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We present high-statistics, precision measurements of the detailed time and energy dependence of the
primary cosmic-ray electron flux and positron flux over 79 Bartels rotations from May 2011 to May 2017
in the energy range from 1 to 50 GeV. For the first time, the charge-sign dependent modulation during solar

maximum has been investigated in detail by leptons alone. Based on 23.5 x 10 events, we report the

observation of short-term structures on the timescale of months coincident in both the electron flux and the
positron flux. These structures are not visible in the e™ /e~ flux ratio. The precision measurements across
the solar polarity reversal show that the ratio exhibits a smooth transition over 830 &+ 30 days from one
value to another. The midpoint of the transition shows an energy dependent delay relative to the reversal

and changes by 260 £ 30 days from 1 to 6 GeV.

DOI: 10.1103/PhysRevLett.121.051102

In this Letter, we present precision measurements of the
primary cosmic-ray electron flux, positron flux, and e* /e~
flux ratio R, in the energy range from 1 to 50 GeV as a
function of Bartels rotation (27 days), from May 2011 to

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

May 2017, based on 23.5 x 10° electron and positron
events collected by the Alpha Magnetic Spectrometer
(AMS) aboard the International Space Station (ISS).
These data allow comprehensive studies of the energy
and charge-sign dependence of short-term effects on the
time scale of months, related to solar activity [1,2], and
long-term effects on the time scale of years, related to the
22 year cycle of the solar magnetic field [3].

The fluxes of interstellar charged cosmic rays are
thought to be stable on the time scale of decades [4-7].
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Time-dependent structures in the energy spectra are only
expected from the solar modulation [3] of interstellar
cosmic rays when they enter the heliosphere. Solar modu-
lation involves convective, diffusive, particle drift, and
adiabatic energy loss processes. Only particle drift induces
a dependence of solar modulation on the particle charge
sign [8]. Since electrons and positrons differ only in charge
sign, their simultaneous measurement offers a unique way
to study charge-sign dependent solar modulation effects.
Previous experiments have established that solar modula-
tion is charge-sign dependent [9—12]. The important differ-
ence to earlier studies [10,13-16] is the high statistics of the
data presented in this Letter which allow for the first time
precision measurements with a time resolution of one
month for particles with identical mass but opposite charge
sign. This measurement will continue for the entire solar
cycle (~2024) and provide a comparison to earlier mea-
surements [16]. Our data were collected continuously
during the polarity reversal of the solar magnetic field,
which took place in the year 2013 [17], at the time of the
solar maximum in solar cycle 24. Therefore one expects
large charge-sign dependent effects on R,.

In addition to the long-term variations of cosmic-ray
fluxes related to the solar cycle, short-term structures in the
cosmic-ray proton flux [1,18] and helium flux [18] have
been observed, which could occasionally be related to
particular events in the solar activity. With the precision
data on electrons and positrons measured simultaneously
over an extended period of time, we are able to measure the
difference in time-dependent structures in the fluxes of
particles and antiparticles from solar effects for the first time.

The time structure of particle to antiparticle ratios like R,
is of particular importance as these ratios have been widely
used to search for new phenomena in primary cosmic rays
such as the existence of a nearby positron source [19] or
dark matter annihilation [20,21]. Model predictions can
only be compared properly to data from long-duration
experiments or experiments at different times when short-
term effects caused by the activity of the Sun and long-term
effects that impact solar modulation are taken into account.
Our precise data on the time and energy dependence of the
electron flux and positron flux at 1 AU provide new and
additional accurate input and detailed constraints on mod-
eling of the transport processes for charged cosmic rays
inside the heliosphere [22-25]. A comprehensive model of
the time-dependent solar modulation will have far-reaching
consequences for the understanding of currently unex-
plained features in cosmic-ray fluxes, such as the observed
rise of the positron fraction above 8 GeV [26], as well as for
other domains of astrophysics, such as the modeling of
galactic cosmic-ray propagation [27], the estimate of the
galactic cosmic-ray pressure, an important ingredient for
models of galaxy formation [28], and the interpretation of
possible anisotropies in the cosmic-ray arrival directions at
Earth [29].

Detector.—The AMS-02 detector consists of a perma-
nent magnet, nine planes of silicon tracker, a transition
radiation detector (TRD), four planes of time-of-flight
counters, an array of 16 anticoincidence counters, a ring
imaging Cerenkov detector (RICH), and an electromag-
netic calorimeter (ECAL). The AMS operates continuously
on the ISS and is monitored and controlled continuously
from the ground. A detailed description of the instrument
is found in Ref. [30]. Monte Carlo simulated events
were produced using a dedicated program developed by
the collaboration based on the GEANT-4.10.1 package [31].
The program simulates electromagnetic and hadronic
interactions of particles in the material of the AMS and
generates detector responses. The Monte Carlo event
samples have sufficient statistics such that they do not
contribute to the errors.

