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ABSTRACTThe development of ground based atmospheri �Cerenkov telesopes has opened upastronomy to the world of TeV photons and allowed for the study of a wide range ofhigh energy physial proesses. In this work two di�erent examples are explored. The�rst is a searh through 5:5 years of arhival data from the Whipple 10-m telesopefor TeV gamma-ray bursts on 1-s, 3-s, and 5-s timesales. The motivation for thissearh is that suh a signal might be expeted from the evaporation of primordialblak holes (PBHs) in the loal region of our galaxy. Based on a null result from thisdiret searh for PBH evaporations, an upper limit of 1:08� 106 p�3 yr�1 (99% CL)on the evaporation rate is set, assuming the Standard Model of partile physis. Thisis more than a fator of two better than the previous limit at this energy range andinludes longer time sales than have previously been explored.The seond topi overed in this work is a study of TeV observations of the blazarMarkarian 421 made by the Whipple 10-m telesope during its 2003-2004 season. Thiswork is the �rst to study this full data set. One result has been to on�rm that therelationship between spetral shape and ux for month-sale ares is stable over theperiod of years. However, for data averaged over sub-month sales, this relationshipfails to �t the data, indiating that a di�erent mehanism is responsible for areson the shorter time sales. Another interesting fat to ome from this study is that,given the most reent onstraints on the extra galati bakground light, absorptionby this photon �eld is insuÆient to ompletely aount for the uto� observed in thespetrum of Markarian 421 at a few TeV. This �nding provides further support foran intrinsi ause for this uto�.
xiii



CHAPTER 1INTRODUCTIONThe �eld of TeV gamma-ray astronomy is relatively young, having taken o� with theintrodution of the imaging tehnique whih allowed for the detetion of the CrabNebula in 1989 (1). Sine then the number of soures has steadily been inreasing.With the development of multiple telesope arrays, suh as VERITAS and HESS, therate of new soure disovery and sienti� advanement has inreased dramatially.One of the attrations in this �eld of study is that TeV energies are not easilyahievable, meaning that any soures of suh energeti photons must be employingsome truly interesting mehanisms. Despite the strit energy requirements, there isa relatively large variety of soures. They range from well established soures withmasses estimated to be about 108 times that of the sun to hypothetial soures with amass that is only a small fration of the earth's. Through this wide range of soures,many interesting areas of physis an be studied.This thesis begins in hapter 2 with an overview of the basi equipment andanalysis tehniques used in TeV gamma-ray astronomy. In partiular, it desribes theWhipple 10-m telesope whih is the soure of the data used in this work. Chapter 3disusses a searh for primordial blak holes whih has resulted in a new upper limiton their loal evaporation rate. Finally, measurements of the energy spetrum of theblazar Markarian 421 and their impliations are overed in hapter 4.
1



CHAPTER 2TEV GAMMA-RAY ASTRONOMY2.1 The Imaging Atmospheri �Cerenkov TehniqueThe motivation for ground-based gamma-ray telesopes derives from the fat that thehigher one goes in energy, the smaller the ux of photons. Typially, soures have aspetrum that is steeper than a power law with index 2:0, whih implies a derease bya fator of over 1; 000 in ux for a ten-fold inrease in energy. Satellite experiments,suh as EGRET (2), have proven suessful at probing the MeV to GeV gamma-raysky, but to go higher in energy would require detetors with muh larger surfae areasin order to detet the muh smaller ux of partiles. Suh an endeavor would be veryostly for an experiment meant to be launhed into spae, but an be done relativelyheaply on the ground.The opaity of the earth's atmosphere to gamma rays is one of the reasons satelliteswere initially used for gamma-ray astronomy. Although at �rst glane this might seemto be a deided disadvantage for doing TeV gamma-ray astronomy from the ground, ithas been utilized to be one of the greatest strengths of this �eld. The fat that gammarays interat in the atmosphere has allowed astronomers to use the atmosphere itselfas the detetor, thus allowing for instruments with very large olletion areas.When a gamma-ray enters the atmosphere it will interat via pair prodution toreate an eletron-positron pair. These partiles will in turn produe more photonsthrough bremsstrahlung, whih an again pair-produe, starting an eletromagnetiasade. Many of the eletrons and positrons reated in this proess will be travelingfast enough to produe �Cerenkov light, whih an then be deteted by telesopeson the ground. Sine a detetor anywhere within the �Cerenkov light pool has the2



3potential to detet the event, the olletion area for suh experiments is determinedby the size of the light pools rather than the physial size of the detetors (Fig. 2.1).Ground-based telesopes typially have olletion areas on the order of 104 m2 asompared to satellite experiments, whih are limited to areas of about 1 m2.The primary bakground for these atmospheri �Cerenkov telesopes (ACTs) areosmi rays, whih also produe �Cerenkov ashes on the same timesale as thoseinitiated by gamma rays. However, hadron-initiated showers tend not to be as leanas the photon showers due to the prodution of pions that reate sub-showers. Thisfat has been suessfully exploited to disriminate between osmi rays and gammarays, as will be disussed below in setion 2.4.2.2 The Whipple 10-m TelesopeThe Whipple 10-m telesope, loated in southern Arizona at an elevation of 2; 300 m,has been used for gamma-ray astronomy sine 1968 (Fig. 2.2). It has a 10 m diameterreetor onsisting of 249 idential, spherial mirrors eah with a foal length of7:3 m. These mirrors are arranged on a spherial support struture with a radius ofurvature of 7:3 m. This design, known as the Davies-Cotton design (3), is used forseveral reasons. First, the prodution of many relatively small mirrors is muh easier,and onsequently heaper, than the prodution of a single large mirror. The o�-axisaberrations are also less than with a paraboli design. The major disadvantage ofthis approah is that the arrival time of photons in the foal plane an vary by up to6 ns. Thus, while the optial quality of the images is not a�eted, some of the timinginformation is lost.While the mirror design has remained largely unhanged over the history of thetelesope, the amera has undergone a onsiderable evolution. This work overs two
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Figure 2.1 In the atmospheri �Cerenkov tehnique, the atmosphere itself is used asthe detetor, so the size of the �Cerenkov light pool on the ground determines theexperiment's olletion area. Thus, ground-based telesopes have olletion areas onthe order of 104 m2 as opposed to satellite experiments whih are limited in size toabout 1 m2. Higher energy events in whih the shower partiles themselves are ableto reah the ground are best measured using partile detetor arrays, as illustratedon the right.
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Figure 2.2 The Whipple 10-m telesope, loated on Mt. Hopkins at the WhippleObservatory in southern Arizona.



6di�erent amera on�gurations. The �rst was installed in 1997 and onsisted of 331photomultiplier tubes (PMTs) with an inter-tube spaing of 0:25Æ. The total �eldof view (FOV) of this amera was 4:8Æ. In the summer of 1999, a new amera wasinstalled that was omposed of 379 PMTs with an inter-tube spaing of 0:12Æ. Thisgave it a �ner angular resolution at the expense of reduing the FOV to about 2:3Æ.Before 1999, the amera was triggered if any three of the PMTs had a signal � 65photoeletrons within an e�etive resolving time of 8 ns. In 1999 a more sophistiatedtriggering system, known as the pattern seletion trigger, was installed (4). This up-graded system requires the three PMTs ontributing to the trigger to be adjaent toone another. By reduing the number of triggers from night-sky noise, the patterntrigger allows the amera to be run at the lower trigger threshold of about 7 photo-eletrons while still keeping the ount rate at a manageable level of about 20 Hz. Thelower trigger threshold e�etively lowers the energy threshold of the telesope.2.3 ObservationsDue to the faintness of the �Cerenkov ashes that we wish to observe, the telesopean only be run at night when the moon is not in the sky. The duty yle is furtherredued by the heavy rains that ome during the summers in southern Arizona.Consequently, no observations are made for about two months every year. This timeis used to perform maintenane and make upgrades on the telesope.Observations with the Whipple telesope are typially made with a soure zenithangle less than 35Æ. Data are taken in two modes of observation: ON/OFF andTRACKING. In the ON/OFF mode a soure is traked ontinuously for 28 minutesand then a region o�set in right asension by 30 minutes is traked in order to ob-tain a sample of bakground data overing the same region of the sky, in terms of



7azimuth and elevation, as the on-soure data. In TRACKING mode the bakgroundis estimated from the on-soure data itself, removing the need for o�-soure dataand thereby inreasing the on-soure time at the expense of inreasing the systematiunertainty (see setion 2.4).Before and during observations, two di�erent types of alibration data are taken.At the beginning of eah night, a one-minute run using a fast Optitron nitrogen arlamp to uniformly illuminate the amera is taken to failitate the alulation of therelative gains of the PMTs. In addition, the amera is arti�ially triggered duringeah run at a rate of about 1 Hz. This allows for the measurement of the output ofeah PMT with no input signal present, whih is also known as the \pedestal."2.4 Data AnalysisData analysis proeeds in several stages, whih will be desribed in more detail below.If the data were taken in ON/OFF mode, it �rst undergoes a proess of \padding"to make sure the on-soure and o�-soure data are well mathed. Then the imageis leaned in order to remove pixels that are likely to be the result of night-skynoise. Finally, various parameters are �t to eah shower image and ompared to pre-determined seletion riteria in order to selet those showers whih are most likely tohave been initiated by gamma-ray primaries.For data taken in ON/OFF mode, a bias an be introdued in the analysis if oneof the �elds is onsiderably brighter than the other beause it, for instane, ontainsmore stars. This e�et is ompensated for by a proess known as software paddingin whih noise is added to the data in the less noisy �eld (5). On a PMT by PMTbasis, the variane in the pedestal values are ompared and noise is added to the lessnoisy PMT signal to ompensate for the di�erene.



8Image leaning is done using two di�erent trigger levels that are set relative to thestandard deviation in the pedestal values for eah PMT. The higher level, referredto as the \piture" level, is set at 4:25 times the pedestal standard deviation, andthe lower level, referred to as the \boundary" level, is set at 2:25 times the pedestalstandard deviation. In order for the signal from a PMT to be inluded in a partiularimage it must either be above the piture threshold, or be adjaent to a PMT that isabove the piture threshold and itself be above the boundary threshold.One the images have been padded and leaned, they are ready to be separatedinto gamma-ray-like events and non-gamma-ray-like events. The most ommonlyused tehnique for gamma-ray seletion utilizes the fat that the images in the ameraprodued by gamma-ray showers are ompat ellipses, while hadron showers tend toprodue larger, messier images. Therefore, an ellipse is �t to eah shower image byalulating the zeroth, �rst, and seond moments of eah and using these moments toompute various other parameters related to that ellipse (6). These parameters aresummarized in table 2.1 and depited shematially in Fig. 2.3.Table 2.1 A summary of some of the most ommonly used �t parameters in gamma-ray seletion.Parameter DesriptionWidth The RMS spread of light along the minor axis of the image.Length The RMS spread of light along the major axis of the image.Distane The distane from the image entroid to the enter of the FOV.� The angle between the major axis of the ellipse and a line joiningthe entroid of the ellipse to the enter of the FOV.Size The sum of the digital ounts from all PMTs ontributing tothe image.MaxN The number of digital ounts in the Nth brightest PMT.The Width and Length parameters both relate diretly to the angular spread ofthe image in the foal plane, and so are useful for seleting the more ompat images
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Figure 2.3 A pitorial representation of an ellipse �t to a shower image and theorresponding image parameters.



10harateristi of gamma-ray showers. The � parameter is very useful when the soureis known to be at the enter of the FOV, sine the major axis of the image representsthe projetion of the shower trajetory onto the image plane. Consequently, thearrival diretion of the shower should lie along the extension of the image's majoraxis, produing small values of � for events originating from the enter of the FOV.The Distane ut is used to remove events ourring near the edge of the FOV thatould easily be misidenti�ed due to trunation. It is also used to remove events nearthe enter of the amera sine these images ontain less struture and are onsequentlyharder to orretly identify. The Size and MaxN parameters are useful for rejetingnoise events, whih usually have weaker signals. Various seletion riteria an beapplied to these parameters depending on the purpose of the analysis. These shall bedisussed in later setions as they are used.For data taken in the ON/OFF mode, bakground subtration is done by simplysubtrating the number of gamma-ray like events in the o�-soure FOV from thenumber of gamma-ray like events in the on-soure FOV, weighting for the relativeobservation times. For TRACKING data the di�use nature of the bakground is usedto separate it from the peaked signal of a point soure. Events aused by gamma-raysfrom a soure at the enter of the FOV should all have a small value of the paramater�, so images that pass all the other seletion riteria and have 0Æ � � � 15Æ are takenas the signal. The number of bakground events inluded in this signal is estimatedby ounting the number of events with 20Æ < � < 65Æ and saling by a fator knownas the \traking ratio." This \traking ratio" is estimated by looking at the ratioof the number of events in these two � ranges averaged over many o�-soure runs.It varies somewhat from season due to various systemati e�ets that are not fullyunderstood, but always has a value lose to one third.



CHAPTER 3TEV GAMMA-RAY BURST SEARCH3.1 Sienti� Motivation3.1.1 Overview of Primordial Blak HolesThe onept of an objet so dense that nothing an esape its gravitational pull isperhaps one of the most intriguing to have been suggested by modern physis. Asthe possibility of the existene of blak holes beame more aepted, people beganasking the question of what impliations this might have for the rest of our physialtheories. One problem that arose from these speulations was that the seond lawof thermodynamis no longer seemed to be valid sine one now had the possibilityof removing entropy from ausal ontat with the rest of the universe by hiding itwithin the event horizon of a blak hole.In 1973 Bekenstein proposed a solution by equating the surfae area of a blakhole with its entropy (7). One of his motivations for this was the fat that, like entropy,it had been shown that the surfae area of a blak hole an never derease, but onlyinrease (8). This solution provided some explanation but enountered problems dueto the fat that it seemed diÆult to onsider this newly de�ned blak hole entropyas a real entropy. Namely, if one an de�ne an entropy for an objet, then the laws ofthermodynamis state one should also be able to de�ne a temperature, and if thereis a temperature, there should be blak body radiation. Without suh radiation, theseond law of thermodynamis would still be violated if, for instane, a blak holewere plaed in a radiation �eld with a lower temperature than itself (9).In 1974 this problem was resolved when Stephen Hawking showed that whenquantum mehanial e�ets near the event horizon of a blak hole are taken into11



12aount, blak holes will indeed radiate as blak bodies with a temperature TBH =~3=8�GM (10). One an piture the emission proess by onsidering a virtual pairof partiles with zero net energy appearing near the event horizon of a blak hole.Normally the partile with negative energy, sine it is lassially forbidden, mustannihilate with its positive energy partner. If, however, it falls into the blak hole, itwill be in a region where it an ontinue existing as a real partile (9). The positiveenergy partner is then free to esape and will appear to an outside observer as if itwas emitted from the blak hole (Fig. 3.1).

