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Abstract

We present the results of the search for large-scale anisotropies in the arrival directions of cosmic rays performed
with the KASCADE-Grande experiment at energies higher than 10'° eV. To eliminate spurious anisotropies due to
atmospheric or instrumental effects we apply the east—west method. We show, using the solar time distribution of
the number of counts, that this technique allow us to remove correctly the count variations not associated to real
anisotropies. By applying the east-west method we obtain the distribution of number of counts in intervals of
20 minutes of sidereal time. This distribution is then analyzed by searching for a dipole component; the
signiﬁcance of the amplitude of the first harmonic is 3.5, therefore, we derive its upper limit. The phase of the first
harmonic is determined with an error of a few hours and is in agreement with the measurements obtained in the
10" < E < 2 x 10" eV energy range by the EAS-TOP, IceCube, and IceTop expenments This supports the
hypothesis of a change of the phase of the first harmonic at energies greater than ~2 x 10'*eV.

Key words: astroparticle physics — cosmic rays

1. Introduction

Recent measurements of the cosmic-ray spectrum in the energy
range around the knee have shown that this feature can be
attributed to the light primaries (H or He; Antoni et al. 2002;
Aglietta et al. 2004), while the spectrum of heavier elements
shows the same feature at higher energies (Apel et al. 2011).
These results have been obtained by high-precision EAS
(Extensive Air Showers) experiments separating events in two
mass groups: light and heavy primaries. The spectrum of the
light component measured by the ARGO-YBJ experiment
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(Bartoli et al. 2015a) shows a change of the slope at somehow
lower energies (700 TeV), hinting at a more complex structure of
the spectra than simple power laws. However, all results show that
the energy of the change of the slope of the spectrum increases
proportionally to the charge of the primary particle. The simplest
explanation of these results is the containment of primary particles
inside magnetic fields, but spectral measurements cannot
discriminate between a containment inside the acceleration region,
limiting the maximum achievable energy, or to a containment
inside the propagation region. A measurement that could help
separate these two scenarios is the search for large-scale
anisotropies in the arrival direction of primary cosmic rays. The
optimum procedure would be perform such measurement
separating events into mass groups. However this requires very
large, active areas of about lkmz, multicomponent, high-
resolution arrays. None of the experiments that have operated
so far satisfy all of the requirements together.

In the 1-20 TeV energy range different experiments, such as
Tibet-III (Amenomori et al. 2005), MILAGRO (Abdo et al. 2009),
ARGO-YBJ (Bartoli et al. 2015b), and IceCube (Abbasi et al.
2010), detected both large-scale and small-scale anisotropies. At
higher energies statistically significant detection of a large-scale
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anisotropy has been claimed by the EAS-TOP (Aglietta et al.
2009), ARGO-YBJ (Bartoli et al. 2018), IceCube (Abbasi et al.
2012), and IceTop (Aartsen et al. 2013) experiments, and at
E > 8 x 10"®eV by the Pierre Auger Observatory (Aab et al.
2017).

The search for large-scale anisotropies is performed by EAS
experiments through the distribution of the number of events
versus sidereal®! or solar time, but the counting rates of EAS
experiments are affected by instrumental and atmospheric
effects (such as pressure or temperature variations) that often
are order of magnitudes larger than those expected by cosmic-
ray anisotropies. Various methods have been proposed to take
into account these variations. The KASCADE-Grande data
have been analyzed applying the east—west (Bonino et al. 2011)
method: an algorithm based on the counting rate differences
between eastward and westward directions; we briefly remind
its main points.

The number of counts measured from the east and from the
west sectors, at a given time ¢, are Ix(f) and Iy(t), respectively.
Their difference is a measurement of the first derivative of the
total number of counts (/(?)):

dho _ I5() = Iy()) _ D)

dt ot ot

, ey

where 6t is the average hour angle between the vertical and the
two sectors. Using the Fourier formalism D(¢) can be written as:

1/2)

Nint

D(i)=aog + Y rycos
=1

(27rk(z—— wk)’ 2)

where the 24 hr in solar, sidereal, or anti-sidereal times are
divided in n;, intervals. The differential amplitude (rp) and
phase (¢p) of the first harmonic (D(t) = rpcos(t — 1p)) are
obtained by fitting the distribution of the counts difference
between the two sectors.

To calculate the expected modulation due to a cosmic-ray
anisotropy we integrate the expression of dI,,,/dr:

ES
b = [ %dr* =2 oy (r - g) 3)

We then derive the so called true total intensity”? by adding the
mean counting rate:

Lo (1) = (1) + 1(1), “)

with the integral amplitude and phase being:

r—r_D
1 6t’

iy
Yr=1p + —.

2

2! Sidereal time: a common timescale among astronomers that is based on the
Earth’s rotation measured relative to the fixed stars.

2 By true total intensity we mean the total cosmic-ray counting rate once the
spurious fluctuations have been subtracted.
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Figure 1. Layout of the KASCADE-Grande experiment.

