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Abstract

We have investigated the energy and time dependences of the amplitude of the proton galactic cosmic ray
intensity 27-days oscillations in 2007-2008 from the data of the PAMELA and ARINA spectrometers on
board the RESURS DK-1 satellite. We have used different types of harmonic analysis, such as Fourier and
wavelet analysis. The time profiles and amplitude dependences for the rigidities of cosmic ray particles
from ~300 MV to tens of GV were obtained. It is shown that the amplitude-rigidity dependence cannot be
described by a power law at low energies, the amplitude decreases with decreasing rigidity starting from ~
1 GV. For a physical interpretation, we have studied the relationship between the 27-day variations of GCR
and heliospheric parameters: solar wind velocity and heliospheric magnetic field.

1. Introduction

The recurrent variations of the galactic cosmic ray (GCR) intensity and anisotropy which
are due to the passage through the point of measurement of the solar wind (SW)-heliospheric
magnetic field (HMF) structures rotating with the Sun, have been studied for more than 60 years
[1]. According to the modern concept, the source of these structures is the longitudinal gradient
of the SW velocity in the base of heliosphere, connected in its turn with the geometry of the flux-
tube from the coronal holes to the heliosphere [2, 3]. As a result in the inner heliosphere (#<1 AU)
the stream interaction regions (SIRs) are formed between the low-velocity stream around the
heliospheric current sheet (HCS) and the overtaking it fast-velocity stream. At the greater
distances (r = 3-6 AU) this structure of the compressed HMF is expanding with two shock-waves
around it forming the corotating interaction region (CIR) [4]. In case of stable position and power
of the SIR’s source near the Sun for 5-10 solar rotations (the synodic solar period P~ 27 days),
a CIR spreads over several AUs, and a 27-day variation arises in the GCR characteristics, in fact,
occupying the region of the azimuthally inhomogeneous GCR intensity. Such situation is
characteristic for the periods near the solar cycle minima.

In spite of the long history of observations, some characteristics of the 27-day variations
are still not enough known [1, 4], in particular, their dependence on the particle’s rigidity in the
wide energy range.

Although a genetic connection between the 27-day variation in GCR and CIRs is obvious,
the mechanism of the 27-day GCR modulation is not quite clear because of multiplicity of
processes involved. The timings of the CIR structures and the GCR flux modulation are closely
connected. However, no parameter was found to be the only one or decisive factor for GCR
modulation [5]. The 27-day GCR variation is still not well reproduced by the theoretical models
[e.g., 6, 7]. Actually, a relative role of various mechanisms of modulation is now the most
interesting point in the understanding of the 27-day GCR variation.

This paper is devoted to the well-known episode of the 27-day GCR variation in 2007-
2008, near the minimum of solar cycle 23, the period exclusively favorable for the development
of the pronounced and long-lived recurrent GCR variation. This episode was extensively studied
based on the observations with the neutron monitors (NMs) [e.g., 8-10] and the space probes [e.g.,
11-13]. All authors stressed very stable period ~ 27 days and a strong negative correlation of the
27-day waves in GCR and solar wind velocity. Correlations with HMF strength and its
components were less prominent.

The sequence of papers [14, 15, 8] studied theoretically and successfully reproduced the
27-day variation of GCR observed by NMs during 2007-2008. Guo and Florinski [6, 7],
Wiengarten et al., [16], and Kopp et al., [17] used MHD modeling of the SW and HMF serving
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as input to a GCR transport code employing a stochastic differential equation approach. In spite
of undoubted progress, these models have some inconsistency with observations.

Here, we present the results of the 27-day variation in the GCR protons with rigidities
from ~0.3 GV to ~23 GV as observed by the space-borne instruments PAMELA and ARINA in
2007-2008. We study the rigidity dependence of the amplitude of the 27-day GCR variation (A27)
and discuss the results in the frame of GCR modulation mechanisms. The structure of the paper
is as follows: in Section 2 the experiments PAMELA and ARINA are briefly described. The daily
GCR intensities and their time behavior are discussed and the period of intense 27-day GCR
variation is isolated in Section 3. Section 4 is devoted to the overall description of the situation
with the 27-day variation in the heliospheric characteristics and GCR intensity in this period. In
Section 5 is presented the method of processing and the preliminary results on the rigidity
dependence of the amplitude of the 27-day variation in the proton intensities. The discussion is in
Section 6.

