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ABSTRACTAn all-sky survey performed with the Tibet Air Shower Array has found a num-ber of potential sources of TeV gamma rays. If they are steady point sources witha Crab-like spectrum, the uxes implied should be visible with strong signi�canceto the Whipple 10-m telescope with a short exposure. The Whipple Telescope hasobserved four candidates from the Tibet-II HD survey for approximately 5 hourseach and one candidate from the Tibet-III Phase 1 survey for 8 hours. The analysishas failed to �nd a point source in any of the target regions, and upper limits of�0.2 Crab have been set.
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CHAPTER 1GAMMA-RAY ASTRONOMY1.1 IntroductionGamma-ray astronomy, which is the study of the universe at photon energiesgreater than �100 KeV (1 KeV is 1000 electron volts), is a new and rapidly devel-oping �eld. It was �rst pursued, at least in part, to explain the source of chargedcosmic rays. Although this goal has not yet been achieved, gamma-ray astronomyhas provided valuable information on high-energy processes in the universe. Pastand current observations have provided spectral coverage up to 10 GeV (1 GeV=109eV), and from �100 GeV to over 10 TeV (1 TeV=1012 eV), and new experimentswill �ll in the gap. Since gamma rays potentially exist across roughly 15 decadesin energy, a variety of detection techniques is needed. Thus, gamma-ray astronomymay be subdivided according to the technique.1.1.1 SatellitesAt energies below �10 GeV, observations are possible only outside of Earth'satmosphere, where satellite experiments detect high energy photons directly. Above�10 MeV (1 MeV=106 eV), a photon entering a satellite detector will producean electron-positron pair. The satellite determines the direction and energy ofthe incident photon by tracking the pair through the detector. At lower energies,photons are detected via Compton scattering and the photoelectric e�ect. Satellitedetectors have almost no background because charged cosmic rays are rejected bythe use of anticoincidence shielding [1].Table 1.1 gives a partial list of past, present, and future gamma-ray satellites,listed in chronological order. SAS-2, the �rst in the table, operated for only sixmonths, but it paved the way for later experiments. COS-B operated for nearly



2Table 1.1. A partial list of gamma-ray satellites, past, present, and futureObservation Energy E�ective FieldName Period Range Collecting Area of ViewSAS-2[5] 1972-1973 30MeV - >200MeV 640 cm2 35�COS-B[6] 1975-1982 30MeV - 5GeV 50 cm2 � 20�EGRET[7] 1991-2000 20MeV - 30GeV 1500 cm2 0.5 SRINTEGRAL[8] 2002-2004? 15KeV - 10MeV 2890 cm2 9�x9�AGILE[9] 2005-2007? 30MeV - 50GeV �600 cm2 3 SRGLAST[4] 2007-2012? 10MeV - 100GeV 8000 cm2 >2 SRseven years and detected 25 gamma-ray sources [2]. EGRET was part of theCompton Gamma Ray Observatory, and it was very successful as it detected morethan 270 high-energy gamma-ray sources [3]. GLAST, which is scheduled for launchin 2007, is highly anticipated as it will have > 30 times the sensitivity of EGRETand is expected to detect thousands of gamma-ray sources [4].A major limitation of gamma-ray satellites is the collection area. Since satellitesdetect gamma rays through direct interaction, the collection area is limited tothe physical dimensions of the detector, and this is constrained by launch costs.As is seen in Table 1.1, all of the satellites have a collection area of less than asquare meter. The small collection area is o�set by the high duty cycle and large�eld of view. However, as photon energies exceed 10 GeV, the gamma-ray ux(which follows an inverse power-law for most sources) becomes small enough thatthe satellites lose their e�cacy. Therefore, the range between 10 GeV and 100 GeVis a transition region between satellites and ground-based detectors.1.1.1.1 GRB SatellitesIn addition to the satellites listed in Table 1.1, there is another class of satellitesdevoted to the detection of gamma-ray bursts (GRBs), a phenomenon �rst noticedin the 1960s. Briey, GRBs are bursts of gamma-ray photons ranging in durationfrom the millisecond to the hundred second time scale. A typical burst has a dualpower-law spectrum, with the spectrum steepening after the break point of �1MeV. The ux is usually in the range of 10�6 erg/(cm�2 sec). They originate at



3cosmological distances, but the source of these bursts is not yet clear [1]. BATSE,the GRB detector on the Compton Gamma Ray Observatory, detected on averageone burst per day [1]. The GRB satellite HETE-2 has been operating since 2000[10], and the SWIFT GRB satellite will be launched later this year [11]. In addition,INTEGRAL has some sensitivity to GRBs [12], as will GLAST [13], but this is nottheir primary mission. 1.1.2 Ground Based DetectorsAt energies above �100 GeV, ground-based experiments provide the most ef-fective method of detecting astrophysical sources of gamma rays. Rather thandetecting the gamma ray directly, they detect the extensive air shower that is gen-erated when the photon interacts with Earth's atmosphere (this will be discussed inmore detail in Chapter 2). As is shown in Figure 1.1, the ground-based experimentsmay be divided into two groups. Air Cherenkov telescopes detect the Cherenkovlight that is produced by the air shower, while the particle detectors detect photonsand charged particles from the air shower that reach ground-level. In both cases,because detection relies on the measurement of particles in the extensive air shower,the e�ective collection area of the detector may be much larger than its physicaldimensions.Table 1.2 gives a partial list of ground-based gamma-ray observatories. Since thecollection area depends on the gamma-ray energy, only an approximate estimate isgiven. However, it is clear that the collection areas for these experiments are on theorder of 105 times greater than the satellite collection areas, allowing observations ofvery low ux levels. Next generation experiments such as VERITAS and HESS aredesigned to bridge the energy gap between satellites and ground-based instruments(10-100 GeV).The energy range covered by the ground-based instruments is traditionallyassigned the label `Very High Energy' (VHE). The remainder of this dissertationwill focus on VHE gamma-ray astronomy.
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Figure 1.1. Depiction of a gamma-ray air shower. Ground-based detection of theshower is possible through both Cherenkov light and particles which reach groundlevel. The Cherenkov light pool has a radius of �120 meters at ground level [1].Table 1.2. A partial list of ground-based gamma-ray observatories. IACT meansImaging Atmospheric Cherenkov Telescope, and PD means Particle Detector.Observation Energy Collection FieldName Period Type Range Area (m2) of ViewWhipple[14] 1968- IACT >300 GeV > 104 2:4�HEGRA[15] 1997-2002 IACT >500 GeV > 104 4:3�ArrayTibet-III[16] 1999- PD >3 TeV 22060 All-SkyArrayMilagro[17] 1999- PD 4 TeV 4800 All-SkyHESS[18] 2003- IACT >50 GeV > 105 5�ArrayVERITAS[19] 2006- IACT >50 GeV > 105 3:5�Array



51.2 Sources of VHE Gamma RaysExperiments such as the Whipple 10-meter telescope and HEGRA have pro-duced valuable measurements in the VHE range, and the addition of HESS hasmade an immediate impact. The next generation experiments are expected todetect many VHE sources [1], but at present only a handful have been found withstrong signi�cance. Our discussion is limited to sources that were recently given theWeekes grade `A' [20]. In the discussion, the known VHE production mechanismswill be briey described. 1.2.1 Crab NebulaThe Crab Nebula is a strong, steady source �rst detected at TeV energies by theWhipple telescope in 1989 [21]. It is now considered the standard candle for VHEastronomy, and it is routinely used for instrument calibration and the developmentof analysis techniques. In the TeV range, the spectrum follows an inverse powerlaw, with the di�erential ux J (in photons) given byJ = (3:2� 0:17� 0:6)� 10�7 � � ETeV ��2:49�0:06�0:04m�2s�1TeV �1;as measured by the Whipple telescope [22]. The HEGRA collaboration reportsdetection of gamma rays from the Crab up to 80 TeV, with no break from thepower-law spectrum [23].Figure 1.2 shows di�erential ux measurements of the Crab from several experi-ments across a wide energy range. The emission below 100 MeV is thought to arisefrom synchrotron radiation generated by electrons with energies up to 1 PeV. Foremission above 100 MeV, the prevalent theory is that high energy electrons interactwith ambient photons, boosting them to VHE energies through inverse-Comptonscattering [1]. Mathematical models may be used to predict the spectrum, as seenin Figure 1.2, and measurements across the spectrum are used to constrain thesemodels. Such modelling will bene�t from future measurements by GLAST and thenext-generation ground based observatories.
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Figure 1.2. Di�erential ux (scaled by E2) versus energy for unpulsed emissionfrom the Crab Nebula. The MeV-GeV range measurements come from satellites,while measurements above 100 GeV come from ground-based experiments. Fitsfrom several models are also shown. (Figure from [24], reproduced by permissionof the AAS.) 1.2.2 Markarian 421Markarian 421 (Mrk 421) is a blazar, which is an active galaxy with the jetaxis oriented toward us. It is located at a redshift of z = 0:031. It was �rstdetected at TeV energies in 1992 by the Whipple telescope [25], and it has sinceshown strong variability, with recorded outbursts reaching ux levels of 10 timesthe Crab. Moreover, the variability has been very rapid, with doubling times asshort as �15 minutes [26].Figure 1.3 shows the photon spectral energy density plot for Mrk 421. In it,the two-humped structure common to blazars can be seen (it is also similar tothe Crab). It is widely accepted that the emission is powered by accretion onto asupermassive black hole, from which relativistic jets emanate [1], as seen in Figure
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Figure 1.3. Spectral energy distribution for Markarian 421 across a range ofenergies. The two-humped structure typical of blazars can be seen. (Figure from[27], reproduced by permission of the AAS.)1.4. The models for this emission may be categorized as either leptonic or hadronic.In the leptonic models, the low energy hump is due to synchrotron radiationproduced by electrons in the jet moving through the magnetic �elds within the jet.The high energy hump is due to the inverse-Compton scattering of seed photonsfrom these relativistic electrons. The seed photons may be the original synchrotronphotons, or they may come from regions external to the jet. Some models includea combination of the two sources [1].The hadronic models suggest that protons in the relativistic jet are primarilyresponsible for the observed radiation. The protons interact with photons orother protons to produce particle cascades (including the �0 meson), and so VHEradiation may be produced by �0 !  + . The low energy bump is producedby protons and charged cascade particles as synchrotron radiation. Alternatively,
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Figure 1.4. Depiction of a supermassive black hole at the center of an AGN.(Reprinted with permission from [Buckley, SCIENCE 279:676-677 (1998)]. Illus-tration by K. Sutli�. Copyright 1998 AAAS.)some models predict that ultra-high energy protons (� 1020 eV) can produce TeVphotons via synchrotron emission [1].Observational results from Mrk 421, particularly the rapid ux changes, putdi�cult constraints on both the leptonic and hadronic models, but neither is ruledout. However, the leptonic models are currently more favored [1].1.2.3 Markarian 501 and Other BlazarsMarkarian 501, a blazar at a redshift of z = 0:034, was the third TeV sourcediscovered. It was detected in 1995 by the Whipple telescope at approximately 0.1Crab [28], and in a 1997 are it displayed rapid, large amplitude ux variability[29]. Like Mrk 421, the spectral energy density has two humps, and the productionmechanisms appear to be similar to that of Mrk 421 [1].Other `A' list blazars include 1ES2344, 1ES1959, PKS2155, and H1426:� 1ES2344 is at a redshift of z = 0:044. It was detected on a single night bythe Whipple telescope at the 6� level in 1995, with a ux of about 0.6 Crab.



