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 2012 July 10A doublet of cosmic-ray events with primary energies > 1020 eVS.V. Troitsky1)Institute for Nuclear Research of the RAS, 117312 Moscow, RussiaSubmitted 30 May 2012The Telescope Array Collaboration has observed a cosmic-ray event with estimated primary energy of1:38 � 1020 eV whose arrival direction coincides [T. Abu-Zayyad et al. (Telescope Array Collaboration),arXiv:1205.5984], given the angular resolution of 1:5�, with that of an event with estimated primary energy of1:23 � 1020 eV observed by the Pierre Auger Observatory. The total number of events with energies > 1020 eVpublished by both experiments is six. I estimate the statistical signi�cance of the doublet, which is ratherweak, and point out that the arrival directions of events in the doublet coincide with the Galactic X-ray sourceAql X-1.Despite decades of intense studies, including thoseby recent huge experiments, sources of ultra-high-energycosmic rays (UHECRs) remain unknown. For the pri-mary cosmic-ray particles with energies of order 1020 eVor higher, quite simple astrophysical arguments re-strict the number of potential accelerating astrophysicalsources drastically [1, 2]. At the same time, the Greizen[3], Zatsepin and Kuzmin [4] (GZK) e�ect shortens themean free path of protons and nuclei with those high en-ergies considerably, putting an additional constraint thatsources of these events should be nearby. This logic hasbeen supported by the recent observations of the 
uxsuppression at high energies consistent with the GZKpredictions by the High-Resolution Fly's Eye (HiRes)[5], Pierre Auger Observatory (PAO) [6] and TelescopeArray (TA) [7] experiments. The observation of the sup-pression does not mean however that no \super-GZK"events are observed. Two largest and most modern ar-rays of surface detectors have published coordinates ofthree events each [8, 9] with energies E > 1020 eV. Itis these six events which will be primarily concerned inthis note.For the \sub-GZK" (E � 6 � 1019 eV) events, earlyPAO data suggested a weak correlation of cosmic-ray ar-rival directions with positions of nearby active galacticnuclei (AGN) [10] which might be interpreted as an indi-cation to acceleration of UHECRs in these astrophysicalobjects. This interpretation has been criticised on thebasis of numerous arguments, see e.g. [11{13]; it has notbeen supported by the data of HiRes [14] and TA [9]though it has been supported by the Yakutsk data [15].A subsequent publication of the Pierre Auger collabo-ration [8], based on enlarged statistics, demonstrated amuch weaker e�ect. However, the highest-energy events1)e-mail: st@ms2.inr.ac.ru

with E > 1020 eV did not correlate with AGN even inthe data set with the strongest signal.As it has been pointed out in recent Ref. [9], wherecoordinates of TA events have been made public for the�rst time, the arrival direction of one TA event withE > 1020 eV coincides, within the experimental preci-sion, with that of a PAO event of the similar energy. De-tails of the two events are given in Table for convenience.The sky map with all six events with E > 1020 eV isDetails of the two events with coinciding arrivaldirections: the experiment name; date; energy in unitsof EeV= 1018 eV; equatorial coordinatesExp. Date E, EeV RA DECPAO 09.10.2008 123 287.7� +1:4�TA 28.02.2011 138 288.5� �0:0�presented in Fig. 1. The appearence of the doublet is

Fig. 1. The sky map with arrival directions of three PAOevents with E > 1020 eV (diamonds) and three TA eventswith E > 1020 eV (boxes). The Hammer projection, equa-torial coordinatespsychologically surprising because the two experimentsare located in di�erent hemispheres and see di�erentparts of the sky with a moderate overlap in the equato-14 �¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012



A doublet of cosmic-ray events : : : 15rial region. The zoom of the skymap, with error circlesof events, is presented in Fig. 2.

