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2 M. CERDONIO ET AL.tempted. In fat, many ryogeni resonant detetors are already operatingwhile long baseline interferometers are rapidly approahing their plannedinitial operation. Beside these earth based detetors, experiments are underway by Doppler-traking satellites in the solar system [2℄ and the feasibilitystudy for the interferometer in solar orbit [3℄ will soon start its experimentalphase.The urrent e�ort will be eventually rowned with suess, and it islikely that the present detetors will play a ruial role for the advanementof this �eld. In fat, it is the �rst time that a gravitational wave observatoryis operating with a signi�ant number of detetors to searh for millise-ond bursts of galati origin. There are �ve resonant bar detetors ur-rently in operation with omparable sensitivities: three I.N.F.N. detetors,the ultraryogeni AURIGA[4℄ and NAUTILUS[5℄ and the ryogeni EX-PLORER[6℄, one N.S.F. ryogeni detetor, ALLEGRO[7℄, and one A.R.C.ryogeni detetor, NIOBE[8℄. Very reently the involved researh groupsagreed on a proedure to exhange the data of the �ve detetors in orderto start a signi�ant searh for impulsive events in oinidene[9℄. It is es-timated that in order to detet gravitational waves emitted from soureswhih are expeted to have a satisfatory statistial ourrene, suh assupernovae and oalesing binaries in the Virgo luster, an improvementof amplitude sensitivity by more than two orders of magnitude beyond thepresently ahieved values is required. However this jump in performanean be on�dently regarded as a medium term target, sine the path to-wards the quantum limited sensitivity for impulsive signals is now morelearly de�ned.As the gravitational wave observatory improves and the long baselineinterferometers start operation, it will be also possible to determine theinoming diretion of the wavefront and to test the spei� properties ofthe Riemann tensor of the wave, i.e. transversality, traelessness and lightspeed propagation[10℄. In fat, all these aspets are neessary to provide asound on�dene of detetion and a global network of detetor is requiredfor this purpose.In the following Setion we review the progresses of the resonant bardetetors urrently in operation. Set. 3 deals with the opportunities givenby the present observatory for gravitational waves, in partiular for bursts,with an insight on the expeted medium term improvements. In Set. 4 weoverview the researh and development ativity urrently pursued to ap-proah the quantum limited sensitivity of resonant detetors and to inreasetheir ross setion and sky overage. The relevant aspets of the future grav-itational wave observatory made by resonant and interferometri detetorsare outlined in Set. 5.



CRYOGENIC RESONANT DETECTORS OF G.W. 32. The Operating DetetorsA reent review on the priniple of operation of resonant detetors and ontheir sensitivity to predited g.w. signals has been given in the previousG.R. Conferene by Coia[11℄. Here we summarize only the main pointsrequired to disuss the performane of resonant detetors and some reentprogresses whih open new opportunities for burst detetion.2.1. PERFORMANCE OF THE OPERATING DETECTORSResonant gravitational wave detetors are extremely sensitive detetors oftidal or quadrupolar fores. The sensitivity is peaked at the quadrupolarresonant frequenies with an e�etive bandwidth muh larger than the res-onane width. The e�etive bandwidth of the detetor depends ruiallyon the noise harateristis of the bar osillator, its brownian noise, andof the ampli�ation readout. The latter is omposed of two unavoidableontributions: i) a bak-ation omponent, i.e. a noise soure whih atson the resonating input load, and ii) an additive noise soure to the de-tetor output. The frequeny range in whih the noise fore ating on theharmoni osillators (i.e. brownian and bak-ation) dominates over theadditive noise is the e�etive bandwidth, whih is muh wider than theresonane width of the osillator.The sensitivity of gravitational wave detetors is generally desribed interms of the equivalent strain amplitude noise whih produes the mea-sured noise power spetrum at the detetor output. A typial measuredstrain power spetral density Shh(�) for a resonant detetor with a reso-nant displaement transduer, AURIGA, is shown in Fig.1. The two ou-pled harmoni osillators, bar and transduer, produe two normal modes,whose frequenies are splitted and orrespond to the minima of Shh(�). Fora ylindrial antenna, the minimum value of Shh(�) (bilateral) per