The uncertainties on r; and ¢/; depend on the total number of
counts N and 6t and are equal to:
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The probability that this amplitude is due to a statistical
fluctuation of background can be calculated with the Rayleigh

probability:
2
i
P =exp| ——L|. (5)

T

In this work we report on a search for large-scale
anisotropies performed by applying the east-west method to
the KASCADE-Grande data.

2. The Experiment

The multidetector experiment KASCADE (Antoni et al.
2003; located at 49.1°N, 8.4°E, 110m a.s.l.) was extended to
KASCADE-Grande (Apel et al. 2010) in 2003 by installing a
large array of 37 stations (named Grande) that consist of 10 m?
plastic scintillation detectors each (Figure 1). KASCADE-
Grande provided an active area of about 0.5 km” and operated
jointly with the existing KASCADE detectors. The data taking
ended in 2013 January. The Grande array was installed on an
irregular triangular grid with an average spacing of 137 m; for
triggering purposes the stations were organized in 16 hexagons
with 6 stations at the edges and 1 in the center. The shower
trigger was given by the full coincidence of the seven modules
of a single hexagon. The analysis discussed in this article is
based on the data recorded by the Grande array, and the data of
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the muon detectors, located at the KASCADE field, are not
used in this work.

The arrival direction of individual events is obtained by
fitting the particles’ arrival time measured by the 37 Grande
stations. The core location, the slope of the lateral distribution
function, and the shower size (i.e., the total number of charged
particles, N,) are the result of a maximum likelihood fit
comparing the measured number of particles with the one
expected from an NKG-like (Nishimura Kamata Greisen)
lateral distribution function (Apel et al. 2006) of the charged
particles in the shower.

KASCADE-Grande provides the unique opportunity to
evaluate the reconstruction accuracies of the Grande array
with a direct comparison with an independent experiment
(KASCADE). For a subsample of events the two independent
reconstructions of the KASCADE and the Grande arrays are
compared. We derive that the Grande reconstruction accura-
cies, in the region of 100% reconstruction and detection
efficiency, are: <15% for N, (with a systematic shift in 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
performance of the Grande array can be found in Apel et al.
(2010).

2.1. Data Selection

The number of counts from the east- and westward sectors
are affected by a trigger inefficiency in the same way; therefore,
the east—west method can be also applied to data collected with
trigger conditions that do not reach a 100% efficiency. No
selection cuts are applied on the core position, and all the
events with zenith angle of 6 < 40° and shower size of
N, > 10> are used in this analysis.

In this analysis we have chosen the average hour angle
between the vertical and the east and westward sec-
tors: 6t ~ 20°.

The primary energy is estimated from the shower size N,(0),
which is converted (by applying the constant intensity cut
technique; Hersil et al. 1961) to its value at a reference zenith
angle (A, = 20°). The primary energy is then evaluated using
the calibration function obtained (Kang et al. 2013) for primary
protons by means of a complete EAS simulation based on the
QGSJetll-02 hadronic interaction model (Ostapchenko 2006).
The systematic error in the energy assessment due the choice of
the specific hadronic interaction model is around 20% (Apel
et al. 2014). The values of the amplitude and the phase of the
first harmonics will be referred to the median energy of the
event sample. The conversion from N, (0..¢) to energy has been
calculated for primary protons; therefore, the energy we
estimate is a lower limit of the true one, as the chemical
composition of real events is heavier than pure protons.

Considering the number of events accumulated by the
KASCADE-Grande experiment we divide a day into nj,, = 72
intervals (i.e., 20 minutes). The distribution of the number of
events in solar time is shown by the solid line in Figure 2; large
fluctuations, due to spurious anisotropies introduced by
atmospheric and instrumental effects, are present. The dashed
line shows the same distribution obtained by applying the east—
west method; the previously seen spurious fluctuations are
removed.
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Figure 2. Comparison of the local solar time count variations measured by the
KASCADE-Grande experiment (solid line) with those obtained by applying
Equation (4) (dashed line).
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Figure 3. Sidereal time variations of the number of counts obtained, in 20 minutes
intervals, by applying the east-west method. The dashed line represent the first
harmonic fit; the amplitude and phase values are reported in Table 1.