9In data taken during the months surrounding that night, it was seen at the4� level [30]. The HEGRA group has also reported a detection [31].� 1ES1959 is at a redshift of z = 0:048. It was �rst detected by the TelescopeArray in 1999 [32]. In 2002, it was seen to are to the 5 Crab level. Thequiescent ux is reported to be about 0.05 Crabs [20].� PKS2155 is a southern hemisphere source, lying at a redshift of z = 0:116.It was �rst detected in 1999 by the Durham group [33]. Because of the largeredshift, this source is of interest for the study of the extragalactic backgroundlight (EBL), which limits the propagation of TeV photons [34]. Results fromHESS, which had a 45� detection, are as yet inconclusive with regards to theEBL [35].� H1426, which is the most distant `A' source, lies at a redshift of z = 0:129.In 2002, Whipple reported a detection at the 5:5� level [36], and detectionhas since been reported by two other groups. The observed source strengthis around 0.06 Crab [20]. Like PKS2155, H1426 is of interest for EBL studiesbecause of its large distance.1.2.4 RX J1713.7-3946RX J1713.7-3946 is a shell-type supernova remnant, and TeV detection was �rstclaimed by the CANGAROO group [37]. The HESS group has recently reporteddetection at the 20� level [38], with a ux of 0.66 Crab, and a spectral index of-2.2. The excess is spread in clumps across a region of � 1�, and there appearsto be a strong spatial correlation with x-ray data (ASCA, XMM-Newton). Thecorrelation suggests that the TeV emission is due to inverse-Compton scatteringfrom high energy electrons. This result is important since it fails to con�rm RXJ1713.7-3946 as a source of cosmic ray protons (galactic cosmic rays are thought tooriginate in supernova remnants).



101.2.5 Other SourcesIn addition to the sources listed above, it is worth mentioning TeV2032, PSRB1259-63, and the Galactic center:� TeV2032 was found serendipitously by the HEGRA group after a 2-dimensionalsearch of a long exposure of the Cygnus region [39]. The excess was 4:6�,posttrials, the spectral index was found to be -1.9, and there was evidence forspatial extension. The source of the gamma rays is not yet clear, but it may beassociated with the Cygnus OB2 cluster of hot, massive stars. The Whipplegroup has been working to con�rm the detection [40], but the analysis isincomplete.� PSR B1259-63 is a binary system comprised of a pulsar bound to a massiveBe-star. It was detected at TeV energies by HESS at about 0.05 Crab inearly 2004 [41]. The rate was found to depend on the orbital position, withthe preperiastron rate �two times higher than the postperiastron rate. VHEproduction is assumed to be due to Compton upscattering of the Be-starphotons.� The Galactic center has been observed by many VHE experiments [42, 43], butthe most de�nitive result comes from HESS, which has detected VHE emissionat the 9� level [44]. The measured ux is roughly 0.05 Crab, although somevariability could be present. The spectral index measured by HESS is -2.2.There is strong interest that the TeV gamma-ray emission could be due toneutralino-antineutralino annihilation in a dark matter cusp at the center ofthe galaxy [45]. However, the production mechanism is still not clear, and soa longer exposure is needed [46].� Correlations found between two all-sky TeV gamma-ray surveys [47, 48] seemto suggest the existence of one or more new, unidenti�ed TeV sources [49].In data from Milagro, one of these potential sources appears to be extended[50], but the emission mechanism (if the source is real) is unknown.



111.3 Searching for New SourcesAs has been noted, there are currently only a handful of known TeV gamma-raysources. Since observations of these sources have produced valuable results, there isa continual e�ort to detect new sources. The Tibet Air Shower Array (Tibet AS),which is briey described in Table 1.2, has produced an all-sky survey in which thepositions of 18 unidenti�ed gamma-ray source candidates are reported [47]. Themajority of these candidates are probably due to statistical uctuations (i.e. theyare not real sources), but it is possible that one or more of the candidates is areal gamma-ray source. If there is a real source, the implied ux levels should bevisible to the Whipple 10-meter telescope (the Whipple telescope) with only a shortexposure. In light of these facts, �ve gamma-ray source candidates from the TibetAS all-sky survey were chosen for follow-up observation with the Whipple telescope.The remainder of this dissertation focuses on the Tibet AS all-sky survey andthe Whipple telescope follow-up observations. Chapter 2 discusses the developmentof gamma-ray and hadronic air showers to lay the ground work for the detectiontechniques of the Whipple telescope and Tibet AS, which are described in moredetail in Chapter 3. Chapter 3 also discusses the Tibet AS all-sky survey and the�ve targets for follow-up observation with the Whipple telescope. The analysis ofthe Whipple observations is addressed in Chapter 4, while the results are discussedin Chapters 5 and 6.



CHAPTER 2GAMMA-RAY AIR SHOWERSThe remainder of this dissertation deals with the Whipple 10- meter telescope(hereafter referred to as the Whipple telescope) and the Tibet Air Shower Array,which are ground-based experiments. It is therefore worthwhile to discuss the de-velopment of gamma-ray air showers, since both experiments rely on these showersfor detection. As cosmic-ray hadrons present a large background, hadron-inducedair showers will also be discussed.2.1 The AtmosphereSince the atmosphere plays a critical role in the development of air showers, abrief overview is useful. In a simple approximation, the density of the atmospheremay be described as �(h) = �0e� hh0where h is the altitude above sea level, and �0 is the density at sea level. The scaleheight, h0, is approximately 7 km, but is somewhat dependent on the altitude. Theamount of matter that a particle or photon sees as it travels an incremental distancedx = dh= cos(Z), where Z is the zenith angle, is �(h)dx, with units of [g cm�2].The atmospheric depth D is the amount of matter transversed from altitude h toin�nity: D = Z 1h �(h)dx:Again, the units are [g cm�2]. When a particle or photon enters the atmosphere,the location of �rst interaction is typically given in terms of atmospheric depth,



13and similarly, secondary particle interaction lengths are given in units of [g cm�2].The formula h(D) = h0(D) ln�1030D � ;where h0(D) = 6200 + 2:2D, may be used to convert the atmospheric depth D toaltitude h along a vertical path. Here, h(D) and h0(D) are given in meters [51].2.2 Gamma-Ray Air ShowersWhen a VHE photon enters the atmosphere, it usually interacts with a nucleusvia pair production, transferring some momentum to the nucleus while convertingto an electron-positron pair. In the process, most of the photon energy is givento the electron pair. The radiation length for pair production at VHE energies is37.1 g cm�2, which corresponds (vertically) to a �rst-interaction altitude of about20 km [1]. The average emission angle of the electron pair is on the order of� � (0:511MeV )=E [52]. For VHE photons, � � (0:511 � 106)=1012 = 10�6 rad,so that the pair travels along nearly the same line as the original photon.As the electron/positron pair travels, each particle will emit bremsstrahlungphotons as they interact with atoms in the air. These photons are again of highenergy, and so they will pair produce, and thus a particle cascade, or air shower,is generated. As the number of particles in the shower increases, the energy perparticle decreases. The shower reaches its maximum development when the averageenergy emitted through bremsstrahlung radiation becomes equal to the energy lostto ionization of the air [1].An air shower induced by a gamma ray or an electron (which is indistinguishablefrom a gamma-ray shower) is classi�ed as an electromagnetic (EM) cascade. In`Approximation B' of standard EM shower theory [51], the number of chargedparticles at shower maximum is given byNmax(E0) = 0:31pln(E0=�0)� 0:18E0�0 ;where E0 is the original photon energy, and �0, the ionization loss per radiationlength, is 84.2 MeV. The atmospheric depth of shower maximum is given by



14tmax(E0) = 1:01[ln�E0�0 �� 12];where tmax is the atmospheric depth in units of radiation length [51]. Applyingthese equations, for a 1 TeV incident photon, the average number of particles atshower maximum is �1200 particles. For the same energy, the average depth ofshower maximum is �330 g cm�2, which corresponds to an altitude of �8 km forvertical incidence. 2.3 Hadron Air ShowersWhen a VHE hadronic cosmic ray enters the atmosphere, it will interact withnuclei in the air. At 1015 eV, the interaction length is 70 g cm�2 for protons and 15 gcm�2 for iron nuclei [53], corresponding to average �rst interaction heights of 17 kmand 26 km for vertical incidence. As explained by Rao and Sreekantan, the primaryinteraction produces a spray of nuclear particles (protons, neutrons, alpha, etc.)and mesons (pions, kaons, etc.), with pions being the most numerous. The nuclearparticles continue along the path of the primary particle, participating in furtherinteractions. The three varieties of pions are produced with approximately equalprobability. The charged pions (��) either decay, producing muons and neutrinos,or they interact again, producing more hadronic secondaries. The neutral pions(�0) decay immediately into two gammas (though at extremely high �0 energies,time dilation makes interaction possible), and these gammas produce EM cascades.Thus, the hadron-induced shower may be thought of as a hadronic core surroundedby muons and EM showers that are produced along the way [51].The average number of particles may be approximated byNmax(E0) = 0:045� E00:074�and is approximately independent of the mass of the primary. Here, E0 is in unitsof GeV. The average atmospheric depth of shower maximum for a proton is givenby Dmax(E0) = 36 ln� E00:074�� 70;



15where E0 is in units of GeV, and Dmax has units of [g cm�2]. For a cosmic-raynucleus of mass number A, shower maximum is 35:7 ln(A) g cm�2 higher relativeto a proton of the same energy [51]. According to these equations, an air showercaused by a 1 TeV proton has on average 610 particles at shower maximum, whichis about half the number for a gamma-ray shower of the same energy. The showermaximum occurs at an average atmospheric depth of 270 g cm�2, corresponding(vertically) to an altitude of �9 km.2.4 Comparison: Gamma Ray versus HadronA great di�culty in VHE gamma-ray astronomy is the background of chargedcosmic rays, which outnumber gamma rays by a factor of � 104. It is thereforedesirable to �nd ways to reject showers initiated by cosmic ray nuclei while retainingmost of the gamma ray showers. The simplest method of di�erentiation is todetermine the arrival direction of the initial photon or nucleus (for both gamma-rayshowers and hadron showers, the arrival direction of the initial photon may bedetermined with reasonable accuracy). Because of the Galactic magnetic �eld, thearrival direction of charged cosmic rays has been randomized and is thus isotropic,except perhaps at extremely high energies. In contrast, gamma rays emitted bya point source have a common origin. Therefore, accurate determination of theprimary arrival direction may be used to enhance the signal from a gamma-raypoint source. (This strategy is less e�ective for a di�use source.)In addition to directionality, a number of di�erences between gamma-ray andhadron showers make further discrimination possible. Foremost among these isthe spread of the shower perpendicular to the shower axis, as illustrated in Figure2.1. In a gamma-ray shower (EM cascade), a small lateral spread is caused bymultiple Coulomb scattering of the charged particles. In a hadron shower, multipleEM cascades are spawned by �0 production in the shower core. These pions areproduced with a large momentum (around 400 MeV/c) perpendicular to the showeraxis [51]. This large transverse momentum, coupled with the production of multipleEM cascades, makes hadron showers broad and patchy compared to gamma-ray
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1 kmFigure 2.1. Simulated gamma-ray and proton air showers. The top frame depictstypical interactions for each shower. Note the large lateral spread of the protonshower. (Figure from [1], reproduced by permission of IOP Publishing.)showers, which tend to be smooth and compact.Another di�erence between photon and hadron showers is muon production.In an electromagnetic shower, muon production is possible via pair production ornuclear photodisintegration, but these are unlikely. In contrast, hadronic showerscontain many muons due to �� and K� decay [51].One more di�erence of note is the amount of Cherenkov light that is produced asthe shower moves through the atmosphere (see below for a discussion of Cherenkov



