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iAbstratGamma-ray bursts (GRBs) are brief, intense, isotropially distributed explosions of extremelyhigh energy eletromagneti radiation. GRBs are loated at osmologial distanes, some up to halfway aross the observable universe. Aording to the relativisti �reball model of GRBs, they arelikely to be astrophysial soures of high energy neutrinos. These neutrinos are hargeless and nearlymassless; therefore, they an reah the earth, undeeted and unabsorbed, from the furthest reahesof the universe. Oasionally, one of these neutrinos will interat in the ie or rok near the AntartiMuon and Neutrino Detetor Array (AMANDA). AMANDA uses the ie shelf near the geographiSouth Pole as a Cherenkov medium for deteting high energy muons. When a neutrino interat nearthe detetor, it produes a relativisti muon that emits Cerenkov radiation as it hurtles through thetransparent ie. Muons are also produed by osmi rays hitting the atmosphere. Sine only neutrinosan pass through the entire earth, AMANDA uses the earth as a �lter, tagging upgoing events asauthenti neutrino-indued muons and rejeting downgoing osmi ray muons. Data reorded byAMANDA from 1997 through May of 2000 were searhed for high energy neutrinos oinident withGRBs deteted by the Burst and Transient Satellite Experiment (BATSE). Beause both the timeand position of the bursts are provided by the BATSE satellite, the osmi ray muon bakgroundlevel from whih the neutrinos must be separated is greatly redued. The analysis { inluding datahandling, Monte Carlo simulations, optimization uts, bakground studies, and alulation of upperlimits { is deribed here. The searh result is urrently onsistent with no signal.
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Chapter 1Gamma-Ray Bursts
1.1 DisoveryIn the 1960s, the United States government deployed a network of satellites to monitor theearth for landestine nulear explosions that would violate the Partial Test Ban treaty. This network,alled Vela, was administered by the Department of Defense and the Atomi Energy Commission (thepreursor of today's Department of Energy). Vela did not detet terrestrial explosions. Perhaps moresurprisingly, Vela did detet gamma-ray explosions from spae. The intense explosions lasted a fewseonds, did not repeat, and were seemingly random in time and loation. Gamma-ray bursts (GRBs)were lassi�ed until their disovery was announed and published in 1973 [1℄.In the 1970s and 1980s, the �eld su�ered from a lak of observational data, and few onstraintsould be plaed on the phenomenon. Dozens of widely varying theories regarding the soures of thehigh energy eruptions were proposed. One proposed origin was the ollision of omets in the Oortloud that surrounds our solar system [2, 3℄. This hypothesis ould not reprodue the high energiesthat had been observed. Another proposal was that the bursts were erupting from neutron starsin our galati disk [4, 5℄ or galati halo [6℄. This hypothesis was initially supported by reportsof emission lines in the bursts, but the lines were not on�rmed by later experiments. This ideaprodued too few soures.The overarhing diÆulty of explaining the origins of GRBs was the prodution of suh largeenergies. Most sientists believed that whatever was produing suh energies must originate in our
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Figure 1.1: Compton Gamma Ray Observatory.galaxy. If the bursts were at osmologial distanes, the energy requirements would be enormous.Gamma-rays interat in the earth's atmosphere, produing a shower of partiles and energy.These asades an be deteted by air shower experiments on the ground, but must be separatedfrom showers produed by osmi rays (atomi nulei). Gamma-rays an be diretly deteted abovethe earth's atmosphere using sintillation methods. This was the method used by Vela and by futuresatellite detetors.1.2 Revolution: BATSEThe study of GRBs hanged dramatially with the deployment of the Burst and TransientSatellite Experiment (BATSE). BATSE, one experiment aboard the Compton Gamma-Ray Obser-vatory (CGRO)1, was launhed from the Atlantis spae shuttle in April of 1991. See Figure 1.1.BATSE onsisted of eight detetor modules loated at the orners of the CRGO. Eah detetorweighed about 100kg and operated on 3 Watts of power. See Figure 1.2. The GRB photon ux was1The CGRO housed three other high energy gamma-ray experiments: OSSE, COMPTEL and EGRET.
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Figure 1.2: One of eight detetors that onstituted the Burst and Transient SatelliteExperiment.determined by the number of ounts reorded, and the diretion of a GRB was determined by therelative ounts in the 8 detetors.With �1/3 sky overage, BATSE deteted about one burst per day. BATSE on�rmed thatthe distribution of GRBs was isotropi and uniform [7℄. See Figure 1.3. This eliminated severaltheories of GRB origin, namely those prediting non-isotropi distributions, suh as neutron stars inthe galati disk. The isotropy of the bursts hinted that they may indeed be loated at osmologialdistanes.BATSE reorded uxes in 4 energy bands: 20-50keV, 50-100 keV, 100-300keV, and �300keV.The on-board trigger operated on 3 timesales: 64ms, 256 ms, and 1.024 seonds. On-board triggeronditions and further details an be found at [8℄.Though still operational, BATSE's mission was ended to ensure safe re-entry of the spaeraft.BATSE reorded its last gamma-ray burst on May 26, 2000 and CGRO was plunged into the Pai�Oean on June 4, 2001.
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Figure 1.3: This map shows the loations of 2704 gamma-ray bursts reorded by BATSEduring its nine-year mission. The distribution is isotropi.1.3 GRB CharateristisTable 1.1 outlines the general harateristis of GRBs, but no GRB is exatly like another.Duration fration of a seond to many minutesFlux 100-106 photons/m2/se energy 0.01 - 100 Mev frequeny 1015-1024 HzWavelength �m - fmRate 10�6/galaxy/year (without beaming)Total energy 1051-1054 ergsTable 1.1: The general harateristis of GRBs.Indeed, BATSE quikly demonstrated that there is no suh thing as a \typial" GRB. Temporalstruture is noted even on the shortest time sales resolved { milliseonds. Figure 1.4 demonstratesthe widely varying nature of GRB photon emission. Some bursts are singularly bright. Some exhibitvery ompliated temporal struture. Some inlude afterpulsing. The physial mehanism that emitssuh enormous amounts of energy must also aount for the variety, omplexity, and �ne strutureof the emission.BATSE's angular resolution depended strongly on the strength of the burst, with strong burstsbeing loalized to one or two degrees and weak bursts having error ellipses on the order of 10 degrees
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Figure 1.4: Sample time pro�les of GRB photon emission. Note the unique, oftenompliated struture. Also note the smaller time sale for the last sample burst.or more. See Figure 1.5.Figure 1.6 shows the durations of GRBs reorded by BATSE. The duration is desribed bythe T90 parameter whih is the time over whih a burst emits from 5% to 95% of its total measuredounts. Lighturves used for the alulation of T90 are integrated over all 4 hannels (E>20 keV).The bimodal distribution of GRB durations, with peaks at 0.3 seonds and at �50 seonds, mayindiate that there are two lasses of GRBs. The short GRBs, those less than 2 seonds long, exhibitthe hardest energy spetra [9℄.BeppoSAX (see Figure 1.7), an Italian-Duth X-ray satellite, was the �rst experiment to a-urately loalize a GRB in real-time. This led to breakthrough follow-up observations: the longerwavelength afterglows of GRBs; the �rst redshifts that onlusively showed GRBs to be at osmo-logial distanes; and detetion of host galaxies by the Hubble Spae Telesope (HST) that resolvedthe \missing host" problem.A suessful theory of GRB emission must aount for the longer wavelength afterglows ob-served for days and weeks after the initial gamma-ray emission. GRBs have been observed at X-rays,optial and radio frequenies.
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Figure 1.5: BATSE's angular resolution for GRBs deteted 1997-2000.

Figure 1.6: Distribution of GRB durations measured by BATSE.
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Figure 1.7: BeppoSAX observation of GRB970228. The left side shows a region of skyon February 28, 1997, during the gamma-ray burst. The right side shows the sameregion of sky three days later.We now know that these phenomena, the largest explosions in the universe sine the Big Bang,are omoslogial in origin. Redshifts of afterglows have been measured via spetrosopy for about 20GRBs. The largest measured redshift of z = 4:5 (GRB000131) implies an isotropi energy release of1054 ergs.There is evidene, however, for beaming in GRBs. The evidene is found in afterglow studies.The afterglow light urves of GRB990123 and GRB990510 deay gradually and then notieably\break" to a steeper deay rate [10, 11, 12℄. Beaming redues the total energy requirements of thesystem, but also inreases the total number of GRBs that must be ourring, as we will only observethose whih have emission beams along our line of sight. The fration of GRBs with an openingbeam half-angle of � that we an potentially observe is 2�(1 � os�)=4�, or twie that if there aretwo jets.The size of the GRB is restrited by its very short temporal variability, Æt. Therefore the sizeof the soure is approximately (Æt)�30km. However, so many energeti photons in suh a smallspae would render the soure optially opaque due to the onstant pair prodution of eletrons andpositrons. Relativisti motion was proposed as a solution to this \ompatness" problem. (See next



8hapter for further details.) Observations have on�rmed relativisti motion in GRBs. Reeves, et al.[13℄, reently announed the �rst diret measurement of outowing matter in a gamma-ray burst atv= = 0:086� 0:004.Resolution of some GRB host galaxies by HST has shown that these objets are not loated inthe enter of galaxies, and are therefore not orrelated with supermassive blak holes or AGN. Theredoes seem to be a orrelation between hot, energeti star-forming regions and GRBs.Many ideas regarding the nature of the initial ompat objet have been o�ered. Currently,the leading andidates are (1) the mergers of massive objets, like two neutron stars or a neutron starand a blak hole, and (2) the ollapse of a super-massive star. The merger of massive objets onvertsthe gravitational energy and angular momentum of a deaying binary system to the �reball energyof the GRB. These mergers should emit gravitational waves that would be observed by advanedversions of LIGO and VIRGO. The ollapse of a massive star ould lead to a GRB in the relativistanalog of a supernova. In fat, there may be an expliit onnetion between supernovae and GRBs.A Type I supernova, 1998bw, ourred at the same time and within the loation error box ofGRB980425 [14, 15, 16℄. Although this was an otherwise unremarkable GRB, this oinidene andthe new disovery of heavy element emission lines in GRB011211 [13℄, indiate that there may indeedbe a onnetion between supernovae and the long duration GRBs2.Sadly, whatever they are, the inner engines of GRBs are hidden from diret detetion. We areleft, for now, to study the life of a GRB after its birth. Its properties and development should tellus, at least indiretly, about its origins. Unlike photons and harged partiles, neutrinos an arryinformation to us from the depths of a GRB, from the earliest stages after its reation.
2The study of GRBs has, in fat, ome full irle. The very �rst GRB paper [1℄ in 1973 searhed for an expliitorrelation between GRBs and supernovae, but failed to �nd suh a onnetion within the astronomial apabilities ofthe day.
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Chapter 2GRBs and Neutrinos
2.1 Fireball ModelThe likely proess for ahieving the extraordinary energies produed by GRBs is the onversionto radiation of the kineti energy of partiles that have been aelerated in a relativistially expanding�reball. This leading, and suessful, explanation for the mehanis of a GRB explosion is alledthe \�reball model". The gamma-ray burst initially onsists of a relativistially expanding �reballplasma of eletrons, positrons and photons. Protons and neutrons may also be aelerated [17,18℄. Gamma-rays are produed by the synhrotron radiation and inverse Compton sattering ofaelerated eletrons.As mentioned previously, the rapid variability of the GRB light urves imply that the soureis ompat. In these onditions, pair prodution would make the �reball optially thik if pE1E2 >meletron2. We know the �reball is not optially thik as the radiation is non-thermal. One way toresolve this diÆulty is to assume that the �reball is expanding at relativisti speeds. In this ase,the energy at the soure is really E = h�observed=�. Thus fewer photons would pair produe eletronsand positrons. Also, the radius of the soure would be larger by two fators of �, Rsoure < �2(ÆT),further solving the ompatness problem.So the radiation is initially trapped by the prodution of e�e+ pairs. Radiation will �nallyesape when its energy has fallen below the pair prodution threshold of 20 keV. At this point,the �reball beomes optially thin and photons will esape, muh like the photons of the osmi



10mirowave bakground at last sattering.In the explosion, shells of matter and energy move away from the soure. These shells havedi�erent Lorentz fators, and faster shells will ollide with slower shells. These shoks onvert kinetienergy to internal energy. The rapid variability of GRBs, whih is observed on the smallest time sales(ms) that an be resolved by urrent detetors, is an immediate onsequene of these relativistiallyshoked shells.Not all the energy of the �reball an be dissipated internally though. External shoks willollide with surrounding or interstellar material as the �reball expands. These external shoks arelikely responsible for the afterglow observations of GRBs observed in longer wavelengths.Rapid variability and afterglows are two of the fundamental suesses of the �reball model.2.2 Hadrons and Cosmi RaysWe know that eletrons are aelerated in GRBs as the gamma rays exhibit a synhrotronspetrum. Protons and neutrons may also be aelerated in the �reball. In fat, depending on theobjet that initiates the explosion, it would be surprising if hadrons were not present. If protons areaelerated in the �reball, they will initiate the prodution of neutrinos. Neutrinos are the deayproduts of pions produed when aelerated protons interat with the intense radiation �eld of theburst: p+  ! �+ ! �+ + �� ! e+ + �e + �� + ��The �+ reeives � 20% of the energy of the interating proton. Eah of the four leptons arriesapproximately equal energy. Therefore, eah neutrino will have �5% of the energy of the initiatingproton.The neutrino ux an be alulated as a funtion of the relative ratio of protons and eletrons inthe �reball. It an, for instane, be �xed by the assumption that GRBs are the soure of the observedhighest energy osmi ray ux. In this ase, energy should be approximately equally transferred toeletrons and protons in the �reball [20℄.GRBs have indeed been postulated as the soures of the highest energy osmi rays [21, 22, 23,30, 31℄. It has been noted that the rate at whih energy is injeted into the universe by GRBs, �10�10TeV/m2 s sr, is losely mathed to the energy of the highest energy osmi rays. Some [32℄ have
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Figure 2.1: The osmi ray spetrum with the breaks in the spetrum at the \knee"and \ankle" highlighted.



