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Clusters of cosmic rays above eV observed with AGASA
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Abstract. Arrival direction distribution of extremely high 2 Experiment
energy cosmic rays observed with the Akeno Giant Air Shower
Array (AGASA) is studied. Some small-scale anisotropy — e Akeno Observatory is situated at 23® E and 35 47
clustering of cosmic rays — is observed, while no statisti- N AGASA consists of 111 surface detectors deployed over
cally significant large-scale anisotropy is found on the ce-5n area of about 100 Kmand has been in operation since
lestial sphere. Above 4 10'°eV, there are one triplet and 1990 (Chiba et al. , 1992; Ohoka et al. , 1997). A20 is an
five doublets within a separation angle of 2éhd these form A ASA detector system, operated as a prototype from 1984
a sharp peak at small separation angles in a self-correlatiog, 1990 (Teshima et al. , 1986), and as an integral part of
separation angle distribution. The separation angle scale isgasA since then. The details of the AGASA instrumenta-
consistent with the angular resolution of the AGASA experi- tjon has been described in the above references (Teshima et
ment. The clusters of AGASA events, therefore, favor point- 5 ,1986; Chiba et al. , 1992; Ohoka et al. , 1997). In this
sources of EHECRs. The observed energy spectrum of cosspa|ysis, we have selected events with zenith angles smaller
mic rays contributing to clusters is harder than that of thosenan 45 and with core locations inside the array area. We
arriving from general directions. observed 775, 59, and 8 events with energies abot&1)
4 x 10"eV, and 16°eV, respectively. Above 4« 10'%eV,
two more doublets were detected in the updated data set. The
1 Introduction number of clusters appears to increase steadily with AGASA
exposure.

Since our recent publicatiqn (Takeda etal. , 1999), Tinyakov  p,q accuracy of determination of shower parameters was
and Tkachev (2001) have introduced a good method of studys, 5 ated through the analysis of a large number of artifi-

ing clusters of extremely high energy cosmic rays (EHECRS) 5 events, These artificial events were generated taking into
using the AGASA and Yakutsk data sets, and have suggeste&i

ccount experimentally determined air shower features and
that EHECRs favor compact sources. Almost events abovey, .y ations. The accuracy of arrival direction determination

o .
4 > 10'%eV come from the AGASA _data set. Using the up- 1 reguits appeared in our recent publications (Takeda et al.
dated AGASA data, we have examined clusters of EHECRS 1995 1999). The accuracy of energy determination is esti-

and investigated their features. mated to ber 30 % above 18eV. Of artificial events above

Correspondence tayl. Takeda 10%eV (4 x 10%eV), 68 % have better accuracy in arrival
(mtakeda@icrr.u-tokyo.ac.jp) directions determination than 2.81.8).
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3 Results

10 = T T T T T
Figure 1 shows arrival directions of cosmic rays with ener- . (a) Doublet 1 (b) Triplet

gies above 4x 10'eV in Equatorial coordinates. Circles
and squares represent cosmic rays with energies of (1—4)
10%eV, (4-10)x 10"eV, and> 10?°eV, respectively. Area a [
in this figure corresponds to the AGASA exposure. The cen- g
tral region with a heavy shade and the outside region corre-
spond to the celestial regions excluded in this paper due to
the zenith angle cutoff ok 45°. Details of the cosmic rays

2
. 10
above 4x 10'eV are available on our web page

Chance Probability
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, é7‘0 ; Fig. 2. Energy dependence of the chance probability of observing
alacuc

e (a) doublets and (b) triplets.

more doublets§;;, = 2) than the observed data set, giving
P., = 0.05%; P.;, = 1.66% for triplets (N, = 3).

Here, the simulated data sets have a uniform distribution
in right ascension and declination and energy distributions
which follow experimental observations. The uniformity of
the observation time in right ascension results from the uni-
form observation in solar time over more than ten years.
Fig. 1. Ar_rival directions of cosmic rays With_energies_ above<4_r This is expected for a surface array detection system such
10'%eV. Circles and squares represent cosmic rays with energies O(I;ts AGASA operating in stable conditions. The fluctuation of
(4-10) x 10"%eV and> 10™eV, respectively. Area in this figure the observation time in local sidereal timé isonly (&2.1)

corresponds to the AGASA exposure. The central region with a, hich | I h d with th isot .
heavy shade and the outside region correspond to the celestial re@’ which is small enough compared wi € anisotropy In

gions excluded in this paper due to the zenith angle cutoff ¢5°. the energy range of interest, such that the exposure in right

Solid curves show Galactic coordinates, and dotted curves indicat@SCcension is quite uniform. The declination distribution re-
equatorial coordinates. flects the zenith angle dependence of the AGASA exposure

and is consistent with the distribution expected if cosmic rays
) i come isotropically from the celestial sphere. Since the trig-
First of all, we follow the same cluster analysis procedureger efficiency is independent of energy abové’s¥ at a

described ir§3.4 of Takeda etal. (1999). A cluster of COSMIC z¢pith angle less than 45this distribution is applicable to
rays is defined as follows: (i) Define thwth event; (ii) Count higher energies.

