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Data from the Tibet air-shower array were used to examine the cosmic-ray shadows of the Moon and

the Sun at energies around 10 TeV. The shadowing effect was clearly observed at the 5.8cr level for the

Moon, while the shadow of the Sun was found in the direction away from the Sun by 0.86 to the west

and 0.43 to the south. The effect of the geomagnetic field has also been observed in the shadow of
cosmic rays by the Moon. The observed defiection of the Sun's shadow is briefly discussed in connection

with the effect of the magnetic fields between the Sun and the Earth. This is the first observation of the

effects of such magnetic fields on the cosmic-ray shado~. The maximum-likelihood analysis of the Moon

data set shows that the angular resolutions of the array for showers with its mode energies 7 and 35 TeV

are 0.87 +0,'0- and 0.54 0 08o respectively.

PACS number(s): 96.40.Pq, 96.40.Kk, 96.50.Bh

I. INTRODUCTION

A detection of ultrahigh-energy (UHE) and/or very-
high-energy (VHE) y-ray signals from celestial point
sources may give us a clue for understanding the ac-
celeration of particles to ultrahigh energies. Since the
first report on the detection of UHE y rays from Cygnus
X-3 by the Kiel group [1],many observations have been
done on various sources including this. However, the
majority of e6'ort from discrete sources so far made has
been reported just above the magic three-standard-
deviations level [2], and the experiments are left exposed
to the enormous backgrounds from hadronic showers.

In order to firmly establish the existence of point
sources in this energy region, the quest for greater sensi-
tivity of detector systems is therefore given top priority.
In the TeV energy regio~, detailed imaging techniques of
the Cherenkov light Aash have been studied at the Whip-
ple Observatory [3], and recently they succeeded in

detecting TeV y-ray signals from the Crab Nebula at the
20o level, while no confirmation has been made by other
observations at such significance. On the other hand,
air-shower arrays are commonly used in the PeV energy
region. The improvement in angular resolution based on
accurate timing of the shower front is most powerful for
isolating the small number of subset of showers arriving
from the source direction, particularly in the light of
claims for anomalous non-y signals with abundant muons
from Cygnus X-3 [1,4] or Hercules X-1 [5).

The detector system designed for improving the sensi-
tivity for directional signals may have an opportunity to
open a new research field in high-energy astrophysics.
Clark [6] suggested in 1957 that the Sun and Moon must
cast a shadow in the high-energy cosmic-ray Aux and ob-
servation of their obscuration might give new informa-
tion about the magnetic field of these bodies. Some so-
phisticated plans or ideas have been proposed so far.
That is, shadowing of cosmic rays by the Moon through
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the geomagnetic field could be used to measure the
antiproton-proton ratio at TeV energies [7] or the aver-
age mass composition near 10' eV, or more could be
determined by observing the rigidity dependence of the
onset of the Sun's shadow through the solar magnetic
field [8].

In practice, the shadowing effects of the Moon and Sun
by cosmic rays can be used to confirm the angular resolu-
tion of the air-shower array and to examine its systematic
pointing errors. These analyses have been already done
by several groups [9—11]. The Cygnus group [9] first
measured the combined effect of the Sun and Moon at
100-TeV energies and found evidence at the 4.9o. level for
a shadow at the predicted place.

The Tibet air-shower experiment [12] started in 1990
and aims at searching for celestial y-ray point sources in
the energy range from several TeV to PeV, with a good
sensitivity. The site is located at Yangbajing (4300 m
above sea level, 606 g/cm; 90.53 E, 30.11 N) in Tibet,
China. The array is designed so as to achieve a good an-
gular resolution better than 1' at energies around 10 TeV
based on a Monte Carlo simulation. We have already re-
ported the results on the search for steady emission of y
rays from the Crab Nebula, Cygnus X-3, and Hercules
X-1 at energies around 10 TeV [13].

In this paper we study the shadowing of cosmic rays by
the Moon and Sun at energies around 10 TeV in order to
examine the angular resolution of the Tibet array. It is
expected that cosmic-ray particles in this energy region
are fairly affected by the geomagnetic field or the solar
and interplanetary magnetic fields. We present the first
observation of the shadowing of cosmic rays by the Sun
under the inhuence of these magnetic fields.