2. PAMELA and ARINA experiments

The spectrometers PAMELA [18] and ARINA [19] situated on the same spacecraft Resurs
DKI1, operated during almost 10 years from June 2006. In 2007-2008, the satellite orbit was
elliptical (altitude varying between 355 and 584 km) with inclination of about 70° and a period of
about 94 minutes. The PAMELA instrument allowed a precise measurement of protons, electrons,
their antiparticles, and light nuclei—in the kinetic energy interval from several tens of MeV up to
several hundreds of GeV. The instrument consisted of a magnetic spectrometer with a silicon
tracking system, a time-of-flight system shiclded by an anticoincidence system, an
electromagnetic calorimeter and a neutron detector. The data treatment is described in rather detail
by Munini et al., [20].

The ARINA telescope was a multilayer scintillation detector consisting of 10 plates
arranged as a truncated pyramid. Particles were identified by the energy loss in each detector and
the path until stopping measured in the number of plates (dE/dX vs E method). The instrument
detected electrons with energies of 3-30 MeV and protons with energies of 30-110 MeV. The
energy resolution of the ARINA spectrometer was 10-15%. The aperture of the device was ~ 10
cm’sr. For the extraction of the galactic component, events with energy higher than the
geomagnetic cutoff were selected at each registration point, on L-shells no less than 8.

Here we concentrate on the investigation of the periodic variation of proton fluxes
measured by PAMELA and ARINA in 2007-2008 taking place during prolonged solar minimum
between solar cycles 23 and 24. We compare the PAMELA and ARINA observations with NMs
data.

3. Data treatment
To study the 27-day GCR variation, daily proton fluxes of PAMELA and ARINA were

normalized as (xjﬂ- 100% and de-trended (excluding moving average 29 days trend).
29d

Relative proton fluxes are presented in Fig. 1 for PAMELA (Fig.1a), ARINA (Fig.1b) and Oulu
NM (Fig. 1c), respectively. Using the method adopted in [8] we calculated the power of the 27-
day variation for Oulu NM (Fig. 1d).

To study dynamics of the temporal changes of the periodicity connected with the Sun’s
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rotation the wavelet time-frequency spectrum technique was used. In our calculation we adopted
Morlet wavelet mother function [21]. In Figure 2 and 3 are presented results of wavelet analysis
of the PAMELA proton flux for rigidity 1.8 GV (Figure 2) and ARINA proton flux for rigidity
0.43 GV (Figure 3).
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Figure 1: Temporal evaluation of the relative proton fluxes measured by PAMELA (a), ARINA (b) and Oulu
NM (c); power P of the recognized periodicity ~27-days for Oulu NM (d) in 2007-2008.
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Figure 2: Results of wavelet analysis of the proton flux for rigidity 1.8 GV measured by PAMELA for 2007-

2008.



27-day variations of GCR by PAMELA and ARINA Modzelewska et al.

Proton flux with rigidity 0.43 GV
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Figure 3: Results of wavelet analysis of the proton flux for rigidity 0.43 GV measured by ARINA for 2007-
2008.

Presented results confirm the high power and large amplitude of the 27-day GCR variation in the
period of 30 September 2007 — 11 February 2008 corresponding to the Bartel rotations (BRs)
2377-2381. We choose this time interval for further analysis.

4. Heliospheric and GCR characteristics in the period of intense 27-day variations in 2007-
2008

In Figure 4 the time profiles of the relative de-trended characteristics of SW and HMF are
compared with those of proton intensity according to PAMELA and Oulu NM .
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Figure 4: The SW and HMF characteristics and GCR intensity in the selected period. The relative de-trended
characteristics are shown for all characteristics: SW (a — velocity, b — density, ¢ — temperature), HMF (e -
strength) [OMNI], the radial HMF component (d) for which B, itself is shown. As the GCR intensities (f)
those of maximum amplitude of the 27-day wave (R=1.1 GV, PAMELA, black, left y-axis) and according
to Oulu NM (red, right y-axis) are shown. The SIRs (blue), CIRs (violet) and interplanetary coronal mass
ejecta (ICME) (red) according to [http://www-ssc.igpp.ucla.edu/~jlan/ACE/Level3/] are shown as vertical
bands.

