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Abstract: We show that the large-scale anisotropy of ~5 TeV galactic cosmic ray (GCR) intensity ob-
served by Tibet Air Shower experiment can be reproduced by the superposition of a bi-directional and 
uni-directional flows (BDF and UDF) of GCRs. The heliosphere is located inside the local interstellar 
cloud (LIC) very close to the inner edge of the LIC. If the GCR population is lower inside the LIC 
than outside, the BDF flow is expected from the parallel diffusion of GCRs into LIC along the local 
interstellar magnetic field (LISMF) connecting the heliosphere with the region outside the LIC, where 
the GCR population is higher. A type of the UDF, on the other hand, is expected from the B×∇N drift 
flux driven by a gradient of GCR density (N) in the LISMF (B). The LISMF orientation deduced from 
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IMPLICATION OF THE SIDEREAL ANISOTROPY ON THE LOCAL INTERSTELLAR MAGNETIC FIELD 

the best-fit direction of the BDF is almost parallel to the galactic plane and more consistent with the 
suggestion of Frisch  (1996) than that of Lallement et al. (2005). We note that the model gives the 
information on the LISMF polarity together with its orientation. 

Introduction 

In this paper, we analyze the sidereal anisotropy 
of ~5 TeV GCR intensity observed by the Tibet 
Air Shower (AS) experiment, which is currently 
the world’s most precise measurement of GCR 
intensity in this energy region, utilizing both the 
high count rate and good angular resolution of the 
incident direction of the primary GCR. The GCR 
anisotropy in this energy region is free from the 
solar modulation, while it is still sensitive to the 
local magnetic field structure with a spatial scale 
comparable to the Larmor radius of the observed 
GCR, which is about 0.005 pc or 1000 AU for 5 
TeV protons in a 1 µG interstellar magnetic field. 
The sky-map of the directional intensity recently 
reported by the Tibet AS experiment clearly 
showed the large-scale feature observed with the 
statistical significance of more than 10 σs [1]. 
The contribution of primary gamma rays to this 
large-scale anisotropy should be small, as the 
similar feature is also reported from a deep-
underground muon measurement, which has only 
negligible response to the primary gamma rays 
[2]. This large-scale feature seems to be almost 
independent of the GCR energy over a range from 
multi-TeV up to ~100 TeV. 

Analysis and Results 

The Tibet III Air Shower Array experiment has 
been conducted at Yangbajing (90.522°E, 30.102° 
N; 4300 m above sea level) in Tibet, China. The 
array composed of 533 scintillation counters of 
0.5 m2 each covers a detection area of 22,050 m2 
achieving a trigger rate of ~680 Hz. GCR events 
are selected for analyses, if any four-fold coinci-
dence occurs in the counters with each recording 
more than 0.8 particles in charge, if the air shower 
core position is located in the array, and if the 
zenith angle of arrival direction is ≤45°. With all 
these criteria, the array has the modal GCR en-
ergy of ~5 TeV. The angular resolution of the 
arrival direction of each shower is estimated to be 
~0.9° from Monte Carlo simulations and was 

verified by measuring the Moon’s shadow in 
GCRs [3]. In this paper, we analyze a total of ~37 
billion air shower events recorded in 1318.9 live 
days from November 1999 to October 2005. For 
each short time step (e.g., 2 min), we analyze 
shower event number in each zenith angle belt 
and subtract the average in the belt from the in-
tensity in each azimuth bin. By this subtraction, 
we can eliminate the atmospheric effect, which is 
common for all azimuth bins in each zenith angle 
belt. This calculation is then extended step by step 
to all points in the surveyed sky (see [4] for de-
tails of data analysis). Since the shower rate 
largely varies according to the zenith angle of the 
arrival direction, the absolute GCR intensities in 
different declination belts cannot be compared. 
Thus, the average intensity in each declination 

(a) 

(b) 

(c) 

Figure 1: GCR intensity in 5°×5° pixel represen-
tend in a color coded format as a function of the 
right ascension and the declination. The satura-
tion occurs at ±0.2 % for the intensity map and ± 
10 σs for the significance map. (a): observed 
anisotropy, (b): reproduced anisotropy, (c): sig-
nificance map of the residual anisotropy. The 
broken line in each panel shows the celestial 
equator, while the white represents the Galactic 
equator. The black pixels in (c) containing strong 
TeV γ-ray sources are excluded from the best-fit 
analysis. 
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belt is normalized to unity. 

Figure 1(a) shows the normalized GCR intensity 
in 5°×5° pixels in a color-coded format as a func-
tion of the right ascension (α) on the horizontal 
axis and the declination (δ) on the vertical axis. 
This sky-map covers 360° of α, but covers only 
90° of δ ranging from -15° to +75° due to the 
event selection criterion limiting zenith angles to 
≤45°. The map clearly shows a large-scale anisot-
ropy, consisting of a ~0.2 % excess (around 
α∼90° and δ∼−10°) and a ~0.2 % deficit (around 
α∼180° and δ∼0°), each observed with a statistical 
significance more than 10 σs [1]. We note that the 
observed angular separation between the excess 
and the deficit is only ~120°, which is much 
smaller than 180° expected from a uni-directional 
flow (UDF) but significantly larger than 90° ex-
pected from a bi-directional flow (BDF). Only a 
combination of the uni-directional and bi-
directional flows can achieve a reasonable fit to 
the observed anisotropy. From this point, we 
perform the best-fit calculation to the observed 

anisotropy with a model intensity  in n-th 
right ascension and m-th declination pixel ex-
pressed, as 