Figure 3.1 An illustration of one of the ways of visualizing Hawking radiation. Thenegative energy partner of the virtual partile-antipartile pair on the right falls intothe event horizon, allowing the positive energy partile to esape to in�nity.For blak holes formed from stellar ollapse, these emissions have little observa-tional e�et sine they will have masses on the order of or greater than the sun'smass, implying a temperature that is less than 10�7 K. However, density perturba-tions formed in the early universe ould also have ollapsed into blak holes of muh



13smaller masses. Suh blak holes are referred to as primordial blak holes (PBHs)and ould potentially produe enough radiation to be observed.PBHs lose mass at a rate of dMdt = ��[E(M)℄M2 (3.1)due to Hawking radiation (11). The inrease in the evaporation rate as the massdereases leads to a runaway proess that, depending on the physis governing the�nal stages of evaporation, ould result in a violent explosion. The fator �[E(M)℄depends on the degrees of freedom available to the radiated partiles at a temperature,E, determined my the blak hole's mass, M . Consequently, the exat fate of a PBHas its mass drops toward zero is an open question sine the value of �(E) is unknownfor energies above those available to urrent aelerators.Although PBHs will produe uxes of osmi-rays and neutrinos that are om-parable to the gamma-ray ux, the larger di�use bakgrounds for the former twomean that the gamma-ray signal will be the easier to detet (11). The detetion ofany suh signal would have profound impliations. First, it would on�rm Hawking'spredition that blak holes do indeed radiate energy. It would also give us insightinto the onditions of the early universe under whih the PBHs formed and into thepartile physis that determines the emissions during the �nal seonds of a PBH'slifetime. These impliations will be disussed in more detail in setion 3.1.4.3.1.2 Calulations of PBH EmissionsIn this setion we alulate the expeted gamma-ray emissions from a PBH. We willwork in units where G =  = ~ = 1. For an unharged, non-rotating blak hole, the



14number of emitted partiles per unit time and energy isd2NdtdE = �s(ME)2� �exp(8�ME)� (�1)2s��1 (3.2)for eah partile speies, angular momentum state, and spin. Here, M is the blakhole mass, s is the partile's spin, and �s(ME) is the absorption probability for apartile of spin s and energy E on a blak hole of mass M (12). For small values ofME, analyti solutions for �s(ME) an be found. These are given by (13)�1=2(ME) = (ME)2; and (3.3)�1(ME) = 649 (ME)4: (3.4)Exat solutions an be found following the methods of Teukolsky and Press (14).The absorption probability is given by�s = dEhole=dtdEin=dt ; (3.5)where Ehole is the energy owing into the blak hole at the event horizon and Ein isthe inward ow of energy an in�nite distane from the blak hole. The diÆulty thatarises in solving the di�erential equations that determine these quantities lies in thefat that working in a oordinate system that produes well behaved solutions on theevent horizon produes divergent solutions at in�nity, and vie versa. Consequently,Teukolsky and Press have derived a series of oordinate transformations that allow oneto hange oordinates mid-alulation. Thus, one an start integrating at the eventhorizon using oordinates that are well behaved there and then at some moderateradius swith to oordinates that are well behaved at larger radii.



15The oordinates used in this work are the Kerr \ingoing" oordinates, whih arethe same as spherial oordinates, but replaing the time, t, with � suh thatd� = dt+ rdrr � 2M : (3.6)In these oordinates, the Shwarzshild metri beomesds2 = �1� 2Mr � d�2 � 2d�dr � r2d�2 � r2sin2d�2; (3.7)whih, unlike with regular spherial oordinates, is well behaved at the event horizon,rh = 2M . Two di�erent tetrads are used | one near the event horizon and oneat large distanes. For large radii, Kinnersley's tetrad (15) is used, with [�; r; �; �℄omponents l� = � rr � 2M ; 1� rr � 2M ; 0; 0� (3.8)n� = �12 ; �3r2 + 4M2 � 4rM2r(r � 2M) ; 0; 0� (3.9)m� = �0;� rr � 2m; 1p2r ; ip2r sin �� : (3.10)Near the event horizon a di�erent tetrad is used, whih an be obtained from Kin-nersley's tetrad via the transformationly = �2 rr � 2M n (3.11)ny = �r � 2M2r l (3.12)my = m�; (3.13)where the \�" denotes omplex onjugation. Using these two di�erent tetrads, we



16obtain two di�erent di�erential equations for the radial part of the �eld:r(r � 2M)d2Rsdr2 + 2[(s+ 1)(r �M)� iEr2℄dRsdr � 4iEsr(r �M)r � 2m Rs (3.14)+2(2s� 1)iErRs � �Rs = 0, andr(r � 2M)d2 ~Rsdr2 + 2[(s+ 1)(r �M)� iEr2℄d ~Rsdr � 2(2s+ 1)iEr ~Rs � � ~Rs; (3.15)where � = l(l+1)�s(s+1) for a partile with spin s and total angular momentum l.The variable Rs uses Kinnersley's tetrad and ~Rs the \daggered" tetrad. To alulatethe ratio of the inoming energy ux at the event horizon and at radial in�nity, westart by integrating the equation for ~R at r = 2M and proeed to some moderateradius where we hange to the R equation. The transformation between these tetradsis done in two steps. First, R�s and its �rst two derivatives are alulated from ~Rs,and then from these Rs is alulated. For s = 1=2 start withR�1=2 = 1p2pr(r � 2M) ~R1=2; (3.16)and �nd the �rst two derivatives of R�1=2 by taking derivatives of 3.16 and using 3.15to write the seond derivative of ~R1=2 as a funtion of the �rst two. To alulate R1=2,we use R1=2 = dR�1=2dr � 2iErr � 2MR�1=2 (3.17)and its derivatives, this time using 3.14 to eliminate higher order derivatives. Fors = 1 partiles, the orresponding equations areR�1 = 12r(r � 2M) ~R1; and (3.18)



17R1 = �4iErr � 2M d ~R�1dr + 4(1 + iEr)r(r � 2M) ~R�1 � 4E2r2(r � 2M)2 ~R�1: (3.19)In order to test these transformations, the value of r at whih this transformationis made is varied from 5M to 20M . No hange in the �nal result is observed. Sine �sdepends on the ingoing uxes at r = 2M and r =1, it is important to understand theasymptoti solutions to equations 3.14 and 3.15 at these limits. These are summarizedin table 3.1. The advantages of the above hoie of oordinates an now be seen. First,it is easy to set the initial onditions for an ingoing wave on the event horizon. Seond,the outgoing wave falls o� quiker than the ingoing wave for large r, allowing one toeasily pik out the ingoing part simply by integrating out to suÆiently large valuesof r. Thus, one need not worry about the solution being ontaminated by errors inthe outgoing wave, whih is not well de�ned on the event horizon.Table 3.1 Asymptoti values for the ingoing and outgoing parts of Rs and ~Rs forr = 2M and r =1. The value r� is de�ned by dr�=dr = r=(r � 2M). Yout; Yin; Zout,and Zin are onstants. Outgoing Wave Inoming Wavelimr!1R Zoutexp(2iEr�)=r2s+1 Zin=rlimr!2M ~R Youtexp(2iEr�)=r(r � 2M) YinAll that remains are formulas for dEhole=dt, and dEin=dt. For s = 1=2 these aredEholedt = 2�EjYinj2; and (3.20)dEindt = 4�EjZinj2; (3.21)



18and for s = 1 they aredEholedt = 256E2M6 �E2 + 116M2� jYinj2; and (3.22)dEindt = 14 jZinj2: (3.23)Plots of �1=2 and �1 are given in �gure 3.2 using both the exat solutions fromequation 3.5 and the approximate solutions from equation 3.3. It an be seen thatalthough the analyti solutions do agree with the numerially integrated solutionsfor small values of ME, signi�ant disrepanies develop relatively quikly. Thus, itis neessary to use the full solutions for alulating the PBH gamma-ray spetrumrather than the asymptoti ones.One �s has been alulated, the derivation of the rate of mass loss of the PBHis straightforward. If we let ds(E) be the number of degrees of freedom available tooutgoing radiation with spin s and energy E, thendMdt = � Z 10 dEd1=2(E)�1=2(ME)2� [exp(8�ME) + 1℄�1 (3.24)� Z 10 dEd1(E)�1(ME)2� [exp(8�ME)� 1℄�1 :If ds(E) beomes onstant above some energy, then equation 3.1 an be approximatedas dMdt = 1M2 12� �d1=2 Z 10 dx�1=2(x) �e8�x + 1��1 � d1 Z 10 dx�1(x) �e8�x � 1��1� :(3.25)
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Figure 3.2 Values of �1=2 and �1 from both the analyti approximations and the fullintegrals versus the dimensionless parameter ME.



20We an now ompute the funtion �(E) in equation 3.1. We �nd that�(E) � [3:94d1=2(E) + 1:64d1(E)℄� 10�5; (3.26)where ds(E) is the number of degrees of freedom (spin, harge, and olor) for allpartiles with spin s and rest mass > E. At the lowest temperatures, only masslessand near-massless partiles suh as photons and neutrinos will be emitted. As theblak hole evaporates and its temperature inreases, more partile speies will beprodued. Below the QCD on�nement sale of about 250 MeV, free quarks andgluons annot be produed, but suÆiently light hadrons, like the pion, will be emittedinstead. Above this temperature, it is believed that quarks and gluons are produeddiretly rather than omposite partiles suh as hadrons (16). If we assume onlythe known fundamental Standard Model partiles, then above the top quark mass,d1=2 = 90 and d1 = 27, yielding �(E > Mtop) = 3:99� 10�3 (Fig. 3.3).There are two ways by whih PBHs are believed to produe gamma-rays |through the diret emission of photons and through the fragmentation produts ofother partiles. The ontribution from diret emission an simply be alulated fromequation 3.2. The seond method relies on the fat that the quarks and gluons thatare emitted will fragment into pions. The neutral pions an then deay, produingtwo photons eah. In this work, an empirial fragmentation funtion is used (11)dN�dz = 1516z�3=2(1� z)2; (3.27)where z = E�=Ep and Ep is the quark or gluon (parton) energy. For the pion deay,
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Figure 3.3 The parameter �(E) versus energy inluding all known Standard Modelpartiles. The energies above whih the various partile speies are produed areindiated by the dashed lines. Above the QCD on�nement sale, �QH, quarks andgluons are produed diretly rather than hadrons.



22a at photon spetrum is used:dNdE� = �[E � (E� � P�)=2℄��[E � (E� + P�)=2℄ 1P� : (3.28)Here, P� is the pion's momentum. These fragmentation emissions dominate over thediret photon emissions sine there are 72 quark and 16 gluon degrees of freedom,ompared to the 2 photon degrees of freedom.3.1.3 Partile Physis ModelsFor most of this work we will only onsider known Standard Model partiles. Inthis ase, the maximum number of partile degrees of freedom are d1=2(E) = 90 andd1(E) = 27. For energies well above the top quark mass of about 175 GeV, �(E) �3:99 � 10�3, as given by equation 3.26. The time over whih this approximation isvalid an be found by integrating equation 3.26 and �nding the maximum time forwhih the PBH's temperature is above the top mass. For a onstant �(E) we havem(�t) = (3��t)1=3 (3.29)for the mass of a PBH a time �t before total evaporation. Using the fat that thee�etive temperature of a blak hole is 1=8�M , we see that the PBH's temperaturewill reah the top quark mass approximately 26 hours before total evaporation. Thusin the Standard Model senario, �(E) an be taken to have the onstant value of3:99� 10�3 when searhing for seond-sale bursts.We now want to alulate the number of gamma-rays produed, both diretly andfrom the fragmentation of quarks and gluons, above an energy threshold ED over thelast �t seonds of the PBH's life. We start by integrating equation 3.2 over time and



23using equation 3.1 to onvert it into an integral over mass. This yieldsdNdE = 12��E�3 Z M(�t)E0 dxx2�s(x) �exp(8�x)� (�1)2s��1 (3.30)where the substitution x =ME has been made. Figure 3.4 shows the value off(x) = x2�s(x) �exp(8�x)� (�1)2s��1 (3.31)versus x for both spin 1=2 and spin 1 partiles. It an be seen that f(x) aquires itsmaximum value at xmax = 0:195 for spin 1=2 partiles and at xmax = 0:252 for spin1 partiles. Following the proedure of (11), we now approximate f(x) as a deltafuntion entered at the maximum x value. This orresponds to an energyQ = xmax(3��t)1=3 : (3.32)Under this approximation, the energy spetrum beomesdNdE = Cs2��E�3�(E �Q); (3.33)where �(x) is the usual Heaviside step funtion and the normalization Cs is de�nedas Cs = Z 10 dxf(x): (3.34)Integrating numerially we �nd C1=2 = 4:700� 10�5 and C1 = 2:541� 10�5.The alulation of the diret photon emission an be done by integrating equa-tion 3.33 above ED and multiplying by two for the two heliity states. For thefragmentation photons, equations 3.27 and 3.28 are used to alulate the number of
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25pions produed from the quarks and gluons, and the number of photons then pro-dued from the pion deay. Equation 3.28 is simpli�ed by using the fat that we areonly interested in energies well above the pion mass and an thus treat them as beingmassless, setting E� = P�. One additional simpli�ation is made by using the Qvalue for s = 1=2 for both spin 1=2 and spin 1 partiles. Counting 72 quark degreesof freedom and 16 gluon degrees of freedom in addition to the two diret photonemission degrees of freedom, we �ndN(> ED) = 3:791� 10�32��Q2 � (3.35)" 514 �EDQ �3=2 + 3sEDQ + 56r QED � 53EDQ � 52 + 1150#for ED < Q, and N(> ED) = 3:791� 10�32��E2D � 142 + 1150� (3.36)for ED � Q, where the 1=150 term in both equations omes from the diret photonemission. These orrespond to equation 16 in referene (11). Figure 3.5 omparesequation 3.35 with the results of the full alulation for �t = 1 s. The two methodsan be seen to be in good agreement.An example of a more extreme model is the Hagedorn model in whih the numberof partile degrees of freedom inreases exponentially with energy (17; 18). Althoughnot urrently favored, an as of yet unknown phase transition at some energy sale,�, ould produe an exponential inrease in partile degrees of freedom over somelimited energy range (11). In this model the number of degrees of freedom is givenby d(E) = AE�5=2eE=�: (3.37)
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Figure 3.5 The number of photons emitted from a PBH over the last seond of itslifetime above the energy ED alulated using both the approximation in equation 3.35and the full alulation.



