
1The Gravitational Wave Burst Observatory:Present State and Future PerspectivesL.Baggioa, M.Bonaldib, M.Cerdonioa, L.Contic, V.Crivelli Viscontia, P.Falferib, P.Fortinid R.Mezzenac,V.Martinuccie, A.Ortolane, G.A.Prodic, L.Ta�arelloa, G.Vedovatoe,S.Vitalec, J.P.ZendriaaDepartment of Physics, University of Padova and I.N.F.N. Sezione Padova, Via Marzolo 8, I-35131Padova, ItalybCentro CeFSA, ITC-CNR, Trento and I.N.F.N. Gruppo Coll. Trento Sezione Padova, I-38050 Povo,Trento, ItalycDepartment of Physics, University of Trento and I.N.F.N. Gruppo Coll. Trento Sezione Padova,I-38050 Povo, Trento, ItalydDepartment of Physics, University of Ferrara and I.N.F.N., Sezione di Ferrara, I-44100 Ferrara, ItalyeI.N.F.N. National Laboratories of Legnaro, Via Romea 4, I-35020 Legnaro, Padova, ItalyThe expected performances of the gravitational wave observatory composed by the �ve resonant detectorscurrently in operation are discussed. The potential near future improvements are also examined assuming thatthe noise properties of the up-graded resonant detectors will be in agreement with predictions. With the initialoperation of long baselines interferometers a substantial improvement in the burst search is expected.1. INTRODUCTIONIt is the �rst time that a gravitational waveobservatory is operating with a signi�cant num-ber of detectors to search for millisecond bursts ofgalactic origin. In fact, there are �ve resonant bardetectors currently in operation with comparablesensitivities: three I.N.F.N. detectors, the ultra-cryogenic AURIGA and NAUTILUS[?, ?] andthe cryogenic EXPLORER[?], one N.S.F. cryo-genic detector, ALLEGRO[?], and one cryogenicA.R.C. detector, NIOBE[?]. Very recently the in-volved research groups agreed on a procedure toexchange the data of the �ve detectors in order tostart a signi�cant search for coincidences[?]. Fu-ture perspectives are very promising because ofthe expected improvements in sensitivity of theresonant detectors and because of the plannedinitial operation of the long baseline interferome-ters GEO 600, LIGO and VIRGO. As the gravita-tional wave observatory improves, it will be pos-sible to detect gravitational radiation from ex-tragalactic sources, to determine its direction of

propagation and to test the speci�c properties ofthe Riemann tensor of the wave, i.e. transversal-ity, tracelesness and light-speed propagation[?].In fact, all these aspects are necessary to providea sound con�dence of detection and a global net-work of detectors is required for this purpose.The ability of the currently operating obser-vatory to detect gravitational bursts and to solvethe inverse problem are discussed in Section 2. Inparticular, we show the relevance of a high resolu-tion measurement of the burst arrival time at eachdetector because it allows to locate the source andto decrease signi�cantly the false alarm rate forcoincidence detection. In Section 3 we describethe expected improvements of a global observa-tory composed of the long arm interferometerstogether with the resonant detectors.2. PRESENT STATE OF THE GRAVI-TATIONAL WAVE OBSERVATORYThe con�guration of the gravitational wave ob-servatory, as presently operating, consists of �ve