eahnormal mode is given by:Shh;mode = �16 kBTe;modeMmodeQmode�3modeL2 (1)where L is the bar physial length, kBTe;mode is the mean energy of themode, Qmode and �mode are respetively the quality fator and the resonantfrequeny of the mode. Mmode is the e�etive mass of the normal modewhen its dynamis is desribed in terms of the displaement of the barend fae. In fat, the total energy absorbed by the bar divides itself on thenormal modes proportionally to 1=Mmode and energy onservation requiresthat Pmodes 1=Mmode equals the inverse of the e�etive quadrupolar massof the antenna. In the simple ase of a resonant detetor with a well-tunedresonant transduer, eahMmode is half of the e�etive mass of the detetor,
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Figure 1. The strain noise power spetrum S1=2hh for the detetor AURIGA (June 1997)i.e. Mmode =M=4 for a bar of physial mass M . We point out that Te;modeinludes the brownian and the bak-ation ontributions.The sensitivity to monohromati waves, suh those expeted from ro-tating non axisymmetri neutron stars, is easily alulated from the strainspetral density and the integration time tm. The minimum detetable waveamplitude with Signal to Noise Ratio SNR = 1 at frequeny � is:h = s2Shh(�)tm (2)This sensitivity is largest for signals inside the e�etive bandwidth of thedetetor where the minimum detetable amplitude is:h � 1Ls �kBTe;mode8MmodeQmode�3modetm (3)For what onerns the stohasti gravitational radiation, the measuredShh(�) is itself the experimental measurement ahievable with a single de-tetor, but it typially represents an upper limit muh larger than anytheoretial expetation. Cruial enhanements an be ahieved by ross-orrelating two nearby detetors. Negleting the geometrial worsening fa-tors related to the distane and relative orientation of two detetors, the



CRYOGENIC RESONANT DETECTORS OF G.W. 5minimum detetable power density Sgw(�) of stohasti radiation is givenby [12℄: Sgw(�) � q 1�� R Shh;1(�)Shh;2(�)d�ptm�� (4)where �� is the intersetion between the e�etive bandwidths of the twodetetors and tm the integration time. The general ase of two not nearbydetetors with an arbitrary relative orientation is desribed in ref [13℄.Whihever the signal buried in the detetor output, it an be revealedapplying an optimal linear Wiener-Kolmogorov �lter, provided the detetornoise spetral density at input and the signal shape are known. The SNRfor the amplitude of a signal with Fourier transform H(�) is then given bySNR = Z +1�1 j H(�) j2Shh(�) d� (5)All the operating detetors apply �lters for Æ-like signals, i.e. short burstswhose Fourier transform an be taken approximately to be onstant,H(�) =H0, over the e�etive bandwidths of the detetors. This kind of signals areexpeted from supernova ollapses or �nal impat of oalesing binaries. Inthis ase, resonant detetors measure diretly the Fourier transform H0 ofthe wave, whose minimum detetable value at SNR = 1 for a bar is givenby H0;min = 18L�20skBTeffM (6)where kBTeff is the minimum detetable energy and �0 is an average ofthe mode resonant frequenies. Teff is known as the e�etive temperatureand it has been the traditional parameter used to de�ne the detetor per-formane. This formula holds if an optimal �lter for the H0 of the Æ-likesignal is implemented, whih is generally the ase if the detetor output isanalyzed by a fully numerial proedure, as for AURIGA[14℄. For the moretraditional ase in whih the detetor output is �ltered for the signal energy,the ahievable H0;min is larger by a fator p2: in fat the amplitude followsa gaussian distribution and therefore its square has a Boltzmann distri-bution with standard deviation equal to twie the square of the standarddeviation of the amplitude.In Table 1 we report the main features of the ryogeni resonant dete-tors urrently in operation, whih are almost parallel oriented. The presenttypial e�etive bandwidth is � 1 Hz, and the minima of the strain spetraldensity pShh(�) are in the range 5 � 10 � 10�22=pHz. This implies thatthe minimum detetable gravitational wave burst is omparable for all the



