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Abstract

We present the results of an analysis of data recorded aiehe Puger Observatory in which
we search for groups of directionally-aligned events (aultiplets’) which exhibit a correlation
between arrival direction and the inverse of the energys&fsignatures are expected from sets
of events coming from the same source after having been tedlby intervening coherent mag-
netic fields. The observation of several events from the smece would open the possibility to
accurately reconstruct the position of the source and atsmsore the integral of the component
of the magnetic field orthogonal to the trajectory of the cizsrays. We describe the largest
multiplets found and compute the probability that they awpd by chance from an isotropic
distribution. We find no statistically significant eviderfoe the presence of multiplets arising
from magnetic deflections in the present data.

Key words: Ultra-High Energy Cosmic Rays, Pierre Auger ObservatoryivAl Directions
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1. Introduction

The origin of ultra-high energy cosmic rays is a long-stagdipen question, and the iden-
tification of their sources is one of the primary motivatidos the research conducted at the
Pierre Auger Observatory. If the density of cosmic rays sesliis not too large, it is expected
that there could be indications of the presence of muliplie¢. sets of events with different
energy that come from a single point-like source. Due to tlagmetic fields that cosmic rays
traverse on their paths from their sources to the Earth, wikkpe deflected and this deflection
is proportional to the inverse of their energy if the deflees are small. Therefore, to identify
sets of cosmic rays that come from a single source, a sear@vénts that show a correlation
between their arrival direction and the inverse of theirgpdas been performed using the data
recorded at the Pierre Auger Observatory. The observafioasmic ray multiplets could allow
for the accurate location of the direction of the source anddatalso provide a new means to
probe the galactic magnetic field, as it should be possibileféo the value of the integral of the
component of the magnetic field orthogonal to the trajectirthe cosmic rays. Note that to
observe a correlated multiplet the source should be st@athye sense that its lifetime is larger
than the difference in the time delays due to the propagatidime intervening magnetic fields
for the energies considered. Moreover, magnetic fieldsldhadso be steady in the same sense
so that cosmic rays traverse approximately the same fields.

This study relies on the acceleration at the source of a prodanponent (or intermediate
mass nuclei being accelerated and photo-disintegratédgextragalactic propagation with the
deflections due to extragalactic magnetic fields being somatipared to those in the Galaxy).
Due to the magnitude of the known magnetic fields involvedvigenuclei at these energies
would appear spread over a very large region of the sky, pgptggions with different ampli-
tudes and directions of the magnetic field, and hence lokigig alignment and correlation with
the inverse of energy.

The galactic magnetic field is poorly constrained by the lalséé data, even though there
has been considerable effort to improve this knowledgegudiiifierent observational techniques,
see e.g. []1,/2,/3]. This field is usually described as the qgs@tion of a large-scale regular
component and a turbulent one. The regular component has@E3estrength and is coherent on
scales of a few kpc with a structure related to the spiral arfitise galactic disk, and eventually
also a more extended halo component (see e.g. [4]). The tlefiexf cosmic rays with energy
E and chargé by the regular component of the magnetic fiBldfter traversing a distandeis

given by
j¢ dr B
X
o 3kpc 2uG

where 1 EeV= 10'® eV. This is the predominant deflection because, althoughutimilent
component has a root mean square amplitud8af ~ (1 — 2)Breg, it has a much smaller
coherence length (typically. ~ 50-100 pc)l[5, 6], leading to a smaller deflection, with a tgbi

20 EeV
E/Z

5=~16° , 1)
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root mean square value

20 EeVByms / L / Le
~15° . 2
Oms = 1.5 E/Z 3uG\1kpc\50pc @)

After traveling a distancé through the turbulent field, the trajectories of cosmic nagsild be
displaced a distance 6msL with respect to the one they would have had if only the regular
field were present. If this displacement is smaller than titeecence length., this means that

all the particles with that energy have experienced neldysame values of the turbulent field
along their trajectories. Thus, the effect is that the atmirection of cosmic rays will coherently
wiggle with an amplitudé,ms(E) around the direction determined by the deflection due to the
regular magnetic field as a function of the energy. Conversétensms(E)L > L., particles

of the same energy that have probed uncorrelated valueg afithulent field are able to reach
the observer from the source and several images appedersdabys,ms(E) around the image
that would be produced by the regular field alone. Which ofweeregimes actually takes place
depends on the energy considered and on the distance ttavéhe turbulent field. For instance,
for L ~ 2 kpc and energy about 20 EeV, the second situation appliék at much higher ener-
gies the first one holds.

