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Abstract. A yearly variation of the Sun’s shadow was exam-
ined in the period from 1990 to 2001 using the data obtained
with the Tibet air-shower array. In the quiet phase between
1996 and 1997, the Sun’s shadow was observed just at the
apparent position of the Sun with a high significance level,
while in the active phase from 1998 to 2001, the shadow be-
came complicated and gradually disappeared year by year.
The Sun’s shadow is very sharp in the quiet phase, but the
form of a shadow is not clear anymore in the low energy re-
gion. We present a preliminary result on the Sun’ shadow
observed in 2000 - 2001 and compare it with the past data.

1 Introduction

Shadowing of cosmic rays by the Moon and the Sun was
first observed with air shower arrays in 1991 (Alexandreas
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et al., 1991)(Fick et al., 1991). In 1993, the Tibet air-shower
array observed for the first time the effect of the solar and
interplanetary magnetic fields on the Sun’s shadow and also
of the geomagnetic field on the Moon’s shadow in the 10-
TeV energy region (Amenomori et al., 1993a).

The Tibet air-shower array has been gradually enlarged
and condensed to increase the sensitivity for detecting cos-
mic ray showers with energy as low as much possible. Cur-
rently, the Tibet array (Tibet-III array) has been accumulating
cosmic-ray events at a rate of about 680 Hz. This is about 35
times the Tibet-I array, so that we have enough data to exam-
ine a yearly variation of the Sun’s shadow by cosmic rays in
the multi- and 10-TeV energy region.

It is known that the configuration of solar and interplan-
etary magnetic fields considerably changes with a cycle of
solar activity. We reported that the Sun’s shadow was af-
fected considerably by the changing solar and interplanetary
magnetic fields (Amenomori et al., 1993b) (Amenomori et
al., 1996) (Amenomori et al., 2000). Around the year of



2000, the solar activity came into a higher state of the ma-
jor solar variation changing with a 11 year period. The Tibet
air-shower array has been continuously operating since 1990
through near a maximum phase in 1991, and a minimum
phase around 1996. In the following we report the behav-
ior of the Sun’s shadow in a high state of solar activity from
2000 to 2001, and compare it with the previous observation.

2 Solar activity and magnetic field strength

A Sun’s shadow by cosmic rays in the 10-TeV energy re-
gion is fairly affected by the solar and interplanetary mag-
netic fields (IMF). The solar magnetic field strength at the
source surface (2.5R�) has been observed by the Stanford
group and presented as the Stanford Mean Solar Magnetic
Field(NOAA/NGDC).

The IMF is formed as a result of the transport of the pho-
tospheric magnetic field by the solar wind flowing continu-
ously from the Sun. The IMF near Earth is almost parallel to
the ecliptic plane and has Archimedian spiral configuration
(Perker, 1963). The strength of Paker field decreases in in-
verse proportion to the distance from the Sun. The IMF has
a sector structure with the field direction reversing across the
sector boundary(Wilcox and Ness, 1965), and this well re-
flects the mean value of source surface magnetic field. The
strength and direction of IMF at the Earth orbit are continu-
ously observed by the IMP-8 satellite(NASA/NSSDC).

Monthly variations of the source surface magnetic field
(A) and IMF at the Earth’s orbit (B) are shown in Figure 1.
The form of change of both field strengths is almost same.
However, the magnitude of source surface variation from low
state to high is three to four times higher than IMF at the
Earth’s orbit. These figure also show that two solar maxi-
mum states and one minimum state occurred around 1990,
2001 and 1997, respectively.

3 Yearly variation of the Sun’s shadow

The observation period and characteristic of the Tibet array
are summarized in Table 1. The Tibet-II array has about 4.5
times larger effective area than the Tibet-I array. The Tibet-
III array operating since November of 1999 has been much
improved to detect cosmic ray showers with about 3 TeV,
that is, the energy threshold is about1=3 of the Tibet-I and
Tibet-II arrays.

Cosmic-ray shower data with the Tibet array are collected
over 10 years or more. The Sun’s shadow around the year
of 1991, near solar maximum or at a decreasing phase, was
observed at the position fairly away from the apparent cen-
ter of the Sun (Amenomori et al., 1993a)(Amenomori et al.,
1993b)(Amenomori et al., 1996), while it was observed al-
most in the apparent Sun’s direction at around the solar min-
imum in 1997 (Amenomori et al., 2000). In the previous
paper (Amenomori et al., 2000), we discussed why the Sun’s
shadow in the last solar minimum was found just at the Sun’s
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Fig. 1. Monthly averaged magnitude of Solar magnetic field at the
source surface observed by Stanford group(A) and interplanetary
magnetic field at Earth’s orbit by the IMP-8 satellite(B).

position. A remarkable difference of the position of the Sun’s
shadow is seen between the maximum and minimum phases.