12even suggested that GRBs produe the osmi rays above the \knee" of the osmi ray spetrum. SeeFigure 2.1. The disovery of neutrinos from gamma-ray bursts would on�rm hadroni aelerationin the �reball.The GRB neutrino ux predited by Waxman and Bahall [23℄ follows a broken power lawspetrum where the ux is given by dN�dE� = AEbE� for E� < Eb (2.1)and dN�dE� = AE2� for E� > Eb: (2.2)A, with units of TeVm2 se sr , is the normalization onstant. Eb is the energy at whih the di�erentialux spetrum breaks from power � = �1 to � = �2.An alternative to the �reball model has been proposed by Dar and De Rujula [33℄. In thismodel, the neutrino beam is muh more tightly ollimated than the gamma ray beam. The neutrinobeam is so small that we would have to examine about 10,000 GRBs before having a hane of�nding one in whih the neutrino beam was direted at us. At this point, the GRB sample is notlarge enough for AMANDA to omment on this senario.2.3 Other ImpliationsDetetion of neutrinos from GRBs would verify the �reball senario. Studying GRB neutrinosmay also permit these fundamental tests [23, 34℄:� Aording to speial relativity, photons and neutrinos should have the same limiting speed.� Aording to the weak equivalene priniple, photons and neutrinos should undergo the sametime delay in a gravitational potential, like that of our galaxy.� �� are unlikely to be produed in the GRB �reball. Therefore, deteting �� 's from GRBswould be a �� appearane experiment with a osmologial length sale and would verify suh osil-lations.
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Chapter 3Neutrino Astronomy and AMANDA
3.1 Neutrino AstronomyTraditionally, astronomy has been onduted by observing light from the universe. Initially,the universe was studied in visible light. Later, the universe was observed in radio waves, X-rays,and eventually gamma-rays. Neutrino astronomy onstitutes an entirely new way of studying theuniverse. By searhing for and mapping the sky in neutrinos, we reate the �rst partile piture ofthe universe.Neutrinos are stable, neutral and weakly interating partiles. Unlike harged partiles thatare deeted in magneti �elds, neutrinos will always point bak to their soure. Unlike photonsthat interat with the bakground mirowave or infrared light, neutrinos an travel to us from thefarthest reahes of the universe. They are unimpeded by ambient matter or radiation. They moreeasily esape from their soures than photons or other matter.In transparent media suh as water and ie, relativisti neutrino-indued muons produethe eletromagneti equivalent of a soni boom. This blue light is alled Cerenkov radiation [35℄.Cherenkov light an be deteted by photomultiplier tubes (PMTs). The path of the muon an bereonstruted using the timing and topology of PMT detetions. At TeV energies, the diretion ofthe muon is aligned with that of the parent neutrino to �1o. This pointing auray allows for thesiene of neutrino astronomy.
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Figure 3.1: Optial modules.3.2 AMANDA: Antarti Muon and Neutrino Detetor ArrayIn 1997, the AMANDA-B10 detetor onsisted of 302 optial modules (OMs) with 8-inhPMTs enlosed inside spherial glass pressure vessels [36℄. See Figure 3.1. The OMs are deployed on10 strings forming two onentri irles. The outer ring of 6 strings has a radius of 60m. The ablesare instrumented with OMs between 1.5 and 2 km deep in the ie. See Figure 3.2. At these depths,the pressure of the ie above 1.5 km has fored out air bubbles, resulting in better (less) satteringonditions. Most sattering at these depths result from dust layers in the ie, volani ativity thatourred between 100,000 and 15,000 years ago [37, 38℄.Eletrial signals are sent to the surfae eletronis and data aquisition system via oaxialand twisted pair ables. Fiber opti tehnology is also employed, ahieving less distortion of the PMTsignal as it travels the length of the ables. The optial �bers are also used for laser alibrations.Deploying a neutrino detetor in Antarti ie has several advantages over water detetors.We su�er no bakground from potassium deay or bioluminesene. The ie surfae provides a stableplatform for eletronis and data aquisition equipment. The South Pole infrastruture, remote asit may be, has been supporting sienti� endeavors for several deades. The deep ie is also verytransparent. The absorption length of light in this ie is 72m for blue light [39℄, muh longer than
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16Austral Strings OMs Number of Strings Number of OMs RefereneSummer Deployed Deployed in Plae in Plae Name1993-94 4 80 4 80 AMANDA-A1995-96 4 80 4 80 AMANDA-B41996-97 6 222 10 302 AMANDA-B101997-98 3 126 13 428 AMANDA-B131999-2000 6 252 19 680 AMANDA-II (B19)Table 3.1: Evolution of the AMANDA detetor. AMANDA-A was deployed between800 and 1000 meters [46℄. AMANDA-II strings have generally been deployed between1.5 and 2 km.the aborption length of water experiments. The Antarti ie shelf also provides the experimentwith plenty of room to grow. Enlarging the detetor only requires deploying more strings. (See theIeCube setion in the last hapter.)AMANDA-B10 was built using lessons learned from the deployment of AMANDA-A at shal-lower depths and was a larger version of the four-string AMANDA-B4 array. During the australsummer of 1997-98, AMANDA-B10 was upgraded with three additional strings. That arrangementis referred to as AMANDA-B13. During the austral summer of 1999-2000, six additional stringswere added, ompleting the AMANDA-II (or AMANDA-B19) array. See Table 3.1 for a onstrutionhistory of AMANDA.3.3 Detetion and Path ReonstrutionNeutrinos interat with nuleons via the harged urrent proess and the exhange of a Wboson: �� +N ! �� +X (3.1)At TeV energies, the diretions of the neutrino and muon are aligned to � 1o.When the muon is traveling faster than the speed of light in ie, i.e., faster than v > =n wherenie=1.33, it emits Cerenkov radiation. The Cerenkov light is deteted by the AMANDA array ofOMs. See Figure 3.3. The timing and topology of the struk OMs is used to reonstrut the path ofthe muon. Figure 3.3 shows a reonstruted neutrino andidate in AMANDA-B10. The muon entersthe detetor in the lower left orner and exits through the upper right.
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Figure 3.3: Detetion of Cerenkov light by PMTs.Only neutrinos an pass through the entire earth, so AMANDA uses the earth as a �lter,seeking upgoing neutrino-indued muons from the northern hemisphere. This method allows us toeliminate the large bakground of downgoing, osmi ray-indued muons from the southern hemi-sphere. See Figure 3.3.The size of the AMANDA detetor and OM spaing sets the energy threshold of muon detetionat about 50GeV. This energy is muh higher than that of water tank detetors. With a higherenergy threshold, we operate in the energy regime where astrophysial soures begin to dominate theatmospheri bakground muons. See Figure 3.6.It should be noted that searhing for GRB neutrinos is far from the only sienti� pursuitof AMANDA and its suessor, IeCube. Analyses have been published or are in preparation for:WIMPs [40℄, supernovae [41℄, monopoles, point soures [42℄, di�use soures like AGNs, asades[43℄, atmospheri neutrinos [44℄, EeV events, oinidenes with an air shower array and osmi rayomposition [45℄.
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Figure 3.4: A neutrino andidate event in the AMANDA-B10 detetor. The time pro�leof this event indiates that the muon is traveling upwards.
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Figure 3.5: AMANDA oordinate system. \Upgoing" neutrinos originate in the north-ern hemisphere, enter the detetor from below, and exit through the top. \Downgoing"events originate in the atmosphere of the southern hemisphere and enter the top of thedetetor �rst. � is the loal zenith oordinate and � is loal azimuth.
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Figure 3.6: The energy of muons at the enter of the AMANDA-B10 detetor, frombakground osmi rays and from GRB neutrinos.
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Chapter 4Analysis of AMANDA-B10 Data (1997-1999)
4.1 Signal Simulation and Monte Carlo GenerationThe expeted neutrino event rate in AMANDA-B10 was determined from a full Monte Carlosimulation of the GRB signal and the detetor. GRB neutrinos were generated following a brokenpower law energy-spetrum [23℄:d�dE� = AEBE for E < EB; d�dE� = AE2 for E > EB (4.1)where EB is the energy of the break in the typial GRB two power law spetrum. Its value dependson the boost fator of the �reball. We used �=300 and Eb=700 TeV. See Table 4.1.The normalization onstant A is determined from the assumption that GRBs are the soureof the highest energy osmi rays { those with energies above 1019eV (10 EeV). In this ase, energyis shared about equally by the eletrons and protons in the GRB �reball [21℄. The magnitude of A1is alulated for three redshift distributions and for three values of � in Table 4.3.The neutrino event rate is determined by onvolving:i. the ux desribed in Equation 4.1,ii. the distane distribution of GRBs,iii. the energy distribution of GRBs, and1A does not reet absorption in the earth of high energy neutrinos or the eÆieny of the detetor. It is theGRB neutrino ux when it reahes the earth. Absorption in the earth and detetor haraterists are modeled in lateromponents of the Monte Carlo simulations.



22� A EB [TeV℄ Nevt for 78 bursts Nevt for 78 bursts[TeV m�2 se�1 sr�1℄ before uts after quality uts100 9.2 10�11 77 2.87 1.1300 6.1 10�12 700 0.078 0.02341000 6.0 10�14 7777 0.00023 0.00006Table 4.1: Number of events expeted in the AMANDA-B10 array for di�erent valuesof the GRB boost fator, �. The parameter A and EB in Equation 4.1 are hoosen toreprodue the results of referene [47℄. The last two olumns are the atual number ofevents expeted for 78 GRBs (the number in the 1997 AMANDA data set) before andafter the angular and quality uts.iv. an assumption of the GRB Lorentz fator, �, or the distribution of �.The distane and energy distributions an be loosely modeled on observational data. Redshiftshave been determined for about 20 GRBs. Some are shown in Table 4.2. The e�et of possibleGRB distributions is illustrated in Table 4.3. In terms of neutrino ux, the most onservative uxnormalization is set by GRBs following the star formation rate of the universe (last olumn). If GRBsfollow a Eulidean distribution, the ux normalization onstant is slightly higher (third olumn). Themost optimisti uxes are generated by GRBs following a osmologial distribution (fourth olumn).The energy distribution is modeled suh that 10% of GRBs have E>10Eavg and 1% of GRBshave E>100Eavg, where Eavg is the average energy of a GRB. Treating the utuations in distaneand energy inreases the neutrino event rate by an order of magnitude [48℄.With 1/3 sky overage, BATSE observed about 1 GRB per day. So �1,000 GRBs wouldbe observed in 4� sr in the energy range of BATSE (20 keV to �1 MeV). This number of 1,000GRBs/year in 4� is the number to whih models are typially normalized. Therefore, in the 2�sr viewed by AMANDA, the expeted total GRB event rate is half that of the total predited uxand the ux is based on the possibility of observing 500 GRBs per year. Using average uxes, i.e.,assuming that neutrinos are uniformally emitted by all GRBs, the rate of events per GRB is thesame regardless of whether 2� or 4� sr are examined.However, from the astronomial point of view, we draw attention to the fat that neutrino uxesare sensitive to the Lorentz boost fator, �, whih haraterizes the expanding �reball [47, 48, 25℄. The
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GRB Date Redshift z980425 0.0085990712 0.430970228 0.695991208 0.706970508 0.835990705 0.86970828 0.958980703 0.966980613 1.096000418 1.118990506 1.300010222 1.477990123 1.600990510 1.619000301C 2.03000926 2.066971214 3.418000131 4.5Table 4.2: The well-known redshifts of some GRBs, in inreasing distane.

� Eb(TeV) A (Eulidean) A(Cosmologial) A(Star Formation)100 77 9.2 x 10�11 1.7 x 10�9 6.9 x 10�11300 700 6.1 x 10�12 1.2 x 10�10 4.6 x 10�121000 7777 6.0 x 10�14 1.2 x 10�12 4.5 x 10�14Table 4.3: The values of the normalization onstant, A, for 3 values of � and 3 assump-tions of GRB evolution. The units are TeV / m2 se sr.
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Figure 4.1: The Alvarez-Mu~niz, Halzen and Hooper uxes for 5 values of � [47℄.boost fator has been only indiretly determined by GRB follow-up observations. The ompatnessproblem sets a lower bound on � of �100. The eÆieny for produing pions in the p- �reballollisions varies as ��4 [23℄ while the neutrino energy varies as �2.Highly transparent soures with large boost fators will preferentially emit photons. Theyshould be relatively weak neutrino soures though, beause the atual photon target density for pionprodution is diluted by the large Lorentz fator. However, an even moderately redued value of �will reate a proli� neutrino soure due to a larger e�etive beam dump. See Figure 4.1. In fat,an ordinary or dim GRB (or a GRB too weak to have been deteted by BATSE) may be a brilliantneutrino soure.Here, we make allowane for the problem of unknown utuations in the boost fator byassuming that � is single-valued and performing all alulations for three typial values (� = 100,300 and 1000). A orretion for the absorption of PeV neutrinos in the earth has also been inluded[47, 52℄. Expeted event rates are shown in Table 4.1.An important onsequene of utuations is that the signal is dominated by a few very brightbursts, whih greatly simpli�es their detetion. Although we expet less than one neutrino event in



25Bin Max. Cos(�) Min. Cos(�) Avg. Cos(�) Min. Zenith Max. Zenith Center of Bin1 0.0 -0.1 -0.05 90:0o 95:8o 92:9o2 -0.1 -0.2 -0.15 95:8o 101:3o 98:6o3 -0.2 -0.3 -0.25 101:6o 107:5o 104:5o4 -0.3 -0.4 -0.35 107:5o 113:6o 110:5o5 -0.4 -0.5 -0.45 113:6o 120:1o 116:7o6 -0.5 -0.6 -0.55 120:1o 126:9o 123:4o7 -0.6 -0.7 -0.65 126:9o 134:5o 130:1o8 -0.7 -0.8 -0.75 134:5o 143:2o 138:6o9 -0.8 -0.9 -0.85 143:2o 154:2o 148:2o10 -0.9 -1.0 -0.95 154:2o 180:1o 161:8oTable 4.4: Sky binning for determining zenith-dependent uts.AMANDA-B10 from an average GRB, a burst with favorable harateristis would produe multipleevents in the detetor. The observation of neutrinos from GRBs may therefore be possible withdetetors too small to observe the average yearly rate shown in Table 4.1. The situation is evenbetter for AMANDA-II (see Figure 3.2 and Table 3.1) whih has doubled the number of OMs, andfor the future IeCube (see last hapter) detetor, whih will have �fteen times the number of OMs.Moreover, the spatial and temporal information provided by satellite detetion greatly redues thepotential bakground and permits searhes with muh larger e�etive area than for di�use or pointsoure searhes.Neutrino Monte Carlo was generated uniformly in os(�) between 80o and 180o. The northernhemisphere was sampled in 10 bins, equally spaed in os(�) as shown in Table 4.4. Muons produedby neutrinos in the rok or in the ie below the detetor are traked [53℄ until they reah the optialsensors. The modeling of the detetor inludes the simulation of the muon trak, its emission spetrumof Cherenkov photons, their propagation in the ie, the PMT detetion, the pulse transfer from thePMT to the surfae data aquisition system, and the event trigger. The Monte Carlo events were�ltered and reonstruted in the same way as the data.The event rate at trigger level is shown in Figure 4.2 as a funtion of neutrino energy. The resultrepresents the onvolution of the neutrino ux of Equation 4.1, and the probability of onversion ofthe neutrinos to muons near the detetor. For a boost fator of � = 300, the neutrino energy peaksnear 700 TeV.
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GRB Spectrum at Trigger Level for  γ=300
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Figure 4.2: GRB spetrum at AMANDA-B10 trigger level. The plot is a onvolution ofthe neutrino ux and the probability of onversion to a muon within the range of thedetetor. The integral of this urve gives the expeted event rate for AMANDA-B10.The result is about 0.1 events for 78 bursts with �=300.



