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The 11-yr variation of galactic cosmic-ray flux lags behind the variation of the sunspot num-
ber. An average ~1-yr time-lag is expected from the outward propagating solar wind with
the frozen-in photospheric magnetic field varying in the solar cycle, and from the inward
diffusive transport of cosmic-ray particles. The long-term neutron monitor data, however,
show that the time-lag is significantly longer (shorter) in the odd (even) solar cycle. In this
paper, we analyze the time-lag in proton and electron fluxes observed by the Calorimetric
Electron Telescope (CALET). It is found that the time-lag is similar in proton and electron
fluxes during an A > 0 polarity epoch of the solar dipole magnetic field. In an even solar
cycle 24 including a polarity reversal from A < 0 to A > 0, on the other hand, it is found
that the time-lag of proton (electron) flux variation is significantly shorter (longer) than the
average ~1-yr lag by analyzing the combined data with CALET and AMS-02. This is the
first observation of the charge-sign dependent time-lag. We demonstrate that these obser-
vations can be qualitatively interpreted in terms of different 11-yr time profiles of proton
and electron fluxes in A > 0 and A < 0 epochs expected from the drift effect.

Subject Index FO1

1. Introduction

The galactic cosmic ray (GCR) intensity observed at Earth shows a clear ~11-yr cycle variation
in an anticorrelation with the solar activity as a result of the large-scale GCR transport in the
heliosphere. The potential importance of the gradient and curvature drift in the GCR transport
was first addressed theoretically by Ref. [1]. The drift effect results in an anticorrelation between
the GCR intensity at Earth and the tilt angle of the heliospheric current sheet (HCS), which in-
creases with the solar activity [2-7]. Since the orientation of the guiding center drift reverses
according to the alteration of the sign (q) of the particle’s charge and the sign (A) of the solar
dipole magnetic field polarity, the drift model predicts different amplitudes of anticorrelation
between the GCR intensity and the HCS tilt angle for gA > 0 and gA < 0. During periods with
A > 0, the solar polar magnetic field is directed away from (toward) the Sun in the northern
(southern) hemisphere, and the drift effect leads electrons (¢ < 0) propagating inward toward
the Earth along the HCS while the distance along the access route becomes longer as HCS wavi-
ness increases. The drift effect, on the other hand, leads protons (¢ > 0) to arrive at Earth from
the heliospheric polar region, accessing the HCS less often. This results in a larger modulation
amplitude of the electron flux than that of the proton flux at Earth while the HCS tilt angle
increases in the A > 0 epoch. This is seen in the “peaked” and “broad” maxima of ~11-yr GCR
variations when gA < 0 or gA > 0, respectively. These time profiles have been observed in pro-
tons and electrons measured at the same average rigidity by the Calorimetric Electron Telescope
(CALET) onboard the International Space Station and successfully reproduced by a numerical
drift model [8].

This paper clarifies the drift effect seen in the time-lag of the long-term temporal variation of
GCR proton and electron fluxes behind that of the sunspot number (SSN), which is an index
of solar activity. About a 1-yr lag is expected from the outward propagating solar wind with the
frozen-in photospheric magnetic field, which varies in the solar cycle (SC), and from the inward
diffusive transport of GCR particles, which is affected by the large-scale drift in the heliosphere.

*kmuna0O@shinshu-u.ac.jp
"Deceased.
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Based on the long-term record of neutron monitors (NMs), however, many papers have reported
that the lag is significantly longer (shorter) in the odd (even) SCs [9-13]. For instance, Tomas-
setti et al. [13] reported that the lag is ~12 (~3) months in odd (even) SCs while the mean lag is
about 8 months. NMs measuring primary GCR nuclei with g > 0 observe the “transition” from
A<0toA>0(A>0toA < 0)in the even (odd) SC, which occurs according to the polarity
reversal of the solar dipole magnetic field at the solar maximum. Although this indicates that
the drift effect is somehow responsible for the observed asymmetry between time-lags in odd
and even cycles, no comprehensive interpretation of the asymmetry has been proposed yet.