2Table 1Locations of the �ve currently operating bar detectors. The misalignment gives the modulus of the anglebetween each detector axis and the direction normal to the earth great circle closest to all the 5 sites.Location Latitude Longitude Azimut misalign.ALLEGRO BatonRouge; LA;USA 30�2700000 N 268�5000000 �40� 6�AURIGA Padova; Italy 44�2101200 N 11�5605400 44� 5�EXPLORERGeneva; Switzerland 46�1200000 N 6�1200000 39� 3�NAUTILUS Roma; Italy 41�4902600 N 12�4002100 44� 2�NIOBE Perth;Australia 31�560000 S 115�4900000 0� 16�resonant bars, almost parallel to each other, asreported in table 1. In fact, the detectors areperpendicular within a few degrees to an earthgreat circle close to their sites. This choice max-imizes the chances of coincidence detection andthe con�dence of detection relies mainly on theminimization of the false alarm rate. The pricepaid is that the present observatory is not isotrop-ically sensitive and no distinctive properties of agravitational wave can be tested.For each operating detector the minimum de-tectable amplitude for a millisecond pulse ishmin ' 5 � 10�19. The power spectral densityin strain referred at input shows minimum valuesof the order of ~h ' 5 � 10�22=pHz with e�ec-tive bandwidths ��pd ' 1Hz for each detector.For what concerns the duty cycle, there are sig-ni�cant di�erences among detectors; for examplethe ultracryogenic detector AURIGA noise per-formance is about two thirds of the time withina factor of two from the above �gures, while forALLEGRO the duty cycle has been substantiallylarger.This level of sensitivity should allow the de-tection of the strongest gravitational wave burstsof galactic origin, since a Signal to Noise RatioSNR = 4 corresponds to ' 5 � 10�3M� con-verted into gravitational waves at the galacticcenter. SNR = 4 gives an acceptable observa-tory false alarm rate, as discussed in subsection2.2.In this respect, one should take into accountthat the antenna pattern of the present observa-tory follows the earth rotation and thus is able tocover the galactic luminous mass for two thirds ofthe time with a sensitivity greater than half max-imum. In the case of linearly polarized signals the
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-1.3 1.3Figure 1. The reconstruction of the angular posi-tion � of the source from the baseline of AURIGA-NAUTILUS as a function of the measured timedelay between detections at those sites.detection probability is a factor of two worse thanthat, since the observatory is sensitive to only onepolarization.Signi�cant improvements of detection con�-dence could be easily achieved by implementingin each operating detector a fast data acquisitionsystem synchronized with the Universal Time Co-ordinate, similar to that already operating for theAURIGA detector[?]. In fact, such a system al-lows to measure the arrival time of a burst withsub-millisecond accuracy, a capability which hasat least two relevant consequences: i) to locatethe gravitational wave source, as discussed in thefollowing subsection, and ii) to squeeze signi�-cantly the time window in which meaningful co-



3incidences can be found and therefore to decreasesigni�cantly the probability of false alarms, asshown in subsection 2.2. Major improvements onthe sensitivity and the timing capabilities of theobservatory can be achieved within a few years byrealizing new transducer-ampli�er chain, as dis-cussed in subsection 2.3.2.1. Source locationAssuming that the gravitational signal travelsat the speed of light, the position of the source inthe sky can be determined by measuring the timedelays between detections of the same burst atthe existing detectors. How well this can be donedepends on how well each detector can measurethe burst arrival time. The timing accuracy for asignal superimposed to a Gaussian noise has anintrinsic limit [?, ?] that can be reached [?] us-ing the fast data acquisition system as presentlyoperating for the AURIGA detector[?]. In thiscase, the output of the optimal �ltering proce-dure for � -like signals shows an oscillating pat-tern at twice the natural frequency of the detec-tor, 2=TD, whose amplitude is maximum at thearrival time and decays exponentially with timeconstant �pd = 1=���pd away from it. The totaltiming uncertainty can be divided into two con-tributions [?]: i) a phase error �� related to theuncertainty on the phase of the oscillating pat-tern �� = TD=2�SNR ' 173 �s=SNR for thepresent INFN detectors, where SNR is the Sig-nal to Noise Ratio of the burst; ii) a peak error�m ' mTD=2, with m integer, due to the ambi-guity on the recognition of the peak of maximumamplitude. �m decreases with increasing the postdetection bandwidth and becomes negligible for��pd > 50Hz. For the present detectors with��pd ' 1Hz, however, the peak error is gener-ally relevant and it becomes negligible only forSNR > 10. Therefore, the timing measurementat each detector has about 2m + 1 possible so-lutions, which are separate from each other since�� � TD=2 even for small SNR. This timing am-biguity a�ects obviously the estimate of delays ofdetection between couples of detectors. For thepresent observatory the reconstruction of the lo-cation of a gravitational wave source will gener-ally give several spots in the sky.

