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SummaryCurrent experiments in ultra-high energy osmi ray and high energy neu-trino physis may open new observational windows to the universe. In thisdissertation I larify the motivation and the hallenges of ultra-high energyosmi ray astronomy, and disuss in detail the opportunities for neutrinomixing studies at the next-generation neutrino telesopes.In partiular, I present a tehnique to properly evaluate the expetedanisotropy in the ultra-high energy osmi ray arrival distribution startingfrom a given astronomial atalogue of the loal universe. By applying thismethod to the IRAS PSCz atalogue of galaxies, I establish the minimumstatistis needed to signi�antly rejet the hypothesis that ultra-high energyosmi rays trae the baryoni distribution in the universe. A foreast for theAuger experiment is provided.I also treat the inuene of the Galati magneti �eld on the arrivaldiretions of ultra-high energy osmi rays. If the Galati magneti �eldwas known with suÆient preision, it ould be used as a spetrograph todisriminate among soure models and primaries of ultra-high energy osmirays. I ompare several Galati magneti �eld models and disuss for theexample of the AGASA data how the signi�ane of small sale lustering ororrelations with proposed astrophysial soures are a�eted by the Galatimagneti �eld.Deetions of harged partiles indued by the Galati magneti �eldand laims of anisotropies in osmi ray data around 1018 eV ould point toneutron beam soures in the primary ux of ultra-high energy osmi rays.If neutron beams do exist, they might open interesting perspetives to probeneutrino mixing at neutrino telesopes. After an introdution to the �eld ofhigh energy neutrinos, the new topi of neutrino avour mixing studies athigh energy telesopes is detailed, and other soures and observables suitableto that purpose are disussed.
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PrefaeE tirato dalla mia bramosa voglia, vago di vedere la gran om-mistione delle varie e strane forme fatte dalla arti�ziosa natura[. . . ℄ pervenni all' entrata di una gran averna, dinanzi alla quale[. . . ℄ subito si destarono in me due ose: paura e desiderio; pauraper la minaiosa osura spelona, desiderio per vedere se l�a entrofussi aluna miraolosa osa. Leonardo da ViniSine the time of Galilei and Newton, one of the fundamental pillars of mod-ern physis is the realization that the terrestrial and osmi systems obeythe same basi laws. Astropartile physis is the modern attempt to probethe properties of elementary �elds by mean of astrophysial and osmologialsystems or, vie versa, to apply the partile physis knowledge to understandastrophysial or osmologial issues. In the 21st entury, the eletromagnetiradiation still remains the main soure of astronomial information. Extend-ing the detetable band from visible light to the whole spetrum from radio-waves to gamma rays has represented the greatest astronomial ahievementof the 20th entury, with far-reahing onsequenes for physis as well. Usingradiation of a di�erent nature (osmi rays, neutrinos, and eventually gravi-tational waves) ould substantially hange our view of astronomial objets,o�ering new elestial laboratories to explore fundamental physis.This thesis deals with key aspets of the physis and astrophysis of highenergy osmi rays and neutrinos, and of their deep inter-onnetion. InChapter 1 we summarize the urrent knowledge of osmi ray astrophysis,the detetion tehniques, and the open issues in the �eld. In partiular, thetopi of \ultra-high energy osmi ray astronomy" is introdued. Given thepervasive presene of magneti �elds in the osmos, the feasibility of an as-tronomial program with harged partiles at ultra-high energies is not guar-anteed. This ruial question will be hopefully answered by the Pierre AugerObservatory, whih is almost ompleted.The �rst part of the thesis is devoted to explore some aspets of this issue.Cosmi rays at the highest observed energies (above 1019 eV) are expetedi



to su�er relatively small deetions in the osmi magneti �elds. While theimportane of the extragalati magneti �elds is still debated, the existeneof a large sale magneti �eld in our Galaxy is an observational fat whihhas surely an important impat on harged partiles' deetions. This in turna�ets the statistial analysis of the small sale properties of the observedarrival diretions. In Chapter 2 we ompare several Galati magneti �eldmodels to evaluate the expeted deetion patterns, and disuss for the ex-ample of the AGASA data how the signi�ane of small sale lustering ororrelations with given astrophysial soures are inuened by the Galatimagneti �eld. The possibility to use the Galati magneti �eld as a \spe-trograph" to disriminate among soure models and primaries of ultra-highenergy osmi rays is analyzed. Suh a diagnosti tool ould sharpen ourhanes to use the highest energy partiles of the universe to probe enter-of-mass energies muh larger than in any existing or planned aelerator, andmight then help to �nd possible imprints of new physis. These issues weretreated in our artile[I℄ M. Kahelrie�, P. D. Serpio and M. Teshima, \The Galati mag-neti �eld as spetrograph for ultra-high energy osmi rays," astro-ph/0510444.At energies above about 5�1019 eV the mean free path for proton inter-ations drops drastially, beause the photo-pion prodution on the osmimirowave bakground is energetially allowed. This implies that the volumeof the universe that an be probed via osmi rays is signi�antly redued. Aninteresting onsequene is that the pattern of the osmi ray soure distribu-tion should be imprinted in the large sale anisotropies of the data, providedthat osmi magneti �elds are not too strong and that the heavy nulei om-ponent of the osmi ray ux is negligible. In Chapter 3 a areful treatmentof a large sale atalogue of galaxies is performed to evaluate the expetedsignal if osmi ray soures orrelate with the luminous baryoni strutureof the loal universe. A hi-square approah is used to provide a foreastfor testing this hypothesis at the Auger experiment. These alulations werepresented in[II℄ A. Cuoo, R. D' Abruso, G. Longo, G. Miele and P. D. Serpio, \Thefootprint of large sale osmi struture on the ultra-high energy osmiray distribution," JCAP 01, 009 (2006) [astro-ph/0510765℄.High energy astrophysial neutrinos are the topi of the seond part ofthe thesis. The observations of ultra-high energy hadrons is a onviningii



argument that extraterrestrial high energy neutrinos should exist. In Chap-ter 4 we review the �eld of high energy neutrinos, introduing the expetedsignals, the detetion priniples and the urrent and planned experiments.Given the important disoveries in the �eld of neutrino osillations of reentyears, it is worthwhile to explore what are the hanes that these instrumentsand the new astrophysial targets they will dislose might have for neutrinomixing phenomenology. This issue is detailed in Chapter 5, whih is basedin partiular on the papers[III℄ P. D. Serpio and M. Kahelrie�, \Measuring the 1-3 mixing angle andthe CP phase with neutrino telesopes," Phys. Rev. Lett. 94, 211102(2005) [hep-ph/0502088℄.[IV℄ P. D. Serpio, \Probing the 2-3 leptoni mixing at high-energy neutrinotelesopes," Phys. Rev. D 73, 047301 (2006) [hep-ph/0511313℄.The thesis ends with a onluding disussion in Chapter 6.During the period spent as a Ph.D. student at the Max-Plank-Institut f�urPhysik in Munih, I have also worked in other �elds of astropartile physisphenomenology, not overed in this dissertation. I briey summarize theseother lines of researh.Primordial nuleosynthesis and nulear astrophysisFollowing my laurea thesis in Naples and the preliminary results presentedin [V℄, I have performed (in ollaboration with the Naples astropartilegroup) a detailed analysis of nulear reation unertainties entering theprimordial nuleosynthesis network, providing a new regression protool andnulear database [VI℄.A ollaboration with nulear astrophysis experimental groups of Naplesand Bohum (LUNA, ERNA) is ongoing to study the feasibility of laboratorymeasurements of some interesting reations.[V℄ A. Cuoo, F. Ioo, G. Mangano, G. Miele, O. Pisanti and P. D. Ser-pio, \Present status of primordial nuleosynthesis after WMAP: re-sults from a new BBN ode," Int. J. Mod. Phys. A 19, 4431 (2004)[astro-ph/0307213℄[VI℄ P. D. Serpio, S. Esposito, F. Ioo, G. Mangano, G. Miele andO. Pisanti, \Nulear Reation Network for Primordial Nuleosynthe-sis: a detailed analysis of rates, unertainties and light nulei yields,"JCAP 0412, 010 (2004) [astro-ph/0408076℄.iii



Neutrino di�use bakgrounds from the early universeSome attention has been paid to the osmologial neutrino bakgrounds.We have haraterized a new, di�use osmi soure of neutrinos from theearly universe: The neutrinos from the �rst generation of stars, the so-alledPopIII [VII℄. Unfortunately, a diret detetion is at present out of question:Although this ux is omparable to the di�use neutrino ux produed by theordinary stars and ore-ollapse supernovae, due to the large osmi redshiftthe typial energies are in the MeV and sub-MeV range where the solar andgeophysial neutrino uxes are muh larger.We also had a fresh look at the bounds to a non-zero hemial poten-tial in the osmi neutrino bakground [VIII℄, in partiular via primordialhelium. Its importane as one of the few tests of the osmologial standardassumption that sphaleron e�ets equilibrate the osmi lepton and baryonasymmetries was emphasized.In ollaboration with members of the Valenia and Naples astroparti-le groups, detailed alulations of the osmi neutrino bakground spetralproperties were performed and phenomenologial onsequenes for primordialnuleosynthesis, osmi mirowave bakground and large sale struture havebeen derived [IX℄. The e�ets of the neutrino osillations in a 3�3 formalismand the QED plasma orretions to the reheating phenomenon following e�annihilation have been taken into aount. A study of possible signatures ofnon-standard neutrino interations (like avour violating neutral urrents) isin progress.[VII℄ F. Ioo, G. Mangano, G. Miele, G. G. Ra�elt and P. D. Serpio,\Di�use Cosmi Neutrino Bakground from Population III Stars," As-tropart. Phys. 23, 303 (2005) [astro-ph/0411545℄.[VIII℄ P. D. Serpio and G. G. Ra�elt, \Lepton asymmetry and primordialnuleosynthesis in the era of preision osmology," Phys. Rev. D 71,127301 (2005) [astro-ph/0506162℄.[IX℄ G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti and P. D. Serpio,\Reli neutrino deoupling inluding avour osillations," Nul. Phys.B 729, 221 (2005) [hep-ph/0506164℄.Dark matter and axion physis\Dark matter" and \dark energy" are among the most puzzling unsolvedissues in osmology and partile physis. SUSY neutralinos are the mostpromising dark matter andidates, but other possibilities an not be ex-luded. In [X℄, we have studied several astrophysial and osmologial onse-quenes and bounds of an intriguing model of MeV-mass, salar dark matterandidate proposed by C. Boehm and P. Fayet, and of a generalization of it.iv



The axion, a hypothetial partile whih was originally proposed in orderto solve the so-alled CP-problem of strong interations, is another primeandidate for dark matter. I am a member of the CAST ollaboration, aCERN experiment for the diret searh of solar axions [XI℄. I have numeriallyrealulated the expeted solar uxes (inluding the transversal pro�le of theux as a funtion of the impat parameter on the Solar disk) on the basis ofthe most reent solar model. I heked that the predition does not dependsigni�antly on the details of the solar models, as expeted. The outputof both alulations, available in eletroni format, is atually used in theollaboration.The nature of the dark energy is even more problemati for fundamen-tal physis. As an alternative explanation to the osmi aeleration shownby the SNIa data, C. Csaki, N. Kaloper and J. Terning have invoked theonversion of axion-like partiles into photons in presene of intergalatimagneti �elds. In [XII℄ we have disussed a stringent onstraint from thespetral shape of the osmi mirowave bakground, whih exludes a largepart of the parameter spae for suh a model. When ombined with otheronstraints, it strongly disfavors the senario, at least as leading mehanismto mimi osmi aeleration.[X℄ P. D. Serpio and G. G. Ra�elt, \MeV-mass dark matter and primordialnuleosynthesis," Phys. Rev. D 70, 043526 (2004) [astro-ph/0403417℄.[XI℄ K. Zioutas et al. [CAST Collaboration℄, \First results from the CERNaxion solar telesope (CAST)," Phys. Rev. Lett. 94, 121301 (2005)[hep-ex/0411033℄.[XII℄ A. Mirizzi, G. G. Ra�elt and P. D. Serpio, \Photon axion onversionas a mehanism for supernova dimming: Limits from CMB spetraldistortion," Phys. Rev. D 72, 023501 (2005) [astro-ph/0506078℄.
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Part IAstronomy with ultra-highenergy osmi rays
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Chapter 1The status of osmi raysIn this Chapter we introdue the topi of osmi rays, with partiular em-phasis to the high and ultra-high energy regions. After an overview on thepresent status of the �eld (Se. 1.1), we summarize the main features of themodels of prodution and propagation of osmi rays, with partiular em-phasis on the theoretial expetations and on the problems onneted to thehigh energy tail of the spetrum (Se. 1.2). In Setion 1.3 we desribe thebasi features of the detetion tehniques employed. In Setion 1.4 we on-lude introduing the sub-topi of ultra-high energy osmi ray astronomy, towhih the �rst part of this dissertation is devoted. For more omplete reviewsof the �eld of ultra-high energy osmi rays, we address the reader to the pa-pers [Bha98, Nag00℄ or the monographies [Ber90, Gai90, Sta04, Sok04℄.1.1 IntrodutionCosmi rays are a very wide topi, deeply related to many �elds of physis,ranging from partile and nulear physis to astrophysis. The present knowl-edge on elementary partiles was triggered by osmi rays, with the disoveryof the positron in 1932, the muon in 1937, the pion in 1947, and later of thestrange partiles kaon and �-hyperon. Nowadays that the physis at aeler-ators is starting to �ght against both tehnologial and �nanial limitations,these natural laboratories enjoy renewed interest. Fundamental questions re-main however unanswered in osmi ray physis. From the astrophysial pointof view, almost one entury after their disovery, we have no de�nite lue tothe origin, aeleration and propagation of osmi rays, though we reognizethat they arry information about our Galaxy, and probably also about theextragalati spae, at least at the highest observed energies.In a nutshell, we know that osmi rays at the sea level are mostly3



4 Chapter 1. The status of osmi rays

Fig. 1.1.| All partile osmi ray energy spetrum as ompiled by S. Swordy[Swo97℄. The breaks of the power law spetrum at the knee and at the ankleare indiated.��; e�; , a few hadrons and many � (the so-alled atmospheri neutrinos)with an integrated ux of harged partiles of about 200 m�2 s�1. Theseare seondary partiles generated in Earth's atmosphere by the so-alled pri-mary omponent, whose ontent at the top of the atmosphere is roughly 90%protons, 9% He nulei, 1% of heavier nulei up to iron, 1% e� and a smallomponent of , of the order of 0.01%. Cosmi rays present an almost fea-tureless energy-spetrum whih extends over more than eleven deades up toat least 1020 eV, where the ux is lower than one partile km�2 entury�1 (seeFig. 1.1). The main physial observables are the arrival diretions, the hem-ial omposition and energy spetra of the primaries, while at the highestenergies also the arrival times provide interesting information.



1.2. Prodution sites, aeleration and propagation 5The GeV and sub-GeV energy range is strongly inuened by the Solarmagneti modulation and also inludes some ontribution of Solar-injetedpartiles. These partiles onstitute both numerially and energetially thebulk of the osmi ray primaries, and their deetions in the Earth's mag-neti �eld were historially ruial to understand the harged partile natureof Hess' \Kosmishe Strahlung". Nowadays, this range still plays an interest-ing role for partile physis, in partiular for indiret searhes of dark mattervia its annihilation produts: anti-nulei, positrons, gamma-rays, and neutri-nos [Jun96, Beg98, Mau02℄. The low energy range will not be treated furtherin this dissertation.At higher energies the spetrum behaves like a power-law, dN=dE / E� ,with  ' 2:7. The only distint features are: i) A hange in the index from 2.7 to 3.1 around 3 PeV (knee); ii) a possible seond knee around 4{8 � 1017 eV; iii) a attening again to  ' 2:7 at about 5�1018 eV (ankle)(see Fig. 1.1). At the 29th International Cosmi Ray Conferene in 2005,the HiRes ollaboration has also laimed strong evidene (almost 5 �) infavour of a suppression of the ux at E >� 5 � 1019 eV (see also [Bem05℄).This awaits further on�rmation, but \the end of osmi ray spetrum" atenergies around 1020 eV is theoretially expeted, as will be disussed in thefollowing Setion.1.2 Prodution sites, aeleration andpropagationThe nature of the sites and mehanisms of aeleration of osmi rays is stillan open question in high energy astrophysis, together with a full hara-terization of the bakground �elds in whih their propagation takes plae.For the osmi rays maybe up to the seond knee, the standard paradigminvokes aeleration of the partiles in shok waves in supernova remnants.A simple energy balane argument supports this senario, one onsideringthe parameters of Galati size and supernova (SN) rate and energy release.From a dynamial point of view, the aeleration is explained via the grad-ual energy transfer from the marosopi waves of magnetized plasma to thepartiles �lling the surrounding medium, through their repeated enounters.In this mehanism �rst proposed by Fermi [Fer49℄, the energy gain of the par-tiles appears as a onsequene of the relativisti boosts from the laboratory(lab) to the enter-of-mass (CM) frame. Aording to the oherent or randomnature of the motion of the magnetized louds, an energy gain respetivelylinear or quadrati in the louds' veloity � is ahieved. Also, a non-thermal



6 Chapter 1. The status of osmi rayspower law is predited and, in partiular in the �rst order mehanism, witha spetral index slightly steeper than 2 and only weakly dependent on thedetails of the aeleration. One taking into aount propagation e�ets thatsteepen the spetrum, this model niely reprodues the observed features ofosmi rays, though very little diret experimental evidene for the validityof the mehanism exists. Probably, the most interesting hints for hadroniaeleration ome from the observations of very high energy gamma ray emis-sion from supernova remnants whih are \orphan" (invisible) in X-rays, thusdisfavoring a leptoni emission proess. Neutrinos from Galati aelera-tors would be a smoking gun for hadroni aeleration, but as we will see inChapter 4 they are diÆult to detet, even in forthoming experiments.Both due to aeleration and on�nement e�ets, the standard expeta-tion is that the hemial omposition beomes heavier at and after the knee,so that osmi rays should turn from proton-dominated at E <� few �1015 eVto iron dominated at E ' 1017 eV. This is quite a generi predition thathowever laks unambiguous diret evidene. At the highest energies, sayE >� Eankle, the Galati magneti �eld (GMF) an not on�ne the par-tiles, whih on the other hand do not orrelate with Galati strutures.An extragalati origin is then extremely likely for the so-alled ultra-highenergy osmi rays (UHECRs). For astrophysial engines to on�ne and po-tentially aelerate partiles, suÆiently strong and extended magneti �eldsare required. The maximum energy attainable for a partile of harge Z e isdetermined by the time it an be on�ned in the aeleration region, whihin turn depends on the size L of the region and on the magneti �eld strengthB, Emax � �ZeBL = 1023 eV �Z BGauss Lkp ; (1.1)where � is a possible Lorentz boosting fator of the entire medium withrespet to the observer. Equation (1.1) provides the so-alled Hillas rite-rion [Hil84℄, whih an be desribed graphially by plotting the magneti�eld of possible soures against their typial size (\Hillas plot", see Fig. 1.2).Upper limits to the maximum attainable energies for a �xed primary hargeare then represented by straight lines from the upper-left to the lower-rightorner of the plane. Of ourse, other onditions should be ful�lled by a re-alisti aelerator: For example, the energy loss within the aeleration siteimplies a more stringent onstraint than the Hillas riterion. Similar onsid-erations also hold for other aeleration senarios, like the one in a pulsarmagnetosphere.A plethora of possible aeleration sites has reently been re-viewed [Tor04℄. This zoo inludes neutron stars, radio galaxies, quasar rem-nants, star-bursts, and olliding galaxies. However the most promising ones



1.2. Prodution sites, aeleration and propagation 7
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Fig. 1.2.| Hillas diagram showing size and magneti �eld strengths of possi-ble sites of partile aeleration [An02℄. Eq. (1.1) implies that objets belowthe diagonal lines (from top to bottom), an not aelerate protons above1021 eV, 1020 eV and iron nulei above 1020 eV, respetively.are ative galati nulei (AGN) and gamma ray bursts (GRBs).� AGN are the most powerful radiation emitters in the universe. Theirobserved photon spetrum ranges from radio waves to TeV energies.Their energy is presumably supplied by the gravitational aretion ofmatter around a super-massive blak hole (M � 108M�) hidden inthe AGN ore. For an introdution to the physis and astrophysisof these objets see [Pet97, Kro99℄. Protons ould be aelerated bythe �rst-order Fermi mehanism up to Emax � 1020 eV at aretionshoks at some distane from the entral blak hole [Pro92℄, or also



8 Chapter 1. The status of osmi raysin the relativisti jets and external hot spots [Ra93℄. Blazars|thatare believed to be AGN pointing their relativisti jets towards us|and in partiular their sublass of BL La objets, are among the bestandidates for UHECR aeleration.� During their short existene of a few seonds or less, GRBs are thebrightest gamma ray soures in the universe. They have puzzled as-trophysiists for a long time. Convining observations have emergedin reent years proving that they have an extra-galati origin, andthat they are likely onneted to atalysmi proesses involving thedeath of massive stars, at the least for the sub-lass of long-durationbursts. Although we do not yet understand the internal mehanismsthat generate GRB, the \relativisti �reball" model provides us witha suessful phenomenology aommodating observations [Wax03℄. Itimplies that an enormous amount of energy, about 1051 erg, must bereleased within a few seonds at most in a relativistially expandingplasma wind (the \�reball"). In the �reball's internal shoks, protonsan be aelerated up to energies of order 1021 eV.Independently of the mehanism responsible for extragalati osmi rayprodution, at E >� 5� 1019 eV the universe beomes opaque to protons: Thephoto-meson interation proess p+CMB ! �! �+N is now energetiallyallowed on the bulk of osmi mirowave bakground (CMB) photons. Abovethis threshold, the ux of any soure loated beyond a distane of about100 Mp should be greatly suppressed, a feature predited in the Sixties byGreisen, Zatsepin, and Kuzmin and later named GZK-uto� [Gre66, Zat66℄.Heavier nulei have a omparable mean free path with respet to photo-dissoiations on CMB photons. Photons have an even shorter mean-free-path,beause of pair-prodution on the tail of CMB and espeially on the radiobakground (see Fig. 1.3). Nonetheless, extremely high energy osmi rays ofE >� 1019:5 eV have been measured by several experiments (see Setion 1.3).Moreover, the AGASA ollaboration has laimed a lear extension of thespetrum beyond the expeted GZK feature [Tak98℄, thus exaerbating therequirements for astrophysial aelerators. This has motivated the proposalof a whole lass of non-standard physis senarios to overome the aelera-tion and/or propagation diÆulties: neutrino messengers, super-heavy darkmatter, topologial defets, violation of Lorentz invariane, et. (see [Ka04b℄for an up-to-date overview on the status of suh theories). Ongoing and forth-oming experiments are expeted to shed light on the puzzle of the highestenergy partiles of the universe.
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Fig. 1.3.| Attenuation distane of 's, p's, and 56Fe's in various bakgroundradiations as a funtion of energy [Tor04℄. The three lowest and left-most thinsolid urves refer to -rays, showing the attenuation by infra-red, mirowave,and radio bakgrounds. The upper, right-most thik solid urves refer topropagation of protons in the CMB, showing separately the e�et of pairprodution and photo-pion prodution. The dashed-dotted line indiates theadiabati attenuation length at the present osmologial epoh. The dashedurve illustrates the attenuation of iron nulei.1.3 Review of experimental methodsCosmi rays an be measured via diret and indiret methods. Diret mea-surements identify the primary harge, mass and energy, by the use of spe-trometers and alorimeters, for example. Sine the atmosphere behaves asa shield, they must be performed at high altitude (high mountains, strato-spheri balloons, satellites), and are thus limited in the exposure area andtime. Beause of the steeply falling spetrum, suh experiments are only use-ful for E <� 1014 eV. It is a luky oinidene that just at the energy wherediret measurements of osmi rays beome ineÆient, ground-based meth-



10 Chapter 1. The status of osmi raysods start working. Indeed, at energies larger than 1014 eV the primaries arestudied indiretly through the measurement of the seondary partiles pro-dued in the atmosphere, that both works as a target and a alorimeter. InSetion 1.3.1 we review some basi properties of these seondary partile as-ades, in Setion 1.3.2 we summarize the tehniques used for their detetion,while Setion 1.3.3 is devoted to the very deliate issue of the determina-tion of primary speies. Historial and urrent experiments in the �eld ofUHECRs are reviewed in Setion 1.3.4.1.3.1 Air shower asadesAfter interating with the atmosphere, the primary partile starts a asade.At eah generation the number of partiles grows while the average energydereases, until a maximum number of seondary partiles Nmax (nearly pro-portional to the primary energy E) is reahed at a depth Xmax in the atmo-sphere. Below the ritial energy E, whih depends on the partile speies,the energy losses (mainly via ionization of atmospheri atoms) dominate overpartile multipliation proesses, and the shower size dereases as a funtionof depth. Most of the produed partiles in eah hadroni interation are� and K mesons. K and �� deay into � and �, thus produing the mostpenetrating omponent of the atmospheri showers. The deays of �0 intophotons are the main responsible of the eletromagneti shower of  and e�,that onstitute the majority of the partiles of the shower. These atmospherishowers omposed of millions (or billions!) of partiles are known as exten-sive air showers (EAS). The longitudinal evolution of an EAS is a funtionof the nature and energy of the primary partile, and is naturally desribedin terms of the shower depth X, de�ned asX � Z 1hexp dh dldh �(h); (1.2)where �(h) is the atmospheri density pro�le, hexp the altitude of the obser-vational site, and l(h) is the partile trajetory as a funtion of the altitude.For showers that are not too inlined with respet to the vertial diretion,dl=dh ' 1= os �z, �z being the zenith angle.The eletromagneti longitudinal pro�le, i.e. the number of harged par-tiles N�(X), is well desribed by the Greisen formula [Gre56℄,N�(X) = 0:31pTmaxeT s�3T=2; (1.3)where T � X=X� is the atmospheri slant depth measured in radiationlengths X� ' 37 g/m2 (i.e. the grammage needed to attenuate the energy of



1.3. Review of experimental methods 11an eletromagneti asade by a fator 1=e). The other parameters enteringEq. (1.3) are Tmax � Xmax=X� and the shower age s � 3T=(T + 2Tmax).Heitler's model of an eletromagneti asade [Hei84℄ gives an intuitive un-derstanding of basi properties of the shower, whose development is imaginedas a sequene of generations. At eah generation, a photon onverts into an e�pair and eah e� is assumed to emit a , the size of the shower thus doubling.The shower maximum is easily estimated as1 Nmax = E=E and requires anumber of generations n given by 2n = Nmax, or n = log(E=E)= log 2. Themaximum size ours at Xmax = nX� log 2.For a nuleon-indued asade, most of the produed partiles in eahhadroni interation are pions. Isospin symmetry suggests that at eah gen-eration 1/3 of the energy goes immediately into the eletromegnati asade(mainly via �0 deay), and after n generations, only (2/3)n (usually less than10%) of the energy remains in the hadroni hannel, that eventually willgo almost all in neutrinos and muons. A shower initiated by a nuleus ofmass A almost behaves as A independent nuleoni showers eah with anenergy 1=A of the original one. This \superposition model" is useful to un-derstand the features of a heavy nuleus asade. The longitudinal pro�le foran hadroni asade an not be alulated analytially, but it is well �ttedby a Gaisser-Hillas funtional form,N�(x) = Nmax � xw�w ew�x; (1.4)where x � (X � X0)=�, w � (Xmax � X0)=�, and (Nmax; Xmax; X0; �) arefour �t parameters. Often � = 70 g/m2 is �xed, thus performing a three-parameter �t. More properly, what is measured is the energy deposition ratedE=dX, whih however is proportional to the number of harged partiles ofthe shower reported in Eq. (1.4).The lateral distribution funtion of shower partiles, denoted by S(d),desribes the partile density as a funtion of the distane d from the showerore. It depends on the average transverse momentum of the hadroni om-ponent, as well as on the multiple Coulomb sattering for the eletromagnetiomponent. It is usually �tted with some analytial funtions, ruially de-pendent on the shower age s. Note that azimuthal symmetry is implied bythe use of the S(d). This approximation fails for very inlined showers, wherethe e�et of Earth's magneti �eld, of the gradient of air density perpendi-ular to the shower axis, et. an only be taken into aount by simulations.For further details, see [Som04℄.1Note however that the estimate onsidering the typial value E ' 81MeV wouldovershoot by more than one order of magnitude the onstant of proportionality suggestedby simulations, Nmax � E=(1:6GeV).



