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We present the results of a search for large scale anisoimdpg arrival direction of cosmic rays
performed with the KASCADE-Grande experiment at energieaigr than 1#eV. To eliminate
spurious anisotropies due to atmospheric or instrumentetufations we apply the East-West
method. The count distribution in 20 minutes bins of sidetisae are analyzed searching for
a dipole component: the significance of the amplitude of trgt fiarmonic is & o, therefore
an upper limit is derived. The phase of the first harmoniceeined with an error of few
hours, agrees with the measurements, obtained in tHe<1& < 2 x 10'° eV and 167 < E <
108 eV, energy ranges, by the EAS-TOP, IceCube, IceTop and Piergerexperiments. Thus
the KASCADE-Grande experiment results are filling the gagvben the previously cited results
confirming the indication of a change of the first harmonicgghat energies greater tharn2 x
104 eV.
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1. Introduction

Recent measurements of the cosmic-ray spectrum in the energy rangd #retiknee", i.e.
the change of slope from~ —2.7 to y ~ —3.1, have shown that this feature can be interpreted in
terms of lack of the primary particles containment inside magnetic fields. Incartbxt the knee
at 2— 4 x 10%eV is attributed to light elements (H or He) [1, 2], while the spectrum of heavier
elements shows a change of slope at higher energies [3, 4]. All thadésrase based on the
measurement of the mass group spectra (from two to five) of primary coagsc These studies
cannot discriminate between two different astrophysical scenaridaieixg the knee either as
the limit of acceleration in galactic sources or as a propagation effect. A nesasaot that can
separate these two scenarios is the search for large scale anisotroiiesamival direction of
primary cosmic rays.

In the energy range from 4 20TeV different experiments, such as Tibet-lll [5], MILA-
GRO [6], ARGO-YBJ [7], IceCube [8] and IceTop [9], detected blatiye-scale and small-scale
anisotropies. At higher energies statistically significant detection has teemed by the EAS-
TOP [10], IceCube [11] and IceTop [9] experiments. In this enerange the amplitude of the
large scale anisotropy is at the level-ofL0~3.

The statistical significance of anisotropy search depends on the numé&esrds in the data
set, thus long duration data taking are needed. But the counting rates of p&B8neents are
affected by instrumental and atmospheric effects (such as pressiem@perature variations) that
are orders of magnitudes larger than those expected by cosmic-ray @pissirA method to take
into account these variations is the East-West method [12]: an algorithm dasleel counting rate
differences between East-ward and West-ward arrival directions.

2. The Experiment

The multi-detector experiment KASCADE [13] (located at 48118.4E, 110ma.s.l.) was
extended to KASCADE-Grande in 2003 by installing a large array of 37 sg{imaimed Grande)
consisting of 10rh plastic scintillation detectors each (Fig. 1). KASCADE-Grande provided a
sensitive area of about®km? and operated jointly with the existing KASCADE detectors. The
active data taking ended in January 2013. The Grande array was instakedrregular triangular
grid with an average spacing of 137 m. For triggering purposes the statioasovgamized in 16
hexagons with six stations at the edges and one in the center. The trigggiverady the full
coincidence of the seven modules of a single hexagon. The analysiss#iddusthis article is
based on the data recorded by the Grande array.

The event arrival direction is obtained fitting the particle arrival time meashyethe 37
Grande stations. The core location, the slope of the lateral distribution functich@shower size
(i.e. the total number of charged partichg) are the result of a maximum likelihood fit, comparing
the measured number of particles with the one expected from an NKG-likelldistidbution
function [14] of the charged particles in the EAS.

KASCADE-Grande provides the unique opportunity of evaluating the i€tcaction accura-
cies of the Grande array by a direct comparison with an independenireeper For a subsample
of events the two independent reconstructions of the KASCADE and thed&rarays are com-
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Figure 1: Layout of the KASCADE-Grande experiment. The position @tiin 15 is shown (see text).

pared obtaining that the Grande reconstruction accuracies, above @b re@onstruction and
detection efficiency, arex 15% for Ng,, (with a systematic shift respect to KASCADE 5%);
~ 0.8° for the arrival direction; and- 6 m for the core position.

A detailed description of the event reconstruction and performances ofrtrel&array can
be found in [15].

2.1 Data selection

The number of counts from the East and West ward sectors are affectibe trigger inef-
ficiency in the same way, therefore the East-West method can be applietb alata collected
with trigger conditions not reaching a 100% efficiency. Therefore no sefecuts are applied
on the core position and all the events with zenith arfte 40° and shower sizél., > 10P2 are
used in this analysis. The azimuthal angle distributions were used as chibekdzta quality, the
only anomaly that was found is in the distribution of the events having the lgogestie density
measured by station number 15: therefore these events are rejected in tvntploalysis.