Our plan in this paper is as follows. In Sec. II the ex-
perimental procedure is briefly reviewed. The experimen-
tal results on the shadowing of cosmic rays by the Moon
and Sun are presented in Sec. III. Section IV is used for
estimating the angular resolution of our air-shower array.
Section V is devoted to summarizing the results.

Since June of 1990, our system has triggered the events
at a rate of about 20 Hz under any fourfold coincidence
in the FT detectors within a 300-ns time interval, where a
discrimination level of each analogue-to-digital converter
(ADC) is set to one particle per detector. About 5.3 X 10
events have been recorded during the period from June
1990 through October 1991. These data are used in the
search for both the shadows of the Sun and Moon by
high-energy cosmic rays.

The event selection was made imposing the following
two conditions. First, each of the four FT detectors
should give a signal more than 1.25 particles per 0.5 m .
Second, among the four detectors which record the
highest particle densities, two or more should be inside
the central 5X5 detector matrix. It is found that about
50% of the total number of trigger events pass through
these selection criteria.

In order to examine the performance of the array, a
Monte Carlo simulation has been done by taking account
of the experimental conditions. In this simulation the
subroutine package GENAs [15] is employed. The pri-
mary particles are assumed to be protons with a
differential power-law spectrum of the form of E
where y changes from 2.73 to 3.00 at 2X10' eV. The
selection of the simulated showers is done under the same
criteria as in the experiment.

Figure 1 shows the energy spectra of protons generat-
ing the showers which will be observed with the Tibet ar-
ray. The upper histogram in this figure denotes the spec-
trum of protons producing the showers satisfying the
selection criteria mentioned above, and the lower one is
that of protons generating those with gpFr) 100, where

p„T denotes the shower particle density per square meters
in each detector and the summation is taken over all the
FT detectors. From this figure the mode energy of pri-
mary protons is estimated to be 7 TeV (the median ener-
gy is about 17 TeV) for all shower events and 35 TeV (56
TeV) for those with gp„T) 100.

For each Monte Carlo shower, we can estimate its ar-

II. EXPERIMENT AND ARRAY PERFORMANCE

The Tibet air-shower array has been in operation since
January 1990 at Yangbajing. The fast-timing (FT) detec-
tor array consists of 45 scintillation detectors of 0.5 m
each, which are placed in a grid pattern of a 15-m spac-
ing. This FT array is surrounded by 20 density detectors
to obtain a good core location for each shower event. All
the detectors are set in an inverted pyramidal style, and a
lead plate of 5 mm thickness is put on top of each detec-
tor for converting y rays in the air showers into electron
pairs. In order to operate our system stably, some moni-
tor systems are introduced. That is, a time-to-digital con-
verter (TDC) tester module is used to calibrate all the
TDC's at the start of every run. A laser system [14] is
also incorporated to monitor the relative time-offset
value, photomultiplier tube (PMT) gain, and linearity for
each FT detector regularly. A rubidium clock and the
GPS (global positioning system) provide information on
the recording time of each event with sufficient accuracy.
Data are stored on 8-mm video tape of 2.3 Gbyte capaci-
ty each by use of an EXB-8200 recorder.

10
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PRIMARY PROTON ENERGY (TeV)

FIG. 1. Energy spectra of protons producing air showers to
be observed with the Tibet array, obtained from the simulation.
The upper histogram denotes the spectrum of protons produc-
ing air showers satisfying the selection criteria of all events (see
text). The lower one is that of protons producing the showers
with gpFT) 100.
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rival direction with the same method as used in the ex-
periment. The opening angle between the estimated
direction and the given one is calculated for each of simu-
lated showers. This opening angle distribution was used
to estimate the angular resolution. Figure 2 shows the
dependence of the opening angle on the shower size gpFr
for proton-induced events. The simulation data are fitted
by a straight line for each case, and they stand for the
opening angles in which 20%, 50%, and 80% of events
are contained at each shower size bin, respectively. It is
seen that the opening angle decreases as gpFT increases.
From this figure the angular resolution of the Tibet array,
defined to be the half-angle of the cone containing 50%%uo of
events coming from a source direction, is estimated to be
1.15 for all proton-induced events and 0.49 for those
with gpFr) 100.