Extragalactic magnetic fields could also deflect the trajges of cosmic rays, but their
strength is yet unknown and the relevance of their effechimtier of debate, see e.gl [V| 3, 9].

2. ThePierre Auger Observatory and the data set

The Pierre Auger Observatory, located in Malargiie, Argen{352°S, 695°W) at 1400
m a.s.l. [10], was designed to measure ultra-high energyicosays (energye > 10'8) with
unprecedented statistics. It consists of a surface arrd$6® water-Cherenkov stations. The
surface array is arranged in an equilateral triangulargiid 1500 m spacing, covering an area
of approximately 3000 kA[11]. The array is overlooked by 27 fluorescence telescopezted
on hills at four sites on its periphery [12]. The surface ainfl@orescence detectors are designed
to perform complementary measurements of air showersaztégtcosmic rays. The surface ar-
ray is used to observe the lateral distribution of the aimsdrgparticles at ground level, while
the fluorescence telescopes are used to record the longtuwbvelopment of the shower as it
moves through the atmosphere.

In this work we analyze events with zenith angles smallen 8@ recorded by the surface de-
tector from 1st January 2004 to 31st December 2010. Theaemtequired to have at least five
active stations surrounding the station with the highegtal, and the reconstructed core must be
inside an active equilateral triangle of stations [13]. Toeresponding exposure is 25806 km
sryr. The angular resolution, defined as th& @@rcentile of the distribution of opening angles
between the true and reconstructed directions of simukatedts, is better than® for events
that trigger at least six surface statiofis¥ 10 EeV) [14]. The energy resolution is about 15%
and the absolute energy scale, given by the fluorescenteatédin, has a systematic uncertainty
of 22% [15].



3. Method adopted for the multiplets search

In the limit of large energy, and hence small deflectionss & good approximation to con-
sider the following simplified relation between the cosnag pbserved arrival directions, de-
scribed by the unit vectdt, and the actual source directién

JEN

3 - Z L = - 59
9:93+_6‘f o B ~ g+ 209, (3)
E Jo E

whereZe s the electric charge of the cosmic ray abds |5(9§)| will be called the deflection
power and will be given in units of°1100 EeV, which isv 1.9e uG kpc.

In the case of proton sources, departures from the lineaoappation are relevant for en-
ergies below 20 EeV for typical galactic magnetic field medédlb], as the deflections of the
trajectories are large and the integral of the magnetic fefdponent orthogonal to the path can-
not be approximated as a constant for a fixed source direcfius fact motivates the restriction
of the present analysis to events with energies above 20 EeV.

In order to identify sets of events coming from the same sguhe main requirement will be
that they appear aligned in the sky and have a high value afdhelation coefficient between
the arrival direction and the inverse of the energy.

To compute the correlation coefficient for a given subsét akarby event directions, we first
identify the axis along which the correlation is maximal.r Fuis we initially use an arbitrary
coordinate systemx(y) in the tangent plane to the celestial sphere (centerederaterage
direction to the events) and compute the covariance

N
Cov(e 1/E) = = (6 ~ )(/E, - (1/E) @
i=1

and similarly for Covy,1/E). We then rotate the coordinates to a systenwf in which
Cov(w, 1/E) = 0, and hence Cou(1/E) is maximal. This corresponds to a rotation angle
between the andx axes given by

3 Cov(y, 1/E)
a= arctar( Covix 1/ E))' (5)
The correlation betweemand J/E is measured through the correlation coefficient
1/E
C(u, 1/E) = M, ©6)
VVar(u)Var(1/E)

where the variances are given by \fgr& ((x — (x))?). We demonstrate this procedure in Figure
[ In the left panel we show the selection of coordinataadw for a set of events of a simulated
source superimposed on a background of isotropicallyibiged events. In the right panel the
correlation between and YV E for the same source events is plotted.
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Figure 1: Selection of coordinatesandw for a set of events of a simulated source (black thick ag&risuperimposed
on a background of isotropically-distributed events (bhsterisks) (a). The size of the circles is proportional ® th
energy of the events. Correlation betweeand I/ E for the same source events (b).

