without any impact on its e±ciency. As
a ¯rst such epoch veto for the burst search, we measurethe rms noise in the strain
channel in four broad frequencybands, averagedover 360 secperiods, and reject lock
segments during which the broad-bandnoiseis extraordinarily large.

We de¯ne · 68% as the 68-percentile in the distribution of band limited rms in each
interferometerand frequencybandand apply a 10· 68% cut in the 320-400Hz band, 3· 68%

in the 400-600Hz, 600-1600Hz and 1600-3000Hz bands(chosenad hoc). We veri¯ed,
by simulation, that such signal °uctuations over 6 minute periods cannot be inducedby
short transients but are rather due to a non optimal functioning of the detector. The
cut applied in the 320-400Hz band is lessstringent than in the other bands,sincerms
°uctuations in this frequencyrangeareonly marginally a®ectingthe rate of events from
the Trigger Generators (section 5). Once the cuts at di®erent interferometersand in
di®erent bandwidths have beencombined, the epoch veto a®ects33% of the S1 triple
coincidencedata. Details of the implementation at Hanford-4km are shown in ¯gure 3.

5. Event Trigger Generators

After being high-passedat 150 Hz and whitened, the time seriesof the gravitational
wave channel is analyzedwithin the LIGO Data Analysis System(LDAS) [9]. During
S1, three search algorithms wereemployed for the detection of bursts; they are referred
to as Event Trigger Generators (ETGs).

The SLOPE ETG [10] is a time-domain algorithm, described in [11]. It performsa
least-squarē t to a line, over a short segment of strain data, and selectscandidateevents
basedon the valueof the slope. The algorithm reports start time and signi¯cance(value
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Figure 3. Data stationarit y: plots of band limited rms noisein the gravitational wave
channel at Hanford-4km, measuredover 360 secintervals in the triple-coincidence S1
data set. On the horizontal axis is the day of the month, from August 23, 2002 to
September 9, 2002. We monitored four ad-hoc bands and rejected lock segments that
contain outliers in the band-limited rms distribution. The horizontal dashedlines show
wherethe cut is applied, corresponding to 10· 68% in the 320-400Hz band and 3· 68% in
the 400-600Hz, 600-1600Hz and 1600-3000Hz bands, where · 68% is the 68-percentile
in the rms distribution.
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of the slope) of the excursion.The TFCLUSTERSETG is a time-frequencymethod [13]
relying on successive spectrograms, calculated every 0.125 secondsand thresholded
to identify time-frequencypixels (0:125s£ 8Hz) with statistically signi¯cant excessof
power. The algorithm ¯nds clustersof thesepixels and reports the total power, central
frequency, bandwidth, start time and duration of the cluster. A third method, referred
to as POWER [14], uses,like TFCLUSTERS, Fast Fourier Transformsto calculate the
power spectrum for any given start time and duration. The algorithm then compares
the power in userde¯ned time-frequencytiles to the statistical distribution of the noise
power. When it ¯nds an excessof power, larger than expectedfrom the noisestatistical
°uctuations, it storestime, duration, frequency, bandwidth, power and con¯denceof a
candidateburst event.

All the triggers identi¯ed by each search method, and their features,are stored in
the LDAS database,for further pipeline analysis.

6. Use of auxiliary channels and veto es

Transients in the gravitational wave channel due to instrumental or environmental
perturbations are likely to be detected in one of the several auxiliary channels that
are recorded along with it: interferometer diagnostics, laser control signals and
environmental monitors such asseismometers,microphones,tiltmeters, magnetometers
and power line monitors. If oneor more of thesechannelspresent a particularly strong,
statistically signi¯cant correlation with the strain channel, we can usetheir transients
to veto a fraction of the noiseevents detectedby the event trigger generators.