12 Chapter 1. The status of osmi rays1.3.2 Detetion tehniquesBroadly speaking, EAS an be studied by deteting the seondary partilesat ground level or by reording radiation from the shower front as it traversesthe atmosphere. Atually modern EAS detetors tend to ombine both teh-niques to sharpen the determination of shower parameters, ensure a betterontrol over systemati errors, and allow inter-alibration of the tehniques.This hybrid approah is atually the key tool in the experiments urrentlyonstruted, suh as the Pierre Auger Observatory.Surfae ArraysDiret detetion of shower partiles is the most ommonly used method andinvolves onstruting an array of sensors spread over a large area to sam-ple partile densities as the shower arrives at the Earth's surfae. Detetionmethods (all with duty yles almost of 100%) inlude sintillator arrays andCherenkov water tank arrays. Usually the energy, arrival time and diretionsof the seondary partiles are reorded. After the disovery of EAS by PierreAuger in 1938, the \modern" development of this tehnique was started atthe Agassiz Station of the Harvard College Observatory, a work arried outbetween 1954 and 1957 [Cla57℄. The existene of primary partiles with en-ergies greater than 1018 eV was established by the observation of one showerwith more than 109 partiles. Shielded or underground detetors are some-times used in ombination with surfae array. They sense the muon frationof the shower, whih provides useful onstraints on the hemial ompositionof the primaries (see Setion 1.3.3).The arrival times of the shower front at di�erent surfae stations allowone to reonstrut the shower axis. At least three non-ollinear stations arerequired in the limit of planar geometry for the shower front. More stationsare required for a haraterization of its urvature. From the determinationof the shower axis one an also infer the depth in the atmosphere X at whihthe shower is observed. The depth X is �xed by the height of the array abovethe sea level and the zenith angle of the event (see Eq. (1.2)).The lateral distribution funtion S(d) is another observable reonstrutedin surfae arrays. Although a detailed predition of S(d) is quite model-dependent, simulations allow to determine a ertain distane dE whih op-timizes the sensitivity of S(d) to the primary energy, minimizing the modelunertainties and the dependene from the primary speies. Then, while theshape of S(d) is almost independent of energy, the value of S(dE) is oftenquoted as an energy-estimator. The distane dE depends on the propertiesof the array, and in partiular on the grid spaing (for example, dE ' 600 m



1.3. Review of experimental methods 13for AGASA, and dE ' 1000 m for Auger).Atmospheri detetorsAtmospheri detetors measure the longitudinal development of the shower.Air Cherenkov detetors fall in this lass, but for the purposes of UHECRstudies nitrogen uoresene detetors have proven to be muh more pow-erful. These telesopes measure the uoresene light emitted isotropiallywhen atmospheri N2 moleules are exited by the passage of harged par-tiles. The emitted light is typially in the 300{400 nm ultraviolet range towhih the atmosphere is quite transparent. Under favorable atmospheri on-ditions, EAS an be deteted at distanes as large as 20 km by telesopes ofphoto-multipliers overing a large e�etive area. However, observations anonly be done in lear moon-less nights, resulting in an average 10% dutyyle. The implementation of the uoresene tehnique has been pioneeredin the desert of Utah, where the group from the University of Utah built adevie ontaining two separate \Fly's Eyes" [Bal85a℄ that has monitored thesky from 1986 until 1993.In a uoresene detetor, an air shower is seen as a spot of light movingdownwards in the atmosphere at the speed of light. The trak of the spotregistered on the pixels of the mirrors de�nes a great irle in the sky, thattogether with the eye's loation determines the shower-detetor plane. If atleast two telesopes at di�erent loations see the event, then the geometryan be fully reonstruted (stereo reonstrution method). In priniple,the energy determination in a uoresene detetor is straightforward andredues to the determination of the total yield of emitted uoresene light.The method has only a slight dependene on the hadroni primary assumed(error of about 2.5%), but in pratie other systematis dominate over thislimiting fator: The intrinsi utuation of the non-eletromagneti frationof the energy, the dependene on the properties of the atmosphere, the lakof detailed knowledge of the absolute uoresene eÆieny, the partialdegree of observation of the longitudinal development, ontaminations fromCherenkov light, and so forth. The determination of the e�etive apertureof these instruments is another highly non-trivial issue [Pal05℄.Finally, note that optial Cherenkov and uoresene light are not theonly radiation emitted during the shower development. Indeed, the olumnof ionized air produed by the shower an be also studied in radio-waves,by using radar ehoes. This idea suggested already in 1940 [Bla40℄, hasbeen reently re-explored [Gor00℄ as either an independent method tostudy air showers, or as a omplement to existing uoresene and surfae



14 Chapter 1. The status of osmi raysdetetors. Reently, this tehnique has been suessfully applied to EASdetetion [Fal05℄, and the perspetives in forthoming years seem verypromising [Fal02, Fal04℄.1.3.3 Chemial ompositionWhile indiret detetion of EAS is a relatively easy task, extrating preiseinformation has proven exeedingly diÆult beause of the highly indiretmethod of measurement. Probably the most diÆult parameter to extrat isthe primary partile speies. The CR primary partiles must be stable and,if harged, heavy enough not to lose too easily energy in the Galati andintergalati media. These onditions only allow nulei (inluding protons),photons and neutrinos as standard model andidate primaries.Neutrinos have very peuliar signatures at UHECR detetors, a topi thatwill be treated in some detail in Setion 4.2.5. At present only upper limitson their ux have been obtained.One way to distinguish in a statistial sense photon and hadron primariesis to ompare the rate of vertial to inlined showers, a tehnique whihexploits the attenuation of the eletromagneti shower omponent for largeslant depths. This was the tehnique applied in [Ave00℄ using Haverah Parkdata to onlude that above 1019 eV, less than 48% of the primary UHECRsan be photons and above 4 � 1019 eV less than 50% an be photons (bothbounds at the 95% on�dene level, C.L.). At present, the most stringentupper limit on the photon fration omes however from the study of Xmax(see below): Auger preliminary data imply that no more than 26% of eventsat E � 1019 eV an be indued by photons [Ris05℄.The absene of lear photon or neutrino andidate events at present isnot unexpeted in astrophysial models for UHECRs, sine � and  areonly produed as seondary partiles. On the other hand, this is alreadyhallenging for exoti models of UHECR prodution, suh as the top-downsenarios, prediting a large photon fration in the primaries, or Z-burstsenarios, where a large photon primary omponent is aompanied by ahuge neutrino ux.Up to now, all the indiret evidene suggests that UHECRs are mostlyhadroni partiles. Unfortunately distinguishing between a proton and aheavier nuleus shower is extremely diÆult at the highest energies. Apowerful way (at least in priniple) to determine the primary speies isahieved by measuring the orrelation between di�erent omponents, e.g.number of e� vs. number of ��. Sine muons are mainly produed vianulear proesses, it is lear that|for a �xed energy E|the relative number
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Fig. 1.4.| Number of muons vs. number of eletrons at di�erent lab energies,as resulting from proton and iron EAS simulations based on di�erent hadroniinteration models [Eng05℄.of muons for a hadroni primary is signi�antly larger than for a photonone. But more muons are also expeted when a heavier nuleus instead ofa proton triggers the shower. Indeed, the superposition model implies thatheavy nulei showers develop and attenuate earlier in the atmosphere, sinethey have less energy per nuleon. Nuleons of lower energies produe lowerenergy mesons, whih deay more often than the higher energy ones, thusgiving rise to more �. Quantitatively, the number of muons grows withprimary proton energy E roughly as Np� = �E�, with � and � only weaklydependent on the energy. The superposition model tells us thatNA� ' A� �(E=A)� = A1��Np�: (1.5)Simulations show that, at ultra-high energies, � ' 0:93 and thus that aniron nuleus produes a shower with around 30% more muons than a protonshower of the same energy. Unfortunately, the unertainty of hadroni modelsmakes this method very model-dependent, espeially at high energies (seeFig. 1.4).A more robust method for the estimate of the primary properties is basedon the determination of the depth of maximum longitudinal development ofthe shower, Xmax. The quantity Xmax inreases with primary energy as moreasade generations are required to degrade the seondary partile energies;



16 Chapter 1. The status of osmi raysfor showers of a given total energy, heavier nulei have smaller Xmax beausethe shower is already subdivided into A nuleons when it enters the atmo-sphere. Spei�ally, the way the average depth of maximum hXmaxi hangeswith energy depends on the primary omposition and partile interationsaording to (see also Setion 1.3.1)hXmaxi = De ln� EE0� ; (1.6)whereDe is the so-alled elongation rate and E0 is a harateristi energy thatdepends on the primary speies [Lin81℄. For a nuleus of mass number A, oneagain the superposition priniple suggests the relation E0 / A, that indeed isapproximatively on�rmed by simulations. In uoresene detetors, hXmaxiand De an be determined diretly from the longitudinal shower pro�les, seeEq. (1.4); E0 and thus the omposition an be extrated after estimating Efrom the total uoresene yield, i.e. the integral over X of the Eq. (1.4).Moreover, the utuation expeted around the average depth hXmaxi arelarger for protons than for heavy nulei, whose showers are approximately anaverage of A single nuleon showers.The status of present analyses (assuming for simpliity a bi-modalomposition proton-iron) is summarized in the \estimated iron fration"shown in Fig. 1.5 (see also [Wat04℄). We an reognize some trend suggestinga transition to lower hAi moving from energies E ' 1017 eV to E >� 1019 eV,but it is lear that in view of the low statistis at the end of the spetrumand the wide variety of unertainties in these experiments, one may onser-vatively say that this is not a losed issue.A natural question suggested by the previous disussion is why theextration of preise information on EAS primaries, and the hemialomposition in partiular, is so hallenging. The ultimate reasons are that:i) the �rst generations of partiles in the asade are subjet to inherentutuations and onsequently this limits the event-by-event resolution ofthe experiments; ii) the enter-of-mass energy of the �rst few asade stepsis well beyond any reahed in ollider experiments, as also shown in Fig. 1.6.Therefore, one needs to rely on hadroni interation models that attempt toextrapolate our understanding of partile physis.Reliable models are diÆult to ahieve, sine the inelasti part of hadroniinterations of interest is dominated by hadroni emission at limited trans-verse momentum, hpT i � 0:3 GeV. Di�erently from the hard sattering athigh pT whih an be predited relatively well by perturbative QCD, no ex-at way is known to alulate the bulk of soft, non-perturbative interations,and one has to rely on more or less phenomenologial models. These mod-
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Fig. 1.5.| Iron fration from various experiments [An04℄: Fly's Eye (tri-angles), AGASA A100 (full squares), AGASA A1 (empty squares) usingsibyll 1.6 and Haverah Park [Ave02℄, using qgsjet98 (irles). The meanomposition determined in [Dov03℄ with the orresponding error for the Vol-ano Ranh energy range using qgsjet98 (star) is shown. The solid linearrow indiates the reent result using rise time measurements from HaverahPark [Ave03℄. The dashed arrow lines represent upper limits obtained by theAGASA Collaboration with qgsjet98 [Shi03℄. The dot-dashed horizontalline orresponds to results reported by the HiRes Collaboration [Ar03℄.els are alibrated with the sparse aelerator data available in the forwardregion, and then extrapolated by one or two deades in the enter of massenergy to interpret the EAS data. At present, the di�erent approahes usedto model the underlying physis of pp ollisions show lear di�erenes in mul-tipliity preditions whih inrease with rising energy [An04℄. Experimentalprograms spei�ally devoted to the study of ross setions in the forwardregion are ongoing. For example, exploiting LHC, the most energeti ael-erator nowadays in onstrution at CERN, experiments like LHCf [Sak05℄ orTOTEM [Egg03℄ should be able to validate the EAS models at least up toequivalent lab energies of 1017 eV (CM energy 14 TeV) for protons. A fewyears later, muh larger energies should be attained in lead-lead ion olli-sions, and a dediated heavy ion detetor, ALICE, will also operate at thisollider.1.3.4 Status of present experimentsSeveral experiments have ontributed to the study of UHECRs, that we listin the following:
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1.3. Review of experimental methods 19of 50 air Cherenkov telesopes, 56 surfae and 6 shielded sintillators,with a total overed area of about 12 km2 [E�91℄.� Akeno Giant Air Shower Array [AGASA℄ { (Japan, 1990 { 2003) Forlongtime AGASA was the largest array in the world with an area of100 km2 [Chi91℄. It onsisted of 111 sintillator detetors on the groundand 27 detetors under absorbers for muons. Eah surfae detetorwas plaed with a nearest-neighbor separation of about 1 km and thedetetors were sequentially onneted with a pair of optial �bers. Theinner Akeno ore was instrumented for observations of lower energyevents.� Fly's Eye { (Utah, USA, 1982-1993) This pioneering experiment in theuoresene tehnique onsisted of two stations ontaining telesopesequipped with photo-multipliers tubes (PMT) [Bal85a℄. In 1991, it reg-istered what is still the most energeti partile ever observed, withE � 3� 1020 eV [Bir93℄.� HiRes { (Utah, USA, 1997-2006) As an up-saled version of Fly's Eye(14 telesopes in two sites) the High Resolution (HiRes) detetor be-gun operations in May 1997 [Cor92, Abu00℄. In monoular mode andtaking into aount a 10% duty yle, the e�etive aeptane of thisinstrument is about 350 km2 sr at 1019 eV and 1000 km2 sr at 1020 eV|on average about 6 times the Fly's Eye aeptane|and the thresholdenergy is 1017 eV.Among the previously mentioned experiments, only HiRes and Yakutskare still taking data, though the latter has been \down-graded" to study alower energy region. The solutions to many unanswered questions in UHECRsshould ome with two experiments of the next generation:� Pierre Auger Observatory { [Cro92℄ (sine 2004) The Pierre Auger Ob-servatory (PAO), named after the Frenh physiist that disovered andorretly interpreted EAS, is the largest ollaboration ever formed fora osmi ray experiment. It is an international projet involving almost300 sientists from institutes in four ontinents. The ollaboration plansto build two sites: the southern site is near Malarg�ue, Argentina, justeast of the Andes mountains; it has started operations while still in de-ployment phase in 2004, and should be ompleted and fully operationalin 2006. A seond observatory in the northern hemisphere (probablyin southeastern Colorado, USA) ould eventually be built to providefull sky overage. Eah site is expeted to host about 1600 surfae



20 Chapter 1. The status of osmi raysCherenkov tanks, overing an area of of 3000 km2 on a triangular gridof 1.5 km size. Twenty-four uoresene telesopes (grouped in foursites) sit on the border of the area, looking inside to maximize thenumber of events deteted in hybrid mode.� Telesope Array { [Ara03, Kah05℄ (beginning 2007) This Japanese-Amerian projet is the heir of the AGASA program. The ollaborationplans to start observations in 2007, with surfae detetors already inonstrution in the west desert of Utah, roughly one order of magnitudelarger than AGASA, and three uoresene eye stations to exploit thehybrid tehnique and redue the systemati error. The main di�erenewith respet to Auger is the overage of northern sky, and the hoieof plasti sintillators (as opposed to water Cherenkov tanks) for the576 surfae stations. An upgrade of the uoresene omponent to tenstations is planned as a long term extension of the projet.Although not diretly related to UHECRs, the study of the knee regionis of partiular importane to �x the issue of the hemial omposition ofosmi rays, the validation of hadroni models, and the link with diret de-tetion tehniques, whih in turn is ruial to determine the normalization ofthe spetrum. The most advaned experiment fousing on this region (andthe only one running) is the KArlsruhe Shower Core and Array DEtetor(KASCADE) [Ant03℄. The sintillation detetors of the array (whih is sen-sitive to both e� and muons) are housed in 252 stations on a grid with 13m spaing, and a entral hadroni sampling alorimeter is also installed. Anupgrade of the projet, named KASCADE-Grande, is ongoing. Present de-onvolution tehniques prove to be eÆient enough to allow at least a roughreonstrution of the hemial omposition of the ux, while the limitingfator learly resides in the hadroni interation models used in Monte Carlosimulations [Ant05℄.1.4 Cosmi ray astronomy?Almost a entury after the disovery of osmi rays, a satisfatory explana-tion of their origin is still laking. The main diÆulty is atually the lossof diretional information due to the bending of their trajetories in os-mi magneti �elds. In the history of astronomial progress, the positionalinformation has led the way in the astrophysial diagnostis. The loss of di-retional information prevents us from identifying osmi ray soures, andas a onsequene to shed light on their aeleration mehanisms in an un-ambiguous way. It is lear that starting the era of \osmi ray astronomy"



1.4. Cosmi ray astronomy? 21would provide a new tool for astropartile physis, with ruial onsequenesfor important physis topis: The understanding of hemial omposition ofosmi rays ould in turn failitate the study of QCD in the forward region atCM energies muh larger than reahable at existing or planned aelerators;a lue to the dynamis of the most powerful astrophysial engines would o�era new tool for astropartile physis; or maybe physis beyond the standardmodel would beome neessary to explain the data.But is the perspetive of osmi ray astronomy feasible? Given the few-�G intensity of regular and turbulent GMF, a di�usive on�nement of osmirays of galati origin is expeted up to rigidityR � p =Z e ' few �1017V, pbeing the osmi ray momentum, Z e its harge, and  the speed of light. Stillat R ' few �1018V osmi rays are strongly deeted, and no diretionalinformation an be extrated. In this region a transition from galati toextragalati osmi rays is extremely likely. Around 1019V the regime ofrelatively small deetions in the GMF starts. The transition deades R '1017{1019V, though not yet useful for \diretional" astronomy, may still showa rih phenomenology (drifts, sintillation, lensing) whih is an interestingresearh topi of its own [Rou03℄.At energies above a few 1019 eV, protons propagating in the Galaxy re-tain most of their initial diretion. Provided that extragalati magneti �elds(EGMFs) are negligible, UHE protons (but not neessarily heavy nulei) willallow us to probe the nature and properties of their osmi soures. We havealready mentioned the diÆulties in determining the hemial ompositionof UHECRs, but it must be stressed that the struture and magnitude ofthe EGMFs are poorly known as well. Only reently were magneti �eldsinluded in simulations of large sale strutures (LSS) [Dol03, Sig04℄. Qual-itatively the simulations agree in �nding that EGMFs are mainly loalizedin galaxy lusters and �laments, while voids should ontain only primor-dial �elds. However, the onlusions of [Dol03℄ and [Sig04℄ are quantitativelyrather di�erent and it is at present unlear whether deetions in extragala-ti magneti �elds will prevent astronomy even with UHE protons or not.While numerial problems ould explain the di�erenes, it is important tostress that important physial proesses at galaxy luster sales are not yetimplemented in the odes. The development of small sale �elds is triggeredby strong non-linear e�ets, and the pratie to normalize the �eld inten-sity found in simulations to the level of the observed luster �eld ould bemisleading, given the present auray.Moreover, as a onsequene of the steep CR power spetrum, UHECRsare extremely rare (a few partiles km�2 entury�1) and their detetion allsfor the prolonged use of instruments with huge olleting areas. One furtheronstraint arises from the GZK suppression desribed in Setion 1.2. Until



22 Chapter 1. The status of osmi raysnow, the limited statistis available in the UHE regime has prevented fromanswering (in either way) the question raised in the title of this setion,and atually the very detetion of the GZK e�et has not yet been �rmlyestablished.However, ongoing projets like the Pierre Auger Observatory and theTelesope Array may �nally open this new observational window. From nowon let us assume that UHE astronomy is indeed possible, namely: i) Mostof UHECRs are protons ii) EGMFs are negligibly small in most of the sky;iii) extragalati astrophysial soures are responsible for UHECRs aeler-ation. The basi question is how one may support this senario using thediretional information in UHECRs. There are atually several approahesto test this hypothesis, whih we now summarize.1.4.1 Large sale anisotropiesSine osmi rays an not propagate very far at trans-GZK energies, and theirdeetions are expeted to be relatively small in most of the sky, anisotropypatterns are expeted to show up in UHECRs, provided enough statistis isolleted. Cosmi ray air shower detetors whih experiene stable operationover a period of a year or more have a uniform exposure in right asension(R.A.). A traditional tehnique to searh for large sale anisotropies is thento �t the R.A. distribution of events to a sine wave with period 2�=m (mthharmoni) to determine the omponents (x; y) of the Rayleigh vetor [Lin75℄x = 2N NXi=1 os(m�i) ; y = 2N NXi=1 sin(m�i) ; (1.7)where �i is the R.A. of the i-th event. The mth harmoni amplitude of Ndata is given by the Rayleigh vetor length R = (x2 + y2)1=2. The ex-peted length of suh a vetor for values randomly sampled from a uniformphase distribution is R0 = 2=pN . The hane probability of obtaining anamplitude with length larger than that measured is p(� R) = e�k0; wherek0 = R2=R20: Until now, all experiments to date have reported results on-sistent with an isotropi sky on large sales [Edg78, Win86b, Cas90, Tak99℄.On the other hand, these analyses are ompletely blind to intensity vari-ations whih depend only on delination, Æ. Combining anisotropy searhesin R.A. over a range of delinations ould dilute the results, sine signi�antbut out of phase Rayleigh vetors from di�erent delination bands an aneleah other out. Moreover, analysis methods that onsider distributions in oneelestial oordinate, while integrating over the seond, have proved to be po-tentially misleading [Wdo84℄. In general, an analysis in terms of both elestial



1.4. Cosmi ray astronomy? 23oordinates, possibly based on an exposure to the full elestial sphere, wouldbe muh more reliable. A study [An03a℄ of the angular power spetrum ofthe distribution of trans-GZK osmi rays (E > 1019:6 eV) as seen by theAGASA and SUGAR experiments shows no departures from either homo-geneity or isotropy on an angular sale greater than 10Æ. Analogously, HiResdata are also statistially onsistent with an isotropi distribution [Abb03℄.All this does not obviously imply an isotropi distribution, but it merelymeans that available data are too sparse to laim a statistially signi�antmeasurement of anisotropy. Atually, we will see within a spei� examplein Chapter 3 that at least a fator 5 improvement with respet to presentstatistis is needed to perform signi�ant tests of large sale anisotropy.1.4.2 Small sale lusteringAlthough there seems to be a remarkable agreement among experiments onthe large sale isotropy of the data, this is ertainly not the ase onsideringthe two-point auto-orrelation funtion on a small angular sale, i.e. at a saleomparable with the angular resolution of the experiment. The analyses ar-ried out by the AGASA Collaboration indiate that the lustering of eventson the elestial sky ourrs at onsiderably higher than hane oinidene atseparation angles less than the angular resolution �min = 2:5Æ [Hay96, Hay00℄.AGASA �nds indeed four doublets and one triplet among the 57 events re-ported with mean energy above 1019:6 eV, with probability of observing theselusters by hane oinidene for an isotropi distribution estimated to besmaller than 1% (see Fig. 1.7).
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24 Chapter 1. The status of osmi raysA data set inluding events from other experiments has also been stud-ied [Uh99℄: six doublets and two triplets out of 92 events with energiesabove 1019:6 eV were found. The angular two-point orrelation funtion of aombined data sample of AGASA (E > 4:8 � 1019 eV) and Yakutsk (E >2:4� 1019 eV) was analyzed [Tin01a℄. For a uniform distribution of soures,the probability of hane lustering is reported to be as small as 4�10�6. Farfrom on�rming what seemed a fasinating disovery, the analysis reportedby the HiRes Collaboration showed that the data are onsistent with nosmall sale anisotropy among the highest energy events [Abb04a, Abb04b℄,though this �nding is still ompatible with expetations [Yos04b, Ka04a℄.The preliminary data of the Auger Observatory, though being searhed onlyfor single soures, gave negative result as well [Rev05℄.The disovery of suh lusters would be a tremendous breakthrough forthe �eld, but the ase for them is not yet proven. To alulate a meaning-ful statistial signi�ane in suh an analysis, it is important to de�ne thesearh proedure a priori in order to ensure it is not inadvertently devisedespeially to suit the partiular data set after having studied it. In the anal-yses arried out by the AGASA Collaboration [Hay96, Hay00℄, for instane,the angular bin size was not de�ned ahead of time. Very reently, with theaim to avoid aidental bias on the number of trials performed in seletingthe angular bin, the original laim of the AGASA Collaboration [Hay96℄ wasre-examined onsidering only the events observed after the laim [Fin04℄.This study showed that the evidene for lustering in the AGASA data set isweaker than was previously laimed, and onsistent with the null hypothesisof isotropially distributed arrival diretions.Summing up, the lustering on small angular sale at the upper end ofthe spetrum remains an open question, and the inrease in statistis andimproved resolution attainable with the PAO is awaited to solve the issue.We will see in Chapter 2 that the presene of a regular GMF a�ets theestimate of the hane probability for these analyses in a non-negligible way,espeially for experiments observing the Galati Center (GC) like AugerSouth.1.4.3 CorrelationsAn unambiguous alignment beyond random expetations between UHECRsand a given lass of astrophysial aelerator andidates would ertainly on-stitute a great disovery.In the past, some laims that this ould be indeed the ase have beenraised. In 1998, Farrar and Biermann pointed out the existene of a dire-tional orrelation between ompat radio-quasar and UHECRs: all events at



1.4. Cosmi ray astronomy? 25the high end of the spetrum observed by that time, with energy at least1� above 1019:9 eV, were aligned with high redshifted quasars, a phenomenonwith a hane probability of ourrene less than 0.5% [Far98℄. Sine then,this orrelation has been analyzed several times [Hof99, Far99, Sig00, Vir02℄.Using an updated event list (twie the size of the previous) from the Hav-erah Park [Ave00℄ and the AGASA [Hay00℄ experiments, Sigl et al. [Sig00℄showed that the statistial signi�ane of the alignment is lowered to 27%.Other authors, however, favored the earlier alignment [Vir02℄, but their or-relation signal omes from events with large unertainty both in energy andin position: they onsidered events from the SUGAR experiment, althoughit is not lear whether all these events are above the GZK uto�. After theHaverah Park energy estimates have been re-assessed [Ave01℄, the originalorrelation has to be dropped altogether: for the osmi rays in question,the energy of the 2 events observed by this array with inident zenith an-gle < 45Æ, that was previously quoted as > 1019:9 eV at 1 �, is now shiftedby 30% downwards, below the energy ut hosen by Farrar and Biermann.Hene, independently of the statistial test used, when onsidering only thehighest energy (> 1019:9 eV at 1 �) events the orrelation between UHECRsand quasars is onsistent with a random distribution at the 1 � level.Tinyakov and Tkahev [Tin01b, Tin01, Tin03℄ reported a orrelationbetween the arrival diretions of UHECRs and BL Las. Spei�ally, the 22BL Las hosen were those identi�ed as suh in the (9th-Edition) Veron-Cettyand Veron (2000) [Ver00℄ atalogue of Quasars and Ative Galati Nulei,with redshift z > 0:1 or unknown, magnitude m < 18, and radio ux at 6GHz F6 > 0:17 Jy. The CR sample of Tinyakov and Tkahev onsists of 26events measured by the Yakutsk experiment with energy > 1019:38 eV [Afa96℄,and 39 events measured by the AGASA experiment with energy > 1019:68 eV[Hay00℄. The evidene supporting their laim is based on 6 events reportedby the AGASA Collaboration (all with average energy < 1019:9 eV), and2 events reorded with the Yakutsk experiment (both with average energy< 1019:6 eV), whih were found to be within 2:5Æ of 5 BL Las ontained in therestrited sample of 22 soures. The hane probability for this oinideneset-up was laimed to be 2� 10�5: Here also the data set used to make theinitial assertion is also used to test the hypothesis. What is further subjetto ritique is that the imposed uts on the BL La atalogue were hosenso as to maximize the signal-to-noise ratio, ompensating a posteriori thedi�erent ut adjustments by inlusion of a penalty fator [Eva03℄. Withoutsuh arbitrary uts, the signi�ane of the orrelation signal is redued to the1 � level. Even aepting this approah, the estimated value of the penaltyfator is subjet to debate [Eva03, Tin03℄.In order to test the hypothetial orrelation between UHECRs and BL