27

hh

Event Rate for a GRB spectrum for γ=300 and  ψ< 30

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0
Cos(Zenith)

N
ev

en
t/

ye
ar

Figure 4.3: Number of events expeted at trigger level as a funtion of zenith angle for� = 300 and a 30o searh bin. Cos(zenith)=1 denotes upgoing events and os(zenith)=0denotes horizontal events.



28Expeted Number Expeted Number Expeted Number forPer Burst Per Year in 2� 78 GRBs in 1997 Data�=100Before Cuts 1:1x10�1 57 8.9After Cuts 1:7x10�2 8.7 1.4�=300Before Cuts 3:2x10�3 1.6 2:5x10�1After Cuts 4:1x10�4 2:0x10�1 3:2x10�2�=1000Before Cuts 8:4x10�6 4:2x10�3 6:6x10�4After Cuts 8:3x10�7 4:2x10�4 6:5x10�5Table 4.5: Expeted number of events in AMANDA-B10 from Monte Carlo simulations.Here, the uts are independent of zenith and burst durations. Results are shown foromparison purposes.One also has to aount for the eÆieny of the quality uts in retaining signal events in the�nal estimate of the number of predited events. This eÆieny is on average 35%. The event rateat trigger level is shown in Figure 4.3 as a funtion of the zenith angle. We notie that the telesopeis 10 times more sensitive to horizontal events relative to vertial ones. This results mostly from thepreferential absorption by the earth of the near-vertial high energy neutrinos with typial energynear 700 TeV. The e�et is less pronouned for � = 100 beause of the softer energy spetrum.One of the strengths of the GRB analysis is that we use Monte Carlo simulations to model theGRB signal only. We use atual data to haraterize the bakground of our searh, thereby avoidingany shortomings of using omputationally-intensive bakground Monte Carlo at high rejetion levels.Table 4.5 shows the event rates predited by Monte Carlo in the AMANDA detetor, beforeand after uts, for 3 values of �. Rates are based on a Eulidean distribution of GRBs. Here, thesame uts (ndir> 10 and  < 10o) are used for all GRBs. These rates are shown for omparisonpurposes. Positive detetion of a GRB is more likely than inferred from these numbers beause theneutrino events are not spread equally among the bursts; most neutrino events will ome from asingle GRB. Cuts were later optimized for spei� zeniths and T90s.



294.2 E�etive AreaThe e�etive volume of AMANDA is muh greater than than the geometri volume. Tradi-tionally, the e�etive area of a partile detetor has been alulated by simulating partiles diretedat the detetor from a generation plane. The generation plane must be large enough to aount forall partiles that may trigger the detetor. The e�etive area of the detetor is then alulated asAdeteff = Agen � NdetNgen (4.2)where Adeteff is the alulated e�etive area of the detetor, Agen is the generation plane, Ndet is thenumber of events deteted, and Ngen is the number of events produed at the generation plane.This method is straightforward for detetors that are not extended in size and for partilesthat do not exhibit energy losses. De�ning an e�etive area is onsiderably more ompliated forAMANDA. It is not a point-like detetor and muons lose energy as they travel. AMANDA an detetmuons that do not pass through the �duial volume of the array. The e�etive area of AMANDAalso depends on the diretion from whih the muons are traveling.The e�etive area of AMANDA is given byN = Aeff Z 1Ethresh� Z Emax�Emin� P�!� � dN�dE� dE�where P is the probability that a neutrino of energy E� will produe a muon that will be detetedby the array. Therefore, P is a funtion that onvolves the olumn density of matter traversed, theneutrino-nuleon ross setion, and the range of the muon. The last two depend on the energy of themuon. Note, P funtions an be de�ned in di�erent ways. Sometimes, P is de�ned as the probabilityof deteting a muon of E > Ethreshold that was produed by a neutrino of energy E� , where Ethresholdis the energy threshold for deteting the muon and is a �xed parameter. Therefore, P would notdepend on the energy of individual muons.Here, P = �� �� �R� where R� is the range of the muon. ThendNdAeff = �dN�dE� ��R� (4.3)and dNd(AeffR�) = �dN�dE� �� (4.4)
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hh Figure 4.4: E�etive area of detetor before and after uts.where d(AeffR�) = Veff , the e�etive volume of the detetor. See Figure 4.4 for the e�etive area ofAMANDA-B10 as a funtion of neutrino energy, before and after uts.4.3 Bakground StudiesThe duration of a GRB is haraterized by its T90 length. T90 is the period of time in whih90% of the burst uene (ergs/m2) was deteted. The T90 begins when 5% of the uene has beenolleted and ends when 95% of it has been olleted. This requires analysis of the omplete bursttime pro�le after it has been reorded, hene this data is added later by the BATSE team to itspublily available arhives.In the �reball senario, GRB neutrino emission is expeted to losely oinide with the gamma-ray emission as they are produed in the internal shoks. We therefore searh the T90 window plusmargins for neutrino andidates. Some times the T90 period atually begins before the trigger time.To ensure that we have the beginning of the burst in our temporal searh window, we use the earlier
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Figure 4.5: Two hours of data are used to haraterize the bakground.of the trigger time or the T90 beginning and subtrat one seond. This is the start of the on-timesearh window in our analysis.We �rst estimated the bakground for eah angular bin near a given (�, �), where � and� are the loal zenith and azimuthal oordinates. See Figure 3.3. The bakground is dominatedby down-going osmi ray muons that are misreonstruted as upgoing traks. Although there areupgoing neutrinos reated by osmi rays interating in the earth's northern hemisphere, their rateis negligible on the time sales of our GRB neutrino searh.Events ourring within a two-hour time interval entered on the time of the burst, but ex-luding events ourring during the six (-1,+5) minutes around the burst, were used to estimate thebakground. A two hour interval provides suÆient statistis to parametrize the bakground andto minimize systemati e�ets resulting from any time dependene of the detetor's eÆieny. Forour 1997 data set, the total amount of bakground studied is 859,053 seonds, or almost 10 days.Neutrinos that may be emitted hours or days later [32℄ are not the fous of this searh.The probability of a bakground event ouring in the on-time, on-soure bin is:�(�; �) = NofftimesearhbinNofftimeallbins ;where Nofftimesearhbin is the number of events observed in the region of the GRB during an non-GRB timewindow (i.e., when no signal is expeted). Nofftimeallbins is the total number of all events observed duringthe same o�-time time window.Therefore, the number of bakground events we expet to see when looking in the right plae



32Year 1997 1998 1999 2000Detetor B10 B10 B10 II(B19)Number of BATSE 78 138 96 44bursts analyzedTable 4.6: The number of triggered BATSE bursts analyzed in eah year of AMANDAdata.at the right time for a GRB signal is:< nbakground >= �(�; �) �Nontimeallbins ;where Nontimeallbins is the number of all observed events in the sky during the T90 on-time searh window.Although the overall trigger rate may vary with time, �(�,�) is approximately onstant. There-fore our bakground estimates are robust to overall hanges of the trigger rate. Deadtime and down-time are also ompletely aounted for in this way. The stability of the eÆieny �(�,�) was studiedfor eah burst and from burst to burst to ensure the stability of the bakground estimate with time.The 2 hours of bakground data, exluding the (-1,+5) minutes around the burst, were divided into4 bins of 1,725 seonds. For eah GRB, the standard deviation of � in eah bin was ompared to theaverage �avg. The standard deviation is gaussian with mean equal to zero and � �1, onsistent withstatistial utuations.With �1/3 sky overage, BATSE deteted 304 GRBs in 1997. Approximately 240 ourredduring regular AMANDA detetor operation in austral winter. Of these, 105 ourred in the northernhemisphere during reliable data-taking and were more losely examined for data quality. We omitGRBs with data gaps and large utuations from the mean rate [54℄. AMANDA data for 78 burstsdeteted on-board the BATSE satellite between April 7 and November 10, 1997, met quality riteriaand were examined in this analysis.From 1998 data, 138 GRB �les have been extrated { 81 triggered and 57 non-triggered bursts.The results from this data year will be reported at a later time.See Appendix F for the distribution of bakground events for the 1999 GRBs.From 1999 data, 96 GRBS were examined for quality riteria. The �les that required extraattention are shown in Table 4.7. Only one �le showed peuliar bakground rates that required



33Data GapsGRB Date (YYMMDD) Gap (ses) Exluded? Due to Missing Files7456 990308 614.1 no no7594 990603 6628.4 no yes7602 990610 472.25 no no7735 990824 low, unsteady rate yes no7750 990903 low rate no noTable 4.7: Data gaps found in 96 GRB �les.exlusion from the analysis. This is a signi�ant improvement in stability and data quality from1997. The number of GRBs studied with eah year of data is shown in Table 4.6. For a ompletelist of analyzed GRBs, see Appendix E.4.4 BlindnessAnother strength of the GRB analysis is that it onstitutes a blind searh. Our methodsensure that the data is never biased by the determination of uts or examination for a signal. For1997 data, we set uts by using only 1/2 half of the data set. In doing so, we follow the method ofSetion 3.3 of [55℄.For analyses that searh the entire year for a signal that is unknown in time and loation (e.g.,point soures or atmospheri neutrinos), they may (properly) �nalize their searh method and utson a fration of the data, say 20%. They then apply those uts to the unopened box of data, theother 80%. This an prevent the tuning of uts to unfairly produe a false signal. The reason somuh data must be stowed away is that it is not known when (or where) the signal might exist. It isalso important to save most data if one onludes that the �rst sample of data must be exluded inthe �nal analysis.If one has a data set that is signal free, then one an work with that data without fear ofbiasing the signal. The GRB searh does this. We use a known non-signal set of data to haraterizethe bakground, hek for detetor stability, and determine uts. That data inludes events [-60,-1℄minutes before a GRB trigger time and [+5,+60℄ minutes after a trigger. The data that ours [-1,+5℄minutes around the trigger is never examined before the �nal analysis is undertaken. Our analysis



34searhes for neutrinos that are oinident with the gamma-rays of the GRB. We searh for neutrinoandidates only in events that our during and very near the T90 (i.e., the duration) of the GRB.This data of interest remains an unopened and unexamined box until the analysis is �nal, just likethe 80% data box of the other analyses. This data of interest an in no way a�et the uts. Cutsare set only on the known non-signal bakground and on Monte Carlo signal events. Additionally,the uts are few and straightforward: a ut on the number of unsattered hits in the event and anangular searh bin ut.If there is a signal in the bakground data { from undeteted bursts or beause we are lookingfor neutrinos at the wrong time after all { the result will be an overestimation of our bakgroundand, onsequently, an upper limit that is too onservative or a detetion signi�ane that is too low.We use hundreds of time bins for the bakground estimation though, so suh an e�et would be verysmall. When future AMANDA GRB analyses are undertaken, they may use GRB detetions fromother satellites to one again redue the bakground by telling us where and when to look for neutri-nos. It is likely that another AMANDA analysis will be onduted without using satellite detetions.This rolling searh through all of the data will have to use the more ommon method of blind analysis{ using a fration of the data to develop uts while stowing the rest away for the �nal analysis.4.5 Data HandlingIn the years of 1997-2000, AMANDA data was reorded ontinuously and reorded onto mag-neti tapes. As the South Pole is aessible only during austral summer, a year of data was saved ontapes and then hand-arried out with the �rst planes arriving for station opening. Annual data setswere �ltered for several di�erent sienti� goals at Lawrene Berkeley National Laboratory (LBNL)or Deutshes Elektronen Synhrotron (DESY) in Zeuthen, Germany. Redued data sets were set toindividual institutions for analysis. See Appendix B for more details.4.6 Merging of BATSE and AMANDA DataThe BATSE GRB data { inluding detetions, durations, uxes and loations and muh more{ is publily available at [8℄. Two methods were used to merge the BATSE and AMANDA data.



35One inorporated BATSE data into the AMANDA standard format; the other maintained separatedata streams and aessed information only as needed.The right asension and delination used in BATSE data was transformed to loal AMANDA� (zenith) and � (azimuth) oordinates [56℄. Both BATSE and AMANDA events are stamped withUTC times. The delay time between the satellite stamp and the AMANDA stamp is negligible2.Therefore, no temporal orretion is needed.4.7 ReonstrutionAll AMANDA muon events in the two hours surrounding a GRB trigger time and north of adelination of �40Æ were reonstruted. (The delination ut was performed in the �rst �ltering ofthe 1997 data and is not spei� to this analysis.) An initial line �t was made to all events in thissample. Then the line �t was used to seed a full muon reonstrution. Muon traks are reonstrutedusing the timing and topology of OM detetions in eah event. Sattering and absorption of photonsin the ie are aounted for in the maximum likelihood �t. These events were then searhed forup-going neutrino-indued events.4.8 Quality CutsUsing the simulation and bakground studies, we designed a searh whih gives the best sig-ni�ane for the expeted signal. This searh aounts for:� The zenith angle dependene of the angular resolution of the AMANDA detetor, whih isbetter for vertial than for horizontal muon traks.� The low number of signal events expeted.� The number of bakground events in the searh bin, whih depends on the zenith angle andduration of eah GRB.Beause misreonstruted osmi ray muons represent the dominant bakground, we studiedthe rejetion eÆieny of a number of our standard quality parameters [46℄. We found that, inaddition to optimizing the size of the searh bin around a GRB position, a ut on the number of2BATSE ew at a maximum altitude of �500 km. So the time delay is on the order of hundredths of a seond.