6 M. CERDONIO ET AL.TABLE 1. Summary of the main parameters of the urrently operating gravitational wavedetetors. All the bars are equipped with a tuned resonant transduer resulting into two normalmodes whose frequenies and quality fators during operation are reported. The subsript "ave"is relative to the average performane over the duty yle. The reported values of duty yleof the Al5056 bars give the fration of the ryogeni run time during whih the detetable H0at SNR = 1 is < 5:5 � 10�22Hz�1. This �gure orresponds to a threshold on the e�etivetemperature of 20 mK. For NIOBE the duty yle thresholdy has been set to 7:7� 10�22Hz�1or 8mK. The reported event rate is related to a threshold of H0;thre = 1:2 or 1:7� 10�21 Hz�1respetively for Al5056 bars and for NIOBEz. These event thresholds are reasonable for thepresent oinidene searh. The detetors are almost parallel and the reported misalignment isthe amplitude of the angle between the bar axis and the perpendiular to the earth great irlelose to the �ve loations.EXPLORER ALLEGRO NIOBE NAUTILUS AURIGAbar material Al5056 Al5056 Nb Al5056 Al5056bar mass [kg℄ 2270 2296 1500 2260 2230bar length [m℄ 3:0 3:0 2:75 3:0 2:9freq. �� [Hz℄ 905 895 694 908 912freq. �+ [Hz℄ 921 920 713 924 930Q� [106℄ 1:5 2 20 0:5 3bar temp. [K℄ 2:6 4:2 5 0:1 0:25S1=2hh;min [Hz�1=2℄ 6� 10�22 1� 10�21 8� 10�22 6� 10�22 5� 10�22bandwidth [Hz℄ � 0:2 � 1 � 1 � 1 � 1duty yle [%℄ 50 97 75y 50 60H0;ave [Hz�1℄ 4� 10�22 4 � 10�22 5:5 � 10�22 5� 10�22 4� 10�22Teff;ave [mK℄ 12 11 4 15 10event rate [d�1℄ 150 100 75z 150 200above H0;threlatitude 46Æ2700000N 30Æ2700000N 31Æ5600000S 41Æ4902600N 44Æ2101200Nlongitude 6Æ1200000 268Æ5000000 115Æ4900000 12Æ4002100 11Æ5605400azimuth 39Æ �40Æ 0Æ 44Æ 44Æmisalignment 3Æ 6Æ 16Æ 2Æ 5Æ
detetors, being H0;min � 3 � 6 � 10�22 Hz�1. For an e�etive gravita-tional wave searh, the availability of the detetors is as muh relevant asthe sensitivity, and therefore we report also the following parameters: i) theduty yle of the detetor, ii) its average sensitivity during its operatingtime and iii) the typial measured rate of events above a seleted threshold.i) The duty yle reported in Table 1 is the fration of the ryogenioperating time in whih the detetable H0 at SNR = 1 is below a thresholdof 5:5� 10�22Hz�1 for the Al5056 bars and of 7:7� 10�22Hz�1 for the Nbbar. Duty yles range from 97% of ALLEGRO to the 50% of the younger



CRYOGENIC RESONANT DETECTORS OF G.W. 7ultraryogeni detetors and an be taken as a measure of the e�etive oper-ating time. In the near future, it seems likely that ultraryogeni detetorswill approah the high duty yle of ALLEGRO. The seleted thresholdsare within a fator of 2 from the best typial sensitivity of the detetors andorrespond to an e�etive temperature Teff = 20 mK for the Al5056 barsand 8 mK for NIOBE. To simplify, it is assumed here and in the followingthat the data of eah detetor are �ltered for the amplitude of the burst,as for AURIGA; that is a reasonable ondition for all the detetors in thenear future.ii) The sensitivity for bursts averaged over the duty yle is very lose tothe best typial sensitivity obtained by eah detetor. It an be onsideredas the useful sensitivity of the detetor in a oinidene searh and it isreported in Table 1 with subsript ave.iii) The rate of events typially measured at eah detetor above a se-leted threshold is a measure of the high energy tail of the event distri-bution, the part that is relevant for oinidene searh. In fat, it is wellknown that the distribution of the signal output of the detetors �ltered forbursts shows a thermal, in many ases brownian, distribution and an exessof high energy events, whih are generated by unknown loal soures. Wereport the typial rate of events at eah detetor whose amplitude is aboveH0;thre ' 1:2� 10�21Hz�1 for Al5056 bars and H0;thre ' 1:7� 10�21Hz�1for NIOBE, that orrespond typially to SNR � 4:5 over the average per-formane. The rates reported are of the order of 100=d, and thereforeH0;threan be taken as a reasonable threshold in the urrent oinidene searh,as it is shown in the following Setion. The reported rates already inludethe vetoes for spurious events applied by eah group. Moreover, these ratesare a�eted by the eÆienies of the proedures that eah group applies tosearh for events inside the detetor's data. The eÆienies depend ruiallyon the apability to give a non biased estimator of the event amplitude. Aproedure of almost omplete eÆieny has been implemented for the AU-RIGA detetor[14℄ and is briey presented in the following subsetion.It is lear from these fats that resonant detetors do demonstrate a highlevel of availability. However, their present sensitivity is still unsatisfatory,as is disussed in Set. 3. In fat, with respet to the expeted burst signals,the useful sensitivity urrently limits the range to galati soures, whihhave a very low statistial ourrene. For what onerns periodi signalsor stohasti bakground, the ahieved sensitivities are still well above thepredited signals.



