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Time Dependence of Loss-Cone Amplitude measured with the Tibet Air-Shower Array

M. AMENOMORI!, X. J. B1%, D. CHEN®, W. Y. CHEN?, S. W. CuUI*, DANZENGLUOBU®, L. K. DING?, X. H. DING?,
C. F. FENG®, ZHAOYANG FENG2, Z. Y. FENG’, Q. B. Gou?, H. W. Guo®, Y. Q. Guo?, H. H. HE?, Z. T. Hg*?,
K. HIBINO®, N. HOTTA?, HAIBING HU®, H. B. HU?, J. HUANG?, W. J. L1>7, H. Y. J1A7, L. JIANG?, F. KAJINO'?,
K. KASAHARAM, Y. KATAYOSE!2, C. KATO'?, K. KAWATA®, LABACIREN®, G. M. LE?, A. F. LI'*6:2, C. L1u?,
J. S. L2, H. Lu?, X. R. MENG®, K. MIzUTANI*D15) K. MUNAKATA'®, H. NANJO!, M. NISHIZAWA®S,
M. OHNISHI?, I. OHTA7, S. Ozawall, X. L. Qian%2, X. B. Qu?, T. SaIto'®, T. Y. SAITo!?, M. SAKATA'?,
T. K. SAKO'2, J. SHA0%6, M. SHIBATA'2, A. SHIOMI?®, T. SHIRAI®, H. SUGIMOTO?!, M. TAKITA®, Y. H. TAN?,
N. TATEYAMAS®, S. Torir'!, H. TsucHIYA??, S. Upo®, H. WaNG?2, H. R. Wu?, L. XUg%, Y. Yamamotro'?,
Z. YANG?, S. YASUE?3, A. F. YUAN®, T. YUDA?, L. M. ZHAI?, H. M. ZHANG?, J. L. ZHANG?, X. Y. ZHANGS,
Y. ZHANG?, YI ZHANG?, YING ZHANG?, ZHAXISANGZHU?, X. X. ZHOU” (THE TIBET ASy COLLABORATION)

' Department of Physics, Hirosaki University, Hirosaki 036-8561, Japan

2Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049,
China

3 Institute for Cosmic Ray Research, University of Tokyo, Kashiwa 277-8582, Japan

4Department of Physics, Hebei Normal University, Shijiazhuang 050016, China

5Department of Mathematics and Physics, Tibet University, Lhasa 850000, China

S Department of Physics, Shandong University, Jinan 250100, China

"Institute of Modern Physics, SouthWest Jiaotong University, Chengdu 610031, China

8 Faculty of Engineering, Kanagawa University, Yokohama 221-8686, Japan

9Faculty of Education, Utsunomiya University, Utsunomiya 321-8505, Japan

10 Department of Physics, Konan University, Kobe 658-8501, Japan

U Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan

2 Faculty of Engineering, Yokohama National University, Yokohama 240-8501, Japan

3Department of Physics, Shinshu University, Matsumoto 390-8621, Japan

Y4School of Information Science and Engineering, Shandong Agriculture University, Taian 271018, China