36\diret" hits gives the best searh sensitivity. \Diret" hits have a small time delay relative to theexpeted arrival times derived by alulation. That is, the arrival time of the Cerenkov photonslosely math the �tted trak hypothesis. They are delayed by less than 75nse due to satteringin ie. Well-reonstruted traks have many diret hits. Requiring more than �10 diret hits inan event removes essentially all misreonstruted bakground events. Therefore, we are left with anessentially bakground-free searh with only two uts: the angular searh bin size and the number ofdiret hits. Minimizing the number of quality uts inreases the eÆieny with whih we retain thesmall number of expeted signal events.Cuts were optimized for eah GRB based on its zenith position. See Table 4.8. Although theuts depend on the zenith of the GRB, the way in whih we set the uts does not. The sky wasdivided into 10 equal bins in zenith angle. For eah bin in zenith angle, the ut eÆienies for thesignal (from Monte Carlo) and for the bakground data have been parametrized by a sixth orderpolynomial. Typially, the uts we applied lead to a bakground rejetion fator of 500 with a signaleÆieny of about 35%.Generally speaking, uts an be loosened when the expeted bakground is small. In general,bakground events of misreonstruted muons inrease near the horizon for AMANDA and are min-imal near vertial. In this analysis, we searh slightly before and during the GRB photon emission,so the hane of observing a bakground event inreases with the duration of the GRB.4.9 Signi�ane CalulationsFor the small statistis of the event samples in this analysis, Poisson statistis is used andtherefore the signi�ane is no longer given by SB . The optimal bin size and optimal quality utsare determined by minimization of the hane probability log(P) for a hypothetial neutrino signalN� [76℄. See Figure 4.6. We assumed N� = 2. Note that we hose to optimize on a possible signal,generated for instane by a favorable utuation from the average , redshift or burst energy (seeTable 4.1), and not on obtaining the best limit. The results are however relatively insensitive to thehoie of N� .



37Center Optimal Searh Optimalof Bin Bin 	 Ndir Cut93 20.5 17.99 20.5 17.105 19.0 17.111 17.5 17.117 16.5 18.123 15.5 18.130 14.5 18.139 11.5 18.148 8.5 19.162 6.5 19.Table 4.8: Final ut results for AMANDA-B10. (See Table 4.4 for details on the skybinning proedure.)
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384.10 Additional Notes for 1998 and 1999The re-�ltered 1998 GRB �les are being proessed and the stability and quality of those �leswill be appended soon.The 1999 GRB data has been treated in the same way as the 1997 (and 2000) GRB data.The bakground portions of the data have been thoroughly investigated, while maintaining blindnessaround the GRB time. Stability and data quality have been examined for eah of 96 bursts. Again,the data proved to be very stable, with only 5 of 96 bursts requiring extra examination. See Table 4.7.In order to provide a straightforward result from the 1997-1999 duration of the AMANDA-B10detetor, we apply the same uts to all three years of GRB data. Only the hits on string 1 to 10are used in the reonstrutions. The B10 detetor does not have a uniform response from horizon tovertial. Therefore, we maintain our zenith-dependent uts. See Table 4.8.Peter Niessen reated some Monte Carlo �les that simulated the 1999 detetor onditions. Weused the Monte Carlo that was reated with the Modi�ed Absorption Model (MAM) to hek hangesto detetor response and event rates. Di�erenes were minimal from the 1997 analysis, so the sameuts an be applied and results are presented in Chapter 6.
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Chapter 5Analysis of AMANDA-II GRB Data (2000)
5.1 AMANDA-IIDuring the austral summer of 1999 and 2000, six additional AMANDA strings were deployedin the south polar ie ap. These strings ompleted AMANDA-II whih onsists of 19 strings and 680optial modules. AMANDA-II represents a signi�ant inrease in e�etive area for the instrumentand thus in disovery potential.5.2 Data Filtering and StabilityThe 2000 data set was �ltered at Deutshes Elektronen-Synhrontron (DESY), in Zeuthen,Germany. After the data was alibrated, a simple line �t to the spae and time oordinates of thehits in eah event was made. An initial guess was also made using a \diret walk" trak searhalgorithm [86℄. Events with a simple line �t or diret walk trak greater than 70o were seleted andkept for further reonstrution. This seletion passed 92% of signal events and 9.4% of the data [87℄.Full reonstrution methods were applied to the remaining events. A full muon reonstrutionusing the initial line �t as the �rst guess and a full muon reonstrution using the diret walk trakas a �rst guess were performed. Events with at least one reonstruted muon trak of greater than80o were seleted and kept for further analysis. This level of data is referred to as Level 1.In August of 2001, I provided a doument to the ollaboration that summarized the blindnessapproah of the UW GRB work [88℄. The ollaboration approved distribution of data related to



40GRB Date (YYMMDD) Data Gap (ses) Exluded from Analysis Due to Missing File7989 000217 1439.5 no yes8012 000303 161.7 no no8079 000418 798.0 no no (end of run)11652g 000418 684.6 no yes8084 000421 236.6 no no8097 000508 many small ones yes no8110 000518 during GRB trigger yes no (end of run)Table 5.1: Data gaps found in 70 GRB �les.the GRB neutrino searh on the ondition that all searhes adhere to the method desribed in theblindness doument.In Otober of 2001, I used log �les supplied by DESY to reate a list of all AMANDA �les thatreorded data within one hour of a BATSE GRB trigger. Tonio Haushildt made these 831 Level 1�les available in November of 2001. (A small number of �les had not been proessed at the time andwere therefore not inluded in the log �les. This resulted in a few �les missing in the �nal seletionof GRB data, but none were vital to the analysis.)Data was available for 70 GRBs, 44 bursts triggered on board BATSE and 26 bursts loatedin BATSE arhival reords. (See Appendix A for additional information on non-triggered bursts.)Despite BATSE's demise in May of 2002, this number of GRBs was almost as great as the number westudied in the 1997 AMANDA data. This was due to fewer tehnial problems and greater detetorstability.In general, the data quality in AMANDA-II's �rst year of data taking was exellent. TheAMANDA data �les assoiated with eah GRB were ombined to produe a single data �le for eahGRB. Of these 70 �les, only seven had unusual data gaps. Five (7989, 8012, 8079, 8084, 11652g) ofthem had gaps that ould be omitted from bakground studies without adversely a�et the analysis.One (8110) had a data gap that inluded the GRB trigger time and therefore had to be exludedfrom the analysis. One �le (8097) had an abnormal number of small, but unorrelated, data gapsand is treated with aution. See Table 5.1.The time between onseutive events in eah GRB �le was plotted. These plots of the \delta-t"distributions were remarkably uniform and linear for all bursts. See Appendix I for these plots.



41Event Seletion Requirement1 �(line�t or diret walk)> 70o2 �(full reonstrution)> 80o3 �(16-fold iterative �t)> 80oTable 5.2: Stages of event seletion.At Wisonsin, I applied an iterative muon reonstrution to all of the Level 1 GRB data. Thereonstrution used Powell's minimization method and performed a 16-fold iterative searh aroundthe reonstruted muon trak1. I then seleted events whose best iterative searh results was greaterthan 80o. See Table 5.2. There were 302,000 events remaining for all 70 GRBs. The best iterative�t was used in the study of potential quality uts.The bakground data was split into onseutive 10-seond windows. The distribution of thenumber of bakground events in these 10-seond windows is shown in Appendix H. The distributionsare Poissonian.5.3 Signal Simulation and Monte Carlo GenerationThe AMANDA-II detetor, 19 strings in size, required a new Monte Carlo e�ort from that ofthe AMANDA-B10 detetor. The AMANDA-II simulation inorporated improvements that had beenmade sine the 1997 data analysis. It utilized the MAM (Muon Absorption Model) to desribe ieproperties. Muons were traked using mudedx based on the Lohman model and, for high energies,propmu based on the Lipari ode. A total of 170,000 neutrinos and 170,000 anti-neutrinos weregenerated between 10GeV and 100PeV (108GeV) and between 80o and 180o. The Monte Carlogeneration followed the entire simulation hain outlined in [91℄.The GRB signal at trigger level as a funtion of zenith is shown in Figure 5.1. The Waxman-Bahall ux [24℄ is used. See Setion 5.6 for further omments on this ux.For a GRB ux in AMANDA-II, 70% of events are reonstruted within 10o of the true angle.Resolution at large zenith angles (near vertial) is better than near the horizon, but the di�erene isnot large enough to require di�erent searh bin sizes. BATSE resolved the loation of 93% of GRBsto better than 10o. See Figure 1.5. Therefore, a 20o searh bin size is appropriate for this analysis.1It used the muon trak that had been seeded by the diret walk �rst guess.
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Figure 5.1: The zenith dependene of the GRB signal at trigger level in AMANDA-II.
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Figure 5.2: O�set between the reonstruted zenith angle and the true zenith angle inAMA-II without any quality ut.Without quality uts, there is a +1:2o o�set between the reonstruted zenith angle and thetrue zenith angle in AMA-II. See Figure 5.2. This means that muons are being reonstruted slightlymore vertial than they atually are. This is onsistent with what was observed in B10. However,the o�set disappears when even soft quality uts (nh>8) are applied. See Figure 5.35.4 Model Rejetion FatorTraditionally, physiists have maximized SignalpBkgd in order to optimize uts. This method failswhen signal and bakground are distributed as in Figure 5.4. In suh a situation, SignalpBkgd !1.Another approah to setting uts is to maximize the potential impat that the results willhave on the urrent state of the �eld. A positive detetion of neutrinos from a GRB will, of ourse,revolutionize the study of GRBs. In the GRB analysis for B10, we optimize on a potential Nevent = 2signal, a positive utuation from average expetations, from a single GRB.In the absene of detetion, one seeks to minimize the upper limit that an be plaed on
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Figure 5.3: There is almost no o�set between the reonstruted zenith angle and thetrue zenith angle in AMA-II when a soft quality ut of nh>8 is applied.



45	 Smoothness Ndird Nh Signal Bkgd ULevt MRF20o -0.40<S<0.35 >14 >25 0.12 0.43 2.8 2522o no ut no ut no ut 0.20 20 8.9 45Table 5.3: Calulation of the Model Rejetion Fator (MRF) for two sets of uts. Thesignal and bakground rates are for 44 GRBs, the number of triggered bursts examinedin this analysis. See text for more details.urrent models. This approah is outlined in [89℄ and is haraterized by the Model Rejetion Fator(MRF). Beause AMANDA-II an set meaningful limits in a short amount of time, we hose thisapproah for optimizing the uts in the 2000 GRB analysis. The MRF approah aounts for thespetral shape of the expeted signal, as well as the presene of bakground.To determine the MRF for a partiular set of uts, the expeted signal rate is alulated usingthe Monte Carlo simulation and the bakground event rate is determined from examination of the twohours of bakground data (with the enter on-time region removed). Then the average bakgroundrate, b, is used to look up the 90% on�dene limit interval for the signal mean, �, from Table XIIof Feldman-Cousins [85℄, in the event that no signal is observed. The Feldman-Cousins tables wereinterpolated and extrapolated where neessary. This provides the event upper limit, ULevt, thatould be plaed after an ensemble of experiments with the observed bakground rate, b, and no truesignal. The MRF is de�ned as the ULevt/(expeted signal). It represents the ratio of the upper limitto the simulated signal ux.An example of two ut sets and the MRF alulation is shown in Table 5.3. The expetedsignal for the tighter set of uts (top row) is 0.12 with an average bakground rate of 0.43. Theexpeted signal rate for the loose set of uts (bottom row) is greater, 0.20, but so is the bakgroundrate of 20 events. Even though the signal is inreased by 67%, the bakground is inreased by afator of 47. Thus, the MRF for the �rst set of uts is lower and, hene, ultimately more restritivein terms of setting the upper limit.



465.5 Quality CutsMany ut parameters were studied for their e�etiveness in eliminating bakground eventsand preserving GRB signal. The ranges of reasonable uts in eah parameter were determined.For example, there is no reason to explore a ut in a region where tightening the ut redues signalwithout reduing bakground, or in a region where loosening the uts allows an inrease in bakgroundwithout inreasing signal. These ranges were at �rst explored in large steps through the parameterspae, studying the e�ets on the MRF and loating the general area of the global minimum. Asubset of parameters that looked partiularly promising were examined in more detail (nh, ndir,ndird, smootallphit, ldirb). When near the global minimum, the �neness of the searh mesh wasinreased and smaller steps through the parameter spae were taken. Three uts were found to bemost useful (nh, smootallpit and ndird). Others (suh as ndir or ldirb) were found to be redundantor insignifantly helpful.Smoothness measures the distribution of hits along the length of a reonstruted trak. Asmooth event is one in whih hits are evenly and onsistently spread along the trak. A perfetlysmooth trak would have a smoothness very lose to zero2. A trak that laks smoothness has hitsdisproportionately piled up in one or more setions of the reonstruted trak. A negative (positive)smoothness indiates that too many hits are loated at the end (beginning) of the trak. Theseevent pro�les are often indiative of eletromagneti showers or events that pass outside the detetor.Well-reonstruted muons tend to have very small values of smoothness. Smootallphit is a partiularvariation of smoothness that aounts for the non-uniformity of the detetor. See Figure 5.5. Makinga ut on smootallphit is a \free" ut in that we an rejet a portion of bakground events while losingalmost no signal.When using ndird, a hit is onsidered diret (i.e., unsattered) if it was deteted by the OMwithin 150 ns of the expeted Cerenkov arrival time. Making a ut on ndir (residual <75 ns) isnearly as e�etive as ndird. Therefore, the hoie between using ndir and ndird is not ritial, butas ndird resulted in a slightly lower MRF, we utilized it. See Figure 5.4 for the bakground and signaldistributions of ndird.2Due to the disreteness of the OMs in the detetor, a perfet smoothness of 0.0 is unattainable.
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Figure 5.4: The number of ndird diret hits for bakground data and signal MonteCarlo.
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Figure 5.5: The smoothness of the distribution of hits along the reonstruted muontrak. Bakground data is the solid line; signal Monte Carlo is dotted. A high-qualityevent has a small absolute value of smoothness.