8 M. CERDONIO ET AL.2.2. PROGRESSES CAPABILITIES FOR BURSTS DETECTIONThe detailed shape of impulsive gravitational signals is unknown, but it islikely that any short burst will not show any struture inside the detetorsbandwidths, at least as long as these are below 1 Hz per eah normalmode and the detetor modes are within � 20 Hz to eah other. It isfor these reasons that the optimal �lter of eq. 5 is generally built for thesimplest impulsive signal, the Æ-like event with a onstant Fourier transformH0 in the relevant frequeny range. At this stage it seems meaningless toimplement more omplex �lters. Anyway, the generalization of the Æ-�lterfor a not so short signal of unknown shape has been already demonstrated ina wider-bandwidth detetor[15℄ and therefore the data analysis proeduresdesribed in the following will keep their e�etiveness.A Æ-like gravitational wave signal does not show any distintive featureat a single detetor; however, reent progresses on data aquisition andanalysis[14℄ open now new opportunities for signi�ant improvements inthe on�dene of detetion. In partiular, the fast data aquisition systemsynhronized to Universal Time allows optimal �ltering proedures whihgive both the amplitude of the H0 of the signal and its arrival time withsub-milliseond resolution[16℄. Moreover, statistial tests on the omplianeof the deteted signal shape with a mehanial Æ exitation of the bar anbe used to veto spurious events of di�erent origin[17℄.The key hardware advanement has been the full implementation inthe AURIGA detetor of a fast data aquisition system with 5 kHz sam-pling frequeny synhronized to Universal Time Coordinate by means ofa Global Positioning System reeiver equipped with a stabilized loal os-illator[14℄. The row data are then analyzed on-line with an optimal �lterfor both amplitude and arrival time of Æ-signals and are fully registeredon tapes for any future o�-line analysis. The �lter output is a zero meansignal sampled at 5 kHz with random amplitude and phase, osillating atthe average frequeny of the bar+transduer modes with an autoorrela-tion time given by the Wiener time �Wiener ' 1=���pd, where ��pd is thee�etive bandwidth of the detetor. A Æ-like event shows up as a beatingnote with an envelope deaying with �Wiener: its maximum amplitude givesthe H0 and ours at the arrival time of the event. The event searh in the�lter output is aomplished by searhing for the symmetri entral timeof the beating note; if its amplitude overomes a seleted threshold and noother higher event is too lose, the event is registered and the �lter outputis reonstruted in the ontinuous time domain with about 1�s resolutionto measure its arrival time. In this way, the event amplitude is not under-estimated and therefore the eÆieny on event searh above a threshold ismaximum. More traditional proedures searh for the maximum sample in



CRYOGENIC RESONANT DETECTORS OF G.W. 9a sequene of the output of the optimal �lter for the energy of the Æ-signal.This has two disadvantages: i) the phase information of the signal is lostand timing resolution is of the order of �Wiener, ii) the signal energy an besigni�antly underestimated and therefore not all events above a seletedthreshold will be aught.We have already demonstrated[16℄ that there are two di�erent ontri-butions to the overall timing error of an event: one oming from the erroron the determination of the phase of the �ltered signal osillating at theaverage frequeny of the modes (the phase error ��) and one from the ambi-guity in the determination of the osillating period of maximum amplitude(the peak error �p). The two ontributions happen to be independent to avery good level of auray. Quantitatively they are very di�erent, namely�� � 173�s=SNR and �p(k) � �kTD=2 � k 540�s for the AURIGA de-tetor, where k = 0; 1; 2; : : : ; kmax and TD is the period of osillation ofthe signal. With these �gures �� << TD=2, so that the overall arrival timemeasurement gives a series of separated time intervals eah one enteredon tmeas�kTD=2 with a standard deviation ��. The value of kmax dependson the post detetion bandwidth and on the SNR of the event. With ae�etive bandwidth of about 1 Hz, as for the present detetors, kmax willbe redued to 0 only with SNR � 20, thus reduing the series to a singleinterval.Gravitational wave antennas are unavoidably a�eted by noise souresthat an mimi a gravitational wave burst. Only part of these noise eventsis modeled, suh as the brownian noise of the bar or the bak ation of thetransduer hain, and their rate is expeted to derease with their ampli-tudes aording to the normal distribution. In pratie all the detetors area�eted by non stationary noise soures that produe an extra number oflarge amplitude events. It is ommonly believed that this extra-noise arisesfrom loal disturbanes suh as eletromagneti interferenes, mehanialreeps, seismi ativity, ryogeni liquid boiling and so on[18, 19℄. In manydetetors the number of events is redued by 1�10% just rejeting those inoinidene with monitored loal disturbanes whose orrelation with thedetetor output has been observed [18, 6, 19℄. Another method partiularlypowerful to veto spurious events is based on testing the ompliane of a an-didate event with a Æ-like gravitational wave indued signal. In the simplestversion it is required that for eah mode the energy innovation sales as theequivalent mass . However, thanks to the modern data aquisition systems,a more sophistiated proedure an also be used, heking the statistialompliane (�2-test) of the deteted shape to the expeted one induedby a Æ-like gravitational wave[17℄. This method is partiularly eÆient torejet extra noise introdued by the eletromehanial transdution hain.