the numbgr of 'ever.1ts W'th'_n a C|rcle. o.f"radlu's 2centered Next, the threshold energy dependence for observing dou-
onthe arrival direction OT thieth event;, (il If this r_1umber of blets and triplets are estimated, and the results are shown in
events exceeds a certain threshold valye, thei-th event Figure 2. When a new cluster is added above a threshold

Egcounted ?)S a (iulsct)g \;I’hlsds?]quencle Wast,) rep(faa;ced for aélnergy, the histogram changes discontinuously. At the max-
events above eV, and the total number of CIUSters ., threshold energy where the triplet is detected, we find

for Ny, was determined. The chance probabilily, of ob- P, = 0.19% in Figure 2(b). The narrow peaks above 4

serving this number of clusters under an isotropic distribution, "1 yi9a\/ in Figure 2(a) result from five doublets and one
was obtained from the distribution of the number of C|USterstripIet, and another doublet is found just below410'%eV.

using 10,000 simulated data sets. These simulated data S®%e chance probabilities are smaller than 0.1 % for doublets

were also analy_zed by the same sequence described abov&nd 1 % for triplets in this range. The smallest chance proba-
Out of 10,000 simulations, 5 trials had the same amount Olilities are obtained arounds 10%eV. and this energy may

http://www-akeno.icrr.u- indicate some critical energy for clusters. The chance proba-
tokyo.ac.jp/AGASA/pub/ bilities in this figure are estimated without taking account of
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Fig. 3. Self-Correlation analysis above (a)>4 10'°eV and (b) Fig. 4. Number of clusters in the self-correlation analysis. The
10'%eV. Histogram: observed data set; Curve: average of 10,00Gknergy dependence on the separation angle is taken into account.
simulated data sets; Dashed curve: the AGASA point spread func-
tion.

gle is determined to be 25 Since the dashed curve indi-

the degree of freedom on the threshold energy. The chanc(éates the point spread function of the AGASA experiment

probabilities may not be increased by a factor of 4 even if Weand is well fitted to the observed distribution, the clusters are

take the degree of freedom into account, because the numbé?garded as point-like sources against the AGASA angular

of independent data sets in this energy range is less than QFSOIUtlon' For anather threshold energy oM, the same

with considering the energy resolution of the AGASA exper- plot |s.shown n F|gu.re.3(b2, and a small put significant peak
iment is again observed within 40 The separation angles of 2.5

(4.0°) at 4 x 10%eV (10'%eV) are equivalent to the AGASA

The above cluster analysis was a certain conditioiVg,) angular resolution multiplied by a factor af2 . Within
=(2.5°, 2). All possible conditions were also examined with such energy-dependent separation angles, Figure 4 shows the
a step of 0.5 for ¢ and 1 forV;;, and the original condition number of clusters both for the observed (histogra¥y;.)
was found to be most significant. To show clear dependencand simulated (curveiV,,,) data sets. The simulated data
on the separation angte self-correlation analysis is intro- sets were obtained using 10,000 trials under an isotropic dis-
duced and shown in Figure 3(a). The vertical axis indicatesribution. Some excesses are found around 1.0, 1.7x4.5

an event-pair density: 10'%eV. The significance ofNops — Nexp) /ANeyp is sShown
in Figure 5, whereA V., is the deviation ofV.,, obtained
N(0) = z Z Ri;(0)/(25(0)), (1) from the above simulated data sets. The clusters around 4
io# 10'%eV have 5 or more significance, while two of them at
where lower energies have only about2

. . Next, we derived the integral energy spectrum of events
1 if 0;; in df L . . .
R;;(0) = { 0 othérwise , contributing to clusters. Figure 6 shows this spectrum with
the AGASA integral energy spectrum. From this figure, the
andd,; is the separation angle of two events on the celestiaintegral spectral index is-0.8 & 0.5(stat)+- 0.5(sys).
sphere and () is the area of a concentric ring @4. This Finally, we estimate the number of sources if we assume
density increases as the multiplicity of clusters increases. Thehat all observed events above«410eV came from a par-
histogram is the observed distribution and the solid curve isticular type of source. Sources have the following conditions:
expected from an isotropic distribution, obtained from the (i) The number of sources ®&g; (ii) The frequency of ob-
same 10,000 simulated data sets as that used in the clustservation of cosmic rays from each of sources follows the
analysis. There is a clear sharp peak in the small separaRoisson distributiorP(x, 1) with an average:: « = 3 (2)
tion angles within 2.5, and no statistically significant de- corresponding to sources of a triplet (doublet) and O is a
viation from the expected curve is observed. This peak remon-observed source. From multiplicity distributionéf =
sults from the six clusters and the maximum separation an46, 5,1,0,0 at = 1, 2,-- -, 5, we foundNg ~ 2207357 for
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Fig. 5. (Nobs — Nexp) /A Negp in the self-correlation analysis. The Fig. 6. Integral energy spectrum of cosmic rays contributing to
valuesN,ss, Neop are obtained from Figure 4. clusters (open squares) with the AGASA integral energy spectrum
(closed circles).

= 0.27,3 3 with 68 % C.L. ThisN is about four times as _ _ .
large as the number of events observed with AGASA while Periments, is required.
we neglected characteristics and distances of sources. How-

ever, we don’t know how many fraction (z)fx_zl results from Acknowledgements
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