49Searh Bin Smoothness Diret Hits Number of ChannelsSize 	 smootallphit ndird nh20o �0:40 < S < 0:35 > 14 > 25Table 5.4: Final quality uts for AMANDA-II GRB data.The data used in this analysis was the �rst Level 1 data available from the �ltering proessat DESY. This data was not reproessed with software that reates new triggering requirements.Therefore, a ut on multipliity, i.e., the number of hannels involved in eah event, was very usefulfor eliminating small, unpromising events. The re-triggering software eliminated 17.44% of suhevents [19℄.Final uts for the 2000 GRB analysis are shown in Table 5.4. These uts minimize the ModelRejetion Fator. The MRF as a funtion of nhannel and ndird is shown in Figure 5.7 and Figure 5.8.See the previous setion for more details on MRF.For the �nal uts, MRF = 25, or 25 times the Waxman-Bahall 1999 ux. Due to the moresymmetri geometry of AMANDA-II, optimal uts did not vary strongly with zenith. Therefore, asingle ut set is used for all GRBs.The e�etiveness and appropriateness of a partiular ut an be evidened by looking at its \n-1" plot. In \n-1" plots, all uts exept the one being studied are applied. The result is a omparisonof the distributions of bakground and signal in the parameter of interest, but with the other utsalready applied. See Figures 5.9 through 5.11.The Waxman-Bahall signal ux is shown in Figure 5.12, before and after the �nal qualityuts are applied. The uts retain 62% of the signal. (Although the uts were optimized for theWaxman-Bahall ux, they were nearly as eÆient for the Alvarez-Mu~niz, Halzen and Hooper ux,maintaining 55% of signal events.) The signal events as a funtion of zenith, before and after uts,is shown in Figure 5.13.5.6 Evolution of \Waxman-Bahall" and \Halzen-Hooper" FluxesSome onfusion urrently exists about what is meant by the Waxman-Bahall and Halzenuxes. In 1995, Waxman [20, 21℄ and Vietri [22℄ independently proposed a onnetion between the
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Figure 5.6: The number of hannels involved in bakground and signal events.
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Figure 5.7: The MRF as a funtion of nh.generation of the highest energy osmi rays (those above the \ankle" { see Figure 2.1), and GRBs.They noted that energy prodution rates are similar in both and that both originate at osmologialdistanes. If protons are Fermi aelerated [94℄ in the �reball model (see Chapter 2), a signi�antfration of the �reball explosion will be onverted to high energy neutrinos [23℄. Waxman and Bahall[23℄ also derived the broken power law that desribes the energies of neutrinos emitted by the �reball.The neutrino spetrum is a onvolution of the gamma-ray and proton energy spetrums. The gamma-ray spetrum is a broken power law of E�1 below, and E�2 above, the break at 1 MeV. The protonswill be Fermi aelerated to a power law distribution of E�2. The resulting neutrino spetrum is:dN�dE� = AEbE� for E� < Eb (5.1)and dN�dE� = AE2� for E� > Eb: (5.2)A, with units of TeVm2 se sr , is the normalization onstant. The value of A depends on theeÆieny of pion prodution, among other things. Eb is the energy at whih the di�erential ux
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Figure 5.8: The MRF as a funtion of ndird.
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Figure 5.9: The bakground and signal distribution of nh with all uts exept nh>25applied.
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Figure 5.10: The bakground and signal distribution of ndird with all uts exeptndird>14 applied.
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Figure 5.11: The bakground and signal distribution of smootallphit with all uts exeptsmoothness applied.
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Figure 5.12: The Waxman-Bahall ux [24℄ before and after the �nal quality uts.
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Figure 5.13: The Waxman-Bahall ux [24℄ as a funtion of osine(zenith) before andafter the �nal quality uts. Horizontal events have a os(zenith)=0.0 and vertialupgoing events have a os(zenith)=-1.0.



58spetrum breaks from power � = �1 to � = �2. Waxman and Bahall put the break energy at 100TeV. This is based on their estimation that protons will be aelerated to � 10 PeV 3 and on partilephysis alulations that show eah neutrino produed in the pion deay will arry about 5% of theenergy of the initiating proton [26℄.In [24℄ of 1999, Waxman and Bahall orreted the ux they derived in [23℄ of 1997 beausea logarithmi term had been omitted. When orreted, the Waxman-Bahall ux was redued by afator of 5. [24℄ also provided more details about the predited neutrino spetrum and introdued aseond break in the spetrum, from E�2 to E�3, at 10PeV. See Figure 5.14 and Setion V-B of [24℄.The seond break is indued by the strong suppression of the neutrino ux at these energies due tosynhrotron losses.All of our AMANDA-II simulations so far are based on this neutrino ux. The seond break isinluded, but expeted event rates are a�eted little beause the earth beomes opaque to neutrinosat these extremely high energies anyway. When the W-B ux is folded with the detetor eÆieny,most events are produed by 100 TeV neutrinos. Waxman predits on the order of \tens" of 100 TeVneutrinos in a km2 detetor [26, 25℄. In a later paper [27℄, Waxman predits the break energy to beslightly larger, near 500 TeV.Waxman and Bahall referred to this ux as an upper bound on high energy neutrinos [24,28℄. They argue that neutrino uxes above the W-B limit would require additional soures to beaelerating protons to very high energies. This would violate observations of osmi ray uxes. Theirlimit does not apply to neutrino-only soures that are opaque to protons but from whih neutrinosan esape.When referring to the Halzen ux, there are also some iterations that need to be di�erentiated.In [34℄, Halzen showed that the break energy is loser to 700 TeV. Then Halzen and Hooper [48℄alulated the total energy in GRB neutrinos and determined the normalization onstant, A, to be1:20x10�12Tev=(m2 s sr). This ux would produe � 10 events in a km2 detetor per year. This is3This energy is required to produe neutrinos from pion deay beause the typial photon energy is 1 MeV. Waxmanand Bahall also point out that protons may be aelerated to energies in exess of 1020eV, resulting in neutrinos of1018eV that arrive up to 10 seonds after the burst of gamma-rays. These neutrinos would require a di�erent AMANDAsearh.
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Figure 5.14: The Waxman-Bahall ux of [24℄.
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Figure 5.15: The Alvarez-Mu~niz, Halzen and Hooper uxes for 5 values of � [47℄.somewhat lower than, but onsistent, with the Waxman-Bahall ux of a few 10's of events in a km2per year.Halzen and Hooper go on to show that utuations in GRB energy and distane inreasesthe expeted event rate by a fator of 3 to 10, depending on the loation distribution of GRBs. Ingeneral, assuming that GRBs trae the star formation rate, and thus peak at a distane of z=1�2,produes the smallest and most onservative event rates. Assuming a Eulidean distribution resultsin a slightly less onservative event rate. A osmologial distribution produes the most optimistievent rates. This relationship is illustrated in Table 4.3.Halzen and Hooper also examine utuations in the Lorentz boost fator of the �reball, �.Flutuations in � a�et the fration of energy that goes into pion prodution and the position of thebreak energy. Pion (and thus neutrino) prodution inreases strongly (as ��4) with dereases in �.For small values of �, more protons and photons will have the hane to interat to produe pions.This is some times referred to as a \greater e�etive beam dump". The break energy inreases with� as �2. These relationships are illustrated in Figure 5.15.These di�erenes in � and GRB evolution an be implemented by appropriately altering the



61normalization onstant, A. This work was being onduted at UW at the same time as the 1997 GRBanalysis and preliminary adjustments to A were made to reet these developments. They are shownin Table 4.3.It is apropos here to point out that the work of Halzen and Hooper makes the generallyweaker non-triggered bursts (see Appendix A) exellent andidates for larger-than-average numbersof neutrinos. Though they annot be used to set limits on the Waxman-Bahall ux (see Setion 5.8),they are most interesting andidates.Alvarez-Mu~niz, Halzen and Hooper further treat utuations in [47℄ and model the absorptionof high energy neutrinos in the earth. They point out that the Waxman-Bahall ux may not reallybe an upper bound. It is possible that additional soures of aelerated protons exist without a�etingthe observed osmi ray spetrum beause distant high energy osmi rays will lose energy to theosmi mirowave bakground.For �=300, [47℄ predits �75 events per year in a km2 detetor before onsideration of ab-sorption e�ets. Absorption in the earth redues the event number to �25 events per year in km2.At �100 PeV, the earth beomes opaque to muon neutrinos.Figure 5.15 from [47℄ does not inlude utuations in energy and distane. Flutuationsin energy and distane are simulated via Monte Carlo. The event rate after inluding these twoutuations and absoption in the earth is 14 upgoing events in 2� sr per km2 per year for �=300.A Eulidean distribution of GRBs is used. Using the star formation rate redues the events rate byabout 20%. A osmologial distribution inreases the event rate by a fator of 20.The Waxman-Bahall ux of [wax-bah2℄ and the Alvarez-Mu~niz, Halzen and Hooper ux of[47℄, with and without utuations is shown in Figure 5.16.In the absene of a signal detetion, limits will be plaed on both the Waxman-Bahall andAlvarez-Mu~niz, Halzen and Hooper uxes. The same Monte Carlo will be used, as the Monte Carloweighting system easily allows for the modeling of di�erent spetra.5.7 SearhThe �reball may be opaque to photons longer than it is opaque to neutrinos. This wouldpermit the arrival of neutrinos before the beginning of the gamma ray detetion. Theorists [95℄
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Figure 5.16: The Waxman-Bahall ux of [wax-bah2℄ and the Alvarez-Mu~niz, Halzenand Hooper ux, with and without utuations in energy and distane, for �=300.



63predit that neutrinos may arrive up to 10 seonds (and pehaps up to 100 seonds) before the initialgamma rays. We want to ensure that our searh allows for this early arrival. Therefore, to set thebeginning of the temporal searh window, we use the earlier of the T90 start time or the trigger time(t0 = minimumfT90 start,trigger timeg) and then subtrat 10 seonds. The temporal searh windowwill extend to the end of the T90 duration..Some GRBs do not have durations atalogued. This ourred, for example, when there weredata gaps in the BATSE reord. Based on omprehensive distributions, most GRBs lasted no longerthan 100 seonds. See Figure 1.6. Therefore, 100 seonds will be used as the T90 duration for theeight GRBs laking this information (7991, 8002, 8005, 8031, 8056, 8057, 8074, 8109).5.8 Note on Setting Upper LimitThe Waxman-Bahall ux, and related uxes, are expliitly based on GRB observations madeby BATSE. (See Setion V-A of [24℄.) BATSE observed 1/3 of the sky at a time, and saw about 1GRB per day. Therefore, the nominal number of bursts frequently used in GRB models, inludingWaxman-Bahall, is 365 x 3 � 1000 bursts per year. Waxman and Bahall also used the energydistribution of BATSE GRBs in their model.However, we now know that BATSE was not entirely eÆient in deteting GRBs even in the1/3 of the sky it was observing. From studies of arhival data [78, 81℄, about 50% more GRBs ourredin BATSE's view than were deteted by the on-board triggers. See Appendix A for more details. Ingeneral, these bursts are weaker than the main BATSE sample. Therefore, urrent models should bealtered to aount for these additional bursts. If a model does not inlude these non-triggered bursts,then the non-triggered bursts an not be used to plae upper limits on that model. Only the GRBsmodeled by the theory an be used to set limits. Therefore, as we did in 1997, we will use only thetriggered bursts to plae limits on the Waxman-Bahall and similar uxes. The non-triggered burstswill be searhed for detetions only. Any analysis that uses the non-triggered bursts to set limitsmust alter the tested model to aount for these bursts. They an not be used to onstrain modelsbased on the triggered GRB subset.



645.9 SummaryFrom the beginning, I inreased the \blind spot" around a GRB trigger time from (-1,+5)minutes to (-5,+5) minutes in order to better aount for the possible early arrival neutrinos. Allstudies on the 2000 GRB data at UW have maintained this 600-seond blind spot, as shown inAppendix J.The bakground portions of the 2000 GRB data have been thoroughly investigated. Stabilityand data quality have been examined for eah of 70 bursts. Final uts were set my optimizing theModel Rejetion Fator for the Waxman-Bahall GRB ux. The �nal ut set retains 62% of signalevents. The expeted bakground rate is 0.01 events per burst.
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Chapter 6Results
6.1 Comment on Neutrino OsillationsIf urrent results from Super-K bear out, muon neutrinos osillate to tau neutrinos near themaximal mixing angle. We therefore expet that the number of muon neutrinos from GRBs will behalved, with half of the neutrinos being tau neutrinos at the detetor. If so, future analyses andenlargements of the AMANDA detetor will be able to study the �rst ever tau neutrino appearaneexperiment. Tau neutrinos would penetrate the earth at energies where muon neutrinos are absorbedin the earth [50℄. However, in this analysis, whih searhes for muon neutrinos only, the expetedsignal rates would be 1/2 of the listed numbers.6.2 ResultsAfter extensive studies of the bakground data regions, the on-time regions of the 1997, 1999and 2000 data were un-blinded and the number of events in the GRB region at the time of a GRB werestudied. The number of events in the on-time region (i.e., during the burst) is shown in Appendix Gfor year 1999 bursts and in Appendix K for year 2000 bursts.The expeted number of signal events in the AMANDA-II detetor from 2� sr are shown inTable 6.1 for several uxes.Alvarez-Mu~niz, Halzen and Hooper predit 14 events in 2� sr in a km2 detetor. Therefore,the e�etive area before uts is approximately 100,000 m2 and after uts it is 75,000 m2.