10 M. CERDONIO ET AL.3. The Observatory for Gravitational Waves3.1. BURSTSThe measurable Fourier transform H0 of a burst an be transformed ina wave amplitude or a wave integrated energy only by assuming furtherharateristis of the wave: at least its entral frequeny �sig and its timelength �sig or its frequeny span. The more ommon assumptions are thatthe burst is omposed by a sinusoidal osillation at �sig � 1 kHz lastingapproximately one period, �sig � 1 ms. For this signal shape, the strainamplitude of the burst ish ' 2H0�sig � 2� 103s H0 (7)Therefore, the minimum detetable amplitude of eah operating detetor istypially hmin � 6� 12 � 10�19 at SNR = 1. As for a oinidene searh,we show below that the on�dene of detetion requires to use a morereasonable threshold, lose to H0;thre = 1:2 � 10�21Hz�1; the minimumdetetable wave amplitude is therefore hthre � 2:4� 10�18.The energy Egw released in a gravitational wave burst at some distaneR from the earth is related to the measurable H0 byH0 � s GEgw�sig2�23R2�2sig � 1:5 � 10�21Hz 103 Hz�sig 10 kPR s Egw10�22M� �sig10�3s(8)under the above assumptions on the burst shape, plus linear polarizationand as if the emitted radiation were isotropi. Therefore, � 6� 10�3 solarmasses onverted in gravitational waves at the galati enter, R ' 10 kP,would give a signal of the order of the quoted H0;thre at the earth.Sine the operating detetors are parallel and rotating with the earth,they an monitor one polarization omponent from the galati enter for70% of the time with a sensitivity greater than half maximum. We anonlude that the detetion of bursts of galati origin is at hand if theradiated energy is lose to the more optimisti preditions. In the followingwe disuss how it is possible to ahieve the on�dene of detetion andextrat information on the soure loation.The estimated visible mass inside the range of observation of a detetor,Mobs, is shown in Figure 2 as a funtion of the signal threshold of the de-tetor and of the energy released as gravitational wave burst. The reportedmass data are taken from ref.[22℄. The relationship between Egw and h fol-lows the assumptions on signal shape of eq.7 and 8. An Hubble onstantof 75 km=s=Mp has been assumed. The pro�le of the visible mass versus
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Figure 2. Some values of the visible mass inside the range of observation of a de-tetor, Mobs, are shown as straight lines as a funtion of the energy emitted as grav-itational wave burst (absissa) and of the amplitude burst sensitivity of the detetor(ordinate). The top ontinuous line orresponds to the Milky Way under the simpli-fying assumption that the mass be onentrated around the galati enter (line n.1:Mobs = 0:4 � 1012M� at R = 10 kP). The �rst signi�ant inrease ome from An-dromeda (line n.2: Mobs = 1:1�1012M� for R � 0:77 Mp). Other two lose galaxies ofthe Loal Group at R = 3:5� 3:6 Mp ontribute to further double the mass (line n.3:Mobs = 2:2�1012M� for R � 3:6Mp). At higher distanes the Virgo luster is dominat-ing Mobs: line n.4, Mobs = 20�1012M� for R � 8 Mp; line n.5, Mobs = 1:2�1014M�for R � 15 Mp; line n.6, Mobs = 1� 1015M� for R � 33 Mp.distane is very sharp as soon as the Virgo luster is reahed: Mobs over-omes 1013M� and 1014M� respetively at about 7 Mp and 14 Mp. Atsmaller distanes the number of galaxies is small and Mobs � 2:5� 1012M�in the Loal Group (R � 4:2Mp). Figure 2 learly shows that the ampli-tude sensitivity of present detetors should improve by almost two orders ofmagnitude to monitor the Andromeda galaxy with the same threshold onEgw as urrently ahieved for the Milky Way. A further one order of mag-nitude improvement in amplitude sensitivity would then allow to ahieve avery signi�ant inrease ofMobs of a further fator 20, leaving the thresholdon Egw unhanged for the galaxies at 8Mp. What resonant detetors plan



12 M. CERDONIO ET AL.to do to ahieve this goal is disussed in Setion 4.In the present on�guration of detetors more information than the sim-ple signal detetion ould be ahieved if we assume, aording to GeneralRelativity, that the gravitational waves propagate at light speed. In fat,in this framework, the soure loation in the sky ould be reonstruted bymeasuring the delays between the signal arrival times at di�erent detetors.Unfortunately, the majority of the present data aquisition systems are in-trinsially unable to reah a time auray of the order of the light traveltime among detetors. Moreover, as a onsequene of the present limitedbandwidths, modern fast data aquisition systems allow timing only witha large peak error at the most interesting SNRs, as disussed in the previ-ous subsetion. Therefore, two detetors would generally measure a series ofseparated possible values for the delay, eah one orresponding to a irle inthe sky as the possible soure loation. The number of irles is then limitedby the assumption that delay must be less than light travel time. As thephase error is also present, eah irle is a band whose width is proportionalto SNR�1. Using more than two detetors the inoming diretions an beredued to the intersetions of the irles. Figure 3 show a sample of theseirles for the AURIGA-NAUTILUS and AURIGA-EXPLORER ouplesof detetors assuming a signal of amplitude SNR = 4. The blak spotsrepresent the possible soure diretions given the three detetors operatingin oinidene, summing up to a total of about 2% of 4� [20℄.Up to now the upper limit on the gravitational wave impulsive eventrate as a funtion of the amplitude omes from a oinidene analysis ofthe EXPLORER and ALLEGRO detetors during 6 months of 1991 [19℄.With the �ve presently operating detetors this limit ould be signi�ativelyimproved as the noise generated events sale as (�t)n�1, where �t is theoinidene temporal window and n the number of detetors in oinidene.It is also evident that a signi�ative derease of the time window from thepresent few tenths of seond to the light travel time between detetors willderease the false alarm rate by many orders of magnitude. This an beaomplished in the near future by extending to all detetors the arrivaltime apabilities. In this ondition the noise generated oinidenes rate ofthe observatory would be negligible ompared with the expeted galatisupernova explosion rate[20℄. However, the predited aidental oinidenerate is likely to underestimate the real one, sine the detetor noise is notstationary and the events appear often lustered instead of being randomlydistributed in time. To redue the number of non-gravitational oinidenesa further veto on the data ould be applied based on the requirement thatfor parallel detetors the measured amplitude di�erenes should be of theorder of the noise standard deviation[17℄ and within the alibration uner-tainty.