26 Chapter 1. The status of osmi raysLas, Torres et al. [Tor03a℄ performed a blind analysis using the HaverahPark [Sta95℄ and Volano Ranh [Lin80℄ data samples. Suh analysis showsno positional oinidenes between these two samples up to an angular bin> 5Æ; an angular sale that is well beyond the error in arrival determinationof these experiments (' 3Æ) [Uh99℄.Additionally, Gorbunov et al. [Gob02℄ laimed that a set of -ray loudBL Las an be seleted by interseting the EGRET, the UHECRs, and theBL La atalogs (all onveniently ut). The only requirement onsidered foran objet to be physially assoiated with an EGRET soure is that theangular distane between the best estimated position of the pair does notexeed 2�R95, where R95 is the 95% C.L. ontour of the EGRET detetion.However, identifying EGRET soures with BL Las (or any other objet)just by positional pairing within twie the EGRET error grossly underesti-mates the goodness of existing -ray data: Only a few perent of the souresshould indeed appear beyond the 95% ontour radius R95. Without suhoversimpli�ation, the orrelation is not very signi�ant [Tor03a℄.Finally, another interesting result is the orrelation between BL Lasobjets and the HiRes atalogue at energies between 1 and 4�1019 eV, witha seond and less signi�ant exess at muh lower energies [Gob04, Abb05,Fin05℄. Sine this is a di�erent laim, the signi�ane an only be evaluatedby an independent analysis on new data. One again, however, it is lear thatthe question of orrelations with BL Las is all but losed.1.4.4 Single luster studiesIt has been reently observed [Far05a℄ that two events registered by HiResabove 3 � 1019 eV fall within 2.5Æ of the AGASA triplet above 4 � 1019 eV.The di�erent thresholds ould however well oinide within the energy-salesystematis errors. This \quintuplet" is intriguing, sine it arises from a om-bined sample of only 94 events. Note also that one of the highest energy dataof the Yakutsk atalogue oinides with the above-mentioned luster, withinthe experimental resolution. It is virtually impossible to properly evaluatethe hane probability of suh a on�guration, given the a posteriori utsand the adjustments done to maximize the multipliity of the luster. Onthe other hand, it is an interesting exerise to assume that the signal is asso-iated with a physial soure of UHECRs, and explore the onsequenes ofsuh an Ansatz.In [Far05b℄ it is observed that the diretion of the multiplet is exeptionalin having a likely merging pair of galaxy lusters at about 200 Mp, withan unusually low foreground density. It is thus oneivable that large saleshoks or another produt of the merging galaxy lusters may aelerate



1.4. Cosmi ray astronomy? 27the UHECRs, or the merging galaxy lusters may be oinidental and theUHECRs may be aelerated in a rare event of an un-exeptional progenitor.Low magneti deetions in the foreground void may explain why this is theonly identi�ed point-like luster despite present UHECR statistis.In [Tro05℄ the same luster is studied with respet to possible dee-tions of partiles in regular magneti �elds. Best-�t positions of a potentialsoure of these lustered partiles are found, with aount of the errors inenergy estimation, both in the frameworks of partiular models of the Gala-ti magneti �eld and treating the diretion and the amount of deetion asfree parameters. The study suggests that an unknown regular omponent ofeither Galati or extragalati magneti �eld may dominate over modelledomponents in the diretion of the luster.Obviously, suh analyses should been taken with a grain of salt, relyingon a yet unproven assumption. On the other hand, they are suggestive of theamount of information (on galati and extragalati magneti �elds, on theaelerating engine, et.) that ould be derived from a lear identi�ation ofa single UHECR soure.Evidently, the ruial issue of UHECR astronomy is still in its in-fany, and even the tools to start this �eld are urrently being developped.Some ideas to study the feasibility of a UHECRs astronomy program arereported in the following two Chapters. Chapter 2 deals with the possibilityto use the Galati magneti �eld as a spetrograph for UHECRs. This isrelevant for the ase of small sale lustering of events indued by relativelyfew, bright soures. Chapter 3 desribes the formalism to properly evaluatethe expeted anisotropy in the UHECR arrival distribution starting froma given astronomial atalogue of the loal universe. This is partiularlyrelevant if a large number of \weak" soures, possibly orrelating withthe luminous baryon matter, is the origin of UHECRs. In both ases, theemphasis is mainly on methodologial aspets, though spei� appliationswill be onsidered: In the �rst ase to the published AGASA data, in theseond one to a foreast for the Auger South experimental site.



28 Chapter 1. The status of osmi rays



Chapter 2The Galati magneti �eld asspetrograph for ultra-highenergy osmi raysIn the previous Chapter, we have seen that EAS experiments an in prini-ple measure the hemial omposition of the CR ux. However, preditionsof di�erent hadroni interation models di�er substantially at the highestenergies, and it is a theoretially and experimentally hallenging task to dif-ferentiate between proton and heavy nulei primaries. Other signs for protonor nulear primaries are therefore highly desirable. The authors of [Ber05℄advoated as the leanest signature for extragalati protons a dip in theCR ux around 1019 eV, aused by energy losses of protons due to e+e�pair prodution on osmi mirowave photons. This dip an be seen in theexperimental data of AGASA, Fly's Eye, HiRes and Yakutsk and is an in-diation both for the extragalati origin of UHECRs and, sine it is uniquefor protons (see e.g. [All05a℄), for the dominane of protons at these energies.Complementary information on the harge of the primary may be ob-tained by anisotropy and/or positional studies of CR. The existene of mag-neti �elds in spae suggests that they might be used as a natural spe-trograph. This is a very old and powerful idea in osmi-ray physis, atleast for the Earth's magneti �eld. Historially, the disovery of the lat-itude e�et [Com32℄ proved that a signi�ant fration of osmi rays wasmade of harged partiles, and the east-west asymmetry [Ros34℄ demon-strated the predominane of positively harged primaries (for an early reviewsee [Joh38℄). Some deades later, Zatsepin and Gerasimova [Zat51, Ger60℄suggested that the photo-disintegration of CRs by solar photons ould al-low to determine the mass of the primary nulei between 1017 and 1018 eVby omparing the energies of the survivor and the fragment, usually a nu-29



30 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsleon. They would generate almost simultaneous air showers in the Earth'satmosphere, spatially separated by a distane ontrolled by the solar sys-tem magneti �eld1. Reent reanalyses of this proposal show that, thoughhallenging for the low rates of detetable pairs of events [Med98℄, there issome hope to gain insights on the primary harge, eventually exploiting theadditional information of the angular orientation of the plane of the pair ofevents [Epe98℄.It is natural to ask if the weaker magneti �elds known to exist on larger saleslike the GMF might play a similar role at even higher energies, thus providingimportant information about the harge omposition and the soures of theUHECRs. A signature of proton primaries may be the small sale lusteringof UHECR arrival diretions. The small number of soures able to aeleratebeyond 1019 eV should result in small sale lustering of arrival diretions ofUHECRs if deetions in magneti �elds an be negleted. For nulei withhigher eletri harge Ze, the deetions in the GMF alone dilute a smallsale lustering signal even at the highest energies observed. We have ex-plained in Setion 1.4.2 that the existene of suh lusters is one of the hottopis in present researh on UHECRs.In this Chapter we will quantify the e�et of the GMF on the arrivaldiretion of UHECRs and a possible lustering signal. In the following, we willassume optimistially that extragalati magneti �eld deetions are smallin most of the extragalati sky. Although not being �rmly established, thisondition is a neessary pre-requisite for any program of UHECR astronomy.In Se. 2.1, we review the main features of three GMF models presentedpreviously in the literature. In Se. 2.2, we disuss in some details the roleof the GMF for the propagation of UHECRs and the method we use toassess the signi�ane of a possible small sale lustering in UHECRs data.In Se. 2.3, we apply these onepts to the AGASA data set of events withenergy E � 4 � 1019 eV, �rst to autoorrelation studies and then to testorrelations with a lass of astrophysial soure andidates. In Se. 2.4, wepresent onlusive remarks.2.1 Galati magneti �eld modelsThe �rst evidene for a Galati magneti �eld was found more than 50 yearsago from the observation of linear polarization of starlight [Hit49℄. Mean-while, quite detailed information about the GMF has been extrated mainly1In the light of the improved knowledge of the intensity of the interplanetary �eld,the kinemati splitting of the fragment, onsidered in the original proposal, was laterreognized as a sub-leading e�et.



2.1. Galati magneti �eld models 31from Faraday rotation measurements of extragalati soures or Galati pul-sars [Zwi97℄. However, it is not yet possible to reonstrut the GMF solelyfrom observations (for an attempt see [Stp01℄), and instead we will employphenomenologial models for the GMF.The GMF an be divided into a large sale regular and a (typially) smallsale turbulent omponent, with rather di�erent properties and probably alsoorigin. The root-mean-square deetion Ærms of a CR traversing the distaneL in a turbulent �eld with mean amplitude Brms is [Har02a℄Ærms = ZeBrmsE sLL2 ' 0:085Æ ZE20 Brms�G s Lkp L50p ; (2.1)where L denotes the oherene length of the �eld, E20 is the energy inunits of 1020 eV, and L� L has been assumed. Reently, it has been notedthat the latter ondition may not be ful�lled, at least for some diretionsin the sky [Tin04℄. However, their analysis based diretly on the observedturbulent power spetrum on�rmed that the deetions in the random �eldare typially one order of magnitude smaller than those in the regular one.Therefore, heneforth we shall neglet the turbulent omponent of the GMF.The regular GMF resembles the matter struture of the Galaxy and hasdi�erent properties in the disk and the halo. In the disk, the �eld is essen-tially toroidal, i.e. only its radial (Br) and azimuthal (B�) omponents arenon-vanishing. The disk �eld an be lassi�ed aording to its symmetryproperties and sign reversals: antisymmetri and symmetri on�gurationswith respet to the transformation of the azimuthal angle � ! � + � arealled bisymmetrial (BSS) and axisymmetrial (ASS), respetively. Aord-ing to the symmetry property with respet to a reetion at the disk plane(z ! �z), the notation A or S is used: in the �rst ase, the �eld reverses signat z = 0 (odd �eld), while in the seond ase it does not (even �eld). Theo-retial motivations and observations in external galaxies [Sol92℄ assoiate thepresene of �eld reversals far away from the GC to a BSS geometry. In ourGalaxy, there are probably from three to �ve reversals. The losest one is ata distane of 0.3{0.6 kp towards the GC, where the higher values seem tobe on�rmed from the new wavelet data-analysis used in [Stp01, Fri00℄, andabout 0.6 kp is the value suggested in the review [Be00℄. Moreover, there isinreasing evidene for positive z parity (on�guration S) of the GMF nearthe Sun [Fri00, Be00, Be96℄.In galati oordinates, the �eld omponents in the disk an be parame-terized as Br = B(r; �) sin p ; B� = B(r; �) os p ; (2.2)where p is the pith angle and R0 ' 8:5 kp is the galatoentri distane of



32 Chapter 2. The Galati magneti �eld as spetrograph for UHECRs
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Fig. 2.1.| The galatoentri frame used, together with the Solar position(�lled irle) along the y-axis and the orientation of the galati polar angle �.The orresponding galati longitudes are also shown, as well as the galatispiral arm model as given in [Wai92℄.the Sun, f. Fig. 2.1. Estimates for the pith angle vary between p = �8Æ�2Æfrom pulsar [Han01℄ and starlight polarization data, but other observationspointing to values of p between �13Æ and �18Æ also exist [Be00℄.The funtion B(r; �) is traditionally modeled reminisent of the spiralstruture of the matter distribution in the Galaxy asB(r; �) = b(r) os "� � 1tan p ln r�0!# : (2.3)In terms of the distane d to the losest sign reversal, �0 an be expressed as�0 = (R0 + d) exp(��2 tan p).The radial pro�le funtion b(r) is generally assumed to fall o� asr�1 [Sta97, Tin01℄, onsistent with pulsar measurements [Ran94℄. The be-haviour of the disk �eld in the inner region of the Galaxy is less well known,but learly the �eld has to be regularized for r < rmin. For r � rmax, the �eldis turned o�. In the following, we will �x rmax = 20 kp. The vertial pro�le



2.1. Galati magneti �eld models 33of the �eld outside the plane z = 0 is modeled byB(r; �; z) = f(z)B(r; �) : (2.4)Despite remaining unertainties, the regular magneti �eld in the thindisk is yet muh better known than other omponents, namely the halo (orthik disk) �eld and a possible dipole �eld. The �rst ould dominate at largeGalati latitudes and the seond may be of ruial importane near theenter of the Galaxy. Beause of the huge volume oupied by the halo �eld,it may play a dominant role for UHECR deetions, while the possibly muhhigher strength of the �eld in the enter of the Galaxy might prevent us toaess some diretions in the UHECR extragalati sky (see Se. 2.2).For the halo �eld, an extrapolation of the thin disk �eld into the galatihalo with a sale height of a few kp has often been assumed [Sta97, Tin01℄.This minimal hoie is in agreement with radio surveys of the thikdisk [Beu85℄ and mimis the expeted behaviour of a \Galati wind" dif-fusing into the halo. However, Faraday rotation maps [Han01, Han97℄ of theinner Galaxy (�90Æ < lG < 90Æ) and of high latitudes (jbGj > 8Æ) favora roughly toroidal omponent in the halo, of opposite sign above and be-low the plane (odd z parity or on�guration A) and with an intensity of1{2 �G [Han99℄. Moreover, there is some evidene for a Bz omponent ofabout 0:2�G at the solar distane [Han94℄ that ould derive from a dipo-lar struture at the GC [Han02℄. In the �laments already deteted, the �eldstrength almost reahes the mG sale [Be00℄. Even if this intriguing pitureis roughly onsistent with the one expeted if an A0 dynamo mehanismoperates in the Galati halo, it needs observational on�rmation. For exam-ple, there is no general onsensus about the existene of suh high-intensitymagneti �elds in the entral region of the Galaxy [Roy04, LaR05℄.In the following, we review three phenomenologial models that parame-terize the regular GMF. These models are haraterized by di�erent symme-tries, hoies of the funtions b(r) and f(z) and additional parameters.TT modelTinyakov and Tkahev (TT) examined if orrelations of UHECR arrivaldiretions with BL Las improve after orreting for deetions in theGMF [Tin01℄. They assumed b(r) / r�1 for r > rmin = 4 kp, andb(r) = onst. for r � rmin. The �eld b(r) was normalized to 1.4 �G atthe Solar position. The pith angle was hosen as p = �8Æ and the param-eter d �xed to �0:5 kp. They ompared a BSS-A and a BSS-S model andfound that for the former model the orrelations with BL Las inreased.



34 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsThis model has an exponential suppression law,f(z) = sign(z) exp(�jzj=z0) ; (2.5)with z0 = 1:5 kp hosen as a typial halo size. No dipole omponent wasassumed.HMR modelHarari, Mollerah and Roulet (HMR) used a BSS-S model with osh pro�lesfor both the disk and the halo �eld with sale heights of z1 = 0:3 kp andz2 = 4 kp respetively [Har99℄,f(z) = 12 osh(z=z1) + 12 osh(z=z2) : (2.6)Thus the disk and halo �eld share the same spiral-like geometrial pattern.The funtion b(r) was hosen as b(r) = 3R0=r tanh3(r=r1)�G with r1 =2 kp, hene reduing to b(r) / r�1 for r � r1 while vanishing at theGC. The pith angle was �xed to p = �10Æ, and �0 = 10:55 kp. Thismodel represents a slightly modi�ed and smoothed version of the BSS modeldisussed by Stanev in [Sta97℄. Apart for the vertial pro�le f(z), the maindi�erenes with respet to the TT model are the z parity and the r ! 0behaviour of the �eld.PS modelIn [Prz03℄, Prouza and Smida (PS) used for the disk �eld the same BSS-Son�guration as in [Sta97℄, with a single exponential sale height z0 and b(r)as desribed in Se. 2.1. In the slightly modi�ed version we use here, we �xz0 = 0:2 kp, p = �8Æ, d = �0:5 kp and normalize the loal �eld to 2�G.Apart from the larger �eld-strength, the main di�erene with the TT modelis the parity of the disk �eld, whih we take here to be even as in [Prz03℄.Additionally, we onsider a toroidal thik disk/halo ontribution,BTx = �BT sign(z) os � ;BTy = BT sign(z) sin � ; (2.7)where BT = BT;max(r)1 + � jzj�hTwT �2 ; (2.8)



2.2. Galati magneti �eld and UHECR propagation 35hT = 1:5 kp is the height of the maximum above the plane and wT = 0:3 kpis its Lorentzian width. In ontrast to [Prz03℄, we hooseBT;max(r) = 1:5�G ��(R0 � r) + �(r �R0)eR0�rR0 � ; (2.9)so that the halo ontribution beomes negligible for r � R0. Note that thereis no evidene for suh a �eld outside the solar irle [Han97℄.Finally, a dipole �eld is added as in Ref. [Prz03, Yos03℄,Bx = �3�G os� sin� sin �=R3 ;By = �3�G os� sin� os �=R3 ;Bz = �G(1� 3 os2 �)=R3 ; (2.10)where R � pr2 + z2 = px2 + y2 + z2, os� � z=R and �G is the magnetimoment of the Galati dipole with �G = 123�Gkp3 in order to reprodueBz ' +0:2�G near the Solar system [Han94℄. To avoid a singularity in theenter, we set Bz = �100�G inside a sphere of 500 p radius entered atthe GC. Note that in [Prz03℄ values as large as 1 mG were used for the hardore of the dipole �eld. However, data from low frequeny non-thermal radioemissions of eletrons [LaR05℄ favor a value of about 10�G down to a 10 psale, giving the onservative bound of 100�G whih we atually use.Finally, we warn the reader that these models are intended to provideonly a rough approximation to the true struture of the GMF. At smallsales (about tens of p), stronger �elds at the level of tens of �G have beendeteted in irregular regions assoiated with star formation and moleularlouds omplexes. These loal �elds are omitted in the usual GMF mod-els, but ould be responsible for signi�ant|though loal|e�ets in somediretions in the Galati plane. Moreover, the GMF models are not self-onsistent beause the ondition r �B = 0 is not ful�lled by any of the disk�elds disussed. Using the Ansatz of Eq. (2.3) for B(r; �), r�B = 0 an onlybe satis�ed by b(r) = onstant, or a non-vanishing z-omponent of the disk�eld.2.2 Galati magneti �eld and UHECRpropagation2.2.1 Isotropi osmi ray uxA generalized version of the Liouville theorem was shown to be valid for CRspropagating in magneti �elds soon after the disovery of the geomagneti



36 Chapter 2. The Galati magneti �eld as spetrograph for UHECRse�et [Lem33, Swa33℄. The Liouville theorem ensures the onstany of thephase spae volume along the partile trajetories: when the density of CRtrajetories is inreased by the GMF, the angular spread of their veloitiesinreases also, so that the CRs arrive from a larger solid angle. Both e�etsompensate eah other in the ux per unit solid angle, and as a onsequenean isotropi ux remains isotropi to an observer behind a magnetized en-vironment. For UHECRs, this theorem has been numerially tested [Alv01℄.In that work, partiles were injeted isotropially from randomly distributedsoures at di�erent galatoentri distanes. Even after the propagation in theGMF, the sky on Earth appears isotropi (see left panel of Fig. 6 in [Alv01℄).Following the partiles bakwards to their original soures, the e�etive ex-posure of an experiment to the extragalati sky is strongly modi�ed by theGMF (see their Fig. 6, right panel). However, even for an isotropi ux out-side the Galaxy, the GMF introdues anisotropies if blind regions on theexternal sky exist for an observer.A simple analyti estimate of this e�et an be given for a dipole �eld.Given the azimuthal symmetry, the St�rmer theory (see Refs. [Joh38, St�55℄,or [She04℄ for a modern generalization) an be applied to determine therigidity uto� RS below whih no partile an reah the Earth. Sine theEarth is at zero galato-magneti latitude, we obtainRS = �G2R20 1[1 +p1� sin �℄2 : (2.11)Here, RS depends on the arrival diretion of the osmi ray via the funtion�, that we do not need to speify here. Assuming that the tiny vertial om-ponent deteted at the solar system of 0:2�G is due to a dipole �eld, we get�G ' 120�G and then RS would vary in the range 1017 to 1018V. Obviously,the geometry of the GMF is more ompliated than a simple dipole. Never-theless, one expets qualitatively similar results for more realisti models ofthe GMF. A naive estimates of the Larmor radius,rL = pZeB ' R3� 1015V �GB p (2.12)shows that, given B ' few �G, for R <� 1017V partiles are likely to betrapped in the Galati magneti disk with a thikness-sale of 100 p. Weon�rmed this estimate numerially, although preise quantitative statementsdepend on the GMF model. Note that the argument an be turned around:for a given rigidity uto� RS, large sale anisotropies should be seen aroundE � ZeRS, if an extragalati omponent dominates at this energy. Thus,models that invoke a dominating extragalati proton omponent alreadyat E ' 4 � 1017 eV (see e.g. Ref. [Ahl05℄) or extragalati iron nulei atE <� 1019 eV might be inonsistent with the observed isotropy of the CR ux.



2.2. Galati magneti �eld and UHECR propagation 372.2.2 Anisotropi ux due to �nite number of souresIf the AGASA small sale lusters are not just a statistial utuation, theUHECR ux is, at least on small sales, anisotropi. In this ase, the CR uxan be magni�ed or demagni�ed by magneti lensing phenomena, and theappliation of the Liouville theorem is non-trivial [Har00℄. The magni�atione�ets of the GMF hange the experimental exposure and a well-de�nedproedure is needed to assess the signi�ane of any deteted anisotropy.Ideally, one may test the signi�ane of observed anisotropies by om-paring the values of the statistial estimator based on the Nd data with alarge number N of simulated Nd-points samples of the null-hypothesis. Foreah set, one should onsider the propagation in the GMF, onvolve with theexperimental exposure, and �nally rejet the null-hypothesis with a given sig-ni�ane. Instead, we will use for pratial reasons the usual bak-trakingtehnique [Kar71℄. It onsists in following the CR trajetory bakwards intime, by reversing the harge Z e and the arrival diretion vetor of the par-tile, thus using the �nal onditions (at the Earth) to determine the initialones (before entering the GMF).Sine we deal with ultra-relativisti partiles, the equations of motion anbe written in the form dvdt = v �BR ; (2.13)where v is a vetor of modulus pratially equal to  = 1. The integration isstopped when the partile reahes a distane of 50 kp from the GC. Notethat the energy losses of UHECRs on galati sales (� 10 kp) are negligible,provided the trajetory is not very far from a retilinear one. In Fig. 2.2, weshow the map thus obtained, for the three models onsidered and a rigidityof 4 � 1019 V. Note that the deetion Æ of a partile of rigidity E=Ze in a�eld of strength B oherent over the sale L is approximately given byÆ ' 0:53Æ ZE20 B�G Lkp : (2.14)To obtain an estimate for the average deetion of CRs in di�erent skyregions, labelled as in Table 2.1, we have followed bakwards 50000 randomlyhosen CRs of rigidity R = 1020 V, for whih the hypothesis of a quasi-retilinear trajetory is well ful�lled. In Table 2.2, we show the average valueand the variane of R20Æ (i.e., in units of 1020 V) for the three models ofthe regular GMF disussed in the Setion 2.1, alulated separately for eightdi�erent sky regions. The quantity RÆ depends only on the GMF modeland sales almost linearly with the �eld strength B. The largest di�erenebetween the three GMF models ours in the region Al: in the PS model, the
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Fig. 2.2.| Deetion maps for the TT (top), HMR (middle), and PS (bot-tom) models of the GMF, for a rigidity of 4� 1019 V. The deetion sale isin degrees, and the maps refer to the diretion as observed at the Earth. Allmaps use a Hammer-Aito� projetion of galati oordinates.



2.2. Galati magneti �eld and UHECR propagation 39only one with a dipole �eld, huge deetions arise lose to the GC, whih isan almost inaessible zone. In the regions Bh, Ch, and Dh the stronger halo�elds of the TT and espeially the HMR model ause larger deetions thanin the PS model. In the l-regions, apart for Al, the deetions of the threemodels are all of the order 1Æ{2Æ, and omparable to eah other within 1 �.Sine the CR in these diretions mainly travel through the disk, in order toesape the galaxy they have to ross the regions where the �eld geometry andintensity is better known, and a better agreement among the models exists.bGnlG 315� lG < 45 45� lG < 135 135� lG < 225 225� lG < 315jbGj � 30 Ah Bh Ch DhjbGj < 30 Al Bl Cl DlTable 2.1: The labels used for the eight di�erent regions of the sky referredto in the text. Angles are in degrees.region R20 Æ (PS) R20 Æ (TT) R20 Æ (HMR)Ah 1:8Æ � 1:0Æ 0:9Æ � 0:5Æ 2:1Æ � 0:8ÆBh 1:3Æ � 0:4Æ 1:3Æ � 0:6Æ 2:2Æ � 0:8ÆCh 0:9Æ � 0:4Æ 2:0Æ � 0:3Æ 2:7Æ � 0:5ÆDh 0:5Æ � 0:2Æ 1:1Æ � 0:6Æ 2:1Æ � 0:9ÆAl 14Æ � 21Æ 1:9Æ � 0:4Æ 2:2Æ � 0:7ÆBl 2:0Æ � 0:9Æ 1:7Æ � 0:5Æ 1:2Æ � 0:4ÆCl 1:7Æ � 1:1Æ 1:9Æ � 0:5Æ 1:8Æ � 0:3ÆDl 1:6Æ � 1:0Æ 1:6Æ � 0:5Æ 2:3Æ � 0:6ÆTable 2.2: The rigidity times average deetions R20 Æ in the eight di�erentregions labelled in Table 2.1.If one exludes the entral regions of the Galaxy, the average deetionis Æ ' 2Æ=R20, and the di�erenes for the magnitude of the deetions areof the order of 50% among the models. Thus only for the highest energyevents and proton primaries the role of the GMF is negligible omparedto the angular resolution Æexp of CR experiments. The latter is as goodas Æexp ' 0:6Æ for the HiRes experiment [Abb04a℄ and for Auger hybridevents [Bon05℄.For lower R, orreting for deetions in the GMF would be ruial toexploit fully the angular resolution of UHECR experiments. Note also that,even in the ideal ase of a perfetly known GMF, a reonstrution of the



40 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsoriginal arrival diretions would require a relatively good energy resolution:an unertainty of, say, 30% in the energy sale around 5� 1019 eV wouldlead to errors >� 1Æ in the reonstruted position of proton primaries in mostof the sky.Apart for deetions, (de-) fousing e�ets of the GMF e�etively modifythe exposure to the extragalati sky. This modi�ation of the exposure anbe alulated by bak-traking a large number of events and looking at theobtained map of event numbers per solid angle outside of our Galaxy. Forthe purpose of illustration, we show in Fig. 2.3 some relative exposure mapsobtained for �xed rigidity for the three hosen GMF models. They wereobtained with the tehnique desribed in [Har99℄, and essentially representthe ratio !B(l; b) = d
1(l0; b0)=d
�(l; b), where d
� is an in�nitesimal smallone at Earth (around the diretion l; b) transported along the trajetoryof a harged partile to the border of the Galaxy d
1 (around the newposition l0(l; b); b0(l; b)). If !B(l; b) deviates signi�antly from one, theorreted exposure has to be used in (auto-) orrelation studies. Note howthis e�et is present in all the models at least for osmi rays observed atthe Earth along the Galati plane.A remark on the role of the turbulent GMF is in order. A omparison ofEq. (2.1) and Eq. (2.14) shows that deetions in the turbulent GMF aresub-leading. However, this does not ensure automatially that magnetilensing by the random �eld is irrelevant at high energies, beause lensingdepends on the gradient of the �eld and the ritial energy for ampli�ationis proportional to L�1=2 . The detailed analysis of Ref. [Har02a℄ showedindeed that small-sale turbulene an produe relatively large magni�atione�ets, and suggested that it may even be responsible for (some of) themultiplets seen by AGASA above 4� 1019 eV. We argue that negleting theturbulent GMF is justi�ed in view of the urrent experimental energy andangular resolution as well as of the limited event number. First, possiblelensing e�ets by the random GMF are weakened by the presene of a regular�eld omponent [Har02a℄: Already without regular �eld, the magni�ationpeaks are quite narrow in energy spae, �E=E � 20%, and thus theirwidth �E=E is omparable to the energy resolution of CR experiments.The presene of the regular GMF narrows further these magni�ationpeaks. Seond, the experimental angular resolution introdues an additionalaveraging e�et. Thus it is seems unlikely that lensing e�ets of the turbulentGMF lead at present to distintive e�ets taking into aount the urrentexperimental limitations. Phenomenologially, our analysis is the same bothif the multiplets are due to intrinsially strong UHECRs soures or due toturbulent lensing. While for a single luster analysis the role of turbulent



2.3. AGASA data sample 41lensing might be ruial, we expet that in a global analysis the randomGMF introdues a small sale (and strongly energy dependent) orretion ofthe sky map on the top of the magni�ations e�ets of the regular GMF.The extension of the bak-traking method to very low rigidities, sayaround 1018V, or to distanes omparable to the interation length of theCR primaries [Tam05℄ is rather risky. In the former ase, as we have previ-ously motivated and is niely illustrated in the Figures of [Yos04a, Med97℄,blind regions start to appear, that in the bak-traking method orrespondto partiles trapped in the GMF. Sine the motion of the CR is very foldedand haoti, one has to follow trajetories up to Mp lengths [Yos04a℄. Thissale is of the same order of the interation length of protons in the Galaxy,thus implying that a non-negligible fration of partiles (the \almost-trappedones" whih �nally esape) starts to interat inside the Galaxy. In the lat-ter ase, trajetories have also in the straight line approximation about thesame length or are smaller than the interation length with di�use photonbakgrounds. In both ases, the Liouville theorem is violated and one annot rely on the bak-traking method for quantitative statistial studies.2.3 AGASA data sampleIn order to make the general onsiderations of the previous setion moreonrete, we will disuss here some appliations to the AGASA data. TheAGASA experiment has published the arrival diretions of their data untilMay 2000 with zenith angle < 45Æ and energy above 4 � 1019 eV [Hay00℄.This data set onsists of N = 57 CRs and ontains a lustered omponentwith four pairs and one triplet within 2:5Æ [Tak99℄ that has been interpretedas �rst signature of point soures of UHECRs. The reonstrution of theoriginal CR arrival diretions and the estimate of their errors is obviously animportant �rst step in the identi�ation of astrophysial CR soures.In Fig. 2.4, we show the measured diretions of all CRs in the AGASAdata with E � 1020 eV together with their reonstruted arrival diretion atthe border of the Galaxy for the ase of Carbon primaries. In the southernGalati hemisphere, the TT model often produes opposite deetions withrespet to the HMR and PS models beause of its antisymmetri �eld on-�guration. A longitudinal shift is often appreiable in the PS model, as aonsequene of the dipolar omponent we added. The larger deetion foundin the TT and HMR models for high latitudes is explained by the strongerregular halo �eld in these models. The best hanes for soure identi�ationarise obviously by looking at diretions opposite to the GC. On the other
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Fig. 2.3.| The extragalati \exposure" maps for the TT (top), HMR (mid-dle), and PS (bottom) model for a rigidity of 4� 1019V. All maps use aHammer-Aito� projetion of galati oordinates.