Our investigation of auxiliary channels is based on glitchMon [15], a transient
search algorithm running in the LIGO Data Monitor Tool environment [16]. GlitchMon
examinesa pre-¯ltered time seriesfor excursionsabove a ¯xed threshold. An event is
de¯ned by its start time, duration and amplitude. The duration is the time it takesthe
signal to return and stay below threshold for at least 0.25seconds;the amplitude is the
largest instantaneousexcursionduring the event duration.

We developed a technique to select channels and tune thresholds, basedon the
statistical correlation between veto triggers and burst candidate events. A successful
veto coincideswith a signi¯cant fraction of the burst candidatesat a minimal cost for
the livetime. For each auxiliary channel, we de¯ne the veto e±ciency as the fraction of
burst candidatesin coincidencewith veto triggers:

"V =
Nvetoed

Ndetected
(1)

and the deadtime fraction introducedby the veto as:

¿ =
TD

T
TD =

X

i

t i (2)

whereTD is the deadtime, sum of the individual diagnostic trigger durations.
We use"V ¡ ¿ curves,parametrizedby the thresholdusedin glitchMon, to compare

the performanceof di®erent veto channelsand selectthe most e®ective. Figure 4 shows
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Figure 4. Plots of veto e±ciency (" V ) versusdeadtime fraction (¿) at Hanford-4km.
Each curve is obtained with a di®erent set of veto and TFCLUSTERS event triggers.
Each point on a curve corresponds to a di®erent threshold used in the production of
the diagnostics triggers. Lowering the threshold traces the curve toward the upper
right corner as veto rate and e±ciencies increase. An ideal veto lies, in this plot, in
the upper left corner: " V ! 1 and ¿ ! 0. The curve for a veto with poor performance
is close to the diagonal, sign that the correlation with the strain channel is purely
random (e.g. 10% of the triggers are vetoed at the cost of 10% deadtime).

In this example, the ¯lled circles and the downward-pointing triangles have been
obtained using all the triggers produced by TFCLUSTERS in the S1 playground data
set. The ¯lled circles are associated to the \REFL I" channel (error signal of the
common arm length degreeof freedom). The triangles are associated to \REFL Q"
(alternativ e error signal from the Michelson degreeof freedom [17]). The di®erence
in performance becomesmore dramatic if we restrict the study to outliers in the
TFCLUSTERS power histogram (loud events, chosen by eye, with power > 103 in
the top part of ¯gure 6): the squaresshow the \REFL I" curve, the upward-pointing
triangles are for \REFL Q". The open circles in the ¯gure indicate the e±ciency (9%
for the full trigger set, 78% for the outliers) and deadtime fraction (0.4%) for the
threshold we ultimately chose,after analyzing the lag plots in ¯gure 5.



Statusof the search for gravitational waveburstswith the LIGO detectors 9

lag [s]
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

fr
ac

tio
n 

of
 v

et
oe

d 
ev

en
ts

10
-1

1

Threshold
  4
  6
  9
 10
 12
 14

Figure 5. Hanford-4km veto lag plot, obtained with TFCLUSTERS outliers and
triggers on \REFL I". Each set corresponds to a di®erent veto trigger threshold
(numerical value reported in the legend). On the horizontal axis is the lag intro duced
betweenthe strain channel and \REFL I". On the vertical axis is the fraction of vetoed
events, which, for lag = 0, is the veto e±ciency " V de¯ned in equation 1. For non-zero
lags this quantit y is the accidental probabilit y.

examplesof such curvesfor the Hanford 4km interferometer. The graph comparesthe
performanceof two auxiliary channelsat vetoing the completeset of playground event
triggers or a reducedset of outliers (particularly loud triggers).

The next step consistsof tuning the threshold: this is a trade-o®betweenthe veto
e±ciency, its deadtime and the rate of accidental coincidences.For each threshold, we
introduce lags between the strain channel and the auxiliary channel time seriesand
measurethe number of accidental coincidencesobtained asfunction of the lag. Figure 5
shows the resulting lag data for the veto channel of choiceat Hanford-4km.

