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Abstract: The particle density in extensive air showers fluctuates at the grourid Téaese fluctuations,
at the scale of the scintillator detector size (several meters), lead to #rsitiof the individual detector
responses. Therefore, small scale fluctuations contribute to theierioe estimation of the primary
energy by a ground array. This contribution is shown to be non-Gaus3iae impact on the primary
energy spectrum measured by a ground array is estimated. It isdatgatesuper-GZK events observed
by AGASA experiment do not result from the energy overestimatior,tdutsmall scale fluctuations, of
lower energy events. We found that the muon density at the individuahrdatectors obeys the Poisson
law. The impact of the fluctuations on the reconstructed muon densityatrh@ters is estimated.

Introduction value for the fluctuations was obtaned but the fli
tuation distribution has not been addressed exp
A significant part of conclusions on ultra-high en- mentally.
ergy cosmic rays (UHECRS) is made today on the
basis of the quantities observed by ground detec-
tor arrays. Typical ground detector registers only
small fraction(< 10~%) of the shower particles at )
the ground level. The reading of the individual de- Ve have generated several showers without tt
tector in the array is determined by the local den- NiNg with primary energies ranging fromo'? to
sity of particles in the shower. The latter is affected 10'* eV. The simulations were preformed wil

by the small scale fluctuations within the shower. CORSIKA[3]. QGSJECT 01c[4], QGSJIET Il [3]
GHEISHA [6] and EGS4 [7] models were use

in simulations. The simulations without thinnin
are time consuming and CPU-time and storage
quired grows nearly linearly with primary energ

Simulations

The modelling of extensive air showers is time and
resource consuming process. Monte-Carlo simula-
tions of air showers induced by ultra-high energy
cosmic rays often involve procedures like “thin- - - ) : .

S g : This is why we limit our simulations up to energie
ning” [1], aimed to reduce the effective number of 18

. . . of 10°° eV.

particles in a calculation. These procedures make

itimpossible to estimate small scale fluctuations in All datafiles are made publicly available withi
a reliable way. the public library of artificial air showers calle

“Livni”, so all the results of this and the following
works may be confirmed using the same data
The library may be used for any other studies of !
structure of air showers. The detailed informati
on the library content and access rules are avail:
at the websitéhttp://livni.inr.ac.ru. Hereafter we

In present work we use some artificial vertical
proton-induced air-showers with energies up to
108 eV, simulated without thinning, to estimate
the impact of the small scale fluctuations on the en-
ergy spectrum in the ultrahigh-energy region, ob-
s_erved by a ground Qetector array W.Ith detectors use references to the library showers in the fc
simular to ones used in AGASA experiment. L

) ) i of livni:codename, e.g. reference to the show
The fluctuations were earlier estimated by the pamed in the library as “18-3” will be livni:18-3.
Akeno experiment [2]. The standard deviation
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In present work we intend to study fluctuations o} P N

in air showers induced by the highest energy pri- Vad +

mary particles. Unfortunately, simulations of ar- | + |

tificial air showers of such a high energy is im- -H -ti-

practical. In order to make statementsid?® eV 1‘

showers we consider scintillator detectors with an '} -1

area 100 times larger than normal detector area ‘

(2.2 m? in AGASA) and utilize simulated showers ‘ ‘ ‘

with a primary energy o10'® eV. This of course " 5(600)/ 5600)

make our analysis approximate. The procedure

is justified by the fact that the lateral distribution Figure 1: Scintillation density distribution ove

functions of scintilation signal density for energies detectors (size ot4.8 m x 14.8 m) centered at

10'® eV and10%° have a similar shape [8]. Fur- [595 m;605 m] core distance. Horizontal axi

thermore, we have calculated the cross-correlation scintillator density, normalized to average, verti
A _ JdrS(7) S(F+d axis: number of detectors with a signal in a t

centered inS(600) (livni:18-3 shower).

function,Cs(d) = TarS2(A) ) of scintillation
density at the ground level. We found that cross-
correlation function is close to zero on the scale of
the detector sized| 2 0.4 m. Cross-correllation  yithin the ground array and azimuthal angles w
function for the muon density at the ground level regpect to the array.

has a similar behavior. Fitting responses of the detectors at core distar

The scintillation density distribution over detectors from 300 to 1000 meters with the AGASA expel
centered at the core distance between 595 and 605nental LDF [8], we obtairs(600). Following the
meters is shown in Fig. 1. To produce this plot we pgasa procedure to ensure fit quality we exclut
assume the ground to be completely covered by the the worst detector from the fit in the case of bgd
detectors. It can be seen that an individual detec- (, 2/ > 1.5) [15]. The distribution of the numbe

tor may be exposed to a larger or smaller density of excluded detectors is presented in Tabfe 1
than an average one and the central part of the dis-

tribution obeys the Gaussian law Iog(.S) scale.

