THE “5-BARS” G.W. OBSERVATORY: RESULTS AND PERSPECTIVES

M. CERDONIO
INFN Section and Department of Physics, University of Padua

Padua, 35131, Italy

E-mail: cerdonio@pd.infn.it

ABSTRACT

The results are reviewed of the coincidence searches recently performed under the IGEC collaboration with the five cryogenic “bar” detectors in operation. The operation of such a g.w. “observatory” is discussed, according to the current detector’s performance and to the performances expected after completion of the upgrades under way. A longer term outlook is given on “advanced” cryogenic acoustic detectors, with larger cross section and bandwidth.  

1. Introduction 

Cryogenic resonant “bar” gravitational wave detectors are designed to detect gravitational waves through the excitation of the quadrupole resonant modes, at f(1kHz of massive, 2-3 tons cylinders of high mechanical quality factor, Q>106. They evolved from the original ideas and experiments of J.Weber in the 60s. Since then the two basic noise sources, the thermal fluctuations in the bar and the final redout amplifier noise, have been reduced, respectively by cooling the "bar" down to Kelvin and subKelvin temperatures and by using superconducting electronics, so much to improve the energy sensitivity by more than five orders of magnitude.

Currently five detectors operate (1), under four long term projects in Australia, Italy and United States, Fig.1. Their sensitivity is quite similar, within a factor of four in the energy of a detectable ms g.w. burst, which would correspond to a violent emission of some 0.01 Msun in the Galaxy. In amplitude of the metric perturbation at the detector, the burst sensitivity is some h = 5 10-19 and the spectral strain sensitivity is some Sh1/2 = 5 10-22  Hz-1/2  over bandwidths of few Hz around the kHz resonant frequencies. In addition, and to a different extent in each detector, a non modeled “background” noise shows up, as a few tens of events/day of larger amplitude, some 10 times the rms.  Over the last few years, the five "bars" have been in near continuous operation.

2. The IGEC observatory

At the 2nd Amaldi Conference, W.O. Hamilton and W.W. Johnson for ALLEGRO, M. Cerdonio and S. Vitale for AURIGA, G.V. Pallottino and G. Pizzella for EXPLORER and NAUTILUS and D. Blair and M.E. Tobar for NIOBE signed an agreement to set up a data exchange protocol, the International Gravitational Events Collaboration, IGEC (2), for correlating the data from the detectors. The bars happened already to be approximately on a great circle on the earth. By mutual agreement, they were then oriented as much parallel as possible, to maximize the coincidence probability. Their common antenna pattern is such that signals from a specific direction as for instance the Galactic Center, either unpolarized or with nearly optimal polarization, would deliver more than one half of their intrinsic energy to each detector for about 75% of the time. The goal of the IGEC is to standardize and simplify the data exchange and to maintain a continuous discussion on data acquisition and analysis procedures. Results of coincidence analysis are made public by unanimous consent. The core membership consists of groups producing gravitational wave data; so it is open to interferometric detectors groups, especially in their initial data taking.
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Figure 1: The “bar” g.w. detectors are located roughly on a great circle on earth

Searches have been devoted initially to impulsive events. These can be any signal of spectral amplitude nearly constant over the pair of resonances of each detector, which are some 20 Hz apart around about 900 Hz (NIOBE is at 700 Hz) and have a bandwidth of 1 Hz.  So the detectors are sensitive to ms bursts of any shape as those from the final cycles, the merger and the ringdown of black-hole binaries of total mass below some 15 Msun, the final coalescence of neutron stars and the birth of neutron stars and black holes in supernovae.

Each group, under its own responsibility and upon detailed declaration, produces lists of “burst events”, using optimal filtering with -like templates during periods of “on” time of the detector, in which the noise is quasi-stationary gaussian plus a limited number of “background” events. Various tests are performed on candidate events to veto spuria, as coincidences with local disturbances and self consistency tests on the filter output.  The timing accuracy within the network is kept better than 1 s, UTC time. The coincidence window is taken about 1s, of the same order of the filter time correlation and in correspondence with the postdetection optimal banwidth of about 1 Hz. A threshold is applied at SNR = 3-5 in amplitude,  each group choosing the proper one for each detector in order to limit to some 100 ev/day the list content. Such thresholds would correspond, for optimally oriented actual g.w. signals, to 0.04-0.11 Msun converted in a g.w. ms burst at a distance of 10 kpc. The ”events” from the various detectors are all of comparable typical energy, as, within a factor of 3, all the detector show a comparable quasi-stationary gaussian noise
The coincidence analysis is performed on the exchanged “event” lists through a “task force” (3). A number of tests have been performed to understand the statistics of the events and of their correlations, if any (4, 5).  

The first IGEC search (4, 5) concerns a large part of the period June 1st 1997 to December 13th 1998, with common observation times of about 260 days for 2-fold, 90 days for 3-fold and 16 days for 4-fold coincidence analysis.

Relevant features and results are the following:

· the noise between all pairs of detectors, both nearby and far apart, is not  correlated, a feature which gives confidence in the effectiveness of the coincidence searches in reducing the “background” noise

· the false alarm rate is mainly influenced by such a non modeled “background” noise, which represents the actual limit in the network sensitivity

· rate of accidentals for 2-fold coincidences can be as large as few/week, but fully agrees with predictions based on the rate of the “background” noise 

· as soon as three or more detectors are in coincidence, the false alarm rate goes easily below 1 event/century: at thresholds h = 3-5 10-18  the false alarm rates are < 10-4 ev /y for 3-fold coincidences, and <10-6 ev/y for 4-fold 

· no candidate g.w. signal was found over the some three months of at least 3-fold coincidences 

· upper limits of about h = 4 10-18 can be continuously given on a time span of about 300 days for the g.w. flux impinging on the detectors network at each time, assuming optimal direction and polarization; this is obtained using data from as many detectors – one to four – which were on the air at any time; these data may possibly be of use in connection with astronomical triggers, as neutrinos, -bursts, etc to set upper limits within specific models.