Data analysis.—The data analysis follows the procedure
used for our measurement of the time-averaged electron
and positron fluxes [32] with improved low-energy effec-
tive acceptance [33]. The fluxes of cosmic-ray positrons
and electrons for Bartels rotation 7 in the energy bin E of
width AE are given by

e i(E) = Aeff,i(E)T:(é)emg(E)AE’

(1)
where N,+; and N,-; are the numbers of positrons and
electrons, respectively, A, ; is the effective acceptance, and
T; is the exposure time in the given time bin. e, is the
trigger efficiency, which is found to be stable over time,
and is 100% above 3 GeV decreasing to 75% at 1 GeV.
The same energy binning as for Ref. [32] is used up to
49.33 GeV.
The effective acceptance is defined as

Aeff.i(E> = Ageome(E)[l + 5<E)K1 + Si)’ (2)

where Ageom, = 550 cm? sris the geometric acceptance, € is
the selection and identification efficiency, and the product
Ageom€ 18 determined by Monte Carlo simulation. The time-
independent function §(E) corrects for minor differences
between simulation and data and is determined in the same
way as in Ref. [32]. The absolute value of §(E) was found
to be < 4% over the entire energy range. The 8; account for
small time-dependent effects in the detector response and
vary at the level of (0.0 + 0.4)%.

The exposure time T;(E) is determined as a function of
energy for each Bartels rotation by counting the number
of livetime-weighted seconds at each location above the
geomagnetic cutoff [32], when the detector was in normal
operating conditions and, in addition, the AMS was
pointing within 40° of the local zenith and the ISS was
outside of the South Atlantic Anomaly. The function 7';(E)
reaches a value of 80% of a Bartels rotation at energies
above 35 GeV and smoothly declines towards lower
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energies, due to the geomagnetic cutoff. It is 6% of a
Bartels rotation at 2 GeV. Below 1 GeV, the geomagnetic
cutoff does not allow us to resolve the time structure of
the fluxes.

To match with the high statistics, we have performed
extensive systematic studies as in Ref. [32]. These uncer-
tainties affect all time bins in the same way. The relative
systematic uncertainty on the flux is below 2.5% for both
electrons and positrons for all energies. The main contri-
bution to this small systematic error is from the uncertainty
on the effective acceptance for electrons and positrons at
energies below 2 GeV and from charge confusion for
positrons above 2 GeV. Charge confusion occurs when an
electron is reconstructed as a positron and vice versa; for
details see Ref. [32]. For all Bartels rotations and for all
energies, the systematic error on the positron flux is smaller
than the statistical error; for the electron flux this is the case
above 10 GeV.

The uncertainty on the absolute energy scale of the
ECAL [32] is 4.3% at 1 GeV, decreasing to 2% in the range
10-50 GeV. This is treated as an uncertainty of the bin
boundaries. The bin widths AE are chosen to be at least 2
times the energy resolution to minimize migration effects.
With the high statistics of six years, the algorithms used to
determine the energy calibration of the ECAL have been
optimized compared to Refs. [26,32] leading to energy-
dependent corrections < 1.5% of the energy scale.

The time stability of the energy scale is monitored using
the ratio E/ p of the energy measured in the ECAL E to the
momentum measured in the tracker p. The momentum scale
is monitored by measurements of the proton mass using the
velocity measured by the RICH and the momentum mea-
sured by the tracker. The energy scale is found to be stable at
the level of 0.2% for all Bartels rotations and all energies.
This produces a negligible uncertainty on the fluxes and R, .

Most importantly, several independent analyses were
performed on the same data sample. The results of those
analyses are consistent with the results presented in this Letter.

Results.— The results on the time-dependent primary
cosmic-ray electron flux, positron flux, and their ratio R,
are provided in the Supplemental Material [34] as functions
of energy at the top of the AMS. The time-averaged
electron flux, positron flux, and the ratio R, are shown
in Fig. 1 and listed in Table I of the Supplemental Material
[34]. In Fig. 1, the points are placed horizontally at E
calculated for a flux & E~3 [35]. The event selection criteria
in the analyses for the fluxes ®,+, ®@,-, and the ratio R,
were optimized independently, see Refs. [26,32]. This
accounts for the minute differences between R, given in
the tables and that calculated from @, /®,-. The improved
precision on R, is apparent from Table I of the
Supplemental Material [34].