17light). As is noted in the next section, electrons with energies down to �20 MeV arecapable of causing Cherenkov emission, while the threshold for muons and protons isconsiderably higher. This means that electrons and positrons are largely responsiblefor the Cherenkov light generated during an air shower. In a gamma-ray shower,nearly all of the particles produced are electrons and positrons. In a hadron-inducedshower, electrons and positrons are produced via �0 decay, but in smaller numberssince only 1/3 of the pions are �0. As a result, gamma-ray showers produce two tothree times as much Cherenkov light as hadronic showers of the same energy [1].Figure 2.2 shows a simulated gamma shower with a simulated proton shower,both at 1 TeV, as seen by the Whipple telescope camera. The gamma shower issmooth and compact, while the proton shower is fragmented and contains less light.The fragmentation is due to multiple EM showers spawned by �0 decay.
1 TeV Gamma 1 TeV Proton

Figure 2.2. Simulated 1 TeV gamma-ray and proton air showers as viewed bya simulated Whipple telescope camera centered on the source point. The impactparameter, which is the perpendicular distance between the shower axis and thetelescope, was 80 meters for both primaries. The zenith angle was 20� in eachcase. The fragmentation of the proton shower indicates that several small, separateelectromagnetic showers occurred.



182.5 Cherenkov RadiationWhen a charged particle moves through a dielectric, such as air, the dielectricsurrounding the charge become polarized, as illustrated in Figure 2.3. After theparticle passes by a point on the path, radiation is possible as the polarizationrelaxes. However, if the particle moves slowly, as in the left frame, the surroundingpolarization is approximately spherical. As a result, there is no residual electric�eld, and no light is produced. Conversely, if the charged particle moves fasterthan the speed of light in the medium, the particle outruns the e�ects of its ownelectric �eld. This causes an asymmetry in the polarization along the path of theparticle, and thus radiation is possible [1]. This phenomenon is known as Cherenkovradiation.The angle of Cherenkov emission may be derived using simple trigonometry.Figure 2.4 shows a charged particle moving through a medium, causing light tobe emitted along the way. The wavefronts emitted at various points form the linewhich de�nes the emission angle �, given bycos � = cvnHere, v is the velocity of the particle, n is the index of refraction of the medium, andc=n is the speed of light in the medium. For v � c, cos � = 1=n, while the thresholdvelocity (corresponding to � = 0) is vt = c=n. Using the relativistic energy formulaE = mc2, where  = 1=p1� (v=c)2, the energy threshold for Cherenkov radiationis Etmc2 = 1p1� (1=n)2 :Thus, for a given index of refraction, the energy threshold is directly proportionalto the mass of the charged particle. For electrons, muons, and protons at sea level,the Cherenkov threshold energy is 21 MeV, 4.4 GeV, and 39 GeV, respectively.At sea level, n = 1:000292, so that �max = 1:3�. Alternatively, n may be writtenas n = 1 + �, so that for v � c,1� �22 = 11 + � � 1� �;
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Figure 2.3. Polarization surrounding a charged particle moving through a dielec-tric medium. On the left, the particle is moving slowly, and the symmetry preventsthe emission of light. On the right, the particle is moving faster than the speed oflight in the medium. In this case, radiation is emitted because of the asymmetricpolarization. (Figure from [1], reproduced by permission of IOP Publishing.)where cos � was replaced by an approximation appropriate for small �. Thus, �max =p2�. Finally, � can be approximately expressed in terms of atmospheric depth Dby � = 0:000292� D1030�� 273:2�K(204 + 0:091D)�K� ;where D is in units of [g cm�2] [51].The rate of emission per unit length between wavelengths �1 and �2 isdNdl = 2��( 1�2 � 1�1 ) sin2 � � 4���( 1�2 � 1�1 ):Here, � is the �ne structure constant, � is the angle of emission, and the unitlength is the same as is used for the wavelengths. Thus, the emission increases withshorter wavelength. For a relativistic charged particle at sea level, � 230 photonsare emitted per g cm�2 between 350 nm and 500 nm [51].For a gamma-ray shower, the Cherenkov light arrives at ground level as a disk ofphotons about 3 nanoseconds thick with a radius (at mountain altitudes, or �2000
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Figure 2.4. Formation of the Cherenkov wavefront due to a charged particlemoving through a dielectric medium. In the time the particle moves from point Ato point B, the light from point A travels to point C. The Cherenkov angle � isfound using the right triangle. (Figure from [1], reproduced by permission of IOPPublishing.)meters) of �120 meters [54]. The intensity of the Cherenkov light is approximatelyconstant within the disk (�100 photons/m2 for a 1 TeV gamma ray), while beyond120 meters it drops o� quickly. While the photon density is quite low, the Cherenkovlight can be e�ciently observed with a large light collector coupled to a fast detector,such as the Whipple telescope [55]. Referring again to Figure 2.2, the left �gureshows the Cherenkov light from a simulated 1 TeV gamma-ray shower, as imagedby the Whipple telescope camera. The the length of the image (i.e., the long axis),corresponds to path of the air shower down through the atmosphere. The widthof the image corresponds to the lateral distribution of particles about the shower



21axis. This gamma ray originated at the center, and so the part of the image closestto the camera center is from the top of the atmosphere, while the light at the edgeof the camera is from a lower altitude. As can be seen in the �gure, Cherenkovimaging can provide both hadron rejection and accurate directional information.



CHAPTER 3THE WHIPPLE TELESCOPE AND THETIBET AIR SHOWER ARRAY3.1 Whipple 10-meter TelescopeThe Whipple 10-meter telescope (hereafter referred to as the Whipple telescope),shown in Figure 3.1, is located south of Tucson, Arizona at an elevation of 2320meters. The reector is made of segmented mirrors in the Davies-Cotton design,and, as the name implies, has a 10-meter aperture. The focal length is 7.3 meters[55], and a camera made of photomultiplier tubes (PMTs) is in the focal plane.There have been a number of di�erent con�gurations for the camera over the years,but the present camera, shown in Figure 3.2, has been in use since 1999. In theinner camera, 379 PMTs (13mm) are in a close-packed arrangement with 0:12�spacing, giving a 2:6� �eld of view. Reective light cones (not shown in the �gure)have been placed in front of the PMTs to �ll in the dead space between the PMTs[56]. The outer 28mm PMTs were never successfully integrated into the analysisand were removed in 2003. The analysis presented in Chapter 4 uses only the innerpixels. 3.1.1 Data Collection and ProcessingThe Whipple telescope operates only on dark, moonless nights (duty cycle �10%). During operation, there are two modes of observation. In ON/OFF mode,the telescope collects data from both the ON-source region and an OFF-sourceregion, while in TRACKING mode, no OFF-source data are collected (this will beexplained in more detail in Section 3.1.3). Observations of each �eld (ON or OFF)are made in 28-minute segments, known as runs.
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Figure 3.1. The Whipple 10m telescope.

Figure 3.2. The Whipple camera in its 1999-2003 con�guration. The large outerPMTs were removed in 2003, but the inner camera remains the same.



24During each run, the reector images light onto the camera, where the lightis converted to electrical signals by the PMTs with an e�ciency of � 20%. Thesignal from each PMT is ampli�ed and split, with one component going through adelay line to the analog to digital converter (qADC), and the other going througha constant fraction discriminator to the trigger electronics. (A trigger is needed todi�erentiate a real signal from an air shower (many PMTs �re simultaneously) fromrandom noise. The trigger initiates the readout of the image by the electronics aswell as the storage of the data in the computer.) A pattern selection trigger wasinstalled in 1998 and was set to a threefold coincidence for the data in question.Thus, when at least three neighboring PMTs rise above a pre-determined threshold,the trigger is invoked [57]. When triggered, the qADC opens a 20 ns gate whichintegrates the ampli�ed charge signal over this time. The event is stored in therun �le as the number of digital counts in each pixel, along with the event time.(Hereafter, digital counts is referred to as ADCs, and the term pixel refers to thePMT plus all of the electronics behind it.) The typical trigger rate is � 15-30 Hz.All of the data collected during a run are stored in a single �le (one �le per run).In addition to event data, the run �le contains telescope pointing information, anestimate of the weather quality, and other useful information. The weather qualityis assigned a grade of `A'(-), `B'(+/-), or `C'(+/-) by the observers who operate thetelescope, with `A' meaning perfect weather and `C' meaning completely overcast(this estimate is obviously subjective, but it is meant as a guide).Low-level data processing, which is performed on the stored run �les, consistsof the following steps:� Pedestal Subtraction: In the post-PMT electronics, each qADC channel iskept at a small positive o�set, called the pedestal, to allow for negativeuctuations in the night sky background (NSB). The pedestal and NSB arecalculated using noise events, which are randomly-triggered (i.e., not triggeredby an air shower) snapshots recorded at a rate of 1 Hz. For a given pixel,the pedestal is the mean number of ADCs during the noise events, while theNSB is related to the standard deviation about the mean. The pedestal for



25each pixel is about 20 ADCs, while the NSB (noise) is around 4 ADCs if nostars are present. The pedestal for each pixel is subtracted from the signalfor each event.� Padding: When corresponding OFF-source data are used to estimate theON-source background, di�ering NSB levels between the ON and OFF �eldscan introduce a bias when the analysis is applied. Padding attempts to correctfor this. The NSB values are compared between the two �elds on a pixel bypixel basis, and arti�cial noise is computationally added to the quieter pixelaccording to the equation Nadd = RGqN2n �N2q :Here, Nn is the NSB in the noisier pixel, Nq is the NSB in the quieter pixel,and RG represents a random number pulled from a Gaussian distributionwith a mean of 0 and a standard deviation of 1. Thus, the noise levels areapproximately equalized between the ON and OFF �elds [58].� Cleaning: The NSB causes uctuations in individual pixels that are unrelatedto the shower image. To reduce the e�ects of this, each event must be cleaned,and in this analysis the events are cleaned on a pixel by pixel basis. For agiven event, the signal in each pixel is compared to the NSB. Pixels withsignals above 4:25�, where � is the NSB for that pixel, pass the cleaning. Inaddition, pixels above 2:25� are saved if they border a 4:25� pixel. Figure3.3 is shown as an example. Note that when padding is involved, cleaning isapplied at the padded noise level.� Flat-Fielding: The gain of each pixel, relative to the rest of the camera, iscalculated using the cosmic-ray background (which should be isotropic acrossthe camera). The signal in each pixel is then scaled according to that pixel'sgain.
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Before Cleaning After Cleaning