Let us �rst discuss the simple case of a coupleof resonant detectors at a distance �l. If theirnatural frequency is su�ciently close to makenegligible the di�erence between mTD=2 of thedetectors with respect to the phase error, as inthe case of the INFN detectors AURIGA, NAU-TILUS and EXPLORER, the only signi�cant ef-fect of the peak error is to allow multiple solu-tions on time delay measurement, each one withuncertainty given by the phase error. This facta�ects similarly the reconstruction of the angle �between the direction of propagation of the grav-itational pulse and the baseline between the de-tectors, given by�n = arcos�c�t� nTD=2�l � (1)where �t is the measured delay between the ar-rivals of the pulse at the two detectors and n isan integer ranging approximately from �p2m to+p2m. Each �n value will show an uncertaintydue to the phase error ��. For any couple of de-tectors, the problem of reconstructing the incom-ing direction is completely axis-symmetric aroundthe baseline between the two detectors, so thateach value of �n actually determines an entire cir-cle in the sky. Moreover each circle has a �nitewidth, due to the phase error �� and we can eas-ily compute the solid angle �
 = �(cos�)�� intowhich the source position will be placed for eachn value. In fact,�
 = 4� c � 173�s�l � SNR (2)since �� = 2� because the axis-symmetry and�(cos�) = 2c��=�l.The source of a signal with SNR = 5 will belocated inside a circular area of just 2:6% of theentire solid angle 4�, for each possible value of n.Eventually, the maximum number of the phys-ically possible �n for the incoming direction of agravitational wave can be further reduced since�t must be within ��l=c. This is particularlyrelevant for not too far apart detectors and smallSNR. In particular, the ultracryogenic detectorsAURIGA and NAUTILUS are only 397 km apart,reducing the number of possible values for �n to



4just 5 for any measured value of �t (see �gure1). The total solid angle of the possible sourcelocations for SNR = 5 is then 1:6 sterad, thatis 13% of the entire solid angle. Similarly, thebaseline between the detectors AURIGA and EX-PLORER is 455 km and therefore there are atmost 6 possible �n.The measurement of more than one time delayin the detection of a burst at di�erent sites allowsto further limit the possible source locations tothe intersections of the solid angles given by eachcouple of detectors. In �gure 2 we show an exam-ple of how well the three INFN detectors couldreconstruct the location of a source. The an-gle between the baselines AURIGA-EXPLORERand AURIGA-NAUTILUS is 112:6 deg and thereare about 45 possible source locations in the skyfor one pair of measured time delays, correspond-ing to a total solid angle of about 2% of 4�. Atpresent, the other resonant detectors ALLEGROand NIOBE are too far away to signi�cantly im-prove this performance, unless the SNR is highenough to limit the peak error on timing to a fewpeaks. As we said, this requirement on SNR willbecome less stringent as the post-detection band-width of every detector increases[?]. Moreover,the perspectives will improve drastically in thefuture when new detectors will begin operation,as discussed in Section 3.2.2. False alarm rateThe simplest coincidence method compares thearrival times of the events detected at each an-tenna with an amplitude above a selected thresh-old. A coincidence occurs when the events delayis consistent, within the timing accuracy, with thelight travel time. Obviously a false alarm rateof coincidences is produced by noise 
uctuationsat each detector. Therefore gravitational wavessearches are meaningful only for the event ampli-tudes whose associated network false alarm rateis much less than one event in the observationtime.The calculation of the false alarm rate in theobservatory requires at �rst to estimate the num-ber of events occurring in an observation timeT above an amplitude threshold. As previouslymentioned the �lter output of the detector for
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Figure 2. An example of an arbitrary reconstruc-tion of the angular position of the source by thethree INFN detectors. Possible source locationsare shown as the darker spots at the intersec-tions. The reference frame is chosen attachedto the detectors so that � is the angle with theAURIGA-EXPLORER axis and � is the angle inthe orthogonal plane. A burst amplitude suchthat SNR = 5 has been assumed.a burst excitation produces an oscillating patternlasting approximatively 2�pd. Care must be takenin order not to miss neither to overcount a singleevent. For example sampling the �ltered outputat constant rate �t > �pd produces an underesti-mation of the event count because events occur-ring in the \blind" time can be decreased signi�-cantively in amplitude at the sampling time. Onthe contrary a fast sampling rate �t � �pd pro-duces an overestimation of the events count be-cause, for a time � �pd around the arrival time,a single gravitational event produces many localmaxima above the threshold. For this reason eachgroup has developed a procedure for event detec-tion (see e. g. [?]) looking for the absolute max-imum of the �ltered output after continuous re-