The agreement between observed and predicted 2-fold accidentals is robust: two different methods have been used to predict these rates: i) as the event rates are not correlated, even if non stationary, one can model them as Poisson point processes and use the measured rates to estimate the rate of the accidentals, with textbooks formulas; ii) by artificially shifting in time the output of one detector in respect to the other and then counting, for each trial,  the coincidences found. The two methods give identical results within errors (4).

To effectively reduce the false alarm rate well below 1/century has side effects of relevance: i) as one needs at least three detectors “on” in coincidence, the overall duty cycle reduces significantly, from 1.5 years to 0.25 years, after identification of proper detectors “on” time and routine or major maintenance detectors “off” times ii) the ”background” noise reduces significantly the burst sensitivity, from the short term “gaussian” value of about h=5 10-19, to the value h=4 10-18 obtained after applying the thresholds. 

To obtain for a substantial upgrade of the IGEC observatory, not only an enhancement in “gaussian” sensitivity of the detectors is needed, but also the above problems must be taken care of.

3. Perspectives of the IGEC observatory

The IGEC collaboration has recently exchanged all data available until the end of 2000 and the analysis is in progress.

All detectors in the network are under (funded) upgrades which should enable to detect candidate events delivering only some 100 quanta of vibrational energy to the bar – to be compared with the 103-104 quanta of the current performance. It is expected that the majority, if not all, will enjoy such an upgrade in energy sensitivity by a factor close to 100 and, in addition on a time scale of one year then the reach-out, for the most violent phenomena delivering some 0.01-0.1 Msun in a gw event, would be extended from the present Galactic scale to the scale of the whole Local Group of galaxies. The luminous mass under observation would increase by a factor of about 20.

A widening of the post-detection bandwidth to > 10 Hz is also expected. A resolution <1ms in the arrival time of the bursts would be obtained, with a consequent narrowing of coincidence time. The possibility would open up of measuring the time of flight of candidate g.w. signals across the network. 

On short term improvements are also expected for the duty cycle, after a number of improvements on the cryogenics, as continuous liquid helium refills and others, which minimize maintenance stops. 

Finally more refined coincidence analysis are under development, which would rather be based on the exchange of “raw” data time series: the search efficiency is expected to be enhanced.

In a final leap towards the so called Standard Quantum Limit, that is get on the detectors an energy resolution of few quanta, the reach-out of the IGEC observatory, taking as reference the merger of black-holes binaries of about 15 Msun, would extend in the future to the Virgo cluster.

The “bars” may usefully complement in the kHz frequency range the initial “interferometers”. The IGEC is all prepared to correlate data with interferometric detectors, as IGEC by statute is open for participation to any project producing data usable for coincidental searches of g.w. signals. 

The IGEC had to dedicate its efforts until now only to searches of coincidental “bursts” g.w. signals, but other searches can and will be implemented, in particular of continuous signals,  of correlations with bursts of neutrinos and gammas and of stochastic background Again, the IGEC is quite open to the participation of external groups, for the purpose of data analysis. 

4. Conclusive remarks on “acoustic” gw detectors

Cryogenic acoustic detectors have a number of attractions. 

“Bar” detectors are in operation giving upper limits of interest. With their ultimate sensitivity they may usefully complement the “initial” interferometric detectors (6). 

On a longer time scale, when “advanced” interferometers (6) will be in operation, spherical cryogenic acoustic detectors, with their larger cross section, may still keep up such a complementarity to extend to higher frequencies the spectral range under observation.   

In fact a substantial amount of exploratory work has been performed on full and hollow spherical resonators, both on the side of understanding the response to g.w.signals and on the side of preliminary experiments on small prototypes:  

· the cross section is larger as the ratio of the masses in respect to a bar; for the same material this is a factor about 20 (7)

· the detection is omnidirectional and it is possible to reconstruct the direction and polarization of the incoming signal (8); two spherical detectors would make up for a g.w. “observatory” (9) and, if the distance is properly chosen, one can maximize the correlation in the detection of stochastic background (10)

· the cross section of the second quadrupolar mode is of the same order of that of the first, allowing new detection methods of the final coalescence of neutron stars binaries, as the g.w. signal excites at subsequent times the two modes (11).

Hollow spheres, equipped with resonant transducers at the quantum limit (12), would reach out to beyond 100 Mpc, for “stellar” black hole binaries mergers. Also, they would search for stochastic background at the level of gw= 10-9 (13).

Recently a new scheme has been proposed (14) for a wideband acoustic detector. The relative surface displacements between two concentric freely suspended spheres, as they independently vibrate under the g.w. excitation, are read by non-resonant optomechanical transducers. These are high finesse Fabry-Perot cavities, driven by stabilized lasers ,the mirrors of which are bound one to the external surface of the full internal sphere the and the other to the internal surface of the external hollow sphere. The system has many interesting features, among which: i) due to the fact that the cavity can be short, say 1 cm, the finesse can be brought at very high values, F > 3 105, without loss of g.w. signal; ii) the quantum limits in the displacement measurement with cavities can be reached still allowing a bandwidth quite open, f=f.  

In conclusion on a long term one may envisage that, with LISA, with the “advanced” interferometric detectors and with the “advanced” cryogenic resonant mass detectors, one would cover, for the one of the most interesting signals, the coalescence of black holes, the whole mass spectrum from millions  Msun  to few Msun. 
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