Figure 3.3. A real image before and after cleaning. Note that the pedestals havealready been subtracted. 3.1.2 Standard AnalysisAfter the low-level processing (described above) is completed, each event imageis parameterized. Moment analysis is used to �nd the centroid, Length, Width,and angle (with respect to the camera axes) of each image. The Length and Widthare the second moments of charge along the image axes. Other image parametersinclude Max1 and Max2 , the two brightest pixels, Distance and Alpha, which arecalculated with respect to the center of the camera, and Size, which is the totalcharge in the image. Figure 3.4 illustrates the parameters Length, Width, Distance,and Alpha.In the analysis, cuts are made on the Width and Length to eliminate a largepart of the background. This is possible because gamma-ray air showers tend tobe more compact than hadron-induced showers, as was explained in Chapter 2.Further discrimination is achieved with a Length=Size cut, which reduces the localmuon contribution, and a Distance cut. Finally, since event images point back tothe source location, an Alpha cut is applied (this assumes a point-source at thecenter). The standard cuts, known as Supercuts [59], are listed below:� Max1 ;Max2 > 30ADC
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Figure 3.4. The image parameters Length, Width, Alpha, and Distance.� Length=Size < 0:0004[deg=ADC]� 0:13� < Length < 0:25�� 0:05� < Width < 0:12�� 0:4� < Distance < 1:0�� Alpha < 15� 3.1.3 Background EstimationAs was noted in Section 3.1.1, the Whipple telescope has two modes of obser-vation, corresponding to two types of background estimation. In ON/OFF mode,the telescope collects data from both the ON-source region and an OFF-sourceregion. The OFF �eld is at the same Declination as the ON, but it is o�set by30 minutes in Right Ascension (RA), either before or after. For example, if OFFfollows ON, the telescope tracks the ON position for 28 minutes, leaving 2 minutesto slew to the OFF position. The OFF position is then tracked for 28 minutes,so that the telescope tracks through exactly the same part of the local sky for



28both exposures. This way, the OFF data may be used to estimate the ON-sourcebackground. Figure 3.5 shows the Alpha plot for 20 ON/OFF pairs on the CrabNebula, after the other Supercuts2000 were applied. The ON-OFF excess in thesignal region (Alpha < 15�) is 18� using the Li and Ma method [60].In TRACKING mode, no OFF data are collected. Instead, the background inthe signal region is estimated using the region 20� < Alpha < 65� in the ON-sourcedata. As is seen in Figure 3.5, the OFF Alpha plot is relatively at, and so such anestimate is reasonable. The scaling factor, known as the tracking ratio, is calculatedusing many OFF runs. The tracking ratio is typically slightly larger than 3, butthe value is known to change over time. The data shown in Figure 3.5 are all fromthe same period, during which the tracking ratio was calculated to be 3.03. Thus,if the ON data are treated as TRACKING data, the calculated excess is 20�.3.2 Tibet Air Shower ArrayThe Tibet Air Shower Array (Tibet AS), shown in Figure 3.6, has been operatedsince 1990 by the TibetAS collaboration [61]. It is an array of particle detectors
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Figure 3.6. The Tibet Air Shower Array, in its 1999-2002 state. (Figure:http://www.icrr.u-tokyo.ac.jp/em/tibet exp/gallery/exp/view/kawata/array.jpg)located in Tibet at 90:53� E., 30:11� N., at an elevation of 4300 m. Each particledetector is a 0.5 m2 scintillator, coupled to a fast-timing PMT. A 5-mm lead plateis placed on top of each scintillator to allow the detection of air shower photons.The Tibet II HD array, which operated from 1996 to 1999, achieved a 5175 m2 areausing 109 detectors on a 7.5-m grid. The upgrade to Tibet III began in 1999, andby 2001, it included 533 detectors with the same spacing to cover an area of 22050m2. For both detectors, the angular resolution of individual showers is 0:9� and themode energy is 3 TeV for proton showers [61, 62].Tibet AS has a �eld of view of over one steradian, and the duty cycle is nearly90%. Gamma-ray sources are seen as an excess above the large but isotropic cosmic-ray background. The Tibet II HD array detected the Crab Nebula and Markarian501 [61, 63], while Tibet III has detected the Crab and Markarian 421 [64].3.2.1 All-Sky SurveyA wide angle survey was conducted with the Tibet II HD array on data takenbetween February 1997 and October 1999 [47]. During this period, the array ranat a trigger rate of 115 Hz, but only events with zenith angle less than 30� wereincluded in the survey. The sky was divided into 0:1� RA by 0:1� Declination bins,



30and the events were binned accordingly. A 1� radius search window, as shown inFigure 3.7, was used to look for potential gamma-ray sources. For a particular pointin the sky, the small bins within or in contact with the search window constitutedthe signal for that point. The background was estimated using twenty similar 1�windows at the same Declination but o�set in RA, with ten taken from each side.The background windows were separated from each other by 2� in RA. The Tibetgroup found that the cosmic-ray distribution was not uniform in RA, and so ratherthan just averaging the background windows, a 2nd order polynomial �t was used[47].The search was performed between 10� and 50� Declination and covered all RAvalues. The search increment was 0:1� along each axis (not true angle in RA). Inthe search, the Crab Nebula was detected with a signi�cance of 4:8�. In addition,18 other locations with signi�cance above 4� were found. The Tibet group notedthat these may be explained as statistical uctuations [47]. However, it should alsobe noted that statistics would allow one or more of these locations to be a realsource with a ux near the sensitivity limit of Tibet AS. (Recently, correlationswere found between this survey and a sky survey by Milagro, and so it is likely thatone or more is a real source [49].)In order to select a few candidates for follow-up observation with the Whippletelescope, a 1� radius search was performed around each of the 18 locations inradio, optical, x-ray, and gamma-ray catalogues. Four promising candidates werechosen for observation during the 2001-2002 observing season. After receiving anupdate from new Tibet III data, one more candidate was selected for observationduring the 2002-2003 season. The selections were based on the expected ux levelextrapolated from the Tibet AS measurements, as well as possible correlation withinteresting x-ray and gamma-ray selected objects. Features in the Tibet AS datawere also considered, such as evidence of steady emission. A summary of the targetsis given in Table 3.1, while the speci�c reasons for each selection are listed below:� Tibet1 had a high signi�cance and showed steady increase through Tibet-IIHD data.
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Table 3.1. Tibet candidates chosen for observation with the Whipple telescopeTibet TibetName Dataset RA Dec Excess*Crab Tibet-II HD 5h 33.2m 22.2� 4.8�Tibet1 Tibet-II HD 3h 47.2m 34.2� 4.9�Tibet9 Tibet-II HD 13h 38.4m 24.2� 4.2�Tibet14 Tibet-II HD 20h 21.6m 37.9� 4.2�Tibet16 Tibet-II HD 21h 29.6m 45.3� 4.8�*Crab Tibet-II HD + III 5h 34.4m 22.0� 5.4�Tibet0554 Tibet-II HD + III 5h 54.8m 30.1� 4.8�*Crab included for reference



32� Tibet9 is 0:3� from a Seyfert 1 galaxy (IRAS J13349+2438).� Tibet14 is 0:7� from an EGRET unidenti�ed (3EG J2021+3716).� Tibet16 had a high signi�cance and is in the Cygnus star �eld.� Tibet0554 showed steady increase through Tibet-II HD and Tibet-III and wassecond in signi�cance to the Crab.



CHAPTER 4ANALYSIS TECHNIQUES4.1 Analysis TechniqueThe limited angular resolution of Tibet AS introduces uncertainty into thesource coordinates of each of the candidates. Therefore, two-dimensional (2-D)analysis is required for the Whipple data. The necessary search radius is unknown,but it may be estimated by considering known sources detected by Tibet AS. Inthe Tibet-II HD dataset, the peak position for the Crab was o�set by 0:4� fromthe Crab coordinates [47], and in the Tibet-III dataset the o�set was 0:3� for theCrab and 0:6� for Mrk 421 [64].It is therefore reasonable to expect a true source, ifit exists, to be within 1� of the given candidate coordinates.4.1.1 Event Selection { Standard ParametersThe analysis for a source at the center of the �eld of view is well developed. Asdescribed in Chapter 3, a set of shape cuts (Length, Width, and Length=Size) isapplied to select potential gamma ray images, and Alpha and Distance cuts are usedto further reduce the background. This method can be modi�ed for use in the 2-Danalysis, but the e�ect of an o�-axis source on the image parameters (particularlythe Length) must be considered. Figures 4.1 and 4.2 show the Length and Widthdistributions for simulated 1 TeV gamma rays for a source at both the center andat 1� o�set. The Width is largely una�ected by the source position, but the imagestend to be longer for an o�set source, as is expected. Figure 4.3 shows that lowerenergies are a�ected as well.It is clear that using the standard Length cut for an o�-axis source is not ideal,especially at higher energies. This is of particular concern when analyzing theTibet candidates because of the high energy threshold of Tibet AS. To compensate
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Figure 4.1. Width distribution for simulated 1 TeV gamma rays with a source atthe center compared to a source at 1� o�set. A minimum Size cut was applied inboth cases to avoid severely truncated images.
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Figure 4.2. Length distribution for simulated 1 TeV gamma rays with a source atthe center compared to a source at 1� o�set. A minimum Size cut was applied inboth cases.
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Figure 4.8. Average Cherenkov image derived from many simulated gamma rays.Each simulated image was rotated about the center of charge so that its sourcepoint is on the positive x-axis. The individual images were then co-added to obtainthe average.this analysis.Once the parameters are found, they are used to calculate the reduced �2:�20 = 1N Xi (fpe(P )� giSi� )2giSi� + g2iNSB2i�2 :In this form, each component is in terms of photoelectrons. Here, index i is thepixel number (ranging from 1 to N), gi is the at-�elding factor, Si is the rawnumber of ADCs, and � is the photoelectron to ADC conversion factor (� = 3 inthis analysis). Rewriting, �20 = 1N�Xi (fadc(P )� qi)2qi + g2iNSB2i� :where qi = giSi is the at-�elded signal in pixeli. Thus, �20 is found by summingthis equation over the pixels in the image and dividing the by the number of pixels.It was found that �20 provides good separation between simulated gamma raysand real background data. However, even better di�erentiation is achieved bydividing �20 by the peak value of the �tting function (fmax). This is because gamma



