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Abstract. We analyze the temporal variation of the solar diurnal anisotropy of the multi-TeV cosmic-ray
intensity observed with the Tibet air shower array from 2000 to 2009, covering the maximum and minimum
of the 23rd solar cycle. We comfirm that a remarkable additional anisotropy component is superposed on the
Compton-Getting anisotropy at 4.0 TeV, while its amplitude decreases at higher energy regions. In constrast
to the additional anisotropy reported by the Matsushiro experiment at 0.6 TeV, we find the residual component
measured by Tibet at multi-TeV energies is consistent with being stable, with a fairly constant amplitude of
0.041% =+ 0.003% and a phase at around 07:17 + 00:16 local solar time at 4.0 TeV. This suggests the additional
anisotropy observed by the Tibet experiment could result from mechanisms unrelated to solar activities.
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1 Introduction

Back in 1935, Compton and Getting [1] proposed an
apparent effect that the observer would see an enhanced
intensity in the direction of his motion when he moves with
respect to the isotropic cosmic-ray plasma in the rest frame,
and a decreased intensity in the direction opposite to his
motion. Later in 1968, Gleeson and Axford [2] applied
this original idea to the terrestrial orbital motion around the
Sun. If the cosmic ray (CR) energy spectrum is described
by an inverse power law, this so-called Compton-Getting
(CG) anisotropy in the solar time frame can be given by

ALy +2) % coso, )
1 c

where Al denotes the fractional CR intensity enhancement
due to the CG effect, I the CR intensity, y the absolute
value of the power-law index of the CR energy spectrum,
v = 2.978 x 10*ms~! the average orbital velocity of the
Earth, c the speed of light, and 6 the angle between the
direction of the incident cosmic rays and the direction of
the detector’s motion. Taking the latitude at the Yangbajing
site into account, the amplitude of CG anisotropy should
be decreased by a geometrical correction factor F' = 0.829
[3].

Over the last three decades, such a dipole solar
anisotropy has been widely reported from sub-TeV to multi-
TeV energies (e.g., see [3-9]) . Both the amplitude and the
phase expected from the CG anisotropy are consistent with
the experimental observations above 10 TeV. Some results,
nevertheless, indicate there exists a deviation from the
theoretical prediction at lower energy regions. Amenomori
et al. [5] reported a solar diurnal variation of 4.0 TeV
statistically deviates from the expected CG anisotropy
at 8.30 in amplitude and at 5.30 in phase. Meanwhile,
Munakata et al. [8] claimed an extra anisotropy superposed
on the CG anisotropy at 0.6 TeV, with the constant phase
at 15:00 local solar time (LT) and the amplitude varying
from 0.008% to 0.043% which reveals a clear correlation
with the solar activity. If these residual effects, indeed, both
result from the solar modulation, a temporal variation of
this additional anisotropy might also be observed by the
Tibet experiment. In this paper, we present the analysis of
the solar diurnal anisotropy for the multi-TeV cosmic-ray
intensity with data collected by the Tibet air shower array
from 2000 to 2009, covering the maximum and minimum of
the 23rd solar cycle, to examine the hypothesis mentioned
above.

2 Experiment and Data Analysis

The Tibet air shower experiment is located at Yangbajing
in Tibet, China (90.522 E, 30.102 N; 4300 m above sea
level; 606 g/cm?). Originally constructed in 1990, the
Tibet I array was a 7 X 7 matrix of 49 scintillation detectors
deployed at a 15 m grid spacing [10]. This surface array has
been gradually upgraded, by deploying additional counters
to the preceding Tibet I, IT and III arrays [11]. The current
array, covering an effective area of 50,000 m2, consists of
761 fast-timing (FT) detectors, each 0.5 m? in area, placed

on a lattice of 7.5 m spacing, surrounded by 28 density
(D) detectors. A lead plate of 0.5 cm thickness is put on
the top of each counter to improve the fast-timing data by
converting gamma rays in air showers into electron-positron
pairs.

An event trigger signal is issued when any fourfold
coincidence takes place in the FT counters recording more
than 0.6 particles, resulting in the trigger rate 680 Hz at the
threshold energy of a few TeV. The primary cosmic-ray
energy is estimated by Y prr, which is defined as the sum
of the number of particles per m? for each FT detector. In
this work, the data used for analysis were collected by the
Tibet IIT array during 2095 live days from January 2000 to
December 2009. CR events are selected after some simple
criteria as follows: (1) software trigger condition of any
fourfold coincidence in the FT counters recording more
than 0.8 particles in charge, (2) zenith angle of the arrival
direction less than 45°, (3) air shower core position located
in the array, (4) 10 < Y ppr < 27, 27 < Y prr < 47,
47 < Y prr < 178, approximately corresponding to 4.0
TeV, 6.2 TeV and 12.0 TeV representative primary energy,
respectively. In total, 2.5 x 10'” events remain for further
analysis.