66500 bursts 500 bursts 44 burstsFlux no uts with uts after utsWB1999 2.102 1.29 0.114AHH (no us.) 0.40 0.30 0.026AHH (with us.) 1.4 1.1 0.092Table 6.1: The expeted number of signal events in 2� sr for three uxes: Waxman-Bahall [24℄, Alvarez-Mu~niz, Halzen and Hooper [47℄ with and without utuations inenergy and distane.In most ases, the optimization proedure yields optimal bin sizes with no on-soure, on-timeevents as all bakground events have been removed by the quality uts. Beause the searh didnot yield statistially signi�ant bursts we derive a ombined upper limit for the AMANDA-B10and AMANDA-II searhes. It is alulated by summing the average number of bakground events,< ntotbg >, and by summing the observed number of events in the GRB searh bin, nounted, over allbursts. Then, d�uplim�E � nuplimnsignal d��dE ;where d�dE is the GRB ux, nsignal is the expeted number of events from GRB neutrinos after uts,and nuplim is the event upper limit alulated aording to [85℄ at 90% from < ntotbg > and nounted .For the searh on 78 triggered bursts in 1997, with the window opened to -10 seonds beforethe beginning of the gamma-ray burst and the strong uts in plae, the expeted bakground is< ntotbg >= 0:06 events. We observed 0 events. Therefore, the Feldman-Cousin 90% upper limit forthe signal mean is 2.41. Our expeted signal is 0.043. Therefore, from the one year of 1997 data, weobtain an ux upper limit that is 2.41/0.043 = 56x the Waxman-Bahall ux predition.For the searh on 96 bursts in 1999, < ntotbg >= 0:2 and nounted=0. Therefore, the Feldman-Cousin 90% upper limit for the signal mean is 2.24. Our expeted signal rate is 0.053. Therefore, fromone year of 1999 data, we obtain an ux upper limit that is 2.24/0.053 = 42x the Waxman-Bahallux predition.For the searh on 44 triggered bursts in 2000, < ntotbg >= 0:833 events. We observed nounted=0.Therefore, the Feldman-Cousin 90% upper limit for the signal mean is 1.72. Our expeted signal rate



67Data Average Deteted Expeted Event Upper Limit onYear Bakground Deteted Signal Upper Limit Waxman-Bahall1997 0.06 0 0.043 2.41 56x1999 0.20 0 0.053 2.24 42x2000 0.83 0 0.114 1.72 15xOverall 1.14 0 0.22 1.153 7xTable 6.2: Summary of searh results.is 0.114. Therefore, from one year of 2000 data, we obtain an ux upper limit that is 1.72/0.114 =15x the Waxman-Bahall ux predition.Over the three years of data, We have an expeted bakground of 1.14events. We observe 0events. Therefore the ombined event upper limit is 1.53 from [85℄. The total expeted signal is 0.22.Therefore the ombine upper limit is 1.153/.22 = 7x Waxman Bahall.The AMANDA-II bursts dominate and greatly improve the upper limit. Although it is mostunfortunate that BATSE was deommisioned in May of 2000, the results show the promise of usingother satellite detetions for study in the AMANDA-II years.6.3 Theoretial ImpatAt 7x the Waxman-Bahall ux, the AMANDA GRB neutrino searh an not rule out theleading model of GRB prodution. But AMANDA-II will be able to rule out (or on�rm) the modelin the next few years.
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Chapter 7Future
7.1 Other Satellite DetetorsBATSE was a proli� GRB detetor, disovering about one burst per day. Other satelliteshave, and will, detet gamma-ray bursts.The Third Interplanetary Network (IPN3) onsists of several satellites, inluding Ulysses,the Near Earth Asteroid Rendevouz (NEAR), WIND, Mars Odyssey, RXTE and BeppoSAX. Thesesatellites have primary siene missions other than the detetion of gamma-ray bursts, but in additionto their primary work, these satellites oasionally detet GRBs. Under the diretion of KevinHurley at the Spae Siene Laboratory in Berkeley, California, data from this network of satellitesis ombined to produe approximate positions of GRBs. IPN3 detets �1 GRB per week. Some ofthese satellites, suh as NEAR (whih landed on an asteroid in 2001) are no longer ontributing tothis e�ort.The High-Energy Transient Explorer II (HETE2) was launhed in Otober of 2000 and is afollow-up to the �rst ill-fated HETE satellite, whih failed to separate from its third stage roket.Preditions were that HETE2 would detet about one burst per week. Some omponents of HETE2have experiened tehnologial diÆulties. The �rst year of the HETE2 mission was elebrated anddisussed at a Woods Hole onferene in November of 2001.In summary, the urrent rate of GRB detetions is muh redued from the days of BATSE. Thesituation will improve in the future with additional satellite deployments. The European spaeraft



69INTEGRAL [67℄ is sheduled for an Otober 2002 launh. Although it is not stritly a GRB mission,INTEGRAL will likely detet and preisely loate several GRBs per month. The U.S. SWIFT mission[68℄ is sheduled for launh in July 2003. The detetion and preise loation of GRBs is its mainobjetive. It is expeted to loate 100-300 GRBs per year.NASA's Gamma-Ray Large Area Spae Telesope (GLAST) is is sheduled for launh in 2006.Its main instrument, the Large Area Telesope (LAT), will provide unpreedented sensitivity togamma rays in the energy range of about 20 MeV to about 300 GeV. The GLAST Burst Monitor(GBM) is a omplementary instrument and will be sensitive to X-rays and gamma rays in the 5 keV- 25 MeV range. GLAST is expeted to detet about 200 GRBs per year.Many of the urrent and future detetors are designed to better resolve the position of GRBsso that other instruments an loate and study the GRBs in longer wavelengths for additional daysand weeks. As the resolution of AMANDA and IeCube for GRB searhes is on the order of a fewdegrees, this additional resolution is not ritial to AMANDA searhes. With the type of analysisdetailed in this thesis, the ritial parameter for the disovery potential (or plaement of theoretialupper limits) of AMANDA and IeCube[96℄ is the number of bursts deteted by satellites. Morespei�ally, the siene potential of AMANDA/IeCube GRB searhes is proportional to the numberof northern hemisphere GRBs that an be examined by AMANDA/IeCube after satellite detetion.This thesis presents the results of inorporating the BATSE data from 1997 through 2000with AMANDA-B10 and -B19 data. GRBs that were disovered and loated by detetors other thanBATSE an be examined, but these are a small number ompared to the produtivity of BATSE.7.2 Current Data ExtrationGamma-ray satellites rapidly release their �ndings via the Global Coordinates Network (GCN),formerly alled BACODINE. AMANDA now bu�ers enough data at the South Pole suh that twohours of data an be extrated around a GRB time announed by GCN email alerts. This willallow future GRB analyses to proeed immediately following a burst detetion. This is a signi�antimprovement over the system in plae between 1997 and 2000 when data was stored at the SouthPole until the end of austral winter and then hand-arried out on data tapes, uploaded and �ltered atLBNL, and then distributed to ollaboration sientists. (See Appendix B on data proessing.) This



70proess often took many months to omplete.7.3 Other Types of SearhesAnother method for AMANDA/IeCube GRB searhes that will likely be employed in thefuture is a \rolling" searh through all the available AMANDA/IeCube data. This method does notrely on detetion of GRBs by other instruments, but rather rolls through the entire AMANDA/IeCubedata set, searhing for an exessive number of neutrinos from a given loation at any time. These neu-trinos ould then be ompared to the expeted energy distribution of GRB neutrinos. A point-souresearh for very high energy neutrinos using all available AMANDA data is underway[64℄.Rolling searhes will be partiularly important to AMANDA/IeCube GRB neutrino searhesduring the time between the end of BATSE (May, 2000) and the launhing of SWIFT (sheduled for2003). This type of searh will also be ritial to the potential detetion of GRBs that were too weakto trigger the BATSE detetor. There may be a lass of suh GRBs and these GRBs may indeedbe more proli� neutrino soures. AMANDA/IeCube has the potential to disover GRBs that havenot been previously deteted by other instruments.7.4 IeCubeInitial funding has been approved for the onstrution of IeCube [96℄, a projet that willinstrument a km3 of ie. IeCube is based on the AMANDA-B10 and AMANDA-II prototypes. Itwill onsist of 80 strings and nearly 5,000 OMs. IeCube will be deployed over six years, beginningin 2005-06.
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Appendix ANon-Triggered Bursts
A.1 BATSE Arhived DataBATSE reorded all data on a 1.024 seond time sale in eah of its eight detetors. Je�Kommers and Boris Stern searhed this arhived data for GRBs that were missed by BATSE'sonboard trigger. GRBs may have not met the BATSE onboard trigger onditions beause they weretoo weak or their uene rose too slowly. Candidates may not have been suessfully reorded beausethe trigger or reording devie was disabled. At times, the BATE trigger was set for optimal detetionof phenomena other than GRBs, suh as Galati soft gamma repeaters or terrestrial gamma ashes.(The last was not true in years 1997-1999.)GRB andidates disovered in this way are alled \non-triggered bursts". The light urves ofthese bursts are onvining. (See Figure A.1 for an example. The Ulysses satellite has on�rmed>50 of these bursts [84℄. The triggers are similar to the BATSE onboard trigger, but with di�erentestimations of bakground rates. The Kommers and Stern samples have signiant overlap of andi-dates in 1997. (Kommers' list ends in 1997.) Stern estimated the eÆieny of his searh by addingtest bursts to the data.In general, the non-triggered bursts are weaker than the triggered ones. See Figure A.2. Asexplained in [47℄, GRBs that are weak in gamma prodution may be opious neutrino emitters.Therefore, the non-triggered busts are desirable subjets of investigation.Beause they are weaker, the non-triggered bursts are not as well loalized. See Figure A.3.
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Figure A.1: Light urve from non-triggered burst 970914.91 found by Kommers [82℄.

Figure A.2: Distribution of peak uxes for bursts triggered on-board BATSE and fornon-triggered bursts found in arhived data by [70℄.



78

Figure A.3: Distribution of 1� error boxes for triggered and non-triggered bursts.



79In 1997, we examined the union of andidates from Kommers and Stern. Sixty-four non-triggered bursts ourred between April 5 and November 15, the period of stable data-taking. Eightourred during AMANDA data gaps. Three ould not be extrated beause the log �le of the initial�ltering proess was inomplete. Five were removed due to unstable trigger rates. Therefore, 48bursts were added to the sample of 78 triggered bursts examined in that analysis. This in reasedthe GRB sample size 61In 2000, 26 non-triggered bursts ourred during AMANDA-II data taking. Representativeof the inreased reliability and performane of the AMANDA array, none of these bursts had to beomitted due to data gaps or data quality onerns. These bursts augmented the 44 analyzed triggeredbursts for a total of 70 bursts in the AMANDA sample.



80
Appendix BComputation and Data Proessing
B.1 1997-1999After being reorded on magneti tape during the austral winter data-taking season, the 1997AMANDA-B10 data set was �ltered at LBNL. The data was �rst �ltered with a T3E superomputer.After re�nements to the �lter, it was re-�ltered on an alpha luster. The data for the �rst AMANDAGRB analysis was initially extrated by Ryan Bay [54℄.The Monte Carlo used in the GRB analysis needed to be updated. Several major hangesourred, inluding orretions of (1) a noise bug in reoos and (2) a photon ight time bug in thePhoton Transportation and Detetion (PTD) tables. PTD is a software pakage that traks photonsthrough ie. It reords the arrival time of a photon at an AMANDA optial module of arbitraryorientation and the probability of detetion. Tables of probability distributions for deteting photonsare produed for starting and stopping muons, for di�erential muons (i.e., in�nitesimal muon traks of1 m), and for showers. Also in the new Monte Carlo, new layered ie models have been implemented.Changes in reonstrution and detetor simulation have also been made. The new simplex minimizerby Kael Hanson was also used.We ran signal Monte Carlo using the mass00v005 version of the mass prodution softwarewritten and organized by Stephan Hundertmark.The GRB analysis uses MC at Level 1. The only ut plaed on events is that the initial line�t must have a zenith angle � > 50o. This is also how the data was proessed for GRBs. In the 1997



81data, 22the Level 1 �lter [71℄.So we removed the uts of ndirb> 3 and � > 80o in mass prodution reo.sript. These twouts were alled Level 2. Only Level 2 Monte Carlo was saved in the mass prodution, hene ourneed to run separate signal MC for the GRB analysis.We seleted the nusim generator in the master sript master.qsub. We produed neutrinosin the zenith range from 80o to 180o. Neutrinos were produed uniformly in os(�). We set theminimum neutrino generation energy at 1 GeV and inreased the maximum neutrino generationenergy to 10 PeV. Above 1 PeV, the earth beomes opaque to vertially upgoing neutrinos. Wereated an additional set of Monte Carlo for energies bewteen 10 PeV and 100 PeV. Energies up to100 PeV are needed for horizontal events beause there is less absorption at shallow angles due toless matter being traversed by the neutrino.We used the Lipari-Stanev (L-S) ode alled muprop, integrated into mudedx by Gilles, tomodel the muon propagation. The L-S ode works at energies above 105:5 GeV whereas the Lohmanode does not. The L-S ode uses fewer verties for energy dissipation than mudedx, allowing it toalulate the propagation of high energy muons in reasonable CPU time. In the future, Dima's MMCode will used as the muon propagator.In mudedx, the ative ylinder is the volume around the detetor in whih mudedx will atuallytrak energy losses. Outside the ative volume, the muon is propagated but the energy losses arenot reorded. The height of the ative ylinder is 800m and the radius is 400m. (The AMANDA-B10 detetor is a ylinder of 302 OMs with an outer radius of 60m and 400m of ie instrumentedvertially.)We used the layered ie model from Kurt Woshnagg and Stephan Hundertmark. Kurt mea-sured the depth pro�le of sattering in the ie at 532nm. Four sets of parameters are used to desribethe ie properties in 16 layers of ie around the detetor. The ie layers have geometri satteringlengths ranging from 19m to 31m. The H2 ie hole model and the Bergstroem-Prie absorption modelare used. The ritial parameter of the absorption model is F whih de�nes the maximum absorptionlength near 400nm. The value of F ranges from 133m to 58m in this ie model.We used amaalib to alibrate the data. OM leaning and hit leaning were performed following



