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Abstract: A first-ever 2-dimensional celestial map of primary cosmaig-flux was obtained fror.10 x

108 cosmic-ray muons accumulated in 1662.0 days of Super-Kamnite. The celestial map indicates an
(0.104 + 0.020)% excess region in the constellation of Taurus ard(6.094 + 0.014)% deficit region
toward Virgo. Interpretations of this anisotropy are dissed.

Super-Kamiokande detector and veloped to examine the spatial correlation w
cosmic-ray muon data spallation products in solar neutrino analysis.
order to maintain an angular resolution withif, Z

Super-Kamiokande (SK) is a large imaging wa- Mmuonswere required to have track length in the
ter Cherenkov detector located &2400 m.w.e.  (ector greater than 10 m and be downward-goi
underground in the Kamioka mine, Japan.[1] The The total number of muon events after these c
geographical coordinates are 36:H3atitude and ~ Was2.10 x 10%, corresponding to an efficiency ¢
137.3TE longitude. Fifty ktons of water in a cylin- 82.6%.

drical tank is viewed by 11146 20-inglphotomul-
tipliers.

The main purpose of the SK experimentis neutrino

physics. In fact, SK has reported many successful The muon event rate is almost constant and
results on atmospheric neutrinos and on solar NeU-time variation is less than 1%. With the rotatic
trinos. The results on neutrino physics are already o the Earth, a fixed direction in the horizontal ¢
reported elsewhere.[2, 3] ordinate moves on the celestial sphere. Theref
The SK detector records cosmic-ray muons with an the time variation of muon flux can be interpret:
average rate of1.77 Hz. Because of more than as the anisotropy of primary cosmic-ray flux in tl
a 2400 m.w.e. rock overburden, muons with en- celestial coordinate. A fixed direction in the hol
ergy larger than-1 TeV at the ground level can  zontal coordinate travels on a constant declinati
reach the SK detector. The median energy of par- and returns to the same right ascension after
ent cosmic-ray primary protons (and heavier nu- sidereal day. The muon flux from a given celest
clei) for 1 TeV muon is~10 TeV. position can be directly compared with the avere
Cosmic-ray muons between June 1, 1996 and May flux for the same declination.

31, 2001 were used in the following reported anal- Since360° of right ascension is viewed in one sid
ysis. The detector live time was 1662.0 days, real day, the right-ascension distribution is equi
which corresponds to a 91.0% live time fraction. lentto the time variation of one sidereal day peric
The number of cosmic-ray muons during this pe- The cosmic-ray muon flux may have other tir
riod was2.54 x 108 from 1000 n¥ ~1200 n? of variations irrelevant of the celestial anisotroy
detection area. for example, a change of the upper atmospht
Muon track reconstructions were performed with temperature,[5] or the orbital motion of the Ear
the standard muon fit algorithm,[4] which was de- around the Sun. An interference of one day vz

Data analysis and results
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1.005

Table 1: Amplitude, center of the conical angul

windows in the celestial coordinate, angular rad

of the window, the chance probability of findin
the excess or deficit are listed.

1.001

Declination

[ Taurus Excess
Amplitude (1.04£0.20) x 10~ °
Center(a, d) (75° £ 7°,—5° £ 9°)
'3 - Angular radiug{ Af) 39° + 7°
‘ Chance probability 2.0x 1077
‘9 3 Virgo deficit
! Amplitude —(0.944+0.14) x 107?
Center(c, 0) (205° £ 7°,5° £ 10°)
2 Angular radiug Af) 54° +7°
Chance probability 2.1 x 1071

Declination

or smaller than the average by 4 standard de
tions (which corresponds to chance probability

0, — — - 6.3 x 107?), the angular window is defined as tt
Right Ascension excess window or the deficit window. The cele
tial position(a, 0) and the angular radiua\p) are
adjusted to maximize the statistical significance

Figure 1: Primary cosmic-ray flux in the ce- ] o
lestial coordinate. Deviations from the average BY this method, one significant excess and one:

value for the same declinations are shown. The nificant deficit are found. From the constellation
units are (a)amplitude (from0.5% to 0.5%) and their directions, they are named the Taurus exc

(b)significance (from-30 to 30). The Taurus ex-  and the Virgo deficit. Summary of the Taurus €
cess is shown by the red solid line and the Virgo C€SS and the Virgo deficit are listed in Table 1. T
deficit is shown by the blue solid line. positions of the Taurus excess and the Virgo def

are also shown in Fig. 1.

00"

180 %0

ation and one-year variation may produce a fake
one sidereal day variation. Those background time
variations are carefully examined and removed to
extract~ 0.1% Of the rea' primary Cosmic_ray F|g 1 is the first celestial map of cosmic-re

anisotropy. For more details, see G.Guilieh ~ Primaries obtained from underground muon de
al.[6] However, there are three similar celestial me

from other experiments, even though two of the
are not published in any refereed papers. T
of them are from~-ray observatories: Tibe
air shower~ observatory[7] and Milagro TeV-
observatory.[8] The other is a celestial map frc
the IMB proton decay experiment.[9] Comparisi
with 3 experiments are discussed in Ref.[1] T
trends of 3 celestial maps well agree with the
sults from SK.

In addition to three celestial maps, there we
many right ascension distributions from unds
ground cosmic-ray muon observatories. Comg
ison with those results are also reported in Ref.

Comparison with other experiments

The deviations of the muon flux from the average
for the same declination are shown in Fig. 1. The
units are amplitude in Fig. 1(a) and significance in
Fig. 1(b). Obviously, an excess is found around
a ~ 90° and an deficit around. ~ 200°. (The
excess and deficit arour;, 70° andj < — 40° in
Fig.1(a) are due to poor statistics, as can be recog-
nized from Fig. 1(b).)

