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Abstract
For the first time, based on the experimental data of AMS-02, a three-parameter spectrum of variations of ga-
lactic cosmic rays was obtained in the range of rigidity 1- 20 GV, to which neutron monitors are most sensitive. 
It was found that during the period of negative polarity of the solar magnetic field, a power-law spectrum of va-
riations is observed with a strong exponential decay in the region of high rigidity. When the polarity changes to 
positive at the beginning of the new 24th solar cycle, the spectrum of cosmic ray variations becomes purely po-
wer-law. The transition to the experimentally obtained spectrum of variations will make it possible to remove a 
number of uncertainties and increase the accuracy of the analysis of data from the ground network of detectors. 
This will make it possible to retrospectively obtain fluxes of galactic protons with an average monthly resolution 
for the period of the space era based on ground-based monitoring.

1. Introduction

Despite the significant progress achieved in recent decades, the physical mechanisms underlying 
the modulation of galactic cosmic rays in the heliosphere still the subject of discussion. The com-
plex process of particle transfer creates problems for the development of a universal picture of long-
term variations in galactic cosmic rays, which covers a long observational period (on the order of 
70 years) of continuous monitoring of cosmic radiation.

Experimental data on flux variations over the period from the mid-1950s to the present could 
be obtained with good accuracy only from continuous ground-based measurements on a network 
of cosmic ray detectors. The need to analyze the results of such long-term ground monitoring led 
to the creation of special methods. One of the earliest and most successful implementations of the 
global method was created in Yakutsk (Krymsky 1966, 1967, 1981; Altuchov 1969) and was named 
the “Global Spectrographic Method” (GSM), since the calculations used data from a network of 
detectors distributed across the globe. Around the same time, Japanese researchers proposed their 
methodology (Nagashima 1971). In essence, in all variants this is a method of spherical analysis, 
where the expansion of the function of cosmic ray variations in spherical harmonics is used. But 
this takes into account cascade processes in the atmosphere and the movement of particles in the 
Earth‘s magnetosphere. With this in mind, we can say that GSM is essentially a sophisticated ver-
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sion of spherical analysis. IZMIRAN has created its own version of GSM (Belov et al. 1973, 1974, 
2019), which has been used for many years for a detailed and comprehensive study of variations in 
cosmic rays of the zero harmonic (isotropic component of cosmic ray variations), the first spherical 
harmonic (e.g. Belov et al., 2017), and sometimes the second harmonic of cosmic ray variations.

In the simplest case, the problem is reduced to solving a system of equations describing the cos-
mic ray variations at each point and obtaining the parameters of the isotropic component variation.

Directly observed variations in the count rate of the i-th cosmic ray detector (where NB is the 
base count rate relative to which the variations are calculated) can be represented as

			   𝑣𝑣𝑖𝑖 = ∫ 𝑊𝑊𝑖𝑖∞
𝑅𝑅𝑐𝑐𝑖𝑖

(𝑅𝑅, 𝑅𝑅𝑐𝑐𝑖𝑖 , ℎ0𝑖𝑖 ) ·
𝛿𝛿𝛿𝛿
𝐽𝐽(𝑅𝑅) · 𝑑𝑑𝑑𝑑 + 𝜎𝜎𝑖𝑖. 

		   		
	�  (1)

Here W R R hi
c
i i( , , )0  is a coupling function between primary cosmic ray and variations of the 

secondary cosmic ray registered by detector i located in the point with geomagnetic cut off rigidity 
RA

i  on the atmospheric depth h0. The spectrum of the primary cosmic radiation and the desired 
spectrum of the isotropic variation are designated, respectively, as J R( )  and . The 
discrepancy reflects the inadequacy of the used model of variations and possible hardware 
variations.

The coupling functions determine the influence of the Earth’s atmosphere, and the magneto-
sphere effect takes into account the rigidity of the geomagnetic cutoff of the considered detector. 
The coupling functions of the neutron component were calculated by us (Aleksanyan et al. 1982), 
the coupling functions of the muon component were used from Fujimoto et al. (1976).