To analyze the drift effect using observations with NMs that respond to GCR nuclei with g > 0
alone, we need observations in both A > 0 and A < 0 epochs. In such an analysis with data ob-
served in different time periods, however, it is generally difficult to distinguish the difference
due to the drift effect for gA > 0 and gA < 0 from the difference due to other modulation pa-
rameters. For example, modulation parameters including the SSN, the solar wind velocity, and
the magnetic field strength are all generally different in different time periods. By using simul-
taneous observations of GCRs with g > 0 and g < 0, on the other hand, we can analyze the
difference from data only inan A > 0 or A < 0 epoch alone. In the next section, we analyze the
lag of GCR variation behind the SSN variation by using observations with the CALET.

2. Data and analyses

2.1.  Proton and electron count rates observed by CALET

The normal event trigger of CALET is always carried out by the high-energy trigger with an
energy threshold of ~10 GeV. In addition to this high-energy trigger, in order to collect the
low-energy (=1 GeV) particle events efficiently, a low-energy electron (LEE) trigger is used
at high geographical latitudes where the geomagnetic cutoff rigidity (COR) is below 5.0 GV.
This LEE shower trigger mode is operated for 90 s twice per International Space Station orbital
period (~91 minutes), at a 51.6° orbital inclination, in each of the north and south regions. In
this paper, we have analyzed the flight data collected in the LEE trigger mode during 10 years
between 2015 and 2024. We have collected about 1.5 x 10% low-energy GCR candidates in a
total observational live time of approximately 1367 h. From this dataset, we select electrons and
protons and deduce their count rates for the same average rigidity. For details of the detector
configuration of CALET and selection criteria for protons and electrons, readers can refer to
our earlier paper [8].

In order to minimize the count rate variation due to the COR variation, we choose periods in
which COR is below 0.8 GV and select events recorded with the total deposited energy exceeding
1.0 GeV. The COR is calculated by back-tracing the particle’s trajectory in the magnetosphere
defined by the IGRF-13 [14] and TSO05 [15] empirical models [16] for every incident direction.
Orbit calculations are repeated by decreasing the particle’s rigidity, and the COR is defined as
the lowest rigidity before the appearance of the penumbra.! For the analysis of the charge-sign
dependent solar modulation in this paper, we derive the count rates of electrons and protons at

IPenumbra refers to the rigidity interval in which trajectory tracing through the Earth’s magnetic field
yields a mixture of allowed and forbidden access directions for interplanetary cosmic rays.
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Fig. 1. Normalized count rates of protons and electrons observed by CALET. (a) Red and blue filled circles
display the rotation averages of proton (Cp) and electron (C.) count rates at the average rigidity of 3.8 GV,
whereas red and blue solid curves display C, and C, reproduced from the daily fluxes given by AMS-02
in rigidity ranges 3.64-4.02 GV and 2.97-4.02 GV, respectively (see text) [17,18]. C, and C, by CALET are
observed in 124 CRs between CR2169 (October 2015) and CR2292 (December 2024), whereas C), and C,
by AMS-02 are observed in 113 CRs between CR2110 (May 2011) and CR2222 (September 2019). Averages
of C, and C, over 76 rotations between CR2169 and CR2244 are normalized to 100. (b) R(¢, ) calculated
by Eq. (1) at t = CR2230 with n = 122 CRs (CR2169-CR2291) covering the A > 0 epoch. (c) R(¢, 7) at
t =CR2176 with n = 122 CRs (CR2115-CR2237) covering ~82% of the SC 24.

the same average rigidity. The average rigidity of electrons that passed the selection criteria is
estimated to be ~3.8 GV from Monte Carlo (MC) simulations, whereas the average rigidity of
protons is adjusted to ~3.8 GV by selecting the events for which the energy deposit in all layers
of the IMC (IMaging Calorineter) and the TASC (Total AbSorption Calorimeter) is between 1
and 3 GeV, which is verified from MC simulations. We analyze about 1.18 x 10° electron and
2.05 x 10° proton candidates collected in the same total observational live time of about 339 h.