Fig. 2. The sky map with arrival directions of the twoevents in the doublet: the PAO event (diamond) and theTA event (box). With a 68% probability, the true arrivaldirections are inside the corresponding circles. The stardenotes the position of Aql X-1; no other strong X-ray orgamma-ray sources are seen nearbyTo estimate the statistical signi�cance of this dou-blet we follow the usual procedure described in Ref. [16](see also [17, 18]). We assume the isotropic distributionof arrival directions, account for direction-dependent ex-perimental exposure and simulate a su�cient number ofMonte-Carlo sets of events, then count how often thesame or larger number of doublets happens as a 
uctu-ation of the isotropic distribution. For this purpose, adoublet is de�ned as a pair of arrival directions sepa-rated by not more that p2�0 where the angular resolu-tion �0 � 1:5� for both PAO and TA.For three PAO and three TA events (E > 1020 eV),the P -value calculated in this way is P � 3:7�10�3. Thisvalue may be interpreted as an estimate of the probabil-ity to have one doublet anywhere in the combined dataset as a 
uctuation of the isotropic distribution of arrivaldirections. However, this interpretation should be takenwith care because the choice of the energy threshold,1020 eV, is somewhat arbitrary.We see that the statistical signi�cance of the doubletis not that impressive. Many three-sigma e�ects havecome and gone in cosmic-ray physics. Nevertheless, itis tempting to speculate about the potential source of

the particles. The region of interest is located closeto the Galactic plane, in the zone of avoidance wherenot many extragalactic objects are identi�ed. How-ever, strong active galaxies which might accelerate par-ticles up to ultra-high energies are expected to be X-rayand/or gamma-ray sources visible through the dust ob-scuration at this location (Galactic coordinates of thecenter of the doublet are l � 35:9�, b � �4:3�). Inrepresentative catalogs of active galactic nuclei (Veron-Cetti and Veron [19]), gamma-ray sources (2FGL [20])and X-ray sources (ROSAT bright source catalog [21]),there is only one bright source within a few degrees ofthis location, a low-mass X-ray binary star Aql X-1,just in the middle of the doublet (see Fig. 2). There areno active galaxies nor other identi�ed ROSAT X-ray orFERMI-LAT gamma-ray sources around.Aql X-1, the brightest X-ray source in the Aquillaconstellation, is an X-ray millisecond pulsar in a binarysystem (see, e.g. Ref. [22] for discussion and references).The system is located at the distance of 5:2+0:7�0:8 kpc fromthe Earth [23]. It experiences quasi-periodic outburstseach 300 days roughly (see the X-ray light curve inFig. 3). Though the object is one of only twelve known

Fig. 3. The X-ray light curve of Aql X-1 (quick-look re-sults provided by the ASM/RXTE team [24]). Verticallines with arrows denote the arrival times of cosmic raysGalactic accretion-powered millisecond pulsars [25] andis well studied, it does not appear very exotic. It is sin-gled out of this dosen only by a relatively large mass ofthe companion in the binary system, M & 0:45M�, andthe correspondingly large orbital period of � 19 h. Theestimated magnetic �eld on the neutron-star surface is� (1 : : : 5) � 108 G [26, 27]. On the basis of X-ray tim-ing and spectral properties, this object is classi�ed as\atoll" (see, e.g. Ref. [28] for a more detailed discussionof classi�cations). Accretion in these sources may havesimilarities with accretion on stellar-mass black holes[29].�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012