An important situation is when the analytical form of the desired solution is known, or the so-
lution can be approximated with a high degree of reliability by a model built on the basis of a priori 
information. In this case, as a rule, the corresponding system of equations for finding a small number 
of unknown parameters turns out to be well conditioned. The advantage of this situation is that it is 
practically impossible to obtain an absurd solution if the analytical model is chosen in accordance 
with the process under study.

The objective of this work is to establish the analytical form of the spectrum of variation with a 
minimum number of parameters for use in analyzing data from the global network of ground-based 
cosmic ray detectors using the AMS-02 experimental data on the spectrum of protons and nuclei in 
the range of rigidity from several GV to several tens of GV. This will make it possible to abandon the 
empirically specified spectra of variation.

2. Data of magnetic spectrometer AMS-02

High-precision data of the orbital detector of cosmic rays AMS-02 for the study of dark matter and anti-
matter also provide a unique opportunity to measure spectral characteristics at moderate and high rigidity.

Direct measurements of galactic cosmic rays in the range of rigidities from one to several tens of 
GV were carried out on the PAMELA and AMS-02 spacecraft. The statistical accuracy of the data of 
the AMS-02 magnetic spectrometer is significantly higher, since the geometric factor of the AMS-02 is 
about 0.5 m2 sr, and the PAMELA spectrometer is only 21.5 cm2 sr. This work was based on the data 
of the AMS-02 magnetic spectrometer.

AMS-02 (Aguilar et al. 2015, 2018) is a magnetic spectrometer operating onboard the International 
Space Station from 2011 to the present. The digital data is available in the database (CRDB 2020). A 
description of the database can be found in Valeria et al. (2017).

Sampling by rigidity or by time (t, R) is possible with fixing one of the parameters. For a given 
moment in time, proton spectra can be obtained in a very wide range of rigidities. In this work, we 
limited ourselves to the particle rigidity in the range 1 - 20 GV, to which the network of ground-based 
neutron monitors is most sensitive.
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The entire time period is divided into 79 intervals averaged by the Carrington rotation since May 
2011 (2110 rotations). For example, the time dependence of the proton flux for two energy ranges 
close to the rigidity of 10 GV can be found in Belov et al. (2020).

3. Ground methods

In Belov et al. (1998) a variant of the global spectrographic method is described, specially adapted  
for studying the long-term behavior of isotropic CR variations. The analysis is carried out using the 
monthly average data of neutron monitors (about 45 detectors), muon telescopes, and stratospheric 
sounding. In the simplest case of isotropic variations the problem is reduced to solving the system 
of equations (1). In the model, it was assumed that the spectrum of variations is given in a three-
parameter form and is defined as:

				    � (2)

Area of the parameter changes  and:  GV. 
A three-parameter approximation of the GCR variation spectrum is suitable for describing the spec-
trum of long-term variations in the 5-50 GV regions.

Figure 1 shows the parameters of the spectrum of variations in galactic CR: a10 , RL and γ , ob-
tained by this method. The bottom panel shows the standard deviations of the experimental data 
from the model, which make it possible to assess the adequacy of the applied variation model.

The spectrum of variations in the form (2) was chosen empirically, but other options were also 
considered. A direct experimental verification of the shape of the spectrum of variations in the range 
of rigidity from one to several tens of GV has never been carried out, since the maximum rigidity of 
particles in measurements of fluxes outside the magnetosphere at best reached 2 GV. Direct measu-
rements in a wide range of rigidities using unique magnetic spectrometers will solve this problem.