Filled circles in Fig. 1(a) show time profiles of the normalized count rates of protons C,, (red)
and electrons C, (blue) with the same average rigidity of 3.8 GV observed by CALET over the
10-year period from 2015 to 2024. In this figure, the average count rate over 6 years between
2015 and 2021 is normalized to 100 and each circle shows an average within a solar rotation
(Carrington rotation: CR) period, which is about 27 days. Also shown by a gray curve on the
right vertical axis is the CR average of the SSN, which is calculated from the daily mean value
(https://doi.org/10.24414/qnza-ac80). The observation by CALET covers an A > 0 epoch fol-
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lowing the solar maximum in 2014. The C, of protons (C, of electrons) count rate clearly shows
the “broad” (“peaked”) maximum in the A > 0 epoch, as reproduced by our numerical drift
model [8]. The amplitude of the ~11-yr variation of C, is significantly larger than that of C,
even at the same average rigidity. A similar feature is also observed by AMS-02 between 2011
and 2020 [17,18]. This is due to the drift effect in which a stronger anticorrelation between the
GCR intensity and the HCS tilt angle results for gA < 0 than for gA > 0.

2.2. Time-lag of the GCR count rate variation behind the SSN

By calculating the cross-correlation coefficient, we derive the time-lag of GCR variation behind
the SSN variation. Let x(¢;) and y(t;) be the SSN and GCR count rate at a time ¢; of the i-th
rotation, respectively. We calculate the Pearson’s cross-correlation coefficient R at ¢, as

o2 () — ROV + ) — 3(E, T))

R(t7 T): 9
I () = OR X, ( + 7) = 3 7))
1 t+n/2 1 t+n/2
=m0 D M), JD = ) Y+, M
t,-:t—n/2 t,-:t—n/2

where 7 is the time-lag in rotation number and n + 1 is the total number of rotations used for the
summation. In this equation, we use the central moving averages of SSN, C}, and C, in Fig. 1(a)
each over 13 rotations to minimize the influence of short-term variations and calculate R(t, 7)
by changing t from —30 to +30 rotations in every 1 rotation step. Filled circles in Fig. 1(b)
show the calculated R(t, 7)s at t =CR2230 (in May 2020) with n = 122 CRs covering the A > 0
epoch in 2015-2024 (CR2169-CR2291) for protons (y(t) = Cp(t)) (red) and electrons (y(t) =
C.(t)) (blue), each as a function of t. We find the time-lag (tyax) giving the maximum |R(t, 7)| is
almost similarin the A > 0 epoch,i.e. 11 rotations (~10 months) and 12 rotations (~11 months)
for Cp and C,, respectively.

We next validate the time-lag asymmetry in the “even” and “odd” SCs. If this asymmetry is
due to the charge-sign dependent drift effect, an asymmetry is also expected between time-lags
of Cp and C, in a single “even” (or “odd”) SC. The CALET observation, however, covers only
a half-period of the “even” SC 24 between 2009 and 2019. Therefore, we extend the observa-
tion period back to 2011 by combining the published AMS-02 data with the CALET data in
Fig. 1(a). From the daily mean proton and electron fluxes in rigidity ranges 3.64-4.02 GV and
2.97-4.02 GV, respectively, published by AMS-02, we calculate CR averages [17,18]. Figure 2
shows the correlation between proton [Fig. 2(a)] and electron [Fig. 2(b)] count rates by the
CALET and AMS-02 during a period between 2015 and 2019 when two observations are over-
lapping. In this figure, the average flux observed by AMS-02 over an entire period between 2011
and 2019 is normalized to 100. A good correlation with the correlation coefficient exceeding
+0.98 is seen in each of the proton and electron count rates. Therefore, we convert proton and
electron fluxes by AMS-02 to C, and C, by CALET, respectively, by using the linear regression
equation indicated in each panel. Red and blue solid curves in Fig. 1(a) display the converted
proton and electron count rates, respectively. By this extension of the observation period, C,
and C, become available in a period between 2011 and 2020 (CR2115-CR2237) covering ~82%
of the solar SC 24. All data used for the time-lag analysis in this paper can be found in the
Supplementary Data.
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Fig. 2. Correlation between the normalized count rates observed by CALET and the normalized fluxes
by AMS-02 over 54 CRs between CR2169 (October 2015) and CR2222 (September 2019) when two obser-
vations overlapped [see Fig. 1(a)] [17,18]. (a) Correlation of Cp, (b) correlation of C,. The best-fit linear
equation and Pearson’s correlation coefficient (R) are indicated in each panel.