To eliminate the spurious variation due to the atmo-
spheric effects and possible detector biases, we adopt
the following “East—West” method [12]. First of all, we
classify the shower events in each hour at the solar time
frame into “east” and “west” groups according to the
geographical longitude of each event’s incident direction.
The daily variations of such two groups are defined as E()
and W(t), respectively. On the other hand, we correct the
number of events month by month to suppress the spurious
anisotropy caused by the inconsistency of the observation,
taking monthly variations of the observation live time into
account. By taking the difference between E(#) and W(z),
we can deduce the “differential” of the physical variation
R(?) as
E@®)-W(@  Rt+on)—Rit-or d

260 26t T dr
where 20t is the hour angle separation between the mean
directions of east- and west-incident events. Comparing
D(r) with equation (1), we make a best fit of D(¢) with the
harmonic function

D) = AP cos[% (- @”)1, 3)

D) =
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where AP and ®” are the amplitude and phase of the
harmonic vector of D(¢). By “integrating” D(f) in time
t, we finally reach the corresponding amplitude and phase
of R(?), respectively, as

12

AR = 24P, 4)

r

of = @P +6. 5)
Note that the errors of A® and ®F are deduced from errors
of the observed D(¢).

3 Results and Discussion

To investigate the time variation of the solar diurnal
anisotropy, the data are divided into five periods: 2000—
2001, 2002-2003, 2004-2005, 20062007 and 2008-2009.
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Based on the “East—West” method, the amplitudes and
phases of the mean solar diurnal anisotropy in the multi-
TeV region are summarized in Table 1. We find the
amplitudes at 4.0 TeV approximately twice as large as what
the CG effect predicts in each period, that is to say, there is
a remarkable additional anisotropy component superposing
on the constant CG anisotropy. This is consistent with the
previous results reported by Amenomori et al. [5].

On the other hand, a spurious variation in the solar time
frame can arise from the seasonal change of the sidereal
diurnal variation owing to the galactic anisotropy. This
sideband component, which is hard to eliminate, can be
estimated as a systematic uncertainty of the solar daily
anisotropy from the extended-sidereal diurnal variation.
Table 2 presents the observed AR and ®F in the extended-
sidereal time frame.

In order to reveal the correlation of the solar activity and
the “additional” anisotropy clearly, we derive this residual
component by subtracting the harmonic vector predicted by
the CG effect (with an amplitude of 0.04% and a phase of
06:00 LT) from the observed solar time anisotropy. Since
the “additional” anisotropy is observed in the solar time
frame, we estimate its systematic error from the extended-
sidereal time as we do above. Figure 1 and Figure 2 display
the temporal variation of the amplitudes and phases of the
“additional” anisotropy, respectively.

As shown in Figure 1, the amplitudes of the residual
anisotropy observed by the Tibet experiment are consistent
with being stable between the maximum and minimum
of the 23rd solar cycle. To evaluate the stability of the
results, each data set is fitted with a flat line. Table 3
shows the y?-fitted results of the amplitudes, taking into
account the systematic errors. Therefore, the average
amplitudes of the additional anisotropy can be calculated
as 0.041% + 0.003% at 4.0 TeV, 0.013% + 0.004% at 6.2
TeV and 0.013% + 0.004% at 12.0 TeV, respectively. It is
noted that the amplitude at 4.0 TeV has the same order of
magnitude as the expected CG anisotropy and it decreases
at higher energies. On the contrary, there is a significant
difference from the evolution of the amplitudes observed
by the Matsushiro experiment at 0.6 TeV, which varies
between a maximum of 0.050% + 0.010% and a minimum
of 0.002% + 0.009% and behaves similarly to the temporal
variation of the monthly mean sunspot number when taking
into account a 26 months time lag effect. This time lag
corresponds to the transit time of the solar wind propagating
through ~180 AU, which implies the 0.6 TeV galactic
cosmic rays are subject to the solar modulation over the
entire region within, and possible beyond, the heliospheric
termination shock.