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Figure 3. Amap of the possible inoming wave diretion on the elestial sphere for a sam-ple signal of SNR = 4. It is assumed that the true delays between AURIGA-NAUTILUSand between AURIGA-EXPLORER are respetively 50 �s and 300 �s. The grey bandsrepresent the allowable diretions for any ouple of detetors. The blak spots are the pos-sible soure diretions seleted by the three detetors. The arrows represent the detetorsbaselines.3.2. STOCHASTIC BACKGROUNDAording to Table 1 the single detetor upper limit on the stohasti bak-ground is 5� 10�22=pHz. In priniple a fator 10 ould be gained for thedetetor AURIGA by ooling down the bar to 0:1 K if the mode tempera-ture Te;mode approahes the thermodynami temperature by dereasing thetransduer eletrial bias �eld. Further improvements an be ahieved onlyby ross-orrelating the output of two detetors for long times. However,sine the orrelated metri perturbation sensed by two di�erent detetorshas a wavelength shorter than the detetor separation, the e�etive limit onSgw are muh worse than those alulated from eq. 4 and the general aseis disussed in ref.[13℄. Moreover the ross-orrelation proedure is worth-while only if the detetors resonant frequenies are the same within thepost-detetion bandwidths. Sine this ondition an be presently ful�lledonly by the detetors NAUTILUS and EXPLORER, a �rst attempt hasbeen done with these two detetors[23℄. This experiment has demonstratedthe e�etiveness of the method but, due to the short integration time (afew hours), no signi�ant improvement on the single antenna upper limithas been obtained. At last we point out that the presene of more thantwo detetors in the network does not provide an e�etive advantage, asthe sensitivity for stohasti bakground sales as the square root of thedetetors number.



14 M. CERDONIO ET AL.3.3. MONOCHROMATIC WAVESThe strongest predited soures of monohromati waves are non axisym-metri rotating neutron stars, whih should radiate almost monohromatigravitational waves at twie their frequeny of rotation, 2!. These signalsould be deteted by the present operating detetors by integrating for longtime spans (months), if 2! falls in the e�etive bandwidth. Although manymilliseond pulsars are known [24℄, no one mathes the previous require-ment. This redues the andidate soures to non eletromagneti emittingneutron stars for whih no information on sky position and spinning fre-queny are available. As a onsequene, the signal shape at the detetorloation is unknown, sine the entral frequeny is also phase and ampli-tude modulated by the earth motion with respet to the soure. In pratiemany template should be used, one for eah frequeny and eah soure loa-tion, at the prie of a tremendous inrease of neessary omputer resoures.A �rst attempt to measure monohromati waves has been done by theALLEGRO detetor [25℄. Here the problem is simpli�ed assuming that thesoure is loated in Tuanae 47, a globular luster haraterized by a largeamount of pulsars. Data of three months of 1994 has been analyzed pro-essing the stored data with an optimal Wiener �lter. The resulting upperlimit on the wave strength at frequenies lose to the modes resonanes ish � 3 � 10�24, orresponding to the most optimisti amplitude expetedfrom a neutron star in Tu47. Sine the sensitivity is mainly limited bythe loal lok auray it is expeted that a fator 10 in amplitude ouldbe gained using more stable lok referenes, now easily available. In thisregime however non stationary noise ould limit the ultimate sensitivity. Fi-nally work is in progress by P. Astone et al. [27, 26℄ to overome the soureloation assumptions by building a data base of spetra averaged over aperiod of about 0:6 hours for the detetors NAUTILUS and EXPLORER.A signal would appear on di�erent Fourier oeÆients at di�erent times,as a funtion of the possible soure loations. In pratie the sky is dividedinto a �nite number of ells so that the possible �tting funtions are limitedto 20000.4. Prospets for Near Future ImprovementsThere are basially two strategies to inrease the minimal detetable grav-itational wave amplitude, whih are both urrently pursued: inreasing thebar ross-setion and approahing the quantum limited sensitivity. The �rstattempts to maximize the gravitational wave energy absorbed by the baragainst pratial limitations. As the resonator ross setion is proportionalto E � V ol [28℄, where E is the antenna material Young modulus and V olthe resonator volume, this strategy leads to the onstrution of massive