41ray images tend to have a higher charge density in the center than correspondingbackground images in the same Size range. Unfortunately, the simulated �20=fmaxdistributions don't line up for di�erent energies. This may be approximately �xedby multiplying �20=fmax by (ln(Size))2, and the product is referred to hereafter asthe �2 parameter. Figure 4.9 shows the simulated distribution for three energies.A comparison between simulated gamma rays and the background for the �2parameter is made in Figures 4.10 and 4.11. In both �gures, the Length andWidth cuts have already been applied. In each case, there is good separationbetween the simulations and the background. As is seen in the �gures, there isstill some disagreement between the di�erent energies, in spite of the (ln(Size))2factor. Because of the high energy threshold of Tibet AS, preference is here givento the higher energies. A cut of �2 Parameter < 1 cuts out a good amount ofthe background, and yet is loose enough at higher energies to allow for possibledi�erences between the simulations and real gamma rays.
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Figure 4.9. �2 parameter distributions for simulated gamma rays at 1� o�set and20� zenith angle. The �2 parameter is de�ned as �2(lnSize)2=fmax. The Lengthand Width cuts have been applied.
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Figure 4.10. �2 parameter distribution for simulated gamma rays at 1� o�set ata 20� zenith angle and for real background data. For both the gamma rays and thebackground, Sizes between 400 ADC and 1000 ADC were used, and the Length andWidth cuts have already been applied. The histogram amplitudes have been scaledto have equal area.4.1.2.1 Pointing DeterminationIt was noted in the discussion of the average gamma-ray images that there is aconcentration of charge along the positive x-axis. Because the source point also liesalong positive x, the asymmetry provides a clue as to which direction the image ispointed. Because a secondary Gaussian ellipse was used to match the asymmetry,its position relative to the image centroid provides the pointing. Figure 4.12 showsan Alpha plot for simulated gamma rays where Alpha is determined based on theposition of the secondary ellipse.The plot shows that the method works quite well for small events, and verywell for large events. The method loses its e�ectiveness for events that are severelytruncated. Based on this, a compromise is made in this analysis such that thepointing is used unless the event is more than 0:8� from the center and Alpha < 30�.
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Figure 4.11. �2 parameter distribution for simulated gamma rays at 1� o�set ata 20� zenith angle and for real background data. For both the gamma rays and thebackground, Sizes above 1000 ADC were used, and the Length and Width cuts havealready been applied. The histogram amplitudes have been scaled to have equalarea. 4.1.3 2-D MapOnce the gamma-like events have been selected, a 2-D map may be created.This is done by creating a grid of points with 0:1� spacing, as is shown in Figure4.13. At each grid point, Alpha and Distance are calculated for each event. Eventssatisfying the Alpha and Distance cuts at a particular grid point are included in thesignal for that grid point. The background at the same grid point is estimated inthe same way, except the OFF-source data are used. (If no OFF-source data areavailable, an average of many OFF runs is used instead. This will be discussed inChapter 5.) The Alpha cut is given by Alpha < 10�. The Distance cut is discussedin the next section.
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454.1.4 Distance CutAs is expected, the Distance distribution for an o�-axis source is di�erent thanfor an on-axis source. Figure 4.14 shows that the Distance distribution extendsover a broad range. Rather than simply using broader cuts, it is worthwhile toconsider the disp method described in [65]. In it, the estimated distance, or disp, iscalculated using disp = �(1�Width=Length), where the parameter � is determinedusing either simulations or data from a known source. Unfortunately, as is seenin Figure 4.15, the distribution of the � parameter is also broad for an o�-axissource. Therefore, in this analysis, the Distance cut is actually a cut made on the� parameter, where � is calculated using� = Distance1�Width=Length :Using this cut constrains short, wide images to be close to the grid point andlong, narrow images to be further away. This reduces the possibility of an eventoverlapping its supposed source point, which is a common occurence when using asimple Distance cut.Figure 4.16 shows the � distribution at three di�erent energies. The cutsare represented by the bounding lines, which are functions of ln(Max1 + Max2 ).More signal could be included by raising the upper line, but the increase in thebackground is too great. Also, Figure 4.16 is for simulations at 1� o�set. As theo�set decreases, the � distribution spreads vertically because of image truncation.To compensate for this, the intercept of the upper line is made a function of theo�set O and ranges from 1.15 to 2.0. The slope, however, remains the same. Thus,the Distance cut is given byDistance1�Width=Length > 0:12 ln(Max1 +Max2 ) + 0:15;Distance1�Width=Length < 0:12 ln(Max1 +Max2 ) + (0:26(O)2 � 1:11(O) + 2:0):4.1.5 OversamplingThe Alpha and Distance cuts as presented allow oversampling to occur. Thismeans a single event may contribute to the signal of more than one grid point (see
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48Figure 4.17 shows the signi�cance histogram, with log scale in y, for both cases.The histograms are nearly identical. Each is well described by a Gaussian with amean of zero and a standard deviation of one. Moreover, the tails are similar. Thissuggests that oversampling does not a�ect the signi�cance of a measurement.Figure 4.18 shows, for each case, the distribution of points with signi�cancegreater than 4�. The nonoversampled points are scattered evenly across the grid,while the oversampled points are found in clusters. Thus, oversampling makesneighboring points correlated, so that the signal in a point depends on the signalin its neighbor. It is important to note that although there are only four clusters inthe oversampled case, the total number of points above 4� is on average the sameas in the nonoversampled case.
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Figure 4.18. Distribution of points with signi�cances greater than 4� for thegrid described in 4.17. The results of a single simulation for each case are shown.The nonoversampled case had 29 points above 4�. There were 27 points for theoversampled case, but these are clustered in 4 groups. On average, both casesproduced about 31 points above 4�, consistent with a Gaussian statistics for 106trials. 4.1.6 Energy Estimation for O�-Axis SourcesAs has already been discussed, Tibet AS has an energy threshold of 3 TeV, whilethe threshold for Whipple is around 300 GeV. This di�erence makes it worthwhileto perform energy analysis with the Whipple Telescope, since a source with a nonCrab-like spectrum (a monochromatic line source, for example) may otherwise avoiddetection. Energy estimators already exist for a source at the center of the �eldof view, but the techniques, which include a Distance dependence, are not exactlysuitable for a 2-D analysis. The goal of this analysis is to develop a simple techniquethat is applicable across the �eld of view of the Whipple telescope. The methodneed not be precise enough for a rigorous spectral analysis, but it needs to bereasonably accurate, especially around 3 TeV.Simulations show that events of a given energy fall into two populations, asis illustrated in Figure 4.19. Events in the main part of the light pool (impactparameter < 135 m) are clearly distinguishable from events in the exponential



50

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

4 4.5 5 5.5 6 6.5 7

D
is

ta
n

ce
 (

d
eg

)

ln(max1+max2)

I.P. > 135 m
I.P. < 135 m
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Figure 4.20. Distance vs ln(Max1 + Max2 ) distribution for simulated gammarays at 20� zenith angle and 1� o�set. The line d = 0:075 ln(Max1 +Max2 ) + 0:5approximately separates events in the main light pool from events in the exponentialdrop-o� region.has the form Eest = ln(Max1 +Max2 ) + b. The simulations deviate from the lineat the high end because of pixel saturation, while the deviation at the low end isdue to cleaning e�ects.As is seen in Figure 4.21, the average value of ln(Max1 +Max2 ) shifts to theleft as the zenith angle increases. This is because the path length from the showerto the telescope increases, which reduces the photon density in two ways. First, itcauses greater attenuation of the Cherenkov light, and second, it allows the lightpool to spread laterally. To account for this, a zenith angle correction may beincorporated into the energy estimator, so that Eest = ln(Max1 +Max2 ) + b(Z),where b is a function of the zenith angle Z. Figure 4.22 shows the �tted value of bversus cos(Z) for simulations at 10�, 20�, 35�, and 46�. The relationship is nearlylinear for cos(Z) near 1, but a quadratic provides a better �t. Thus, the completeequation for energy estimation isEest = ln(Max1 +Max2 ) + (2:97 cos2(Z)� 7:95 cos(Z) + 6:11):
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Figure 4.21. Average values of ln(Max1 +Max2 ) for simulated gamma rays at 0�o�set after shape cuts have been applied. Only those events with Distance < 0:88are included in the average.Figure 4.23 shows the results of the energy estimator applied to the simulations.Each point shows the average value of the estimated energy, and four di�erent zenithangles were included, with an equal number of events taken at each zenith angle.For the simulations at 422 GeV and above, the average standard deviation in lnspace was 0:27, corresponding to an energy resolution of 31%. The estimator beginsto fail below 400 GeV and above 7 TeV, but it is reasonably accurate near the 3TeV threshold of the Tibet Air Shower Array. Since the estimator depends only onMax1 +Max2 and not the Distance, it is suitable for the 2-D analysis.4.1.6.1 Test Energy Estimator: Crab On-Axis DataWhile it is instructive to test the energy estimation with the simulations, itis also useful to test it on the Crab Nebula, since the Crab is a steady sourceand has a well-known spectrum. To calculate the Crab spectrum, the followingequation was used: Si � Bi = RijTj, where i is the energy bin, Si is the sourcecount, and Bi is the background. Rij, the detector response matrix, and Tj, thetrue spectrum, are summed over j for each i. Rij accounts for a gamma ray of
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55The method is here applied to 89 ON/OFF pairs taken in 'A' weather duringthe 2001-2002 and 2002-2003 observing seasons, with the Crab at the center of the�eld of view. The midrun zenith angle for this data ranges from 10� to 35� and hasan average of 18�. Simulations were run with equal spacing in cos(ZenithAngle)space, with bin midpoints lying at 20�, 35�, and so on. Because the response ofWhipple varies with the zenith angle, it is necessary to sort the Crab data intothese bins. Approximately 85% of the data lies in the 20� bin, and the rest fallsinto the 35� bin. Since the statistics for the 35� bin are limited, and since nearlyall of the data for the Tibet targets lies in the 20� bin, only the Crab data in the20� bin will be used here.After the cuts, there are 26838 events ON-source, and 21383 events remainOFF-source. These events are then binned according to the estimated energy, andthe parameters A and  in Tj = A(E=E0) are found by minimizing �2. Thus, thedi�erential ux is calculated to bedNdE = (3:31� 0:14� 0:44)� 10�7� ETeV ��2:53�0:06�0:37 TeV �1m�2s�1:The �rst uncertainty listed in each case is statistical and is determined by the �2 �t.The second uncertainties are systematic and are estimated by varying the cuts andby using the ZenithAngle = 10� simulations to �nd the response matrix insteadof the 20� simulations (much of the data has ZenithAngle < 15�). The systemgain was also varied by �20%, as is justi�ed in [66]. Figure 4.24 shows a graphicalrepresentation of the data, along with the �t provided by the �2 analysis. Here,the points in the �gure were determined by estimating the collection area at eachenergy, including spillover from other energies with an assumed spectral index of = �2:5. The �tted spectrum is similar to a more thorough analysis performedby Hillas, et al., which found the di�erential ux to beJ = (3:2� 0:17� 0:6)� 10�7� ETeV ��2:49�0:06�0:04m�2s�1TeV�1;where, as above, the statistical uncertainties are listed �rst, followed by the sys-tematic uncertainties [22].
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Figure 4.24. Graphical representation of the Crab spectrum as derived bythe �2 minimization. The points in the graph are given by, for each energy,(ON � OFF )=(A �W � T ), where A is the collection area in m2, W is the binwidth in TeV, and T is the observation time in seconds. The collection area wascalculated for the 20� simulations with an assumed spectral index of �2:5. The�t comes from the �2 minimization as described in the text. The data shown herefall into the 20� zenith angle bin and comprise more than 35 hours of ON-sourceobservation.4.2 Test Analysis Method: Crab O�set DataThere is a fairly large dataset on which the analysis, which was described inthe previous section, can be tested. Through the 2002-2003 observing season, therewere approximately 30 hours of ON-source data (with corresponding OFF-sourcedata) taken with the Crab Nebula o�set from the center of the �eld of view. Asummary of the data tested with this analysis is provided in Table 4.1Figure 4.25 shows the 2-D signi�cance maps for the Crab at o�sets of 0:3�, 0:5�,0:8�, and 1:3�. The scale to the right of each plot gives the pretrials signi�cance in�, calculated using the method described by Li and Ma [60]. The cuts used hereare � Size > 400ADC� Width < 0:02 ln(Size)