2.3. AGASA data sample 43hand, observations towards the GC have a ertain importane to use theUHECRs as diagnosti tool for the GMF [Har02b, Med03, Alv05a℄.
180

+30

-30

+60

-60

3600 27090

AGASA
GMF(PS)
GMF(TT)

GMF(HMR)

Fig. 2.4.| The AGASA data set of CRs with estimated energy exeeding1020 eV together with their reonstruted positions assuming Carbon pri-maries and the three GMF models disussed in the text. The line bounds theregion visible to AGASA for zenith angles � 45Æ.Before turning to the statistial analysis, we briey reall the estimatorswe will use in the following. The autoorrelation funtion w1 is de�ned asw1 = NdXi=1 i�1Xj=1�(`� `ij) ; (2.15)where `ij is the angular distane between the two osmi rays i and j, ` thehosen bin size, � the step funtion, and Nd is the number of CRs onsidered.Analogously, one an de�ne the orrelation funtion ws asws = NdXi=1 NsXa=1�(`� `ia) ; (2.16)where `ia is the angular distane between the CR i and the andidate sourea and Ns is the number of soure objets onsidered.2.3.1 Autoorrelation analysisWe now disuss how the small sale lustering observed by AGASA is modi-�ed by the GMF. Note from Fig. 2.3 that even for protons the magni�ationof the exposure is already signi�ant at the energy of 4� 1019 eV.



44 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsNegleting the inuene of the GMF, one generates a large number ofMonte Carlo sets of CRs, eah onsisting of Nd CRs distributed aordingto the geometrial exposure !exp of AGASA. The fration of Monte Carlosets that has a value of the �rst bin of the autoorrelation funtion w1 largeror equal to the observed one, w�1, is alled the hane probability P of thesignal. For a nonzero GMF one uses the bak-traking method: the observedarrival diretions at the Earth are bak-traked following a partile withthe opposite harge to the boundary of the GMF. Then the value w of theautoorrelation funtion is alulated. Sine also the exposure is hangedby the GMF, the CRs of the Monte Carlo sets have to be generated nowusing as exposure !tot(E; l; b) = !exp(l; b)!B(E; l; b). This is automatiallyful�lled if one bak-traks uniformly distributed Monte Carlo sets in the sameGMF. For very large statistis, however, it is numerially more onvenient toexpliitly alulate !B(E; l; b) and generate the Monte Carlo sets aordingly.The resulting hane probability is alled P in Table 2.3. For illustration, weshow also the hane probability P0 alulated using only the experimentalexposure (or !B = 1) that overestimates that lusters ome from the samesoure.Correting for the GMF redues for all three GMF models the value ofw1. While however for the TT and HMR models two doublet above 5 �1019 eV disappear, the PS model loses one low-energy doublet. Thus, eithersome of the pairs are reated by the fousing e�et of the GMF, or theGMF and espeially its halo omponent is not well enough reprodued bythe models. In the latter ase, \true pairs" are destroyed by the the inorretreonstrution of their trajetories in the GMF. Troitsky disussed in detailthe e�et of the GMF on the AGASA triplet and found that urrent GMFmodels defous it [Tro05℄. If the lustering is physial, this ould be explainedby a wrong modeling of the GMF in that high-latitude region. Alternatively,our assumptions of negligible deetions in the extragalati magneti �eldand of protons as primaries ould be wrong. Note that the e�et of the GMFindued exposure to the extragalati sky is not in general negligible. Thefat that P0 is only somewhat smaller than P hints that only a small frationof lusters might be aused by magneti lensing (in the regular �eld). For theAGASA data set this is expeted, beause the �eld of view of this experimentpeaks away from the inner regions of the Galati plane, and the GC inpartiular. Finally, we note that the energy threshold for whih the haneof lustering is minimal dereases for the TT model. This hange is howeverrather small and a larger data set is needed for any de�nite onlusion.In Table 2.4 the same analysis is performed for the TT model only, butassuming also Z = +2;�1. In no ase an improvement with respet to theZ = 0 ase is appreiable.



2.3. AGASA data sample 45Model no GMF TT HMR PSEmin20 Nd w1 P [%℄ w1 P (P0) [%℄ w1 P (P0) [%℄ w1 P (P0) [%℄0.50 32 4 0.22 2 8.9 (8.5) 2 9.5 (8.5) 4 0.27 (0.22)0.45 43 6 0.05 4 1.5 (1.4) 4 1.8 (1.4) 6 0.10 (0.05)0.40 57 7 0.18 6 0.8 (0.7) 5 3.3 (2.4) 6 1.09 (0.72)Table 2.3: Number N of CRs with energy E � Emin20 (in units of 1020 eV)and zenith angle � � 45Æ; the values of the �rst bin of the autoorrelationfuntion w1, and the hane probability P (w1 � w�1) from an isotropi testdistribution are shown for the two ases with (P ) and without (P0) orretionof the exposure, respetively. Proton primaries are assumed.Model Z=0 Z=+1 Z=+2 Z=-1Emin20 Nd w1 P [%℄ w1 P [%℄ w1 P [%℄ w1 P [%℄0.50 32 4 0.22 2 8.9 1 41 4 0.270.45 43 6 0.05 4 1.5 4 1.8 6 0.100.40 57 7 0.18 6 0.8 5 3.5 6 1.08Table 2.4: As in Table 2.3, but for di�erent harges (TT model).2.3.2 Correlations with BL LasTinyakov and Tkahev examined if orrelations of UHECRs arrival diretionswith BL Las improve after orreting for deetions in the GMF [Tin01℄ .The signi�ane of the orrelation found is still debated, and we hoose thisexample only to illustrate how orrelation of UHECR arrival diretions withsoures an be used to test the GMF model and the primary harge. We usefrom the BL La atalogue [Ver03℄ all on�rmed BL Las with magnitudesmaller than 18 (187 objets in the entire sky).Model no GMF TT HMR PSEmin20 Nd ws P [%℄ ws P (P0) [%℄ ws P (P0) [%℄ ws P (P0) [%℄0.50 32 8 8.8 8 9.7 (8.8) 4 65 (64) 7 17 (17)0.45 43 11 4.7 14 0.6 (0.5) 7 49 (39) 7 39 (39)0.40 57 13 6.6 20 0.05 (.05) 11 20 (18) 7 67 (67)Table 2.5: As in Table 2.3, but for the orrelation funtion and the BL Laatalogue disussed in the text.In Table 2.5, we show the hane probability to observe a stronger orrela-tion taking into aount the three di�erent GMFmodels and assuming proton



46 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsprimaries. A remarkable improvement of the orrelation signal is found onlyfor the TT model, while for the two other models the orrelation beomesweaker. In Table 2.6, the same analysis is performed for Z = +2 and �1,and the TT model. An improvement with respet to the Z = 0 ase is onlyfound for protons, i.e. for Z = +1. This example shows learly that UHECRsobservations have the potential to restrit the GMF models, whih on theother hand might allow to determine the harge of the CR primaries.Model Z=0 Z=+1 Z=+2 Z=-1Emin20 Nd ws P [%℄ ws P [%℄ ws P [%℄ ws P [%℄0.50 32 8 8.8 8 9.7 7 20 6 270.45 43 11 4.7 14 0.6 12 3.4 7 360.40 57 13 6.6 20 0.05 13 9.9 8 50Table 2.6: As in Table 2.5, but for di�erent harges (TT model).
2.4 Conlusion and perspetivesIn this Chapter we have disussed in detail the e�et of the regular ompo-nent of the Galati magneti �eld on the propagation of UHECR. We havereviewed the urrent observational knowledge about the GMF and have om-pared three models disussed previously in the literature. Both in small-salelustering and orrelation studies, the GMF might be used as a sort of natu-ral spetrograph for UHECR, thus helping in identifying soures, restritingthe GMF models as well as the hemial omposition of the primaries. No-tie that the latter point is an important prerequisite to use UHECR data tostudy strong interation at energy sales otherwise inaessible to laboratoryexperiments.As a qualitative onsequene of the existene of a regular GMF and de-spite urrent unertainties in the GMF models, we have argued that theobserved isotropy of osmi ray ux e.g. around a few 1017 eV disfavors atransition to an extragalati ux of protons at too low energies, say below1017:5 eV.At higher energies, the osmi rays should enter the ballisti regime. Wehave provided in tabular and pitorial form an estimate of the typial dee-tion su�ered by UHECRs in the small deetion limit and of its variabilityfrom model to model. These results imply that, if the angular resolution ofurrent experiments has to be fully exploited, deetions in the GMF annotbe negleted even for E = 1020 eV protons, espeially for trajetories along



2.4. Conlusion and perspetives 47the Galati plane or rossing the GC region. Sine the magnitude as wellas the diretion of the deetions are very model-dependent, it is diÆult toorret for deetions with the present knowledge about the GMF.We have also emphasized that, to the purpose of statistial analyseslike auto-orrelation/ross-orrelation studies, the GMF an e�etivelyat in distorting the exposure of the experiment to the extragalati sky,and we provided some maps of this \exposure-modi�ation" e�et. As aonsequene, to estimate the hane probability e.g. of small-sale lustering,one should take into aount the role of the GMF. We showed that thise�et is already appreiable in the data published by AGASA, although its�eld of view do not inlude the entral regions of the Galaxy. Espeiallyfor experiments in the southern hemisphere like Auger, one might thinkto exlude some part of their data from auto-orrelation and orrelationstudies, as long as no reliable model for the GMF is established. Note thatthe required uts are quite drasti. For instane, �xing Emin = 4 � 1019 eVand onsidering only sky regions where j!B � 1j < 0:2 would exludeTT: �5Æ < bG < 5Æ for all lG and �60Æ < bG < 60Æ for �94Æ < lG < 75Æ,PS: �25Æ < bG < 22Æ for all lG and �38Æ < bG < 40Æ for �33Æ < lG < 35Æ,HMR: �11Æ < bG < 8Æ for all lG and all bG for �90Æ < lG < 90Æ.Note that in the HMR model more than half of the sky would be ex-luded. Moreover, at least the overlap of the exluded regions of di�erentmodels should be onsidered as long as no GMF model an be learlyfavored. A very minimal ut for all three models and for Emin = 4� 1019 eVis �5Æ < bG < +5Æ for all lG and �40Æ < bG < +40Æ for �35Æ < lG < 35Æ.If regions where j!B � 1j is large are not exluded, then magni�atione�ets have to be taken into aount to assess properly the signi�ane ofauto-orrelation and orrelation studies. As an example, we have performedan autoorrelation analysis of the AGASA data set inluding GMF e�ets.Although the present statistis does not allow to draw strong onlusions,we have not found any signal of improvement after the orretion for GMF.This ould point to an insuÆient knowledge of the �eld or to a signi�antlyheterogeneous hemial omposition of the primaries. Finally, the AGASAsignal might only be a hane utuation.A reasonable presription may then be to perform statistial analysistaking into aount several models of GMF and several primary harges. Inthe most pessimisti ase, this would allow to quantify in an approximateway the ontribution of the GMF to the overall unertainty. On the otherhand, a strong improvement in the signi�ane of a statistial estimator mightfavor a ertain GMF model and/or primary harge assignment. For example,



48 Chapter 2. The Galati magneti �eld as spetrograph for UHECRsby repeating the study of Ref. [Tin01℄ we have found that the signi�antorrelation of BL Las with UHECRs is strongly dependent on the GMFand primary adopted, and is present only in the TT model of the GMF forZ = 1. Although this evidene needs on�rmation with a larger data set ofUHECRs, it may be the start of the era of UHECR astronomy.



Chapter 3The footprint of large salestrutures on the ultra-highenergy osmi raysThe study of small sale lustering is not the only tool available to startUHECR astronomy. Independently from the observation of small sale lus-tering, one ould still look for large sale anisotropies in the data, eventuallyorrelating with some known on�guration of astrophysial soure andi-dates. In this ontext, the most natural senario to be tested is that UHECRsorrelate with the luminous matter in the \loal" universe. This is parti-ularly expeted for andidates like gamma ray bursts (hosted more likelyin star formation regions) or olliding galaxies, but it is also a suÆientlygeneri hypothesis to deserve an interest of its own.Aims of this Chapter are: i) to desribe a method to evaluate the expetedanisotropy in the UHECR sky starting from a given atalogue of the loaluniverse, taking into aount the seletion funtion, the blind regions aswell as the energy-loss e�ets; ii) to assess the minimum statistis neededto signi�antly rejet the null hypothesis, in partiular providing a foreastfor the Auger experiment. Previous attempts to address a similar issue anbe found in [Wax96, Smi02, Sin03℄. Later in the Chapter we will ome bakto a omparison with their approahes and results.We use the IRAS PSCz galaxy atalogue [Sau00℄. This atalogue hasseveral limitations, but it is good enough to illustrate the main features ofthe issue, while still providing some meaningful information. In this Chapterwe stress mainly methodologial issues. An extension of the analysis to themuh more detailed 2MASS [Jar00, Jar04℄ and SDSS [Yor00, Ade05℄ galaxyatalogues is presently investigated.The Chapter is strutured as follows: the atalogue and the related issues49



50 Chapter 3. The footprint of large sale strutures on UHECRsare disussed in Setion 3.1. In Setion 3.2 we desribe the tehnique usedfor our analysis. The results are disussed in Setion 3.3, where we ompareour �ndings with those obtained in previous works. In Setion 3.4 we givea brief overview on ongoing researh and experimental ativities, and drawour onlusions.3.1 Astronomial data3.1.1 The atalogueTwo properties are required to make a galaxy atalogue suitable for the typeof analysis disussed here. First, a great sky overage is ritial for omparingthe preditions with the fration of sky observed by the UHECR experiments(the Auger experiment is observing all the Southern hemisphere and part ofthe Northern one). Seond, the energy-loss e�et in UHECR propagationrequires a knowledge of the redshifts for at least a fair subsample of thegalaxies in the atalogue. Seletion e�ets both in uxes and in redshiftsplay a ruial role in understanding the �nal outome of the simulations.Unfortunately, in pratial terms these two requirements turn out to bealmost omplementary and no available atalogue mathes both needs simul-taneously. A fair ompromise is o�ered by the IRAS PSCz atalogue [Sau00℄whih ontains about 15000 galaxies and related redshifts with a well under-stood ompleteness funtion down to z � 0:1 (i.e. down to a redshift whihis omparable to the attenuation length introdued by the GZK e�et) anda sky overage of about 84%. The inomplete sky overage is mainly due tothe so alled zone of avoidane entered on the galati plane and aused bythe galati extintion and to a few, narrow stripes whih were not observedwith enough sensitivity by the IRAS satellite (see Fig. 3.1). These regions areexluded from our analysis with the use of the binary mask available withthe PSCz atalogue itself.3.1.2 The seletion funtionNo available galaxy atalogue is omplete in volume and therefore omplete-ness estimates derived from the seletion e�ets in ux are needed. More indetail, the relevant quantity to be derived is the fration of galaxies atuallyobserved at the various redshifts, a quantity also known as the redshift sele-tion funtion �(z) [Pee80℄. A onvenient way to express �(z) is in terms ofthe galaxy luminosity funtion (i.e. the distribution of galaxy luminosities)
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Fig. 3.1.| PSCz atalogue soure distribution and related mask in galatioordinates.�(L) as �(z) = R1Lmin(z) dL �(L)R10 dL �(L) : (3.1)Here Lmin(z) is the minimum luminosity deteted by the survey as funtionof redshift. For a ux-limited survey with limiting ux flim, Lmin(z) is givenby de�nition in terms of the luminosity distane dL(z) asLmin(z) = 4�d2L(z)flim: (3.2)The luminosity distane depends on the osmology assumed, though for red-shifts z <� 0:1 it an be approximated by dL(z) ' z=H0. Generally �(z) isinferred from the atalogue data itself in a self-onsistent way, using theobservational galaxy luminosity distribution to estimate �(L); for detailssee [San79, Efs88℄ and the referenes in the PSCz artile [Sau00℄. The quan-tity n(z)=�(z) represents the experimental distribution orreted for the se-letion e�ets, whih must be used in the omputations. A detailed disus-sion of this issue an be found in [Bln00℄. Furthermore, we wish to stressthat for z � 1 evolution e�ets are negligible and the loal universe galaxyluminosity funtion an be safely used. In the ase of deeper surveys likeSDSS, osmologial e�ets an not be negleted and our approah an stillbe employed even though a series of orretions (e.g. evolutionary e�ets orsale-dependent luminosity) must be taken into aount [Teg03℄. These or-retions are needed sine luminous galaxies, whih dominate the sample atlarge sales, luster more than faint ones [Dav88℄. In the ase of the PSCzatalogue the seletion funtion is given as [Sau00℄�(r) = ��� rr��1���1 + � rr����(� ); (3.3)
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Fig. 3.2.| Experimental redshift distribution of the PSCz atalogue galax-ies and predition for an homogeneous universe from the seletion funtion�(z) [Sau00℄. Both are normalized in order to represent the number of souresper unit of redshift per steradian.with the parameters �� = 0:0077; � = 1:82; r� = 86:4;  = 1:56; � = 4:43that respetively desribe the normalization, the slope at low redshift, thebreak distane in h�1Mp, its sharpness and the additional slope beyond thebreak (see Fig. 3.2).It is lear, however, that even taking into aount the seletion funtionwe an not use the atalogue up to the highest redshifts (z ' 0:3), due tothe rapid loss of statistis. At high z, the intrinsi statistial utuation dueto the seletion e�et starts to dominate over the true matter utuations,produing arti�ial lusterings not orresponding to real strutures (\shotnoise" e�et). This problem is generally treated onstruting from the pointsoures atalogue a smoothed density �eld �(
̂; z) with a variable smoothinglength that e�etively inreases with redshift, remaining always of size om-parable to the mean distane on the sphere of the soures of the atalogue.We minimize this e�et by onservatively setting the maximum redshift atz = 0:06 (orresponding to 180 h�1Mp) where we have still good statistiswhile keeping the shot noise e�et under ontrol. With this threshold we areleft with about 11; 500 soures of the atalogue. Furthermore, for the pur-poses of the present analysis, the weight of the soures rapidly dereases withredshift due to the energy losses indued by the GZK e�et. In the energyrange E � 5�1019 eV, the ontribution from soures beyond z = 0:06 is sub-



3.2. The formalism 53dominant, thus allowing us to assume for the objets beyond z = 0:06 ane�etively isotropi soure ontribution.3.2 The formalismIn the following we desribe in some detail the steps involved in our formal-ism. In Se. 3.2.1 we summarize our treatment for energy losses, in Se. 3.2.2the way the e�etive UHECR map is onstruted, and in Se. 3.2.3 the sta-tistial analysis we perform.3.2.1 UHECR propagationOur �rst goal is to obtain the underlying probability distribution fLSS(
̂; E)to observe a UHECR with energy higher than E from the diretion 
̂. Forsimpliity here and throughout the Chapter we shall assume that eah soureof our atalogue has the same probability to emit a UHECR, aording tosome spetrum at the soure g(Ei). In priniple, one would expet a or-relation of this probability with one or more properties of the soure: itsstar formation rate, radio-emission, size, et. The authors of [Sin03℄ testedfor a orrelation LUHECR / L�FIR, LUHECR being the luminosity in UHECRs,LFIR the one in far-infrared region probed in the IRAS atalogue, and � aphenomenologial parameter. The results of their analysis do not hange ap-preiably as long as 0 <� � <� 1. We an then expet that our limit of � = 0might well work for a broader range in parameter spae. The method wedisuss an be however easily generalized to suh a ase, and eventually alsoto a multi-parametri modelling of the orrelation.In an ideal world where a volume-omplete atalogue were available andno energy losses for UHECRs were present, eah soure should then be simplyweighted by the geometrial ux suppression / d�2L . The seletion funtionalready implies a hange of the weight into ��1d�2L . Moreover, while propa-gating to us, high energy protons lose energy as a result of the osmologialredshift and of the prodution of e� pairs and pions (the dominant proess)aused by interations with the CMB. For simpliity, we shall work in theontinuous-loss approximation [Ber88℄. Then, a proton of energy Ei at thesoure at z = zi will be degraded at the Earth (z = 0) to an energy Ef givenby the energy-loss equation1E dEdz = � dtdz � (�rsh + �� + �e�): (3.4)We are negleting here di�use bakgrounds other than CMB, and assum-ing straight-line trajetories, oherently with the hypothesis of weak EGMF.



54 Chapter 3. The footprint of large sale strutures on UHECRsEquation (3.4) has to be integrated from zi, where the initial Cauhy ondi-tion E(z = zi) = Ei is imposed, to z = 0. The di�erent terms in Eq. (3.4)are expliitly shown below� dtdz = �(1 + z)H0q(1 + z)3
M + 
���1 ; (3.5)�rsh(z) = H0q(1 + z)3 
M + 
�; (3.6)�e�(z; E) ' �3Z24�2 m2em2pE3 Z 12 d� '(�)exp[ memp�2ET0(1+z) ℄� 1 ; (3.7)��(z; E) ' ( C�(1 + z)3 E � Emath;A�(1 + z)3e� B�E(1+z) E � Emath; (3.8)where H0 is the Hubble onstant and 
M and 
� are respetively the mat-ter and osmologial onstant densities in terms of the ritial one, me andmp are respetively the eletron and proton masses, T0 the present CMBtemperature, and � the �ne-struture onstant. We assume H0 = 71 km s�1Mp�1, 
M = 0:27, and 
� = 0:73 [Spe03℄. Sine we are probing the rela-tively near universe, the results will not depend muh on the osmologialmodel adopted, but mainly on the value assumed for H0. More quantita-tively, the r.h.s of Eq. (3.4) hanges linearly with H�10 (apart for the negli-gible term �rsh), while even an extreme hange from the model (
M = 0:27;
� = 0:73) to (
M = 1; 
� = 0:0) (the latter ruled out by present data)would only modify the energy loss term by 6% at z = 0:06, the high-est redshift we onsider. The parametrization for �� as well as the valuesfA�; B�; C�g = f3:66� 10�8yr�1; 2:87� 1020 eV; 2:42� 10�8yr�1g are takenfrom [An96℄, and Emath(z) = 6:86 e�0:807 z� 1020 eV is used to ensure onti-nuity to ��(z; E). A useful parametrization of the auxiliary funtion '(�) anbe found in [Cho92℄, whih we follow for the treatment of the pair produtionenergy loss. In pratie, we have evolved osmi rays over a logarithmi gridin Ei from 1019 to 1023 eV, and in z from 0.001 to 0.3. The values at a spei�soure site has been obtained by a smooth interpolation.Note that in our alulation i) the propagation is performed to attributean \energy-loss weight" to eah z in order to derive a realisti probabilitydistribution fLSS(
̂; E); ii) we are going to smooth the result over regions ofseveral degrees in the sky (see below), thus performing a sort of weightedaverage over redshifts as well. Sine this smoothing e�et is by far dominantover the single soure stohasti utuation indued by pion prodution, theaverage e�et aounted for by using a ontinuous energy-loss approah is asuitable approximation. In summary, the propagation e�ets provide us aninvertible �nal-energy funtion Ef(Ei; z) giving the energy at the Earth for



3.2. The formalism 55a partile injeted with energy Ei at a redshift z.3.2.2 Map makingGiven an arbitrary injetion spetrum g(Ei), the observed events at the Earthwould distribute, apart for a normalization fator, aording to the spetrumg(Ei(Ef ; z))dEi=dEf . In partiular we will onsider in the following a typialpower-law g(Ei) / E�si , but this assumption may be easily generalized. Sum-ming up on all the soures in the atalogue it is easy to obtain the expeteddi�erential ux map on EarthF (
̂; Ef) /Xk 1�(zk) Æ(
̂� 
̂k)4�d2L(zk) E�si (Ef ; zk) dEidEf (Ef ; zk); (3.9)where the seletion funtion and the geometrial ux suppression have beentaken into aount. However, given the low statistis of events available atthis high energies, a more useful quantity to employ is the integrated uxabove some energy threshold Eut, that an be more easily ompared withthe integrated UHECR ux above the ut Eut. Integrating the previousexpression we havefLSS(
̂; Eut) / Xk 1�(zk) Æ(
̂� 
̂k)4�d2L(zk) Z 1Ei(Eut;zk)E�sdE= Xk fLSS(k) Æ(
̂� 
̂k); (3.10)that an be e�etively seen as if at every soure k of the atalogue a weightfLSS(k) is assigned that takes into aount geometrial e�ets (d�2L ), seletione�ets (��1), and physis of energy losses through the integral in dE; in this\GZK integral" the upper limit of integration is taken to be in�nite, thoughthe result is pratially independent on the upper ut used, provided it ismuh larger than 1020 eV.It is interesting to ompare the similar result expeted for an uniformsoure distribution with onstant density; in this ase we have (in the limitz � 1)fLSS(
̂; Eut) / Z dz [Ei(Eut; z)℄�s+1s� 1 � Z dz p(z; Eut; s); (3.11)where the integral in dE has been expliitly performed and the ux sup-pression weight is anelled by the geometrial volume fator. The integrandp(z; Eut; s) ontaining the details of the energy losses also provides an ef-fetive ut at high z. The integrand|normalized to have unit area|an be