82Component Number Time Req'd File Size Time Perof Events (ses) (Mb) Evt (ses)Sript 500,000Nusim 435,000 50,000 130 0.11Mudedx 435,000 700 143 0.002Amasim (triggered) 110,000 49,000 210 0.45Reoos (line �t) 109,000Mu� (line �t � > 50o) 89,000 22,600* 204* 0.2-0.3*Reoos (upandel) 89,000Total 122,300 687Table B.1: Monte Carlo prodution statistis. The number of events, time required,and �le sizes are per �le per CPU for E� < 10 PeV. *Line �t results are piped diretlyto mu� and then to reoos again for the full reonstrution.the standard set of uts in the mass prodution sripts. Thirty-seven OMs were omitted entirely.An initial line �t that ignores the time struture of the event was made. Then we used mu� to keeponly the events with a line �t � > 50o. A upandel reonstrution was done using the line �t as a �rstguess. Nusim �les were piped through the nusim mass00v002 �x sript so that the nusim generatedevent weights an be parsed properly into the rdm struture as there was a problem with long USline IDs in the rdm struture.The UW AMANDA group now has a luster of 14 Dual Pentium III 1GHz PCs with 512MbRAM. The prodution and reonstrution of 500,000 events at energies below 10PeV took about 1.4days on 1 mahine of our new luster. Neutrinos with energy between 10 PeV and 100 PeV tooksigni�antly longer and were produed in smaller �les distributed over many mahines. CPU time isnot a limiting fator in the GRB MC prodution. See Table B.1 for details of the prodution.Eleven �les of neutrinos and 11 �les of anti-neutrinos were produed for E� < 10PeV. In total,9.6x106 neutrino events were produed by nusim. 2.0x106 events remain after the line �t � > 50out and were fully reoonstruted for further analysis. The new simplex minimizer was used. Thesiegmund version used is the stable release of v3.1 000719. For energies between 10PeV and 100PeV,830,000 neutrinos were produed and likewise proessed.The 1998 GRB data was �ltered and extrated at LBNL. The data was alibrated using the



83most reent data base then urrently available, 'omdb-19991020.db.txt'. This data base was laterfound to be less than optimal as new alibration work had not yet been inluded. The data has beenreently re-�ltered and is urrently being analyzed.Four hronially noisy hannels, responsible for 30% of the raw data size, were removed fromthe data stream (OM 40, 190, 234 and 258). The reformatting, alibration, removal of undesirablehannels, as well as gathering of statistis, reating of minimum-bias events �les (every 500th event),and writing of SPASE triggers required approximately 354 CPU days for the 3 billion events in theraw data [74℄.'Reoos' was then applied to these events and performed 3 �ts: (1) a moment of inertia tensor(2) a line �t and (3) plane wave �t. The 66% of events whih had hits reorded in 10 or more hannelswere retained. Appliation of reoos and this �ltering stage required approximately 207 CPU days.The upgoing events that braketed a northern hemisphere BATSE trigger time by (+1,-1)hours was extrated for this analysis. This resulted in 21 Gigabytes of data, 0.7% of the raw dataset. The 1999 AMANDA data was again �ltered at LBNL after I uploaded it to the NERSC massstorage system in the summer of 2000 during my fellowship pratium.B.2 2000The 2000 AMANDA-II data was �ltered at DESY-Zeuthen. Again, two hours of data sur-rounding BATSE trigger times were extrated. The 2000 GRB data set was 4.8 Gb in size whenzipped. Though the detetor was muh larger than in previous years, the data set was smaller be-ause BATSE was de-orbited at the end of May. Forty-�ve triggered GRBs and 26 non-triggeredGRBs ourred during operation. Only one GRB had to be exluded from analysis due to a gap inAMANDA data.Updates and improvements were made in the AMANDA-II simulations. A new propagatorwas used that ably traked muons in the ie up to energies of 100PeV [75℄.
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Appendix CSoft Gamma Repeater 1900+14
C.1 Soft Gamma RepeatersSoft Gamma Repeaters (SGR) are short bursts of soft gamma rays (�100keV). They exhibitperiods of intense ativity for days or weeks and then are quiesent for years or deades. SGR are afundamentally di�erent phenomenon than GRBs. They likely result from magneti quakes on highlymagnetized neutron stars in our galaxy.C.2 Neutrino SearhOn August 27, 1998, a huge burst from SGR 1900+14 was deteted[61, 62, 63℄. I searhedAMANDA data for neutrinos assoiated with this burst, but none were deteted.
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Appendix DAtmospheri Neutrino Overlap Analysis
D.1 Atmospheri NeutrinosThe 1997 AMANDA-B10 data was searhed for atmospheri neutrinos from osmi rays in-terating with the earth's atmosphere in the northern hemisphere[44℄. Some of the neutrinos in thissample have �TeV energies.D.2 GRB SearhI searhed the atmospheri neutrino sample from 1997 to see if any of the sample was orrelatedwith known satellite detetions. The sample was ompared to all BATSE triggered and non-triggered(see Appendix A) GRBs. There was no statistially signi�ant orrelation in time or loation betweenthe atmospheri sample and GRBs.
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Appendix EGRBs Studied in Analysis
E.1 1997 BATSE GRBsA total of 126 GRBs from 1997 were ana-lyzed: 78 triggered and 48 non-triggered bursts.BATSE identi�ation numbers are provided fortriggered bursts. Stern's ID numbers inlude thetrunated Julian date (TJD) and are provided fornon-triggered bursts. For non-triggered burstsfound only by Kommers, his ID number, whihinludes the date of the burst, is shown.6162616361656166616761686176618861896190
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10747a1074810748f10753a10754a10755a10757a10760b10760d10762a10762E.2 1998 BATSE GRBsA total of 138 GRBs from 1998 will be an-alyzed: 81 triggered and 57 non-triggered bursts.BATSE identi�ation numbers are provided fortriggered bursts. Stern's ID numbers inlude thetrunated Julian date (TJD) and are provided fornon-triggered bursts.108661086810868d10870d10873b10876a10876b10878h10901d10916a
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916938695369636978698569866987698970007009702370287059707870877093E.3 1999 BATSE GRBsNinety-six triggered bursts were extratedfrom the 1999 data.737973877403742974347448745174527455
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93783878407849E.4 2000 BATSE GRBsA total of 70 GRBs from 1997 were ana-lyzed: 44 triggered and 26 non-triggered bursts.BATSE identi�ation numbers are provided fortriggered bursts. Stern's ID numbers are providedfor non-triggered bursts.7988798979917992799479957997799879998002800480058008800980128019802280308031
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Appendix FBlinded Event Rates for 1999
Here are the bakground distributions for some 1999 GRBs. The number of events as a funtion oftime is shown. The 10-minute blind spot is the region of interest and remained unexamined until�nal uts had been set.



96

Figure F.1: The bakground distribu-tion of events for grb7379, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.2: The bakground distribu-tion of events for grb7387, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.3: The bakground distribu-tion of events for grb7403, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.4: The bakground distribu-tion of events for grb7429, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.
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Figure F.5: The bakground distribu-tion of events for grb7434, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.6: The bakground distribu-tion of events for grb7448, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.7: The bakground distribu-tion of events for grb7451, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.8: The bakground distribu-tion of events for grb7452, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.
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Figure F.9: The bakground distribu-tion of events for grb7455, exept forthe 10 minute blind spot around thetrigger time, before (top) and after(bottom) uts.

Figure F.10: The bakground distri-bution of events for grb7456, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.11: The bakground distri-bution of events for grb7457, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.12: The bakground distri-bution of events for grb7460, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Figure F.13: The bakground distri-bution of events for grb7464, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.14: The bakground distri-bution of events for grb7481, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.15: The bakground distri-bution of events for grb7484, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.16: The bakground distri-bution of events for grb7485, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Figure F.17: The bakground distri-bution of events for grb7486, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure F.18: The bakground distri-bution of events for grb7487, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Appendix GUnblinded Event Rates for 1999
These plots show the number of events during the GRB before and after uts. The searh was begun10 seonds before the earliest gamma-rays and �nished at the end of the T90 time.
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Figure G.1: The number of events forgrb7379 during the burst, before (top)and after (bottom) uts.

Figure G.2: The number of events forgrb7387 during the burst, before (top)and after (bottom) uts.

Figure G.3: The number of events forgrb7403 during the burst, before (top)and after (bottom) uts.

Figure G.4: The number of events forgrb7429 during the burst, before (top)and after (bottom) uts.
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Figure G.5: The number of events forgrb7434 during the burst, before (top)and after (bottom) uts.

Figure G.6: The number of events forgrb7448 during the burst, before (top)and after (bottom) uts.

Figure G.7: The number of events forgrb7451 during the burst, before (top)and after (bottom) uts.

Figure G.8: The number of events forgrb7452 during the burst, before (top)and after (bottom) uts.
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Figure G.9: The number of events forgrb7455 during the burst, before (top)and after (bottom) uts.

Figure G.10: The number of eventsfor grb7456 during the burst, before(top) and after (bottom) uts.

Figure G.11: The number of eventsfor grb7457 during the burst, before(top) and after (bottom) uts.

Figure G.12: The number of eventsfor grb7460 during the burst, before(top) and after (bottom) uts.
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Figure G.13: The number of eventsfor grb7464 during the burst, before(top) and after (bottom) uts.

Figure G.14: The number of eventsfor grb7481 during the burst, before(top) and after (bottom) uts.

Figure G.15: The number of eventsfor grb7484 during the burst, before(top) and after (bottom) uts.

Figure G.16: The number of eventsfor grb7485 during the burst, before(top) and after (bottom) uts.
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Figure G.17: The number of eventsfor grb7486 during the burst, before(top) and after (bottom) uts.

Figure G.18: The number of eventsfor grb7487 during the burst, before(top) and after (bottom) uts.

Figure G.19: The number of eventsfor grb7489 during the burst, before(top) and after (bottom) uts.

Figure G.20: The number of eventsfor grb7494 during the burst, before(top) and after (bottom) uts.
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Figure G.21: The number of eventsfor grb7495 during the burst, before(top) and after (bottom) uts.

Figure G.22: The number of eventsfor grb7497 during the burst, before(top) and after (bottom) uts.

Figure G.23: The number of eventsfor grb7498 during the burst, before(top) and after (bottom) uts.

Figure G.24: The number of eventsfor grb7504 during the burst, before(top) and after (bottom) uts.
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Figure G.25: The number of eventsfor grb7513 during the burst, before(top) and after (bottom) uts.

Figure G.26: The number of eventsfor grb7514 during the burst, before(top) and after (bottom) uts.

Figure G.27: The number of eventsfor grb7523 during the burst, before(top) and after (bottom) uts.

Figure G.28: The number of eventsfor grb7528 during the burst, before(top) and after (bottom) uts.
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Figure G.29: The number of eventsfor grb7529 during the burst, before(top) and after (bottom) uts.

Figure G.30: The number of eventsfor grb7539 during the burst, before(top) and after (bottom) uts.

Figure G.31: The number of eventsfor grb7541 during the burst, before(top) and after (bottom) uts.

Figure G.32: The number of eventsfor grb7550 during the burst, before(top) and after (bottom) uts.
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Figure G.33: The number of eventsfor grb7552 during the burst, before(top) and after (bottom) uts.

Figure G.34: The number of eventsfor grb7554 during the burst, before(top) and after (bottom) uts.

Figure G.35: The number of eventsfor grb7561 during the burst, before(top) and after (bottom) uts.

Figure G.36: The number of eventsfor grb7567 during the burst, before(top) and after (bottom) uts.
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Figure G.37: The number of eventsfor grb7573 during the burst, before(top) and after (bottom) uts.

Figure G.38: The number of eventsfor grb7578 during the burst, before(top) and after (bottom) uts.

Figure G.39: The number of eventsfor grb7581 during the burst, before(top) and after (bottom) uts.

Figure G.40: The number of eventsfor grb7582 during the burst, before(top) and after (bottom) uts.
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Figure G.41: The number of eventsfor grb7587 during the burst, before(top) and after (bottom) uts.

Figure G.42: The number of eventsfor grb7594 during the burst, before(top) and after (bottom) uts.

Figure G.43: The number of eventsfor grb7598 during the burst, before(top) and after (bottom) uts.

Figure G.44: The number of eventsfor grb7599 during the burst, before(top) and after (bottom) uts.
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Figure G.45: The number of eventsfor grb7602 during the burst, before(top) and after (bottom) uts.

Figure G.46: The number of eventsfor grb7604 during the burst, before(top) and after (bottom) uts.

Figure G.47: The number of eventsfor grb7608 during the burst, before(top) and after (bottom) uts.

Figure G.48: The number of eventsfor grb7615 during the burst, before(top) and after (bottom) uts.
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Figure G.49: The number of eventsfor grb7625 during the burst, before(top) and after (bottom) uts.

Figure G.50: The number of eventsfor grb7626 during the burst, before(top) and after (bottom) uts.

Figure G.51: The number of eventsfor grb7630 during the burst, before(top) and after (bottom) uts.

Figure G.52: The number of eventsfor grb7632 during the burst, before(top) and after (bottom) uts.
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Figure G.53: The number of eventsfor grb7633 during the burst, before(top) and after (bottom) uts.

Figure G.54: The number of eventsfor grb7648 during the burst, before(top) and after (bottom) uts.

Figure G.55: The number of eventsfor grb7652 during the burst, before(top) and after (bottom) uts.

Figure G.56: The number of eventsfor grb7654 during the burst, before(top) and after (bottom) uts.
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Figure G.57: The number of eventsfor grb7655 during the burst, before(top) and after (bottom) uts.

Figure G.58: The number of eventsfor grb7660 during the burst, before(top) and after (bottom) uts.

Figure G.59: The number of eventsfor grb7662 during the burst, before(top) and after (bottom) uts.

Figure G.60: The number of eventsfor grb7665 during the burst, before(top) and after (bottom) uts.
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Figure G.61: The number of eventsfor grb7671 during the burst, before(top) and after (bottom) uts.

Figure G.62: The number of eventsfor grb7674 during the burst, before(top) and after (bottom) uts.

Figure G.63: The number of eventsfor grb7683 during the burst, before(top) and after (bottom) uts.

Figure G.64: The number of eventsfor grb7688 during the burst, before(top) and after (bottom) uts.
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Figure G.65: The number of eventsfor grb7693 during the burst, before(top) and after (bottom) uts.

Figure G.66: The number of eventsfor grb7703 during the burst, before(top) and after (bottom) uts.

Figure G.67: The number of eventsfor grb7705 during the burst, before(top) and after (bottom) uts.

Figure G.68: The number of eventsfor grb7706 during the burst, before(top) and after (bottom) uts.



119

Figure G.69: The number of eventsfor grb7707 during the burst, before(top) and after (bottom) uts.

Figure G.70: The number of eventsfor grb7735 during the burst, before(top) and after (bottom) uts.

