28th International Cosmic Ray Conference — 381

Energy Determination in the Akeno Giant Air Shower Ar-
ray Experiment

M.Takeda!, N.Sakaki', K.Honda?, M.Chikawa?, M.Fukushima®, N.Hayashida*,
N.Inoue®, K.Kadota®, F.Kakimoto’, K.Kamata®, S.Kawaguchi’, S.Kawakami'®,
Y .Kawasaki!, N.Kawasumi'!, A.M.Mahrous®, K.Mase*, S.Mizobuchi'?,
M.Nagano'®, H.Ohoka*, S.Osone?, N.Sakurai*, M.Sasaki*, M.Sasano'?,
H.M.Shimizu!, K.Shinozaki*, M.Teshima!®, R.Torii*, . Tsushima!!, Y.Uchihori6,
T.Yamamoto!”, S.Yoshida'®, H.Yoshii'?

(1) RIKEN, Hirosawa, Wako, Saitama 351-0198, Japan

(2) Faculty of Engineering, Yamanashi University, Kofu 400-8511, Japan

(8) Department of Physics, Kinki University, Osaka 577-8502, Japan

(4) Institute for Cosmic Ray Research, University of Tokyo, Chiba 277-8582, Japan
(5) Department of Physics, Saitama University, Urawa 338-8570, Japan

(6) Faculty of Engineering, Musashi Institute of Technology, Tokyo 158-8557, Japan
(7) Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan

(8) Nishina Memorial Foundation, Komagome, Tokyo 113-0021, Japan

(9) Faculty of Science and Technology, Hirosaki University, Hirosaki 036-8561, Japan
(10) Department of Physics, Osaka City University, Osaka 558-8585, Japan

(11) Faculty of Education, Yamanashi University, Kofu 400-8510, Japan

(12) Department of Physics, Ehime University, Matsuyama 790-8577, Japan

(13) Department of Space Communication Engineering, Fukui University of Technol-
oqy, Fukui 910-8505, Japan

(14) Communications Research Laboratory, Ministry of Posts and Telecommunications,
Tokyo 184-8795, Japan

(15) Max-Planck Institute for Physics, Foringer Ring 6, Munchen 80805, Germany
(16) National Institute of Radiological Sciences, Chiba 263-8555, Japan

(17) Center for Cosmological Physics, University of Chicago, Chicago, IL 606537, USA
(18) Department of Physics, Chiba University, Chiba 263-8522, Japan

Abstract

Using data from more than ten-years of observations with the Akeno Giant
Air Shower Array (AGASA), we published that the energy spectrum of ultra-high
energy cosmic rays extends beyond the GZK cutoff. We have reevaluated the en-
ergy determination method used for AGASA events with respect to various fac-
tors. The currently assigned energies of AGASA events have an accuracy of £25%
in event-reconstruction resolution and £18% in systematic errors around 10%°eV.
This systematic uncertainty is independent of primary energy above 10*%V.
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1. Introduction

From observation with the Akeno Giant Air Shower Array (AGASA), we
have published that the energy spectrum of extremely high energy cosmic rays ex-
tends up to a few times 102%eV without the expected GZK cutoff [2]. On the other
hand, the HiRes collaboration [5] has presented their energy spectrum with the
cutoff feature in the previous ICRC at Hamburg, Germany. It is quite important
to examine the possibility of overestimating energies of AGASA events. We have
therefore reevaluated uncertainties in the energy determination of AGASA events
with respect to the lateral distribution of shower particles, their attenuation with
zenith angle, shower front structure, delayed particles observed far from the core,
and other factors, using data accumulated at the Akeno Observatory so far.

2. Systematic uncertainties on energy estimation in AGASA

Table 1 summarizes the major systematics and uncertainties in energy
estimation. The probable overestimation of 10% due to shower front structure
and delayed particles may be compensated for by the probable underestimation
of the energy conversion factor by 10%, an effect resulting from the inclusion of
the average altitude of AGASA and the proper definition of what is meant by a
“single particle”. Adding uncertainties in quadrature, the systematic uncertainty
in energy determination in the AGASA experiment is estimated to be +18% in
total. Therefore, the currently assigned energies of the AGASA events are fairly

Table 1. Major systematics of AGASA.

Detector:
detector absolute gain + 0.7%
detector linearity + 7%
detector response (box, housing, ...) + 5%
Air shower phenomenology:
lateral distribution function + 7%
S(600) attenuation + 5%
shower front structure — 5% + 5%
delayed particles — 5% + 5%

Energy estimator S(600):
interaction models, chemical compositions (p/Fe),
simulation codes, height correction, +10% +12%
S(600) fluctuation

Total +0% +18%

The symbol “+” means that currently assigned energies should be pushed up under

a particular effect, and the symbol “—” represents a shift in the opposite direction.
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good. The event-reconstruction resolution is £25% at 10?°eV. The details on

these uncertainties are described in astro-ph/0209422 which is to be published in
Astroparticle Physics [3].

3. Energy Spectrum

Fig.1 shows the energy spectrum observed with AGASA with zenith an-
gles smaller than 45° up until the end of 2002. The exposure (the aperture X
the observation time) is 5.3 x 10'® m? s sr above 10%¢V. We observed 11 events
above 10%°eV, while 1.8 events are expected under the GZK cutoff spectrum. This
corresponds to 4.50 deviation from the GZK cutoff. The form of the GZK cut-

1026

L L1l

=Y
o
N
a1
TTTTT]
N
|

i;.."'-._‘-_!“"’¢ *

N
N

JE) E3 [m 2seclsrlev?]
=

-
231 1 ol Lol *

1019 1020

Energy [eV]

10

Fig. 1. Energy spectrum determined by AGASA with zenith angles smaller than
45° up until the end of 2002. The vertical axis is multiplied by E®. Error bars
represent the Poisson upper and lower limits at 68% confidence limit and arrows
are 90% C.L. upper limits. Numbers attached to the points show the number of
events in each energy bin. The dashed curve represents the spectrum expected for
extragalactic sources distributed uniformly in the Universe [4], taking account of

the energy determination error. The uncertainty in the exposure is shown by the
shaded region.
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Table 2. FEnergy spectrum with zenith angles smaller than 45° up until the end of
2002. Errors represent the Poisson upper and lower limits at 68 % confidence limit.

Energy bin log(E[eV]) log(J(E)E? [m=2 sec™! sr™! eV?)

19.65 24.707009
19.75 24.470 12
19.85 24.737013
19.95 24.2970:3
20.05 24.807039
20.15 24.69703]
20.25 < 24.76 (90% C.L. upper limit)
20.35 24.917048
20.45 < 25.16 (90% C.L. upper limit)

off spectrum depends on source emissivity and cosmological evolution of sources.
According to Berezinsky et al.[1], 2.4 events are expected under the GZK cutoff
spectrum, corresponding to 3.90 deviation. The observed spectrum significantly
deviates from the GZK cutoff. Even if we would shift the assigned energies on
—18% of the systematic uncertainty limit, there remains 5 events above 10%%eV.
The expected number of events is also reduced to 1.0 events and hence the observa-
tion still deviates 2.70 from the expected GZK cutoff. Since the above systematics
is independent of energy above 10%eV, the cosmic-ray energy spectrum extends
without any sign of cutoff.

The number of the present highest energy cosmic rays may only be limited
by experimental exposure. The next generation of experiments with much larger
exposures are highly anticipated.
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