III. SHADOWING OF THE MOON AND SUN

The geocentric positions of the Sun in the sky were
computed by taking account of the perturbations to the
orbit of the Earth by the planets and Moon. Corrections
for parallax were also made to the Moon coordinates.
The error of the position calculation is estimated to be
smaller than 0.02' for the Moon and 0.001 for the Sun.
These values are much smaller than the angular resolu-
tion of the array and also than the apparent radii of the
Moon and Sun.

Among 2.4X10 selected events used for the present
analysis are the subsets of 1.09X10 events within 8 of
the Sun and 1.24X10 events within 8' of the Moon and
with the zenith angles less than 50 .

In the following analysis, we use a coordinate system
fixed on the object (Moon or Sun), putting the origin of
coordinates on its center. The position of each event ob-
served is then specified by the angular distance 0 and the
position angle P, where 8 and P are measured from the
center and from the north direction, respectively. The
event distributions plotted in such coordinate systems are
used to examine the shadowing of cosmic rays by these
objects. In order to measure a small decrease in event

10.0 .

TABLE I. Summary of the parameter values appeared in Eq.
(1).

All
Moon

QpRT & 100 All
Sun

gpFT & 100

a {deg ) 0.849
Q (deg ) 5749.68

0.320
783.54

1.829
6221.89

0.308
876.26

density, the background was carefully estimated for each
object using the events which come from the following
eight ofF-source positions. These positions (of feigned ob-
jects) are located on the same zenith angle as the Moon
or Sun, but apart by +5', +10', +15', and +20' in the az-
imuth angle. The average of the event densities around
these eight off-source positions was taken to be the back-
ground, although some appropriate choices were made
depending on the zenith angle. The background density
distribution near the object is a function of 8 and p. In-
tegrating this distribution on P for each data set gives the
angular density versus angular distance 8, all of which
are well approximated by

Fb (8)= a8 +—b .

The values of parameters a and b are given in Table I for
each subset of data. The angular density distributions es-
timated depend weakly on the angular distance.

For the events observed around the Moon and Sun, the
angular density versus angular distance was obtained by
calculating the event densities for concentric rings with a
width of 0.2' for each data set. The difference between
this event density and the background one for each data
set determines a deficit or number of missing events at an
angle 0 from the center. Figure 3 shows the deficit densi-
ties versus the angular distance from the center of the
Moon and Sun for all events and for high-energy events
with gpFT ) 100, respectively. The shadowing or
cosmic-ray deficit is evident for the Moon. The value of

for an assumption of no deficit at 8 ( 1' (inner five an-
gular bins) is calculated to be 34.3 for all events (the y
probability is SX10 or 4.8rr), and that at 8(0.6'
(inner three bins) for those with gpFr& 100 is 15.94
(SX10 or 3.8cr). For all events of the Sun, however,

~ 80% Protons
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MOON SUN
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events All events
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Zp~ & 100
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FIG. 2. Dependence of the opening angle on the air shower
size gpFT for shower events induced by protons. Sitnulation re-
sults are Atted by a straight line for each, and they stand for the
opening angles in which 20%, 50%%uo, and 80% of events are con-
tained at respective gp~, respectively.

ANGLE DISTANCE (degree)

FIG. 3. Angular density of events vs angular distance from
the Moon and Sun for all events and those with gpFT & 100, re-

spectively. The dotted lines show the background levels.
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la 2a 3a 4a Sa

p~r~ r
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no clear deficit is seen just at the Sun s position, but some
degree of the deficit is observed rather at the angular dis-
tance around 8=1.0' (the g probability for no deficit at
9(1.2 is 1.56X10 or 2. 15o.). For high-energy events
with gpFT) 100, the shadowing appears more clearly at
the expected position, and the g probability for no deficit
assumption at 8 (0.8' (four angular bins) is calculated to
be 4.3 X 10 (2.6o ).

In order to search for the actual position of the Sun' s
shadow, the arrival directions of cosmic-ray events were
examined around the Sun using the subset of all events.
For this, the area of 4'X4' centered on the Sun was divid-
ed into 32X32 cells, each size being a 0. 125'X0. 125',
and a two-dimensional histogram was obtained of event
densities per cell. The same histogram was also made for
the background obtained above, while it was once
smoothed out by taking a moving average on the event
densities over 9 X9 cells centered on each concerning cell.
We then subtract this smoothed background from the
event histogram. The deficit event density obtained at
each cell was again smoothed out over 7 X 7 cells. Figure
4 shows the map of the event densities around the Sun
thus obtained, giving the weight of the deficit of event
density from the background. The weight is
(E B)I&E—, where E and B are the event and back-
ground densities, repsectively. Contour lines start from
1o. deficit with a step of 1o.. It is well seen that the sha-
dowing is observed in the direction away from the Sun to
the west-southwest by about 0.9'.