Figure 1: Parameters of the galactic cosmic rays variation spectrum: a10 , RL and  γ the model discrepancy is 
shown at the bottom.

https://dx.doi.org/10.38072/2748-3150/p4
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4. Method of experimental determination of the spectrum of variations

To experimentally determine the spectrum of GCR variations, we used data from the AMS-02 ma-
gnetic spectrometer for the entire period of its operation. The time course of AMS-02 flux variations 
relative to the 2009 base period and their comparison with the GSM results are shown in the top 
panel of figure 2. The period of the polarity reversal of the Sun magnetic field from the second half 
of 2013 to the first half of 2014 is also highlighted here (Sun 2015; Ishkov 2018). But above all, the 
measured flux was freed from the contribution of solar cosmic rays.

For this, the periods of solar events were excluded from the analysis: 13 SPE, including 6 GLEs 
(see table 1). The selection criterion for the events was the excess of the proton flux> 100 MeV 
threshold of 1 pfu (graphical data can be found on the website (SWPC 2020)).

Analysis shows that the contribution (<10-4%) of solar cosmic rays can be neglected by consi-
dering the averaged GCR flux per Carrington revolution. In figure 2 (top left panel), the SPE and 
GLE moments during the AMS-02 operation period are marked with vertical segments, the length 
of which is proportional to the effect.

The result of the analysis in figure 2 is shown for the period of negative polarity (left) and posi-
tive polarity (right) of the Sun magnetic field, and the time point is marked with a vertical line in 
the upper panel of the figure.

The middle panel shows the spectrum of particles (protons) J for the considered moment of 
time and the spectrum of particles J

B for the base period. Due to the lack of data for a later peri-
od, January – April 2017 was selected as the base period (horizontal segment on the top panel), 
although the SA minimum and the maximum count rate are observed in April 2020. The results 
should be considered as preliminary and should be revised after updating the AMS-02 data.

Changes in the particle spectrum relative to the particle spectrum in the base period determine the 
spectrum of variations. By definition, the spectrum of variations for each point in time is defined as:

     						�          
				    � (3)

In the last expression, the variables are functions of time and rigidity, i.e. v t R( , ), J t R( , ) .and 
J RB ( ) . The experimental spectrum of variations, in this way determined, is shown in the lower 
panel of figure 2 (points and errors in their determination) for two polarities of the total magnetic 
field of the Sun.

Table 1: Proton enhancements for operating period of the AMS-02.
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The choice of the approximating function for the spectrum of variation depends on the rigidity 
range and the problem being solved. Several analytical models of the spectra of cosmic ray variati-
ons were considered, including the spectrum of variations of the form (2).

However, the most successful for approximating the experimental spectrum of cosmic ray va-
riations in a wide range of rigidities was the power-law spectrum modulated by an exponential in 
the region of upper rigidities, i.e.

				    � (4)

whereRH -upper rigidity. Function (4) is nonlinear with respect to the parameters a1 , γ and RH . 
System (4) can be reduced to linear by taking the logarithm. As a result, we obtain a system of 
linear equations for the parameters ln a1 , γ and 1/ RH :

�
γ= − −v a R R Rln ln ln( ) /i i i H1

(5)

The parameters of approximation a1 , γ and RH for two time moments with positive and negative 
polarity of the total magnetic field of the Sun also presented at the bottom panels in figure 2.
More common model:

	�  (6)
			         �
In the region of lower rigidities ν is also controlled by a parameter, but the model has not yet been 
considered, since it remains nonlinear even after the logarithm procedure.

Figure 2:  An example of spectra for two points in time: for a period of negative (left) and positive polarity 
(right) of the total magnetic field of the Sun. The middle panels show the particle spectra (obtained from AMS-
02) and the spectra of variations found on their basis, shown in the lower panels.
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5. Discussion of the results

The parameters of approximation a1, γ, and RH  in the considered model (4) were obtained for each 
solar rotation since May 2011. In the period of negative polarity of the solar magnetic field (A<0) 
before the polarity reversal, the parameter RH  is close to 10 GV, and during this period, a power-
law spectrum of GCR variations with strong exponential decay in the areas of rigidity >20 GV is 
observed. With a change in polarity and at the beginning of a new 24th solar cycle, the parameter 
RH  becomes close to 100 GV, and the spectrum turns into a purely power-law spectrum.