A given set of events will be identified as a correlated midtighenC(u, 1/E) > Cnin and,
when the spread in the transverse directiaa small,W = max(w; — (W) |) < Wnax (correspond-
ing to a total width of~ 2Wyax in the perpendicular direction). The values @i, andWhax
were chosen as a compromise between maximizing the sigmalditrue source and minimizing
the background arising from chance alignments. In ordeeterchine the optimal values of these
guantities, we performed numerical simulations of setsvehés from randomly-located extra-
galactic sources. In these simulations, protons were getted through a bisymmetric magnetic
field with even symmetry (BSS-S) [17,/18] (the local valueha field used was 2G) and the ef-
fect of the turbulent magnetic field was included by simplgiad a random deflection with root
mean square amplitudiy,s = 1.5°(20 EeV/E). Although the latter is a rough approximation,
and a dependence on the arrival directions should be expétiegood enough for the purpose
of fixing Cmin andWmax. We considered one hundred extragalactic sources locatesh@dom
isotropic directions and simulated setshfevents coming from each sourdd & 14,13,12).
The energy of the events followed &1? spectrum at the source and we added random gaussian
uncertainties in the angular directions and energies towtdor the experimental resolution.
Magnetic lensing effects [18] were taken into account indimeulation through the magnifica-
tion or demagnification of the energy spectrum of each sodts@n example we show in Figure
[2(@] the resulting distribution o/ for multiplets of 14 events. The significance of a given mul-
tiplet can be quantified by computing the fraction of isotcafly distributed simulations, with
the same total number of events as in the data and with the saargy spectrum, in which a
multiplet with the same or larger multiplicity and passihg same cuts appears by chance. At
high energies the UHECR angular distribution may not beragut, reflecting structure in the
distribution of sources within the GZK horizon. Howevery data set is dominated by lower en-
ergy events for which isotropy is an excellent approxinratMve show in Figurg 3(h) the chance
probability for multiplets of different multiplicity as auhction ofWmax. We note that when re-
ducingWmax, some of the events of the multiplets will be missed and thiltiplicity will be
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reduced. However, the significance of a smaller multiplesspay a tighter bound oWmax can
be larger than the significance of the complete multiplelhaitooseMinax cut. It turns out that
the largest mean significance for the simulated sourcestfieeaverage of the significances of
the resulting multiplets after imposing the cuts) appedrsma culWmax =~ 1.5° is applied. The
angular scale of .B° provides in fact a reasonable cut which accounts for the langesolution
and the mean value of the turbulent field deflections. We thateith the case of 14-plets, in 50%
of the simulations all the events pass this cut and the niettipill be reconstructed as a 14-plet,
while in 38% of the cases one event is lost and in 11% of thesdageevents are lost.

A similar analysis can be performed to fix the cut on the catieh coefficienCp,. The
distribution ofC(u, 1/E) for the simulated 14-plets is shown in Figlire 2(b) and thencle prob-
ability for multiplets of different multiplicity as a funiin of Cpy, is illustrated in Figuré 3(b).
The largest mean significance is attained now for valugggf in the range from 0.85 to 0.9,
depending on the multiplicity considered. We will then fixtive following Winax = 1.5° and
Cmin = 0.9. Considering simulations with 14 events and for aCut, = 0.9, we find that in
57% of the cases all events pass the cuts, in 12% of the siondaine event is lost and in 11%
of them two events are lost. We note that the choice of thergbttuts depends slightly on the
galactic magnetic field model considered in the simulatammdson the modeling of the turbulent
field deflections.

0,10 0,101

0,084 0,08

c 0,061 < 0,061

RS 2

k3] k3]

S 004 S 0,04-

0,024 0,02

0,00 = 0,00 . . . i .