56 Chapter 3. The footprint of large sale strutures on UHECRsinterpreted as the distribution of the injetion distanes of CR observed atthe Earth. It also suggests the de�nition of the so alled \GZK sphere" asthe sphere from whih originates most (say 99%) of the observed CR uxon Earth above an energy threshold Eut. In Figure 3.3 we plot the distri-bution p for di�erent values of Eut and s. We see that around a partiularthreshold zGZK the distribution falls to zero: The dependene of zGZK on Eutis quite ritial as expeted, while there is also a softer dependene on s.This suggests naturally the hoie Eut = 5 � 1019 eV for the hosen valuezGZK ' 0:06; at the same time, the energy ut hosen is not too restritive,ensuring indeed that signi�ant statistis might be ahieved in a few years.For this Eut the isotropi ontribution to the ux is sub-dominant; how-ever we an take it exatly into aount and the weight of the isotropi partis given by wiso = R1zGZK dz p(z; Eut)R zGZK0 dzp(z; Eut)Xk fLSS(k): (3.12)Finally, to represent graphially the result, the spike-like map (3.10) ise�etively smoothed through a Gaussian �lter asfLSS(
̂; Eut) /Xk fLSS(k) exp �d2s[
̂; 
̂k℄2�2 !+ wiso4� 2��2�(
̂): (3.13)In the previous equation, � is the width of the gaussian �lter, ds is the spher-ial distane between the oordinates 
̂ and 
̂k, and �(
̂) is the ataloguemask (see Se. 3.1.1) suh that �(
̂) = 0 if 
̂ belongs to the mask region and�(
̂) = 1 otherwise.3.2.3 Statistial analysisGiven the extremely poor UHECR statistis, we limit ourselves to addressthe basi issue of determining the minimum number of events needed tosigni�antly rejet \the null hypothesis". To this purpose, it is well knownthat a �2-test is an eÆient estimator. Notie that a �2-test needs a binningof the events, but di�erently from the K-S test performed in [Sin03℄ or theSmirnov-Cramer-von Mises test of [Smi02℄, it has no ambiguity due to the 2-dimensional nature of the problem. A similar approah was used in [Wax96℄,with whih later we will ompare our results. A riterion guiding us in thehoie of the bin size is the following: with N UHECRs events availableand M bins, one would expet O(N=M) events per bin. To allow a reliableappliation of the �2-test, one has to impose N=M � 10. Eah ell shouldthen over at least a solid angle of �M � 10��tot=N , �tot being the solidangle aessible to the experiment. For �tot � 2� (50% of full sky overage),
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Fig. 3.3.| Distribution of the injetion distanes of CR observed at theEarth for �xed Eut = 5�1019 eV (top) and s = 1:5; 2:0; 2:5; 3:0 and for �xedspetral index s = 2:0 (bottom) and varying Eut = 3; 5; 7; 9� 1019 eV.one estimates a square window of side 454Æ=pN , i.e. 45Æ for 100 events, 14Æfor 1000 events. Sine the former number is of the order of present worldstatistis, and the latter is the ahievement expeted by Auger in a fewyears of operation, a binning in windows of size 15Æ represents a reasonablehoie for our foreast. This hoie is also suggested by the typial size ofthe observable strutures, a point we will omment on further at the endof this Setion. Notie that the GMF, that indues at these energies typialdeetions of about 4Æ, an be safely negleted for this kind of analysis. Thesame remark holds for the angular resolution of the experiment.Obviously, for a spei� experimental set-up one must inlude the properexposure !exp, to onvolve with the previously found fLSS. The funtion !expdepends on the delination Æ, right asension R.A., and, in general, alsoof energy. For observations having uniform overage in R.A., like AGASA or
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Fig. 3.4.| Galati oordinate referene frame and ontours enlosing 68%,95% and 99% of the Auger exposure funtion, with the orresponding deli-nations. The elestial equator (Æ = 0Æ) and south pole (Æ = �90Æ) are alsoshown.Auger ground based arrays, one an easily parameterize the relative exposureas [Som00℄ !exp(Æ) / os �0 sin�m os Æ + �m sin �0 sin Æ; (3.14)where �0 is the latitude of the experiment (�0 � �35Æ for Auger South), �mis given by �m = 8><>: 0 ; if � > 1� ; if � < �1aros�1 � ; otherwise (3.15)and � � os �max � sin �0 sin Æos �0 os Æ ; (3.16)�max being the maximal zenith angle ut applied (we assume �max = 60Æ forAuger). Contour plots for the Auger exposure funtion in Galati oordi-nates are shown in Fig. 3.4.For a given experiment and atalogue, the null hypothesis we want to testis that the events observed are sampled|apart from a trivial geometrialfator|aording to the distribution fLSS !exp �. Sine we are performinga foreast analysis, we will onsider test realizations of N events sampledaording to a random distribution on the (aessible) sphere, i.e. aording



3.2. The formalism 59to !exp �, and determine the C.L. with whih the hypothesis is rejeted as afuntion of N . For eah realization of N events we alulate the two funtionsX 2iso(N) = 1M � 1 MXi=1 (oi � �i[fiso℄)2�i[fiso℄ ; (3.17)X 2LSS(N) = 1M � 1 MXi=1 (oi � �i[fLSS℄)2�i[fLSS℄ ; (3.18)where oi is the number of \random" ounts in the i-th bin 
i, and �i[fLSS℄and �i[fiso℄ are the theoretially expeted number of events in 
i respetivelyfor the LSS and isotropi distribution. In formulae (see Eq. (3.10)),�i[fLSS℄ = N�Pj2
i fLSS(j)!exp(Æj)�(j) + wiso=4� S[
i℄Pj fLSS(j)!exp(Æj)�(j) + wiso=4� S! ; (3.19)�i[fiso℄ = N�S[
i℄S! ; (3.20)where S[
i℄ = R
id
!exp� is the spherial surfae (exposure- and mask-orreted) subtended by the angular bin 
i, and similarly S! = R4�d
!exp�.The mok data set is then sampled N times in order to establish empiriallythe distributions of X 2LSS and X 2iso, and the resulting distribution is studiedas funtion of N (plus eventually s; Eut, et.). The parameter� � R d
 !exp(Æ)�(
)R d
 !exp(Æ) (3.21)is a mask-orretion fator that takes into aount the number of pointsbelonging to the mask region and exluded from the ounts oi. Note that therandom distribution is generated with N events in the all sky-view of theexperiment, but, e�etively, only the region outside the mask is inluded inthe statistial analysis leaving us with e�etive N� events to study. This is alimiting fator due to quality of the atalogue. With a better sky overage thestatistis is improved and the number of events required to asses the modelan be redued.As our last point, we return to the problem of the hoie of the bin size.To assess its importane we studied the dependene of the results on thisparameter. For a ell side larger than about 25Æ the analysis loses muh of itspower, and a very high N is required to distinguish the models and obtainmeaningful onlusions. This is somewhat expeted looking at the map resultsthat we obtain, where typial strutures have dimensions of about 15Æ{20Æ: agreater ell size results e�etively in a too large smoothing and a onsequentlost of information. On the other hand, a ell size below 4Æ{6Æ makes the use



60 Chapter 3. The footprint of large sale strutures on UHECRsof a �2 analysis not very reliable, beause of the low number of events in eahbin expeted for realisti exposure times. In the quite large interval 6Æ{20Æfor the hoie of the ell size, however, the result is almost independent ofthe bin size, that makes us on�dent on the reliability of our onlusions.3.3 ResultsIn Fig. 3.5 we plot the smoothed maps in galati oordinates of the expetedintegrated ux of UHECRs above the energy threshold Eut = 3; 5; 7; 9 �1019 eV and for slope parameter s = 2:0; the isotropi part has been takeninto aount and the ratio of the isotropi to anisotropi part wiso=Pk fLSS(k)is respetively 83%; 3:6%;� 1%;� 1%.Only for Eut = 3�1019 eV the isotropi bakground onstitutes a relevantfration, sine the GZK suppression of distant soures is not yet present. Forthe ase of interest Eut = 5 � 1019 eV the ontribution of wiso is almostnegligible, while it pratially disappears for Eut >� 7� 1019 eV. Varying theslope for s = 1:5; 2:0; 2:5; 3:0 while keeping Eut = 5� 1019 eV �xed produesrespetively the relative weights 8:0%; 3:6%; 1:8%; 0:9%, so that only for veryhard spetra wiso would play a non-negligible role (see also Fig. 3.3).Due to the GZK-e�et, as it was expeted, the nearest strutures arealso the most prominent features in the maps. The most relevant struturepresent in every slide is the Loal Superluster. It extends along l ' 140Æand l ' 300Æ and inludes the Virgo luster at l = 284Æ; b = +75Æ andthe Ursa Major loud at l = 145Æ; b = +65Æ, both loated at z ' 0:01.The lak of strutures at latitudes from l ' 0Æ to l ' 120Æ orrespondsto the Loal Void. At higher redshifts the main ontributions ome fromthe Perseus-Pises superluster (l = 160Æ; b = �20Æ) and the Pavo-Indussuperluster (l = 340Æ; b = �40Æ), both at z ' 0:02, and the very massiveShapley Conentration (l = 250Æ; b = +20Æ) at z ' 0:05. For a more detailedlist of features in the map, see the key in Fig. 3.6.The Eut-dependene is learly evident in the maps: as expeted, inreas-ing Eut results in a map that losely reets the very loal universe (up toz ' 0.03{0.04) and its large anisotropy; onversely, for Eut ' 3{4�1019 eV,the resulting ux is quite isotropi and the strutures emerge as utuationsfrom a bakground, sine the GZK suppression is not yet e�etive. This anbe seen also omparing the near strutures with the most distant ones inthe atalogue: While the Loal Superluster is well visible in all slides, thesignal from the Perseus-Pises super-luster and the Shapley onentration isof omparable intensity only in the two top panels, while beoming highly at-tenuated for Eut = 7� 1019 eV, and almost vanishing for Eut = 9� 1019 eV.
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Fig. 3.5.| Equal area Hammer-Aito� projetions of the smoothed UHECRsarrival diretions distribution (Eq. (3.13)) in galati oordinates obtained for�xed s = 2:0 and, from the upper to the lower panel, for Eut = 3; 5; 7; 9�1019eV. The smoothing angle is � = 3Æ. The ontours enlose 95%, 68%, 38%,20% of the orresponding distribution.
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Fig. 3.6.| Detailed key of the strutures visible in the UHECR maps; arbi-trary ontour levels. Labels orrespond to: (1) Southern extension of Virgoand Loal Superluster; (2)Fornax-Eridani Cluster; (3) Cassiopea Cluster;(4) Puppis Cluster; (5) Ursa Major Cloud; (6-7) Pavo-Indus and "Great At-trator" region; (8) Centaurus Super-Cluster; (9) Hydra Super-Cluster; (10)Perseus Super-Cluster; (11) Abell 569; (12) Pegasus Cluster; (13-17) PisesCluster; (14) Abell 634; (15) Coma Cluster; (16-18) Herules Superluster;(19) Leo Superluster; (20) Columba Cluster; (21) Cetus Cluster; (22) Shap-ley Conentration; (23) Ursa Major Superluster; (24) Sulptor Superluster;(25) Bootes Superluster.A similar trend is observed for inreasing s at �xed Eut, though the depen-dene is almost one order of magnitude weaker.Looking at the ontour levels in the maps we an have a preise idea ofthe absolute intensity of the \utuations" indued by the LSS; in partiular,for the ase of interest of Eut = 5 � 1019 eV the strutures emerge only atthe level of 20%{30% of the total ux, the 68% of the ux atually enlosingalmost all the sky. For Eut = 7{9 � 1019 eV, on the ontrary, the loalstrutures are signi�antly more pronouned, but in this ase we have to faethe low statistis available at these energies. Then in a low-statistis regimeit is not an easy task to disentangle the LSS and the isotropi distributions.The strutures whih are more likely to be deteted by Auger (see alsoFig. 3.4) are the Shapley onentration, the Southern extension of the Virgoluster, the Loal Superluster and the Pavo-Indus super-luster. Other stru-tures, suh as the Perseus-Pises superluster and the full Virgo luster arevisible only from the Northern hemisphere and are therefore within the reahof experiments like Telesope Array [Ara03℄, or the planned North extensionof the Pierre Auger Observatory. Moreover, the sky region obsured by theheavy extintion in the diretion of the Galati Plane reets a lak of in-formation about features possibly \hidden" there. Unfortunately, this region



3.3. Results 63falls just in the middle of the Auger �eld of view, thus reduing|for a givenstatistis N|the signi�ane of the hek of the null hypothesis. Numeri-ally, this translates into a smaller value of the fator � of Eq. (3.21) withrespet to a hypothetial \twin" Northern Auger experiment.A quantitative statistial analysis on�rms the previous qualitative on-siderations. In Table 3.1 we report the probability to rejet the isotropihypothesis at 90% and 99% C.L. when UHECRs follow the LSS distributionas a funtion of the injetion spetral index and of the observed number ofevents. In Figure 3.7 we show the distributions of the funtions X 2iso and X 2LSSintrodued in the previous Setion for s = 2:0; 3:0 and N = 200; 1000. It islear that a few hundred events are hardly enough to reliably distinguish thetwo models, while N =800{1000 should be more than suÆient to rejet thehypothesis at 2{3 �, independently of the injetion spetrum. Steeper spe-tra however slightly redue the number of events needed for a given C.L.disrimination. It is also interesting to note that, using di�erent tehniquesand unonstrained LSS simulations, it was found that a omparable statistisis needed to probe a magnetized loal universe [Sig04℄.With respet to the previous literature on the subjet, our analysis is thelosest to the one of [Wax96℄. Apart for tehnial details, the greatest di�er-enes with respet to this work arise beause of the improved determinationof ruial osmologial parameters in the last deade. Just to mention a few,the Hubble onstant used in [Wax96℄ was 100 km s�1 Mp�1, against thepresently determined value of 71+4�3 km s�1 Mp�1. This hanges by 30% thevalue of the quantity zGZK (see Setion 3.2.2). Moreover, the atalogue [Fis95℄that was used in [Wax96℄ ontains about 1/3 of the objets we are onsider-N n s 1.5 2.0 2.5 3.050 (42:6) (47:8) (52:10) (52:10)100 (55:9) (60:12) (66:14) (69:16)200 (72:27) (78:33) (84:40) (86:43)400 (92:61) (95:72) (97:80) (98:83)600 (98:85) (99:91) (100:96) (100:97)800 (100:95) (100:98) (100:99) (100:100)1000 (100:98) (100:100) (100:100) (100:100)Table 3.1: The probability (in %) to rejet the isotropi hypothesis at(90%:99%) C.L. when UHECRs follow the LSS distribution, as a funtionof the injetion spetral index and of the observed number of events, �xingEut = 5� 1019 eV.



64 Chapter 3. The footprint of large sale strutures on UHECRs
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Isotropic

LSS

s = 2.0
N = 200

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Isotropic

LSS

s = 3.0
N = 200

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Isotropic

LSS

s = 2.0
N = 1000

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Isotropic

LSS

s = 3.0
N = 1000

Fig. 3.7.| The probability distributions of the estimators X 2iso and X 2LSSfor the ases s = 2:0; 3:0 and for N = 200; 1000 events, �xing Eut = 5 �1019 eV. The distribution are the results of 10000 Monte-Carlo simulationlike desribed in the text.ing, has looser seletion riteria and larger ontaminations [Sau00℄. Finally,the spei� loation of the Southern Auger observatory was not taken intoaount. All together, when onsidering these fators, we �nd quite goodagreement with their results.Some disrepany arises instead with the results of [Sin03℄, whose mapsappear to be dominated by statistial utuations, whih mostly wash awayphysial strutures. This has probably to be asribed to two e�ets, theenergy ut Eut = 4�1019 eV and the inlusion of high redshift objet (up toz ' 0:3) of the atalogue [Sau00℄ in their analysis. Their hoie of Eut = 4�1019 eV implies indeed zGZK ' 0:1, i.e. a uto� in a redshift range where shotnoise distortions are no longer negligible. The same remarks hold for [Smi02℄,whih also su�ers of other missing orretions [Sin03℄. Also, in both ases, theemphasis is mainly in the analysis of the already existing AGASA data thanin a foreast study. Our results however learly show that AGASA statistis(only 32 events at E � 5� 1019 eV in the published data set [Hay00℄, someof whih falling inside the mask) is too limited to draw any �rm onlusion.



3.4. Summary and onlusion 653.4 Summary and onlusionIn this Chapter we have desribed the tehnial steps needed to properlyevaluate the expeted anisotropy in the UHECR sky starting from a givenatalogue of the loal universe, taking into aount the seletion funtion,the blind regions, and the energy-loss e�ets. By applying this method tothe atalogue [Sau00℄, we have established the minimum statistis neededto signi�antly rejet the null hypothesis, in partiular providing a foreastfor the Auger experiment. We showed with a �2 approah that several hun-dred events are required to start testing the model at Auger South. Themost prominent strutures eventually visible for this experiment were alsoidenti�ed.Di�erently from other statistial tools based e.g. on auto-orrelation anal-ysis, the approah skethed above requires an Ansatz on the soure andi-dates. The distribution of the luminous baryoni matter onsidered here anbe thought as a generi expetation deserving interest of its own, but it isalso expeted to orrelate with many soures proposed in the literature. Inany ase, if many astrophysial soures are involved in UHECR prodution,it is likely that they should better orrelate with the loal baryoni matterdistribution than with an isotropi bakground.Until now, the lak of UHECR statistis and the inadequay of the astro-nomial atalogues has seriously limited the usefulness of these kinds of anal-yses. However, progress is expeted in both diretions in forthoming years.From the point of view of UHECR observatories, the Southern site of Auger isalmost ompleted, and already taking data: From January 2004 to June 2005,it has reahed a umulative exposure of 1750 km2 sr yr, observing 10 eventsover 1019:7 eV= 5 � 1019 eV (www.auger.org/ir2005/spetrum.html),Notie that statistial and systemati errors are still quite large, and a down-shift in the log10E sale of 0.1 would for example hange the previous �g-ure to 17 events. One ompleted, the total area overed will be 3000 km2,thus improving by one order of magnitude present statistis in a ouple ofyears [Bet05℄. The idea to build a Northern Auger site strongly depends onthe possibility to perform UHECR astronomy, for whih full sky overageis of primary importane. In any ase, starting from 2007, the TelesopeArray should o�er almost an order of magnitude larger aperture per yearthan AGASA in the Northern sky, with a better ontrol over the systematisthanks to a hybrid tehnique similar to the one employed in Auger.The other big step is expeted in astronomial atalogues. The 2MASSsurvey [Jar00℄ has resolved more than 1.5 million galaxies in the near-infrared,and has been expliitly designed to provide an aurate photometri and as-trometri knowledge of the nearby Universe. The observation in the near IR



66 Chapter 3. The footprint of large sale strutures on UHECRsis partiularly sensitive to the stellar omponent, and as a onsequene to theluminous baryons. Although the redshifts of the soures have to be obtainedvia photometri methods, the larger error on the distane estimates (about20% from the 3-band 2MASS photometry [Jar04℄) is more than ompensatedby the larger statistis. Independently of the large sky overage, deep sur-veys like SDSS [Ade05℄ undoubtedly have an important role in mapping theloal universe as well. For example, the information enoded in suh ata-logues an be used to validate methods, like the neural networks [Col03℄,used to obtain photometri redshifts. An even better situation is expetedfrom future projets like SDSS II (www.sdss.org). Finally, a by-produtof these surveys is the disovery and haraterization of ative galati nu-lei [Bes05a, Bes05b℄, whih in turn ould have interesting appliations inthe searh for the soures of UHECRs.
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Chapter 4High energy neutrinosHigh energy neutrinos (HE�) are generated in osmi objets by the deayof harged pions and other hadrons resulting from ollisions of aeleratedpartiles with atomi nulei or with photons. This basi fat already explainsthe link between HE� and osmi rays. The interest in opening the \HE�-window" is related to the impressive penetrating power of neutrinos, allowingto look inside dense media as well as distant osmologial epohs. Sine theypropagate in straight lines like photons, they may provide the ultimate answerto the puzzle of the soures of osmi rays. A omparison with the photonhorizon, plotted in Fig. 4.1, learly shows that astrophysial high energyphenomena, beyond the eletroweak sale, or remote epohs|bak to the erawhen the universe was only 1 seond old|an only be explored by means ofneutrinos. The great potential for signi�ant disoveries, the inrease of theneutrino ross setion, harged leptons range, and angular resolution withenergy, and the opportunity to use large natural target media (water, ie,atmosphere) make the prospets for neutrino astronomy muh better at highenergies. In this Chapter, we shall briey review the soure andidates andthe basi prodution proesses assoiated with HE� (Se. 4.1), and we shalldesribe the detetion tehniques urrently pursued (Se. 4.2). Finally, thestatus of present and planned experiments will be disussed (Se. 4.3). Moredetailed introdutions to the �eld an be found in spei� reviews [Lea00,Hal02, MD03℄.4.1 Soures of high energy neutrinosThe proesses responsible for the atmospheri neutrino ux also our wher-ever osmi rays interat with matter or radiation. These ould be de�nedas seondary soures of HE�, in the sense that they are not related to the69
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Fig. 4.1.| Gamma-ray horizon (for a Hubble onstant of H0=60km s�1 Mp�1 and a old dark matter osmology) due to various absorp-tion proesses (predominantly photon-photon pair prodution in the extra-galati radiation �eld). The shaded area is invisible for gamma-ray astron-omy [Lea00℄.hosts of high energy phenomena, but only with the propagation of osmirays. Nonetheless, they are promising targets for observation whenever thedensity is signi�antly lower than the one of the terrestrial atmosphere. Thisimplies indeed that the produed light mesons more often deay than inter-at. Also, many of the muons from the meson deays will deay before losinga large amount of energy. The resulting spetra are then harder than theatmospheri ux at suÆiently high energy, and these neutrinos might there-fore dominate over the atmospheri ones in all or part of the sky, althoughthey ome from far away. As examples of seondary soures, we mentionthe Solar orona neutrinos (see Se. 4.1.1), the Galati di�use neutrinos(Se. 4.1.2), and the Cosmogeni neutrinos (Se. 4.1.3). The former two aredominated by proton-proton ollisions (pp neutrinos), while the latter arisesbeause of proton-photon interations over the threshold for the �-resonane(p neutrinos).Sine the UHECR prodution mehanism is not yet known, the previousones are the only guaranteed neutrino soures for whih reliable alulations



4.1. Soures of high energy neutrinos 71of the uxes are possible, given the good knowledge of the astrophysialenvironments involved. However, in any senario of UHECR prodution one�nds other soures of neutrinos, typially of extragalati origin (Se. 4.1.4)or assoiated to new physis (Se. 4.1.5). If only astrophysial aeleratorsare involved, the mehanisms ommonly invoked for neutrino prodution arejust the pp and p proesses mentioned above for seondary soures, butwith a target within or just outside the soures of high energy osmi rays.For exoti models, the most popular hannels of neutrino prodution areannihilations (or deays) of new (meta-)stable heavy partiles X, e.g.X + �X ! 8>>><>>>: � + ��;l + �l ! deay produts;W+ +W� ! deay produts;q + �q ! ��; K; : : :! deay produts;where the branhing ratios of the di�erent hannels depend on the hara-teristis of the model.Maybe bright objets in the HE� sky exist that are not even relevant forphoton or osmi ray astrophysis. For example, Nature ould have on-struted \thik" soures in the heavens, where a target medium absorbsall parent protons as well as the muons, eletrons and gamma rays from�0 !  + . This type of soure would be hidden to any other high energyastronomial observation. This example serves as a reminder that historytesti�es that we have not been partiularly suessful at prediting the phe-nomena invariably revealed by new ways of viewing the heavens. Surprisesan be expeted!Sine pp and p proesses are in any ase very important, it is worthwhileto spend a few words on them, assuming for simpliity that only pions areinvolved in the �nal state.� pp ollisionsFollowing simple relativisti kinematis, for the CM energy of a proton-proton ollision to exeed the energy threshold for pion prodution, theaelerated proton must have an energy aboveEminp = (2mp +m�)2 � 2m2p2mp = 1:23GeV; (4.1)in the lab frame. Average energies of neutrinos and photons are relatedto eah other and orrelated with the proton energies, sine both aredeay produts of the pions produed in inelasti ollisions. A typial



72 Chapter 4. High energy neutrinosvalue for the inelasti pp ross setion �pp is 30 mb, with an inelastiity1�pp and pion multipliity Npp� at TeV lab energies of h�ppi ' 0:4� 0:5and Npp� ' 15, only slowly varying with energy. ThenhE�i = h�ppiEpNpp� ; hEi ' hE�i2 ; hE�i ' hE�i4 ; (4.2)where we have used the fat that eah harged pion deays into four lep-tons, and eah neutral one into two photons. Isospin symmetry impliesthat roughly 2/3 of produed pions are harged.� p ollisionsPions an also be generated in p ollisions, the main hannel being inthis ase the �-baryon resonane, p ! �! �N . For this proess totake plae, the CM energy of the interation must exeed the �-mass,1.23 GeV. This orresponds to an energy in the lab frame ofEminp = m2� �m2p4E ' �1MeVE �� 160GeV: (4.3)This is learly a muh higher energy threshold than in the ase of
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4.1. Soures of high energy neutrinos 73pp ollisions. For example, to generate TeV photons by this meha-nism, radiation louds surrounding the aelerator must ontain pho-tons of MeV energies. Suh louds are known to exist around at leastsome line-emitting blazars. In the ase of p ollisions, the ross se-tion at the � resonane region rises rapidly to �p ' 550 �b, witha multipliity Npp� ' 1, while at higher energies the non-resonantmulti-pion region starts, with a �p ' 125 �b, and Npp� ' 3 forCM energies ps ' 2 GeV; in between heavier hadroni resonanesdominate (Fig. 4.2). The main deay hannels in the resonant regionare p�0 and n�+, and lose to threshold the average inelastiity ish�pi ' 2m�=mp ' 0.2{0.3. Relations analogous to Eq. (4.2) hold, butnote that|at least in the resonant region, and if neutrons do not in-terat signi�antly before esaping or deaying|isospin equipartitionis not realized: N�� � N�+ ' N�0 .It is lear from the two examples above that whenever harged pions areinvolved in neutrino prodution, an assoiated prodution of gamma-raystakes plae with hEi ' 2hE�i, while the relative ux of � to  depends onthe prodution mehanism. One �ndsdFdE (E = E�0=2) = 2dE�0dE dF�0dE�0 (E�0) = 4dF�0dE�0 (E�0); (4.4)dF�edE�e (E�e = E�=4) = dE�dE�e dF�dE� (E�) = 4dF�dE� (E�); (4.5)dF��dE�� (E�� = E�=4) = 2 dE�dE�e dF�dE� (E�) = 8dF�dE� (E�); (4.6)where � indiates indistintly the harged pions. Neutrino osillations willonspire to produe about equal amounts of �e; �� and �� . Eah neutrinoavour ux will be roughly 1/3 of the total neutrino ux given bydF�dE� (E� = E�=4) = 12dF�dE� (E�): (4.7)Introduing the \isospin" fator IdF�dE� (E�) � I dF�0dE�0 (E�0); (4.8)we end up with dF�dE� (E� = E=2) = 3 I dFdE (E); (4.9)



74 Chapter 4. High energy neutrinosrelating neutrino and  uxes. Typial values are I ' 1 for p and I ' 2 forpp. Eq. (4.9) an be used to onstrain the expeted neutrino ux, wheneverthe  signal an be estimated. Atually, very high energy -rays rapidlydegrade on osmologial sales via e� pair prodution on the di�use photonbakgrounds, asading down as shown in Fig. 4.1.A bolometri relation an however be derived. If one plugs into Eq. (4.9)a typial power-law spetrum dF=dE = k(E0=E)s, one gets dF�=dE� =3 k I(E0=2E)s and by integrating both sides over dE from the respetiveminima energies (2Emin� = Emin ) to 1, one gets the resultZ dFdE (E)dE = 23 I Z dF�dE� (E)dE (4.10)and analogously Z E dFdE (E)dE = 43 I Z E dF�dE� (E)dE (4.11)for the total energy. The exat oeÆient of proportionality depends howeveron the spetral shape, as one an easily hek by using e.g. a broken power-law or a dereasing exponential. Equation (4.11) an be used to obtain veryonservative upper bounds on the HE� ux [Ber75℄, e.g. using EGRET di�useextragalati gamma-ray ux detetion in the 30 MeV{50 GeV range [Str04℄.This is the only robust theoretial limit for soures thik to photo-hadroninterations, and depends only weakly on the spetral shape [Man01, Lea00℄.However, for most astrophysial soures (Fermi aeleration injetion spetra,optially thin, et.) a muh tighter bound applies, the so-alled Waxman-Bahall limit [Wax98℄: starting from relations like Eqs. (4.2) and (4.7), theyonstrain the HE� ux using the observed UHECR ux.In the literature, muh e�ort has been dediated to study pp and pproesses, but other \standard physis" soures are possible as well. Fornulear primaries of mass number A, pion prodution via Ap, AA and Amehanisms are possible, eventually as single nuleon exitations. However,neutrinos an be produed in this ase in interations of muh lower enter ofmass energy, namely via weak deays of instable nulei following spallationor photo-dissoiation interations [Ra96℄. The threshold for suh a proessis easily estimated. For example, for A reations one getsEthrA = (mA +B)2 �m2A4E ' � BE�� A2 GeV; (4.12)where B is the binding energy of a nuleon to the nuleus of atomi numberA, ranging from about 2.2 MeV (2H) to about 8.8 MeV (56Fe). The energy per



4.1. Soures of high energy neutrinos 75nuleon EthrA =A should be ompared with the energy required for photo-pionprodution as a single-nuleon resonane, as given in Eq. (4.3).Another almost overlooked possibility are purely leptoni proesses. Themost important hannel is the proess  ! �+�� that ould provide a non-negligible fration of neutrinos from GRBs [Raz05℄. Of ourse, in a GRB thehigh energy photons are produed via �0 deays, and in any ase they areultimately onneted with hadroni aelerators. However, there have beenspeulations about the possibility of leptoni proesses like e ! e�+��as neutrino soures assoiated with exoti objets deaying/annihilating athigh redshift (topologial defets, reli partiles, et.) [Kus00, Pos01℄. Un-fortunately, these early laims relied on a wrong extrapolation of the rosssetion for the e muon-pair prodution [Ath01a℄. Nonetheless, it is worthnoting that apart from neutrino prodution, the proess  ! �+�� ouldhave some relevane for the energy losses of ultra high energy photons, pos-sibly on the poorly known optial and infra-red di�use bakgrounds.4.1.1 Solar orona neutrinosCosmi ray interations in the Solar atmosphere produe HE� [Se91,Ing96b℄. The diretion of these neutrinos is strongly orrelated with the pri-mary osmi ray diretion, so that only neutrinos produed in the far side ofthe Sun an reah the Earth. This also means that they must pass throughthe interior of the Sun, or at least skim its atmosphere. However, the den-sity at the �rst interation point is lower in the Solar atmosphere than inthe terrestrial one, and the resulting neutrino spetra have a slope similar tothat of the original osmi-ray spetrum (whereas the neutrino spetra dueto showers in the Earth's atmosphere are steeper than the osmi ray spe-trum by approximately one power). Only at the TeV-sale shadowing e�etsdue to interations within the Sun start to beome relevant. The most reentalulations of the Solar orona neutrino ux use Monte Carlo odes basedon the Lund model for partile interations, inluding di�rative produtionproesses, obtained a HE� ux from the Sun whih signi�antly exeeds theatmospheri bakground above a few TeV in an experimental aperture of onesquare degree [Ing96b℄. The expeted event rate is of the order of 20 eventsper year above 100 GeV in a km3-detetor. Osillations between the Sun andthe Earth hange the reeived avour ratios. The importane of �� ! ��vauum osillations has been stressed in [Het99℄, where a rate of about �ve� leptons above 100 GeV per year in a km3 detetor was estimated. A har-aterization of osillations of Solar orona neutrinos, relying on the updatedknowledge of mixing parameters and inluding solar matter e�ets is stilllaking.