Figure 1(c) displays R(¢, t) att = CR2176 (in April 2016) with n = 122 CRs in the SC 24 in the
same format as Fig. 1(b). A significant charge-sign dependence is seen in tmay in this figure, i.e.
Tmax 18 only 5 rotations (~4.5 months) for protons whereas it is 15 rotations (~13.5 months) for
electrons. This is the first observation of the charge-sign dependent time-lag between the GCR
count rate and the SSN. Note that the “even” SC 24 includes the transition from the A < 0 epoch
to the A > 0 epoch at the solar maximum around 2014. Therefore, the shorter time-lag of the
proton (g > 0) count rate occurred in the SC including the transition from gA < 0 to gA > 0,
whereas the longer time-lag of the electron (q < 0) count rate occurred in the SC including
the gA > 0 to gA < 0 transition. This is consistent with the asymmetric time-lag in “even” and
“odd” cycles reported from the long-term observations with NMs, which respond to GCR nuclei
with positive charge (g > 0).

The gradient—curvature drift velocity (vp) scales schematically as vp o« R x (v/c), so mass en-
ters only implicitly via the momentum-speed relation. However, although at lower rigidities
mass-dependent effects via v/c, scattering, and transport coefficients can be important, at the
mean rigidity relevant to our analysis (~3.8 GV) both positrons and protons are essentially rel-
ativistic and the residual species dependence introduced by the v-factor is weak. Consequently,
in a guiding center drift picture the dominant controls at these rigidities are rigidity and charge
sign rather than rest mass, and a purely drift-based model does not predict a substantially larger
time-lag for positrons than for protons. Charge-dependent differences instead arise primarily
from the drift geometry, which determines the effective propagation path length L. During the
A < 0 epoch of SC 24 positively charged particles drift inward predominantly along the HCS,
producing a longer effective L than for negatively charged particles; this geometry, rather than
particle mass, governs the relative time-lag behavior. The AMS-02 results report charge-sign
dependent time variations across 1-50 GeV and are qualitatively consistent with this interpreta-
tion [19]. Quantitative agreement on lag magnitudes, however, requires full transport modeling
that includes drift together with diffusion, convection, and adiabatic effects.
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Fig. 3. Schematic illustration of long-term variations of GCR fluxes expected from the drift effect. (a) The
red and blue curves display the variations of GCRs with positive (g > 0) and negative (¢ < 0) charges,
respectively, in successive A < 0and A > 0 epochs, whereas the gray curve shows the variation of the SSN
on the right vertical axis. The phase of the gray curve is advanced for 9 rotations relative to the red and
blue curves to represent the observed mean time-lag of GCR flux behind the SSN. Note that the vertical
scale of SSN variation is inverted to make it easier to see the time-lag of the red and blue curves. The time
t on the horizontal axis is in units of the solar rotation period (~27 days). Within T =11-yr, the gray curve
is calculated as a function of ¢ as 0.5 x cos{27 (¢t +9 CRs)/T} + 0.5. Blue and red curves for gA < 0 are
calculated as two straight lines connecting three points at (X, Y) = (0, 0), (T'/2, 1.0), and (T, 0), whereas
curves for gA > 0 are calculated as four lines connecting (0,0), (T/6, 0.6), (T/2,1.0), (5T/6,0.6), and
(T, 0). (b) The correlation between GCR flux and SSN in panel (a) in the A > 0 epoch, (c) the correlation
in an even SC including A < 0to A > 0 polarity reversal at the solar maximum. Each data circle in panels
(b) and (c) tracks the red or blue loop clockwise in time, as indicated by red and blue arrows. (d) Tmax
giving the maximum |R(¢, 7)| as a function of . R(¢, ) is calculated by Eq. (1) using GCR flux and SSN
in panel (a) for y and x, respectively.