A few facts can be inferred from Fig. 4. First, the period is rather quiet (only two weak
ICMEs are observed in 137 days). Second, there are two distinct peaks in the SW velocity divided
by two valleys of quite different duration: short valley in the end of each BR, correlating with the
fast crossing of the low-velocity layer surrounding the HCS, and the long valley in the velocity in
the middle part of each BR associated with the slow crossing of the HCS layer only slightly tilted
to the Earth’s trajectory. Third, there are SIRs in almost all cases of strong JV/a > 0 with
corresponding peaks in the SW density, temperature and HMF strength. However, only 3 out of
15 interacting regions are accompanied by the shock waves, so they are CIRs near the Earth by
our definitions. Fourth, the relative detrended GCR intensity both for rather low and high rigidities
demonstrates more simple distribution than that of SW velocity: one broad minimum in the GCR
intensity formed around two close velocity peaks and a broad maximum around long valley in the
velocity. The amplitude of this GCR variation is quite different (5% and 1%, for low and high
rigidities, respectively).
So the time behavior of the SW, HMF and GCR intensity near the Earth in the selected period of
the intense 27-day variations can be considered as the manifestation of the stationary but
longitudinally dependent variations in the coordinate system rotating with the Sun.

5. Rigidity dependence of the 27-day GCR variation

We have studied the rigidity dependence of the amplitude of the 27-day GCR variation in the
interval of 0.3 — 20 GV (A27) for proton flux measured by PAMELA and ARINA instruments for
5 BRs 2377-2381 corresponding to 30 September 2007 — 11 February 2008. The A27 were
calculated by means of the normalized and de-trended daily data as the first harmonic of the
Fourier extension using harmonic and wavelet methods. Errors are calculated as the standard
deviation from the average value. In scope of assumed calculation accuracy, harmonic and
wavelet methods give almost the same results within the accuracy of the procedures.

At the rigidities above ~2 GV a power-law dependence with an index -0.72+0.49 was found.
In the interval 0.6-1.4 GV A27 demonstrated almost no R-dependence with a clear decrease at R
< 0.6 GV. This was corroborated by the ARINA observations which showed a minimum A27 at ~
0.4 GV. The preliminary results will be presented at the ICRC 2019.

Leske et al., [12], studied the recurrent variations of GCR and anomalous cosmic rays (ACR)
measurements in the range from 10 to several hundred MeV/n. They found the mixing of high-
amplitude ACRs with low-amplitude GCRs. It seems to be a reason why they did not see a
minimum in the rigidity spectrum below 1 GV.
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6. Discussion

The rigidity dependence of A27 was predominantly investigated on the base of NMs, i.e. at R
above several GV, where a power-law behavior was found with an index from 0.4 to 1.4 [9] which
is consistent with our results. A clear maximum around R ~1 GV was initially observed in 1992-
1994 during the out-of-ecliptic journey of the Ulysses spacecraft [22]. That time, the spatial and
rigidity dependences of the recurrent GCR modulation and the latitudinal GCR gradient showed
remarkable similarity [23] and it seemed that there must be a common modulation process
controlling the flux variation in these phenomena. The adiabatic cooling effect by expanding solar
wind was suggested to be such a mechanism [24]. GCR particles propagating from polar regions
to the equatorial (A>0) continuously undergo adiabatic energy loss that results in the latitudinal
gradient. However, the period of 2007-2008 belongs to the A<0 epoch when the main proton
propagation occurs in the heliospheric current sheet. The relationship between the 27-day GCR
variation and the latitudinal gradient was not corroborated by the later observations [25].
Moreover, De Simone et al., [26], based on simultaneous observations by the PAMELA and
Ulysses in 2006-2008, found a latitudinal gradient much smaller than predicted by current particle
propagation models. The physical mechanism of the rigidity dependence of A27 as obtained from
the PAMELA and ARINA observation remains to be under discussion.
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