76 Chapter 4. High energy neutrinos4.1.2 Galati di�use neutrinosEven though the interstellar medium of the Milky Way has a very low density(around 1 nuleon/m3) osmi rays interat with it in high energy ollisionsand produe seondary partiles [Dom93, Ber92, Ing96a, Can05℄. The verylow density of the interstellar medium implies that the interation lengthsof the seondary mesons and muons is long ompared to their deay length,so they will deay before losing energy. The attenuation due to absorptionis also negligible in suh a low density environment, despite the galatisize of about 10 kp. The uxes of high energy neutrinos and photons fromthe interstellar medium are therefore larger than those from the atmosphere,although the initial prodution rate is smaller. A measurement of these uxesould potentially give valuable information about the distribution of matterand osmi rays in the galaxy, and is thus important to determine the originof the osmi rays. Unfortunately, the ux is expeted to be quite low. Alongthe Galati disk, and partiularly towards the GC, the expeted ux startsexeeding the atmospheri one at energies E >� 0:1 PeV, while in the diretionorthogonal to the Galati plane the ux is lower by about two orders ofmagnitude. The orresponding event rate in a detetor of 3 � 104 m2, likethe urrently running AMANDA, is of about 0.5/year in a one of openingangle 10Æ direted towards the enter of the Milky Way [Ing96a℄.4.1.3 Cosmogeni neutrinosVery high energy osmi rays generate neutrinos in interations with theCMB [Ber69, Ste79, Eng01℄. Given CMB photon energies, the threshold forthe photo-pion proess is around 4 � 1019 eV (see Eq. 4.3). This so-alledCosmogeni ux, of the order of 8 � 10�9 E�2� GeV�1 m�2 s�1 sr�1 above1017 eV, is among the most likely soures of high energy neutrinos, and themost straightforward to predit. A detailed observation of this ux wouldbe of ruial importane, in partiular as a diagnosti tool for UHECRs.The knowledge of both the spetra of osmogeni neutrinos and of UHECRswould allow us to determine the UHECR injetion spetrum, to identify theevolution model for their soures [Se05℄ and also gain insight about theirhemial omposition [Hoo04a, Ave04℄.4.1.4 Other astrophysial neutrino souresMany other andidate neutrino soures have been proposed in the literature.Galati ompat objets like supernova remnants, X-ray binaries, pulsarwind nebulae, et. have been studied (for a review, see [Bed04℄). However,
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Fig. 4.3.| Fluxes of �� from potential point-like soures [Sta05℄. The shadedregion indiates the atmospheri neutrino ux within 1Æ from the soure. Up-per end is for horizontal and lower one for vertial neutrinos. The labels referto: 1) the Solar orona neutrinos. 2) the ux expeted from the supernovaremnant IC443 if the -rays deteted by EGRET are all of hadroni origin.3) the expeted ux if the TeV -ray outburst of the Blazar Mrk 501 is ofhadroni origin. 4) the minimum and maximum uxes expeted from theore region of the objet 3C273. 5) the ux predited for the jet of 3C279.
a one-year detetion of ten neutrino events of energy larger than 100 TeVoming from a soure at distane of 5 kp in a 0.1 km2 area would requirea soure luminosity L(E > 100 TeV)' 1036 erg/s, namely almost three or-ders of magnitude larger than the bolometri luminosity of the Sun. Thislarge value of the luminosity strongly limits galati soure andidates, whilesuh objets are ideal targets for gamma-ray telesopes. Sine the neutrinohannel is not absorption limited, the presene of powerful engines in the uni-verse makes the prospets for extragalati neutrino astronomy muh morepromising. Among the plethora of andidates proposed [Lea00℄, the most pop-ular are GRB [Wax97, Vie98, Bot98, Hal02℄ and AGN [Ste91, Nel92, Sza94℄,partiularly those of blazar type [Pro96, Ato01, Ner02℄, briey disussed inSetion 1.2.
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Fig. 4.4.| Di�use uxes from unresolved neutrino soures [Sta05℄. Theshaded area indiates the vertial and horizontal uxes of atmospheri neu-trinos. The Waxman-Bahall bound is indiated with W&B. The labels referto: 1) the ux expeted from the entral Galaxy if all di�use -rays detetedby EGRET were reated by osmi ray interations with matter. 2) the uxfrom AGN ores. 3) the ux from AGN jets, where pp interations are addedto the high energy photo-prodution interations. 4) the ux from GRB inthe assumption that GRBs are soures of the ultrahigh energy osmi rays. 5)the nominal Cosmogeni neutrino ux using the luminosity and osmologialevolution model from the Waxman-Bahall limit. 6) the ux needed by theZ-burst model to beome the prodution mehanism for UHECR.4.1.5 ExotiaThe vast majority of matter in the universe is dark with its assumed parti-le nature not yet revealed. The lightest supersymmetri partile, or otherWeakly Interating Massive Partiles (WIMPs) proposed as partile andi-dates for old dark matter, should beome gravitationally trapped in the Sun,Earth or GC. They annihilate, generating high energy neutrinos observablein neutrino telesopes [Beg97, Gon99, Ell00, Fen01, Eig01, Bar02, Cir05℄. Aneutrino rate from the Sun or the inner Galaxy higher than the preditedone ould then indiate DM annihilation. This explains why, despite the rel-atively low Solar orona and Galati di�use neutrino uxes, it is desirableto obtain realisti estimate of their expeted uxes and unertainty.Another lass of dark matter andidates are super-heavy partiles withmasses mX � 1013 GeV, that may generate the UHECRs by deay or anni-



4.2. Detetion tehniques 79hilation as well as solve the dark matter problem. These would also produea substantial neutrino ux [Ber97, Bik98, Sar01, Bab02℄. Extremely highenergy neutrinos are also predited in a wide variety of top-down senar-ios invoked to produe osmi rays, inluding deaying monopoles, vibratingosmi strings [Gan96, Ber99℄ and Hawking radiation from primordial blakholes [Haw74, Hal95, Bug01℄.In Figure 4.3 we summarize the expeted ��+ ��� uxes predited for �vepotential \point-like" soures, while Fig. 4.4 shows several di�use astrophys-ial neutrino uxes.4.2 Detetion tehniquesMost models for HE� prodution disussed in Setion 4.1 predit that inorder to begin neutrino astronomy at E >� 100 GeV the size of the devieneeded is in the range of a Gigaton e�etive target volume. For the detetionof solar neutrinos or neutrinos from ore ollapse SN, the appropriate tehnol-ogy inludes radiohemial detetion and large underground instruments. Forthe foreseeable future, osts for adequate sensitivity and engineering prob-lems will limit suh detetors to a megaton at most. The partile-detetionmethod needed for HE� telesopes requires then a remote sensing tehniquefor the neutrino interations and a very low-ost target/detetion medium.The ideal hoie it to exploit natural media as targets and detet traks atsome substantial impat parameter from the sensor. The only means yet iden-ti�ed that satisfy these requirements are summarized in Table 4.1 and will bedisussed in more detail in the following. The status of ongoing experimentalprojets will instead be presented in Setion 4.3. Before that, however, inSetion 4.2.1 we will briey review the interation properties of neutrinos athigh energies, relevant for all kinds of experiments.4.2.1 Neutrino interations at high energiesAt MeV energies, elasti sattering (ES) or quasi-elasti (QE) proesses like� + e ! � + e (ES) (4.13)��e + p ! e+ + n (QE) (4.14)are usually employed to detet neutrinos. However, they are of little interestfor neutrino telesopes (for an exeption, see the disussion on the SN de-tetion possibilities in Ses. 4.2.2 and 5.1), sine a neutrino passing through



80 Chapter 4. High energy neutrinosRadiation Medium Threshold Atten. Length Spetral regionCherenkov light Lake water � 10 GeV � 20 m 400{500 nmDeep oean � 10 GeV � 40 m 350{500 nmPolar ie � 10 GeV � 20 m 300{500 nmCherenkov radio Polar ie > 5 PeV � 1 km 0.1{1 GHzMoon > 100 EeV 1{2 GHzAousti Water > 1 PeV � 5 km 10{20 kHzIe > O(PeV) few km? 10{30 kHzSalt domes > O(PeV) few km? 10{50 kHzEAS partiles Atmosphere � 10 PeV > 1 km 100 MeVN2 uoresene Atmosphere �EeV � 10 km 337 nmEAS radar Atmosphere >EeV � 100 km? 30{100 MHzTable 4.1: Tehniques proposed for large neutrino detetors, adaptedfrom [Lea00℄.matter at high energy primarily interats via harged-urrent (CC) deep in-elasti sattering (DIS) o� nuleons of the target,�l +N ! l +X; (4.15)where l is a harged lepton, N is a nuleon, and X is a hadroni asade,with a relatively small spatial extent (order of meters in water or ie). Athigh energies, the leptons will arry about half of the neutrino's energy, witha diretional mismath with respet to the primary neutrino of aboutqh�2i ' qmN=E� ' 1ÆqTeV=E� ; (4.16)as easily derived from the kinematial onsiderations. Note that, sine CCreations dominate, the identi�ation of the harged lepton avour wouldallow to measure the avour ontent of the inoming ux. Showers are alsoprodued by the neutral-urrent (NC) reations,�l +N ! �l +X; (4.17)though the lower ross setion of NC events (about a fator 3) makes themless interesting for detetion. In Fig. 4.5 we show the behaviour of relevantpartial and total ross setions.
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Fig. 4.5.| Cross setions for �`N (left panel) and ��`N (right panel) at highenergies, aording to the CTEQ4{DIS parton distributions: the dashed linerefers to the NC, the thin solid line to the CC, the thik line to the total(CC+NC) ross setion [Gan98℄.The only other reation of interest is the Glashow resonane,��e + e� !W� ! � ��l + l�hadrons ; (4.18)that proeeds via real W� prodution (the branhing ratio for eah of thethree leptoni hannels is about 10.7%). This proess has a peak ross setionof ���e+e�!W� ' 4:7� 10�31m2 (4.19)at the lab energy of E� = m2W=2me ' 6.3 PeV, but suh large ross setionrapidly falls o� due to the small width of the resonane, �W ' 2:1 GeV.Nonetheless, this e�et might allow interesting observations, one of whih willbe briey disussed in Se. 5.1. In the following, we will analyze how theseinterations an be used to detet neutrinos with a variety of tehniques.4.2.2 Optial Cherenkov tehniqueOptial Cherenkov detetion is the most well-established tehnique for HE�telesopes. Atmospheri neutrinos of energy up to 1014 eV have been detetedby these telesopes, and limits on astrophysial ones up to 1016 eV havebeen established. The tehnique relies on the observation of the Cherenkovradiation from seondary partiles produed by neutrinos interating insidelarge volumes of highly transparent ie or water instrumented with a lattieof PMTs. Cherenkov radiation an be understood as the deay proess Q!Q+ of a harged partileQ in a medium. If the partile's veloity exeeds theveloity of the light propagation in the medium, the above-mentioned deay



82 Chapter 4. High energy neutrinosproess is kinematially allowed. Sine the dispersion equation relating thewavenumber vetor k to the energy ! of the photons in a medium of indexof refration n is jkj = n!, the e�etive mass-square !2 � jkj2 is negativefor n > 1, i.e. photons are spae-like exitation. Charged partiles of veloity� will radiate as long as � > 1=n, leaving a light wake of onstant angle� = aros(1=n�), until lose to Cherenkov threshold, whih involves onlythe last few entimeters of range. Note that Cherenkov radiation aountsfor less than 10�4 of the ionization energy loss. Yet, this allows a powerfuldetetion tool, depending on the optis of the medium, sine very sensitivedetetors permit detetion from tens of meters of lateral distane from thepartile trajetory.The most important optial properties of the natural media used as tar-gets are the absorption length and the e�etive sattering length. Interest-ingly, the oean and deep ie are in opposite optial regimes, the oean waterbeing absorption-limited and the ie being sattering-limited. Thus, the deepoeans are better suited for the detetion of large neutrino-indued asades,and to lower the threshold. Detetion is possible at distanes out to hundredsof meters before diretional information is lost. Deep ie has the advantagesof smaller bakground light and greater absorption lengths, and thus o�ersbetter alorimetry if one knows the vertex. Basially, optial Cherenkov tele-sopes detet the seondary partile showers initiated by NC interations of�e;�;� and CC interations of �e;� as well as the leading seondary muon traksinitiated by �� only. At high energy, the tagging of � traks beomes possi-ble, as well as the identi�ation of ��e showers due to the Glashow resonanearound 6.3 PeV. At lower energies, detetion of ��e QE proess in a huge burstfollowing SN explosion is also possible (see Fig. 4.6).High energy eletron neutrinos deposit a signi�ant fration of their en-ergy into the hadroni shower due to the fragments of the target, while asubdominant eletromagneti shower is initiated by the leading �nal stateeletron. The identi�ation of the hadroni/leptoni nature of the showers isat present very hallenging from the experimental point of view. A typialshower has a lenght of few meters and a diameter of about 10 m in ie orwater, while eonomi reasons require a muh larger spaing of the PMTs.A asade event represents then, to a good approximation, a point soureof Cherenkov photons radiated by the shower partiles. These trigger thePMTs at the single photoeletron level over a spherial volume whose radiusis about 130m at 10TeV and grows by roughly 50m per deade in energy.The measurement of the radius of the sphere in the lattie of PMTs deter-mines the energy and turns neutrino telesopes into total energy alorimeters(see Fig. 4.7). Beause the shower and its aompanying Cherenkov light poolare not totally symmetri but elongated in the diretion of the leading ele-
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Fig. 4.6.| Although Optial Cherenkov telesopes detet neutrinos of anyavour, at TeV{EeV energies they an identify their avour and measuretheir energy in the ranges shown (valid for IeCube) [Hal02℄. Filled areas:partile identi�ation, energy, and angle. Shaded areas: energy and angle.tron, its diretion an be reonstruted. Pointing is however far inferior towhat an be ahieved in muon trak detetion, and estimated to be preise toO(10Æ) at most. On the other hand, ompared to ��, energy reonstrutionis superior (�E=E ' 30%) and the bakground of atmospheri neutrinos issigni�antly redued sine at higher energies muons, whih generate most ofthe atmospheri �e, no longer deay.For rough estimates of event rates, one an assume for simpliity an in-strumented ubi volume of side L. To a �rst approximation, a neutrinoinident on a side of area L2 will be deteted provided it interats within thedetetor volume, i.e. within the instrumented distane L. That probability isP = 1� exp(�L=��) ' L=�� ; (4.20)with �� = (�NA��)�1. Here � is the density of the ie or water,NA Avogadro'snumber and �� the neutrino ross setion. A neutrino ux � (neutrinos perm2 per seond) rossing a detetor with ross setion area A ' L2 faingthe inident beam, will produeN = ATP� (4.21)events after a time T . In pratie, the quantities A, P and � depend on theneutrino energy and N is obtained by a onvolution over the neutrino energyabove the detetor threshold. The \e�etive" telesope area A is not stritlyequal to the geometri ross setion of the instrumented volume faing the in-oming neutrino beause even neutrinos interating outside the instrumented
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muon cascade

θ

Fig. 4.7.| Sketh of detetion of muon traks (left) and asades(right) [MD03℄.volume may produe a suÆient amount of light inside the telesope to bedeteted. A is therefore determined as a funtion of the inident neutrinodiretion by simulating the entire detetor, inluding the trigger.The formalism presented applies to neutrino asades. For muon neutri-nos, any neutrino produing a seondary muon that reahes the telesope andhas suÆient energy to trigger it, will be deteted. Muons range out over kilo-meters at TeV energy, to tens of kilometers at EeV energy, produing showersalong their trak by bremsstrahlung, pair prodution and photonulear inter-ations, whih all generate Cherenkov radiation. As the energy of the muondegrades along its trak, the energy of the seondary showers diminishes andthe distane from the trak over whih the assoiated Cherenkov light antrigger a PMT beomes smaller. The geometry of the lightpool surroundingthe muon trak over whih single photo-eletron are produed is therefore akilometer-long one with gradually dereasing radius (Fig.4.7). Beause themuon range is larger than the telesope size, neutrinos an be deteted faroutside the instrumented volume; the probability is obtained by the substi-tution in Eq. (4.20) L! R�: (4.22)Here R� is the muon range, i.e. the distane a muon travels before its energydrops below the energy threshold Ethr� , and is given byR� ' 1� ln " � + �E�� + �Ethr� # : (4.23)where � ' 2:0� 10�6 TeV m2=g and � ' 4:2� 10�6 m2=g.The e�etive aperture for muons is larger than the instrumented areaand the angular resolution is in the sub-degree regime. However, the energymeasurement for muon traks is only indiret unlike the ase for showers,and beause of the stohasti nature of muon energy loss, the measurementis only sensitive to the logarithm of the energy, resulting in �E=E ' 50%.



4.2. Detetion tehniques 85The disovery of the lose-to-maximal mixing of � and � neutrinos hasmotivated the searh for � neutrinos from astrophysial soures. The pro-dution of �� in hadroni interations or photo-prodution in the heavenlybean dump is suppressed relative to �e and �� by roughly �ve orders ofmagnitude. In the absene of osillations, �� of astrophysial origin are un-detetable. Moreover, the �� , unlike the �e and ��, are not absorbed in theEarth due to the harged urrent \regeneration" e�et: �� with energies ex-eeding 1 PeV pass through the Earth and emerge with an energy of roughly1 PeV. The mehanism is simple [Hal98℄: a �� interating in the Earth willprodue another �� of lower energy, either diretly in a NC interation orvia the deay of a tau lepton produed in a CC interation. High energy ��will thus asade down to PeV energy where the Earth is transparent. A ��will be deteted in a neutrino telesope provided the tau lepton it produesreahes the instrumented volume within its lifetime. Therefore we have toreplae in Eq. (4.20) L! � = E=m� ; (4.24)where m, � and E are the mass, lifetime and energy of the tau, respetively.The produt � for tau leptons grows linearly with energy and exeeds therange of the muon around 1EeV. At low energy, the shower signature of a ��is hardly distinguishable from the one of a �e, but tau neutrinos of suÆientlyhigh energy an be identi�ed in several ways. The most striking signature isthe so-alled double bang event [Gai95℄ in whih the prodution and deayof a � lepton are deteted as two separated showers inside the telesope. Itmay also be possible to identify \lollypop" events in whih a �� reates along minimum-ionizing trak that enters the detetor and ends in a hugeburst when the � lepton deays to a �nal state with hadrons or an eletron.The parent � trak an be identi�ed by the redued atastrophi energy lossompared to a muon of similar energy. Note, however, that in the viinity of10PeV the probability to detet and identify a �� as a double-bang is only10% of that for deteting a �� of the same energy. At lower and higher energiesthe likelihood of deteting a double-bang falls rapidly. Further details on theavour-tagging apabilities of neutrino telesopes an be found in [Bea03a℄.4.2.3 Coherent radio-pulse tehniqueAlready in 1962, G. Askaryan proposed that a ompat partile shower willemit a oherent Cherenkov radio signal [Ask62℄. Subsequent theoretial workin the 1980's [Mar86, Zhe88℄ and the 1990's [Zas92℄ supported this predi-tion. The experimental veri�ation ame in 2001 [Sal01℄, with subsequentmeasurements on�rming the frequeny and polarization properties of the



86 Chapter 4. High energy neutrinosemitted radiation [Gor04℄. The emission of a oherent radio signal only hap-pens if a harge asymmetry appears in the partile shower developping in adense medium. This asymmetry is due to the ombined e�ets of positronannihilation and Compton sattering of eletrons at rest. There is about 20%exess of eletrons over positrons in suh a partile asade, whih moves as aompat bunh a few m wide and about 1 m thik at the veloity above thespeed of light in the medium. The frequeny dependene of Cherenkov radi-ation emitted is dP / �d�. In addition, for radiation with wavelength muhlarger than the asade diameter, the radiated signal will add oherently andthus be proportional to the square of shower energy. A radio signal emittedby a partile shower in a material suh as ie is oherent up to few GHz, islinearly polarized, and lasts only about a nanoseond. In ie as well as in saltdomes, attenuation lengths of several kilometers an be obtained, dependingon the frequeny band, the temperature of the ie, and the salt quality. Forexample, neutrinos with energy of 1019 eV interating in the ie produes aradio pulse with a peak strength of 10�3 V m�1 MHz�1 at a distane of 1 km.For energies above a few tens of PeV, radio detetion in ie or salt might beompetitive or superior to optial detetion. For a reent phenomenologialstudy see [Alv05b℄.4.2.4 Aousti tehniqueAnother ategory of tehniques makes use of the aousti pulse produed bythe expansion of the medium when heat is deposited by the partile asade,an ineÆient proess with energy transfer eÆieny of about 10�9. Whena partile asade is generated from a neutrino interation (or any otherause), the energy is deposited into the medium via ionization losses andother proesses, and within a fration of a nanoseond is onverted to heat.The heat dissipates only very slowly, so the bulk e�et is a step-funtionexpansion of the region in whih the energy was deposited. This in turngenerates a bipolar aousti pulse. Transverse to the asade, typially 10m long in water and a few entimeters wide, the radiation is oherent andadds, muh like a stak of dipole antennas. The speed of sound in water is1.5 km s�1, and the signal power peaks around 20 kHz. The beam pattern isa disk transverse to the neutrino diretion with angular thikness of about adegree. The magnitude of the pulse depends on the bulk oeÆient of thermalexpansion, the density and spei� heat of the medium, and the speed ofsound. The attenuation length of sea water is a few kilometers (ompared toa few tens of meters for light) and given a large initial signal, huge detetionvolumes an be ahieved, a very appealing feature when onsidering the largeaperture required to detet the osmogeni neutrino ux. With eÆient noise



4.2. Detetion tehniques 87rejetion, aousti detetion might be ompetitive with optial detetion atmulti-PeV energies [Lea78℄. The use of other media, suh as salt domes or ie,has been onsidered as well, and is expeted to work rather well. Appliationsin ie and salt are favorable in omparison to water due to the muh higherexpeted signal strength, e.g. about ten times greater in ie [Pri05℄ with thefurther advantage that solids supports shear-waves [Hal90℄, and observingboth ompressional and shear waves would give the range.4.2.5 Extensive air shower detetionAt the EeV energy sale, the fat that HE� produe extensive air showersopens the possibility of another detetion tehnique. Some advantages ariseat the highest energies: First, the ross setion for neutrino interations on-tinues to rise, faster than hadroni interations, so neutrinos interat moreoften (the interation length is 115�25 km water equivalent at 1020 eV).Seond, many models for neutrino prodution indiate that neutrino uxesmay be similar in magnitude to primary osmi-ray uxes at these energies.Third, the deposited energy beomes marosopially detetable, as is thease with EAS produed by ordinary harged osmi rays of these energies.Suh showers extend over kilometer distanes and an be deteted with rela-tively simple partile ounters at the Earth's surfae, although to get a usablerate at 1020 eV one needs to over at least 1000 km2. Alternatively, the show-ers an be observed by uoresene eyes monitoring the dark night sky (seeSe. 1.3.2).The main hallenge lies in separating showers initiated by neutrinos bythose indued by hadrons, photons, or penetrating muons produed in the�rst interation of the primary. It was already suggested in the 1960s thatthis ould be done at high zenith angles [Ber69℄ beause the atmosphereslant depth is quite large2. Neutrinos, having very small ross setions, aninterat at any point along their trajetories while most of the air showersindued by protons, nulei or photons are absorbed before reahing groundlevel. The signature for neutrino events is thus inlined showers that interatdeep in the atmosphere. The most problemati aspet to establish a positivesignal is the disrimination against eletromagneti showers initiated deepin the atmosphere by muons themselves from EAS originated by ordinaryosmi rays of large energy. The shape and thikness of the shower frontould however be used to disriminate �-indued and �-indued showers.Fluoresene detetion is more robust, as one an examine the longitudi-2Straight downward, the atmosphere onstitutes about 1000 g/m2, or more than tenstrong interation lengths. However, near the horizon (say at 85Æ) it is 30 times thiker.