3. Discussions and summary

In this section, we discuss how the observed charge-sign dependent time-lags can be interpreted
in terms of the drift effect. Red and blue curves in Fig. 3(a) schematically display the simulated
variation of fluxes of GCRs with positive (¢ > 0) and negative (q < 0) charges, respectively,
in successive A < 0 and A > 0 epochs, each spanning 11 years. The red (blue) curve in the
A > 0 epoch mimics the observed time profile of C,, (C,) with a “broad” (“peaked”) maximum
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in Fig. 1(a). The drift model predicts that time profiles of red and blue curves switchinthe A < 0
epoch. Although the observed amplitude of variation in Fig. 1(a) is different in C,, and Ce, all
amplitudes in Fig. 3(a) are normalized to 1.0 because the variation amplitude does not alter the
time-lag behind the SSN discussed here. The horizontal axis is time in units of the solar rotation
period (27 days) and 11 years corresponds to 149 rotations. Also shown by the gray curve is the
11-yr variation of the SSN simulated by a sinusoidal function of time. The phase of the gray
curve is advanced for 9 rotations relative to the red and blue curves to represent the observed
mean time-lag of GCR flux behind the SSN. Note that the vertical scale of SSN variation on the
right axis is inverted to make it easier to see the time-lag of red and blue curves relative to the
gray curve.

In the present work, Fig. 3(a) is used solely as a qualitative illustration to interpret the charge-
sign dependent time-lag shown in Fig. 1(b-c), which is the main result of the paper. The func-
tional forms used for the curves are provided in the caption. For our purposes, the essential
feature is that C, increases (decreases) earlier than C, during the descending (ascending) phase
of the solar activity in the A > 0 epoch. This relative timing, rather than the detailed shape of
the peak, is what drives the qualitative interpretation of the observed time-lag.

Red (blue) filled circles in Fig. 3(b) show the correlation between the red (blue) curve in
Fig. 3(a) on the y-axis and the gray curve on the x-axis in the A > 0 epoch, whereas Fig. 3(c)
displays the correlation in SC 24. Due to the lag of the GCR variation behind the SSN variation,
each data circle in this figure traces a loop clockwise in time as indicated by red and blue arrows
in Fig. 3(b) and 3(c), and the loop width reflects the magnitude of the lag. This loop is known as
the “hysteresis” curve. It is seen in Fig. 3(a) in the A > 0 epoch that the red and blue loops have
a similar width, indicating a similar time-lag (tmax) for ¢ > 0 and q < 0. This is qualitatively
consistent with the observed tp,x in Fig. 1(b). In contrast, in Fig. 3(c) displaying the correlation
during the even SC between two solar minima, the blue loop is much wider than the red loop,
indicating a significantly larger time-lag for ¢ < 0 than that for g > 0. This is also qualitatively
consistent with the observed tx in Fig. 1(c).

