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We have continuously observed muon intensities from 2000 to the present using the multi-
directional muon telescope GRAPES-3 in Ooty, south India. The radial diffusion coefficient and
the mean free path of propagation of the Galactic cosmic rays (GCR) in the heliosphere have
been derived from the density gradient obtained from the flow perpendicular to the ecliptic plane
of GCR, which depends on the polarity of the interplanetary magnetic field (IMF) (Kojima et
al., 2018). In this study, we used the data set for the years 2000-2021, covering about 8,000
days and divided into 13 groups by the solar wind velocity to examine the relationship between
the amplitude and phase of the flow as mentioned above of each group with the average solar
wind velocity on the corresponding group. This analysis shows a positive correlation between the
amplitude of the flow of galactic cosmic rays perpendicular to the ecliptic plane, depending on the
polarity of the IMF and the solar wind velocity.
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1. Introduction

Radial anisotropy of the galactic cosmic rays within inner heliosphere was theoretically studied
by E.N.Parker and others within the framework of diffusion convection model. It is known that
the solar wind is responsible for sweeping out the galactic cosmic rays, creating a radial density
gradient of cosmic rays that results in a tiny amount of anisotropy superposed on a larger isotropic
component. The streaming of cosmic ray particles in the heliosphere could be composed of two
components, one is the streaming in the ecliptic plane and the other one perpendicular to the
ecliptic plane. The streaming in the ecliptic plane can be recorded by the ground based detectors
as a diurnal variation in the counting rate, known as the Solar Diurnal Anisotropy. However, the
streaming perpendicular to the ecliptic plane in the north–south direction is observed as a sidereal
diurnal variation by the ground based detectors. This variation is caused by the streaming of cosmic
rays produced by B × Gr effect which is perpendicular to the ecliptic plane along the north–south
direction [5][6]. Here B is the IMF and Gr is the radial density gradient of the galactic cosmic
rays in the heliosphere. The main reason of this diurnal variation in sidereal time produced by the
streaming of the cosmic rays along north-south direction is the tilted rotation axis of Earth relative
to the ecliptic plane. A simple diffusion convection equation without time dependent terms as
expressed by the following equation was used, Vswn + κ∇n = 0, where, n and ∇n, are the density
and radial density gradient of cosmic rays, κ and Vsw represent the diffusion coefficient and the
solar wind velocity. Here, the radial density gradient Gr and n are related by Gr = ∇n/n. The
diffusion coefficient may be used to obtain the value of the mean free path of propagation of the
galactic cosmic rays in the heliosphere.

We have estimated the value of the mean free path of the galactic cosmic rays at energy of
77 GV by using two independent methods. We have obtained the relations between variations of
cosmic ray intensity observed by the large area GRAPES-3 muon telescope (560 m2) at Ooty (11.4
latitude, 76.7 longitude and 2,200 m altitude) in India and the variations of the solar wind velocity
[3]. We also have obtained the radial density gradient of cosmic rays near Earth from the amplitudes
of phase reversal of cosmic ray sidereal anisotropies on the polarity of the IMF [2]. From these
quantities and the one dimensional diffusion convection equation that can explain the propagation of
cosmic rays in the heliosphere, we have derived the diffusion coefficient of the galactic cosmic rays
in the IMF plasma [4]. Then, we have explained the role of the variation of the solar wind velocity
on the propagation process of the cosmic rays in the Heliosphere. In this paper we examine the
relationship between the amplitude and phase of the flow of galactic cosmic rays with the average
solar wind speed.

2. Instrument

The galactic cosmic rays hitting the Earth’s atmosphere can produce a number of secondary
particles. However, among the secondary particles, neutrons and muons reach the ground level and
can be utilized to study the near Earth space by the detectors placed on the ground. GRAPES-
3 multi-directional muon telescope is consisted of 16 modules, which are detector units, each
having 232 proportional counter tubes [1]. The proportional counter tube is made of steel and
has dimensions 10 cm × 10 cm × 600 cm. Each detector module has 4 layers of 58 proportional
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counter tubes. Each layer are placed in orthogonal direction along the proportional counter tube
that enables us to measure arrival direction of atmospheric muon with an angular resolution of
about 10 ◦. Threshold energy for vertical muon is set to be around 1 GeV by absorber layers of
2.5 m thickness in total, which is made of concrete blocks. We are recording penetrating muons
and categorizing into 15 × 15 = 169 fine directions and 3 × 3 = 9 coarse directions by using hit
pattern marked by muon, each directions are labeled such as "V" for vertical. The large area of the
detector 560 m2 enables us to perform high statistical observation. Figure.1 shows the schematic
view of muon detector. In this paper, we utilize only the data of "V".

Figure 1: GRAPES-3 muon telescope consists of 16 muon tracking detectors which is called module. Each
detector module has 4 layers of 58 proportional counter tubes having 35 m2 in area. Proportional counter
tubes are made of steel with 2.3 mm thickness filled with so called P10 gas. The direction of incoming muons
are categorized into two kinds of directional bins depending on an analysis.