15Saitama University, Saitama 338-8570, Japan

6 National Institute of Informatics, Tokyo 101-8430, Japan

Y7 Sakushin Gakuin University, Utsunomiya 321-3295, Japan

8Tokyo Metropolitan College of Industrial Technology, Tokyo 116-8523, Japan

19 Max-Planck-Institut fiir Physik, Miinchen D-80805, Deutschland

20College of Industrial Technology, Nihon University, Narashino 275-8576, Japan

2L Shonan Institute of Technology, Fujisawa 251-8511, Japan

22RIKEN, Wako 351-0198, Japan

23School of General Education, Shinshu University, Matsumoto 390-8621, Japan

saito@metro-cit.ac.jp

Abstract: The galactic cosmic-ray anisotropy at TeV energies has a large-scale deficit region distributed around 150 to
240 degrees in right ascension, which is called “Loss-Cone”. The Milagro experiment in the U.S. detected a significant
increase in the Loss-Cone amplitude at 6 TeV from July 2000 to July 2007, and argued that it could be due to variations
in the heliosphere in relation to solar activities. In this presentation, we report on the time dependence of the Loss-Cone
amplitude from November 1999 through December 2008 measured with the Tibet air-shower array. No time dependence
was found in the Loss-Cone amplitude at energies of 4.4, 6.2, and 11 TeV. If the increase in the Loss-Cone amplitude
Milagro detected were genuine, the same tendency would be seen at sub-TeV energies where the anisotropy is far more
sensitive to solar activities. Matsushiro underground muon observation at 0.6 TeV during the corresponding period,
however, reported no significant increase of the Loss-Cone amplitude.
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1 Introduction

Past cosmic-ray experiments that observed the cosmic-ray
anisotropy in the sidereal time frame consistently reported
that in the anisotropy there are two distinct broad structures
with amplitudes of ~0.1%; one is a deficit in the cosmic-
ray flux called “Loss-Cone”, distributed around 150° to
240° in Right Ascension, and the other an excess called
“Tail-In”, distributed around 40° to 90° in Right Ascen-
sion. Figure 1 shows the two-dimensional relative intensity
map in the equatorial coordinate system of galactic cosmic
rays observed by the Tibet air-shower experiment at 5 TeV,
in which Loss-Cone and Tail-In can be clearly seen. How
these structures are created remains unknown until today.

The Milagro observatory is a large water Cherenkov de-
tector for observations of TeV gamma rays and charged
cosmic rays which was in operation in New Mexico, the
U.S., from July 2000 to July 2007 [1]. Using ~ 10!
air-shower events with the median energy of 6 TeV, Mi-
lagro reported on the time dependence of the large-scale
cosmic-ray anisotropy in the sidereal time frame [2]. They
measured the time dependence of the maximum depth of
Loss-Cone, based on the one-dimensional profiles of the
anisotropy obtained by projecting at one-year intervals the
observed relative cosmic-ray intensities onto the right as-
cension coordinate. Consequently they reported a signifi-
cant steady increase in the Loss-Cone amplitude.

2 Analysis and Results

The Tibet air-shower array has been operating successfully
since 1990 at 90.522° E, 30.102° N and 4300 m above sea
level. The air-shower events collected during the period
from November 1999 through December 2008 (1916 live
days) are used for analysis. After our standard data selec-
tions, the air-shower events are divided into three energy
bins the modal energy values of which are 4.4, 6.2, and
11 TeV, respectively. To investigate the time dependence
of the Loss-Cone amplitude, the air-shower events are fur-
ther divided into four time bins: from November 18 1999
to October 10 2001, from December 5 2001 to November
18 2003, from December 14 2003 to November 15 2005,
and from December 7 2005 to December 6 2008. Using
the All-Distance Equi-Zenith Angle Method [3], we create
the one-dimensional (1D) profiles of the cosmic-ray rela-
tive intensities by projecting all the relative intensities in
the declination (0) range from —15° to 75° onto the right
ascension (a) coordinate. Figure 2 (a) shows, for instance,
the 1D profile of the relative intensity in the sidereal time
frame at 6.2 TeV from November 1999 to October 2001.
We fit the obtained 1D profiles of the relative intensities by
a function with three Fourier components:

3
R(a) = 1+Zaicosi(oz—ai), (1)

i=1

where R(cr) denotes the cosmic-ray relative intensity at
right ascension «, a; the amplitude of the i-th component
of the Fourier series, and «; the phase at which the variation
of the ¢-th component reaches its maximum. The relative
intensity values at the maximum depth of Loss-Cone are
then calculated from the obtained best-fit functions. The
statistical error of the relative intensity is calculated simply
by propagating the statistical errors of the six parameters
in Equation (1). The main systematic error to be accounted
for is the amplitude of the anisotropy observed in the anti-
sidereal time frame (364.2422 cycles/yr), because a possi-
ble seasonal change of the solar daily variation due to solar
activities might produce a spurious variation in the sidereal
time frame, which can be estimated by the daily variation
observed in the anti-sidereal time frame. We evaluate the
systematic errors, therefore, by the amplitudes observed in
the anti-sidereal time frame (364.2422 cycles/yr), and add
them to the statistical errors linearly. Figure 2 (b) shows,
for instance, the 1D profile of the relative intensity in the
anti-sidereal time frame at 6.2 TeV from November 1999
to October 2001. We finally obtain the time dependence of
the Loss-Cone amplitude at 4.4, 6.2, and 11 TeV, as shown
in Figure 3 (a).

3 Discussions

Figure 3 (a) clearly shows that the amplitude observed by
the Tibet experiment is quite stable at 4.4, 6.2, and 11 TeV,
contrary to Milagro’s results. We fit the data with the linear
function with two parameters: po(MJD — 53000) + p;.
Table 1 shows the results of the fittings.

Table 1 shows that the py value reported by the Milagro
experiment, (—0.97 + 0.11) x 10~% [%/day] at the me-
dian energy of 6 TeV, is inconsistent with those observed
by the Tibet experiment at 4.4, 6.2, and 11 TeV, at confi-
dence levels of 6.10, 6.60, and 6.70, respectively. Our re-
sults clearly show that there is no such time dependence in
the sidereal daily variation as observed by Milagro, during
the period from November 1999 to December 2008. Mi-
lagro argued that the time dependence of the sidereal daily
variation they observed could be due to variations in the he-
liosphere in relation to solar activities. If the increase in the
Loss-Cone amplitude Milagro detected were genuine, the
same tendency would be seen at lower energies < 1 TeV,
where the sidereal daily variation is much more sensitive to
solar activities. Figure 3 (b) shows the sidereal daily varia-
tion observed at 0.6 TeV by Matsushiro underground muon
observatory [4]. It is confirmed from Figure 3 (b) that the
Loss-Cone amplitude is also rather stable at 0.6 TeV dur-
ing the corresponding period. The linear two-parameter fit
to the Matsushiro’s data gives pg = (0.32 4 0.22) x 1074
[%/day], which is again inconsistent with Milagro’s data at
a confidence level of 5.30.
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Figure 1: Two-dimensional relative intensity map in the equatorial coordinate system of 5 TeV galactic cosmic rays
observed by the Tibet air-shower experiment.
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Figure 2: (a) The sidereal daily variation observed by the Ti-
bet experiment at 6.2 TeV from December 2001 to November
2003. The best-fit function with three Fourier components is
shown by the black line. (b) The anti-sidereal daily variation
observed by the Tibet experiment at 6.2 TeV from Decem-
ber 2001 to November 2003. The best-fit sinusoidal curve is
shown by the black line.

Figure 3: Time dependence of the maximum depth of Loss-
Cone observed by the Tibet experiment at 4.4, 6.2, 12 TeV
(a) and the Matsushiro underground muon observatory at
0.6 TeV (b) [4], along with Milagro’s data represented by
blue open inverse triangles and the best-fit linear function to
Milagro’s data. The data and their errors by the Matsushiro
underground muon observatory are multiplied by three, to
compensate for the attenuation of the amplitude in the sub-
TeV energy region. All the error bars in (a) and (b) are the
linear sums of the statistical and systematic errors.
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Table 1: Results of linear two-parameter fittings to the data shown in Figure 3 (a). The fitting function is
po(MJID — 53000) + p;. The po value reported by the Milagro experiment at the median energy of 6 TeV is
(—0.97 4+ 0.11) x 10~* [%/day].

| Energy (TeV) [| po(x10~7) [%/day] | p1 | X?/ndf |
4.4 0.05 +£0.13 0.998897 + 0.000093 | 0.1051/2
6.2 0.004 + 0.099 0.998773 4+ 0.000093 | 0.3953/2
11 —0.002 £ 0.095 0.998797 £ 0.000093 | 0.3092/2
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