To search for fine structures in the energy dependence of
the fluxes, the model given in Ref. [36] was compared to
the data for each Bartels rotation independently. The
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FIG. 1. The time-averaged (a) electron flux, (b) positron flux,
and (c) ratio R,. The time-variation range is indicated by the
shaded regions, see text. The fit of the model in Refs. [36,37] to
the time-averaged data points is shown by the black curves. The
visible time variation of R, is evidence for charge-sign dependent
solar modulation.

positron data show no additional structure, see Fig. SM
1 in the Supplemental Material [34], but the electron data
reveal a model dependent residual structure in the energy
range between 2 and 3 GeV, see Fig. SM 2 [34], which is
stable in time and consistent with an additional smooth
break [37,38] in the electron spectral index y, =
d(log®,-)/d(logE) below 10 GeV (Fig. SM 3 [34]),
comparable to the local interstellar electron spectrum of
Ref. [39]. The fits of the extended model [36] to our data
yield an average y?/d.o.f. = 1 for all Bartels rotations and
no fine structures in the energy spectra were found.

To visualize the magnitude of the time variations of the
fluxes and of R,, the envelopes of all fitted curves are
displayed in Fig. 1 as shaded regions. The amplitude of the
shaded regions decreases with increasing energy. At high
energies, the statistical bin-to-bin fluctuations are larger
than the time variation. As seen in Fig. 1(c), the clear time
variation of R, is evidence for charge-sign dependent solar
modulation.
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FIG. 2. Fluxes of primary cosmic-ray positrons (red, left axis) and electrons (blue, right axis) as functions of time, for five of the 49
energy bins. The error bars are the statistical uncertainties. Prominent and distinct time structures visible in both the positron spectrum
and the electron spectrum and at different energies are marked by dashed vertical lines.

To study the time behavior in more detail, the fluxes are
shown in Fig. 2 as a function of time for five characteristic
energy bins. We find a clear evolution of the fluxes with time
at low energies that gradually diminishes towards high
energies. At the lowest energies, the amplitudes of both the
electron flux and the positron flux change by a factor of 3.
Both fluxes exhibit profound short- and long-term variations.
The short-term variations occur simultaneously in both fluxes
with approximately the same relative amplitude.

On the short term of Bartels rotations, several prominent
and distinct structures are observed. They are characterized
by minima, visible in both the electron flux and the positron
flux across the energy range below E < 10 GeV. These are
marked by dashed vertical lines in Fig. 2. Variations on
short timescales have been observed at different helio-
graphic latitudes in the combined proton and antiproton
flux and also in the combined electron and positron flux
[40]. A possible origin has been discussed [41].

In October 2011 and March 2012, there are sharp drops
in the fluxes, followed by a quick recovery. The March
2012 event coincides with a strong Forbush decrease
registered on March 8, 2012 [42].

Another drop occurred in August 2012; this was fol-
lowed by an extended recovery period.

For £ <10 GeV, May 2013 and April 2015 mark two
changes in the long-term trends of the fluxes: From May 2011
to May 2013, the fluxes of both species show a trend to
decrease with time. In the period around July 2013 is the time
of the solar magnetic field reversal. From May 2013 to April
2015, the flux of electrons continues to decrease, but with
reduced slope, while the positron flux begins to increase.

Then, from April 2015 until May 2017, both fluxes rise
steeply. The difference of the rate of the increase is related to
the charge-sign dependent solar modulation [15,43].

Coincident changes in both the short-term and long-term
behavior have also been observed in our measurement of
the proton and helium fluxes [18].

At energies above 20 GeV, neither the electron flux nor
the positron flux exhibits significant time dependence.

The high statistics and continuous data presented in this
Letter allow for the first time the detailed analysis of the time
evolution of the spectral indices y,: = d(log®,:+)/d(log E)
[32]. They are displayed at a characteristic energy of 10 GeV
in Fig. SM 4 [34]. We observe that the spectral indices for
both the electrons and the positrons harden continuously
with different slopes until April 2015 and then continue to
soften with an identical slope. The prominent and distinct
short-term structures discussed above are visible as a hard-
ening in the spectral indices.

The long-term time structure of the data in Fig. 2 shows
that the changes in relative amplitude are different for
electrons and positrons. To quantify this effect, we use the
ratio R,, shown in Fig. 3. In Fig. SM 5 [34], we show our
results on R, for all energy bins up to 5 GeV.

In R,, the important, newly discovered short-term
variations in the fluxes largely cancel, and a clear overall
long-term trend appears. At low energies, R, is flat at first,
then smoothly increases after the time of the solar magnetic
field reversal, to reach a plateau at a higher amplitude.

