
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

Sidereal-diurnal galactic cosmic ray variation originating in the solar system
S. K. GERASIMOVA, P. YU. GOLOLOBOV, V. G. GRIGORYEV, G. F. KRYMSKY, P. A. KRIVOSHAPKIN
Yu. G. Shafer Institute of Cosmophysical Research and Aeronomy, Siberian Branch of the Russian Academy of Sciences, 31 Lenin Ave.,
677980 Yakutsk, Russia

gpeter@ikfia.ysn.ru

Abstract: A cosmic ray anisotropy manifesting in diurnal variations is homogeneous in space and changes
within a year near the Earth. As a result, diurnal variations appear by sidereal and anti-sidereal time. In the work
the anisotropy of both vector and tensor types is taken into consideration
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1 Introduction
Variations of cosmic ray intensity originating in sidereal
time is of the great interest to study the heliosphere struc-
ture and to determine real galactic anisotropy which cre-
ates these variations.
In [1, 2, 3] significant results on a study of sidereal-

diurnal cosmic ray variations were obtained. Variations
of cosmic ray intensity observed in a wide energy range
< 104 GeV the authors explains as a following complex
of 3 types of anisotropy: from the galaxy center, tail and
nose part of the heliosphere. This types of anisotropy are
differently manifested in sidereal time depending on the
particle energy and general solar magnetic field polarity.
In [4] the study of this variation using the ionization

chamber ASK-1 data was started. In [5] the data of muon
telescopes located at different underground levels were
added to the ASK-1 data. Later the study was continued
in [6, 7]. However, a statistical accuracy of registration of
muon intensity with the Yakutsk spectrograph at that time
were insufficient for the detailed study of sidereal-diurnal
variation property.
Since the amplitude of sidereal-diurnal variations in

muon component is less than 0.03 % an extraction of os-
cillations of such type requires the extended set of qual-
itative data. In the present work we use the data of long-
standing registration of muon intensity with the Nagoya
(35◦10’ N, 136◦58’ E) multidirectional muon telescope for
1972-2011 registering the particles with median energies
60-110 GeV http://www.stelab.nagoya-u.ac.jp
and with the Yakutsk (62◦01′ N, 129◦43′ E) complex
of underground muon telescopes for 1971 to 2012
http://www.ysn.ru/ipm. The Yakutsk station consists
of muon telescopes on the ground and underground at lev-
els 7, 20, 60 m w. e. and registers the particles with median
energies 67-263 GV. Both stations have continuous data
for long period of time and high count rate.

2 Acceptance vectors and their using
An angular distribution of observed cosmic rays can be p-
resented as series of spherical harmonics (a00, a01, a11, b11, a02,
a12, b12, a22, b22). The first spherical harmonic is described
by a zonal component a01 and azimuthal a11, b11 one. The
second spherical harmonic is by the following 5 compo-
nents: a02, a12, b12, a22, b22, where a12, b12 are components of an-

tisymmetric diurnal variations, and a22, b22 are components
of semidiurnal variations.
Since the particles registered by the detectors are carried

away in the heomagnetic field, an amplitude and phase of
primary anisotropy will be changed. This change depends
on an angular characteristics of differential coupling coef-
ficients of detector. The multidimensional acceptance vec-
tor zmn takes into account all these parameters and recover-
s different types of unchanged anisotropies which are out-
side of magnetosphere.
Vectors r⃗mn and z⃗mn could be presented as complex

components:rmn =amn +ibmn ; zmn =xmn +iymn .
The acceptance vector has the form:

zmn =
∫ 8
εmin

∫ 2π
0

∫ π/2
0 W (ε ,β ) ∂D(ε)

D(ε) N(α ,β )sinβ zmn (ε ,α ,β )dεdαdβ
∫ 8
εmin

∫ 2π
0

∫ π/2
0 W (ε ,β ) ∂D(ε)

D(ε) N(α ,β )sinβdεdαdβ
,

where W (ε ,β ) is differential coupling coefficients of the
instrument, ∂D(ε)

D(ε) is an anisotropy spectrum, N(α ,β ) is a
directional diagram of the instrument, α , β are azimuthal
and zenithal arrival angles of particles, respectively, εmin
is a primary particle energy, zmn (ε ,α ,β ) are the acceptance
vector components at different angles α , β .
We have calculated the acceptance vectors taking into

account expected energy spectra of anisotropy for Nagoya
and Yakutsk In the case of symmetric diurnal anisotropy
the spectrum has the form:

r11 =
b0

ε +b0
, (1)

where b0 is a value that changes in the range 30-60GeV [8]
and for antisymmetric diurnal and semidiurnal variations
we have used the energy spectrum:

∼
{

ε1 , i f ε ≤ ε0
ε−2 , i f ε > ε0.

