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Studies of lustering in the arrival diretions of osmi rays deteted atthe Pierre Auger Observatory above 10 EeVSilvia Mollerah1, for the Pierre Auger CollaborationPierre Auger Observatory, av. San Mart��n Norte 304, (5613) Malarg�ue, Argentina1 Depto de F��sia, Centro At�omio Barilohe, CNEA and CONICET, Argentinamollerah�ab.nea.gov.arAbstrat: If lustering of the arrival diretions of ultra high energy osmi rays is disovered,this would provide important information about their origin, omposition, and the galati andextragalati magneti �elds. We present here the analysis of the autoorrelation funtion ofthe data from the Pierre Auger Observatory as a funtion of the angular sale and the energythreshold. We ompare our results with the signals found by previous experiments.IntrodutionThe identi�ation of the soures of the ultrahigh energy osmi rays is one of the main openproblems in astrophysis. The study of theirarrival diretions is likely to provide signi�antinsight into this question. If osmi rays areharged partiles, their trajetories will be bentby the intervening galati and extragalatimagneti �elds and the arrival diretions willnot point bak to their soures. The inten-sity and orientation of these �elds are not wellknown, but as the deetions derease with theinverse of the energy, the e�et is smaller at thelargest energies. Thus, it is at the highest en-ergies that osmi rays are most likely to pointtowards their soures.On the other hand, the distane from whih ul-tra high energy protons an arrive to the Earthis expeted to be limited by the energy losesaused by the photo-pion prodution proessesin the interation with the osmi mirowavebakground (GZK e�et [1, 2℄), and similarlynulei an undergo photo-disintegration pro-esses. This would strongly attenuate the uxoming from distant soures. Hene, at ener-gies above � 60 EeV, osmi rays are expetedto ome mostly from nearby soures.

These ideas have motivated an extensive searhof lustering signals both at small angularsales, looking for point-like soures, and at in-termediate angular sales, looking for the pat-tern haraterizing the distribution of nearbysoures. Although the data from a number ofexperiments have shown a remarkably isotropidistribution of arrival diretions, there hasbeen a laim of small sale lustering at ener-gies larger than 40 EeV by the AGASA experi-ment [3, 4, 5℄. The HiRes experiment has foundno signi�ant lustering signal at any angularsale up to 5Æ for any energy above 10 EeV [6℄.A hint of orrelation at sales around 25Æ andenergies above 40 EeV, ombining data fromHiRes stereo, AGASA, Yakutsk and SUGARexperiments has been pointed out in ref. [7℄.The data setWe use data reorded by the Surfae Dete-tor of the Pierre Auger Observatory between 1January 2004 and 15 Marh 2007 with energiesabove 10 EeV and zenith angle smaller than60Æ. This represents a set of 1672 events, with62 of them having energies larger than 40 EeV,that pass our reonstrution quality uts, with5 ative stations surrounding the station withthe highest signal and with the reonstruted
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Studies of lusteringore position lying inside an ative triangle ofstations. We only onsidered events that trig-gered 6 or more stations, whih angular resolu-tion, de�ned as the angular radius around thetrue osmi ray diretion that would ontain68% of the reonstruted shower diretions, isat these energies 0:9Æ [8℄. The energy is ali-brated using the hybrid events simultaneouslydeteted by the uoresene and the surfaedetetors.The fat that the surfae detetors array isfully eÆient for events with energy larger than3 EeV implies that the exposure area is de-termined only by geometri fators leading toa simple analyti dependene on delination.A small modulation in right asension is alsopresent due to the growth of the array duringthe data taking period, but this e�et is smalland an be ignored in this analysis.MethodsA standard tool for studying anisotropies is thetwo-point angular orrelation funtion. Thisounts the number of pairs separated by lessthan an angle � among the events with energylarger than an energy threshold E. We show inFigure 1 the result for all the events above 10EeV. The expeted number of pairs is obtainedby generating a large number of Monte Carlosimulations with the same number of eventswith an isotropi distribution modulated bythe exposure of the detetor, from whih themean number of pairs and the 95% CL band isextrated for eah angular sale. The frationof simulations with a larger number of pairsthan the data gives a measure of the proba-bility that an observed exess of pairs arise byhane from an isotropi distribution of events.The result of the autoorrelation funtion anal-ysis depends of ourse on the values of � and Eonsidered. However, the fat that the dee-tions expeted from galati and extragala-ti magneti �elds and the distribution of thesoures are largely unknown makes it diÆultto �x these values a priori. The signi�aneof an autoorrelation signal at a given angle
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Figure 1: Upper panel: Autoorrelation fun-tion above 10 EeV as a funtion of the an-gle (dots) and autoorrelation funtion for anisotropi distribution with 95% on�dene levelband. Lower panel: Fration of isotropi sim-ulations with larger number of pairs than thedata.and energy when these values have not been�xed a priori is a deliate issue, that has madethe AGASA small sale lustering laim veryontroversial [9℄.We adopt here the method proposed by Finleyand Westerho� [9℄, in whih a san over theminimum energy and the angle is performed.For eah value of E and � a hane probabilityis estimated by generating a large number ofisotropi Monte Carlo simulations of the samenumber of events, and omputing the frationof simulations having an equal or larger num-ber of pairs than the data for those values ofE and �. The most relevant lustering sig-nal orresponds to the values of � and E thathave the smaller value of the hane probabil-ity, Pmin. Finally, the probability that suhlustering arises by hane from an isotropi
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Figure 2: Autoorrelation san for events with energy above 20 EeVdistribution is estimated by performing a simi-lar san on a large number of isotropi data setssimulated by the Monte Carlo tehnique and�nding the fration of the simulations havinga smaller Pmin than the data.We show in Figure 2 the result of the sanabove a minimum energy of 20 EeV and upto a maximum angle of 30Æ. A broad regionwith an exess of orrelation appears at in-termediate angular sales and large energies.The minimum appears at 7Æ for the 19 highestenergy events (E > 57:5 EeV), where 8 pairsare observed, while 1 was expeted. The fra-tion of isotropi simulations with larger num-ber of pairs at that angular sale and for thatnumber of events is Pmin = 10�4, obtained byomparing the observed number of pairs withthat arising in 106 isotropi simulations. Anextended san for the 1672 events with E > 10EeV shows no new minimum.The hane probability of a Pmin < 10�4 toarise from an isotropi distribution, obtainedby performing the same san to 105 simula-tions, is P ' 2� 10�2.Previous analyses of other experiments havereported small sale lustering signals at 2:5Æin AGASA data [3, 4, 5℄ and at intermediate