Figure G.71: The number of eventsfor grb7737 during the burst, before(top) and after (bottom) uts.

Figure G.72: The number of eventsfor grb7749 during the burst, before(top) and after (bottom) uts.
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Figure G.73: The number of eventsfor grb7750 during the burst, before(top) and after (bottom) uts.

Figure G.74: The number of eventsfor grb7753 during the burst, before(top) and after (bottom) uts.

Figure G.75: The number of eventsfor grb7754 during the burst, before(top) and after (bottom) uts.

Figure G.76: The number of eventsfor grb7764 during the burst, before(top) and after (bottom) uts.
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Figure G.77: The number of eventsfor grb7766 during the burst, before(top) and after (bottom) uts.

Figure G.78: The number of eventsfor grb7769 during the burst, before(top) and after (bottom) uts.

Figure G.79: The number of eventsfor grb7770 during the burst, before(top) and after (bottom) uts.

Figure G.80: The number of eventsfor grb7774 during the burst, before(top) and after (bottom) uts.
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Figure G.81: The number of eventsfor grb7775 during the burst, before(top) and after (bottom) uts.

Figure G.82: The number of eventsfor grb7776 during the burst, before(top) and after (bottom) uts.

Figure G.83: The number of eventsfor grb7781 during the burst, before(top) and after (bottom) uts.

Figure G.84: The number of eventsfor grb7784 during the burst, before(top) and after (bottom) uts.
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Figure G.85: The number of eventsfor grb7790 during the burst, before(top) and after (bottom) uts.

Figure G.86: The number of eventsfor grb7791 during the burst, before(top) and after (bottom) uts.

Figure G.87: The number of eventsfor grb7792 during the burst, before(top) and after (bottom) uts.

Figure G.88: The number of eventsfor grb7800 during the burst, before(top) and after (bottom) uts.
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Figure G.89: The number of eventsfor grb7802 during the burst, before(top) and after (bottom) uts.

Figure G.90: The number of eventsfor grb7811 during the burst, before(top) and after (bottom) uts.

Figure G.91: The number of eventsfor grb7822 during the burst, before(top) and after (bottom) uts.

Figure G.92: The number of eventsfor grb7835 during the burst, before(top) and after (bottom) uts.
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Figure G.93: The number of eventsfor grb7838 during the burst, before(top) and after (bottom) uts.

Figure G.94: The number of eventsfor grb7840 during the burst, before(top) and after (bottom) uts.
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Appendix HDistribution of Bakground Events in 10-SeondWindows
The distribution of the number of bakground events in 10-seond windows are shown here for some2000 GRBs. The distributions are nie Poissonian in most ases. Where there are an abnormalnumber of intervals with zero events, the �le was examined in detail for data gaps.
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2000 data GRBs Background

Figure H.1: Number of bakgroundevents in 10-seond intervals forGRB 7988, 7989, 7991 and 7992.
2000 data GRBs Background

Figure H.2: Number of bakgroundevents in 10-seond intervals forGRB 7994, 7995, 7997 and 7998.

2000 data GRBs Background

Figure H.3: Number of bakgroundevents in 10-seond intervals forGRB 7999, 8002, 8004 and 8005.
2000 data GRBs Background

Figure H.4: Number of bakgroundevents in 10-seond intervals forGRB 8008, 8009 and 8012.
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2000 data GRBs Background

Figure H.5: Number of bakgroundevents in 10-seond intervals forGRB 8022, 8030, 8031 and 8035.
2000 data GRBs Background

Figure H.6: Number of bakgroundevents in 10-seond intervals forGRB 8036, 8039, 8045, 8047.

2000 data GRBs Background

Figure H.7: Number of bakgroundevents in 10-seond intervals forGRB 8049, 8056, 8057 and 8061.
2000 data GRBs Background

Figure H.8: Number of bakgroundevents in 10-seond intervals forGRB 8063, 8064, 8069 and 8071.
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2000 data GRBs Background

Figure H.9: Number of bakgroundevents in 10-seond intervals forGRB 8074. 8075, 8077 and 8079.
2000 data GRBs Background

Figure H.10: Number of bak-ground events in 10-seond inter-vals for GRB 8084, 8085, 8086 and8097.

2000 data GRBs Background

Figure H.11: Number of bak-ground events in 10-seond inter-vals for GRB 8099, 8109, 8110 and8111.
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Appendix ISome Æ-t Plots for 2000
These examples show the distribution of the time between onseutive events in the detetor. Onaverage, the detetor has a dead time of 17out events. Large Æ-t's were examined as potential datagaps.
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2000 data GRBs delta t

Figure I.1: Time between onseu-tive events, Æt, plots for GRB 7988,7989, 7991 and 7992.
2000 data GRBs delta t

Figure I.2: Time between onseu-tive events, Æt, plots for GRB 7994,7995, 7997 and7998.

2000 data GRBs delta t

Figure I.3: Time between onseu-tive events, Æt, plots for GRB 7999,8002, 8004 and 8005.
2000 data GRBs delta t

Figure I.4: Time between onseu-tive events, Æt, plots for GRB 8008,8009, 8012 and 8022.
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2000 data GRBs delta t

Figure I.5: Time between onseu-tive events, Æt, plots for GRB 8030,8031, 8035 and 8036.
2000 data GRBs delta t

Figure I.6: Time between onseu-tive events, Æt, plots for GRB 8039,8045, 8047 and 8049.

2000 data GRBs delta t

Figure I.7: Time between onseu-tive events, Æt, plots for GRB 8056,8057, 8061 and 8063.
2000 data GRBs delta t

Figure I.8: Time between onseu-tive events, Æt, plots for GRB 8064,8069, 8071 and 8074.
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2000 data GRBs delta t

Figure I.9: Time between onseu-tive events, Æt, plots for GRB 8075,8077, 8079 and 8084.
2000 data GRBs delta t

Figure I.10: Time between onseu-tive events, Æt, plots for GRB 8085,8086, 8097 and 8099.

2000 data GRBs delta t

Figure I.11: Time between onseu-tive events, Æt, plots for GRB 8109,8110 and 8111.
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Appendix JBlinded Event Rates for 2000
Here are the bakground distributions for some 2000 GRBs. The number of events as a funtion oftime is shown. The 10-minute blind spot is the region of interest and remained unexamined until�nal uts had been set.
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Figure J.1: The bakground distribu-tion of events for grb11591, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.2: The bakground distribu-tion of events for grb11597b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.3: The bakground distribu-tion of events for grb11599b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.4: The bakground distribu-tion of events for grb11600b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Figure J.5: The bakground distribu-tion of events for grb11602b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.6: The bakground distribu-tion of events for grb11608a, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.7: The bakground distribu-tion of events for grb11609b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.8: The bakground distribu-tion of events for grb11625b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Figure J.9: The bakground distribu-tion of events for grb11633b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.10: The bakground distri-bution of events for grb11633f, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.11: The bakground distri-bution of events for grb11634g, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.12: The bakground distri-bution of events for grb11637, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Figure J.13: The bakground distri-bution of events for grb11637e, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.14: The bakground distri-bution of events for grb11638b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.15: The bakground distri-bution of events for grb11642d, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.

Figure J.16: The bakground distri-bution of events for grb11644b, exeptfor the 10 minute blind spot aroundthe trigger time, before (top) and af-ter (bottom) uts.
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Appendix KUnblinded Event Rates for 2000
These plots show the number of events during the GRB before and after uts. The searh was begun10 seonds before the earliest gamma-rays and �nished at the end of the T90 time.
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Figure K.1: The number of eventsfor grb11591 during the burst, before(top) and after (bottom) uts.

Figure K.2: The number of events forgrb11597b during the burst, before(top) and after (bottom) uts.

Figure K.3: The number of events forgrb11599b during the burst, before(top) and after (bottom) uts.

Figure K.4: The number of events forgrb11599b during the burst, before(top) and after (bottom) uts.
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Figure K.5: The number of events forgrb11602b during the burst, before(top) and after (bottom) uts.

Figure K.6: The number of eventsfor grb11608a during the burst, before(top) and after (bottom) uts.

Figure K.7: The number of events forgrb11609b during the burst, before(top) and after (bottom) uts.

Figure K.8: The number of events forgrb11625b during the burst, before(top) and after (bottom) uts.
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Figure K.9: The number of events forgrb11633b during the burst, before(top) and after (bottom) uts.

Figure K.10: The number of eventsfor grb11633f during the burst, before(top) and after (bottom) uts.

Figure K.11: The number of eventsfor grb11634g during the burst, before(top) and after (bottom) uts.

Figure K.12: The number of eventsfor grb11637 during the burst, before(top) and after (bottom) uts.
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Figure K.13: The number of eventsfor grb11637e during the burst, before(top) and after (bottom) uts.

Figure K.14: The number of eventsfor grb11638b during the burst, before(top) and after (bottom) uts.

Figure K.15: The number of eventsfor grb11642d during the burst, before(top) and after (bottom) uts.

Figure K.16: The number of eventsfor grb11644b during the burst, before(top) and after (bottom) uts.
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Figure K.17: The number of eventsfor grb11644f during the burst, before(top) and after (bottom) uts.

Figure K.18: The number of eventsfor grb11646 during the burst, before(top) and after (bottom) uts.
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Figure K.19: The number of eventsfor grb11650a during the burst, before(top) and after (bottom) uts.

Figure K.20: The number of eventsfor grb11652g during the burst, before(top) and after (bottom) uts.

Figure K.21: The number of eventsfor grb11654b during the burst, before(top) and after (bottom) uts.

Figure K.22: The number of eventsfor grb11663b during the burst, before(top) and after (bottom) uts.
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Figure K.23: The number of eventsfor grb11663f during the burst, before(top) and after (bottom) uts.

Figure K.24: The number of eventsfor grb11668 during the burst, before(top) and after (bottom) uts.

Figure K.25: The number of eventsfor grb11672h during the burst, before(top) and after (bottom) uts.

Figure K.26: The number of eventsfor grb11675e during the burst, before(top) and after (bottom) uts.
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Figure K.27: The number of eventsfor grb7988 during the burst, before(top) and after (bottom) uts.

Figure K.28: The number of eventsfor grb7989 during the burst, before(top) and after (bottom) uts.

Figure K.29: The number of eventsfor grb7991 during the burst, before(top) and after (bottom) uts.

Figure K.30: The number of eventsfor grb7992 during the burst, before(top) and after (bottom) uts.
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Figure K.31: The number of eventsfor grb7994 during the burst, before(top) and after (bottom) uts.

Figure K.32: The number of eventsfor grb7995 during the burst, before(top) and after (bottom) uts.

Figure K.33: The number of eventsfor grb7997 during the burst, before(top) and after (bottom) uts.

Figure K.34: The number of eventsfor grb7998 during the burst, before(top) and after (bottom) uts.
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Figure K.35: The number of eventsfor grb7999 during the burst, before(top) and after (bottom) uts.

Figure K.36: The number of eventsfor grb8002 during the burst, before(top) and after (bottom) uts.
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Figure K.37: The number of eventsfor grb8004 during the burst, before(top) and after (bottom) uts.

Figure K.38: The number of eventsfor grb8005 during the burst, before(top) and after (bottom) uts.

Figure K.39: The number of eventsfor grb8008 during the burst, before(top) and after (bottom) uts.

Figure K.40: The number of eventsfor grb8009 during the burst, before(top) and after (bottom) uts.
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Figure K.41: The number of eventsfor grb8012 during the burst, before(top) and after (bottom) uts.

Figure K.42: The number of eventsfor grb8019 during the burst, before(top) and after (bottom) uts.

Figure K.43: The number of eventsfor grb8022 during the burst, before(top) and after (bottom) uts.

Figure K.44: The number of eventsfor grb8030 during the burst, before(top) and after (bottom) uts.
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Figure K.45: The number of eventsfor grb8031 during the burst, before(top) and after (bottom) uts.

Figure K.46: The number of eventsfor grb8035 during the burst, before(top) and after (bottom) uts.

Figure K.47: The number of eventsfor grb8036 during the burst, before(top) and after (bottom) uts.

Figure K.48: The number of eventsfor grb8039 during the burst, before(top) and after (bottom) uts.
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Figure K.49: The number of eventsfor grb8045 during the burst, before(top) and after (bottom) uts.

Figure K.50: The number of eventsfor grb8047 during the burst, before(top) and after (bottom) uts.

Figure K.51: The number of eventsfor grb8049 during the burst, before(top) and after (bottom) uts.

Figure K.52: The number of eventsfor grb8056 during the burst, before(top) and after (bottom) uts.
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Figure K.53: The number of eventsfor grb8057 during the burst, before(top) and after (bottom) uts.

Figure K.54: The number of eventsfor grb8061 during the burst, before(top) and after (bottom) uts.

Figure K.55: The number of eventsfor grb8063 during the burst, before(top) and after (bottom) uts.

Figure K.56: The number of eventsfor grb8064 during the burst, before(top) and after (bottom) uts.
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Figure K.57: The number of eventsfor grb8069 during the burst, before(top) and after (bottom) uts.

Figure K.58: The number of eventsfor grb8071 during the burst, before(top) and after (bottom) uts.

Figure K.59: The number of eventsfor grb8074 during the burst, before(top) and after (bottom) uts.

Figure K.60: The number of eventsfor grb8075 during the burst, before(top) and after (bottom) uts.
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Figure K.61: The number of eventsfor grb8077 during the burst, before(top) and after (bottom) uts.

Figure K.62: The number of eventsfor grb8079 during the burst, before(top) and after (bottom) uts.

Figure K.63: The number of eventsfor grb8084 during the burst, before(top) and after (bottom) uts.

Figure K.64: The number of eventsfor grb8085 during the burst, before(top) and after (bottom) uts.
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Figure K.65: The number of eventsfor grb8086 during the burst, before(top) and after (bottom) uts.

Figure K.66: The number of eventsfor grb8097 during the burst, before(top) and after (bottom) uts.

Figure K.67: The number of eventsfor grb8099 during the burst, before(top) and after (bottom) uts.

Figure K.68: The number of eventsfor grb8109 during the burst, before(top) and after (bottom) uts.
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Figure K.69: The number of eventsfor grb8110 during the burst, before(top) and after (bottom) uts.

Figure K.70: The number of eventsfor grb8111 during the burst, before(top) and after (bottom) uts.