CRYOGENIC RESONANT DETECTORS OF G.W. 15detetors with high sti�ness materials. Up to now, the plans for the real-ization of the GRAIL detetor[57℄ foresee a ross-setion inrease of about40 over the present Al5056 bars. On the other hand, a sensitivity improve-ment ould be ahieved using lower noise ampli�er-transduer hains. Thisproedure appears partiularly relevant for the operating detetors as doesnot require heavy strutural modi�ations. Moreover an energy sensitivitygain of 104 � 105 ould be ahieved, before reahing the limit imposed byquantum mehanis on standard detetion shemes[29, 30℄. In the follow-ing subsetions we briey overview the urrent attempts to improve theSNR at a single detetor. However, we state that an e�etive sensitivityimprovement an be obtained only if many detetors will operate at om-parable sensitivities. In fat, a single detetor annot ensure by itself theon�dene of detetion of a gravitational wave signal with a non peuliarshape, and only as the detetor number inreases the e�etive threshold ofthe observatory an approah SNR = 1 while keeping the false alarm rateat an aeptable level.4.1. TRANSDUCER-AMPLIFIER CHAINIt is well known that the minimum detetable energy kBTeff for an impul-sive exitation of a monomode detetor, i.e. a detetor without resonanttransduer, is kBTeff = 2kBTn(1 + 2 1Q TTn ���pd)1=2 (9)where Q is the osillator quality fator, Tn the ampli�er noise tempera-ture de�ned as Tn = pSFF � Sxx=kB , SFF and Sxx are respetively thebak-ation fore and equivalent displaement power spetrum and ��pd=�is the detetor e�etive frational bandwidth given by pSFF=Sxx=��Mfor a monomode bar. Eq. 9 tells us that two requirements have to be ful-�lled to maximize the sensitivity. First, the limit kBTeff � 2kBTn mustbe approahed operating with low loss (Q >> 1), low T and/or broad-band detetors. Seond, Tn should be dereased as lose as possible to thequantum limited value Tn = �h!=kB [30℄. These onsiderations an easilybe extended to the ase of resonant detetors [34℄ giving similar india-tions. Further improvements on Tn would require quantum non demolitiondetetion shemes[31℄.The frational bandwidth sales as the square of the transdution eÆ-ieny �, de�ned as the ratio of the bar motion amplitude to the transdueroutput eletrial signal. Regardless of the used transduer there are alwayspratial limitations to the � value for a monomode detetor, so that typi-ally ��pd=� � 10�5�10�7, whih is too small to approah the 2kBTn limit



16 M. CERDONIO ET AL.even at very low temperatures and high quality fators. To overome thislimitation more mehanial osillators are interposed between the bar andthe ampli�er [32, 33, 34℄. If all the osillators have the same resonant fre-queny of the main resonator a linear ampli�ation of the antenna motion isprodued at the last resonator. A signi�ative enhanement of � is thus ob-tained. Using monomode transduers ��pd � 1 Hz has been ahieved andin priniple ��pd � 50 Hz ould be obtained [35, 36℄. A further bandwidthinrease is expeted using multimode transduers [37, 38, 33, 39, 40℄, butspeial are has to be taken on the resonators design to minimize the me-hanial losses a�eting the overall quality fator. A two mode transduerhas been reently tested with good performanes in terms of Q-fator bythe Louisiana group [41℄. Moreover the reent availability of low loss in-dutanes [42℄ suggests the use of a eletrial "LC" resonator, instead of amehanial one. In partiular, for a apaitive transduer this is naturallyaomplished by means of the transduer apaitane and the primary in-dutane of the signal transformer to the SQUID. The resonant frequenyof the eletrial resonator an be adjusted during operation by movinga superondutive slab near the indutane [43℄. Other strategies for themaximization of the � parameter has been proposed as for instane theuse of levers as mehanial ampli�ers [44, 45℄ or the use of parametri up-onverter [46, 47, 48, 51℄ whih are haraterized by transdution eÆienyproportional to the ratio of the high frequeny pump to the low frequenysignal.For what onerns the ampli�er noise, most of the operating detetorsuse d..SQUID devies as signal ampli�ers with the operating noise tem-peratures about 104 � 105 times the quantum limited energy sensitivity.In order to improve the noise temperature speial SQUIDs have to be de-signed, apable to work well below 1 K and having a omplex geometryand read-out eletronis. To our knowledge, the most promising SQUIDsreently realized for gravitational wave detetion are the following:i) M. Muek and J. Gail (Giessen University) have spei�ally realized forthe Auriga detetor a d SQUID with a oupled energy sensitivity � ' 500�hat 1 kHz. The sensor operated in a losed loop on�guration with room tem-perature eletronis and showed no signi�ant noise hange reduing thetemperature from 4.2K to 1.5 K, probably beause the e�et of the roomtemperature ampli�er noise is dominating. Improvements are therefore ex-peted with the integration of a old transformer or a seond d SQUIDstage.ii) F.C. Wellstood and oworkers[49℄ have built a two stage SQUID on asingle hip with a double input transformer. The intrinsi energy sensitiv-ity is �i ' 35�h at 90 mK and 1 kHz. The oupled energy sensitivity shouldsomewhat be higher than 100 �h at 90 mK.