Table 1
Results of First Harmonic Analysis (Amplitude, Phase, and Rayleigh
Probability) in Sidereal, Solar, and Anti-sidereal Time

Time A x 1072 Hours P
Sidereal 0.28 4+ 0.08 15.1 £ 1.1 0.2%
Solar 0.15 + 0.08 239 £+ 2.1 17%

Anti-sidereal 0.02 £ 0.08 1.8 + 144 96%

3. Results and Discussion

We can, therefore, apply the east-west method to obtain the
number of counts distributions (20 minutes bin width,
corresponding to an angular aperture of 5°) in solar, sidereal
(shown in Figure 3), and anti-sidereal times. These distribu-
tions are fitted with a first harmonic function, and the values of
the amplitudes and phases are reported in Table 1 together with
the Rayleigh probability owing to background fluctuation. As
expected only the amplitude of the sidereal time distribution
shows a small Rayleigh probability value (P = 0.2%); never-
theless its significance is 3.50 and, therefore, we calculate
(according to the distribution drawn from a population
characterized by an anisotropy of unknown amplitude and
phase as derived by Linsley 1975), the 99% confidence level
upper limit to the amplitude: A < 0.47 x 1072



THE ASTROPHYSICAL JOURNAL, 870:91 (5pp), 2019 January 10

ity
-
°
2

=

.008

1.006

=

.004

Relative Intensi

1.002

-

0.998

0.996

0.994

0.992

TTT

ol b b b b e b b b L L1
0'990 2 4 6 8 10 12 14 16 18 20 22 24

hours

Apel et al.

-
o
@

Relative Intensity
-
o
N

-

0.99

0.98

TTTT

sl e b b b b b Lo Lo L iy
0.97 2 4 6 8 10 12 14 16 18 20 22 24
hours

)

Figure 4. Sidereal time variations of the number of counts obtained in the 105 < Ny, < 10%* (left panel) and Ny, > 6.4 (right panel) shower size intervals by
applying the east-west method (Af = 20 minutes). The line represent the fitted first harmonic; amplitudes and phases are reported in Table 2.
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of 10"* < E < 10" eV. References to other experiments data are: Ambrosio
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(2009), Aglietta et al. (2009), Alekseenko et al. (2009), Abbasi et al. (2010,
2012), Aartsen et al. (2013), Bartoli et al. (2015b, 2018), Aab et al. (2017), and
Abeysekara et al. (2018).

The values in Table 1 have been obtained with the full
KASCADE-Grande data set; therefore, we cannot expect
significant amplitudes dividing the event sample in energy
intervals. We nevertheless perform this search to investigate the
behavior of the phase with energy. The previously discussed
analysis is repeated in three intervals of Ny,: 5.2 < log Ny, < 5.6,
5.6 < logNy, < 6.4, and log N, > 6.4. In Figure 4 the sidereal
time distributions of the number of counts, obtained in the two
highest NV, intervals, are shown. The first harmonic amplitude and
phase values are reported in Table 2 together with the median
energies. The significance of the first harmonic amplitude
decreases (as shown by the Rayleigh probability in Table 2),
increasing the charged particles number. Correspondingly the
phase is obtained with a larger uncertainty. We calculate the 99%
confidence level upper limits of the first harmonic amplitude for
the three energy intervals: A < 0.49 x 1072, A <0.64 x 1072,
and A < 3.15 x 102 (shown in Figure 5).

Figures 5 and 6 show a comparison of the results of this
work with those obtained at lower and higher energies by other
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Figure 6. Comparison of the KASCADE-Grande measurements of the phase of
the first harmonic with experimental results obtained in the energy range of
10" < E < 10" eV. The dotted line shows the direction of the galactic center.
The references to the results of the other experiments can be found in the
caption of Figure 5.

experiments (see Ahlers & Mertsch 2017 and references
therein).

The first harmonic phases measured by the KASCADE-
Grande experiment agree with those measured by EAS-TOP
(Aglietta et al. 2009), IceCube (Aartsen et al. 2016) and IceTop
(Aartsen et al. 2013) at energies greater than 2 x 10'*eV,
showing that the change of phase, in the direction of the
galactic center, observed at E ~ 2 x 10" eV also holds at
energies greater than the knee of the cosmic-ray spectrum.

These results fill the gap between the experiments studying the
knee and the ankle of the cosmic-ray spectrum. The phase of the
first harmonic shows a first change from ~30° to ~—140° at
energies slightly above 10" eV, then it remains constant until
<10"eV, and (as recently shown by the Pierre Auger
Observatory; Aab et al. 2017), changes to ~100° around
8 x 10" eV. The phase flip of the dipole anisotropy observed
around 0.1-0.3 PeV may indicate (Ahlers 2016) the change from
a galactic cosmic-ray emission dominated, below these energies,
by few local sources to a source distribution pointing to the
galactic center region. The second phase flip observed above
10'® eV can be interpreted as the sign of an extra galactic origin of
ultra high-energy cosmic rays (Aab et al. 2017).
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Table 2
First Harmonic Amplitude and Phase in Different Intervals of N,

Log(Nen) Median Energy (eV) A x 1072 Phase (deg) P Number of Events U.L. 99% c.l.)
5.2-5.6 2.7 x 109 0.26 £ 0.10 225 + 22 3% 1.42 x 107 0.49 x 1072
5.6-6.4 6.1 x 10" 0.29 + 0.16 227 + 30 19% 6.27 x 10° 0.64 x 1072
>6.4 3.3 x 10'° 1.2 £ 09 254 + 42 41% 1.97 x 10° 3.15 x 1072
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