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We present the solar modulation of electrons and protons observed by the CALorimetric Electron
Telescope onboard the International Space Station for about 7 years since October 2015, during
the transition phase from the descending phase of the 24th solar cycle to the ascending phase of
the 25th solar cycle. The observed variations of electron and proton count rates at an identical
average rigidity of 3.8 GV show a clear charge-sign dependence of the solar modulation of galactic
cosmic rays (GCRs), which is consistent with the prediction of a numerical drift model of the
GCR transport in the heliosphere. It is also found that the ratio of 3.8 GV proton count rate to the
neutron monitor count rate in the ascending phase of solar cycle 25 is clearly different from that
in the descending phase of cycle 24. Correlations between the electron (proton) count rate and
the heliospheric environmental parameters, such as the current sheet tilt angle, are a useful tool in
further developing a numerical model of solar modulation.
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1. Introduction

The CALorimetric Electron Telescope (CALET) on the International Space Station (ISS) has
been measuring high-energy cosmic rays (CRs) and gamma rays to understand the cosmic-ray
acceleration and propagation. The CALET also operates in the low-energy electron (LEE) trigger
mode at high geomagnetic latitudes that can measure the low-energy CR electrons in the energy
region from 1 GeV to 10 GeV, in addition to the high energy (HE) trigger with an energy threshold
of 10 GeV. Using this LEE trigger mode, the CALET has observed the charge-sign dependent
modulation in an agreement with the prediction of a numerical drift model of the low-energy CR
transport in the heliosphere. In this study, we analyze the CR modulation of low-energy electrons
and protons observed by CALET for about 7 years since October 2015, during the transition phase
from the descending phase of the 24th solar cycle to the ascending phase of the 25th solar cycle.

2. CALET Instrument

The CALET calorimeter consists of a charge detector (CHD) for identifying the charge of
the incident particle, an imaging calorimeter (IMC) for track reconstruction and for fine-spatial
resolution imaging of the early stage shower development, and a total absorption calorimeter
(TASC) for measuring the energy of the electromagnetic and hadronic showers [1]. The CHD is
composed of a pair of x-y layers each consisting of 14 plastic scintillator paddles with dimensions
of 450 mm long X 32 mm wide X 10 mm thick. The IMC is composed of eight x-y layers of 448
mm long X 1 mm? square cross section scintillating fibers interleaved with tungsten plates. The
first five tungsten plates have 0.2 radiation length (Xj) thickness and the last two plates each have
1.0X, thickness. The total thickness of the IMC is equivalent to 3Xy. The TASC consists of twelve
crossed layers of 16 lead tungstate logs each with dimensions of 326 mm long X 19 mm wide x 20
mm thick, with total thickness of 27Xy. The total thickness of the calorimeter is 30 Xj, equivalent
to ~1.3 proton interaction lengths, allowing CALET to obtain nearly total absorption of electron
showers even in the TeV energy range.

3. Data Analysis

We analyze the flight data collected in the LEE trigger mode during 2757 days from October
13, 2015 to April 30, 2023. We have collected about 124 million low-energy GCR candidates in a
total observational live time of approximately 1044 hours. From this data set, we select electrons
and protons and deduce their count rates at the same average rigidity.

For the event selection and energy reconstruction, we refer to Monte Carlo (MC) simulations
developed to simulate physical processes and detector response based on the simulation package
EPICS [2] (EPICS 9.20 and COSMOS 8.00) and the DPMJET-III model for the hadron interaction.
The MC event samples consist of downward propagating electron and proton events generated
isotropically on a spherical surface with a radius of 78 cm surrounding the instrument. We apply
the following event-selection criteria: (a) off-line trigger condition requiring energy deposits in the
bottom two layers of IMC and the top layer of TASC to exceed a given set of thresholds, (b) quality
cut on the reconstructed track of incident particle by the Kalman filter method, (c) geometrical
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condition requiring the reconstructed track to traverse the CHD top layer and the TASC bottom
layer, (d) cut on the CHD output to select incident particles with single charge, (€) cut on an energy
deposit in all layers of the IMC and the TASC to exclude events passing through the layer without
energy deposit, (f) additional cut on the spatial concentration of hit signals in the IMC bottom layer
to reduce the proton contamination for the analysis of electron count rates, and (g) cut on the lateral
shower development in the TASC top layer for electron/proton discrimination (see the Supplemental
Materials of Adriani et al. [3] about the detail of criteria (f) and (g)). Details of these criteria are
provided in [4, 5] for the analysis of high-energy electrons, with the important distinction that the
analysis here uses only the IMC bottom layer and TASC top layer for electron/proton discrimination
given that the low-energy electrons do not penetrate all layers of the TASC.

In order to minimize the count rate variation due to the cutoff rigidity (COR), we choose periods
in which COR is below 0.8 GV and select events recorded with rigidity much higher than the COR.
We calculate the COR by back-tracing particle’s orbits in the model magnetosphere defined by the
IGRF-13 [6] and TS05 [7] empirical models [8]. The COR is calculated for every incident direction
of particles reconstructed from the observed data.