For the entire period according to AMS-02 data in figure 3 the time dependence of the parameters 
of the spectrum of variations in cosmic rays are presented. The values of a1, γ, and RH were obtained 
as a result of approximation of the experimental spectra, which are shown in figure 2. The peculiari-
ties of the behavior of the parameters γ and RH in periods of different polarities of the solar magnetic 
field are clearly visible. The γ exponent increases linearly over the period under consideration, and 
the RH parameter increases abruptly from an average value of ~ 10 GV to ~ 100 GV after a period 
of polarity reversal of the solar magnetic field, which is accompanied by a transition to a power-law 
spectrum of cosmic ray variations. The last two panels in figure 3 show the time dependence of the 
model error σ and the condition number «cond». The value of the conditionality number until the end 
of the polarity reversal is at the level of 100, which indicates a well-conditioned system of equations 
(4). When approaching the base period, the condition number increases rapidly.

It can be noted that before the solar activity maximum in 2014 and the polarity reversal, the 
experimentally measured variations on the AMS-02 experiment in some periods are almost twice as 
large as the variations obtained by the GSM method from the data of ground-based detectors. This 
coincides with the period of negative polarity A<0 of the solar magnetic field, in the period of posi-
tive polarity A>0 after the polarity reversal of the solar magnetic field, this effect is not observed.

6. Summary and conclusions

Due to its unique capabilities, the satellite experiment AMS-02 for the first time made it possible 
to obtain an experimental spectrum of cosmic ray variations in the range of rigidities to which the 
ground-based network of neutron monitors is sensitive. This, in turn, will make it possible to remove 
the uncertainty in the choice of the spectrum of cosmic ray variations during GSM analysis, since 
until now the spectrum of cosmic ray variations was determined only empirically.

Figure 3: Time dependence of the parameters of the CR spectra variations by the AMS-02 data.
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In this work, based on AMS-02 data, for the first time, the experimental spectrum of cosmic ray 
variations and its temporal changes in the range of rigidity 1-20 GV for the period from May 2011 
to April 2017 are obtained. The found form of the spectrum of variations will make it possible to 
increase the accuracy of the reconstructed parameters of the spectrum of cosmic ray variations out-
side the magnetosphere from the data of the network of ground-based cosmic ray detectors.

An important result of this work is the transformation of the form of the spectrum at different 
periods of polarity of the interplanetary magnetic field. During the period of negative polarity A<0 
of the solar magnetic field, a power-law spectrum of variations with a strong exponential decay is 
observed in the region of upper rigidities.

When the polarity changes A>0 the spectrum of cosmic ray variations transforms into a purely 
power-law spectrum.

In the work for the base period, the data of January – April 2017 were used, but when new data 
are published, including the minimum SA and the maximum count rate in April 2020, the calcula-
tions of the spectrum of variations must be updated.
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Questions and answers

Ludwig Klein: Would you argue that the calibration of Pamela after 2012 is not reliable? 
Answer: No, I wouldn’t, it cannot be asserted. The PAMELA data up to and including 2009 and the AMS-02 data 
for the entire period are in good agreement with the data of neutron monitors, with the PAMELA data used as 
the base period of 2009. After a long break since 2010, there were problems with the PAMELA detector, it is 
evident from the increased statistical errors. 

Mike Snow: The ~5% shift in 2010 PAMELA data is from the PAMELA collaboration or is factor that gives ag-
reement with neutron monitor data? 

Answer: A shift of 4.88% is a factor necessary for agreement with neutron monitor data, but for agreement 
only since 2010. The PAMELA data up to and including 2009 and the AMS-02 data for the entire period are in 
good agreement with the data of neutron monitors. The main conclusions of the work are not affected by the 
normalization of the PAMELA data after 2009.
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