To date, only signals from interferometer and laser control signalshave shown a
good match with any frequent transient phenomenain the strain channel. In the speci¯c
caseof the S1analysis,weidenti¯ed \AS DC" (DC current in the photodiodemonitoring
the antisymmetric port) as veto channel for the Livingston-4km interferometer and
\REFL I" (error signal of the commonarm length degreeof freedom)for the Hanford-
4km interferometer,while we found no good veto for Hanford-2km.

While it is true that correlations betweenthe gravitational wave channel and the
interferometercontrol signalso®era handle to suppressspuriousevents, they alsomake
us vulnerable to the possibility that genuine gravitational wave bursts trigger our veto
mechanism. For this reasonwe studied the interferometers'responseto inducedmirror
motionssimulating gravitational waveevents. Wecomparedthe resulting strain channel
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Figure 6. E®ect of vetos on the Hanford-4km event histogram, produced with
the TFCLUSTERS (top) and SLOPE (bottom) ETGs. The histogrammed quantit y
depends on the search algorithm (power for TFCLUSTERS, slope amplitude for
SLOPE), and it conveys the information on the event strength. We show here the
e®ectof both epoch veto (data selection based on stationary noise, as described in
section 4) and the diagnosticsveto described in section 6.

events to the amplitude of transients inducedin the veto channel,with a signalstrength
ratio test.

We have alsomeasuredcouplingsbetweenthe physical environment and the strain
channel. Noneof the environmental channelsis an e®ective veto for the S1analysis,but
asthe detectors'sensitivity increases,we expect the coupling to environmental channels
to becomemoreand moreimportant, sothat in the future we might be able to usethese
as e®ective (and safe)vetoes.

7. Coincidence

Additional reduction of the remaining candidate events is obtained by requiring their
temporal coincidencein the three LIGO interferometers. A transient of astrophysical
origin is expectedto yield time-correlatedtriggers in the three LIGO detectors,subject
only to the propagation time between the sites (· 10ms) and any dispersion in the
de¯nition of the burst start time by the search algorithms. With the parametersused
in the S1analysis,the time resolution is 125ms for the TFCLUSTERS algorithm, 3 ms
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for SLOPE.
We selecta list of ¯nal candidateevents with the requirement that their start time

be in temporal coincidenceacrossthe three LIGO interferometers.We have determined
empirically, by study of simulated signals, that at least 99% of the simulated signals,
addedsimultaneously to the data of each interferometer, would be detectedwith start
times equal to within 500 ms by TFCLUSTERS and 50 ms by SLOPE. This includes
an allowancefor the light travel time betweenthe sites (up to 10 ms) and the ringing
time of the ¯lters applied to the data, which, in the S1 implementation, spreadsa 1 ms
Gaussianpulseover up to 40 ms.

Additionally , an inter-site correlation of the burst duration, frequency band,
amplitude and waveform is to be expected. At present, the only requirement we impose
on the ¯nal events is a match of the frequencybandscoveredby the events at the three
interferometers.This requirement doesnot apply to SLOPE, a pure time-domain ¯lter
that doesnot provide frequencyinformation. The exploitation of the full power of the
multi-detector burst search is under study and will be implemented in future analysis.

8. Simulations and In terpretation

The bursts analysispipelinewe have just described yields a measurement of the number
of transients detectedin coincidenceby the three LIGO detectors. This number includes
possible gravitational wave bursts (the foreground) as well as a number of events
attributed to chance coincidenceof noise in the three instruments (the background).
In order to set an upper limit on the foreground,we usethe Feldman-Cousinsuni¯ed
approach [18] and comparethe measurednumber of coincident events with the estimated
background, in the assumption that both foreground and background are Poisson
processes. The background is estimated by introducing several time lags between
the time series at di®erent interferometers and averaging the number of measured
coincidences.This analysisyields an uninterpreted upper limit on the measuredrate of
bursts.

