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We report on a search for Gravitational Wave (GW) bursts in the Virgo C7 commissioning
run. The search focused on unmodeled short duration signals in the frequency range 150Hz to
2 kHz. An extensive understanding of the data set has been carried out to be able to handle
a burst search using the output of only one detector. No GW burst candidates differing from
the background were identified. A 90% confidence level upper limit on the number of expected
events given the Virgo C7 sensitivity curve has been derived as function of the signal strength.
The sensitivity of the analysis presented is, in terms of the root sum square strain amplitude,

~107%/\/Hz.

1 Introduction

Gravitational Wave (GW) bursts are all possible signals whose duration is short, less than a few
hundred of milliseconds. The astrophysical sources are various: massive star core collapse, the
merging phase of coalescing compact binary systems forming a single black hole, black hole ring-



down, astrophysical engines that generate gamma-ray burst, neutron star oscillation modes and
instabilities, and cosmic string cusps and kinks. See references in'. Some are well modeled, but
not all such that a burst pipeline is built making very few assumption on the source waveforms.

Virgo? is a 3-km long arm power-recycled Michelson interferometer located in Pisa, Italy. Its
commissioning started in 2003 and regular data taking campaigns have been organized after each
important milestone. The last commissioning run (C7) took place in September 2005 lasting for
5 days, when Virgo was running in its final optical recycled configuration. The best achieved
sensitivity was h = 7 x 10722 //Hz at 300 Haz.

The C7 run data has been used for extensive analysis of the Virgo noise which is a
fundamental step to perform a GW burst search with only one detector. One of the difficulties
of a GW burst search carried out in only one detector is the high false alarm rate due to the
numerous sources of glitches and non stationary data. In a multi-interferometer search they can
be discarded by requesting that the event be seen in coincidence in the detectors.
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2 Pipeline overview

The Exponential Gaussian Correlator (EGC) produces a time-frequency representation of the
data by applying the correlation relation for a list of templates of the same family:

@ o, o(t) = e 2T/ QL izt M
with (fo, Qo) the central frequency and quality factor of the template. The correlation between
the data z(¢) and a template is simply given by:
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where Z(f) is the Fourier transform of z(¢) and Si(f) is the one-sided power spectral density.
C(t) is a complex function whose square modulus defines an energy E. The Signal to Noise
Ratio is just given by SNR = /2 x F.

Template selection relies on a tiling algorithm valid for any two-parameter matched filter bank.
The tiling zone has been chosen in order to cover with a minimal match of 99% oscillatory
waveforms whose parameters are 150Hz < f < 2kHz and 2 < Q < 16, which correspond to the
C7 Virgo frequency band of best sensitivity. Events whose energy exceeds a threshold of 5.4 are
then clusterized in the time-frequency plane and the SNR, the GPS time and the frequency of
the event are given by the template having the maximal SNR in the cluster. More details can
be found in®. In this analysis, trigger lists are produced by selecting all events whose SNR is
above 5.

ei?wftdf (2)

3 Data selection

The first step of the analysis consists in defining the so-called science segments of data: the
interferometer is locked, thermal resonances are damped, and the last 10 seconds before the loss
of lock are suppressed such that the burst pipeline output is not biased by the large oscillation
of the control signals which usually generate the loss of lock. This selection reduces the C7
duty cycle (when the interferometer is locked) from 65.8% to 57.9%. Then, inside each segment
some bad data quality periods (corresponding to obvious instrumental malfunctioning such as
photodiode saturation®) have been identified. Some data quality (DQ) veto segments have been
produced. These DQ vetoes are applied on the list of event triggers. The dead time induced
is 0.8%. Then, starting from the remaining triggers, we tried to understand the origin of the
events having high SNR value. Two categories of loud triggers have been identified; the first