27For energies below 2:5�, d(E) dereases with inreasing energy. For the purposes ofthis work, the Standard Model is assumed to hold up to this energy at whih pointthe Hagedorn equation is used. The normalization A is hosen suh that d(E) isontinuous at E = 2:5�.3.1.4 Impliations of PBH ObservationsThere are many unertainties in PBH physis, from the prodution method of thePBHs themselves to the details of the emission of Hawking radiation, that makederiving a preise gamma-ray spetrum diÆult. On the other hand, these unknownsmean that the detetion of PBHs would provide valuable insight into a number ofdi�erent areas of physis. Indeed, even the upper limits that have been set on thePBH density have had important impliations.One possible soure of PBHs is density utuations in the early universe. Thus,a limit on the present-day density of PBHs will serve as a limit on the size of theseperturbations. To obtain an estimate of the time probed by suh a searh, we �rstalulate the initial mass of PBHs formed during the �rst few seonds after the bigbang that will just �nish their evaporation today. Sine any extensions to the Stan-dard Model will only a�et the �nal stages of PBH evaporation, we neglet these forthis alulation. Integrating equation 3.24 over the age of the universe, approximately4:3� 1017s, we �nd the initial mass to be 2:18� 1019Mpl, or 4:74� 1014 g.The formation time, tf , for a PBH of a given initial mass, Mi, an be estimatedby noting that the initial mass of a PBH is approximately the horizon mass at thetime of formation. This is beause the minimum radius for a perturbation to ollapseinto a PBH is the Jeans length, given by rJ = pw � rh, where w is the pressure ofthe universe divided by its density, and rh is the horizon size. The early universe is



28thought to have been radiation dominated, giving w = 1=3. This yields a lower limiton Mi of Mh=p3. An upper limit on the perturbation mass an be set at Mh, sineperturbations larger than this will no longer be in ausal ontat with our universeone they ollapse (19). So Mi � Mh � tf . For a PBH just evaporating todaytf � 2:18 � 1019tpl = 1:17 � 10�24 s. Thus PBHs are a probe to a time well beforethe formation of the osmi mirowave bakground.If we let Fpbh(M) be the fration of regions in the early universe of mass M thatollapse into PBHs, then it is related to the root-mean-square amplitude of densityperturbations entering the horizon at that mass, �(M), by (20)Fpbh(M) � �(M)exp �� w22�(M)2� : (3.38)As before, w is the equation of state of the universe. If we assume that �(M) isonstant with M then it is possible for the PBHs to have an extended mass spe-trum (20). Making this assumption and using the fat that radiation density salesas (1+ z)4 while matter density sales as (1+ z)3, we an relate the present day PBHdensity to the initial density by
pbh = Fpbh
R(1 + z) � 1018Fpbh �st�1=2 : (3.39)Here t is the formation time of the PBH in seonds, and we use the fat that the mi-rowave bakground has a density of 
R � 10�4. Thus, from equations 3.38 and 3.39we an relate the present day PBH density to the amplitude of density perturbationsat a time of about 1:17� 10�24 s after the big bang.The detetion of PBHs ould also yield valuable information about partile physisbeyond energies aessible to urrent aelerators. The existene of a phase transition



29as desribed by equation 3.37 above ould have a signi�ant impat on the energyspetrum of the �nal burst of photons from a PBH. Sine only on the order of a few toten deteted photons are expeted from a given evaporation, it would not be feasibleto derive an energy spetrum for suh an event. However, multiple experiments withdi�erent energy thresholds are arrying out PBH searhes (see setion 3.4.1). If atleast one of these manages to detet PBHs, then the relative densities (atual valuesor upper limits) set at the di�erent energy ranges would provide information on theenergy spetrum. 3.1.5 Other Soures of TeV BurstsThis searh for TeV gamma-ray bursts need not be thought of solely as a PBH searh.There are other possible soures for suh bursts, the detetion of any of whih wouldbe very interesting. One possibility is a high energy omponent to MeV gamma-raybursts (GRBs). The observations of optial ounterparts to some GRBs has leadsome to onlude that there is a population of seed eletrons produing synhrotronradiation. These eletrons ould inverse Compton satter some of the MeV photonsto TeV energies (21). Another possibility would be the detetion of the deay ofmassive reli partiles from the early universe that have lustered within the galatihalo (22). It is also possible that some new, yet unknown soure of TeV gamma raysould be disovered through suh a searh.



303.2 Searh Methodology3.2.1 OverviewIn this setion we disuss the proedure used for searhing for PBHs using the Whipple10-m telesope. It starts with an explanation of how the observations to be inludedin the searh are seleted (setion 3.2.2). Setion 3.2.3 then gives an overview of amethod for reonstruting the arrival diretion of gamma-ray events ouring any-where within the �eld of view of the amera. The use of this tehnique to searh forbursts of gamma rays is then overed in setion 3.2.4. To onvert these burst mea-surements into upper limits on the loal PBH evaporation rate, several steps mustthen be taken: the expeted number of bursts from statistial utations must be es-timated (setion 3.2.5), the detetor sensitivity must be simulated (setion 3.2.6), andthe statistial signi�ane of the observed bursts must be alulated (setion 3.2.7).3.2.2 The Data SetThis work uses data taken from January of 1998 through July of 2003 and is dividedinto three setions based upon when the amera was upgraded (see setion 2.2). The�rst period starts in January 1998 and ontinues through the spring of 1999, duringwhih time the 331 PMT amera was used. The 379 PMT amera was installed in thesummer before the 1999-2000 observing season, whih makes up the seond period.The upgrade was not fully omplete until the fall of 2000, and so the third periodbegins there and ontinues through the spring of 2003.For this searh, all data taken in good weather is used. The quality of the weatheris judged in two manners. First, the somewhat subjetive rating assigned by the loalobserver for eah run is used, and only weather rated \A-" or above is seleted. Se-



31ond, the standard deviation of the amera trigger rate as reorded eah minute duringevery run is examined. If the rates vary too drastially that an be an indiation thatlouds are passing through the FOV, and so suh data are also disarded.Data taken with a known soure within the FOV an still be used sine sourerates are typially on the order of minutes�1 and so would have little e�et on a searhfor seond sale bursts. In addition the method used for estimating the bakground(setion 3.2.5) automatially eliminates the e�ets of steady soures. If a very strongsoure (suh as a blazar in a aring state) were produing seond-sale bursts, thissignal may be deteted. However, suh a result is not observed, and would have beeninteresting in its own right anyway. In all, over 2; 000 hours of data meet the aboverequirements, as is summarized in table 3.2.Table 3.2 Hours of data taken per observing season under good enough weatheronditions to be used in this work.Season Camera Hours of DataSpring `98 331 pixel 2061998-1999 331 pixel 3681999-2000 379 pixel 3352000-2001 379 pixel 4592001-2002 379 pixel 4672002-2003 379 pixel 356total | 2,191
3.2.3 Analysis of O�-axis SouresThe gamma-ray seletion riteria disussed in setion 2.4 have been optimized forsoures loated in the enter of the FOV. However, by taking advantage of showerproperties, this tehnique an be extended to have onsiderable sensitivity aross theentire FOV of the amera. As mentioned above, the arrival diretion of a �Cerenkov



32shower in the image plane lies along the major axis of an ellipse �t to the shower image.Simulations show that the spei� arrival diretion along this axis an be estimatedfrom parameters of the image's shape (23). The larger the impat parameter ofa shower, the more elongated its image in the amera beomes and the farther itsentroid appears from its atual arrival diretion. We thus introdue a new parameterDisp de�ned by Disp = ��1� WidthLength� ; (3.40)whih gives an estimate of the angular distane between the image entroid and thearrival diretion. The parameter � is a �xed oeÆient whose value is determinedempirially. First, the arrival diretion of events produed with a known point sourein the enter of the FOV are binned in a two-dimensional histogram. Then the eventsfrom a orresponding o�-soure run (se. 2.3) are binned in the same manner andsubtrated from the on-soure histogram. A Gaussian is �t to the exess and thestandard deviation is taken as a measure of the amera's angular resolution. Thisproedure is repeated for di�erent values of � and the one that produes the bestangular resolution is used for future analysis (Fig. 3.6). This determination of thearrival diretion has a two-fold degeneray in that the atual arrival diretion anbe in either diretion along the ellipse's major axis. Distinguishing between thesetwo diretions for o�-axis images has proven problematial due to image trunatione�ets, so in this work both diretions are given equal weight.Sine there is some unertainty as to the atual arrival diretion of an eventrelative to the estimated arrival diretion, a smoothing funtion is often used whenreating signi�ane maps of soures. Usually this is either a irular step funtionor a two-dimensional Gaussian. For the purposes of this burst searh, a step funtionwill be used to simplify the determination of whih events belong to the same burst.
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Figure 3.6 Plot of angular resolution versus � (see eq. 3.40) using approximately38 hours of observations made on the Crab Nebula during the 2001/2002 observingseason. A paraboli �t to the data is used to determine both the optimal value of �and the angular resolution of the amera. Values of 1:44Æ and 0:13Æ are obtained for� and the angular resolution, respetively.



34More details on this will be given in setion 3.2.4.In order to demonstrate that this o�-axis analysis tehnique works, observations ofthe Crab Nebula are made with the telesope deliberately o�set from the true sourediretion by various �xed amounts. The Crab Nebula is used beause it is a bright,steady soure of TeV gamma rays, whih makes it a useful standard andle. In eahase, following the proedure of Lessard, et. al. (23), the image of the Crab Nebulais suessfully reonstruted with good pointing auray (Fig. 3.7).

Figure 3.7 Reonstruted images of the Crab Nebula o�set by (a) 0:0Æ, (b) 0:3Æ, ()0:5Æ, and (d) 0:8Æ from the telesope's pointing axis. Contours indiate the signi�anelevel of the detetion at eah point within the FOV.Although soures not at the enter of the FOV an still be deteted, the farther o�-



35axis a soure is, the less likely it is that the shower image will fall within the amera'sFOV. Consequently, the olletion area of the telesope dereases with inreasingo�set angle, �. It will be onvenient for future alulations to parameterize the �dependene of the olletion area as A(�) = AÆa(�), with a(0) = 1.The most straightforward method for �nding a(�) is from the gamma-ray rates ofthe Crab Nebula measured with the telesope deliberately o�set from the true soureposition, but suh observations were not made in suÆient quantity for all ameraon�gurations. Consequently, the KASCADE simulation pakage (24) is used to de-termine the o�-axis sensitivity of the amera. When ompared with the availableo�-axis Crab observations, these results are found to be in reasonable agreement(Fig. 3.8). The energy dependene of a(�) is tested by running simulations at var-ious energies. Below about 2 TeV, little variation is found. Above this energy, theontribution to the PBH signal drops o� rapidly using the spetrum alulated forthe Standard Model in setion 3.1.3, so the variations in a(�) above this energy areignored. 3.2.4 Finding BurstsCalulations assuming the Standard Model of partile physis indiate that detetableuxes of TeV gamma rays are produed during the last few seonds of a PBH'slife (11). A previous work made a searh for TeV gamma-ray bursts within a timewindow, �t, of 1 s using data taken by the Whipple telesope from 1988 to 1992 (25).Due to diÆulties in prediting the bakground rate, seleting the optimal time win-dow for the searh a priori is not straightforward. Consequently, in this urrent workbursts of 1 s, 3 s, and 5 s durations are sought.In addition to all the events of a burst falling within a given time window, it is
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Figure 3.8 Simulated o�-axis response for the Whipple amera ompared with ratesfor the Crab Nebula taken with the telesope o�set from the true soure position.The upper plot is for the 331 PMT amera, with Crab rates from referene (23). Thelower plot is for the most reent on�guration of the 379 PMT amera.



37also required that their arrival diretions overlap to within the angular resolution ofthe amera (� � 0:13Æ), as shown in Fig. 3.9. This is equivalent to saying that someirle with a radius equal to the angular resolution, �, ontains all the event arrivaldiretions. With the time onstraint added, a burst an then be de�ned as a groupof events falling within a spae-time ylinder of height �t and radius �. The size of aburst is de�ned as the number of events within a burst (not to be onfused with theSize parameter de�ned in setion 2.4).
disp

σ

Figure 3.9 The shaded ellipses represent the images of two gamma-ray events inthe amera, and the unshaded irles represent the possible arrival diretions of theprimary partile. In order for two events to be onsidered part of the same burst, theareas of possible arrival diretions must overlap.Pratially, this searh is arried out by �rst seleting the gamma-ray like eventsand then stepping through them in time. For event i ourring at time ti, all events



38ourring between ti and ti +�t are then seleted. A searh is then made for all thepossible groups of events within that time-window that an also be �t within a irleof radius � with eah other. Atually, this searh an be limited to only those groupsof events that ontain the ith event, sine any bursts that do not ontain that eventwill also be ontained in other time windows.Given a group of n events, we determine whether they �t within the required irleby alulating the minimum radius r of a irle that an ontain all n events. If r < �,we say those events belong to the same burst. For n = 2, r is simply half the distanebetween the events. For n = 3, we have two di�erent ases. If the events form anobtuse triangle, then a irle whose diameter is the longest side of that triangle willontain all three events, so r is half the largest distane between any two events. Ifthe three points form an aute triangle, then the smallest irle that an ontain themall is the one that irumsribes the triangle. It turns out that the ase of n > 3 anbe handled by omputing r for all possible subsets of three events. The largest suh rwill be the minimum radius that an ontain all n events (see appendix A for a proofof this).Note that a given event may be found in many di�erent bursts, both within thesame time window and within di�erent time windows. To avoid double ounting, onlya single burst size is kept for eah event | the size of the largest burst ontaining thatevent. The number of bursts, N , of eah size, b, is de�ned as the total number of eventswhose largest burst size is b, divided by b. This de�nition of N(b) has the advantagethat the total number of events Ntot = P1b=1 bN(b), whih is the normalization onewould expet for a reasonable de�nition of the number of bursts of size b. Note thatdue to the possibility of an event being ontained in multiple bursts, in some asesN(b) will not be an integer.



393.2.5 Estimating the BakgroundEven in the absene of bursting soures, bursts are still observed due to randomutuations in the rate of bakground events. To estimate the number of bakgroundbursts, the same method as in referene (25) is used. First the time stamps of thedata are srambled, and then the gamma-ray-like events are seleted. The same burstsearh algorithm desribed above is then used; however, sine the times are nowessentially random, any real bursts aused by astrophysial phenomena are removed,leaving only the statistially generated bursts. This entire proedure is repeated tentimes and the average results are taken as the bakground.The diÆulty in analytially alulating what the bakground should be given theevent rate is that the amera is inhomogeneous. Di�erent areas of the amera aremore sensitive than others whih leads to an arti�ial spaial lustering of events. Inaddition, lustering may be introdued by any nonuniformities in the sky brightnessor by the presene of steady TeV gamma-ray soures. The advantage of the abovemethod for estimating the bakground is that all these fators are automatiallyaounted for. 3.2.6 Detetor ResponseWe now wish to be able to ompare the number of deteted bursts with what wouldbe expeted from a population of PBHs. The �rst step in this proess is determiningthe Whipple 10 m's response to a hypothetial soure. One key omponent to thisalulation is the derivation of the e�etive olletion area of the telesope. This isdetermined by simulating a uniform distribution of gamma rays within a radius rs ofthe telesope for eah of the Whipple amera on�gurations at various zenith anglesand energies. The value of rs is varied from 255 m to 500 m depending on the zenith



40angle of the simulation. Candidate gamma-ray events are then seleted using thesame riteria as for the real data. The olletion area is then just the fration ofevents seleted multiplied by �r2s . Plots of the olletion area as a funtion of energyfor di�erent amera on�gurations and zenith angles are given in Fig.s 3.10 and 3.11respetively.
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Figure 3.10 Di�erential olletion area, dA=dE, vs. energy for zenith angle = 0Æ forthree di�erent amera on�gurations.The zenith angle dependene of the olletion area omes from the fat that atlarger zenith angles, the amount of atmosphere between the telesope and the initialinteration point of the primary partile is greater. Thus, the �Cerenkov light from theshower has more time to spread out before being deteted. For lower energy showers,the light beomes too di�use to trigger the detetor, raising the telesope's energythreshold. However, for showers with enough energy to still be deteted, the lightpool