57Table 4.1. Summary of Crab Nebula o�set observationsExposure Observation Elevation WeatherO�set (hours) Period (hours) (hours)> 70�: 4.7 A: 5.10:3� 6.1 Dec00 - Dec02 60� � 70�: 0.9 B: 0.950� � 60�: 0.5 C: 0> 70�: 2.3 A: 3.70:5� 5.1 Feb00 - Apr02 60� � 70�: 1.4 B: 1.450� � 60�: 0.5 C: 0.940� � 50�: 0 C: 0.5> 70�: 4.2 A: 5.60:8� 7.5 Dec00 - Dec02 60� � 70�: 2.3 B: 1.950� � 60�: 0 C: 040� � 50�: 0 C: 0.9> 70�: 1.9 A: 2.81:0� 3.3 Feb00 - Nov02 60� � 70�: 1.4 B: 0.550� � 60�: 0 C: 0> 70�: 3.3 A: 6.11:3� 6.5 Dec00-Mar03 60� � 70�: 2.3 B: 0.550� � 60�: 0.9 C: 0� Length < 0:02 ln(Size) + (0:052�(O)2 + 0:056�(O) + 0:14�)� �2Parameter < 1� Alpha < 10� (with pointing)� Distance1�Width=Length > 0:12 ln(Max1 +Max2 ) + 0:15� Distance1�Width=Length < 0:12 ln(Max1 +Max2 ) + (0:26(O)2 � 1:11(O) + 2:0)� Length=Size < 0:00045.The last cut was derived from the Crab o�set data and is slightly higher than inthe standard Supercuts, but this is to be expected since the Length increases for ano�set source.Each 2-D signi�cance map is 1:5� � 1:5�, and the grid spacing is 0:1� alongeach axis. Thus, each map has 961 grid points (31�31), and so the signi�cance



58was calculated 961 times. The 961 signi�cances may be histogrammed to �ndthe distribution of signi�cances; if no source were present, the distribution (onaverage) would be Gaussian with a width of 1. Figure 4.26 shows the distributionof signi�cances for all of the Crab o�set maps combined. Since the Crab is in the�eld of view, the distribution deviates signi�cantly from the curve labelled `NullDistribution', which is the expected distribution if no source were present.As can be seen from Figure 4.25, the Crab shows up with good signi�cance,even out to 1:3� o�set. However, it is worthwhile to examine the e�ect of eachcut in more detail. The following Figures were made using all of the Crab o�setdata combined, but with the Alpha (without pointing, for now) and Distance cutsapplied with respect to the location of the Crab. A lower Size cut of 400 ADC, along
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Figure 4.26. Distribution of signi�cances for the �ve Crab o�set 2-D signi�cancemaps combined. The `Null Distribution' curve shows the expected distribution ifno source were present. It is just a Gaussian distribution with a mean of 0, a widthof 1, and an amplitude of (0:4 � 5 � 961)=p2�. The factor 961 is the number ofpoints in each map, and 0.4 is the bin width. Note that the y-axis is on a log scale.with the Length/Size cut were also applied. Figure 4.27 shows the Width=ln(Size)distributions for ON and OFF source. Figure 4.28 shows the (Length�(0:052(O)2+0:056(O) + 0:14))=ln(Size) distributions after the Width cut. The �2 parameterdistributions are shown in Figure 4.29, and here the Width and Length cuts havealready been applied. Based on the �gures, all of the cuts seem reasonably placed.To check the pointing method, it is instructive to break the events that passthe previous cuts into two Size regions since di�erent behavior is expected. Figure4.30 shows the Alpha plot for 400ADC < Size < 1000ADC, while Figure 4.31 isfor 1000ADC < Size. In both �gures, Alpha was calculated using the compromisepointing method described earlier.As was seen in the simulations, the pointing is more accurate for larger events,but in both cases it is quite accurate. For the 400ADC < Size < 1000ADCcase, 22% of the events are mis-pointed, and the background drops by 43%. For1000ADC < Size, 14% of the events are mis-pointed, and the background drops
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Figure 4.27. Width=ln(Size) distribution for all Crab o�set data combined.Alpha, Distance, Size, and Length=Size cuts, as described in the text, have alreadybeen applied to weed out some of the background, with Alpha and Distancecalculated with respect to the location of the Crab. This �gure shows that theline 0:02 ln(Size) + 0:0� provides a reasonable upper Width cut.
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Figure 4.29. �2 Parameter distributions for the Crab o�set data combined,after the Width the Length cuts. Alpha, Distance, Size, and Length=Size cuts, asdescribed in the text, have also been applied, with Alpha and Distance calculatedwith respect to the location of the Crab. The cut used in this analysis is �2Parameter < 1:0.by 49%. Thus, it is especially useful for high energy gamma rays.As was stated earlier, one of the goals for this analysis was to allow high-energygamma rays through the cuts. Table 4.2 shows the results of the analysis forthe Crab, both on-axis and o�-axis, broken down into di�erent Size regions. Theanalysis described here is labeled NEW, and the results using Supercuts, labeledSC, are included for comparison. Crab Center is for data taken with the Crabon-axis. Crab Inner is a combination of the 0:3� and 0:5� o�set data, and CrabOuter includes the 0:8�, 1:0�, and 1:3� o�set data. In each case, the signi�cance isestimated using the simple formula (ON �OFF )=pON +OFF .As is seen in the table, there is not a large di�erence between Supercuts andthe new cuts near the center of the �eld of view. In the outer regions, however, thenew cuts are much more sensitive.In conclusion, the analysis described here works well for 2-D analysis, and it iswell-suited for high energy gamma rays. Its e�ectiveness has been demonstratedwith the Crab o�set data.
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Figure 4.30. Alpha plot for 400ADC < Size < 1000ADC for combined Crabo�set data, with Alpha calculated with respect to the location of the Crab. Allother cuts have been applied.

0

200

400

600

800

1000

1200

0 20 40 60 80 100 120 140 160 180

N
u

m
b

er
 o

f 
E

v
en

ts

alpha (deg)

ON
OFF

Figure 4.31. Alpha plot for 1000ADC < Size for combined Crab o�set data, withAlpha calculated with respect to the location of the Crab. All other cuts have beenapplied.



63

Table 4.2. Summary of Crab Nebula o�set data< 1000 1000� 4000 > 4000ON OFF Signif. ON OFF Signif. ON OFF Signif.Crab SC 2350 1378 15.9� 738 249 15.6� 58 2 7.2�Center NEW 1732 872 16.9� 914 392 14.4� 131 39 7.1�Crab SC 2226 1577 10.5� 445 135 12.9� 14 2 3.0�Inner NEW 1537 936 12.1� 734 359 11.7� 107 49 4.6�Crab SC 1736 1356 6.8� 402 194 8.5� 9 2 2.3�Outer NEW 828 456 10.4� 749 338 12.5� 177 72 6.7�



CHAPTER 5ANALYSIS OF THE DATA5.1 Data SummaryThe Whipple observations of the Tibet gamma-ray source candidates are sum-marized in Table 5.1; only data used in the analysis are included in this table. Theelevation given is the mid-run elevation of the target. The weather was estimated bycombining the observer's estimate of sky quality with the cosmic-ray throughput.The `C' weather data for Tibet14 is of reasonable quality based on these factors,but it should be noted that other data were dropped.Table 5.1. Summary of Whipple observations of Tibet targetsWhipple Exposure Elevation WeatherName RA Dec Observations (hours) (hours) (hours)> 70�: 4.2 A: 3.7Tibet1 3.79 h 34.2� Oct01 - Feb02 5.1 60� � 70�: 0.9 B: 1.450� � 60�: 0 C: 0> 70�: 2.8 A: 3.3Tibet9 13.64 h 24.2� Feb02 - Jun02 4.2 60� � 70�: 0.9 B: 0.950� � 60�: 0.5 C: 0> 70�: 2.8 A: 2.3Tibet14 20.36 h 37.9� May02 - Jul02 4.2 60� � 70�: 1.4 B: 0.550� � 60�: 0 C: 1.4> 70�: 2.3 A: 0.4Tibet16 21.49 h 45.3� Oct01 - Jun02 4.2 60� � 70�: 1.9 B: 3.750� � 60�: 0 C: 0> 70�: 4.7 A: 6.1Tibet0554 5.91 h 30.1� Dec02-Feb03 7.9 60� � 70�: 2.3 B: 1.950� � 60�: 0.9 C: 0



655.2 Analysis LogisticsIt is useful to outline the 2-D analysis process. Once the camera has beencalibrated (see Chapter 3), each event is cleaned and parameterized (centroid,length, width, etc.). Each event is derotated, as described below, and the shape cutsare applied. The remaining events populate the 2-D grid according to the Alphaand Distance cuts, and the signal at each grid point is compared to the estimatedbackground, which is also discussed below.5.2.1 Field DerotationBecause the Whipple Telescope is on an altazimuth mount (one axis points tozenith), �eld rotation results as it tracks each target about the celestial pole. Thisis manifested as a rotation about the center of the camera. For example, an o�-axisstar moves along an arc about the camera center as �eld rotation occurs, as is shownin Figure 5.1. The rotation angle may be de�ned as the angle between the line tothe pole (the declination axis) and the line to zenith (the altitude axis). This isillustrated in Figure 5.2. The spherical law of sines is used to relate the rotationangle R to the hour angle H, so thatsin(R) = cos(L) sin(H)sin(Z) ;where L is the latitude and Z is the zenith angle. An Euler rotation may be usedto express sin(Z) (= cos(Altitude)) in terms of hour angle and declination (D), sothat the rotation angle is given asR = sin�1 " cosL sinHp(sinD cosL� cosH cosD sinL)2 + sin2H cos2D# :For this analysis, all of the data has been derotated to the H = 0 position. Thisway, runs on the same target but at di�erent hour angles can be co-added.5.2.2 Background EstimationAll of the observations for Tibet0554 included corresponding OFF-source data,which allows a straightforward estimation of the background. Unfortunately, almostno OFF-source observations were made for the other four targets. In their case,
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Figure 5.2. For an altazimuth mount tracking the dot about the pole, the �eldrotation angle is the angle between the declination axis (the line to the pole) andthe altitude axis (the line to zenith). The spherical law of sines may be used torelate the rotation angle to the hour angle, the latitude, and the zenith angle.