Loop features in Fig. 3(b) and 3(c) can be qualitatively interpreted from the illustrated time
profiles in Fig. 3(a) as follows. During 11 years, the GCR flux for gA < 0 monotonically increases
(decreases) toward (after) a maximum at the solar minimum. Due to this, the average time-lag
of the blue curve (q < 0) relative to the gray curve in the A > 0 epoch becomes close to the
assumed mean lag of 9 rotations. The GCR flux for gA > 0, on the other hand, rapidly increases
(decreases) after (before) the solar maximum, resulting in short (long) lag before (after) the
solar minimum. Thus, the average time-lag of the red curve (g > 0) relative to the gray curve
also becomes close to the mean of 9 rotations in the A > 0 epoch. This qualitatively explains the
similar width of the red and blue loops in Fig. 3(b) and the similar t,,x in Fig. 1(b). In the even
SC including the transition from the A < 0 epoch to the A > 0 epoch at the solar maximum, on
the other hand, the lag of ¢ < 0 GCR flux (blue curve) is long (mean 9 rotations) toward (after)
the solar maximum, while the lag of ¢ > 0 GCR flux (red curve) is mean 9 rotations (short)
toward (after) the solar maximum. Thus, the average time-lag becomes long (short) for g < 0
(g > 0) in even SCs. This qualitatively explains the loop widths in Fig. 3(c) and 7,y in Fig. 1(c).

We finally calculate R(¢, ) of Fig. 3(a) data by changing ¢ and obtain tj,x as a function of ¢.
Figure 3(d) shows results. It is seen that 7.« in the A > 0 epoch is about 9 rotations regardless
of whether g > 0 or g < 0, in accord with the observation in Fig. 1(b). On the other hand, tpax
for ¢ > 0 (g < 0) in an odd (even) cycle is significantly longer than that in an even (odd) cycle.
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At least qualitatively, Tymax for ¢ > 0 is also consistent with the time-lag asymmetry in odd and
even cycles, such as reported by Koldobskiy et al. [12] and Tomassetti et al. [13] from long-term
observations with NMs.

The asymmetry in tyax for ¢ > 0 and g < 0 in an even SC results from the transition be-
tween the upper and lower loops in Fig. 3(b) at the solar maximum. Due to the transition
from gA < 0 to gA > 0 in even SCs, g < 0 (q > 0) data transition from tracing the upper
(lower) loop transfer to tracing the lower (upper) loop. Due to this transition, the loop be-
comes wider (narrower) for ¢ < 0 (g > 0) as shown in Fig. 3(c). A similar idea of the tran-
sition between two loops had already been proposed in an early paper [10] to interpret the
different time-lags observed by NMs in odd and even cycles. However, their model assumes
the NM count rate at the solar minimum in A > 0 significantly higher than that in A < 0, in
contradiction to the long-term observation. The drift model in Fig. 3(a), on the other hand,
can reproduce the different time-lags even with the same GCR flux at A > 0 and A < 0 solar
minima.

Although our results presented above are qualitatively consistent with drift effects, other
heliospheric parameters such as solar wind speed, turbulence, and magnetic field strength
may also influence the observed time-lags. Future work incorporating quantitative modeling
of drift, diffusion, convection, and turbulence will be necessary to disentangle their relative
contributions and provide a more comprehensive explanation of the observed time-lag be-
havior. For quantitative modeling of the time-lag, which is out of scope of the present paper
though, we need to improve our drift model presented in Ref. [8], so that it can successfully
reproduce the observed profiles of C, and C, including the polarity reversal period at the solar
maxima.

In summary, we reported the time-lag of the GCR intensity variation behind the SSN by an-
alyzing proton and electron count rates observed at the same average rigidity with CALET. It
is found with CALET that the lags in the A > 0 epoch, 2015-2024, are similar for both proton
and electron count rates (11 and 12 rotations for proton and electrons, respectively). In con-
trast, the lag in the even solar SC 24 between 2009 and 2019, obtained with both of CALET and
AMS-02, is only 5 rotations for protons, whereas it is 15 rotations for electrons. This is the first
observation of the charge-sign dependent time-lag between the GCR count rate and the SSN.
It is demonstrated that these observations can be qualitatively interpreted in terms of the GCR
time profile with a “broad” (“peaked”) maximum expected from the drift effect in the gA > 0
(gA < 0) condition.
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