41they produe is larger, inreasing the olletion area. These e�ets an be seen inFig. 3.11. Beause of these varying rates, the data are grouped into three zenith anglebins with the �rst bin onsisting of zenith angles less than 20Æ, the seond extendingfrom 20Æ to 40Æ, and the third inluding zenith angles greater than 40Æ.
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Figure 3.11 Di�erential olletion area, dA=dE, vs. energy for various zenith angles(ZA) using the 2000-2003 amera on�guration.The olletion area along with the gamma-ray prodution rate of a PBH willdetermine ND(r; �;�t), the expeted number of gamma rays to be deteted from aPBH at distane r and angle � from the optial axis of the telesope over the �nal�t seonds of the PBH's life. Integrating over time and energy, we haveND(r; �;�t) = 14�r2 Z �t0 dt Z 10 dE d2NdEdt(E; t)A(E; �); (3.41)



42where N(E; t) is the number of photons produed by a PBH at energy E and timet before total evaporation. This expression an be simpli�ed if we assume that theenergy and � dependene of the olletion area an be fatored out so that A(E; �) =AÆ(E)a(�), where a(�) is the same as de�ned in setion 3.2.3, and for AÆ(E) we usethe olletion areas alulated above. Thus, we obtain a di�erent result for eahamera used and eah zenith angle bin. We now have,ND(r; �;�t) = a(�)4�r2 Z �t0 dt Z 10 dE d2NdEdt(E; t)AÆ(E) � a(�)4�r2 I; (3.42)where all the PBH physis has been moved into the fator I. Keeping this fator sep-arate makes it easier to realulate the expeted signal for di�erent PBH evaporationmodels.The probability of observing a burst of b events within a time window �t froma PBH at oordinates r and � depends only on ND(r; �;�t) and b. Calling thisprobability P (b; ND(r; �;�t)) and integrating over spae, we �nd the total number ofbursts of size b: ns(b;�t) = �pbh� Z d
 Z 10 drr2P (b; ND(r; �;�t)); (3.43)where � is the total observation time. In the previous searh (25), P (b; ND) is takento be �(ND(r; �;�t) � b), where �(x) is the usual Heaviside step funtion. That is,all PBHs within a radius, r(b; �;�t), are assumed to produe exatly one burst ofsize b. In this work we set P (b; ND) = exp(�ND)N bD=b!, sine a Poisson distributionshould give a more realisti desription of the hanes of deteting a PBH burst of agiven size. A similar approah is used in referene (26). Substituting this bak intoequation 3.43, we now have for the expeted number of PBH signal ounts,



43ns(b;�t) = �pbh�8p� �(b� 3=2)b! I3=2 Z 1�1 d os �a(�)3=2: (3.44)Values of the integral over � for the various amera on�gurations an be foundin table 3.3. We an now estimate the distane out to whih the searh in this workis sensitive by setting ND in equation 3.42 to 1 and solving for r. Using the results ofsetion 3.1.2 and the olletion area versus energy urve for the 2000-2003 amera atZA = 0Æ, we �nd I = 4:2 p2. Setting a(�) = 1 for an on-axis soure gives r = 0:58 p,thus justifying the neglet of osmologial redshifting and absorption of gamma raysby extragalati bakground light in the above alulations.Table 3.3 The angular o�set dependent part of ns(b;�t) for the di�erent ameras.Season Camera R 1�1 d os �a(�)3=2Spring `98 - Spring `99 331 pixel 19:18� 10�51999-2000 379 pixel 8:78� 10�52000-2003 379 pixel 7:88� 10�5
3.2.7 Calulating Signi�anesIn order to determine the signi�ane of any measured exess over the bakground, amaximum-likelihood analysis is used. We letM(nmjx) be the probability of measuringnm bursts given an expeted rate of x, and B(nbjy) be the probability of having abakground of nb bursts given an expeted rate of y. The likelihood funtion is thengiven by, �(nsjnm; nb) = Z 10 dx Z 10 dyM(nmjx)B(nbjy)Æ(x� y � ns) (3.45)= Z 10 dyM(nmjy + ns)B(nbjy): (3.46)



44Assuming Poisson distributions, we have,M(nmjx) = exp(�x)xnmnm! (3.47)B(nbjy) = �exp(��y)(�y)�nb(�nb)! ; (3.48)where � is the number of repetitions used when averaging the bakground. The ex-peted distribution of probabilities an be determined by using the standard maximum-likelihood result, �2(ns) = 2 ln� �max�(nsjnm; nb)� ; (3.49)with �max being the maximum value of �(nsjnm; nb) for a given nm and nb.A test of these formulas is made by taking about 6 hours of data and generating 500random data sets by srambling the times just as has been done for the bakground.Bakgrounds are then determined using the method desribed above (se. 3.2.5) andequation 3.45 is used on eah set to alulate the probability that ns = 0. Figure 3.12shows a plot of the distribution �2(0) alulated from di�erent time sramblings ofthe data ompared to the expeted �2 distribution with one degree of freedom. Itan be seen that the two are in good agreement. Thus, upper and lower limits anbe set on the signal by �nding the value of ns that gives the �2 orresponding to thedesired probability. Equation 3.44 an then be used to onvert the likelihoods of nsinto likelihoods of �pbh.For larger burst sizes (b > 7) no bursts are deteted, meaning ns = nb = 0. Inthis ase equation 3.45 simpli�es to�(nsjnm = 0; nb = 0) = 12exp(�jnsj): (3.50)
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Figure 3.12 Plot of the �2 distribution alulated for 500 di�erent time-srambledsignals (rosses) and the theoretial �2 distribution (solid line).



46When this formula holds, it is possible to sum the log-likelihoods for a given �pbhanalytially. Using equations 3.44 and 3.50 we haveb=1Xb=2 ln� �max�(ns)� = b=1Xb=2 jnsj (3.51)= �pbh�8p� I3=2 Z 1�1 d os �a(�)3=2 b=1Xb=2 �(b� 3=2)b! : (3.52)The sum an be omputed by using the power-series relation4p�3 (1� x)3=2 + 2p�x� 43p� = b=1Xb=2 �(b� 3=2)b! xb: (3.53)Setting x = 1, we �nd b=1Xb=2 �(b� 3=2)b! = 23p�: (3.54)In general, bursts will be seen for small values of b, so it is neessary to be ableto adjust the lower limit and sum only over those values of b for whih there are nomeasured bursts. This an be done by simply omputing the �rst few terms diretlyand subtrating them from the above result.3.3 ResultsFor �t's of 1 s, 3 s, and 5 s, the number of andidate bursts of various sizes, nm(b), ismeasured. Bursts ontaining up to seven events are seen, but there is no signi�antexess over the bakground (Fig. 3.13). For these bursts, equations 3.45 through 3.48are used to alulate the likelihoods of the atual number of bursts, �(ns), and equa-tion 3.44 is used to onvert these into likelihoods of PBH densities, �(�pbh). For largerburst sizes, equations 3.51 and 3.54 are used. The �ln(�(�pbh)) for various amera



47on�gurations, burst sizes, and elevations are added and equation 3.49 is used to �ndthe 95% and 99% limits on �pbh (Fig. 3.14). The log-likeloods from di�erent �t valuesare not added together sine they are alulated from the same data sets and, onse-quently, are not independent. The systemati unertainty in the limits are estimatedby adjusting the gain of the telesope in the olletion area simulations by 20%. Thisleads to a systemati unertainty of about 30%.
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49Table 3.4 The 95% and 99% upper and lower limits on �pbh in units of 106p�3yr�1.�t (s) 95% Upper Limits 99% Upper Limits1 1:00 1:723 0:94 1:595 0:63 1:083.4 Disussion3.4.1 Comparison with Previous ResultsFive and a half years of Whipple data have been searhed for seond-sale TeVgamma-ray bursts. No evidene for suh bursts has been found, leading to an upperlimit on �pbh of 1:08� 106p�3yr�1 (99% CL). The limit set in this work is more thana fator of two lower than the limit of 2:6� 106p�3yr�1 (99% CL) set in the previ-ous searh through Whipple data (25). However, that limit was set using gaussianstatistis, so no use ould be made of the fat that no bursts ontaining more thanfour events were seen. Applying the statistial methods desribed setion 3.2.7 to thedata in referene (25) yields a limit of 1:84 � 106p�3yr�1, whih is omparable tothe �t = 1 s limit in this work. Thus, the expansion of the time window to 5 s iskey to lowering the limit. Combining the results from this searh with the previousWhipple searh yields an upper limit of 0:69� 106p�3yr�1.Figure 3.15 plaes this result within the ontext of other diret PBH searhes.The ACT limits are omparable to those set by the air-shower measurements of theTibet array at � 10 TeV (27) and CYGNUS at � 50 TeV (26). However, they exploreboth a lower energy range and longer time sales, making them a useful omplement.One example of how these results at di�erent energy ranges an be used together hasalready been disussed in setion 3.1.4. Namely, the existene of a phase transition
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51at an energy � as de�ned in equation 3.37 will ause the relative sensitivities of thevarious experiments to hange. Figure 3.16 ompares the e�ets of a hypothetialphase transition at various energies on both the results of this work and the limitset by the Tibet experiment (27). For � less than about 1 TeV, the Whipple limitsare more stringent than the Tibet limit despite the fat that they are higher whenassuming only the Standard Model partiles.
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Figure 3.16 The 99% on�dene upper limits on the PBH density as a funtion of theenergy sale, �, of a hypothetial phase transition in the spetrum of partile speies.Hypothetial results are given for the �t = 1 s and �t = 5 s results of this work, andthe 10 TeV threshold limit of referene (27).Limits have also been plaed on the PBH density by indiret approahes. Forinstane, measurements of the extragalati, di�use MeV gamma-ray bakground bythe EGRET experiment have been used to set a limit on the fration of the ritial



52density omprised by PBHs of 
pbh < 3:3 � 10�9 (28). This is done by integratingthe expeted signal from a uniform distribution of PBHs over their lifetimes anddemanding that it lie below the observed bakground minus the portion that hasalready been aounted for by other soures. Sine the universe is fairly transparentto photons at these energies, this approah is sensitive to the osmologial, ratherthan loal, distribution of PBHs, whih is why the limit is quoted in terms of 
pbh.To onvert between these two limits, a number of assumptions must be made. The�rst is an assumption as to the initial mass spetrum of PBHs. Sine those PBHsjust �nishing their evaporation today all started with similar initial masses, the endresult depends only weakly on the assumed spetrum. Under the assumption that theamplitude of primordial density utuations is independent of mass (see setion 3.1.4)we �nd (20) dndMf = AM��; (3.55)with � = 1 + 3w1 + w + 1: (3.56)Letting w = 1=3 for a radiation dominated universe at the time of the PBH formation,we have � = 2:5. Next, we integrate over the number of PBHs that will evaporatewithin a time �t at the present time to �nd the number of evaporations per unittime, per unit volume:R = ��t �atfato�3A Z mf(to +�t)mf (to) dmm��: (3.57)Here a(tf ) and a(t0) are the sale fator of the universe at the time when the PBHsformed and today, respetively. The funtion mf(t) represents the formation mass ofa PBH that is just evaporating at time t. Reall, m(to) was found to be 4:74� 1014 g



53in setion 3.1.4. The greatest theoretial unertainty omes from the parameter �,whih is ratio of the loal PBH density to the average PBH density. If PBH lusteringin galaxies follows dark matter lustering, then � will be about 8�105 (29). However,reent work shows that PBHs ould have initially formed strongly lustered, resultingin � as high as 1022 (30). Given that �t is so muh less than the total PBH lifetime,equation 3.1 beomes mf (to +�t) � mf (to) + �f�tmf(to)3 : (3.58)In this equation, �f is de�ned as �[mf(to)℄. Note, the seond term in equation 3.58is muh smaller than the �rst, so the integral in equation 3.57 an be expanded to�rst order to get R = �a(tf)a(to)�3 A �fmf(to)�+2 : (3.59)The normalization A an be found using the fat that as a PBH evaporates, itsmass remains roughly onstant throughout most of its life and undergoes a very rapidderease during the �nal stages of evaporation. Thus, we an make the approximationthat the present mass of all PBHs with an initial mass greater thanmf (to) is the sameas the initial mass. Letting � be the ritial density of the universe,
pbh = 1� �a(tf )a(to)�3 Z 1mf (to) dmAm1��: (3.60)We an now relate R diretly to 
pbh:R = (� � 2)��f�mf (to)4 
pbh: (3.61)Depending on the value of �, the EGRET limit on the PBH evaporation rate ould



54lie anywhere in the range of 2� 10�2 p�3 s�1 to 2� 1014 p�3 s�1. Due to this largeunertainty, the upper limits of these two experiments annot really be ompared ina sensible way. If, however, one of the loal PBH searhes should atually sueedin measuring the PBH evaporation rate, this ould be ombined with the EGRETupper limit to plae a lower bound on �.Another indiret limit on the PBH density has been set by noting the abseneof antiprotons below the kinemati prodution threshold in interstellar ollisionsin data from the BESS balloon experiment (29). Their limit of �pbh < 2:00 �10�2p�3yr�1(90%CL) is dependent on a number of theoretial assumptions. Forinstane, sine anti-protons arry harge, they are suseptible to galati magneti�elds. Thus, the alulation of the expeted signal involves detailed simulations ofhow the partiles travel through the galaxy, whih are unneessary when dealing withphotons.One of the fundamental di�erenes between these indiret PBH experiments versusthe diret searhes is that the former an never report a positive detetion. Forinstane, while the density of the di�use MeV gamma-ray bakground gives an upperlimit to the density of PBHs, it annot be determined how muh, if any, of thebakground we do see is in fat produed by PBHs. Suh a determination would relyon a diret detetion of a PBH by other means, suh as the searh arried out in thiswork. 3.4.2 VERITASNew-generation �Cerenkov telesopes will be better equipped to onstrain the densityof PBHs. One example is the Very Energeti Radiation Imaging Telesope ArraySystem (VERITAS) urrently under onstrution in southern Arizona. VERITAS



55will onsist of 4 12-m telesopes, two of whih are urrently operational. The fullarray is sheduled for ompletion in Fall of 2006. Larger olletion area, smallerangular resolution, and a lower energy threshold will all aid in searhing for PBHs.Another new-generation telesope urrently operating is HESS, loated in the KhomasHighland of Namibia. HESS has shown that by plaing tight uts on their data, theyan drastially redue the osmi-ray bakground triggers to almost zero, keeping theenergy threshold at around 800 GeV using two telesopes (31).These �gures of zero bakground rate and an 800 GeV energy threshold an beused to make an estimate of VERITAS's ability to searh for PBHs. Bakgroundrejetion is made easier in a PBH searh than in a general soure searh sine theadditional timing and angular-resolution onstraints will aid in rejeting bakgroundevents, so this estimate is somewhat onservative. In addition, when VERITAS beginsrunning with 4 rather than 2 telesopes, its sensitivity will inrease.Using the no-bakground assumption and assuming zero signal, we an use equa-tion 3.51 to estimate the limits obtainable with VERITAS. We onvert the log-likelihoods to �2s with equation 3.49 and substitute �2 = 6:635 for a 99% upperlimit. We then �nd,�pbh = 6�2R 1�1 d os(�)a(�)3=2 I�3=2 1� � 39:81R 1�1 d os(�)a(�)3=2 I�3=2 1� : (3.62)Next, a step funtion for A0(E) is assumed with a lower energy threshold of800 GeV and a olletion area of 109 m2, yielding I = 11:56 p2. An estimate forthe integral of a(�) is obtained by using a(�) for the 2000-2003 amera on�gura-tion and resaling � by the ratio of the two ameras' FOVs, 3:5Æ=2:6Æ. This givesR 1�1 d os(�)a(�)3=2 = 15:04� 10�5, making the estimated 99% limit for VERITAS as