During the extraordinarily quiet solar minimum
period from 2006 to 2011, the energy and time dependence
of various cosmic-ray measurements [44] including R,
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FIG. 3. The ratio R, of the positron flux to the electron flux as a
function of time. The error bars are statistical. The best-fit
parametrization according to Eq. (3) is shown by red curves.
The polarity of the heliospheric magnetic field is denoted by
A <0 and A > 0. The period without well-defined polarity is
marked by the shaded area [17].

(Fig. SM 6 [34]) are well reproduced by advanced
numerical solar modulation models [22]. But for the
following years covered by the new data presented in this
Letter, important and large systematic discrepancies are
observed in particular in R, (Fig. SM 6 [34]), which is
sensitive to charge-sign dependent effects in the solar
modulation process of galactic cosmic rays. Therefore,
restricted to the time interval covered here, we use a model-
independent approach to extract the energy dependence of
the quantities that characterize the observed transition in
R,. With a set of four parameters, the 3871 independent R,
measurements as a function of energy and time can be
described well with a logistic function,

C(E)

t—t1 - (E :
exp (—5ias) + 1

R.(1.E) = Ro(E) |1 + (3)
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FIG. 4. Results of the fits of the parametrization in Eq. (3) to the
ratio R, as a function of energy (blue circles): (a) Az and the best-
fit constant value of 830 days (red line), (b) 7,5 — f,, with the
parametrization according to Eq. (4) (red curve), (c) amplitude C
with a dashed line at zero to guide the eye.

At a given energy E, the time dependence is related to three
parameters in the function: the amplitude of the transition C,
the midpoint of the transition ¢, ,, and the duration of the
transition Az. We choose Agy = 4.39, such that Az is the
time it takes for the transition to proceed from 10% to 90% of
the change in magnitude. The results of fitting Eq. (3) for
each energy bin are shown in Fig. 4. We obtain y?/d.o.f.~ 1
for all fits.

The parameters 7,,, and Ar can only be determined
at low energies, where the amplitude of the transition is
large, see Fig. 3. As shown in Fig. 4(a), the transition
duration At is independent of energy, and we obtain a value
of 830 £ 30 days.

Figure 4(b) shows the energy dependence of the delay
11> which is well parametrized by the formula

t1/2(E) — ey = T(E/GCV)/)’ (4)

where we choose 1., to be the effective time of the reversal
of the solar magnetic field. For the value of 7., we use
July 1, 2013, the center of the period without well-defined
polarity [17]. The parameters used to describe the time and
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energy dependence of R, in Egs. (3) and (4) are illustrated
in Fig. SM 7 [34]. A fit of Eq. (4) yields the parameter
p = —0.33 £ 0.04(stat) ") % (syst) and the amplitude 7 =
580 + 19(stat) + 136(syst) days, and the value of 7,
changes by 260 £ 30 days from 1 to 6 GeV. The systematic
uncertainties are due to the uncertainty in f,,. This is an
important and unexpected energy dependence of 7/, and
reflects the different response of cosmic-ray particles and
antiparticles to changing modulation conditions.

To study the amplitude C in Fig. 4(c), we have fixed Az to
its average value of 830 days and we use the value of ¢/,
calculated from Eq. (4) for energies above 6 GeV. At high
energies, the fit result for the amplitude depends only weakly
on the choice of the values for Arand 7, ,. As seen in Fig. 4(c),
the amplitude C is close to 1 at E =1 GeV and decreases
smoothly with energy. This is in qualitative agreement with
the expectation from solar modulation models including drift
effects [41] and with the results from Refs. [13—-16]. Above
20 GeV, the amplitude is consistent with zero.

In conclusion, for the first time, the charge-sign depen-
dent modulation during solar maximum has been inves-
tigated in detail by leptons alone. We observe prominent,
distinct, and coincident structures in both the positron flux
and the electron flux on a time scale of months. These
structures are not visible in the e /e~ flux ratio. We also
observe the existence of a long-term feature in the e* /e~
flux ratio, namely, a smooth transition from one value to
another, after the polarity reversal of the solar magnetic
field. The duration of the transition is measured to be 830 +
30 days, independent of energy. The transition magnitude is
decreasing as a function of energy, consistent with expect-
ations from solar modulation models including drift effects.
The midpoint of the transition relative to the polarity
reversal of the solar magnetic field changes by 260 + 30
days from 1 to 6 GeV. These high-statistics, precision data
on positrons and electrons provide accurate input to the
understanding of solar modulation.
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