5construction in the time domain and disregardingnearby maxima due to the same event.Let's consider for instance the procedure de-veloped for the AURIGA detector: here the out-put of the Wiener �lter is calculated assumingthe signal has arrived at time tw. The parame-ter tw is then continuously changed until the �l-ter output reaches its maximum value, which isequal to the signal amplitude when tw equals thetrue signal arrival time. This procedure wouldnot be accurate if another similar event would oc-cur within a post detection time. The predictionof the number of events generated by the noiseis not straightforward, because the noise is notmade up of �pd separated events and in generalhas a transfer function di�erent from that of thegravitational signal. In table 2 the results of aMonte Carlo calculation using the same parame-ters as the AURIGA detector are summarized. Arate of � 100 events per day imposes a thresholdof about SNR = 4� 5 on a single detector.If the coincidence window is �t, the number ofcoincidence Nn;T between n detectors isNn;T = NT � An�2NT�tT �n�1 (3)where An is a positive number less or equal thanone (A2 = 1, A3 = 3=4, A4 ' 0:5). The smaller isthe temporal window �t the fewer are the coin-cidence counts. The present network arrival timeaccuracy is about �pd � 0:4 s so that, as reportedin table 3 (columns 'W ') at least four detectorsare required to operate in coincidence to decreasethe accidental events rate to an acceptable val-ues for SNR = 4. A remarkable improvementcould be obtained using fast data acquisition sys-tem, where timing capabilities narrow the coin-cidence time window to the sub-millisecond re-gion. However if the incoming wave direction isunknown the coincidence window should be themaximum light travel time among the detectorsites. In columns T of table 3, the predicted falsealarm rate using such timing capabilities is pre-sented. It is evident that acceptable false alarmrate could be obtained using only 3 of the 5 net-work detectors in coincidence. In principle, us-ing four detectors, threshold as low as SNR = 3could be also monitored, in practice non-modeled

noise (see below) may forbid this.Each of the gravitational wave detectors now inoperation is a�ected by non modeled extra noisesources. For a single detector this corresponds toan excess of events particularly relevant for highSNR. Many experimental e�orts have been de-voted to reduce extra noise sources [?] or to re-ject spurious events [?] in single detectors. Inparticular the use of fast data aquisition systemsallow the reconstruction of the signal form in thetime domain. The candidate events can be thusselected testing the statistical compatibility (�2-test) of the measured signal shape with the spe-ci�c form expected for a true gravitational wavesignal [?].Although time coincidences between di�erentdetectors appear extremely e�cient to reject theresidual non gaussian events [?], the prediction oftable 3 could be only a lower limit of the falsealarm rate. To improve the con�dence of detec-tion of gravitational waves, a further veto proce-dure could be applied. Indeed as in the presentnetwork con�guration the bars are almost paral-lel it is unlikely that a gravitational wave wouldbe detected at the di�erent bars with amplitudedi�erences bigger than the single detector stan-dard deviation hmin. Events in coincidence butwith amplitude di�erences bigger than few hminare thus rejected by a �2 test on the observatiry[?]. This procedure is expected to be particularlye�cient for high amplitude signals unless calibra-tion errors become relevant.2.3. Near future improvements of thepresent observatoryThe energy resolution of the operating detec-tors is about 105 times the ultimate limit im-posed by the so called Standard Quantum Limit(SQL) [?]. This is apparently due to the noiseperformance of transduction chains and is almostthe same for all detectors, in spite of the dif-ferent techniques implemented by the di�erentgroups. The cause of this limitation is not yetfully understood, since on the basis of previousbench tests of single components of the chainsthe predicted noise performances are better by afactor between 10 and 100 in energy. Therefore,in the near future, intensive e�orts have to be