56a funtion of time �pbh � 2:12� 1011p�3yr�1 1s� : (3.63)The total amount of time that an be spent on observations is limited by severalfators. First, IACTs an only take data at night when the moon is not in the sky.In addition, the summer is monsoon season in southern Arizona and observations arenot made during these months. Other fators, suh as weather, an further reduethe time available for taking data. To get an idea of the fration of time that is usefulfor a PBH searh, we take the observation time used in this work, � = 2; 191 hrs,and divide by the total time it spans, t = 48; 336 hrs, to get �=t = 0:045. Using thisfator to onvert observation time to total time, equation 3.63 beomes�pbh � 1:49� 105p�3yr�11yrt : (3.64)Now it is easy to ompare the estimated VERITAS performane with the limitsset previously by the various other experiments (Fig. 3.17). Assuming no PBHs aredeteted, after 1 year of observation the VERITAS upper limit will be about a fatorof 3 better than the urrent best air-shower array limit set by Tibet. Over the same5:5 year period as used in this study, VERITAS will be able to set a limit over 40times better than the one set with the Whipple telesope.
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CHAPTER 4THE ENERGY SPECTRUM OF MARKARIAN 4214.1 Markarian 4214.1.1 General Properties of Ative Galati NuleiThe ative galati nuleus (AGN) Markarian 421 was �rst reported as a soure ofTeV gamma rays in 1992 (32). This detetion has sine been on�rmed (33), andit has now beome one of the more important TeV gamma-ray soures due to itsrelatively lose proximity to us (z = 0:031) and the strength of its TeV emissionswhen in an ative state.It is thought that AGN are powered by the aretion of matter onto supermassiveblak holes loated at the enter of their respetive host galaxies. Using the velo-ity dispersion of the entral stars in the host galaxy, the mass of Markarian 421'sblak hole has been estimated to be about 108:28�0:11 solar masses (34). This are-tion proess produes very bright radiation over a wide band of the eletromagnetispetrum. Markarian 421 has long been known as a strong radio (35), optial (36),and x-ray (37) soure, and in 1992 the EGRET experiment aboard the ComptonGamma-Ray Observatory deteted MeV gamma rays from it (38).Jets along the rotation axis of the blak holes are believed to be the soure ofthe TeV gamma-ray emissions. Due to this non-spherially-symmetri geometry, onewould expet the appearane of an AGN to depend on the angle from whih it isviewed. Indeed, it has been proposed that many of the di�erenes between sublassesof AGN are aused by their di�erent orientations relative to our own galaxy (39).Markarian 421 is lassi�ed as a blazar, whih are haraterized by strong polarizationand high variability in the optial and a at spetrum in the radio. In partiular,58



59it belongs to the BL La lass, whih have a featureless optial spetrum with veryweak emission lines. The lak of spetral features is an indiation that the jet of theAGN is aligned along our line of site so that our view is unobsured by the galatidisk.BL Las an be further subdivided into high-energy uto� and low-energy ut-o� BL Las (HBLs and LBLs). The broad-band spetra of blazars onsist of twopeaks (Fig. 4.1). BL Las with the �rst peak in the radio are lassi�ed as LBLs,and those with the �rst peak in the x-rays are lassi�ed as HBLs. It is the latterategory that have been deteted at TeV energies, sine the seond peak an extendup to gamma-ray energies. The �rst peak is believed to be a produt of eletronsynhrotron radiation, while the origin of the seond is still not known for ertain(see setion 4.1.3).4.1.2 Observed Spetral Properties of Markarian 421One of the most striking features about the TeV gamma-ray emission from Markarian421 is its rapid variability. Its signal strength an vary from being undetetableto being the brightest soure in the sky at these energies. In May of 1996, twopartiularly rapid ares were observed that have allowed us to plae strong limitson the properties of the emission region (40). The �rst ourred on the 7th and sawthe ux inrease by a fator of at least 50 with a doubling time of about one hour.The seond one on the 15th lasted about 30 minutes with an approximately 20 foldinrease in ux. Based on ausality arguments, the size sale of the soure is limitedby the time sale of the most rapid ux variations. This relationship also depends on
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Figure 4.1 The two-peaked struture of the spetra of blazars. This �gure shows aalulation using the synhrotron self-Compton model disussed in setion 4.1.3.



61the speed of the jet, whih is haraterized by the Doppler fatorÆ�1 = (1� �os�): (4.1)Here, � and  are the usual veloity and Lorentz fator of the jet, and � is the angleof the jet to the observer. Taking into aount the resulting time dilation e�ets andthe redshift, z, of the soure, we an onstrain the size of the emission region withrespet to the harateristi timesale, T , to beR < TÆ=(1 + z): (4.2)Estimates of Æ put it in the range of about 10 to 50. The lower limit omes fromthe fat that the observed density of photons at lower energies should produe anenvironment that is too optially thik to allow for the transmission of TeV photons.However, if the soure is moving relativistially, then the density will be muh lowerin the soure frame allowing the TeV photons to esape (41). The higher values forÆ ome from model �ts to the energy spetra (see setion 4.1.3). Jet omponentswith suh high veloities have not been seen at radio wavelengths (42), whih meansthat either the jet is being rapidly deelerated, or the theoretial models need to bemodi�ed (43). Even with the higher Doppler fator, setting T = 1 hour yields a limitof R < 50 light hours, whih is surprisingly small for the soure of suh energetiradiation.The variability in the ux of TeV gamma rays provides greater information whenompared with observations at other wavelengths. A number of studies have beenperformed omparing the ux of Markarian 421 in wavebands from radio through TeVgamma rays as a funtion of time (44; 45). The x-ray and TeV gamma-ray uxes



62show strong evidene of being orrelated with eah other. The radio and optialuxes show muh less variability than the higher energy uxes and do not show signsof strong time orrelation.One interesting feature that has been notied in the TeV region of Markarian421's spetrum is the presene of a uto� around an energy of a few TeV (46). Astrong are in 2001 yielded a suÆiently large enough number of events to determinethat the energy spetrum is not adequately desribed by a simple power law, butthat an exponential uto� must be added as well. Absorption by the extragalatibakground light (setion 4.1.4) is one possible soure of this uto�, although it isurrently disfavored. Observations of the blazar Markarian 501 indiate a signi�antlyhigher uto� energy for that soure than for Markarian 421 (47). Sine they are foundat similar redshifts, external mehanisms are unlikely to be the ause of both uto�s.Measurements of the energy spetrum at various points throughout the 2001 sea-son have revealed that it varies signi�antly as the ux levels hange (48). In general,as the ux inreases, the spetrum beomes harder. If it an be determined that theposition of the energy uto� is hanging, then this would be a lear indiation thatintrinsi soure properties are at least partially responsible for its presene. So far,however, measurements with suÆient preision to make this determination have notbeen made.4.1.3 Prodution Mehanisms of TeV Gamma RaysThe soure of the TeV emission from blazars is still debated, but there are somegeneral properties shared by all the models due to the fats we have already learned.For instane, the presene of a relativisti jet is well established, as well as the exis-tene of magneti �elds and a population of eletrons to produe the observed x-ray



63emissions. The identity of the partiles responsible for the TeV radiation, however, isstill unknown. Existing models are divided into two lasses | leptoni and hadroni| based on the partile employed to produe the TeV photons. Some of the generalfeatures of these are illustrated in �gure 4.2.Given the population of photons in the presene of highly energeti eletrons thatmust be present to produe the synhrotron radiation, inverse Compton satteringof the photons by the eletrons is a natural mehanism for aelerating them to TeVenergies. Suh models are known as synhrotron self-Compton (SSC) models due tothe fat that the same population of eletrons and photons are involved in both thesynhrotron and inverse Compton emissions (49; 50). One of the main strengths ofthis model is that it explains the observed time orrelation between the x-ray andgamma-ray signals. In addition, it also does a good job of desribing the shape ofthe observed spetra. In the simplest SSC models relatively large Doppler fators ofÆ � 50 are needed to produe adequate �ts. This is viewed as a problem by somedue to the lak of evidene for suh strong Lorentz boosting at other wavelengths(see setion 4.1.2), but an be solved by using two separate eletron populations ofdi�erent, but more moderate, Doppler fators (43). Another weakness of the SSCmodel is the observation of TeV ares with no orresponding x-ray are in someAGN (51; 52), although several explanations for these within the SSC frameworkhave been put forth.Despite the general suess of the SSC model, there still exist some viable hadronimodels that annot be ruled out as the soure of the TeV photons (53; 54). Themost promising of these is synhrotron radiation from protons. Two other modelsof note are that the TeV gamma rays ome from the deay of �0s produed by p-pinterations, or that proton interations with synhrotron radiation produe gamma



64

Figure 4.2 Illustration depiting the hadroni and leptoni prodution methods ofTeV gamma rays in AGN.



65rays and eletrons that in turn initiate pair asades. Both of these models su�erfrom the fat that they are very ineÆient. The latter an be improved by inreasingthe magneti �eld to � 1 G, but with suh �eld strengths the synhrotron lossesbeome a muh more eÆient mehanism for TeV gamma-ray prodution.One of the motivating fators behind the proton-synhrotron model is that it oulddesribe the relative stability of the shape of Markarian 501's (another TeV produingBL La) spetrum despite dramati hanges in its overall ux (53). However, thisspetral stability assumes that synhrotron losses are the dominant soure of energyloss. In order for this ondition to be met and to allow for the sub-hour sale variabilityin Markarian 421, one would require an unreasonably large (� 100 G) magneti �eldstrength. If, on the other hand, partile esape or adiabati ooling are allowed todominate, then the spetrum of Markarian 421 in its most rapid ares an be �t witha more moderate magneti �eld of � 100 G. In this model, spetral stability is nolonger expeted, whih agrees with the spetral hardening that has been observed(see setion 4.1.2).In addition to the large magneti �eld strengths, the proton-synhrotron modelalso requires the existene of a very energeti population of protons, with energieson the order of 1019 eV. Suh aelration may be possible through shoks in the jet,but would push this mehanism to its limit. However, if protons are indeed beingaelerated to suh high energies, it might also be able to explain the origin of ultra-high-energy osmi rays (55), whih is a strong reason why the hadroni models arestill of suh interest despite the apparent suess of the leptoni models.The physial soure harateristi that determines whether the SSC or proton-synhrotron model will be the dominant soure of TeV radiation is the magneti �eldstrength. The typial �eld strength in SSC models is about 0:1 G, as ompared to



66the � 100 G of the proton-synhrotron model. This an lead to an empirial methodof distinguishing between the models, sine in both the x-ray synhrotron photonsare produed by eletrons in a �eld of about 0:1 G. Thus in the proton-synhrotronmodel, the TeV and x-ray emissions ome from di�erent regions within the jet andthe time orrelation between ares at these two energies is not expeted to be as tightas with the SSC model. Suh a distintion will require many more simultaneous x-rayand gamma-ray observations of Markarian 421 to be made than have been done todate. 4.1.4 The Extragalati Bakground LightWhen looking at the transpareny of the universe to TeV photons, the most importantinteration to onsider is that of two photons olliding to produe an eletron-positronpair. The ross setion for this proess is given by (56)�(q) = 38�T f(q) (4.3)f(q) = q ��1 + q � q22 � ln1 +p1� q1�p1� q � (1 + q)p1� q� (4.4)q = m2eE" 21� os(�) : (4.5)The parameter �T is the lassial Thomson ross setion, me is the eletron mass, � isthe ollision angle, and E and " are the energies of the two photons. The funtion f(q)reahes its maximum at q = 0:508, whih means that the ross-setion for a head-onollision is maximized for a TeV photon when the other photon has an energy ofabout 0:5 eV. Consequently, infrared photons are the dominant soure of absorptionfor TeV photons.The di�use infrared bakground is important from a osmologial point of view



67beause it ontains muh of the radiated energy produed by struture formationsine the epoh of deoupling (57). Infrared photons are produed either diretly orthrough the absorption and re-emission of shorter wavelength photons by dust louds.Unfortunately, diret measurements of this radiation are extremely diÆult due tothe high foreground from soures within the solar system.From one point of view, the large amount of unertainty in the infrared bakground(ommonly referred to as the extragalati bakground light, or EBL, at z = 0) isa problem for TeV astronomers sine it makes it diÆult to disentangle absorptione�ets from the intrinsi spetra of soures. On the other hand, it provides an exit-ing hallenge as studying the EBL's e�et on TeV spetra may be the only way ofobtaining a preise measurement of its intensity.To see how this sort of indiret measurement might be aomplished, we �rstalulate the amount of absorption for TeV photons from any given model of theEBL following the proedure of referene (56). If we let dn(")=d" be the number ofinfrared photons per unit energy, per unit volume, then the absorption probabilityper unit pathlength for a photon of energy E is given byd�dl = 34�T Z d" Z 1xo dxxf � m2exE"� dn(")d" ; (4.6)xo = m2eE": (4.7)Making a substitution of variables in the seond integral, we then haved�dl = 38�T Z 1m2e=E d"dn(")d" F �m2eE"� ; (4.8)F (x) = 2x2 Z 1x dqq�3f(q): (4.9)



68The �nal step is to integrate over the distane between the earth and the soure atredshift z, whih yields�(E; z) = 3�T 8Ho Z z0 dz0 1 + z0p(1 + z0)
m + 
�=(1 + z0)2 (4.10)Z 1m2e=(1 + z0)2E d"dn(")d" F � m2e(1 + z0)2E"� :In this work we use the values Ho = 0:71 km s�1 Mp�1 for the Hubble parameter,
m = 0:27 for the fration of the ritial density in matter, and 
� = 0:73 for thefration of the ritial density in dark energy. One the absorption probability isknown, the fration of surviving photons at a given energy is simply exp[��(E; z)℄.As mentioned before, the density of the EBL is largely unknown, so we use theresults of the semianalyti model found in referene (58). In this alulation, analytimodels are used to alulate galaxy evolution and other proesses that lead to theprodution and absorption of infrared radiation, while parameters like star formationrates and metalliity yields are set empirially using data from loal galaxies. Theresulting density distribution an be seen in �gure 4.3. The most stringent upperlimits on the EBL have been made by the HESS experiment by looking at the TeVgamma-ray signal from blazars at redshifts of z = 0:165 and z = 0:186 (59). Theseupper limits are in agreement with the model alulations used in this work.4.2 Calulating the Energy Spetrum4.2.1 Gamma-ray Seletion CriteriaThe eÆieny of the standard gamma-ray seletion riteria disussed in setion 2.4 ishighly energy dependent. Sine soures tend to have spetra whih fall o� rapidly with
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Figure 4.3 The density of the extragalati bakground light as alulated by thesemianalyti model in referene (58).