   (1) 

where  and  are amplitudes of UDFs,  is 
the amplitude of the BDF, ( , ) and ( , ) 
are right ascensions and declinations of the refer-
ence axes of the UDF and BDF, respectively, and 

 ( ) is the angle between the center of each 
pixel and the reference axis of UDF (BDF). We 
assume that two reference axes are perpendicular 
to each other, according to our physical interpre-
tation of the UDF and BDF, as will be described 
later. We first normalize the average of  in 
each declination belt to unity and get the normal-
ized model intensity , just same as we did for 
the observed data to produce Figure 1(a). By 
comparing  with the observed intensity , 

we obtain six best-fit parameters ( , 
, , , , ) minimizing the residual  

defined, as 

      (2) 

where  is the statistical error of the intensity 
in each pixel. 

Figure 1(b) shows the best-fit , while Figure 
1(c) shows the residual  in each pixel. It is 
seen that the large-scale anisotropy in Figure 1(a) 
is well reproduced even with such a simple 
model. The residual  in Figure 1(c), on the 
other hand,  indicates that the “skewed” structure 
of the excess in Figure 1(a) needs to be modeled 
further. The minimum -value in (2) divided by 
the degree of freedom (72×18-6=1290) is as large 
as 2.5, mainly due to the “skewed” structure not 
reproduced properly. 

Implication of the Model Anisotropy 

As mentioned earlier in this paper, the directional 
anisotropy of the GCR intensity is most sensitive 
to the magnetic structure with the spatial scale 
comparable to the Larmor radius of GCRs. The 
Larmor radius of 0.005 pc for 5 TeV GCRs is 
much larger than the size of the heliosphere, but 
significantly smaller than the size of the Galactic 
arms of the order of 100 pc. An intermediate 
structure called the Local Interstellar Cloud (LIC) 
has been reported from the optical measurement 
of the interstellar absorption lines recorded in the 
spectra of nearby stars [5]. The LIC is an egg-
shaped cloud of the size of ~5 pc and filled with 
the relatively warm interstellar gas. The helio-
sphere is located inside the LIC very close to the 
inner edge of the LIC. Outside the LIC sweeping 
past the heliosphere at a speed of 26 km/s, there is 
another cloud called G-cloud moving toward the 
heliosphere at a slightly higher speed of 29 km/s. 
It is also suggested that the local interstellar mag-
netic field (LISMF) surrounding the heliosphere 
could be compressed between the two cloudlets 
[6]. The minimum distance to the LIC edge from 
the heliosphere is estimated as small as ~0.1 pc. It 
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is possible, therefore, that the observed anisotropy 
is governed by the LISMF and the local gradient 
of the GCR density (or population) in the LIC. 

According to our preliminary best-fit analysis 
described above, the large-scale anisotropy can be 
reproduced with a combination of the UDF and 
BDF. We suggest that such flows may be ex-
pected if the GCR density is lower inside the LIC 
than outside, for instance, due to an adiabatic 
expansion of the LIC surrounded by the large-
scale galactic magnetic field. If this is the case, 
the BDF (with an amplitude of ) is expected 
from the pitch angle diffusion of GCRs into LIC 
along the LISMF line connecting the heliosphere 
on its both ends with the region outside the LIC, 
where the GCR density is higher. The reference 
axis of the BDF ( , ) is parallel to the 
LISMF lines. The parallel diffusion along the 
LISMF also causes a UDF (with an amplitude of 

) along the LISMF. On the other hand, another 
UDF ( ) is also expected from the drift anisot-
ropy, which is expressed as a vector product 
( ) between the LISMF vector ( ) and the 
density gradient vector ( ). The reference axis 
of this type of UDF ( , ) is, therefore, per-
pendicular to  and ( , ), as modeled in 
Equation (1). The directions of the LISMF and 
the perpendicular UDF derived from the present 
model are listed in Table 1 together with ,  
and  and indicated in Figure 2 showing the 
best-fit anisotropy ( ) in the Galactic coordi-
nate. In Figure 2, the direction of LISMF derived 

from the present model is compared with that  

suggested by [6] and [7]. The LISMF direction 
we obtain is more parallel to the Galactic plane, 
favoring the direction report by Frisch [7]. We 
add to note that the model, if holds, yields the polar-

ity of the LISMF together with its orientation. 
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 (%)  (%)  (%) 
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357.5, - 22.5 
(49.7, -75.6) 

97.4, -22.5 
(232.0, -14.4) 

Figure 2: The best-fit in the Galactic coordinate. 
Full (open) circle represents the direction paral-
lel (anti-parallel) to the LISMF derived from the 
present analysis. Squares and triangles show the 
LISMF orientations by [6] and [7]. Note that the 
intensity at the northern high-latitude is lower 
than the intensity at the southern high-latitude 
due to the perpendicular UDF. 

Table 1: Best-fit parameters in Equation (1). 
Two numbers in each brace are the Galactic 
longitude and latitude of the reference axis.  
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