Using the maximum-likelihood method, the most prob-
able position of the center of the deficit is found at 0.86

to the west and 0.43' to the south when the angular reso-
lution of the array is assumed to be 0.87' (see Sec. IV).
The logarithm of likelihood is calculated to be 6.7 at this
position, and the statistical significance for the shadow is
calculated to be 3.7o., ' while the logarithm of likelihood
is —12.7 at the actual solar position. Even with a trial
factor as large as 1024 (total number of cells), the ratio of
likelihoods between true and observed Sun positions
times the trials factor would be 3.8X10 . Hence the
observed displacement of the Sun's shadow is quite
significant.

The observed deAection of the Sun's shadow should be
interpreted by the combined effect of the magnetic fields
of the Sun, interplanetary space, and the Earth. A crude
estimation for the effect of each magnetic field is as fol-
lows. Assuming that the solar magnetic field is a dipole
with a strength of 1 G at the surface of the solar poles, a
Monte Carlo simulation [16] shows that the Sun's shadow
by 10-TeV protons is displaced by about 0.3'. Of course,
the actual solar magnetic field is not a simple dipole and
there is uncertainty about its magnetic-field configuration
and its change, but this may give a measure of the
deflection. The deAection in the geomagnetic field is es-
timated to be about 0.18 for 10-TeV protons (magnetic-
field integral jBidl —1X10 G cm). The effect of the in-

terplanetary magnetic field is very complicated. It has a
sector structure and "garden-hose" field topology [17],
with the field direction reversing across the sector bound-
ary. The field strength near the Earth is known to be
(5 —6) X 10 G and the garden-hose angle or stream an-
gle is about 45' at the Earth's orbit. The Archimedes
spiral configuration of magnetic-field lines is well ex-
plained by Parker's equations including the angular ve-
locity of solar rotation and the solar wind velocity [17]
and the effective value of the magnetic-field integral will
be several times 10 G cm. The effect of this magnetic
field would be larger than that of the geomagnetic or so-
lar magnetic field. When the Sun is active, however,
effects of changes in the solar wind velocity and the solar
magnetic-field polarity will produce a large-scale disor-
dered magnetic field. These also cause some effects on
the cosmic-ray modulation. It is noted that the data set
used in the present analysis was obtained in the period
between 1990 and 1991 when the Sun was still in an ac-
tive phase. Furthermore, the charge composition of the
cosmic rays that produce air showers complicates some-
what the Sun's shadow [8]. Although complexities as
well as uncertainties of the solar and interplanetary mag-
netic fields make it difficult to estimate the modulation

0

ANGLE DISTANCE (degree)

FIG. 4. Arrival direction of all events in the area of 4'X4'
centered on the Sun (the circle shown by the dotted line). The
map gives the weight of deficit event density from the back-
ground, and contour lines start from a la. deficit with a step of
lo.

~The observed deficit of cosmic rays is less than expected
(1321). The deficit within a circle of radius 2 centered on the
maximum-likelihood position (0.86 W and 0.43' S) is about

35% of the expected one, while becoming about 70%%uo within 3'.
In short, the Sun's shadow may be fairly blurred by the magnet-

ic deAection of cosmic rays in the space between the Earth and

Sun. On account of this, the statistical significance obtained

here is apparently smaller than expected ( -So.).
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effects of cosmic rays quantitatively, it can be concluded
that the observed deflection of the Sun's shadow is mostly
caused by the magnetic-field effects between the Sun and
Earth. The result seems to suggest that observation of
the Sun's shadow, with a better statistics, may give a clue
to investigate the large-scale structure and tim. e variation
of the interplanetary magnetic field or solar magnetic
field.