The amplitude and phase are two essential features
for describing an anisotropic harmonic vector. It is also
neccessary to examine the evolution of the phases of
the “additional” anisotropy. Figure 2 shows the temporal
variation of the phases of this extra effect observed by the
Tibet and the Matsushiro experiment, respectively. One
can see that all the phases are almost unchanged from
2000 to 2009. Note that the amplitudes at 6.2 TeV and
12 TeV are below 0.015% in 2002-2003 and 2008-2009,
thus these insignificant anisotropies could result in large
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Figure 1: The amplitudes of the “additional” anisotropy observed
by the Tibet experiment at 4.0 TeV (solid circles), 6.2 TeV (solid
pentagrams) and 12 TeV (solid squares), along with Matsushiro’s
results at 0.6 TeV (open crosses). Error boxes for the Tibet
experiment indicate systematic errors obtained from analyzing the
same data in the extended-sidereal time frame, while the error bars
are statistical. The errors of Matsushiro’s results are statistical
only. The gray line indicates the monthly mean sunspot number.
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Figure 2: The phases of the “additional” anisotropy observed
by the Tibet experiment at 4.0 TeV (red circles), 6.2 TeV (green
pentagrams) and 12 TeV (blue squares), in comparison with the
Matsushiro experiment at 0.6 TeV (gray crosses). The errors are
all statistical only. The yearly mean phase observed by Matsushiro
in 2007 is omitted in order to exclude large fluctuation due to the
insignificant anisotropy. The gray line indicates the monthly mean
sunspot number.

fluctuations on the phases. The results of fitting the phases
with a flat line are summarized in Table 3, together with the
amplitudes. It can be seen that the phases observed by the
Tibet experiment are fairly constant around 07:17 + 00:16
LT at 4.0 TeV, 05:22 + 00:58 LT at 6.2 TeV and 06:20 =
00:52 LT at 12.0 TeV, respectively. As for the Matsushiro
experiment, the phase becomes about 15:10 + 00:25 LT at
0.6 TeV, which is nearly twice as large as that measured by
Tibet.

4 Conclusions

We analyze the temporal variations of the solar diurnal
anisotropy in the multi-TeV cosmic-ray intensity observed
by the Tibet experiment from 2000 to 2009. There
is a significant extra anisotropy superimposed on the
Compton-Getting anisotropy at 4.0 TeV while the extra
anisotropy decreases at higher energy regions. In contrast
to the additional anisotropy reported by the Matsushiro
experiment at 0.6 TeV, the additional anisotropy measured
by Tibet at multi-TeV energies is consistent with being
stable, with the amplitude of 0.04% and the phase of 7 hr
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Table 1: Amplitudes and Phases of the Multi-TeV Mean Solar Diurnal Variation
Observed by Tibet in 2000-2009
. 4.0 TeV 6.2 TeV 12.0 TeV
Period
AR (x1073 %) oR (n) AR(x1073 %) oR () AR(x1073 %) oR ()
2000-2001 78.1+59 7.15+0.29 55.6 £7.6 6.53 +0.52 51.2+8.1 5.40 +0.61
2002-2003 69.4+6.2 7.08 £ 0.34 350+ 7.7 5.74 £ 0.84 43.0+ 8.0 5.77+0.71
2004-2005 72.3+6.7 6.18 £ 0.36 57.9+82 6.14 +0.55 45.1+8.5 599 +0.72
2006-2007 96.7+7.9 6.78 £ 0.31 56.4+9.3 6.26 + 0.63 69.5+9.4 7.32+0.51
2008-2009 852+ 6.7 7.12 £0.30 41179 6.77 £ 0.74 425+ 8.0 6.76 £ 0.72
Table 2: Amplitudes and Phases of the Multi-TeV Mean Extended-sidereal Diurnal Variation
Observed by Tibet in 2000-2009
. 4.0 TeV 6.2 TeV 12.0 TeV
Period
AR(x1073 %) oR (h) AR (x1073 %) ol (h) AR (x1073 %) )
2000-2001 120+5.9 490+ 1.89 53+7.6 7.48 +5.45 134 +8.1 9.69 +2.31
2002-2003 7.4 +6.2 20.79 £ 3.16 95+7.7 3.58 +3.09 5680 22.77 £5.46
2004-2005 75+6.7 22.06 + 3.43 43+82 18.86 +7.29 16.1 £8.5 12.24 +2.02
2006-2007 156 +7.9 19.44 +1.92 17.0+9.3 4.58 +2.07 9.8+94 20.87 + 3.66
2008-2009 92+6.7 17.42 +2.79 17.8+7.9 321+ 1.71 59+80 19.66 +5.19

Table 3: Fitting Results of the Amplitudes and Phases of
the Multi-TeV Additional Anisotropy with a Flat Line

Energy A/ (x107%) D (h)

research program of the Institute for Cosmic Ray Research
(ICRR), the University of Tokyo.

2 2
(TeV) (stat.+ sys.) x/d.of. (stat.) x/d.of. References
40 407+£29 9.0/ 7.28+027 534 [1] A.H. Compton & LA. Getting, The Physical Review
6.2 128+3.6  29/4  537+097 5.0/ 47, 817 (1935)
12 13437  63/4 634+087  9.6/4 :

local solar time. Since the extra solar anisotropy observed
by the Tibet experiment does not show a clear correlation
with the solar activity, it suggests that these two additional
anisotropy component mentioned above could result from
different mechanisms.
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