67a combination of many OFF runs for other targets was used to �nd the averagebehavior of the background across the camera. In general, the background wasfound to depend on both r and �, where r is the radial distance from the cameracenter, and � is the polar angle about the center of the camera. In addition, camerapixels that were turned o� because of �eld stars were found to create spots of falseexcess relative to the average background.To correct for the e�ects of o� pixels, a set of � 10 OFF runs was chosen for eachON-source run. These were required to have no bright �eld stars (no extra pixelsturned o�) and to come from roughly the same time as the target run. The setwas then padded by the target run, analyzed with the same pixels turned o� thatwere o� in the target run, and derotated according to the ON-source derotation.Finally, the set was used to generate a map of tracking ratios (described in Chapter3) for the 2-D grid. At grid point i, the tracking ratio TRi is de�ned as the ratioof the number of events in the 0� < Alphai < 10� region to the number in the20� < Alphai < 65� region. This way, the background at grid point i in the ON-source data was estimated as the number of events in the 20� < ONAlphai < 65�region, multiplied by TRi.This method was found to provide a good estimate of the background. Figures5.3 and 5.4 show both types of analysis applied to the same ON-source data. Ineach �gure, roughly the same structure can be seen. It should be noted, however,that the method is not well suited for an extended source.5.3 Analysis Results5.3.1 2-D Maps: Signi�canceThe 2-D analysis has been applied to the data for the �ve Tibet targets. Figure5.5 shows the 2-D signi�cance map for the Tibet1 region, and the correspondingdistribution of signi�cance is shown in Figure 5.6. Similarly, Figures 5.7 and 5.8 arefor the Tibet9 region, Figures 5.9 and 5.10 are for the Tibet14 region, Figures 5.11and 5.12 are for the Tibet16 region, and Figures 5.13 and 5.14 are for the Tibet0554region. In each of the signi�cance maps, the scale represents the signi�cance inpretrials �, where the signi�cance was calculated using the method described by
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Figure 5.3. 2-D signi�cance map for the Crab nebula at 1� o�set with a 3.3 hexposure. The scale to the right represents signi�cance in pretrials �. The back-ground at each grid point was estimated directly from corresponding OFF-sourcedata.
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70

−1.5−1−0.500.511.5
−1.5

−1

−0.5

0

0.5

1

1.5
Tibet9   4.2 h

R.A. (deg)

D
ec

. (
de

g)

−2

−1

0

1

2

Figure 5.7. 2-D signi�cance map for a 4.2 hour exposure centered on IRAS13349+2438 (a Seyfert 1 galaxy), near the Tibet9 coordinates. The x and y axes arerelative to the coordinates (13h37m18s, +24:38�), and the units are true degrees.The scale to the right represents the signi�cance in pretrials �. For the inner 1�, themaximum pretrials signi�cance is 2:7�. The background for this map was estimatedusing a combination of many OFF runs from other targets.
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Figure 5.8. Distribution of signi�cances from the 2-D signi�cance map for Tibet9.The `Null Distribution' curve shows the expected distribution if no source werepresent. It is just a Gaussian distribution with a mean of 0, a width of 1, and anamplitude of (0:4�961)=p2�. The factor 961 is the number of points in each map,and 0.4 is the bin width. Note that the y-axis is on a log scale.
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Figure 5.9. 2-D signi�cance map for a 4.2 hour exposure centered on the Tibet14coordinates. The x and y axes are relative to the Tibet14 coordinates (20h21m36s,+37:9�), and the units are true degrees. The scale to the right represents thesigni�cance in pretrials �. For the inner 1�, the maximum pretrials signi�cance is3:8�. The background for this map was estimated using a combination of manyOFF runs from other targets.
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Figure 5.10. Distribution of signi�cances from the 2-D signi�cance map forTibet14. The `Null Distribution' curve shows the expected distribution if no sourcewere present. It is just a Gaussian distribution with a mean of 0, a width of 1, andan amplitude of (0:4� 961)=p2�. The factor 961 is the number of points in eachmap, and 0.4 is the bin width. Note that the y-axis is on a log scale.
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Figure 5.11. 2-D signi�cance map for a 4.2 hour exposure centered on the Tibet16coordinates. The x and y axes are relative to the Tibet16 coordinates (21h29m36s,+45:3�), and the units are true degrees. The scale to the right represents thesigni�cance in pretrials �. For the inner 1�, the maximum pretrials signi�cance is2:8�. The background for this map was estimated using a combination of manyOFF runs from other targets.
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Figure 5.12. Distribution of signi�cances from the 2-D signi�cance map forTibet16. The `Null Distribution' curve shows the expected distribution if no sourcewere present. It is just a Gaussian distribution with a mean of 0, a width of 1, andan amplitude of (0:4� 961)=p2�. The factor 961 is the number of points in eachmap, and 0.4 is the bin width. Note that the y-axis is on a log scale.
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Figure 5.13. 2-D signi�cance map for a 7.9 hour exposure centered on theTibet0554 coordinates. The x and y axes are relative to the Tibet0554 coordinates(5h54m48s, +30:1�), and the units are true degrees. The scale to the right representsthe signi�cance in pretrials �. For the inner 1�, the maximum pretrials signi�canceis 2:5�. The background for this map was estimated directly from correspondingOFF-source data.
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Figure 5.14. Distribution of signi�cances from the 2-D signi�cance map forTibet0554. The `Null Distribution' curve shows the expected distribution if nosource were present. It is just a Gaussian distribution with a mean of 0, a width of1, and an amplitude of (0:4� 961)=p2�. The factor 961 is the number of points ineach map, and 0.4 is the bin width. Note that the y-axis is on a log scale.



74Li and Ma [60]. As can be seen from the signi�cance maps, no source has beendetected in any of the regions. Moreover, all of the distributions of signi�cance arein reasonable agreement with the Gaussian `Null Distribution' curve, which is theexpected distribution if no source is present.5.3.2 Upper LimitsAs was noted above, the 2-D analysis has failed to detect a gamma-ray sourcein any of the Tibet regions. Therefore, it is worthwhile to estimate the gamma-rayux upper limits for each region. The upper limits are calculated across a rangeof o�sets, and so an understanding of the detector response versus source o�set isdesirable.5.3.2.1 Response vs. O�setThe e�ect of source o�set on the sensitivity has been estimated using real Crabdata as well as simulations. The 2-D analysis was applied to 93 ON/OFF pairswith the Crab on-axis, and an average of 68 /run was found to pass the cuts(2.4 /min). The same calculation was performed with the Crab at o�sets of 0:3�,0:5�, 0:8�, 1:0�, and 1:3�, and the scaled results are shown in Figure 5.15. TheFigure also includes estimates provided by the simulations. The e�ciency may bemore complicated than the simple curve shown in the �gure, but the estimator isreasonably accurate. 5.3.3 2-D Maps: Upper LimitsFor each region, the 95% ux upper limits were calculated at each grid pointusing the Helene method [67]. Figures 5.16, 5.17, 5.18, 5.19, and 5.20 give the 2-Dupper limit maps for each region, in terms of number per run. To give values acrossthe map the same meaning, the upper limit at each grid point has been divided bythe estimated response Rest (given by Rest = 0:35(O)2 � 1:0(O) + 1:0).To give a reference point by which the upper limits may be interpreted, Table5.2 shows the ux expected for each target if a point source were present, giventhe Tibet AS measurement. Because TibetAS has a higher energy threshold than
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Figure 5.15. E�ciency versus source o�set, relative to a source at the center ofthe �eld of view. The error bars are not shown for clarity but are around 0.05 forthe Crab o�set data and 0.005 for the simulated data. The estimator is a functionof the source o�set.Whipple (3 TeV compared to �300 GeV), the source spectral index is important,and so spectral indices of -2.5, -2.25, -2.0, -1.75, and -1.5 are included in the table.(No energy cut is used here, for reasons discussed in the next section.) The valuesin the table were obtained by applying the analysis to simulated datasets with eachof the given spectral indices. The �ve datasets were constrained (precuts) to havethe same number of events above 3 TeV. As an example, the ux expected if a -2.0spectral index source were present is given byF�2:0 = �N�2:0N�2:5��cRT ;where N�2:0 is the number of events to pass the cuts from the -2.0 spectrum dataset,and N�2:5 is the number of events to pass for the simulated Crab spectrum. Thus,given a -2.0 spectrum point source with a ux of 1 Crab above 3 TeV, (N�2:0=N�2:5)is the ux ratio of that source to the Crab that would be seen by the Whippletelescope. This was related to real data by the Crab ux seen by the Whipple
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Figure 5.16. 2-D 95% upper limit map for the Tibet1 region. The scale tothe right is in units of number per run. To give values across the map the samemeaning, the value at each grid point has been scaled according to the estimatedsensitivity. Based on the Tibet AS measurement for Tibet1 (Tib1Sig/CrabSig=1.0),the expected ux is 68/run for a -2.5 spectral index, 24/run for a -2.0 spectralindex, and 7:6/run for a -1.5 spectral index.

−1−0.500.51
−1

−0.5

0

0.5

1
Tibet9   4.2 h

R.A. (deg)

D
ec

. (
de

g)

0

2

4

6

8

10

12

14

Figure 5.17. 2-D 95% upper limit map for the Tibet9 region, in units of numberper run. To give values across the map the same meaning, the value at each gridpoint has been scaled according to the estimated sensitivity. Based on the TibetAS measurement for Tibet9 (Tib9Sig/CrabSig=0.9), the expected ux is 61/runfor a -2.5 spectral index, 21/run for a -2.0 spectral index, and 6:8/run for a -1.5spectral index.
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Figure 5.18. 2-D 95% upper limit map for the Tibet14 region, in units of numberper run. To give values across the map the same meaning, the value at each gridpoint has been scaled according to the estimated sensitivity. Based on the TibetAS measurement for Tibet14 (Tib14Sig/CrabSig=0.9), the expected ux is 61/runfor a -2.5 spectral index, 21/run for a -2.0 spectral index, and 6:8/run for a -1.5spectral index.
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Figure 5.19. 2-D 95% upper limit map for the Tibet16 region, in units of numberper run. To give values across the map the same meaning, the value at each gridpoint has been scaled according to the estimated sensitivity. Based on the TibetAS measurement for Tibet16 (Tib16Sig/CrabSig=1.0), the expected ux is 68/runfor a -2.5 spectral index, 24/run for a -2.0 spectral index, and 7:6/run for a -1.5spectral index.
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Figure 5.20. 2-D 95% upper limit map for the Tibet0554 region, in units ofnumber per run. To give values across the map the same meaning, the value ateach grid point has been scaled according to the estimated sensitivity. Based onthe Tibet AS measurement for Tibet0554 (Tib0554Sig/CrabSig=0.9), the expectedux is 61/run for a -2.5 spectral index, 21/run for a -2.0 spectral index, and6:8/run for a -1.5 spectral index.
Table 5.2. Expected ux for the Tibet targets, if a point source were present,across a range of spectral indices, in units of /run.Flux Ratio -2.5 -2.25 -2.0 -1.75 -1.5Name to Crab Spect Spect Spect Spect SpectCrab 1 68 { { { {Tibet1 1.0 68 40 24 14 7.6Tibet9 0.9 61 36 21 12 6.8Tibet14 0.9 61 36 21 12 6.8Tibet16 1.0 68 40 24 14 7.6Tibet0554 0.9 61 36 21 12 6.8



79telescope, �c, which was measured at 68 /run. Finally, RT is the ux ratio (tothe Crab) measured by Tibet AS, where the Tibet AS ux was assumed to scalelinearly with signi�cance.As is seen in each of the 2-D maps, the 95% upper limits are below the expectedux down to a -1.75 spectrum, at which point the upper limits and the expectedux are approximately equal.5.3.4 2-D Maps: Energy Cuts AppliedTibet AS has an energy threshold of 3 TeV, while the threshold for Whippleis around 300 GeV. Because of this di�erence, if Tibet AS detected a source witha non Crab-like spectrum (a monochromatic line source, for example), it may bewashed out in the Whipple data unless energy cuts were applied. The e�ect of alower-limit energy cut was investigated using simulations with spectral indices of-2.5, -2.25, -2.0, -1.75, and -1.5, and improved sensitivity was seen only for the -1.5index (the improvement was modest). Therefore, only monochromatic line sourcesare considered here. Simulations indicate that for a 3 TeV line source with a uxequal to 1 Crab above 3 TeV, the sensitivity is maximized when a lower-limit energycut of � 2 TeV is used. Similarly, for a 7 TeV line source, a lower-limit energy cutof �5 TeV is best. Unfortunately, the Crab ux above 3 TeV is very low, andaccording to simulations, none of the exposures was long enough to detect such alow ux. As expected, nothing of interest is found in any of the signi�cance maps,and so they are not shown. However, upper limits have been calculated. Figures5.21, 5.22, 5.23, 5.24, and 5.25 show the 95% upper limits per run when lower-limitenergy cuts of 2 TeV and 5 TeV are applied. As before, the upper limit valuesacross the map have been scaled by the response as a function of o�set.A reference point is needed to give the upper limits meaning. Table 5.3 shows theux expected from each target if a monochromatic point source were present, giventhe Tibet AS measurement. The values were obtained by applying the analysis tosimulated 3.2 TeV and 7.5 TeV datasets, as well as a simulated dataset with a -2.5spectral index (to simulate the Crab). The three datasets were constrained to havean equal number of events (pre-cuts) above 3 TeV. The expected ux for a given



80

Figure 5.21. 2-D 95% upper limit maps for the Tibet1 region, with lower-limitenergy cuts of 2 TeV applied on the left and 5 TeV applied on the right. Thescale to the right of each map is in units of number per run. To give valuesacross the map the same meaning, the value at each grid point has been scaledaccording to the estimated sensitivity. Based on the Tibet AS measurement forTibet1 (Tib1Sig/CrabSig=1.0), the expected ux is 2:7/run for a 3 TeV line sourceand 2:3/run for a 7 TeV line source.