The effect of the geomagnetic field is expected to be in-
dependently seen in the shadow of cosmic rays by the
Moon. Same analysis was made for the Moon using the
subset of all events, as shown in Fig. 5. Shown in this
figure, together with the Inap of the event densities, are
the deficit event densities on the belt of the width 1' along
the right ascension (east-west direction) and the declina-
tion (south-north direction) as a function of the angle dis-
tance from the Moon center, respectively. A slight devia-
tion of the shadow from the center is seen in this figure.
As the profile of the Moon's shadow in the north-south
direction is considered to be almost free from the effect of
the geomagnetic field, the deviation of the highest deficit
position from the center of the Moon gives an estimate of
the systematic pointing errors of this array. It is then
found to be about 0.1 from this figure.

On the other hand, the profile in the east-west direc-
tion is slightly affected by the geomagnetic field when the

MOON All events

la 2a 3a 4a 5a

energies of cosmic rays are not so high. As seen in Fig. 5,
the profile of the Moon's shadow is broadened in the
east-west direction, with a systematic shift toward the
west. The geomagnetic field would bend incident posi-
tively charged cosmic rays to make their apparent arrival
direction shift to the west. The amount of the shift is also
comparable with that expected. Same analysis using the
subset of the events with gp„~) 100 shows that a shift of
the shadow is less than 0.1' in the north-south direction
and about 0.14' to the west in the east-west direction.
The geomagnetic effect still seems to make the shadow
shift to the west, though its value is comparable to a sys-
tematic pointing error. Based on these results, the
overall pointing error of the Tibet array is estimated to be
smaller than 0.2 .

IV. ANGULAR RESOLUTION

As discussed in Sec. II, the Monte Carlo simulation
suggests that the angular resolution of the present Tibet
array is 1.15 for proton showers with its mode energy 7
TeV. This resolution can be confirmed by the observa-
tion of the shadowing of cosmic rays by the Moon, since
it is known to be sensitive to the shape of the event densi-
ty distribution around the Moon.

The maximum-likelihood method was used to estimate
the angular resolution. To use this method, an angular
resolution function must be a priori introduced, and this
can be well represented by the opening angle distribution
between the given and estimated directions for simulated
showers. However, since the experimental conditions for
detecting showers are properly incorporated in the simu-
lation, the opening angle distribution obtained is de-
formed from an ideal Gaussian distribution. We simply
express this by a function composed of three two-
dimensional Gaussian distributions, each function being
G; with a standard deviation o.;, as

P„(8)=aG,(8)+pG (8)+yG (8), (2)

400-

a 4

~ -800

0

00-
EASTWEST

ANGLE DISTANCE (degree)

~I

400 0

0
I I I

-400 -800

Event Density (degree )

—0 /cr, .

where G;(8)=1/2mcr2e ', 8 is the opening angle be-
tween the given incident direction and the estimated one
for the simulated shower, and a, p, and y are the mixing
parameters satisfying a relation a+P+y =1. The values
of the parameter a, p, y, and cr; for proton-induced
showers are summarized in Table II.

A fit of the above function to the Monte Carlo data for
all events is presented in Fig. 6, with an angular resolu-
tion of 1.15'. In order to evaluate the angular resolution
from the shape of the event density distribution around
the Moon shown in Fig. 7, a scaled parameter R is intro-
duced by replacing o.; with o, XR/1. 15 in Eq. (2). The
value R reproducing the observed shadow gives the angu-
lar resolution of the array.

FIG. 5. Arrival direction of all events in the area of 4 X4'
centered on the Moon as in Fig. 4. The circle shown by the dot-
ted line stands for the Moon. Shown on the outside of the map
are the deficit event densities against the angle distance from the
Moon center on the belt of width 1' along the right ascension
(west-east) and the declination {south-north). The solid curves
show the event density distributions expected from the angular
resolution of 0.87 .

0.203
0.444
0.353

0)
CT2

03

0.38
0.87
2.50

TABLE II. Summary of the parameter values for all events

induced by protons, appearing in Eq. (2).
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FIG. 6. Fit of the trial resolution distribution, composed of
three two-dimensional Gaussian distributions, to the opening
angle distribution of the Monte Carlo events obtained for the
Tibet array. The distribution is the case for all events, with an
angular resolution of 1.15'.

0 0.5 1.0 1.5 2.0 2.5

TRIAL RESOLUTION (degree)

FIG. 8. Logarithm of the likelihood vs trial angular resolu-
tion R for the Moon data set. The upper curve is for all events
and the lower one for those with gpFr & 100.