70energy (generally power laws with a spetral index of � 2:5), this energy dependeneis of little onsequene for soure detetion. The seletion riteria an simply beoptimized to be most e�etive just above the detetor's energy threshold where mostof the gamma rays will be. In the study of energy spetra, however, it is desirable tohave a detetor response that is independent of energy to minimize the distortion ofthe spetrum. In addition, the spetral features one is interested in are often loatedat the higher energies (e.g. determining whether there is a ut-o� in the spetrum)so it is ruial to detet as many higher energy photons as possible.Consequently, a modi�ed set of seletion riteria that is appliable over a widerrange of energies has been developed (60). The basi idea is to use the fat that thetotal amount of �Cerenkov light produed in a shower is proportional to the energyof the primary partile. Thus, one would expet the Size parameter, whih gives thetotal number of signal ounts in a shower image, to provide a rough approximation ofthe primary partile's energy. A natural way to selet gamma rays in a manner thatis eÆient over a larger energy range, then, would be to allow the riteria to varywith Size.Simulations show that the parameters Width and Length have a roughly linearrelationship with the logarithm of Size (Fig. 4.4). Thus, the riteriajWidth�mwln(Size)� bwj � �w; and (4.11)jLength�mlln(Size)� blj � �l (4.12)are used as the requirements for the Width and Length parameters when seletinggamma-ray like events. Here mi and bi are determined from �ts to simulations. Theparameters �i are determined from both real data and simulations in the followingmanner. A quality fator Q = Fon=pFoff is de�ned, where Fon is the fration of
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Figure 4.4 Plots of the Width and Length parameters of simulated events versusln(Size). The solid lines give the �ts to the data, and the dashed lines give the rangeof values aepted as being gamma-ray like.



72simulated gamma-ray showers that survive the seletion riteria, and Foff is thefration of bakground events that survive. Atual o�-soure data are used for thebakground events. A grid searh is then made through the parameters �w and�l to �nd the ombination of values that maximizes Q. The resulting seletionriteria found through this proedure, along with the standard seletion riteria, aresummarized in table 4.1. Assuming a power-law soure spetrum with spetral indexof 1:0, whih yields an equal number of ounts per logarithmi energy bin, the Size-dependent seletion riteria have Q = 5:0 and the standard analysis has Q = 3:4.If a soure spetral index of 2:5 is used, then the Q fators are 4:6 and 4:0 for theSize-dependent and standard analyses, respetively.Table 4.1 Both the Size dependent and standard gamma-ray seletion riteria usedin this work.Standard Seletion Criteria Size-dependent Seletion Criteria0:05Æ < Width < 0:12Æ jWidth� 0:0155ln(Size) + 0:00540j � 0:02380:13Æ < Length < 0:25Æ jLength� 0:00884ln(Size)� 0:130j � 0:05030:40 < Dist < 1:00 0:40 < Dist < 1:00Max1 � 30 Max1 � 30Max2 � 30 Max2 � 30Length/Size � 0:0004 Length/Size � 0:0004� � 15Æ � � 15ÆFigure 4.5 ompares the e�etive di�erential olletion areas versus energy forboth the Size-dependent and standard seletion riteria. It an be seen that aboveabout 800 GeV, the Size-dependent analysis produes a larger olletion area thanthe standard analysis. This removal of the fall-o� in olletion area at higher energiesis preisely the e�et that we desired from the Size-dependent analysis.
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Figure 4.5 Plots of the di�erential olletion area versus energy for both the standardgamma-ray seletion riteria and the Size-dependent seletion riteria.



744.2.2 Energy EstimationOne gamma-ray like events have been seleted, a method is needed to estimate theenergy of these events from the measured parameters. Again, we follow the methodsof referene (60). The amount of light from a given shower that falls on the detetordepends on two fators: the total amount of light produed by the shower, whihis diretly related to the total energy of the primary partile, and the distane ofthe shower from the detetor. Consequently, it is reasonable to estimate a shower'senergy using a funtion of the parameters Size, whih orresponds to the total lightolleted, and Distane, whih orresponds to the impat parameter of the shower.From simulations, it has been seen that the energy estimator~x = A0(Distane)3+A1y2+A2(Distane)2+A3y(Distane)+A4y+A5(Distane)+A6(4.13)works well. Here, ~x is the logarithm of the estimated energy, ~E, and y = ln(Size).The parameters Ai are found through optimizations with simulated data suh thatthey minimize "2 =X(~x� x)2; (4.14)where x is the logarithm of the atual simulated energy. This proedure an be arriedout analytially by solving the set of seven linear equations:�"2�Ai = 0: (4.15)Note that due to the i = 6 equation, the bias, de�ned by P(~x� x), is automatiallyset to zero.There is a hoie as to what input spetrum to use for optimizing the data. Power-



75law spetra with spetral indies of 1:0 and 2:5 are used, and the results are given intable 4.2. Plots of (~x � x) are given in �gure 4.6. As an be seen, the softer inputspetrum produes estimation parameters that are more aurate in the 100s of GeVrange, whereas the parameters derived with a spetral index of 1:0 are most auratein the range of a few TeV. Sine we are interested in features at higher energies, theparameters derived from the harder spetrum will be used in this work.Table 4.2 Energy estimation parameters as de�ned in equation 4.13. Values derivedusing an input spetrum of 1:0 and 2:5 are given.Spetral Index: 1:0 2:5A0 45:3 41:0A1 �0:0215 0:0165A2 �86:1 �79:9A3 �0:137 0:169A4 1:26 0:437A5 54:3 49:4A6 �18:8 �14:7From the standard deviation of ~x in eah energy bin, the energy resolution ofthis tehnique an be found. Figure 4.7 shows the energy resolution as a funtion ofenergy using both the energy estimator derived with an input spetrum of 1:0 and theone derived with a spetrum of 2:5. Although the 2:5 index estimator yields a betterenergy resolution below 1 TeV, it beomes rapidly worse above this energy. The 1:0index estimator, on the other hand, has a relatively uniform energy resolution withrespet to energy. 4.2.3 Spetral DeonvolutionThe energy spetrum obtained by simply applying the energy estimator disussedin the previous setion to the measured signal will be distorted by the �nite energy
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Figure 4.6 Plots of the error in the energy estimator, ~x�x, versus energy. The upperplot uses estimation parameters optimized with an input spetral index of 1:0, andthe lower plot uses an input spetral index of 2:5. The error bars give the energyresolution for eah energy bin.
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78resolution of the tehnique. Using our knowledge of how the energy estimator a�etssimulated data of a known energy, we would like to be able to regain the atual energyspetrum from the measured spetrum. What we want to know is the gamma-rayux per unit energy, d2N=dEdA. We de�neni = Z Ei+1Ei dEA(E) d2NdEdA; (4.16)where A(E) is the telesope's olletion area as a funtion of energy. Then we let~ni be the number of gamma-rays measured in the ith energy bin using the energyestimator. Our problem an then be thought of as �nding the matrix Mij suh thatni =Mij~nj: (4.17)The matrix element Mij is the probability that an event measured to be in thejth bin has an atual energy belonging to the ith bin. The ompliation in thisproedure arises from the fat that Mij depends on the atual energy spetrum,whih is, of ourse, unknown. If the energy bins are small enough that the energyspetrum does not hange appreiably over their width, then this dependene willbe negligible. However, we are limited in how small we an make these bins by thenumber of observed events | if the number of events per bin beomes too small thenthe statistial unertainties will beome large. Consequently, we use two di�erent setsof energy bins: a larger set of bins for the atual data, and a �ner set of bins for thesimulated data.We will denote the wider bins with Latin indies (ni) and the narrower binswith Greek indies (n�). The narrow bins are hosen to be small enough thatn� � A(E�)(E�+1 � E�)d2N=dEdA. Our strategy will be to �rst alulate the prob-



79ability of an event having an atual energy in the �th bin given that it is measuredwith an estimated energy in the �th bin, P (E�j ~E�). From this we will alulate theorresponding probabilities for the wider energy bins, P (Eij ~Ej) whih is equal toMij.To �nd P (E�j ~E�) we use simulated data and apply the gamma-ray seletion ri-teria and energy estimator to it. Following our earlier notation, we all the numberof events passing the seletion riteria with a simulated energy in the �th bin S�, andthe number of events with estimated energy in the �th bin ~S�. The number of eventswith simulated energy in the �th bin and estimated energy in the �th bin is de�nedas N(E�; ~E�). Then P (E�j ~E�) = N(E�; ~E�)n�=S�P N(E ; ~E�)n=S : (4.18)We an then use the fat thatP (E�j ~Ej) =X�2j P (E�j ~E�)P ( ~E�j ~Ej) (4.19)and sum over the index � to �nd Mij. Substituting ~n�=~nj for P ( ~E�j ~Ej), we haveMij = 1~nj X�2i n�S� X�2j N(E�; ~E�)~n�P N(E ; ~E�)n=S : (4.20)The method for deonvolving the energy spetrum proeeds by making the initialguess that ni = ~ni and alulatingMij. A new set of ni are then found by performingthe multipliation Mij~nj, and Mij is realulated. This proedure is repeated untilthe perent hange in ni between iterations falls below some threshold.Equation 4.20 depends on n� rather than ni, so in order for the above proess tobe employed, a method must be developed to alulate the n�'s from the ni's. Thisis done by assuming a funtional form for d2n=dEdA and �tting it to the ni's. The�t funtion is then used to alulate the n�'s. The validity of the assumed funtional



80formed an be heked at the end by omputing the �2 of the �t and making sure ithas an aeptable value. If not, then a new funtional form must be assumed and theproess repeated.Two di�erent funtional forms are used in this work: a simple power law, and apower law with an exponential uto�. These are given by:d2N(E)dEdA = AE��; and (4.21)d2N(E)dEdA = AE��exp�� EEo� ; (4.22)where A, �, and Eo are �t parameters. The parameter � is referred to as the spetralindex, and Eo is the uto� energy. Note that these last two parameters are highlyorrelated. In fat, near any given energy, E, a Taylor expansion shows that thedi�erential spetrum depends only on the ombination �+E=Eo. Consequently, theparameter � + E�=Eo will be used in plae of � when giving results for spetral �ts,where E� is adjusted for eah data set to give the maximum amount of deorrelation.The e�etiveness of this proedure an be seen in �gure 4.9.4.2.4 Testing the MethodTwo methods are used for testing the energy spetrum alulation tehnique desribedin the previous setion. The �rst is simulating the telesope's response to variousinput energy spetra and seeing whether the initial spetra an be reonstruted.The seond is alulating the spetrum for a soure that has already been extensivelystudied using other tehniques.For the test against simulated data, two sets of simulations are run: one with



81a spetral index of 2:5 and one with a spetral index of 3:0. Events are randomlyremoved from these �les to produes spetra with various energy uto�s Eo as de�nedin equation 4.22. The resulting �les eah ontain about 6; 000 events that pass thegamma-ray seletion riteria. Real o�-soure data are then added to the simulateddata to produe the simulated on-soure data. Another set of o�-soure data taken atsimilar times and zenith angles to the previous set are used as the bakground datafor the analysis. About ten hours of o�-soure data are used in eah ase resultingin a data set with a gamma-ray rate of approximately 9 min�1, whih orresponds tothe rate of Markarian 421 when in a moderately high ux state.For all of the simulated spetra, we are able to aurately reonstrut the inputspetral parameters. Figure 4.8 ompares the input and reonstruted di�erentialspetra for two ases, whih an be seen to be in good agreement. The one-sigmaontours for the �t parameters for � and Eo for these same simulations are shown in�gure 4.9. This �gure also shows how replaing the parameter � with �+(1 TeV)=Eoredues the orrelation with Eo, as disussed at the end of setion 4.2.3.A seond test of this method for determining the spetral parameters an bemade by �tting atual data taken of the Crab Nebula. As mentioned earlier, theCrab Nebula is used as a standard andle beause of both the strength and stabilityof its TeV gamma-ray emissions. Past measurements of this soure have indiatedthat its spetrum is well desribed by a power law. Spei� values for its spetralindex inlude 2:49�0:06stat�0:04syst (61) and 2:74�0:08stat�0:05syst (46). Lookingat data taken during the 2003-2004 season, a spetral index of 2:64�0:08stat is found,whih is onsistent with the previous results.
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844.3 Rate NormalizationThere are a number of di�erent fators that an a�et the measured gamma-rayrate besides variations in the soure. The primary ones are hanges in atmospherionditions, degradation of the telesope optis, and the soure zenith angle. In orderto be able to study intrinsi soure variations, a tehnique has been developed toorret for these fators using the fat that the osmi ray spetrum remains onstantwith time at the energies we observe (62).The �rst step is to reate a histogram of the Size parameter for all the eventsbefore seleting out the gamma-rays. Sine osmi rays dominate the bakground bysuh a large margin, this is essentially the same as reating a histogram of osmi-ray events only. An arbitrary data run is then seleted as a benhmark to whihall the other runs will be normalized. The throughput fator F for eah run isalulated by reating a histogram of F � Size and adjusting F to minimize the �2di�erene between that histogram and the Size histogram for the benhmark �le afternormalizing the histograms for any relative di�erene in observation time (Fig. 4.10).If the benhmark run and the run to be orreted are both from the same zenithangle, then applying the orretion is straightforward. Assuming a soure with dif-ferential spetral index �, the observed rate is proportional to F ��1. As the zenithangle hanges, this relationship hanges as well due to the same fators disussed insetion 3.2.6 that ause the e�etive olletion area and energy threshold to hange.From �gure 4.11 it an be seen that the ross-setional area of the �Cerenkov lightpool is proportional to se2�, where � is the zenith angle. The e�ets of the resultinginrease in olletion area and dilution of luminosity on the expeted throughput anbe alulated as follows. Assuming the Size distribution has a di�erential spetral
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Figure 4.10 The upper plot ompares histograms of the Size parameter for two par-tiularly poorly mathed data �les. The lower plot shows the same two runs after athroughput fator of 0:568 has been applied to one of the �les.



86index of �, then the number of events expeted in the ith histogram bin isni(�) = Z Ei+1se2(�)Eise2(�) dEAse2(�)E�� = (os2(�))��2ni(0); (4.23)where A is the normalization of the power law. Applying a throughput orretion ofF shifts the spetrum so that the number of ounts per bin inreases by a fator ofF ��1. Equating the hange in ounts from the hange in zenith angle, os2(�))��2,to the hange resulting from an e�etive throughput, F (�)��1, we �ndF (�) = os2(�)(��2)=(��1): (4.24)So to orret for di�erenes in throughput, we need to multiply the rate by[FM=F (�)℄��1, where FM is the measured throughput relative to the benhmark �le.The measured rate will also hange by a fator of se2(�) due to the inreased olletionarea, and by a fator of (se2(�))1�� due to the inreased energy threshold for a totalhange of (se2(�))2��. Taking into aount the e�ets of both throughput and zenithangle, the orreted rate isr = �os2(�B)os2(�) ���2� FMF (�)���1 r: (4.25)The measured rate is denoted by r, and the zenith angle of the benhmark �le is �B.One way to test this orretion is to apply it to a soure that is believed to besteady over time. For TeV astronomy the best andidate is the Crab Nebula. Herewe use data taken from September through November 2000 and �nd that the �2 �tto a onstant rate drops from 65.12 to 20.87 with 25 degrees of freedom when theabove orretion method is applied (Fig. 4.12). Thus, without the orretions the
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Figure 4.11 This diagram shows the relevant geometry for alulating the zenith angledependene of the telesope's olletion area.



88laim that the soure has a steady rate would have not been well supported, whereaswith the orretions the Crab Nebula is shown to indeed be onsistent with havinga onstant rate. This example shows not only the e�etiveness of the throughputorretions but also the neessity of their use when studying rate variability.To aount for the larger instrumental drifts between di�erent observing seasons,uxes are normalized to the ux of the Crab Nebula as measured that same season.Sine the spetral shape of Markarian 421 varies over time, the value of the normalizedux will depend on the energy range over whih the ux is measured. In this work, weintegrate over all energies above 400 GeV, sine this is around the energy thresholdof the detetor.