For the analysis of the charge-sign dependent solar modulation in this paper, we derive the
count rates of electrons and protons at the same average rigidity. The average rigidity of incoming
electrons that passed the above selection criteria is estimated to be ~ 3.8 GV referring to the MC
results. The average rigidity of the protons is also adjusted to ~ 3.8 GV by limiting the maximum
energy deposit in the TASC layers and referring to the MC results. We analyze about 1.03 million
electron and 1.71 million proton candidates collected in a total observational live time of about 268
and 269 hours, respectively.

4. Results

Figure 1 shows the electron and proton count rates at an average rigidity of 3.8 GV (blue and
red symbols), C,- and C), respectively, observed by CALET in each Carrington rotation. The black
curve shows the count rate of a neutron monitor at the Oulu station observing ~ 10 GV GCR protons
[9, 10], Cnm, While the blue and red curves show the electron and proton count rates reproduced by
the numerical drift model (see the Supplemental Material of [3] for detail), respectively. In Fig.1,
the average count rate from October 2015 to May 2021 is normalized to 100 for comparison with
the results presented in Adriani et al. [3]. The most striking feature in Fig. 1 is that the variation
amplitude of C,- is clearly larger than that of C, at the same average rigidity. This is consistent
with the drift model prediction that a stronger anticorrelation between the GCR intensity and the
tilt angle of the heliospheric current sheet (HCS) results for gA < 0 than for gA > 0, where q is the
sign of the particle’s charge and A is the sign of the solar magnetic field polarity. During periods
with A > 0, the drift leads electrons (¢ < 0) inward toward the Earth along the HCS, while protons
(g > 0) arrive at the Earth from the heliospheric polar region with their path lengths, less affected
by the HCS waviness. This results in a larger modulation of the electron flux than that of the proton
flux at Earth, given the HCS tilt angle varies during periods with A > 0. The numerical drift model
well reproduces the observed variations in both C.- and C,, for the descending phase in the 24th
solar cycle, though there is room for improvement, especially for a period before 2018. This is clear
evidence of the drift effect playing a major role in the long-term GCR modulation.
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Figure 1: Time profiles of the normalized count rates of electrons C,- (blue open circles) and protons C,,
(red open circles) for each Carrington rotation (left vertical axis), compared with the count rate of a neutron
monitor at the Oule station (black curve) on the right vertical axis and the electron (blue curve) and proton
(red curve) count rates reproduced by the numerical model.
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Figure 2: CALET proton (a) and electron (b) count rates at the average rigidity of 3.8 GV as a function of
neutron monitor count rates at the Oulu station during the descending phase in the 24th solar cycle (closed
circles) and the ascending phase in the 25th solar cycle (open circles).

We also see a good correlation between C), and Cnwm in the descending phase in the 24th solar
cycle, while the correlation changes in the ascending phases of the 25th solar cycle. This may
imply a difference in the rigidity dependence of the solar modulation during the descending and
ascending phases. We see in Fig. 2(a) a clear difference between the ratios of C, to Cnm (Cpp/Cnm)
during the descending phase of the 24th solar cycle (CR2169~CR2230) and the ascending phase
of the 25th solar cycle (CR2231~CR2270). The average ratios (C,,/Cnwm) during the descending
phase and the ascending phase are 3.24 and 1.99, respectively, indicating the power-law indices of
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Figure 3: Electron and proton normalized count rates, C,- and C,, as a function of the HCS tilt angle (a), the
sunspot number (b), the HMF magnitude (c), and the solar wind speed (d). Blue and red open circles show
the electron and proton count rates during the descending phase in the 24th solar cycle (CR2169~CR2230)
respectively, while cyan and orange open circles show the electron and proton count rates during the ascending
phase in the 25th solar cycle (CR2231~CR2270) respectively.

the rigidity spectra of the modulation are —1.21 and —0.71 during the descending and ascending
phases, respectively.

Figure 3 shows C.- (C),) as a function of the HCS tilt angle (a) [11, 12], the sunspot number
(b), the HMF magnitude (c), and the solar wind speed (d) [13]. In Fig. 3(a) and 3(b), we see a
hysteresis structure with clockwise rotations of C.- and C,,. Compared to these figures, there is not
a strong hysteresis effect in the correlations with HMF magnitude (Fig. 3(c)) and solar wind speed
(Fig. 3(d)). These results strongly support the further development of a numerical model for solar
modulation that can better reproduce observations.
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5. Conclusion

We have analyzed the normalized count rates of electrons and protons measured by CALET
from October 2015 to April 2023. We have obtained a clear charge-sign dependence of the solar
modulation of GCRs, showing the variation amplitude of C.- is much larger than that of C),
at the same average rigidity. We also have succeeded in reproducing variations of C.- and C),
simultaneously with a numerical drift model of the solar modulation, demonstrating that the drift
effect plays a major role in the long-term modulation of GCRs. We also find a clear difference
between ratios, C,, /Cnwm, during the descending phase of solar cycle 24 and the ascending phase of
solar cycle25. Correlations between C,- (Cj,) and the heliospheric environmental parameters, such
as the HCS tilt angle, are clearly important in helping to constrain our numerical model of solar
modulation.
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