00 05 10 15 20 25 30 35 40 070 075 080 085 090 095 1,00
W ¢

(@ (b)

Figure 2: Distribution of the maximum angular distangg(a) and the correlation coefficie@(u, 1/E) between the
angular positioru and JE (b) for 14-plets from the 100 simulated sources. The vdrtieahed lines indicate the cuts
onW andC optimized for multiplicity and significance (see text).

We will hence search for correlated multiplets of eventiwitergies above 20 EeV (so that
the linear correlation of the deflection withi B is still expected to be valid for proton sources)
which extend up to 20in the sky (see eq[]1)). We also require that the multipletaios at
least one event with energy above 45 EeV. We note that thggioéthe most energetic event
of a set of 10 events witk > 20 EeV from a source with spectral index= 2.5 is larger than
45 EeV with a probability of 97% (for a spectral index= 3 this probability is~ 90% and for
s=2itis~ 99.7% ). Hence, requiring one high energy event above 45 EeVtisastrictive,

9
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Figure 3: Chance probabilit{?., for finding in isotropic simulations one large multiplet ofgaven multiplicity as a
function of Wmax (@doptingCmin = 0.9) () and as a function @i, (adoptingWmax = 1.5°) (b) (see text).

and it simplifies the strategy to start the search for mudtiglwhich proceeds by looking at all
possible sets of events contained in windows of &®und those high energy events. Since we
are ultimately interested in multiplicities larger thans®¢ Fig. 3 in which it is apparent that
for the present statistics above 20 EeV correlated sets aflemmultiplicity are very likely to
appear by chance in isotropic simulations), it is possiblenaike this search more efficient by
first identifying the high energy end of the candidate migtip \We hence consider for every
event above 45 EeV the quadruplets that it forms with the tsweithin a circle of 18 having
energies above 25 EeV and with a correlation coefficigfot 1/E) > 0.8. The precise values
of these cuts are not crucial as long as they allow one toysafelude the larger multiplets of
interest. For each of these candidates we then extend thehsealuding all the events above
20 EeV with an angular distance to the highest energy onelanthbn 20 and at a distance
smaller than BVyax from the quadruplet axis. This allows us to find the correlateuiltiplets
satisfying the cuts iMmaxandCpi, in a very efficient way, as it is desirable to be able to perform
a large number of simulations.

The multiplets search procedure has been designed foresbaving a light composition.
For sources having instead a heavy composition above 20reNplets will be much more
difficult to identify since they would typically spread thugh a larger region in the sky and also
the linearity of their directional distribution will be las

Once a correlated multiplet is identified, from the lineatdithe relation
D
U= us+ £’ (7

the position of the sourceu, 0) (in theu-w coordinate system) and the deflection po®eran
be obtained.

A true correlated multiplet arising from magnetic field defiens of events from a single
source can also include by chance some events from the lmacidjthat appear aligned and cor-
10



related in energy with the events from the source. We hawmatgd the fraction of events that
is expected to be due to chance background alignments byaingian isotropic background

distribution of events with the energy of the observed evabbve 20 EeV and superimposing
multiplets of 12 events from simulated sources. We fount 28&6 of the reconstructed multi-

plets do not pick additional background events, while 468t jpick one additional background
event and 25% pick two or more. Thus, the fraction of eventeddrom the background is

typically very small.

4. Results

We applied the method discussed in Section 3 to 1509 eveate&® EeV recorded at the
Pierre Auger Observatory from 1st January 2004 to 31st Dbee2010. We implemented a
search for all possible multiplets which extend up t6 20the sky and contain at least one event
with energy above 45 EeV, and that have a half-width smdil@n¥,,x = 1.5° and a correlation
coefficient larger thaitCin, = 0.9. The largest multiplet found in this data set is one 12-plet
and there are also two independent decuplets. They areagéxpin Figuré ¥. Their deflection
power, position of the potential source location and catieh coefficient are listed in Tab[é 1.
Decuplet Il in Tablé1l consists of three dependent sets oftents (a-c) that are formed by the
combination of a set of twelve events. These three decugftetaot independent of each other
since they have most events in common. The uncertaintidginetconstruction of the position
of the potential sources have been calculated propagdtingrtcertainties in energy and arrival
direction to an uncertainty in the rotation angle (Eq. 5) anthe linear fit performed to the
deflection vs. 1E (Eq. 7).