(2)

3 Separation of symmetric and
antisymmetric diurnal variations

A separation of diurnal variations into symmetric com-
ponent and antisymmetric one is carried out by a tensor
method, for example for the Nagoya station, in the follow-
ing way:
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Fig. 2: The observed annual variations of symmetric r⃗ 11, antisymmetric r⃗12 and semidiurnal r⃗22 variations of cosmic rays.

Fig. 1: The observed change of components of symmetric
a11,b11 and antisymmetric a12,b12 diurnal variations obtained
with the help of the tensor method by data of the Nagoya
station and the number of sunspots Rs during 1972-2011.

M ·Aexp = Aobs (3)

where the observed diurnal variation Aobs, the acceptance
vector matrix M and the expected components of diurnal
anisotropy Aexp are equal, respectively:

Aobs =

⎛

⎜⎜⎜⎜⎝

a1,obs
b1,obs
...

a17,obs
b17,obs

⎞

⎟⎟⎟⎟⎠
,Aexp =

⎛

⎜⎜⎝

a11,exp
b11,exp
a12,exp
b12,exp

⎞

⎟⎟⎠ ,

M =

⎛

⎜⎜⎜⎜⎝

x11,1 −y11,1 x12,1 −y12,1
y11,1 x11,1 y12,1 x12,1
... ... ... ...
x11,17 −y11,17 x12,17 −y12,17
y11,17 x11,17 y12,17 x12,17

⎞

⎟⎟⎟⎟⎠

values i=1,17 of tensor components x11,i, y11,i, x12,i, y12,i, ai,obs,
bi,obs correspond to the Nagoya telescope registration di-
rections presented in Table 1.
The matrix equations (3) can be solved as follows:

MTM·Aexp =MT ·Aobs (4)

Aexp = (MTM)−1MTAobs, (5)

whereMT is a transposed matrix.
Substituting the values of observed diurnal variation and

calculated acceptance vectors into (5) we obtain the com-
ponents of symmetric a11, b11 and antisymmetric a12, b12 diur-
nal variations. Their accuracies are determined with the e-
quation △T△

N−n , where N is the number of registration direc-
tions and n is the number of expected diurnal components.
And they do not exceed 0.0015 % for 40 years.

Nagoya station Yakutsk station
N Index Direction Index Direction
1 V Vertical 0V Vertical, 0 m w. e.
2 N30 North 30◦ 0N30 North 30◦ 0 m w.e.
3 E30 East 30◦ 0S30 South 30◦ 0 m w.e.
4 S30 South 30◦ 7V Vertical, 7 m w.e.
5 W30 North 30◦ 7N30 North 30◦ 7 m w.e.
6 NE39 North-East 39◦ 7S30 South 30◦ 7 m w.e.
7 SE39 South-East 39◦ 20V Vertical, 20 m w. e.
8 SW39 South-West 39◦ 20N30 North 30◦ 20 m w.e.
9 NW39 Norh-West 39◦ 20S30 South 30◦ 20 m w.e.
10 N49 North 49◦ 60V Vertical, 60 m w. e.
11 E49 East 49◦ 60N30 North 30◦ 60 m w.e.
12 S49 South 49◦ 60S30 South 30◦ 60 m w.e.
13 W49 West 64◦

14 N64 Norh 64◦
15 E64 East 64◦

16 S64 South 64◦

17 W64 West 64◦

Table 1: Indexes and corresponding registration directions
at the Yakutsk and Nagoya stations.
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Fig. 3: The observed symmetric r⃗11, antisymmetric r⃗12 diurnal and semidiurnal r⃗22 variations which appear in sidereal and
antisidereal time.

Fig. 4: The observed and expected at the Nagoya station the sidereal (a) and antisidereal (b) diurnal variations of cosmic
rays and also sidereal (c) and antisidereal (d) semidiurnal variations. The red symbols are correspond to the expected
sidereal diurnal vectors and black symbols are observed vectors.