88 Chapter 4. High energy neutrinos
0

1

2

3

4

5

-10 0 10 20 30 40 50 60

Horizontal distance (km)

A
lti

tu
de

 (
km

)
νττ

Fig. 4.8.| Cartoon illustration of a onversion �� ! � inside a moun-tain [Hou02℄.nal shower development. In the future, this tehnique might be extended tospae-based observatories, by ying large mirrors with light detetors thatlook down on the atmosphere. A muh larger area an be searhed from thisprivileged site than from any site on the Earth's surfae. The negative aspetsare the higher energy threshold and the assoiated ost of spae ativities.An even better sensitivity might be obtained for �� srathing the Earthand interating lose to the array (\Earth-skimming" neutrinos). Only �� leadto large detetable shower rates in the high energy range of interest. This isdue to the ombined e�et of the lepton lifetime, its energy loss and theneutrino ross setion. The harged � lepton produed in the interation anesape the rok around the array, in ontrast to eletrons, and in ontrast tomuons it deays after a short path into hadrons [Fag01℄. If this deay happensabove the array or in the �eld of view of the uoresene telesopes, the deayasade an be reorded. Provided the experimental pattern allows for learidenti�ation, the aeptane for these signals an be large. For the optimalenergy sale of 1 EeV, the sensitivity might reah 10�8E�2� GeV�1 m�2s�1 sr�1. A variation of this idea is to searh for � lepton asades whih areprodued by horizontal PeV �� hitting a mountain and then deay in a valleybetween target mountain and an \observer" mountain (Fig. 4.8). Finally,even for EAS experiments some sensitivity exists to the avour ontent ofthe neutrino uxes. A pratial quantity that ould be used is the ratio ofquasi-horizontal showers to Earth-skimming events [An05b℄.Further information on the EAS tehnique for neutrino detetion areavailable in the review [Zas05℄. A reently proposed variation to the EASmethod uses radar to detet the ionization trail left by EASs, in the sameway that meteorites are deteted [Gor00℄, and may o�er promising perspe-tives for the future (see Se. 1.3.2 and Refs. therein).



4.3. Current and planned experiments 894.3 Current and planned experimentsThe idea of using Cherenkov radiation for large neutrino detetors aroseshortly after the neutrino was disovered. The development in this �eld wasstimulated originally by the DUMAND projet lose to Hawaii (1976), whihwas anelled in 1995. The breakthrough ame from the other pioneeringexperiment loated at a depth of 1100 m in the Siberian Lake Baikal. TheBAIKAL ollaboration was the �rst to deploy three strings|as neessary forfull spatial reonstrution [Bel97℄|and also reported the �rst atmospherineutrinos deteted underwater [Bak00℄. The NT-200 instrument, omprising192 PMTs on 4 strings, has been reently upgraded (NT200+ [Ayn05℄).With respet to its size, NT-200 has been surpassed by the AMANDAdetetor [And99℄. Rather than water, AMANDA uses the 3 km thik ielayer at the geographial South Pole, proving the viability of this tehnol-ogy [And01℄. Holes are drilled with hot water, and strings with PMTs arefrozen into the ie. With 677 PMTs at 19 strings, most at depths between1500 and 2000 m, the present AMANDA-II array reahes an area of a few104 m2 for 1 TeV muons. AMANDA-II may be the �rst detetor with arealisti disovery potential with respet to extraterrestrial high energy neu-trinos, even though it is smaller than the km3 size generally predited tobe required for lear observation of suh signals. Limits obtained from theanalysis of data taken with the smaller ten-string detetor AMANDA-B10 in1997 are similar to or below those limits whih have been obtained by under-ground detetors over more than a deade of data taking. The limit [Ahr03℄on the di�use ux from unresolved soures with an assumed E�2 spetrumis 8 � 10�7E�2� GeV�1 m�2 s�1 sr�1, slightly below the loosest theoretialbounds [Man01℄ and a fator of two below the orresponding Baikal limit.AMANDA limits on point soures in the Northern sky [Ahr04℄ omplementthe limits obtained from detetors in the Northern hemisphere for the South-ern sky. Based on the experiene from AMANDA, a ubi kilometer detetor,IeCube [Ahr02℄, is being deployed at the South Pole. It will onsist of 4800PMTs on 80 vertial strings, with 125 m inter-string-distanes and a 16 mspaing between the PMTs along a string. The telesope is expeted to befully operational in a few years [Ie05℄. Two projets for large neutrino tele-sopes are under onstrution in the Mediterranean, ANTARES [Mon02℄ andNESTOR [Gri01℄. Both have assessed the relevant physial and optial pa-rameters of their sites and have deployed prototype arrays of about a dozenPMTs, although they follow di�erent deployment shemes and array designs.The NESTOR group plans to deploy a tower of several oors, eah arry-ing 12 PMTs at 16 m long arms. The ANTARES detetor will onsist of 12strings, eah equipped with 30 triplets of PMTs. This detetor will have an



90 Chapter 4. High energy neutrinosarea of about 2�104 m2 for 1 TeV muons|similar to AMANDA-II|and isplanned to be fully deployed in 2006. An additional initiative, NEMO, has�nished a series of site explorations at a loation 70 km from Siily and isnow in the phase of prototype studies for a ubi kilometer detetor [Sap05℄.The di�erent e�orts are going to onverge towards a single projet for a km3-detetor, and a oordination network alled KM3NeT already exists [Kat06℄.Several experiments have already utilized the Askaryan e�et to searhfor HE�. A prototype Cherenkov radio detetor alled RICE is operatingat the geographial South Pole [Kra01℄. Twenty reeivers and emitters areburied at depths between 120 and 300 m. From the non-observation of verylarge pulses, a limit of about 10�5E�2� GeV�1 m�2 s�1 sr�1 has been derivedfor energies above 100 PeV. Another projet, FORTE in the Greenland ieap [Leh03℄, has obtained interesting limits at higher energies. The GoldstoneLunar Ultra-high Energy Neutrino Experiment (GLUE) has searhed insteadfor radio emission from extremely-high energy asades indued by neutrinosor osmi rays skimming the moon surfae [Gor03℄. Using two NASA anten-nas, an upper limit of 5 � 10�5E�2� GeV�1 m�2 s�1 sr�1 at 100 EeV hasbeen obtained. The forthoming generation of radio-detetion experimentsis dominated by ANITA (ANtarti Impulsive Transient Array), whih is anarray of radio antennas planned to be own at a balloon on an Antarti ir-umpolar path in 2006 [Sil04, DuV05, Baw05℄. From 35 km altitude it mayreord the radio pulses from neutrino interations in the thik ie over andmonitor a really huge volume. The expeted sensitivity from a 45 day ightis almost 10�8E�2� GeV�1 m�2 s�1 sr�1 at 10 EeV, thus reahing enoughsensitivity to test urrent models of osmogeni neutrinos in the energy rangefrom 0.1 to 100 EeV. Following laboratory studies at SLAC, e�orts to simu-late a realisti radio array in a rok salt dome have been performed as well(SalSA, Salt dome Shower Array [Gor04℄). This R&D projet study for radiodetetion in natural salt domes promises to improve the sensitivity limits bythree orders of magnitude with respet to existing ones [Gor01℄.Aousti detetion e�orts are at an earlier stage with respet to other teh-niques, with one limit published thus far from 1022 to 1025 eV [Vad05℄. Severalgroups are working in R&D programs to haraterize bakground soures,and to develop spei� hardware for aousti detetion [Nie05, Kag05℄. Atpresent, the only running experiments use existing sonar arrays for subma-rine detetion. The most advaned is AUTEC, a projet using a very largehydrophone array of the US Navy, lose to the Bahamas [Leh01℄, with anarray of 52 hydrophones over an area of 250 km2. Due to the sparse instru-mentation, it is expeted to trigger only on events above 100 EeV.A very appealing possibility for the future are hybrid Cherenkov-aousti(or Cherenkov-radio-aousti) neutrino telesopes. It may be possible to



4.3. Current and planned experiments 91bootstrap the large e�etive volumes of aousti and radio detetion withthe optial method by building a hybrid experiment that an detet a largerate of radio or aousti events, a fration of whih are also deteted by anoptial detetor. Present initiatives are ongoing in NESTOR, ANTARES,AMANDA/IeCube, and NEMO [Spi02, Lah05℄ This synergi strategy ispitorially represented in Fig. 4.9, whih reports the energy ranges for thedi�erent tehniques. Optial Cherenkov detetors are in the range to overlapwith the underground detetors used e.g. for atmospheri neutrino studies,but also with the other tehniques aiming at exploring the high energy win-dow.
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Fig. 4.9.| Energy range of the various detetion tehniques, the dashed linesshowing the maximal sensitivity of Optial Cherenkov detetors, while solidlines the optimal range [MD03℄.The Fly's Eye ollaboration and more reently the AGASA ollaborationhave pratied the searh mode of horizontal air showers [Bal85b, Hay00℄.AGASA derived an upper limit of the order of 10�5 in the units given above,only one order of magnitude above optimisti preditions for AGN jets andfor topologial defets. At supra-EeV energies, large extensive air shower ar-rays like the AUGER detetor in Argentina [Zas04℄ or the Telesope Array[Sas02℄ may searh for horizontal air showers due to neutrino interationsdeep in the atmosphere. The optimum sensitivity for this method is at 1{100 EeV, the e�etive detetor mass is between 1 and 20 Gigatons, and theestimated sensitivity is of the order of 10�7E�2� GeV�1 m�2 s�1 sr�1. Aord-ing to a reent alulation, AUGER uoresene detetors have a signi�anthane to detet at least one Earth-skimming neutrino in a deade, even inonservative senarios for the osmogeni neutrino ux [Mie05℄. Heading tohigher energies leads to spae-based detetors monitoring huge volumes. Theprojets EUSO [Boa05℄ and OWL [Cli99℄ intend to launh large aperture op-tial detetors to 500 km height. They would look down upon the atmosphereand searh for uoresene signals due to neutrino interations. The moni-tored mass would be up to ten Teratons, with an energy threshold of about
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Fig. 4.10.| The horizontal solid lines indiate urrent 90% C.L. upper limitson the neutrino uxes / E�2 as reported by several experiments. The �����lines indiate observational bounds on the all-avours HE� ux. Also shown(thik dotted lines) are the expeted 90% C.L. sensitivity of IeCube in 1 yrof operation, the projeted sensitivities of 1 yr running of Auger and EUSO,and of 45 days of ANITA running. The region between the falling dashed-dotted lines indiates the ux of atmospheri neutrinos. Plot from [Tor04℄,where a full list of referenes is available.1010 GeV. In Fig. 4.10 we summarize the existing or expeted sensitivities toneutrino uxes.



Chapter 5
Neutrino osillations atneutrino telesopes
In this Chapter, we desribe a partile-physis appliation of observationsat neutrino telesopes. These instruments have been oneived primarilyfor astrophysial purposes, and hopefully they will shed light on issues likethe soures of osmi rays or astrophysial aeleration mehanisms [Ahl05℄.However, the high energies and the long distanes to the expeted soures, to-gether with their avour-distintion apability will allow to improve boundson physis beyond the standard model as well. Anomalous ross setionsat high CM energies [An05℄, violation of the equivalene priniple andLorentz invariane [Goz05℄, deoherene indued by quantum gravity ef-fets [Hoo04b, An05a℄, neutrino deays [Bea02, Bea03℄ may all be probedat neutrino telesopes with an improvement of several orders of magnitudewith respet to present limits.In the following, however, we will onentrate on the possible ontributionof neutrino telesopes to the \hot topi" of neutrino osillations [Rew04℄. Thisis a relatively new �eld in high energy neutrino (astro-) physis, but severalworks have reently emphasized possible appliations of neutrino telesopes.We will review some of these proposals in Setion 5.1, while in Setion 5.2 wewill illustrate the possibility to perform measurements sensitive to �13 andÆCP at neutrino telesopes by using a peuliar Galati soure that might havebeen deteted in osmi rays. Extensions of these ideas to other astrophysialsituations are outlined in Setion 5.3.93



94 Chapter 5. Neutrino osillations at neutrino telesopes5.1 IntrodutionIf neutrinos are massive and individual lepton numbers are not onserved,neutrino avour eigenstates f�e ; �� ; ��g are expressed in terms of the masseigenstates f�1 ; �2 ; �3g of mass respetively m1 ; m2 ; m3 via a unitary mixingmatrix V � U� as 0B� �e���� 1CA = V 0B� �1�2�31CA : (5.1)The unitary matrix U is the leptoni mixing matrix analogous to the CKMmixing matrix for quarks, that an be written in the anonial form [PDG04℄U = 0B� 1213 s1213 s13e�iÆCP�s1223 � 12s23s13eiÆCP 1223 � s12s23s13eiÆCP s2313s12s23 � 1223s13eiÆCP �12s23 � s1223s13eiÆCP 2313 1CA(5.2)(here ij = os �ij and sij = sin �ij). The matrix � is of the form� = diag �ei�1=2 ; ei�2=2 ; 1� ; (5.3)where �1 and �2 are CP-violating phases that for Majorana neutrinos arephysial, entering for example the amplitudes of neutrinoless double betadeays or lepton number violating deays like � ! e . However, �1 and�2 do not inuene the neutrino osillation phenomenology, so that for ourpurposes � = 1. Neutrino avour osillation phenomena are governed by sixindependent parameters: Two mass-squared di�erenes, �m221 � m22 � m21and �m232 � m23 �m22, three mixing angles, �12 ; �23 ; and �13, and a possibleCP-violating phase ÆCP. The angles �ij an all be made to lie in the �rstquadrant by a rede�nition of the �eld phases, while 0Æ � ÆCP < 360Æ. Byde�nition m1 � m2, but the sign of �m232 is physial, and the two ases�m232 > 0 and �m232 < 0 are referred to as normal and inverted hyerarhy,respetively.The urrent experimental situation is that the solar neutrino data areonsistent with a avour osillation of the initial �e driven by a mass-squareddi�erene �m2� = �m221 ' 7:1�10�5 eV2 and mixing angle �� = �12 ' 32:5Æ,while the atmospheri neutrino data are explained by osillations mainly be-tween �� and �� with �m2atm = �m232 ' 2:6�10�3 eV2 and �atm = �23 ' 45Æ,i.e. lose to maximal mixing [PDG04℄. Present unertainties of 10{20% in thevalues of the above parameters will signi�antly redue after the next roundof laboratory experiments. While the determination of the mixing parame-ters ontrolling the solar and atmospheri neutrino osillations has alreadyentered the preision era, there exists urrently only an upper limit for �13



5.1. Introdution 95mainly from the CHOOZ reator experiment, sin2 2�13 < 0:1 [Apo02℄. Themixing angle �13 haraterizes how strong atmospheri and solar osillationsare oupled and therefore also determines the strength of CP violation ef-fets in neutrino osillations. The phase ÆCP is at present ompletely unon-strained. Both �13 and ÆCP are observable in solar and atmospheri neutrinoosillation experiments only as subleading, genuine three-avour e�ets thatare masked mainly by systemati unertainties. There are strong experimen-tal e�orts to measure �13 in the near future by dediated experiments [Ans04℄,but the detetion of a non-zero ÆCP appears unlikely for the next generationof failities [Hub04℄, and probably has to await the onstrution of long-baseline experiments using seond-generation super-beams or perhaps evena neutrino fatory. Therefore, any new signature of these parameters both inlaboratory and astropartile experiments would be welome. We will omebak on this topi in Setions 5.2 and 5.3.A �rst interesting onsequene of neutrino osillations for the HE� ux isthe appearane of a large fration of �� beause of the large (if not maximal)mixing with the muon neutrinos, whih are opiously produed in the piondeay hain. Note that the prompt �� prodution by harmed meson deaysis heavily suppressed by a fator of O(10�5), so primary �� from astrophys-ial soures are virtually unobservable. Notie also that the CC interation�� N ! � X has a threshold of about 3.5 GeV, and the osillation length forthe atmospheri mass splitting �m2atm isLos � 4�E��m2atm ' 103� E�GeV� km; (5.4)suggesting that �� appearane requires long-baseline experiments. On theother hand, the large distanes involved for any astrophysial soure easilyallow full mixing of �� with �� . This is the ase of the solar orona neutrinos(Se. 4.1.1) for whih a rate of about �ve � leptons above 100 GeV peryear in a km3 detetor was estimated [Het99℄. The problem is that a leanidenti�ation of � 's an only be performed in neutrino telesopes at PeVenergies, where unfortunately the solar orona ux is strongly attenuated byabsorptions in the Sun. However, the Galati di�use ux (Se. 4.1.2) doesnot su�er this problem, and indeed it was shown in [Ath01b℄ that almostone � event per year per steradian for two separable and ontained showerswith E � 106 GeV should be deteted in a km3 volume neutrino telesope,virtually bakground-free from guaranteed soures (see Fig. 5.1). Notie thatthe above-mentioned event rate is quite onservative, sine ontributions fromextragalati soures are expeted as well. At the moment diret evidene forthe osillation of the atmospheri ux into �� is missing. A lean �� -eventdetetion would then have some importane, and is indeed the main goal of



96 Chapter 5. Neutrino osillations at neutrino telesopesaelerator experiments like OPERA [Pes04℄.
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Fig. 5.1.| Galati plane, horizontal atmospheri and GZK high energy tauneutrino ux assuming of neutrino osillations [Ath02℄. For omparison, tauneutrino ux in a �reball model of GRB is also shown [Wax97℄. The energyrange shown overs all the presently envisaged high energy (tau) neutrinodetetors.Another interesting hannel to probe neutrino mixing at telesopes hasbeen reently disussed [Bha05℄. The basi idea is to exploit the isospinasymmetry aompanying p neutrino prodution lose to the �-threshold(Se. 4.1). The frational amounts of neutrinos of various avours F� �f�e; ��e; ��; ���; �� ; ���g is Fp� ' n13 ; 0; 13 ; 13 ; 0; 0o for p soures, while for ppprodution one has Fpp� ' n16 ; 16 ; 13 ; 13 ; 0; 0o. A ombination of the two givesF tot� ' n 2�x6 ; x6 ; 13 ; 13 ; 0; 0o, with x = 0 orresponding to pure p meh-anism, whih is expeted to be dominant for extragalati soures. If welimit our attention to the �� avours, it is lear that they have a ux ratiof�e : �� : ��g = nx6 : 13 : 0o. As long as x� 1, this provides an almost purestate in avour basis, whih is an ideal tool for neutrino mixing studies. Notethat if one onsiders the summed �+ �� ratio, one obtains the avour ontentn13 : 23 : 0o, osillating approximately into n13 : 13 : 13o almost independentlyfrom the details of neutrino mixing parameters [Ath00℄, provided that the�{� setor is (lose to) maximally mixed. Optial Cherenkov telesopes andistinguish between � and �� only in the ase of the Glashow resonane pro-
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181614121086420Fig. 5.2.| The number ratio of Glashow resonane events to (�� + ���) CC-events in a water or ie based detetor as a funtion of the fration x of(� + ��)'s that originate from pp interations at the soure [Bha05℄. In bothplots, the lines from bottom to top are for �12 = 0Æ ; 15Æ ; 32:5Æ ; and 45Æ.In the top panel, �13 = 0Æ is assumed, and the solid (dashed) lines show thease �23 = 45Æ (�23 = 40Æ). In the bottom panel, �23 = 45Æ is assumed, andthe solid (dashed) lines show the ase �13 = 0Æ (�13 = 9Æ).ess ��e+ e� !W�. The ratio RG of suh events to the �� plus ��� CC traksin the same energy bin is then a very useful observable. It was shown to havea signi�ant sensitivity both to the parameter x and to the mixing angles,in partiular to �12 [Bha05℄. Unfortunately, a partial degeneray between �12and x exists, but interesting onstraints on the mixing angles might still ob-tain, espeially if one an perform this measurement for a well haraterizedsoure.



98 Chapter 5. Neutrino osillations at neutrino telesopesWe have not yet mentioned observables sensitive to the neutrino masssplittings. There are very few hanes of performing suh observations: Ifonly vauum osillations are involved, the preferred values for the mass split-tings imply that the osillation lengths for any high energy neutrino soureare muh smaller than the distanes involved, for any reasonable energy. Notethat this statement ould hange if exoti mass-splittings exist in the neutrinosetor. One possibility disussed in the literature is the one of \Pseudo-Diraneutrinos" [Bea03b℄. Even in the standard senario, however, one exeptionis provided by the Solar orona neutrinos. The osillation lengths for theSun-Earth distane are mathed for E�� ' 4:9TeV and Eatm� ' 130TeVrespetively. The relatively low statistis expeted has not motivated fur-ther analysis of suh a soure, however. Alternatively, the mass splittingsmight determine the phenomenology of matter e�ets (for an introdutionsee [Kuo89℄), but they are typially unimportant for HE� telesopes. Onepossible exeption is the ase of Galati SN neutrinos, that would allow touse neutrino telesopes to probe the mass hierarhy by deteting MeV-rangeneutrinos [Dig03℄. IeCube, the km3 Cherenkov neutrino telesope in on-strution at the South Pole, is highly sensitive to a Galati SN neutrinoburst (see Fig. 4.6). The Cherenkov light orresponding to the total energydeposited by the SN neutrinos in the ie an be measured relative to bak-ground utuations with a statistial preision muh better than 1%. If theSN is viewed through the Earth, the matter e�et on neutrino osillationsan hange the signal by more than 5%, depending on the avour-dependentsoure spetra and the neutrino mixing parameters. Therefore, IeCube to-gether with another high-statistis experiment like Hyper-Kamiokande andetet the Earth e�et, an observation that would identify spei� neutrinomixing senarios that are diÆult to pin down with long-baseline exper-iments. In partiular, the normal mass hierarhy an be learly deteted ifthe third mixing angle is not too small, i.e. sin2 �13 >� 10�3. The small avour-dependent di�erenes of the SN neutrino uxes and spetra that are found instate-of-the-art simulations suÆe for this purpose. A HE� telesope will beprobably built in the Northern hemisphere, probably in the Mediterraneansea, within the next deade. For any astronomial survey, it is in fat nees-sary to ahieve the total overage of the sky. One might wonder that previousonsiderations ould apply to a o-detetion between two km3 telesopes. Un-fortunately, the water-based tehniques foreast for a Northern observatoryprevent suh a possibility. The muh higher noise level indued by radioativesalts prevents this kind of telesopes to observe a SN signal.In general, the ux avour ratios1 �D� arriving at the detetor are given1Heneforth, we denote with �(D)� the ombined ux of �� and ���.



5.2. Galati beta beams 99in terms of the probabilities P�� � P (�� ! ��) as �D� = P� P����, where ��are the ux ratios at the soure. Matter e�ets in the propagation of neutri-nos are negligible beause of the extremely low densities of interstellar andintergalati medium, and often they are of no importane at the produtionsite as well. In the following, we will then onsider pure vauum osillations.Another simpli�ation is that the Galati and osmi distanes far exeedthe experimentally known osillation lengths, even at ultra-PeV energies.This implies that the interferene terms sensitive to the mass splittings andto the sign of ÆCP (i.e., the CP-violating terms) average out. Moreover, sineP (��� ! ���; ÆCP;V) = P (�� ! ��;�ÆCP;�V) [Akh04℄, in the limit in whihthe matter potential V vanishes and no sensitivity to the sign of ÆCP remains,the same probability formulae apply to the neutrino and anti-neutrino han-nels, P�� = P����.Therefore, one obtainsP�� = Æ�� � 2Xj>kRe(U�jU��kU��jU�k) ; (5.5)where U(�12; �23; �13; ÆCP) is the neutrino mixing matrix of Eq. (5.2) and greek(latin) letters are used as avour (mass) indies. Useful approximations toEq. (5.5), obtained as �rst order expansion in the small quantity sin �13, arePee ' 1� 12 sin2 2�12; (5.6)Pe� ' 12 sin2 2�12 os2 �23 + �132 sin 2�12 os 2�12 sin 2�23;Pe� ' 12 sin2 2�12 sin2 �23 � �132 sin 2�12 os 2�12 sin 2�23;P�� ' 1� 2 os2 �23 ��sin2 �23 + 14 sin2 2�12 os2 �23 + �132 sin 2�12 os 2�12 sin 2�23� ;P�� = 1� P�� � Pe�;P�� = 1� P�� � Pe� = P�� + Pe� � Pe� ;where �13 � sin �13 os ÆCP represents the only term responsible for trulythree-neutrino mixing e�ets at the �rst order.5.2 Galati beta beamsIn the following, we propose to use high energy neutrinos produed by deay-ing neutrons as a probe of �13 and ÆCP at neutrino telesopes. It is fasinating



100 Chapter 5. Neutrino osillations at neutrino telesopesthat nature may provide in a very heap way almost pure avour neutrinobeams that, similarly to proposed beta-beam fatories [Zu02℄, might help todeepen our knowledge of the neutrino mixing parameters.Neutron primaries have been invoked to explain an exess of high energyosmi rays from two regions in the Galati plane [An03b, Crk04℄. Thissignal, in a limited energy range around 1018 eV, has been observed by severalexperiments with di�erent tehniques. The AGASA Collaboration found aorrelation of the arrival diretions of CRs with the Galati plane at the4 � level [Hay98℄. This exess, whih is roughly 4% of the di�use ux, isonentrated towards the Cygnus region, with a seond hot spot towards theGC [Tes01℄. Suh a signal has been independently on�rmed by the Fly's EyeCollaboration [Bir98℄ and by a re-analysis of the SUGAR data [Bld00℄.Complementary evidene for a osmi aelerator in the Cygnus regionomes from the detetion of an extended TeV -ray soure by the HEGRAexperiment [Aha02, Aha05℄. Also, X-ray or radiowave emission ould not bedeteted by CHANDRA or VLA [But03℄, thus favoring a hadroni ael-erator. Similarly, multi-TeV -rays from the viinity of the GC have beendeteted by HESS [Aha04℄, and reently on�rmed by MAGIC [Alb05℄.The exess from the Cygnus and GC region is seen at E ' 1018 eV, i.e. atenergies where harged osmi rays su�er large deetions in the GMF so thatonly a neutral primary an produe a diretional signal. Another evidenefor neutrons as primaries is that the signal appears just at that energy wherethe neutron lifetime allows neutrons to propagate over distanes of severalkp.Neutrons an be generated as seondaries either in ollisions of high en-ergy protons on ambient photons and protons, or in the photo-dissoiation ofnulei. In the �rst ase, the ux of ��e from neutron deays would be negligibleompared to the neutrino ux from pion deays. The osillation phenomenol-ogy and signature for suh a \standard" GC soure were already onsideredin [Crk99℄. In ontrast, photo-dissoiation of nulei produes a pure ��e initialux.There are several arguments in favor of the dominane of heavy nuleiin the di�use Galati CR ux around 1018 eV. The end of the GalatiCR spetrum is expeted to onsist of heavy nulei, beause the GMF on-�nes more easily CRs with small rigidity. Subtrating the spetrum expetedfor extragalati CRs from the measured CR spetrum, [Ber04℄ found evi-dene that the transition between Galati and extragalati CRs happensaround a few� 1017 eV. In this ase, the total di�use CR ux between 1 and10�1017 eV onsists mainly of galati iron nulei and extragalati protons.Another method to determine the transition energy is to study the hemialomposition of the CR ux [Wat04℄. At present, these measurements are not



5.2. Galati beta beams 101onlusive but point to a dominantly heavy omponent in the CR ux atleast up to about 1018 eV and a possible transition to extragalati protonsat higher energies (see Fig. 1.5). Suh a higher transition energy would alsoease the diÆult luminosity requirements needed for extragalati ultra-highenergy osmi ray soures [Ste05℄. Around and above the transition energy,the unon�ned ux from Galati point soures should beome visible.In the following we use as our basi assumption that nulear photo-dissoiation is the origin of the deaying neutrons. In order for our argumentto work, we have to assume that other neutrino soures that ontaminatethe pure ��e initial ux are negligible. Following the treatment of [Tor04℄, weoutline in the next Setion how suh a neutron-dominated soure of neutrinosould be realized in the Cygnus star formation region, or in any other similarastrophysial environment, and we will estimate the event rate at IeCube.5.2.1 A model for the Cygnus soureAntineutrinos take only a very small part of the energy of the parent neu-tron, of the order of (mn � mp � me)=2mn <� 10�3. Hene, to estimate theevent rate of TeV antineutrinos at a neutrino telesope, the relevant nuleuspopulation at the soure has an energy per nuleon EN;PeV � 1 PeV. Nuleiwith Lorentz fator of the order of 106 are synthesized in all supernovae.Hadroni interations with the HII population of density < 30 m�3 [But03℄and photo-disintegration proesses provide the ux of PeV neutrons. In thisenergy regime, the target photons at photo-disintegration threshold energiesare in the ultraviolet, E � 5 eV. This inludes the entire emission spetrumof the O stars and about 60% of photons from B stars (with average tem-perature 28000 K). From the photon emission rate FUV the number densitynUV at the surfae of a sphere of radius R from the ore enter is given by14nUV  = FUV4�R2 : (5.7)For the O-star population, the photon emission rate in the Lyman regionis found to be FL � 1051 photons s�1 [Kno00℄. The Lyman emission or-responds to 60% of the entire O star spetrum. Furthermore, as mentionedabove, 60% of the B star spetrum is also ative for photo-disintegrationin this energy region, and the B star population is about 20 times greaterthan that of the O stars [Kno00℄. Now, from the H-R diagram [Has03℄ onean infer that the energy luminosity of a B-star is about 10% that of an Ostar. Additionally, the B star temperature is about 50% the O star tempera-ture, giving a number luminosity ratio of about 0.2. For photo-disintegrationresulting in PeV nuleons, the relevant photon density in the ore of the