one, corresponds to events that are due to an external source of noise. For instance, acoustic
noise is generated by the picomotors used to realign the quadrant photodiodes on the external
detection bench. Other transient signals were due to glitches in some control signals, especially
the correction signal of the loop to stabilize the laser frequency. All these strain amplitude
glitches have been found to be in coincidence with glitches or RMS increases in other auxiliary
channels: some acoustic probe channels (“DB”), the laser frequency correction channel (“SSFS”)
and the DC power from the light heading back to the laser source (“B2”). Three event by event
vetoes have been developed and optimized 3. The dead time due to these vetoes is of order
6%. The second category of loud triggers have been found to be due to non stationary data
periods, lasting up to a few seconds. It turns out that the mirrors’ alignment control system
was not optimally working during C7 and the angular tilts of the mirrors induce an increase
of the coupling of the laser frequency noise with the GW strain amplitude signal. The period
of this non stationary feature is 27 s, corresponding to the period of a mechanical resonance in
the Virgo mirror suspension system. The main characteristics of the burst events generated by
these non-stationarities are their rather long duration (up to a few seconds after clusterization)
and their broad frequency content, which proves their laser frequency noise origin. These events
have a continuous SNR distribution, with the majority of them having a moderate SNR. They
are actually dominating the excess of burst events, justifying the need to develop an efficient
veto to suppress them. By monitoring a specific line that is introduced in the laser source system
at 1111 Hz in order to measure the laser frequency noise level in the dark fringe, one could see
the coincidence between the GW strain amplitude non stationary features and an amplitude
increase of the 1111 Hz line. The dead time induced by this veto (“1111Hz”) amounts to 16%.
This is admitely large but actually is compatible with the oscillation period of the mirrors which
is the origin of the non stationary noise.

Finally, after applying all the vetoes we ended up with a very loud trigger (SNR=70) showing
a perfect sine Gaussian form. This event has been thoroughly studied and it was discovered
that it is observable in the other frequency demodulation phase dark fringe channel with an
even stronger SNR value (SNR=140). This is totally incompatible with what is expected for a
real GW event. A veto (“PQ”) checking the relationship between the two demodulation phase
strengths has been developed.
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Figure 1: SNR distributions of the EGC GW burst triggers obtained in the full C7 data set at different steps of

the application of the vetoes. “DB”, “SSFS”, “PQ” and “B2” refer to vetoes which suppress transient events due

to a glitch in an auxiliary channel, while the “1111Hz” veto is used to suppress the non stationary data periods
due to the mirror’s large tilt amplitude.

The resulting dead time of all the vetoes applied amounts to 20.1% taking into account that
some veto segments may overlap. The effect of the application of all the vetoes on the EGC C7



triggers is shown in Figure 1. One can see that the anti-glitch vetoes (“DB”, “SSFS”, “B2” and
“PQ”) mainly suppress the loudest background events, while the “1111Hz” veto mainly acts on
the core of the SNR distribution. 97% of the EGC triggers with SNR above 10 are suppressed
by the vetoes. Only 12 triggers above SNR=10 remain. The loudest SNR is 11.2.

4 Results and conclusion

In the end, the GW burst search in C7 data results with no GW candidate. An upper limit on the
detectable number of events can be calculated. Assuming no background events and considering
an effective data set duration of 1.96 days, the frequentist upper limit at 90% confidence level is
—In(1—.9)/1.96 = 1.17 events per day. This rate depends on the type of GW sources which are
searched for and the efficiency of the pipeline to detect them.In this analysis, we have considered
that the sources are randomly distributed over the sky. The efficiency of the analysis pipeline
has been estimated by injected artificially linearly polarized Sine Gaussian waveforms whose
central frequency is in the 150-2000 Hz analysis band. The polarization angle is random and
the signals are added to the C7 data at random GPS times with different amplitude values
given by the root-sum-squared strain amplitude: h,zs = 4/ [ |h(t)|?dt. The efficiency of the EGC
pipeline for a given h,4, is given by the fraction of events detected with a SNR larger to 11.2.
This threshold corresponds to a zero-background search. The efficiency as a function of the h,.
is fitted using a sigmoid function. The frequentist upper limit at 90% confidence level on the
detectable number of events as function of the strain amplitude is then derived. Figure 2 shows
the upper limit for four Sine Gaussian signals spanning the frequency analysis band.
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Figure 2: Upper limit at 90% confidence level on the number of detectable events as function of the strain
amplitude for four SineGaussian signals, obtained in the C7 data.

The sensitivity to generic GW burst signals (Sine Gaussian waveforms) has been estimated
to be 1 —2 10720 /y/Hz. This can be translated into a limit on the GW energy emitted for
instance by a source at the center of the Galaxy of 1.6 1075 M.
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