Figure 4.12 The rate versus time for the Crab Nebula both with and without thethroughput orretion disussed in the text applied.



894.4 Finding Bakground DataWhen soures are in a highly ative state observations are often made in TRACK-ING mode to maximize the on-soure time. The TRACKING analysis disussed insetion 2.4 works well for alulating the rates for strong soures. However, this teh-nique annot be used for alulating energy spetra beause the energy estimatordisussed in setion 4.2.2 is dependent on the parameter �. In order to avoid havingto disard all the TRACKING data, suitably mathed o�-soure data �les taken forother soures are found so that the Markarian 421 data an be treated as ON/OFFdata.Several di�erent harateristis of the bakground data are ompared to those ofthe on-soure data in order to minimize any systemati errors resulting from poorlymathed data. The �rst two fators are the date and zenith angle at whih the datawere taken. The relative sky quality is heked by alulating the relative throughputs(setion 4.3) and by omparing the number of ounts in the o�-soure region of the� histogram (from 20Æ to 65Æ). Finally the pedestal varianes are ompared andpreferene is given to bakground �les with varianes less than that of the on-soure�les so that in the data padding stage noise is added primarily to the bakgrounddata (see setion 2.4).For eah of these parameters, a distane Di between the two �les is de�ned (seetable 4.3). The total distane between any two �les is justD2 =Xi D2i : (4.26)A di�erent bakground data �le is seleted for eah on-soure �le mathing them so asto make the sum of the distanes between all the on-soure/o�-soure pairs as small



90as possible. This optimization is arried out in two steps. First a greedy algorithmis used, where at eah step the remaining on-soure/o�-soure pair that has thesmallest relative distane between them are paired together and then removed fromthe list of available �les. After a bakground �le has been found for every on-soure�le, a Metropolis algorithm is used to improve this initial guess. The Metropolisalgorithm proeeds by randomly swapping the bakground �les for two on-soure�les and realulating the total distane. If the distane is lowered, the swap isautomatially kept. Otherwise, the swap is kept with a probability ofP = 1Dexp���DD � ; (4.27)where D is the old total distane and �D is the hange in the total distane. Thereason for not immediately rejeting all swaps that inrease the total distane is toavoid beoming trapped in a loal minimum that is not the global minimum.Table 4.3 Parameters used to quantify how well mathed two data �les are.Parameter De�nition �iD0 Modi�ed Julian Day (MJDon �MJDoff )=�0 30 daysD1 Zenith Angle (ZAon � ZAoff)=�1 5:0ÆD2 Relative Throughput (F � 1)=�2 0:05D3 O�-soure Di�erene (Non �Noff )=pNon +Noff=�3 2:5(Non and Noff are ountswith 20Æ � � � 65Æ.)D4 Pedestal Variane (�off=�on � 1)=�4, if �off > �on 1:00, if �off � �onOne suitable bakground data have been found, analysis proeeds the same aswith the standard ON/OFF analysis with one exeption. Instead of weighting thebakground �le by the relative observation time to the on-soure �le, it is weighted



91by the ratio of the number of ounts in both �les with 20Æ � � � 65Æ.This method an be tested by omparing it with the standard ON/OFF analysis.Using 26 runs of Crab Nebula data for whih onurrent o�-soure data have beentaken, the above proedure is used to �nd a seond set of bakground data. The ratesfor eah run are then alulated using eah set of bakground. A �2 of 24:23 with25 degrees of freedom is found when omparing these rates, whih is onsistent withstatistial utuations. Thus, the above proedure is apable of �nding o�-soure datathat reprodue the ON/OFF analysis rates to within the statistial unertainties.4.5 Results4.5.1 Rate VariabilityThe data used for this study were olleted over four di�erent observation periodsduring the 2003-2004 observing season. The last three periods eah orrespond toobservations made over a single month between full moons. For the �rst period,multiple months are ombined sine the soure rate was low and, onsequently, datawere taken less frequently. Figure 4.13 shows the gamma-ray rate of Markarian 421 asa funtion of time. A onstant �t to these rates is rejeted at well beyond the 99:9%on�dene level (�2 = 1; 928 with 201 degrees of freedom), indiating lear evidenefor variablity over this time span.The ux levels and variability in the ux for Markarian 421 for the four observingperiods are given in table 4.4. During the �rst period the soure is in a relativelyquiet state, with an average ux slightly below that of the Crab Nebula. The seondperiod sees an inrease in the ux, building to a level of 2:85 times the Crab Nebulain the third period. There is a dramati drop in the rate the last two days of the third
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Figure 4.13 Rate versus modi�ed Julian day for Markarian 421 in the spring of 2004.The vertial lines indiate the periods into whih the data are divided for analysis.



93period. When observations began again in the fourth period, Markarian 421 was ina muh quieter state, with emissions at only about two thirds of the Crab Nebula.A onstant funtion is �t to the rates during eah period, and the �2 per degrees offreedom of these �ts is taken as a simple measure of the variability over that time.This number remains fairly stable throughout the season, ranging from 2:90 to 3:75.Table 4.4 Average ux and variability in the ux of Markarian 421 over four di�erentperiods during the 2003-2004 observing season. Fluxes are normalized to the CrabNebula ux above 400 GeV. The �2 refers to a �t to a onstant funtion, and DOFgives the number of degrees of freedom of the �t.Period Dates Flux (Crabs) �2/DOF DOF1 Nov. 11, 2003 - Feb. 27, 2004 0:96 3:49 482 Mar. 11 - 29, 2004 1:48 2:90 493 Apr. 9 - 26, 2004 2:85 3:19 754 May 9 - 21, 2004 0:66 3:75 26
4.5.2 Spetral FitsThe energy spetra for eah of the four periods in the 2003-2004 season are �t witha power law with an exponential uto� (equation 4.22). The best �t parameters foreah period are given in table 4.5, and the one sigma unertainty ontours are shownin �gure 4.14, where the spetral index � has been replaed by � + (1 TeV)=Eo asdisussed in setion 4.2.3. The trend of spetral hardening (dereasing �+(1 TeV)=Eo)an be seen in the �rst three periods as the rate inreases. The fourth period does notappear as soft as the �rst despite its lower ux, although the limited statistis makeit diÆult to be too preise about this last period. Note, given the preision of theurrent measurements it is impossible to say whether the observed spetral hangesare due to hanges in � or Eo, or a ombination of both. Another important fator to



94notie is that the upper limit on Eo for the seond and third periods is �nite. Thus,these spetra are inonsistent with a simple power-law with no uto�.Table 4.5 Best �t parameters for the di�erential energy spetrum of Markarian 421during the four observing periods in 2004. The parameters refer to a power law withexponential uto� as de�ned in equation 4.22. DOF gives the number of degrees offreedom of the �t.Period A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOF1 2:74� 10�11 2.75 5.02 0.833 52 6:00� 10�11 2.34 2.18 0.287 53 13:58� 10�11 2.10 2.30 0.140 54 1:97� 10�11 2.63 10.24 0.738 4To investigate more preisely how the spetral shape varies with the soure ux,we ompare the 2004 are with a larger are that ourred in 2001. For this earlierare, a paraboli �t to the spetral index versus ux has been made (48):�(�) = 2:66� 0:123�+ 0:0056�2; (4.28)where � is the ratio of Markarian 421's ux to that of the Crab Nebula. As a furthertest of our methods, we alulate our own �ts to the 2001 data. Sine the original2001 �t was made by sorting the data by the measured rates, we also sort the data byrates as well as by observing periods when �tting the spetral parameters. If a singlemehanism is responsible for all the observed ares, then all data with the same ratesshould share the same spetral features, justifying the use of rates to separate thedata. In this ase we might still expet to see a well de�ned spetral shape versusux relationship in the data sorted by dates if the variation in rates between datebins is greater than the variation within eah bin.The dates of the observing periods are given in table 4.6. Tables 4.7 and 4.8
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Figure 4.14 One sigma ontours for the �ts to the spetral parameters for the fourobserving periods in the 2003-2004 season.



96give the best �t parameters for the rate and date binned data, respetively, and theunertainty ontours of these �ts are given in �gure 4.15. When these new parametersare ompared with the �t in equation 4.28, the resulting �2s are not good (17:7 with 5degrees of freedom for the rate binned data and 51:8 with 4 degrees of freedom for thedate binned data) and there is an apparent vertial o�set between the new �ts and theold. One likely ause of this is the large systemati unertainty in the uto�-energy�ts. Suh a systemati shift an be aounted for by allowing the onstant term inthe �t to vary. Changing this term from 2:66 to 2:60 results in muh improved �2s of6:3 with 4 degrees of freedom and 18:2 with 3 degrees of freedom for the data binnedby rate and date, respetively (Fig. 4.16). A �t to the spetral parameters alulatedin this work for the rate binned data yields:�(�) + (1:3TeV)=Eo = 2:96� 0:178�+ 0:0142�2: (4.29)This gives a �2 of 2:03 with 2 degrees of freedom for the rate binned data and 6:88with 4 degrees of freedom for the date binned data.Table 4.6 Dates for the observing periods used for the 2000-2001 season along withthe average ux of Markarian 421 for eah period. Fluxes are normalized to the CrabNebula ux above 400 GeV.Period Dates Flux (Crabs)1 Nov. 28, 2000 - Jan. 4, 2001 0:842 Jan. 20 - Feb. 4, 2001 2:753 Feb. 17 - Feb. 27, 2001 4:104 Mar. 15 - Apr. 1, 2001 3:48The same proedure is repeated for the 2004 data to see whether the relations inequations 4.28 and 4.29 still hold three years later. The �t parameters and unertaintyontours for the rate binned data are given in table 4.9 and �gure 4.17. For the date
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Figure 4.15 One sigma ontours for the �ts to the spetral parameters for the 2000-2001 season. In the upper plot the data have been sorted by the gamma-ray rate,and in the lower one they have been sorted by observation date (see table 4.6).
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Figure 4.16 Plots of �+(1:3 TeV)=Eo versus ux for the 2000-2001 season. The 2001�t has been shifted vertially to aount for possible systemati errors (see text).



99Table 4.7 Best �t parameters for the di�erential energy spetrum of Markarian 421for the 2000-2001 observing season when sorted by gamma-ray rates. DOF gives thenumber of degrees of freedom of the �t.Rate A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOFr > 12:5 min�1 29:69� 10�11 2.03 3.53 0.164 510:0 < r < 12:5 min�1 25:77� 10�11 1.85 2.45 0.784 57:5 < r < 10:0 min�1 21:18� 10�11 1.95 2.36 0.083 55:0 < r < 7:5 min�1 16:41� 10�11 1.97 2.20 0.602 5r < 5:0 min�1 5:11� 10�11 2.44 4.66 0.931 5Table 4.8 Best �t parameters for the di�erential energy spetrum of Markarian 421for the 2000-2001 observing season when sorted into the observing periods given bythe dates in table 4.6. DOF gives the number of degrees of freedom of the �t.Period A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOF1 2:89� 10�11 2.65 6.15 0.245 52 14:07� 10�11 2.08 2.67 0.560 53 20:51� 10�11 2.03 3.73 1.273 54 19:69� 10�11 1.96 2.59 1.245 5binned data they are given above in table 4.5 and �gure 4.14. Note, �+(1:0 TeV)=Eois used rather than � + (1:3 TeV)=Eo as is used for the 2001 data. This di�ereneis aounted for in �ts to equation 4.29 by again leaving the onstant term as afree parameter, whih is done anyway to ompensate for systemati hanges betweenseasons. The 2004 data are in good agreement with the 2001 data, yielding �2s of5:70 with 4 degrees of freedom and 1:36 with 3 degrees of freedom for the rate anddate bin data when ompared with equation 4.29 (Fig. 4.18).Given the agreement between the 2001 and 2004 results, it seems that the relation-ship between spetral shape and ux on the time sale of months is relatively stable,over the period of a ouple of years, at least. Another interesting question is whetherthe mehanism for ares on shorter time sales is the same as for that at longer time
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Figure 4.17 One sigma ontours for the �ts to the spetral parameters for data binnedby gamma-ray rates in the 2003-2004 season.
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Figure 4.18 Plots of � + (1:0 TeV)=Eo versus ux for the 2003-2004 season. The �tshas been shifted vertially to aount for possible systemati errors (see text).



102Table 4.9 Best �t parameters for the di�erential energy spetrum of Markarian 421for the 2003-2004 observing season when sorted by gamma-ray rates. DOF gives thenumber of degrees of freedom of the �t.Rate A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOFr > 8:54 min�1 18:66� 10�11 2.08 1.96 0.301 57:20 < r < 8:54 min�1 12:87� 10�11 2.27 2.71 0.150 56:01 < r < 7:20 min�1 15:23� 10�11 1.98 1.85 0.185 53:66 < r < 6:01 min�1 7:34� 10�11 2.32 3.62 1.09 5r < 3:66 min�1 3:06� 10�11 2.57 2.40 0.116 5sales. One test that an be made of this is whether the spetral shape versus uxrelations hold when the data from a shorter time sale are binned together. Sinethe third period of 2004 has the highest average ux and most observation time forthat season, we fous on it to look for day-sale hanges in ux and spetral shape.As before, we bin the data by both date (see table 4.10) and rate, �t the spetralparameters (tables 4.11 and 4.12, and Fig. 4.19), and ompare with equation 4.29.From �gure 4.20, it an be seen that the previous spetral shape versus ux relationdoes not provide a good �t to the data. The �2 values for the rate and date binneddata, respetively, are 18:35 with 4 degrees of freedom and 13:35 with 4 degrees offreedom. This disrepany suggests that there may be a aring mehanism atingon day time sales that di�ers from the one ating on month sales. Note, from thedate binned data it is lear that the spetral shape still varies over time (for instanebetween the �rst three periods), but these hanges are no longer orrelated with theux in the same way as the data averaged over month sales are.
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Figure 4.19 One sigma ontours for the �ts to the spetral parameters for subdivisionsof the third observing period in the 2003-2004 season. In the upper plot the datahave been sorted by the gamma-ray rate, and in the lower one they have been sortedby observation date (see table 4.6).
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Figure 4.20 Plots of �+(1:2 TeV)=Eo versus ux for subdivisions of the third observingperiod in the 2003-2004 season. The �ts has been shifted vertially to aount forpossible systemati errors (see text).



105Table 4.10 Subdivision of dates within the third period of the 2003-2004 season alongwith the average ux of Markarian 421 for eah subdivision. Fluxes are normalizedto the Crab Nebula ux above 400 GeV.Period Dates Flux (Crabs)1 Apr. 9 - 13 3:702 Apr. 14 - 16 3:323 Apr. 16 - 20 2:404 Apr. 21 2:765 Apr. 22 - 25 2:20Table 4.11 Best �t parameters for the di�erential energy spetrum of Markarian 421for April of 2004 with data sorted by gamma-ray rates. DOF gives the number ofdegrees of freedom of the �t.Rate A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOFr > 8:6 min�1 16:80� 10�11 2.18 2.43 0.337 57:6 < r < 8:6 min�1 14:22� 10�11 2.21 2.28 0.340 56:6 < r < 7:6 min�1 14:23� 10�11 2.14 2.11 0.128 55:7 < r < 6:6 min�1 15:25� 10�11 1.81 1.88 0.477 4r < 5:7 min�1 6:72� 10�11 2.42 9.64 0.566 54.5.3 Cuto� PropertiesIn addition to looking at the overall steepness of the spetrum, we an also study theuto� feature haraterized by the parameter Eo. As mentioned in setion 4.1.2, itis urrently viewed as unlikely that this uto� is purely a result of absorption by theEBL (see setion 4.1.4). A simple test of this hypothesis is to hek for variationsin Eo over time. If Eo were seen to hange, then this would be a lear indiationthat its ause is internal rather than external. Figure 4.21 shows a plot of the uto�energy versus soure ux. A onstant �t to the data yields a value of 2:40 TeV with a�2 = 2:4 for 4 degrees of freedom. Thus, there is no evidene for variability, althoughthe large error bars do not allow us to eliminate the possibility that Eo is hanging.
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Figure 4.21 Plots of the uto� energy versus ux for Markarian 421 for the 2003-2004season. The data have been sorted by gamma-ray rate.