The likelihood function is the product of the
differential probability as rithm of the likelihood at its maximum; the statistical

significance of the deficit at the shadow is evaluated by
o- INb (z) rr8~P„(—8(z),R )]bg M =+2(l,„—l „), (4)

for each event in the sample, where z is a scaled variable
defined as

400
MOON

p p$ I'I I'

-400

200-4

-20

events

tr
tC

Xp~ & 100
I I

0 0.5 1.0 1.5 2.0
ANGLE DISTANCE (degree)

FIG. 7. Angular density of events vs angular distance from
the center of the Moon. The data point shows the event density
at each angle distance after background is subtracted. The solid
curves show the expected event densities with an angular resolu-
tion of 0.87 for all events and 0.54 for those with gpFr & 100,
respectively, obtained from the maximum-likelihood analysis.

z =(1—cos8)/(1 —cos8,„),
with 8,„=5.0', Nb (z) the normalized background func-
tion corresponding to Eq. (1), and 8sr the angle radius of
the Moon.

The likelihood is computed numerically for many trial
R's for the Moon data set; its natural logarithm is plotted
against trial R in Fig. 8. The curves become maximum at
R =0.87' for all events and R =0.54 for events with

gpFT& 100, respectively. Let l,„be the natural loga-

where / is the natural logarithm of the likelihood for a
very large R [18]. The values of /, „and l„are obtained
to be 16.7 and 0.16 for all events and 8.2 and —0.58 for
those with gp„T& 100, respectively. Using these data,
we find N =5.8 for all events and 4.2 for those with
gpFr& 100, respectively. If the uncertainty in R is es-
timated to be the interval of R which the natural loga-
rithm of the likelihood decreases by 0.5 from its max-
imum, corresponding to one standard deviation, then the
angular resolution of the array is 0.87'+o', 0. for all events
and 0.54' o'os for those with gp»& 100. These are con-
sistent with those obtained by the simulation in Sec. II.
The curves in Fig. 7 show the expected event densities
obtained by using these values for angular resolutions.

CYGNUS [9] and CASA [10] assume a single two-
dimensional Gaussian distribution to estimate the angu-
lar resolution. If we use this function in the likelihood
analysis, then the fitted resolution of our array is ob-
tained to be 0.63 +o o7 for all events, though the statisti-
cal significance is 5.2o. for the shadow of the Moon.
That is, the hypothesis of a single two-dimensional
Gaussian resolution function would give a better angular
resolution than the present analysis.

V. CONCLUSIONS

The Tibet air-shower array at an altitude of 4300 m
above sea level has been operated continuously since
January, 1990. Using the shower data obtained with this
array, the shadowing of the cosmic rays at energies
around 10 TeV by the Moon and Sun has been examined
to estimate the angular resolution of the array system.
Data samples used for this analysis are 1.09 X 10 events
for the Moon and 1.24X10 events for the Sun, within 8
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from each body and with the zenith angles less than 50.
The main results obtained are briefly summarized as fol-
lows:

(1) The shadowing of high-energy cosmic rays by the
Moon has been observed at the 5.80 level for the shower
events with its mode energy 7 TeV.

(2) The shadow of the Sun by cosmic rays with its
mode energy 7 TeV was observed in the direction away
from the Sun by 0.86' to the west and 0.43' to the south,
with a sufficient significance of the displacement. The
statistical significance for the shadow at this position is
3.70., which is smaller than expected. It is considered
that the combined effect of the magnetic fields between
the Sun and Earth has been observed in the shadow of
cosmic rays by the Sun. The geomagnetic deflection was
also found in the shadow of the Moon.

(3) A detailed analysis on the shape of the Moon's sha-
dow shows that the mean angular resolution of the Tibet
array is 0.87'+0 &0. for the shower events with its mode
energy 7 TeV and 0.54'+0 08 for those with its mode en-

ergy 35 TeV. The systematic pointing error of the array

is estimated to be smaller than 0.2'.
The results well confirm that the Tibet array is capable

of observing air showers at energies around 10 TeV with
an angular resolution better than 1'. High-angular-
resolution observations of the cosmic-ray shadow of the
Sun, with a better statistics, may produce new informa-
tion on the large-scale structure of the interplanetary
magnetic field in the near future.
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