6Table 2Monte Carlo prediction of the events numbers occurring in one resonant detector for an observation timeof one day under gaussian statistics. The computation is performed using the AURIGA parameters.SNR � 3:5 � 4:0 � 4:5 � 5:0 � 5:5 � 6:0Events=day 1453 359 60 8 0:7 0:05Table 3Number of false alarms per year for di�erent gravitational wave burst amplitudes hb as a function of thenumber of the detectors operating in coincidence. We have assumed that hmin = 5� 10�19, so that thethree rows correspond respectively to SNR = 3; 4; 5. The columns W refer to the present time windowof 2�pd � 0:8 sec, while the columns T to a time window of 20 msec.2 Bars 3 Bars 4 Barshb W T W T W T1:5 � 10�18 9:3 � 104 2:3 � 103 4:8 � 103 2:9 � 100 2:0 � 102 3:1 � 10�32:0 � 10�18 8:7 � 102 2:2 � 101 4:3 � 100 2:7 � 10�3 1:7 � 10�2 2:7 � 10�72:5 � 10�18 4:3 � 10�1 1:0 � 10�2 4:8 � 10�5 3:0 � 10�8 4:3 � 10�9 6:8 � 10�14devoted to the realization and implementation oftransducer-ampli�er chains e�ectively operatingat their expected sensitivities with the target ofapproaching a SQL performance. The improve-ment of the energy resolution to about 100 timethe SQL for the present resonant bars would leadto a minimum detectable amplitude for a millisec-ond pulse hmin � 3�10�20 and to ��pd � 50Hz.This large bandwidth would allow the measure-ment of the arrival time with negligible peak errorat any interesting SNR. Therefore, with at leastthree independent time delays, the source couldbe unambiguously located and the many spots in�gure 2 would be reduced to only one. If all de-tectors were operating, the propagation speed ofthe wave would be measured too. With the abovestrain sensitivity, SNR = 4 would correspond to� 2 � 10�5M� converted in gravitational wavesat the Galactic Center. For stronger sources theinteresting observational range would then be ex-tended to the Local Group of galaxies.3. FUTURE PERSPECTIVESThe �nal step toward a gravitational waveobservatory for burst signals would probablybe the integration, on a single network, ofupgraded bars, long baseline interferometers(LIGO[?], VIRGO[?], GEO[?], TAMA[?]), andpossibly massive omnidirectional spherical detec-

tors (GRAIL[?]). The di�erence of bandwidthbetween resonant detectors and interferometers isnot a crucial point for the burst search as the sig-nals we are looking for have no structure withinthe detectors bandwidth. The advantage of sucha network of detectors would be two-fold: i) thenetwork would have an almost isotropic sensi-tivity in direction and polarization of incomingbursts as the detectors would be no more parallel;ii) one would be able to test distinctive proper-ties of a gravitational wave, such its velocity ofpropagation, ist transversality and tracelesness.It has already been demonstrated [?], usinga model of six bars orientated as the symmetryaxes of a dodecahedron, that the so-called inverseproblem can be solved and a linear veto based onthe tracelessnes of a gravitational wave can beexerted. This solution can be easily extended toany network of gravitational wave detectors. Infact the response of a detector X�(t) to linearlypolarized radiation coming from a direction ~k canbe written asX�(t) = hb C� f(t� t0 � ~r� � ~k=c) (4)where C� = Rij(ninj)� or C� = Rij(ninj �mimj)� are respectively the bar and interferom-eter �gure patterns, ~r� is the radius vector of the��th detector in a geocentric coordinate system,t0 is the arrival time of the signal at the coordi-nate origin, ni and mi are the directions of the



7bar axes and of the interferometer arms. Here the3 � 3 symmetric matrix Rij represents the wavepolarization tensor in the geocentric frame whichcarries all the distinctive symmetries of the gravi-tational wave Riemann tensor. Using the time de-lay information we can invert the above equationswith the detector responses shifted on the samewavefront, giving an estimate of the tensor hbRij .It is worth to notice that, being (ninj � mimj)a traceless tensor, the trace of Rij cannot be es-timated by interferometers or spheres alone, andtherefore bars would play a crucial role in the net-work.As an example, we have calculated the skycoverage of the network made of 4 of the inter-ferometers currently in construction (LIGO-LA,VIRGO, GEO, TAMA) and 2 bars (ALLEGRO,AURIGA) assuming a similar burst sensitivity foreach detector. We use the fact that bars can bere-oriented in the horizontal plane to maximizethe overall sky coverage of the network. Fig. 3shows clearly that, with a reorientation of theAURIGA and ALLEGRO axes (respectively by' +30 deg and ' �25 deg from North to West),the detected amplitude is at worst one half of thegravitational wave amplitude for any source di-rection.With bars at their SQL and interferometers attheir predicted sensitivities, the network wouldextend the range of observations to the VirgoCluster, according to predicted[?] burst sourceintensities.
4. CONCLUSIONSWith the bar detectors presently in operationa Galatic supernova watch is becoming a reality.As soon as the transducers of the bar detectorsare upgraded towards their SQL and the interfer-ometers under construction start operation, sucha watch for impulsive events (supervovae and �-nal impacts of coalescing binary systems) will begradually extended to the Local Group of galax-ies and then to the VIRGO Cluster with eventrate of at least few events per year.
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