Figure 5.22. 2-D 95% upper limit maps for the Tibet9 region in units of numberper run, with lower-limit energy cuts of 2 TeV applied on the left and 5 TeV appliedon the right. To give values across the map the same meaning, the value at each gridpoint has been scaled according to the estimated sensitivity. Based on the TibetAS measurement for Tibet9 (Tib9Sig/CrabSig=0.9), the expected ux is 2:4/runfor a 3 TeV line source and 2:1/run for a 7 TeV line source.
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Figure 5.23. 2-D 95% upper limit maps for the Tibet14 region in units of numberper run, with lower-limit energy cuts of 2 TeV applied on the left and 5 TeV appliedon the right. To give values across the map the same meaning, the value at eachgrid point has been scaled according to the estimated sensitivity. Based on theTibet AS measurement for Tibet14 (Tib14Sig/CrabSig=0.9), the expected ux is2:4/run for a 3 TeV line source and 2:1/run for a 7 TeV line source.

Figure 5.24. 2-D 95% upper limit maps for the Tibet16 region in units of numberper run, with lower-limit energy cuts of 2 TeV applied on the left and 5 TeV appliedon the right. To give values across the map the same meaning, the value at eachgrid point has been scaled according to the estimated sensitivity. Based on theTibet AS measurement for Tibet16 (Tib16Sig/CrabSig=1.0), the expected ux is2:7/run for a 3 TeV line source and 2:3/run for a 7 TeV line source.
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Figure 5.25. 2-D 95% upper limit maps for the Tibet0554 region in units ofnumber per run, with lower-limit energy cuts of 2 TeV applied on the left and5 TeV applied on the right. To give values across the map the same meaning,the value at each grid point has been scaled according to the estimated sensitivity.Based on the Tibet AS measurement for Tibet0554 (Tib0554Sig/CrabSig=0.9), theexpected ux is 2:4/run for a 3 TeV line source and 2:1/run for a 7 TeV linesource.
Table 5.3. Expected ux (given the Tibet AS measurement) for the Tibet targetsif a monochromatic point source were present, in units of /run.Flux Ratio 3.2 TeV 7.5 TeVName to Crab ( /run) ( /run)Tibet1 1.0 2.7 2.3Tibet9 0.9 2.4 2.1Tibet14 0.9 2.4 2.1Tibet16 1.0 2.7 2.3Tibet0554 0.9 2.4 2.1



83monochromatic line is FE = � NeN�2:5��cRT ;where NE is the number of simulated events that pass the cuts for monochromaticline energy E, and N�2:5 is the number of events that pass for the simulated Crabspectrum. Thus, given a monochromatic line source with a ux of 1 Crab above 3TeV, (NE=N�2:5) is the ux ratio to the Crab that would be seen by the Whippletelescope. This ratio was related to real data by the Crab ux seen by the Whippletelescope, �c, which was measured at 68 /run. Finally, RT is the ux ratio (tothe Crab) measured by Tibet AS, where the Tibet AS ux was assumed to scalelinearly with signi�cance.The upper limits in each 2-D map are above the expected values for a 3 TeVmonochromatic source. For a 7 TeV line source, the upper limits are close to theexpected values, and for Tibet1 and Tibet0554, they are actually below. Thus, fora monochromatic source, the Whipple measurements are unable to constrain theTibet AS measurements for energies below � 10TeV .



CHAPTER 6CONCLUSION6.1 Whipple Observations: DiscussionObservations have been made by the Whipple telescope of �ve of the gamma-raysource candidates from the Tibet AS sky survey. As was noted in Chapter 5, nosource was detected in any of the Whipple observations. However, it is useful todiscuss each target �eld in a little more detail.6.1.1 Tibet1The EGRET unidenti�ed gamma-ray source 3EG J0348+3510 [3] is 1:0� fromthe Tibet coordinates. This source was seen by EGRET with a ux of � 5% of theCrab and a spectral index of �2:16� 0:27. Figure 6.1 shows the EGRET measure-ment along with the 95% upper limit from the Whipple observation (assuming thatthe exact location of 3EG J0348+3510 lies within 1� of the Tibet1 coordinates) in aplot of the spectral energy distribution. The Whipple upper limit is the maximumfound within 1� of the Tibet coordinates and 0:74� of the EGRET coordinates(0:74� is the 95% con�dence radius). The two lines in the �gure are the upperand lower limits of the spectral index extended out to VHE energies. The Whippleupper limit provides little constraint. However, if a single power-law spectrum isassumed (along with the assumption that the exact location of 3EG J0348+3510lies within 1� of the Tibet1 coordinates), the Whipple upper limit constrains thespectral index to be less than -2.06.6.1.2 Tibet9The Seyfert 1 galaxy IRAS 13349+2438 is 0:3� from the Tibet9 coordinates.This active galaxy is at a redshift of z = 0:107 [68], and so it is unlikely to have beendetected by Tibet AS due to the extragalactic background light (the interaction of
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Figure 6.1. Spectral energy distribution for 3EG J0348+3510, showing theEGRET measurement with the Whipple upper limit. The Whipple upper limitis the maximum found within 1� of the Tibet coordinates and within the EGRET95% con�dence radius. The lines are the upper and lower limits of the spectralindex extended out to VHE energies.gamma rays with the extragalactic background light increases with gamma-rayenergy). However, it has been an object of interest at other wavelengths, anddetection with the Whipple telescope is possible at that distance (recall H1426from Chapter 1). Figure 6.2 shows the spectral energy distribution; the infraredpoints come from [69], [70], and [71], while the x-ray point is from [72]. Since this isan active galaxy, the typical double hump structure is expected, but unfortunatelythere are not enough data points. (The infrared peak is not to be interpreted as thelow energy hump. It is believed to be due to a warm torus surrounding the nucleus[73].) As a result, it is di�cult to assign any meaning to the Whipple upper limit.6.1.3 Tibet14The EGRET source 3EG J2021+3716 is 0:6� from the Tibet14 coordinates.Recently, this was tentatively identi�ed with the newly discovered pulsar PSRJ2021+3651 [74]. The pulsar is just over 1� from the Tibet14 coordinates, and
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Figure 6.2. Spectral energy distribution for the active galaxy IRAS 13349+2438,showing measurements in the infrared and xray, along with the Whipple upperlimit. The Whipple upper limit was calculated at the location of the galaxy. Theinfrared peak is not to be interpreted as the low energy hump typically found foran active galaxy. Rather, it is believed to be due to a warm torus surrounding thenucleus [73].so an upper limit was calculated for this position. Figure 6.3 shows the Whippleupper limit in the plot of the spectral energy distribution, along with measurementstaken in the radio [74], x-ray [75], and with EGRET [3] (assuming 3EG J2021+3716corresponds to the pulsar). Since this is a pulsar, a double hump structure isexpected, but there are not enough data points to resolve this. As a result, noattempt is made to give a physical interpretation of the Whipple upper limit.6.1.4 Tibet16 and Tibet0554For these two targets, there are no objects of interest within 1� of the Tibetcoordinates, and therefore, not much can be said. One item of note is the 4� spotnear the bottom of the Tibet0554 signi�cance map. This was found to correspondto a hole in the OFF-source data, and is therefore unlikely to be due to a realsource.
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Figure 6.3. Spectral energy distribution for the newly discovered pulsar PSRJ2021+3651 showing measurements in radio and x-ray. The EGRET point assumesthat 3EG J2021+3716 corresponds to the pulsar. The Whipple upper limit wascalculated at the position of the pulsar. Unfortunately, there are not enough pointsto resolve the expected double hump structure.6.2 Correlation with the Milagro Sky SurveyThe results from Chapter 5 suggest that the Tibet AS gamma-ray source can-didates observed by the Whipple telescope were either statistical uctuations inthe Tibet AS data, or the gamma-ray emission was di�use or episodic. However,a correlation was recently found [49] between the Tibet AS sky survey (1997-1999, covering 10� <Declination< 50�) and an independent survey performed withMilagro (2001-2003, covering 0� <Declination< 80�) [48]. The Tibet AS surveyreported the locations of 18 potential gamma-ray sources, while the Milagro surveyreported the locations of 9 gamma-ray source candidates. Out of these, three pairsbetween the two surveys were found to be separated by �� � 1:5�. According tosimulations, the chance probability of three such pairings is approximately 10�4.Thus, it strongly appears that one or more of the Tibet AS source candidates is areal TeV gamma-ray source.One of the pairings corresponds to Tibet14, which was observed by the Whipple



88telescope. As was noted in Chapter 5, no point like sources with a Crab-like spec-trum were found in the Whipple �eld of view. However, recent results from Milagroindicate the presence of a di�use gamma-ray source in the region (angular extent� 5�) [50]. The Whipple analysis used here is not well suited for an extended source,and a suitable analysis would be di�cult because there is no OFF-source data forthis region. Therefore, more observations are needed, employing observation andanalysis strategies which improve sensitivity to large (> 2�) di�use gamma-raysources. 6.3 SummaryIn VHE gamma-ray astronomy, a considerable amount of time and e�ort havebeen devoted to the discovery of new sources. Tibet AS has performed an all-skysurvey for this purpose. In the survey, a number of potential TeV gamma-raysources have been found with implied uxes near the level of the Crab Nebula.Unfortunately, most or all of these are probably due to stastical uctuations in theTibet AS data. However, it is possible that one or more of these potential sourcesis real, and the high ux levels suggested by the Tibet AS measurements make itsensible to do follow-up observations with the Whipple telescope.Five gamma-ray source candidates from the Tibet AS all-sky survey have beenobserved by the Whipple telescope, with observation times ranging from 4.2 hoursto 7.9 hours. No point sources with a Crab-like spectrum were found in any of thetarget regions, and 95% upper limits of 0.2 - 0.3 Crab have been set. For the �vetargets in question, this suggests that the excess seen in the Tibet AS data waseither statistical, or it was due to gamma-ray emission that was episodic or di�use,or that followed an unconventional (not Crab-like) spectrum.
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