Let us note that the plot refers to 600 m core dis-
tance where the fluctuations are small. At larger
distances an individual detector may be exposed to

up to 100 times larger particle density than an av- tion may be fit with the Gaussian ing(S) scale.

erage, though the probability is small, The same type of profile is suggested by AGAS
Muon density distribution over detectors at a fixed fq 5(600) experimental error distribution [13]. Fi
core distance obeyed Poisson distribution nally, we estimate one-sigma error f8{600) re-
In order to reconstruct the observables we assumeconstruction forl02° eV air showers due to sma
the ground array detector to consist of 100 plastic 5 scale fluctuations ag%. In rare casesS(600)
cm thick scintillators {4.8 m x 14.8 m) forming

The resulting distribution of reconstruct&gd600)

calculcated for one artificial air shower is shov
on Fig. 2. The reconstruction error may depend
the first interaction producing a shower, as we ¢
cuss later in Sec. 5. The main part of the distrit

sguare lattice covering the area km2. our 1. Here we as_sumethatthe detector counts the nur
q g 0 km of muons which is a case for AGASA detector but not t

intent is to make our det.ectlon procedure CI_Ose to case for Yakutsk array [9, 10]. In the latter case the mt
one used for the analysis of AGASA experimen- detector registers scintillation signal, which depends ¢
tal data [12, 13]. The detector responses are es-on the muon incident angle [11]

timated using AGASA average detector response 2. It should be noted that the distribution presen
functions [14]. Each simulated shower has been here is not neccesarily the same as in the analysi

detected 30000 times with different core positions 1€ original AGASA data, as our definition of does
not include detector fluctuations and therefore is diff

ent from the experimental one.
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Number of excluded % of cases ergy estimation fluctuation distribution (which
detectors the same as5(600) fluctuation distribution, pre-
1 23% sented in Fig. 2). The resulting spectrum is sho
2 15% in Fig. 3. We see that the fluctuation contributic
3 9% to the spectrum may be considered minor for
4 ™% GZK-predictions: the probability of energy ove
>5 ™% estimation by a factor of.5 is less thanl0—*.

We conclude that super-GZK events observed
AGASA experiment do not result from energ
overestimation, due to small scale fluctuations,
lower energy events.

Table 1: The distribution of the number of ex-
cluded detectors in the fit quality assurance pro-
cedure (livni:18-3 shower)

10000 ' toy spéctrum with a cut'—off —_
' ' ' ' G'auss(log;(S(GOO)')) spectrum convolved with fluctuations
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Figure 3: The impact of the small scale fluctuatic
Figure 2: Distribution of reconstructed S(600) nor- 0on the toy primary spectrum with a cut-off. Dash
malized to the average value (livni:18-3 shower). line shows the convolution of a toy spectrum a
Estimated energy distribution has the same form an energy estimation error presented in Fig. 2
as an estimated energy is nearly proportional to
S(600).

Limitations

may be overesimated by factor of5, hovewer, o o

the probabilty of this is less thato—*. We may One I|m|tqt|on of the above.analy5|s is that
also see that the part of the distribution which cor- d0€s not include the fluctuations of the detec
responds to energy overestimation is broader than"eSponse which are of the same order of ma
the underestimation part. The estimate does nottude [2]. The fluctuations within the detector m:
include the fluctuations of the detector response, P& accounted for by combining the library sho
which are present in the experiment and are of the €rS with relevant Monte-Carlo simulations of tt
same order of magnitude [2]. detector.

The fluctuations discussed above may affect the The second problem one should care about is-
primary spectrum observed by a ground array. Sig- the magnitude of small-scale fluctuations may
nificant energy overestimation even in a relatively different for showers having different first intera
small number of cases may influence the exper- tons. To estimate this effectgve analysed 20 she
imental conclusion on the presence of the GzK ©rs with primary energy o ev and 3 showers
cut-off [16, 17]. Let us assume a toy primary With primary energy ofl0 QeV' For each showe
spectrum with a spectral density proportional to We have estimated(r) = o(r)/5(r), whereo is

E—%, a = 2.7 up to the energy 0102° eV and a standard deviation of the detector response, n
equal to zero for higher energies. We have calcu- sured in VEMs, at distance (calculated for_ the
lated the convolution of our toy spectrum and en- ensemble of detectors centered at core distat
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close tor) and S(r) is the average detector re- 7293.2006.2 and MK-2974.2006.2 (DG) and
sponse. As long as the correlation functiofy the fellowship of the Russian Science Supp
is zeroa(r) doesn’t depend on the detector size. Foundation (ST). Numerical part of the work wi
This motivates the choice @f(r) as an estimator  performed at the computer cluster of the Thec
for the fluctuation magnitude in a particular artifi- Division of INR RAS.

cial shower. For pure Poisson distribution (which

would be the case for equivalent independent par-
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