Figure 2 shows a yearly variation of 2-dimensional Sun’s
shadows in the period from 1991 to 2001. The contour lines
start from 0 � level with 1� step. Here, we should note the
following : (1) event density is different about 7 to 8 times the
Tibet-I and Tibet-II data ; and (2) the Tibet-III array has three
times lower threshold energy than that of Tibet-I and Tibet-II
arrays. The data sets taken in 1998 and 1999 correspond to
a rising phase of the solar activity. It is seen that although
the event density in the contour map obtained in 1998 and
1999 is almost same as that in 1996-1997 (1:9 to 2:3 � 10

4

Start End # FT (Hz) E(TeV)
Tibet I June, 90 Sep., 92 45 20 10

Oct., 92 Oct., 93 45 40 10
Tibet II Nov., 94 Aug., 95 185 200 10

Oct., 95 Aug., 96 185 235 10
Nov., 96 Sep., 99 185 200 10

Tibet III Nov., 99 497 680 3

Table 1. Observation period, number of fast-timing (FT) detectors,
Event rate and mode energy of the air-shower array.



1991(Tibet-I) 1992(Tibet-I) 1996(Tibet-II)

1997(Tibet-II) 1999(Tibet-II)1998(Tibet-II) 2000(Tibet-III) 2001(Tibet-III)

1990(Tibet-I) 1993(Tibet-I)

Fig. 2. yearly variation of the Sun’s shadow observed by the Tibet-I (1991, 1992), Tibet-II (1996, 1997, 1998, 1999) and Tibet-III (2000,
2001) arrays, respectively. Mode energies are 10 TeV for the Tibet-I, Tibet-II array and 3TeV for Tibet-III array, respectively.

events degree�2), a significance of the Sun’s shadow is quite
different and it goes to lower. The strengths of source surface
magnetic field and IMF increased by about 2.5 and 1.5 times,
respectively, in this period. Using the data set obtained with
the Tibet-III array in 2000 - 2001, we observed the Sun’s
shadow by cosmic rays with energies around 3 TeV, which
is shown in Figure 2. Surprisingly, the shadows have almost
disappeared in this period. This figure tells that the strengths
of source surface magnetic field and IMF in 2000 and 2001
increased by 4 and 2 times, respectively. In the active phase,
the solar magnetic field near the Sun is far from dipolar and
there are many contributions from multi-pole field. Such a
complicated field configuration may randomly throw off low
energy cosmic rays from the Sun’s direction, so that it was
complicated shadowless. We need to examine what will hap-
pen near the Sun in the active phase using a solar magnetic
field model.

4 Sun’s shadow at the solar active and quiet state

In order to see the difference of the Sun’s shadows at the
quiet and active phase in detail, we examined how the the
displacement of the shadow depends on the shower energy.
The data set was separated into four energy regions according
to the size

P
�FT. They are : 15 <

P
�FT < 50, 50 <P

�FT < 100, 100 <
P

�FT < 300 and
P

�FT > 300,
respectively. The median shower energy in each size interval
is calculated to be 8 TeV, 15 TeV, 35 TeV and 100 TeV in the
case of the Tibet-I and Tibet-II arrays, while in the case of
the Tibet-III array they are 5 TeV, 9 TeV, 17 TeV and 30 TeV,
respectively.

As seen in Figure 3 (A), the shadow shows no obvious dis-
placement. It is of great interest to note that the shadow in the
respective energy region was observed almost at the apparent
direction of the Sun, independently upon the energy of pri-
mary cosmic rays. The observed displacement of the Sun’s
shadow is a superposition of the effects of the solar magnetic
field and the geomagnetic field. The results obtained above
suggest that in the quite phase these effects are almost can-
celed out, resulting in that the shadow remains just at the
Sun’s apparent position. We examined this hypothesis based
on a Monte Carlo calculation. It is known that the solar mag-
netic field can be approximated by a dipole field in the quiet
phase. This simple model can well explain the experimental
data mentioned above (Suga et al., 1999)(Amenomori et al.,
2000).

Figure 3 (B) shows a preliminary result on the energy de-
pendence of the Sun’s shadow obtained with the Tibet-III ar-
ray in the period from March 2000 to April 2001. In this
period, we can not observe any shadow in the low energy re-
gion, while in the 10-TeV region, we can see a faint shadow.
We should note that the Moon’s shadow were clearly ob-
served with a significance of 23�. Hence, this is due to a
complicated configuration of the solar magnetic field in the
active phase. We expect that the Sun’s shadow becomes clear
with a year since the Sun will go into a next quiet phase soon.

5 Summary

We have been continuously observing the Sun’s shadow in
the period from from 1990 to 2001 with the Tibet air-shower
array. We confirmed that the Sun’ shadow is well and clearly



(A)Solar minimum (1996-1997, Tibet-II) (B)Solar maximum (2000-2001, Tibet-III)

8TeV 15TeV

35TeV 100TeV

5TeV 9TeV

17TeV 30TeV

Fig. 3. Comparison of the Sun’s shadow at solar lower state (1996, 1997: Tibet-II) and higher state (2000, 2001: Tibet-III) with energy
dependence. Note: Median energy is different in (A) and (B).

observed in the quiet phase of solar activity, while it becomes
gradually unclear with increasing solar activity and almost
disappear around the solar maximum especially in the cos-
mic ray energy region lower than about 10 TeV. This is very
important to estimate what field component affects the po-
sition of the Sun’s shadow according to a change of solar
cycle. We will examine this using a reliable solar magnetic
field model and compare with the experiment in the very near
future.
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