4 Calculation results and discussion
Fig. 1 presents the annual change of components of the
symmetric a11, b11 and antisymmetric a12, b12 diurnal varia-
tions and solar activity index during the period 1972-2011.
It is seen that the component b11 of symmetric diurnal vari-
ation undergoes annual variations in comparison with a 11
and depends on the solar magnetic field polarity. The sys-
tematical annual change of antisymmetric diurnal variation
is found. The same annual oscillations of semidiurnal vari-
ations are observed [9]. The averaged for the period of 40
years the symmetric r⃗11, antisymmetric r⃗12 and semidiurnal
r⃗22 variations are shown on the hour dial in Figure 2. The
numbers indicate months and a curve corresponds to the
movement of the end of anisotropy vector during a year.
The annual change of vectors r⃗12 and r⃗22 has the same ori-
gin: they are caused by the constant presence of the sec-
ond spherical harmonic in the angular distribution of galac-
tic cosmic rays in the heliosphere. The mechanisms of this
distribution are a cosmic ray screening [8] and solar wind
shear flow [10]. As for the symmetric diurnal variation r⃗11,
it could be caused by a latitudinal gradient of cosmic rays.

The annual and semiannual changes of indicated variations
could lead to the corresponding sidereal diurnal and sidere-
al semidiurnal variations. The parameters of variations ob-
tained from the mentioned above data are shown in Table
2.
From Table 2 it is seen that the antisymmetric sidere-

al and antisymmetric antisidereal variations are equal and
have the highest amplitude. Their vectors are arranged

Sidereal time Antisidereal time
Amplitude, Phase, h Amplitude, Phase, h
10−3% 10−3%

r⃗11 14.6±1.5 5.05±0.39 4.6±1.5 2.75±1.20
r⃗12 20.7±1.5 19.00±0.27 22.0±1.5 23.65±0.26
r⃗22 18.6±0.3 15.22±0.03 7.9±0.3 20.52±0.07

Table 2: Amplitude and phase of the observed sidereal and
antisidereal symmetric r⃗11, antisymmetric r⃗12 diurnal and
semidiurnal r⃗22 variations.
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Fig. 5: The observed and expected at the Yakutsk station the sidereal (a) and antisidereal (b) diurnal variations of cosmic
rays and also sidereal (c) and antisidereal (d) semidiurnal variations. The red symbols are correspond to the expected
sidereal diurnal vectors and black symbols are observed vectors.

specularly relatively to the hour line of 9h - 21h. The am-
plitudes of antisidereal symmetric diurnal and antisidereal
semidiurnal variations are negligible.
The symmetric diurnal variation in sidereal time can

appear if in the solar system there is an anisotropy directed
parallel to the axis of rotation of the Sun. In this case the
time of maximum of the variation should be equal to 7h
and 19h of sidereal time. The antisidereal variation should
be absent. As is seen from Figure 3, the symmetric diurnal
variation has these properties.
Using the obtained real r⃗11(Sid) ,⃗r

1
2(Sid) and corresponding

components of antisidereal r⃗11(ASid) ,⃗r
1
2(ASid) variations we

have solved the inverse problem of finding the expected
variations with the account of the geomagnetic field influ-
ence. In Figure 4 the expected vectors which are present-
ed as a sum of vectors r⃗11(Sid) + r⃗12(Sid) and r⃗

1
1(ASid) + r⃗12(ASid)

are compared with the corresponding observed vectors ob-
tained for each direction of muon telescope of the Nagoya
station. The accuracy of observed vector is not more than
0.007 %. The above-mentioned vectors have been deter-
mined for the spectrum (1) at b0=40 GeV and spectrum (2)
at ε0=70 GeV. As is seen from Figure 4 the difference be-
tween the observed and expected vectors is negligible.
On the basis of above spectra the expected vectors for

the Yakutsk station have been calculated (Fig. 5). In this
case an agrement between the expected variations and ob-
servation is somewhat worse because the statistical accu-
racy of registration at the Yakutsk station is significantly
lower than at the Nagoya station and when selecting the
energy spectra a wide energy range of the Yakutsk spectro-
graph registration have not been taken into account.

5 Conclusions
To study the sidereal diurnal variations of galactic cosmic
rays the tensor method of separation of symmetric and an-
tisymmetric diurnal variations were used. It is shown that

the sidereal variations are caused mainly by the second
spherical harmonic of angular distribution of galactic cos-
mic rays in the heliosphere. The presence of antisymmetric
sidereal-diurnal and semidiurnal variations whose mecha-
nisms are given in [9] indicates to this fact.
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