3. Analysis

The GRAPES-3 muon telescope, composed of 16 modules each having four layers of propor-
tional counter tubes, has an area of 560 m2 and records the counting rate of muons at approximately
10-second intervals. The data obtained by the GRAPES-3 muon telescope are divided into nine
coarse directional components, as mentioned in the previous section, as the original data in this
analysis. We have conducted an analysis for daily variation of cosmic rays according to the fol-
lowing procedure. We must remove abnormal values from the original data for each modules. At
first, we aggregate the data from 10-second values to 1-hour values year by year and obtain a set
of 22 years hourly data. Then we calculate the annual average value and standard deviation (σ) of
the 1-hour values. If any hourly values deviate more than 10σ from the average values, the data
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is marked as an abnormal value and set to be lack of data and removed from the analysis. After
this removal of abnormal data by 10σ criteria, the annual average value and standard deviation (σ)
are calculated once again. If any hourly values deviate more than 5σ from the average value are
removed as the same way as 10σ. For these new data set, we calculate percentage hourly values of
variation throughout a year. For these percentage hourly values, atmospheric pressure correction
is performed (for V component, −0.12 %/(hPa) has been used). After the atmospheric pressure
correction, a 647-hour (27 days) moving average is calculated and subtracted from the percentage
hourly data, which is equivalent to perform a high-pass filter. The data, further processed through
a 24-hour high-pass filter, is the foundational data for daily variation analysis.

The data of vertical direction of GRAPES-3 muon telescope "V" contains approximately 8,000
days over 22 years. A daily variation were determined as values for each sidereal time based on the
hourly observational values. For the data of these 8,000 days, the data was divided into 13 groups
based on the magnitude of the daily mean value of the solar wind, 300 km/s, 326 km/s, 339 km/s,
359 km/s, 374 km/s, 390 km/s, 406 km/s, 426 km/s, 450 km/s, 478 km/s, 515 km/s, 569 km/s, 656 km/s.
We adopted the solar wind data "Plasma (Flow) speed km/s daily average" from the Omni2 data
[7]. For each group, containing about 600 days, the data was divided into IMF polarity "Toward"
and "Away" and was calculated sidereal time variation for each day. In our analysis, the "Toward"
and "Away" are decided as the following way. At first, the 72-hour moving average are performed
for the Omni2 IMF Bx and By values. If a day where the Bx value was negative and the By value
was positive for through out the day (24 hours), the day were decided to be "Toward", while a
day with positive Bx and negative By, were ’Away’. In this paper, we denote "Toward" as "T" and
"Away" as "A" for each sidereal time variation. After calculation of sidereal daily variation for
Toward and Away, the (T-A)/2 was calculated, and its amplitude and phase were determined. The
above mentioned process was applied for each of the 13 groups of the solar wind velocity to detect
their amplitude and phase (Figure.2,Figure.3,Figure.4, Figure.5,Figure.6). Here, the amplitude was
calculated by dividing the difference between themaximum andminimum of sidereal daily variation
by two, while the phase was determined as the maximum of the sidereal daily variation.

Figure 2: Cosmic ray intensity variation in local sidereal time categorized into the solar wind velocity of (a)
300 km/s, (b) 326 km/s, (c) 339 km/s.
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Figure 3: Cosmic ray intensity variation in local sidereal time categorized into the solar wind velocity of (d)
359 km/s, (e) 374 km/s, (f) 390 km/s.

Figure 4: Cosmic ray intensity variation in local sidereal time categorized into the solar wind velocity of (g)
406 km/s, (h) 426 km/s, (i) 450 km/s.

Figure 5: Cosmic ray intensity variation in local sidereal time categorized into the solar wind velocity of (j)
478 km/s, (k) 515 km/s, (l) 569 km/s.

4. Results

The amplitude and phase of the (T-A)/2 sidereal daily variation for each group of the solar wind
velocity were plotted against the average solar wind velocity (Figure.7, Figure.8). The average solar
wind velocity for each group was calculated by simple average of the solar wind velocities for each
day. The (T-A)/2 sidereal daily variation amplitude, which represents the magnitude of the sidereal
anisotropy (Swinson flow) originating from the cosmic ray flow in the direction perpendicular to
the ecliptic plane. Figure.7 shows a clear correlation with solar wind velocity. On the other hand,
the phase keeps constant even when the solar wind velocity changes (Figure.8). This trend also
shows a characteristics the Swinson flow.
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Figure 6: Cosmic ray intensity variation in local sidereal time for the solar wind velocity of (m) 656 km/s.

Figure 7: Dependency of the amplitude of cosmic ray variation in local sidereal time on the solar wind
velocity.

Figure 8: Dependency of the phase of cosmic ray variation in local sidereal time on the solar wind velocity.
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