sales (around 25Æ) in a ombination of datafrom di�erent experiments [7℄, both for ener-gies above 40 EeV.
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Figure 3: Fration of simulations with largernumber of pairs than the data for the 64 eventswith E > 40 EeV.We show in Figure 3 the fration of simula-tions with more pairs than the data for theevents with E > 40 EeV (62 events). Thesmall sale lustering in Auger data is om-patible with that expeted from an isotropiux with our present statistis. We observe2 pairs within 2:5Æ, while 1.5 were expeted
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Studies of lusteringfrom an isotropi ux. Due to a possible di�er-ene in the energy alibration between Augerand AGASA, the lustering signal reported byAGASA ould appear in Auger data at a dif-ferent (lower) energy sale. We show in Figure4 the probability for a larger or equal numberof pairs within � = 2:5Æ as a funtion of thenumber of events (or threshold energy). At thisangular sale, no strong exess of lustering ap-pears in the present data set. In the relevantenergy range there is a slight exess of pairs,for example for N = 150 (E > 30 EeV) 14pairs are observed while 8.5 are expeted, witha probability for this to happen by hane in anisotropi distribution of about 5%. This exessis anyhow muh smaller than the one reportedby AGASA, where 7 pairs were observed while1.45 were expeted (out of 57 events).Regarding the intermediate angular sales sig-nal, some hint of lustering, though not verysigni�ant with the present statistis, is ap-parent. It is weaker at this energy than athigher energies (above 50 EeV) as disussedabove (Figure 2).
 0.001

 0.01

 0.1

 1

 10  100

f

N

Θ = 2.5 deg

40 EeV

Figure 4: Fration of simulations with morepairs separated by � < 2:5Æ, as a funtion ofthe number of events.ConlusionWe have searhed for lustering signals in theAuger data with energies above 10 EeV. In par-tiular we have heked the lustering signal at2:5Æ for E > 40 EeV reported by AGASA. No

strong exess of lustering is present at this an-gular sale in our data set.An extensive san in angle and energy thresh-old shows some hints of lustering at larger en-ergies (E > 50 EeV) and intermediate angu-lar sales, that ould be a signal of the largesale distribution of nearby soures. However,taking into aount the san performed, theprobability that this kind of signals appearby hane from an isotropi ux is P = 2%.Thus it is only marginally signi�ant with ourpresent statistis. Auger future data will beused to hek if this orrelation is real.Referenes[1℄ K. Greisen. Phys. Rev. Lett., 16:748{750,1966.[2℄ G. T. Zatsepin and V. A. Kuzmin. JETPLett., 4:78{80, 1966.[3℄ N. Hayashida et al. Phys. Rev. Lett.,77:1000{1003, 1996.[4℄ M. Takeda et al. Astrophys. J., 522:225{237, 1999.[5℄ M. Teshima et al. Prepared for 28th Inter-national Cosmi Ray Conferenes (ICRC2003), Tsukuba, Japan, 31 Jul - 7 Aug2003.[6℄ R. U. Abbasi et al. Astrophys. J., 610:L73,2004.[7℄ M. Kahelriess and D. V. Semikoz. As-tropart. Phys., 26:10{15, 2006.[8℄ M. Ave [Pierre Auger Collaboration℄. theseproeedings, 2007.[9℄ Ch. B. Finley and S. Westerho�. Astropart.Phys., 21:359{367, 2004.
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