To evaluate the excess and deficit more quantita-
tively, conical angular windows are defined with
the central position in the celestial coordinates
(ar, 0) and the angular radiug)d. If the number

of muon events in the angular window is larger
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Again, the SK results show excellent agreement
with other observations.

Can protons be used in astronomy? Perseus arm

Before interpretations of the SK cosmic-ray Orion arm

anisotropy, trajectories of protons in the galactic / -
magnetic field must be addressed. The travel di-
rections of protons are bent by the galactic mag-
netic field in the Milky Way, which is known to be
~ 3 x 10719 Tesla. If the direction of the magnetic
field is vertical to the proton direction, the radius
of curvature for 10 TeV protonsis 3 x 10~3 pc.

Since the radius of the solar systemAs 2 x

10~* pc, 10 TeV protons keep their directions
from outside of the solar system. On the other
hand, since the radius of the Milky Way galaxy is b SR L e
~ 20000 pc, protons may loose their directions on
the scale of the galaxy. :

However, if the magnetic field is not vertical to T ey
the proton direction, the trajectories of protons in #

a uniform magnetic field become spiral. The mo- P

mentum component parallel to the magnetic field S e
remains after a long travel distance. Since the
galactic magnetic field is thought to be uniform on
the order of2300 pc, protons may keep their di-
rections within this scale. The actual reach of the
directional astronomy by protons is unknown.

Cygnus arm

Centaurus arm

Sagittarius arm r.r

Central bulge

Orion arm

1Virgo deficit

Excess/deficit and Milky Way galaxy

Directional correlations of Taurus excess and Virgo < >

deficit with the Milky Way galaxy is of great inter- ~1000pc

est. Schematic illustrations of Milky Way galaxy

are shown in Fig.2. Milky Way is a spiral galaxy

with 20000 pc radius ang 200 pc thickness. The  Figure 2: Top view (top) and side view (middle
solar system is located about 10000 pc away from of the Milky Way galaxy. The position of the sole
the center of the galaxy. It is in the inside of the system is shown by red circles. A cross-sectio

Orion arm and about 20 pc away from the galactic view of the Orion arm around the Earth is al:
plane, as shown in Fig.2(bottom). shown (bottom). The Orion arm is1000 pc in
width and 2200 pc in thickness. The solar sy

The Taurus excess is toward the center of the Orion R 3
arm, and the Virgo deficit is toward the opposite to €M IS inside of the Orion arm and20 pc away
the galactic plane. Accordingly, primary cosmic f_rom the center of the Galactic plan_e. The_d_lre
ray flux have a positive correlation with density of 10N Of the Taurus excess and the Virgo deficit ¢
nearby stars around the Orion arm. also shown.
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Compton-Getting effect

Assume that “cosmic-ray rest system” exists, in
which the cosmic-ray flux is isotropic. If an ob-
server is moving in this rest system, the cosmic-
ray flux from the forward direction becomes larger.
The flux distribution ¢(6)) shows a dipole struc-
ture, which is written a®(0) « 1+ A cos 6, where

0 is the angle between the direction of the ob-
server’'s motion and the direction of the cosmic-ray
flux. Such an anisotropy is called the Compton-
Getting effect.[10] The velocity of the observer
(v) is proportional toA. If v is 100 km/s,A is
1.6 x 1073,

If the Taurus excessl (04 x 10~3) and the Virgo
deficit (—0.94 x 10~3) were in opposite directions,
it might be explained by the Compton-Getting ef-
fect ofv = 50 ~ 100km/s. However, the angular

difference between the Taurus excess and the Virgo

deficit is about 130. The Taurus-Virgo pair is dif-

ficult to be explained by the Compton-Getting ef-
fect. Accordingly, a clear Compton-Getting effect
is absentin the SK celestial map. Althoughitis dif-
ficult to set an upper limit on the relative velocity

because there exist excess and deficit irrelevant to

Compton-Getting effect, it would be safe enough
to conclude that the relative velocity is less than
several ten km/s.

The relative velocity between the solar system and

the Galactic center is about 200 km/s. The veloc-
ity between the solar system and the microwave
background is about 400 km/s.[11] The velocity
between the Milky Way and the Great Attractor is
about 600 km/s.[12] The upper limit, several ten

km/s, is much smaller than those numbers. The

cosmic-ray rest system is not together with the
Galactic Center nor the microwave background nor
the Great Attractor, but together with our motion.

Because of the principal of the SK data anal-
ysis, two possibilities cannot be excluded: the
Compton-Getting effect is canceled with some
other excess or deficit, and the direction of the ob-
server's motion is toward ~ 90° or§ ~ —90°.

Summary

The first-ever celestial map of primary cosmic rays
(> 10 TeV) was obtained fro.10 x 108 cosmic-
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ray muons accumulated in 1662.0 days of Sug
Kamiokande between June 1, 1996 and May
2001. In the celestial map, one excess and
deficit are found. They arfl.04 + 0.20) x 1073
excess from Taurus (Taurus excess) aifd.94 +
0.14) x 10~2 deficit from Virgo (Virgo deficit).
Both of them are statistically significant. Their ¢
rections agree well with the density of nearby st
around the Orion arm. A clear Compton-Gettil
effect is not found, and the cosmic-ray rest syst
is together with our motion.

In 1987, Kamiokande started new astronomy |
yond “lights”. In 2005, Super-Kamiokande startt
new astronomy beyond “neutral particles”.
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