16 S.V.TroitskyAn extragalactic E � 1020 eV proton arriving fromthe direction we consider should be de
ected by the mag-netic �eld of the Milky Way by � (2�4)�, depending onthe �eld model which is not known precisely. However, ahypothetical particle coming from Aql X-1 would be de-
ected by a much smaller amount because the sourceis considerably closer to the Earth than the GalcaticCenter is. Assuming charge one and the mean Galac-tic magnetic �eld in the disk of � 1 �G, one obtains arough estimate for the de
ection of � 1:1�. This de
ec-tion would correspond, for a proton, to the time delay of� yr, thus making it not surprising that the arrival timesof the events do not coincide with particularly interest-ing moments in the life of the would-be source, cf. Fig. 3(unless neutral primaries are assumed). We note thatcurrently, neither PAO nor TA is able to determine theprimary particle type of a particular air shower detectedby the surface array.In general, a wide belief that cosmic rays with E && 1019 eV are of extragalactic origin is based on afew reasonable arguments. First, these energetic par-ticles are not con�ned by the Galactic magnetic �eldand, assuming similar �elds exist in other galaxies, arenot con�ned anywhere. Second, the arrival directions ofthese cosmic rays are (almost) isotropic on large angu-lar scales, while the distribution of any kind of Galacticsources on the sky is anisotropic. Third, there is a lackof Galactic objects where su�cient conditions for accel-eration of particles to those energies are satis�ed. Nev-ertheless, some proposals for Galactic sources are beingdiscussed (see, e.g. Refs. [30{32]).The �rst two arguments might be overcome if in theMilky Way there are only a few sources of cosmic rays.Then, part of the observed events come from these fewGalactic sources and the rest comes from similar sourcesin nearby galaxies (thus explaining weak hints of corre-lation with the local distribution of matter at the highestenergies). However, Galactic sources should then dom-inate the 
ux at high energies (cf. e.g. Ref. [33]) thusproducing either the Galactic anisotropy or a concentra-tion of arrival directions towards particular sources. Aprice to pay for not seeing this in data is the �ne tuningwhich is however not excluded.As for the third argument, acceleration of UHECRsin pulsars has been proposed long ago in Ref. [34] (seeRef. [32] for a di�erent recent proposal). In general, itis di�cult to overcome radiative energy losses in pul-sar magnetosphere [2, 35]; however, in the regime wherethe losses are dominated by the curvature radiation andthe electric and magneic �elds are parallel in a verylong tube (\linear accelerator"), the energy-loss limitsmay be relaxed [2, 35]. Another problem with pul-

sars is the screening of the accelerating potential gapwhen electron-positron pairs are created; however, oneexpects that some pulsars are \pair-starved" [36, 37]and may accelerate particles to higher energies. It ispresently unclear whether these conditions are satis�edin Aql X-1.To summarize, we observe an interesting coincidenceof the arrival directions of two out of six cosmic-ray par-ticles with estimated energies in excess of 1020 eV ob-served by the modern surface-detector arrays, the PierreAuger Observatory and the Telescope Array experiment.The probability that one or more doublets occur in thedata set by a 
uctuation of the isotropic 
ux is about3 � 10�3. The error circle of the arrival directions of co-inciding cosmic rays includes a bright accretion-poweredmillisecond pulsar in the X-ray binary Aql X-1. Futurestudies are required to support or reject the conjecturethat Galactic sources are able to produce super-GZKcosmic rays and whether this particular source possessesphysical conditions allowing for particle acceleration tothat high energy.I acknowledge interesting discussions with my col-leagues from the Telescope Array experiment as wellas with S. Popov and M. Revnivtsev. This work wassupported in part by the RFBR grants #10-02-01406and 11-02-01528, by the grant of the President of theRussian Federation #NS-5590.2012.2 and by the \Dy-nasty" foundation.1. A.M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425(1984).2. K. Ptitsyna and S.V. Troitsky, Phys. Usp. 53, 691(2010); arXiv:0808.0367 [astro-ph].3. K. Greisen, Phys. Rev. Lett. 16, 748 (1966).4. G.T. Zatsepin and V.A. Kuzmin, JETP Lett. 4, 78(1966) [Pisma v ZhETF 4, 114 (1966)].5. R.U. Abbasi, T. Abu-Zayyad, M. Allen et al. (HiResCollaboration), Phys. Rev. Lett. 100, 101101 (2008);astro-ph/0703099.6. J. Abraham, P. Abreu, M. Aglietta et al. (Pierre AugerCollaboration), Phys. Rev. Lett. 101, 061101 (2008);arXiv:0806.4302 [astro-ph].7. T. Abu-Zayyad, R. Aida, M. Allen et al. (Telescope Ar-ray Collaboration), arXiv:1205.5067 [astro-ph.HE]. TAGZK observation (whatever will be published).8. P. Abreu, M. Aglietta, E. J. Ahn et al. (Pierre AugerObservatory Collaboration), Astropart. Phys. 34, 314(2010); arXiv:1009.1855 [astro-ph.HE].9. T. Abu-Zayyad, R. Aida, M. Allen et al. (Telescope Ar-ray Collaboration), arXiv:1205.5984.10. J. Abraham, P. Abreu, M. Aglietta et al. (PierreAuger Collaboration), Science 318, 938 (2007);arXiv:0711.2256 [astro-ph].�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012
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