A full set of Monte Carlo simulations has also been used to inject gaussianand
sine-gaussiansignalsof variable strength, width and frequencycontent onto the actual
interferometer time series.For each waveform, we separatelyevaluate the e±ciency for
detection through each of the three LIGO detectorsand analysispipelines,asa function
of the signal peak amplitude h0, assumingoptimal sourceorientation and polarization.
The e±cienciesare essentially 100%for large valuesof h0, consistent with noise(and
thus 0% e±ciency) for small h0 and transitioning smoothly over an intermediate range
of h0. The results are ¯tted to a sigmoid curve in log10(h0):

" (h0) =
1

1 + e(log10 h0 ¡ b)=a
(3)

whereb = log10 h1=2 determinesthe peak amplitude at which the e±ciency is equal to
1/2, and a governsthe width of the transition from 0 to 1 in log10(h). It is speci¯c to a
given waveform, detector, Event Trigger Generator,and data epoch. All ¯ts resulted in



Statusof the search for gravitational waveburstswith the LIGO detectors 12

de
te

ct
io

n 
ef

fic
ie

nc
y

0

0.2

0.4

0.6

0.8

1

L1

H1

H2

Triple Coincidence

 [strain]0waveform peak amplitude h
10

-18
10

-17
10

-16

 (
po

w
er

)
 1

0
lo

g

1

2

3

4

5

6

Figure 7. Burst detection e±ciency for Gaussian bursts of the form h(t) =
h0 exp(¡ t2=¿2) with ¿ = 1 msec,as a function of peak strain amplitude h0, for each
of the three LIGO detectors and for the triple coincidence,using the TFCLUSTERS
Event Trigger Generator. The top graph shows the e±ciencies, evaluated through
simulations over S1 data. The simulated points are ¯tted to sigmoid curves in the
region where the e±ciency is not dominated by random noise triggers. The bottom
graph shows the detected power for the simulated bursts. The change of curvature
in the power versus strength plots corresponds to the transition between noise and
simulated events.

good ¯t quality, except for the smallestvaluesof h0, wherenoisetriggers dominate and
our detection e±ciency is closeto 0. Examplesare shown in Fig. 7.

The single-interferometer e±ciency curves are then averaged over the antenna
pattern and combined to yield the overall e±ciency of the bursts analysispipeline to ad
hoc benchmark bursts. Finally, the e±ciencycurvesarecombinedwith the uninterpreted
result and translated into a waveform-dependent bound on the event rate:

Rate®(h0) =
N®

"(h0) Tl iv e
(4)

where N® is the upper limit (with ® Con¯dence Level) on the number of foreground
events, set with the Feldman-Cousinsuni¯ed approach, and Tl iv e is the total live time.
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The result is a set of exclusionplots of rate versusstrength of gravitational wave
bursts originating from ¯xed strength sourcespositioned on a ¯xed spherecentered on
earth. Theseplots will be releasedas soon as the bursts analysisis internally reviewed
and approved by the entire LIGO ScienceCollaboration.

A richer interpretation invoking astrophysically motivated signal waveforms as
well as sourcesdepth and angular distributions are currently under study and will be
implemented in future LIGO analysis.

9. Future Plans

In the near future we plan to improve our abilit y to reject random coincidences
of events between the interferometers by utilizing the full power of the coincidence
analysis. Amplitude information matching and crosscorrelation techniquesareexpected
to signi¯cantly reducethe number of coincidenceevents from the analysispipeline we
just described. Within the sametime frame, new search algorithms are expected to
becomeavailable, providing complimentary ways for searching for bursts.

The search for transients of gravitational radiation is well underway within the
LIGO ScienceCollaboration. The ¯rst sciencerun (\S1") of the LIGO instruments is
being followed by an at least ten times more sensitive secondsciencerun (\S2") that
will last two months betweenFebruary 14 and April 14, 2003. Observation during S2
by the LIGO detectorswill be in coincidencewith the TAMA detector in Japan thus
providing the opportunit y to perform a quadruplecoincidenceanalysisof interferometric
data looking for bursts.
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