CRYOGENIC RESONANT DETECTORS OF G.W. 17iii) The most reent paper published on the subjet is that of P. Carelli etal.[50℄. They realized a so alled multi-washer SQUID with oupled energysensitivity � = 28�h at 4.2 K and � = 5:5�h at 0.9 K. This SQUID has avery low SQUID indutane (15 pH) but a reasonably good oupling fatork2 ' 0:66 with an input indutane of 0.5 � H. The SQUID was testedin an open loop on�guration and the output is ampli�ed by a seond dSQUID.Of ourse, the problem of integrating suh sensitive devies into the realdetetors without degrading the performane is still to be solved.The NIOBE detetor is equipped with an ative parametri ampli�er[51℄ with an overall noise temperature of few mK. The reent availabilityof ultra- low phase noise mirowaves osillators and of very low mehanialand dieletri losses sapphire avities will probably push the sensitivitytoward the quantum limit [52℄.An alternative optomehanial transduer hain has been proposed [53,36℄, in whih the detetion of the relative displaement between bar andresonant transduer is aomplished via a Fabry-Perot interferometer. Mainnoise ontributions ome from laser frequeny and power utuations andfrom eletroni noise of photodiodes. In priniple one an atively stabilizelaser power down to twie the shot noise level [54℄. Laser frequeny noise analso be redued by frequeny loking the laser soure to a Fabry-Perot avity[55℄. At present the experimental ativity is arried on by the AURIGAgroup in ollaboration with a group at LENS, in Florene, with the aimto implement a omplete transdution hain that would allow operationof AURIGA lose to the quantum limit of sensitivity, using ommeriallyavailable omponents.The prospet for the next years is that the existing bar detetors will beupgraded to reah a burst sensitivity of H0 � 10�24Hz�1 and an e�etivebandwidth of � 50 Hz.4.2. MASSIVE DETECTORSA systemati investigation on the high thermal ondutivity materials hasshown that the CuAl alloys are the best andidate materials for an ultra-low temperature massive detetor [56℄, sine they provide a ompromise be-tween the requirement of high quality fator Q > 107 and sti�ness materialsand the availability of onsiderable quantity at an aeptable ost. Usingthis material, modern spherial detetors [57, 58, 59℄, ould inrease theross setion more than one order of magnitude. In partiular the GRAILdetetor, whose experimental feasibility study has just started, ould be a3�meter diameter CuAl (94/6) sphere of about 110 ton with a ross setionabout 40 times the one of the others ultra-ryogeni detetors (NAUTILUS,



18 M. CERDONIO ET AL.AURIGA) [60℄.Finally we remark that the interation of the osmi rays with the res-onator body [69℄ ould make useless any improvement beyond expetednear future sensitivity. In fat, although these spurious events ould be re-jeted through anti-oinidene with osmi ray telesopes [67℄, the presentpreditions for very sensitive detetors, as for GRAIL [65, 66, 68℄, give anunaeptably high dead time. Then, if the eÆieny of osmi ray exita-tions will be de�nitively on�rmed by experiments [68℄, future detetorsould be fored to operate underground.5. The future of g.w. detetionLooking forward to the future of gravitational waves detetion we an fore-ast some important steps toward the �rst implementation of a reliablenetworked observatory. i) The predited bandwidth widening of presentresonant bar detetors will allow muh more preise absolute timing ofsignals, opening the way to inter-detetor delay measurement and soureposition reonstrution. ii) By the turn of the entury upgraded resonantdetetors will operate together with long arm interferometers [61, 62, 63, 64℄enhaning and inreasing the amount of information obtainable from as-trophysial soures and allowing for tests of gravitational waves distintiveproperties suh as light-speed propagation, transversality and traelessness[10, 20℄. Notie that by then an almost isotropi sky overage an be ob-tained simply by rotating one resonant bar in its horizontal plane [20℄. iii)In the mid term planned spherial detetors will join the network of world-wide detetors. They will give onsistent improvements to the observatoryperformanes as they promise sensitivity inreases (hburst � 10�22�10�23),omnidiretional sky overage[70℄ and estimation of soure position and po-larization[71℄.We are indebted to our olleagues of resonant detetors groups for on-tinuous and helpful disussions, in partiular to Bill Hamilton, WarrenJohnson, David Blair, Ik Siong Heng, Eugenio Coia and Guido Pizzella.Referenes1. J. Weber, Phys. Rev. 117, 306 (1960).2. J.Armstrong et al., Pro. of the 12th Italian Conf. in General Relativity and Grav.Phys., Bassan, Ferrari, Franaviglia, Fuito, Modena eds. (World Sienti�, Singa-pore, 1997).3. First International LISA Symposium, publ. in Clas. and Quant. Gravity 14, Nr6(1997).
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