107Table 4.12 Best �t parameters for the di�erential energy spetrum of Markarian 421for April of 2004 with data sorted into the observing periods given by the dates intable 4.10. DOF gives the number of degrees of freedom of the �t.Period A (m�2 s�1 TeV�1) � Eo (TeV) �2=DOF DOF1 14:69� 10�11 2.14 2.51 0.076 52 15:14� 10�11 2.09 1.81 0.191 53 10:25� 10�11 2.02 2.96 0.992 54 12:24� 10�11 2.23 3.25 0.177 55 15:76� 10�11 1.88 1.55 0.376 5Despite the large unertainties, we an still test the hypothesis that the uto� ispurely a produt of absorption by the EBL. First, we an ompare the amount ofattenuation predited by equation 4.10 to the observed exponential uto�. Assumingthe data shown in �gure 4.21 do indeed represent a onstant uto�, we an omputethe 95% on�dene statistial upper limit on Eo to be 3:38 TeV. To estimate thesystemati unertainty we vary the gain in the simulations used to alulate theenergy spetrum by 20% and re�t the data. Doing this shows that Eo an vary by upto approximately 1:5 TeV, whih we will take as the systemati unertainty. Addingthis to the statistial unertainty yields an upper limit on the uto� energy of lessthan 5 TeV. Figure 4.22 ompares the theoretial absorption by the EBL with thefuntional form exp[�E=(5:0 TeV)℄. Above 2 TeV the EBL alulation produess farless absorption than what is shown by the exponential uto�. This indiates thatsomething else in addition to the EBL is responsible for the observed uto�.A more preise method of making this test is by using a power law onvolvedwith the theoretial EBL attenuation rather than a power law with an exponentialuto� as the assumed funtional form when performing the spetral deonvolution(setion 4.2.3). The results of this proedure are shown in table 4.13. The �2 perdegree of freedom for all but the lowest rate data are unaeptably high (ompare
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109with table 4.9) indiating that the hosen funtional form is a bad one. The good �tto the lowest rate data is most likely aused by the softer spetrum and overall lowerrate whih leads to greater statistial unertainty in the higher energy bins wherethe EBL predition is most inadequate. Figure 4.23 shows the measured di�erentialspetra ompared with the �ts for two of the rate bins. These poor �ts are furtherevidene that the uto� in Markarian 421's spetrum is intrinsi rather than beingaused by the EBL alone.Table 4.13 Best �t parameters for the di�erential energy spetrum of Markarian 421for the 2003-2004 observing season assuming a simple power law spetrum attenuatedby the semianalit EBL alulation. DOF gives the number of degrees of freedom ofthe �t. Rate A (m�2 s�1 TeV�1) � �2=DOF DOFr > 8:54 min�1 12:11� 10�11 2.58 4.683 67:20 < r < 8:54 min�1 9:97� 10�11 2.60 3.67 66:01 < r < 7:20 min�1 9:24� 10�11 2.57 14.08 63:66 < r < 6:01 min�1 6:42� 10�11 2.56 3.27 6r < 3:66 min�1 2:34� 10�11 2.86 0.90 6
4.6 DisussionWhile there have been previous studies of the Whipple 10-m telesope's observationsof the 2004 are of Markarian 421 (45), they limited themselves only to data takensimultaneously with x-ray observations. Thus, this work represents the �rst analysis ofthe entire Whipple data set for Markarian 421 during the 2003-2004 season. Althoughthis are did not produe rates as high as those seen in some previous ones, it stillprovides some interesting onstraints on the prodution mehanism of TeV photonsin this soure.The relationship between spetral shape and ux observed in the 2001 are (48)
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Figure 4.23 The observed di�erential spetra of Markarian 421 ompared to �ts as-suming a power law with EBL absorption. The upper plot is for data with gamma-rayrates > 8:54 min�1, and the lower plot is for 6:01 min�1 < rate < 7:20 min�1.



111has been shown to be onsistent with the 2004 data as well, suggesting that the aringmehanism is stable over the timesale of years (setion 4.5.2). However, when thisrelationship is tested on ux hanges that our on day rather than month time sales,it is found to no longer adequately desribe the data. Consequently, it appears that adi�erent mehanism must be operating to produe TeV gamma-ray rate hanges onthese shorter time sales.Reent work on onstraining the EBL, both theoretial and observational, haveindiated that it is less intense than previously thought (58; 59). Comparing theobserved spetrum of Markarian 421 with that of a pure power law onvolved withthe theoretial absorption from the EBL show that it is not dense enough to explainthe observed uto� (setion 4.5.3). It therefore seems that the intrinsi spetrum ofMarkarian 421 annot be explained by a pure power law. One possible explanationis that there is a uto� in the spetrum of whatever partiles are responsible for theprodution of TeV photons. Another explanation ould be some form of absorptionourring within the soure itself. Although the statistis in this study are not suf-�ient to determine whether or not the uto� energy in Markarian 421 hanges overtime, the fat that its ause is likely to be intrinsi to the soure rather than a slowlyvarying �eld like the EBL indiates the possibility for the future disovery of hangeson short timesales.With the advent of the stereosopi imaging of �Cerenkov showers by experimentssuh as HESS and VERITAS, higher quality data on TeV blazars has been oming,and ontinues to ome, in. These new-generation instruments may have the powerto �nally resolve the question of what mehanism produes TeV photons in blazars.One exiting prospet of suh an understanding is the ability to use TeV blazars asosmologial tools, as has already begun with the limits that have been plaed on the



112EBL density. If we an understand blazar spetra well enough to predit what theintrinsi spetra should look like, then our ability to measure the osmologial e�etson those spetra will inrease dramatially.



APPENDIX AFINDING THE MINIMUM BOUNDING RADIUS FORN > 3 POINTSIn this appendix we sketh a proof of the onjeture made in setion 3.2.4 aboutthe bounding radius for a group of n > 3 points. Here, the bounding radius isde�ned as the smallest possible radius of a irle that an ontain a set of n points.The onjeture is that the smallest bounding radius for n > 3 points is the largestbounding radius for any subset of 3 points.We an always �nd a irle that ontains all n points by inreasing its radius toan arbitrarily large size. We then proeed to ontinuously derease the radius. Bymoving the enter of the irle ontinuously, it is straight forward to ontinue thisproess until two of the n points lie on this irle. Sine we have three degrees offreedom to work with (the x and y oordinates of the enter of the irle and itsradius), and only two are required to make the irle interset the two points, we anuse the third degree of freedom to ontinue to derease the radius. If there were onlytwo points, it would be possible to keep shrinking the radius until the two points layon the endpoints of a diameter of the irle. For n > 2, this proess will only haveto stop sooner if a third point at �rst omes into ontat with the irle. If this doesnot happen, the resulting irle will be the minimum irle that bounds the obtusetriangle formed by the two points on its diameter and any of the other points in itsinterior. If a third point is interseted, the irle will irumsribe a triangle. We anassume that this triangle is aute, sine otherwise we ould ontinue to shrink andmove the irle until the two points with the greatest distane between them lie ona diameter. Thus, all n points an be ontained by the minimum bounding irle forone of the subsets of three points. 113



APPENDIX BRAW DATA FOR TEV BURST SEARCHThis appendix ontains the raw data for the TeV gamma-ray burst searh disussedin hapter 3. The measured and expeted bakground ounts for bursts of size n = 2through 7, along with the observation times, are given in the following three tables.Eah table orresponds to a di�erent amera on�guration, and they are furthersubdivided by burst length and zenith angle (ZA). The label \low" orresponds toZA < 20Æ, \med" orresponds to 20Æ � ZA < 40Æ, and \high" orresponds to ZA� 40Æ.Table B.1 Raw PBH searh data for Jan. 1998 - July 1999.�t ZA n: 2 3 4 5 6 7 time (s)1s high meas: 71,206.0 1,546.0 17.5 1.0 0.0 0 210,368bkgd: 71,637.4 1,647.8 17.8 0.2 0.0 0.0med meas: 125,279.0 1,844.0 9.0 0.0 0.0 0 907,506bkgd: 124,876.7 1,843.4 16.8 0.1 0.0 0.0low meas: 57,319.5 629.3 5.0 0.0 0.0 0.0 827,740bkgd: 56,919.9 619.5 4.8 0.0 0.0 0.03s high meas: 96,033.5 7,927.0 287.5 11.2 0.0 0.0 229,434bkgd: 95,892.0 7,914.0 309.2 10.4 0.5 0.0med meas: 327,922.0 15,573.6 421.0 10.0 2.7 0.0 979,603bkgd: 327,712.1 15,504.4 389.6 9.3 0.5 0.1low meas: 154,222.5 5,534.3 121.8 1.0 0.0 0.0 859,420bkgd: 153,575.7 5,418.9 98.4 1.3 0.1 0.05s high meas: 157,555.0 22,047.3 1,288.0 41.4 1.0 0.0 186,161bkgd: 157,508.5 22,011.0 1,337.7 53.4 1.2 0.2med meas: 402,671.0 33,970.4 1,464.0 29.0 0.0 0.0 888,731bkgd: 401,604.5 33,978.1 1,408.2 45.0 0.7 0.0low meas: 213,873.0 13,541.3 464.5 7.0 0.0 0.0 836,753bkgd: 213,373.0 13,172.2 431.6 9.0 0.2 0.0
114
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Table B.2 Raw PBH searh data for Sept. 1999 - July 2000.�t ZA n: 2 3 4 5 6 7 time (s)1s high meas: 89,723.0 4,251.7 118.5 1.0 0.0 0.0 213,299bkgd: 89,901.9 4,263.4 114.0 3.8 0.1 0.0med meas: 147,176.0 5,576.3 115.8 1.0 0.0 0.0 556,517bkgd: 147,147.9 5,585.2 115.7 2.1 0.0 0.0low meas: 3,186.5 53.0 0.0 0.0 0.0 0 375,665bkgd: 3,154.2 47.7 0.5 0.0 0.0 0.03s high meas: 146,745.5 26,292.9 2,068.0 119.0 7.2 0.0 213,305bkgd: 147,058.6 26,052.1 2,145.3 126.6 6.1 0.1med meas: 283,941.5 39,051.0 2,527.3 140.0 2.0 0.0 578,128bkgd: 284,073.3 38,887.0 2,575.0 122.3 4.3 0.1low meas: 183,511.0 23,876.3 1,573.3 70.2 3.0 0.0 385,636bkgd: 183,675.8 23,824.6 1,478.9 69.4 2.6 0.05s high meas: 152,100.0 55,704.8 8,436.3 833.2 64.0 7 229,955bkgd: 152,084.4 55,547.4 8,475.6 849.2 66.7 4.6med meas: 303,539.0 80,858.0 9,430.3 760.2 44.5 2.0 591,445bkgd: 303,845.0 80,382.3 9,549.5 787.1 49.0 2.0low meas: 195,556.0 49,303.9 5,602.3 447.6 31.0 0.0 385,636bkgd: 195,695.7 49,291.5 5,518.8 423.2 24.8 0.9
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Table B.3 Raw PBH searh data for Sept. 2000 - July 2003.�t ZA n: 2 3 4 5 6 7 time (s)1s high meas: 57,281.0 1,624.7 20.3 0.0 0.0 0.0 565,257bkgd: 57,448.3 1,590.54 33.7 3.2 0.6 3.1med meas: 158,055.5 3,719.7 43.3 0.0 0.0 0.0 2,217,903bkgd: 157,784.1 3,771.3 61.6 1.7 0.0 0.1low meas: 103,795.0 2,369.7 43.5 2.0 0.0 0.0 1,812,615bkgd: 103,669.2 2,289.4 34.3 1.8 0.1 0.03s high meas: 120,677.0 11,448.3 490.5 19.0 0.0 0.0 566,913bkgd: 120,357.6 11,484.7 574.8 24.8 1.8 0.3med meas: 344,471.5 28,143.0 1,215.5 42.8 1.0 0.0 2,234,834bkgd: 344,721.2 28,098.3 1,241.8 46.7 2.0 3.6low meas: 232,787.0 16,953.0 733.5 30.8 0.0 0.0 1,812,049bkgd: 232,185.8 17,081.9 723.1 29.5 1.1 0.15s high meas: 139,977.5 25,094.0 2,076.0 120.8 2.2 2.1 560,263bkgd: 140,041.6 25,097.1 2,117.5 136.9 6.0 0.6med meas: 415,501.0 62,568.6 4,639.5 252.2 16.0 1.0 2,175,660bkgd: 414,630.2 62,809.7 4,723.9 278.0 17.5 1.6low meas: 289,666.5 38,844.6 2,714.5 173.8 6.5 1.0 1,780,874bkgd: 288,918.2 38,767.1 2,767.5 166.5 10.6 0.9



APPENDIX CCOLLECTION AREA VERSUS ENERGYColletion areas versus energy for the three di�erent amera on�gurations alulatedat various zenith angles.Table C.1 Colletion Area vs. Energy and Zenith Angle. Areas are in 108 m2.Jan. 1998 - July 1999Energy (TeV) ZA � 20Æ 20Æ < ZA � 40Æ 40Æ < ZA0.5 2:60� 0:23 0:71� 0:13 0:10� 0:061.0 4:80� 0:31 6:41� 0:40 1:64� 0:232.0 5:92� 0:35 9:10� 0:48 10:67� 0:605.0 4:33� 0:35 11:89� 0:65 23:01� 0:897.5 4:24� 0:35 11:81� 0:64 28:29� 0:98Sept. 1999 - July 2000Energy (TeV) ZA � 20Æ 20Æ < ZA � 40Æ 40Æ < ZA0.5 4:10� 0:13 4:87� 0:35 1:74� 0:461.0 4:72� 0:14 6:77� 0:41 9:35� 0:572.0 5:33� 0:15 8:56� 0:47 13:10� 0:675.0 6:08� 0:16 9:35� 0:49 15:91� 0:747.5 6:48� 0:16 10:01� 0:50 17:93� 0:78Sept. 2000 - July 2003Energy (TeV) ZA � 20Æ 20Æ < ZA � 40Æ 40Æ < ZA0.5 3:54� 0:12 3:29� 0:29 0:27� 0:101.0 3:85� 0:13 5:75� 0:38 6:88� 0:492.0 3:90� 0:13 6:79� 0:41 10:71� 0:615.0 3:93� 0:13 6:26� 0:40 11:91� 0:647.5 3:82� 0:13 6:84� 0:42 11:77� 0:63
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