The probability that the observed number (or more) of catezl multiplets appears by
chance can be computed by applying a similar analysis tolations of randomly distributed
events weighted by the geometric exposure of the experifd€htnd with the energies of the
observed events. The fraction of simulations with at least multiplet with 12 or more events
is 6%, and the fraction having at least three multiplets w@ltor more events is 20%. Therefore,
there is no statistically significant evidence for the pnegeof multiplets from actual sources
in the data. We note that with the present statistics, awviehgial multiplet passing the required
selection cuts should have at least 14 correlated eventdém that its chance probability be 0

Measurements by the Pierre Auger Observatory [20] of thehdejpshower maximum and
its fluctuations indicate a trend towards heavy nuclei wittréasing energy. This interpreta-
tion of the shower depths is not certain, however. It reliasshower simulations that use
hadronic interaction models to extrapolate particle sxtéon properties two orders of magni-
tude in centre-of-mass energy beyond the regime where they been tested experimentally.
Magnetic alignment and correlation with the inverse of thergy as searched here are not ex-
pected for heavy nuclei. Assuming there are sources whichl@@te an appreciable proton
component, the non-observation of significant multipleisld be the consequence of having
a large density of sources. Given the present statistiesjthximum source density which
would allow to observe a multiplet containing 12 events &0 EeV from the nearest source
to the Earth can be roughly estimated by considering thatshiirce should produce a fraction
12/1509 ~ 1/125 of the total flux observed in the field of view of the AugersBtvatory in
this energy range. Assuming that the sources have equiglsicttuminosity and are uniformly
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distributed and that cosmic rays in this energy range cavedrom distances up to about 1 Gpc,
the above mentioned constraints imply that the nearestsaiould be withir- 10 Mpc. Thus,
the mean local density of sources should not be larger thawd ®* Mpc=3. The fact that we
have not seen a larger multiplet is an indication that thesiigiof sources is probably larger.
This very rough estimation is subject to large fluctuatiomsitas indicative that densities within
the current lower limits may lead to the kind of signals skattfor here. We note, however, that
this bound would be relaxed if contributions of heavy cosmaig primaries become significant,
or if very strong turbulent magnetic fields were present.

180

Figure 4: Observed multiplets with 10 or more events in dalatoordinates. The size of the circles is proportional
to the energy of the event. Plus signs indicate the positidriee potential sources for each multiplet. One decuplet
is in fact three dependent decuplets that are formed by thbication of twelve events and the three corresponding
reconstructions of the potential sources are shown. Thd Bok represents the border of the field of view of the
Southern Observatory for zenith angles smaller thanad@ the grey shaded area is the region outside the field of view

5. Conclusions

A search for ultra-high energy cosmic ray multiplets wadqrened in the data gathered be-
tween 1st January 2004 and 31st December 2010 by the Pieger Abservatory with energy
above 20 EeV. The largest multiplet found was one 12-plee pitobability that it appears by
chance from an isotropic distribution of events is 6%. Thhsgye is no significant evidence
for the existence of correlated multiplets in the presema dat. Future data will be analyzed
to check if some of the observed multiplets grow significantl if some new large multiplets
appear.
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multiplet D[°100 EeV] (,b)s[°] Aus[°] Aws[°] C

12— plet 43+07 (-46.7,132) 24 09 0903
10— plet | 51+09 (-39.9,23.4) 27 09 0901
10— plet lla 82+13 (-85.6,-80.4) 43 19 0920
10— plet b 76+12 (~79.6,-77.9) 4.0 16 0919
10— plet Iic 65+ 1.1 (-915,-75.7) 39 16 0.908

Table 1: Deflection powemD; reconstructed position of the potential source in gatambiordinates,|(b)s; uncertainty
in the reconstructed position of the potential source atbeglirection of deflectiomus, and orthogonal to itAws; and
linear correlation coefficienC, for the largest correlated multiplets found. The dataespond to events with energy
above 20 EeV from 1st January 2004 to 31st December 2010.
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