102 Chapter 5. Neutrino osillations at neutrino telesopesCygnus OB2 assoiation is then nUV ' 230 m�3: The nuleus mean freepath is about 35 kp, orresponding to a ollision time � = 105 yr. Thus, theollision rate for photo-disintegration in the ore region is omparable to thehadroni interation rate. This estimate takes into aount a hadroni rosssetion �Fep ' A0:75 �pp ' 6� 10�25 m2, and the generous upper limit of thenuleon density 30 m�3 [Tor03b℄.Sine one is interested in neutrinos, it is still neessary to ompare theprodution rate for harged pions in the hadroni ase to the overall rate forgenerating neutrons. To assess this ratio, in [Tor04℄ high energy event simu-lations were used showing spetator nuleon and pion spetra for Fe-N/p-Nollisions at 1015{1016 eV [Kna96, Kna97℄. Allowing for sizeable di�erenesin hadroni interation models, the seondary populations are roughly 35%��, 45% , 10% nuleons, and 10% K [Kna97℄. In the energy range yieldingPeV neutrons, only about 30% of the rapidity plateau ontributes hargedpions above 2 TeV. Sine only half of the nuleons are neutrons, one arrivesat a ratio ��(> 2 TeV)n(� PeV) ' 3 (5.8)from the hadroni interations.However, photo-disintegration also takes plae in the outer regions of theOB assoiation as long as: i) the density of the optial photons propagatingout from the ore allows a reation time whih is smaller than the age of theluster, 2.5 Myr [Kno01℄ and ii) the di�usion front of the nulei has passed theregion in question. From Eq. (5.7) one estimates an average photon densitynUV >� 25 m�3 out to 30 p, whih gives a reation time of about 106 yr.The di�usion time (' 1:2 Myr) is a bit smaller than the age of the luster,and somewhat higher than the reation time, allowing about 90% of thenulei to interat during the lifetime of the soure. Thus, the produtionrate of neutrons via photo-disintegration is ampli�ed by a volume fator of27 over the rate in the 10 p ore. The net result is that the PeV neutronpopulation is about an order of magnitude greater than that of the TeVharged pions [An03b℄.With this in mind, one an assess the prospets for a new multi-partileastronomy. Neutrons as diretional pointers plus antineutrinos as inheritorsof diretionality. The basi formula that relates the neutron ux at the soure(dFn=dEn) to the antineutrino ux observed at Earth (dF�=dE�) is [An03b℄dF�dE� (E�) = Z dEn dFndEn (En) �1� exp��DmnEn �n�� Z Q0 d�� dPd�� (��)� Z 1�1 d os ��2 Æ �E� � En ��mn (1 + os ��)� : (5.9)



5.2. Galati beta beams 103The variables appearing in Eq. (5.9) are the antineutrino and neutron energiesin the lab (E� and En), the antineutrino angle with respet to the diretion ofthe neutron momentum in the neutron rest frame (��), and the antineutrinoenergy in the neutron rest-frame (��). The last three variables are not ob-served by a neutrino-detetor, and so are integrated over. The observable E�is held �xed. The delta-funtion relates the neutrino energy in the lab to thethree integration variables. Note that E�� = �n(��� + ���� os ���) = En���(1 +os ���)=mn; where �n = En=mn is the Lorentz fator, and (as usual) � ' 1 isthe partile's veloity in units of . The parameters appearing in Eq. (5.9) arethe neutron mass and rest-frame lifetime (mn and �n), and the distane tothe neutron soure (D). The quantity dFn=dEn is the neutron ux that wouldbe observed from the Cygnus region in the absene of neutron deay. Finally,dP=d�� is the normalized probability that the deaying neutron in its rest-frame produes a ��e with energy ��. Setting the beta-deay neutrino energy�� equal to its mean value �0 ' (mn�mp)[1�m2e=(mn�mp)2℄=2 = 0:55 MeV,we have dP=d�� = Æ(�� � �0). Note that the delta-funtion in the neutronframe gives rise to a at spetrum for the neutrino energy in the lab for �xedneutron lab-energy En = �nmn,dPdE� = Z 1�1 d os ��2  d��dE�!  dPd��! = 12�n �0 ; (5.10)with 0 � E� � 2 �n �0. The maximum neutrino energy in the neutron restframe is Q � mn�mp�me = 0:71 MeV, and the minimum neutrino energyis zero in the massless limit. The expression in parentheses in Eq. (5.9) isthe deay probability for a neutron with lab energy En, traveling a distaneD. In general, when onsidering a soure distribution, one should integrateover the volume. Assuming the Cygnus OB2 omplex at the average distaneof 1.7 kp and normalizing to the observed \neutron" exess around 1018 eVleads to about 20 antineutrino events at IeCube per year [An03b℄.5.2.2 E�et of the osillations and detetion inIeCubeFor the energies of interest, 1012 eV <� E <� 1015 eV, the CC interations of�e and �� are in priniple only distinguishable by the di�erent muon ontentin eletromagneti and hadroni showers. In pratie, this is an experimentalhallenge and we onsider �e and �� as indistinguishable in a neutrino tele-sope. By ontrast, in �� CC interations the long range of muons ensuresthat the muon trak is always visible and allows the identi�ation of theseevents. Finally, all avours undergo the same, indistinguishable NC intera-tions. This interation ontributes however only about 25% to the total ross



104 Chapter 5. Neutrino osillations at neutrino telesopessetion [Gan98℄. Moreover, in this ase the energy of the primary is underes-timated by a fator 3{4, further suppressing the relative importane of NCinterations beause of the steeply falling energy spetrum. In the following,we neglet therefore NC interation and onsider the ombined ��e and ���ux �De +�D� and the ��� ux �D� as our two observables. For a neutron beamsoure, the ratio of observed trak to shower events R an be expressed interms of osillation probabilities P�� asR � �D��De + �D� = Pe�Pee + Pe� = Pe�1� Pe� ; (5.11)where in the last step we used the unitarity ondition Pee + +Pe� + Pe� =1. Atually, the above de�ned quantity R is the ratio of observed trak toshower events only in the limit in whih sub-leading NC events are negleted,and if both hannels are deteted with the same eÆieny. This is howevera tehnial point inessential to our onsiderations, sine it ould be easilyaounted for in re�ned preditions and for a spei� experimental setup.To obtain a feeling for the dependene of the uxes on �13 and ÆCP, wegive an expansion of Pe� up to seond order in �13 where we use �12 = 30Æand �23 = 45Æ, Pee ' 58 � 54�213 ;Pe� ' 316 + p38 �13 os ÆCP + 5�2138 ;Pe� ' 316 � p38 �13 os ÆCP + 5�2138 : (5.12)As expeted, the survival probability Pee (or equivalently �De ) does not de-pend on ÆCP and the unitarity relationP� Pe� = 1 holds at eah order in �13.Moreover, the ��� and ��� uxes depend on ÆCP only via the quantity os ÆCP.Note that the independene of Pee from �23 and ÆCP, as well as the relationPe� = Pe� (�23 ! �23+�=2) that shows up in the opposite signs of the os ÆCPterms in Eq. (5.12) hold exatly [Akh04℄. Although the approximate rela-tions Eq. (5.12) are useful to grasp the main features of the dependene ofthe uxes �D� on �13 and ÆCP, in the following we will use the exat expres-sions given in Eq. (5.5).We also �x the value of the solar mixing angle to�12 = 32:5Æ [Rew04℄.Of ourse, the ux ratio R as the only observable does not allow for thesimultaneous measurement of �13 and ÆCP. For the sake of larity, we �rstexplore the sensitivity of R to the value of �13, �xing ÆCP = 0Æ. In Fig. 5.3,we show the expeted ratio R as a funtion of �13 for three representative



5.2. Galati beta beams 105values of �23. This ratio varies by 25{50% in the interval 0Æ � �13 � 10Æand di�ers in the extreme by a fator of three from the standard value,�D� =(�De + �D� ) = 1=2, that is also shown for omparison.
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106 Chapter 5. Neutrino osillations at neutrino telesopes

0 45 90 135 180
∆CP H°L

0.25

0.30

0.35

R

Θ13=2°

Θ13=5°

Θ13=10°

Fig. 5.4.| Flux ratio R at Earth as a funtion of ÆCP for �13 = 10Æ (red,solid urve), �13 = 5Æ (green, dashed urve), and �13 = 2Æ (blue, dot-dashedurve), for �23 = 45Æ and initial uxes f�e : �� : ��g = f1 : 0 : 0g at thesoure.bakground showers. Here we used the fat that the atmospheri neutrinobakground has a avour ratio of f�e : �� : ��g ' f0:05 : 1 : 0g in the energyrange of interest, 1011 eV <� E <� 1014 eV [Bea04℄. The resulting statistialutuation of the bakground shower number is pN ' 12. Thus integratingone year the ' 16 yr�1 rate from Cygnus one expets a 1:3 � signal hint, orequivalently a 4:2 � measurement in a deade.Obviously, the poor angular resolution for �e and �� events is the mostserious obstale to improve this measurement. If however a future neutrinotelesope would be able to inrease the shower resolution to, say, 10Æ, thenthe same estimate would lead to a 3:3 � detetion already in one year of datataking. Theoretial preditions for the neutron spetrum at the soure ouldalso be used to optimize the detetion strategy. To �t the anisotropy datawithout introduing a uto�, the AGASA ollaboration required in [Hay98℄a soure spetrum with / E�3 or steeper, while the spetral index of themodel in [An03b℄ is 3.1. The atmospheri neutrino ux falls with a similarslope: its spetral index is in the range 3{3.7, being steeper at higher ener-gies. Thus, if the ��e spetrum would be truly harder than the atmospherineutrino bakground, the signal to bakground ratio ould be improved byan inrease of the threshold energy. Notie also that experimentally, the en-ergy spetrum of the signal events ould be more easily measured using theshower events [Bea04℄.What happens to our previous estimates if we add some ontamination fromonventional pion deay? If the nulei photo-dissoiation mehanism is the



5.3. A anonial avour ratio for high energy neutrinos? 107orret explanation for the neutron signal, realisti models like the one pre-sented in Se. 5.2.1 for the Cygnus region would led to 10% ux pollution. Inthis ase, a shift as low as 0.01{0.02 is expeted in the ux ratio R, within theexpeted experimental statistial error. An aidental pion ontamination ofthe same order of the expeted signal would lead to shifts of about +0.1 inR. The parameter estimate would then be hallenging, but signi�ant on-straints on the parameter spae would be still possible, in partiular whenneutrino telesopes data ould be ombined with omplementary informationfrom terrestrial experiments. Finally, we want to add a remark on the asewhen neutrons are generated mainly in pp or p ollisions. Sine the normal-ization of the ��e ux from neutron deay is based on the 4% anisotropy inthe CR data, the number of events in IeCube from neutron deay does notdepend on the spei� generation mehanism. However, when neutrons areprodued in pp or p ollisions, additionally a muh larger ux of neutrinosfrom pion deays with f�De : �D� : �D� g ' n13 : 13 : 13o is expeted. Obviously,the bakground for the �13 and ÆCP searhes disussed here would thereforedrastially inrease, while the detetion of these Galati point soures byneutrino telesopes would beome muh easier. A muh larger ux and aavour ratio �D� =(�De + �D� ) ' 1=2 in IeCube would be a smoking gun forthe dominane of the pp or p ollision mehanism. Although less exitingfrom the point of view of neutrino physis, suh a measurement would haveimportant onsequenes for the astrophysial soure diagnostis as well asfor CR omposition studies around 1018 eV.5.3 A anonial avour ratio for high energyneutrinos?The standard paradigm of avour ontent at HE� telesopes is that neutri-nos originate mainly from pion deays. This suggests a avour ompositionof f�e : �� : ��g ' n13 : 23 : 0o at the soure. Presently favored ranges formixing parameters imply osillated uxes at the detetor �D� approximatelyin the ratios n13 : 13 : 13o, almost independently from the details of neutrinomixing parameters [Ath00℄. Astrophysial unertainties and the expeted lowstatistis would not justify deeper studies. This qualitative argument prob-ably explains why the potential for neutrino mixing studies has remainedlargely unexplored.However, the possibility to exploit the avour ontent of neutrino uxesfor astrophysial diagnostis has been reently analyzed in greater detail. Ahange in neutrino avour uxes was reently shown to be important for



108 Chapter 5. Neutrino osillations at neutrino telesopesdiagnostis of gamma ray bursts (GRB) [Kas05℄. As another example, thefration of neutrinos produed in high energy aelerators via the stronglyisospin-asymmetri p proess (as opposed to pp inelasti sattering) mightalso be measurable, at least around energies of 6.3 PeV [Bha05℄. The dis-ussion of the previous Setion also shows that sensitivity to soures likeGalati-plane neutron beams an also be ahieved, and implies non-triviale�ets of the mixing parameters on the observable avour ontent. How-ever, though physially plausible, this soure is not guaranteed. The veryexistene of a signi�ant anisotropy|at least towards the GC|is urrentlydebated, in the light of the negative results of an analysis of preliminaryAuger data [Let05℄.In the following, we generalize previous onsiderations arguing that: i)There ould be neutron beam soures invisible to osmi ray (an-)isotropyobservations, and only detetable indiretly at neutrino telesopes. ii) Otherandidate targets useful for neutrino mixing studies at neutrino telesopesalso exist, like muon-damped �� soures from pion deays, that were reentlydisussed [Kas05℄. We shall motivate that both lasses of soures ould benot only identi�ed at neutrino telesopes, but also used to infer non-trivialinformation on ertain neutrino mixing parameters in a model-independentway, i.e. irrespetive of astrophysial unertainties. The argument still holdswhen presently allowed ranges for the other mixing parameters are takeninto aount. In partiular, we shall show how a robust lower bound on �23ould be established, and thus a value of �23 > 45Æ identi�ed. Note that thisinformation is non-trivial. The present 2 � range is 36Æ � �23 � 52Æ [Fog05℄and a deviation from maximal mixing would be important for avour sym-metries and neutrino mass models [Dor04, Anu04℄. Of ourse, our onsid-erations ould be invalidated if exoti mehanisms like neutrino deays aree�etive [Bea02℄, but suh senarios seem to be at least disfavored by osmo-logial bounds [Had05, Bll05℄.In Setion 5.3.1 we treat generi neutron beam soures and fous onthe otant of �23 as a model-independent parameter possibly aessible atneutrino telesopes. Similar onsiderations are developed for a pure �� beamfrom pion deay. In Setion 5.3.2 we onlude.5.3.1 Neutron and muon-damped beam souresNeutrino uxes detetable at neutrino telesopes, i.e. at E >� 0.1{1 TeV,might well originate in the deay of few PeV neutrons from soures whihhave harateristis similar to the ones detailed in Setion 5.2, but whoseneutron spetrum uts o� at energies E � 1018 eV. Sine the deay lengthof a neutron is dn ' 10 p (En=PeV), and typial galati distanes are of



5.3. A anonial avour ratio for high energy neutrinos? 109order 10 kp, suh a soure would not show up as a osmi ray anisotropy.The deay protons would rapidly lose diretional information via deetionin the GMF. The dominane of nulei in the Galati osmi ray spetrum islikely starting just above 1015 eV, and the spetrum of galati osmi rays isexpeted to extend at least up to few�1017 eV (see e.g. [Ber04, All05b℄ andSetion 3.1 in [Ka05℄): A situation suitable to the neutron beam produtionis oneivable in many regions of our Galaxy. Of ourse, suh \hidden" neu-tron beams ould only be revealed by neutrino observations, and are thusonstrained only by the diret observational upper bounds at neutrino tele-sopes. Nonetheless, any standard pion-deay soure would produe neutrinoswith a ratio R ' 0:5 or larger. By observing a ratio R signi�antly lower than0.5, one ould laim both the disovery of an invisible neutron beam and putonstraints on the neutrino mixing parameters, sine any bakground2 shouldpush R to higher values. The extremes of the ratio R of Eq. (5.11) for a �xed
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Fig. 5.5.| The ratio R of Eq. (5.11) for a neutron beam soure vs. �23.The bands show the e�et of the unertainty on �12, and the trivial asef�13 = 0Æg is plotted together with the limiting ases f�13 = 10:3Æ; ÆCP = 0Ægand f�13 = 10:3Æ; ÆCP = 180Æg. Dashed vertial lines enlose the allowedrange for �23. The ranges shown are the 95% C.L. aording to Ref. [Fog05℄.The region below the solid horizontal line requires �23 > 45Æ.�12 and �23 are obtained for the maximally allowed value of �13 and the asesos ÆCP = �1, as the linear approximation of Eq. (5.6) suggests. In Fig. 5.5 itis learly shown that, also inluding urrent 2 � unertainties on mixing pa-rameters, observations of an extremely low value for R, say R � 0:21, ould2Throughout the Setion, we refer to other uxes as \bakground" whenever they donot share the same avour ontent of the soure under onsideration.



110 Chapter 5. Neutrino osillations at neutrino telesopesonly be reoniled with a mixing angle �23 > 45Æ.Until now we have foused on neutron beams from Galati soures, be-ause they are well motivated targets having a hane of detetion. On theother hand, it should be stressed that extra-galati soures that have suit-able onditions also exist. Even when one turns to the most reliable of allextra-galati neutrino soures, the osmogeni neutrino ux, one easily real-izes that at energies around 1016 eV a seondary peak almost purely made of��e should be present [Eng01℄. This peak is formed after neutron deays, bothin the ase of proton and heavy nulei primaries. In the latter ase a rela-tively larger ontribution is expeted beause of the additional free-neutronsprodued in photo-dissoiations [Ave04, Hoo04a℄, see Fig. 5.6. In normal as-trophysial soures, the photon target spetrum often extends for deades inenergy, and the pion neutrino ux forming via photo-hadroni proesses onthe longer wavelength photons is expeted to dominate the ��e from neutronux produed on shorter wavelengths, shifting the neutron deay dominanepeak to energies of no interest for neutrino telesopes. For extra-galati nu-lei, instead, the reations on CMB photons are by far dominant and theseondary ��e peak is expeted to show up. Of ourse, this ux is so low thata detetion is hallenging, and may be prevented even in priniple by thelarger ontributions from anonial di�use uxes from other extra-galatisoures.We now turn to another lass of soures produing a non-trivial avourontent at neutrino telesopes, i.e. soures optially thik to muons (lifetime2:2 � 10�6 s) but not to pions (lifetime 2:6 � 10�8 s), whih would mainlyemit neutrinos in the avour ratios f0 : 1 : 0g. Suh avour ontent arises inspei� astrophysial models [Ra98℄. In addition, for any onrete exampleof aelerating engine, a transition from n13 : 23 : 0o to f0 : 1 : 0g is expetedin some energy range. This follows from the ompetition between growingdeay path-length (�deay / E) and dereasing energy-loss distane withenergy. For standard AGN models the transition energy is expeted to bequite high, around 106 TeV, but it might be as low as about 10 TeV forGRB. Suh a phenomenon ould also o�er interesting perspetives for GRBdiagnostis [Kas05℄. Again, the e�et of mixing angles in this ase is non-trivial. The avour ratio at the Earth for a f0 : 1 : 0g soure would dependonly on the �� survival probability asR � �D��De + �D� = P��1� P�� ; (5.13)where we used the unitarity ondition P�e + P�� = 1� P��.In Fig. 5.7 we show that any observation of a ratio R >� 0:78 would notonly point to a muon-damped soure, but would also onstrain the otant
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Fig. 5.6.| Cosmogeni neutrino yield for proton (top) and iron (bot-tom) [Ave04℄. The energy onsidered is 1021:5 eV, and the propagation dis-tane 300 Mp. Di�erent lines indiate the di�erent origin of the neutrinos:the solid lines are �e+ ��e and the dashed lines are ��+ ��� all produed byphotopion interations. The dotted line is for ��e produed in the deay ofneutrons emitted by the nulei in photo-disintegration proesses.
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Fig. 5.7.| Same as Fig. 5.5, for a soure optially thik to muons, but notto pions. The region above the solid horizontal line requires �23 > 45Æ, theone above the dashed horizontal line in addition requires a non-vanishingf�13; ÆCPg setor.of �23, i.e. �23 > 45Æ. This result is irrespetive of the unertainties on theother mixing parameters, as well as of known bakgrounds from (undamped)pion hain or even neutron beams, whih ould only ontribute to lower thevalue of R. Note also that in both Figs. 5.5 and 5.7, speial regions in theparameter spae exist that are only ompatible with very spei� values ofthe mixing parameters, and in partiular �13 and ÆCP. For example, if oneestablishes independently that �23 < 45Æ, a deteted value of R >� 0:7 wouldonly be ompatible with a relatively large �13 and a non-vanishing ÆCP.To give a quantitative example, for a benhmark ux of muon neutrinosof E2dN�=dE = 10�7GeV m�2 s�1, IeCube should be able to determinethe avour ratio at the 15% level after 1 yr [Bea03a℄, being thus suÆientlysensitive to detet the e�ets desribed above. Moderately lower uxes ouldbe ompensated by a larger integration time.Remarkably, any kind of extraterrestrial ux, even a di�use one, anbe studied as a funtion of E to identify an energy range with peuliaravour ratios. Moreover, adding information from forthoming laboratoryexperiments would improve the hanes to identify the e�et of �23 > 45Æ atneutrino telesopes.5.3.2 ConlusionWe have argued that the role of neutrino mixing at high energy neutrinotelesopes is not trivial, and that forthoming observations are potentially



5.3. A anonial avour ratio for high energy neutrinos? 113interesting for neutrino mixing phenomenology. If soures like neutron or pionbeams exist, we showed that: i) They an be unambiguously identi�ed atneutrino telesopes. ii) They may allow a model-independent determinationof ruial qualitative features of neutrino mixing parameters, like the otantof �23 or the existene of a non-vanishing f�13; ÆCPg setor.From a omplementary perspetive, aurate laboratory measurementsof neutrino mixing parameters are of primary importane to perform astro-physial diagnostis: Sine the ux avour ratios depend on mixing angles,degeneraies with astrophysial parameters may arise. For example, althoughthe main emphasis in [Bha05℄ was on the sensitivity of the ratio RG to �12(whih is relatively well determined from solar neutrino experiments), weremark that varying �13 in the allowed experimental range an have an im-pat as large as 15% on RG. This e�et alone might a�et the extration ofastrophysial parameters.Throughout this Setion, we have onservatively assumed that only theratio R an be measured at neutrino telesopes. At energies larger than afew PeV, and in partiular around the 6.3 PeV where the observable RG anbe used, one might expet to measure or to onstrain the � avour frationas well, sine �� -spei� signatures suh as lolly-pop or double bang eventsan be deteted [Bea03a℄. It is lear that the hane for a multi-hannelobservation o�ers a more powerful tool.We onlude that the usual assumption of a anonial avour equipar-tition at neutrino telesopes is too simplisti: Peuliar astrophysial souresmay o�er omplementary onstraints to laboratory measurements or, on-versely, a more aurate experimental determination of mixing parametersmay help to shed light on the properties of osmi aelerators. After thepioneering era of the disovery of the solar neutrino de�it and of the at-mospheri neutrino anomaly, observations at the highest energies will besensitive to new astrophysial soures, that might still o�er opportunities forneutrino osillation studies.
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Chapter 6Disussion and onlusionVeniet tempus quo ista qu� nun latent in luem dies extrahatet longioris �vi diligentia.[. . . ℄ Veniet tempus quo posteri nostritam aperta nos nesisse mirentur.Senea, Naturales Qu�stiones, VII, XXV, 62 A.D.The �eld of UHECRs is entering a new era, no longer plagued by the lak ofstatistis, and hopefully improved in the ontrol of the systematis, thanksto hybrid tehniques and to the validation of hadroni interation modelsat forthoming aelerators. The Pierre Auger Observatory, whose Southernsite is almost ompleted, will unambiguously test the existene of the GZK-suppression in the UHECR spetrum. New physis would almost ertainly beneeded if the GZK-feature is absent as suggested by the AGASA data. Evenif the GZK suppression is found, however, the importane of UHECRs forfundamental physis an not be exluded, yet. The possibility to use UHEosmi rays to study partile interations at CM energies muh larger thanin any planned aelerator will be linked to another question on whih Augeris expeted to shed light: Is UHECR astronomy possible?In the �rst part of this thesis, we have disussed the hane to use theGalati magneti �eld as a spetrograph to disriminate among soure mod-els and primaries of UHECRs. Our �ndings are two-fold. On the one hand, theregular GMF is so poorly known that it is hard to draw model-independentonlusions. On the other hand, we showed that already with urrent statis-tis one ould disriminate among GMF �eld models and primary harges,provided one has a lue to the astrophysial soures of UHECRs. Even moreimportant, in the next deade radio-astronomial surveys like the SquareKilometer Array [SKA04℄ will �nally provide a satisfatory mapping of theGMF. The statistis olleted in ten years by Auger and Telesope Array,together with the haraterization of the GMF, should o�er powerful tools115



116 Chapter 6. Disussion and onlusionfor a major improvement in our knowledge of the osmos. Interestingly, wefound that a database of the same size is required to ompare large saleanisotropies in UHECR arrival distribution with astronomial atalogues ofthe loal universe. The hypothesis that UHECRs are mainly protons andtrae the baryoni distribution in the universe should then be testable withinone deade, provided that the extragalati magneti �elds are not too strong.The physis of neutrinos is entering the preision era where laboratorysoures from reators or aelerators are progressively replaing the natu-ral ones (solar and atmospheri neutrinos) for the detailed determination ofmixing angles and mass splittings. On the other hand, with the improvedapabilities of present and future neutrino detetors, new natural souresare likely to be disovered or better haraterized. The reent detetion ofgeo-neutrinos leads the way [Ark05℄. Valid theoretial reasons exist to ex-pet that the di�use supernova neutrino bakground is on the verge of de-tetion [Sri05℄, not to speak about the breakthrough that the observation ofneutrinos from a galati ore-ollapse supernova might have for a huge num-ber of astropartile issues. In partiular in the latter ase, the potential toonstrain|or even detet|non-standard physis e�ets is enormous and hasbeen deeply analyzed in the literature [Raf02℄. Supernova neutrino detetionan also o�er insights on \standard" neutrino osillations, like a determi-nation of the mass hierarhy or onstraints on the yet unmeasured mixingangle �13 [Raf05℄. A parallel development is expeted with the opening ofa new observational window in astrophysis by the next generation of highenergy neutrino telesopes [Lea00℄. The �rst km3-telesope, IeCube, will beompleted in a few years and it will have the suÆient sensitivity to detetextraterrestrial high energy neutrinos. The ANITA balloon, aiming at theradio-Cherenkov detetion of the osmogeni neutrino ux, is ying in 2006-2007. These instruments are expeted to �nally shed light on several openproblems in osmi ray and gamma-ray astrophysis, but the possibility toexploit them to onstrain exoti physis has been largely explored as well. Inthe seond part of this thesis, we have analyzed the potential of neutrino tele-sopes for neutrino mixing phenomenology, �nding interesting perspetivesto determine the otant of �23 or the existene of a non-vanishing f�13; ÆCPgsetor, exploiting peuliar soures like muon-damped or neutron beams.Past astronomial revolutions suggest that new observational windows of-ten o�er interesting and unexpeted onsequenes for fundamental physis.The thermal universe has been disovered in the 19th entury, and widelyexplored by the 20th entury astrophysis. We are now in the position to un-veil the mysteries of non-thermal phenomena disovered in the 20th entury,eventually transforming astronomy, the oldest siene, into a frontier �eld ofresearh for the exploration of fundamental physis at the highest energies.
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