The primary energy is estimated from the shower Biggfirst calculated at a reference zenith
angle (applying constant intensity cut technique [16]) and then comvErtenergy using the rela-
tion obtained in [17], for primary protons, from a complete EAS simulation baséiteoQGSJetll-
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02 hadronic interaction model [18]. The values of the amplitude and the phassfinéttharmonics
will be referred to the median energy of the event sample. Having calibratedl&t®n fromNcy
to energy for primary protons the energy we estimate is a lower limit of the treleasrthe chemical
composition of real events is heavier than pure protons.

The distribution of the number of events in 20 minutes intervals of solar time is shpwheb
solid line in figure 2: large fluctuations, due to spurious anisotropies introdwycatinospheric and
instrumental effects, are present. The dashed line shows the same distrithidmed applying
the East-West method: the previously mentioned spurious fluctuations area@mov
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Figure 2: The solid line shows the solar time distribution of the numiifeevents in 20 minutes intervals;
the dashed line is the same distribution having applied #s#-B/est method.

3. Resultsand discussion

The values of the amplitudes and phases of the first harmonic analysis of thte datribu-
tions (with 20 minutes binning) in solar, sidereahnd anti-sidereal times are reported in table 1.
The Rayleigh probability that the sidereal time amplitude (shown in figure 3) is du#uotuation
of the background is 0.2%, its significance i5@&, therefore we calculate, according to the distri-
bution drawn from a population characterized by an anisotropy of unkaowplitude and phase as
derived by Linsley [19], the 99% confidence level upper limit to the amplitdde:0.47 x 102,

These values are obtained using the full KASCADE-Grande statisticeftiherwe cannot
expect to obtain significant amplitudes dividing the event sample in energy ilstemeaneverthe-
less perform this search to study the behavior of the phase with endgrgypréviously discussed
analysis is therefore repeated in three intervalN@f 5.2 < logNgh < 5.6, 5.6 < logNc, < 6.4 and

Isidereal time: Common time scale among astronomers which is based Barthss rotation measured relative to
the fixed stars.
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time Ax 102 hours P

sidereal 0.28+0.08 | 1514+1.1 | 0.2%
solar 0.154+0.08 | 239421 | 17%
anti-sidereal 0.02+0.08 | 1.8+ 14.4 | 96%

Table 1: Results of first harmonic analysis (amplitude, phase andeRdy probability) in sidereal, solar
and anti-sidereal time.
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Figure 3: Distribution of the number of counts, obtained applying Bast-West method, in 20 minutes
intervals of sidereal time. The dashed line represent tloelleded first harmonic: the amplitude and phase
values are reported in table 1

logNgh > 6.4: the obtained values are reported in table 2 together with the Rayleighiités
and the median energies.

Log(Neh | Median Energy (eV) Ax 1072 Phase

52-56 2.7x10% 0.26+0.10 | 2254+22 %
56-6.4 6.1x 10% 0.29+0.16 | 227430 %
>6.4 3.3x 10 12+09 | 254+42 %

Table 2: Results of harmonic analysis in sidereal time performedfferént intervals ofNg,

In the two panels of figure 4 the sidereal time distributions of the number of catmthown.
The significance of the first harmonic amplitude decreases with increasingriteenof charged
particles, therefore the corresponding phase is defined with a largetiinde as confirmed by the
error values.

Figures 5 and 6 show a comparison of the results presented in this work wsen ehdeained
at lower and upper energies. The phases of the first harmonic medsukdSCADE-Grande
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Figure4: Sidereal time distribution of the number of counts, obtdjrie the 18- < Ng, < 1064 (left panel)
andNg, > 6.4 (right panel) shower size intervals, applying the EastMieethod At = 20 minutes). The
line represent the calculated first harmonic: amplitudesgrases are reported in table 2

point the same sky region indicated by measurements obtained at eneegits ¢nan 1teV by
the EAS-TOP, IceCube and IceTop experiments and at energies Inewek0® and 188 eV by
the Pierre Auger Observatory [20, 21]. These results are thus fillingribeye gap between the
knee and the ankle of the cosmic rays spectrum, confirming (still with large lears) that in this
energy range the phase of the first harmonic is different from the onsurezhbelow 18 eV and
above 188 ev.
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Figure 5: Comparison of the upper limits to the amplitude of the firatnianic obtained by KASCADE-
Grande with experimental results in the!d@: E < 10'° eV energy range.
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