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We investigate the solar modulation effect with the long-time cosmic ray (CR) proton and helium spectra
measured by AMS-02 on the timescale of a Bartels rotation (27 days) between May 2011 and May 2017.
The time covers the negative heliospheric magnetic field polarity cycle, the polarity reversal period, and the
positive polarity cycle. The precise AMS-02 data provide an excellent opportunity to improve the
understanding of the time-dependent solar modulation effect. In this work, a two-dimensional solar
modulation model is used to compute the propagation of cosmic rays in the heliosphere. The CR propagation
equation is numerically solved by the public code SOLARPROP. We find that the drift effect is suppressed
during the high solar activity period for a long time but nearly recovered in the first half of 2017. The time-
dependent rigidity dependence of the mean free path is critical to reproduce the observations during the
polarity reversal period. We also confirm that protons and helium have the same diffusive mean free path. The
future monthly AMS-02 and PAMELA data will further confirm the vital assumption about the universal
mean free path for all species. The monthly antiproton data will be crucial to break the degeneracy between

the diffusion and drift effect and determine the level of drift effect during different epochs.
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I. INTRODUCTION

Galactic cosmic rays (CRs) are mainly generated in
supernova remnants and then propagate in the interstellar
medium. When CRs enter the heliosphere, the low energy
spectrum changes relative to the local interstellar spectrum
(LIS) due to the interaction with the solar wind and the
embedded magnetic field [1,2] known as solar modulation.
The solar modulation effect limits our understanding of low
energy CRs outside the heliosphere. Therefore, the study of
solar modulation is important for studying the source of
CRs, dark matter indirect measurement, and the CR trans-
port process in the Galaxy and heliosphere [3-16].

The recent experimental results from Voyager 1,
PAMELA, and AMS-02 have achieved great breakthroughs
that are useful to understand the solar modulation effect.
Voyager 1 flew outside the heliosphere in August 2012
and directly measured the LIS from a few to hundreds
MeV/nucleon [17-19]. PAMELA provided the monthly
measurements of the proton spectrum from 2006 to 2014
[20,21], which shed light on some details of the solar
modulation effect [22-28]. Recently, the AMS-02
Collaboration published the continuous proton and helium
energy spectra between 2011 and 2017, covering three
periods related to the magnetic field polarity [29]. Some
important results have been obtained, such as confirming
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the velocity dependence of the CR diffusion coefficient,
finding the increase of the slope of the perpendicular mean
free path during the polarity reversal period for low rigidity
particles, remarkable time dependence of the power-law
index of the parallel mean free path, and the presence of
time delay between solar activity and diffusion parameters
[30-33].

In Ref. [28] (hereafter, Paper I), we built a modulation
model to reproduce the long-time PAMELA proton mea-
surements from July 2006 to February 2014 with only one
or two free parameters. The modulation model describes
the main physical processes of the CR propagation in the
heliosphere, including diffusion, convection, drift, and
adiabatic energy loss. Meanwhile, some of the main factors
affecting the solar modulation are taken from the obser-
vations, such as the magnitude of the heliospheric magnetic
field, the solar wind speed, and the tilt angle of the
heliospheric current sheet (HCS). We also deliberated to
keep the model as simple as possible by adopting minimal
free parameters. The 2D modulation code SOLARPROP
[34,35] was used to solve the CR propagation equation
in the heliosphere and obtain the modulated spectra. We
found that some features of the modulation processes
during the polarity reversal period, such as the suppression
of the drift effect and the time variation of the rigidity
dependence of the mean free path, were very different
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compared with other periods. Based on the model and
findings in Paper I, we analyze the modulation effect with
AMS-02 proton data separately in three periods related to
the hemispherical magnetic field polarity in this work.

The paper is organized as follows. In Sec. II, we briefly
introduce the modulation model and generate the LIS for the
proton and helium, which is necessary for the following
analyses. In Sec. III, we compute the time-varying modulated
proton spectra and compare them to the observations of
AMS-02. In Sec. IV, we check the assumption that the proton
and helium have the same mean free path by reproducing the
helium spectra with the modulation parameters for the
proton. Finally, we give a summary in Sec. V.

II. SOLAR MODULATION MODEL

Several reviews have discussed the modulation processes
in great detail, such as Refs. [1,2]. There are four major
modulation mechanisms for CRs in the heliosphere: dif-
fusion of the irregularities of the heliospheric magnetic
field, convection by the outward solar wind, particle drift in
the nonuniform heliospheric magnetic field, and adiabatic
energy loss. The CR propagation process in the heliosphere
can be described by the Parker equation [36]:
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where f(7, p,t) is the omnidirectional distribution func-
tion, 7 is the position in the heliocentric spherical coor-
dinate system, p is the particle momentum, sz is the solar
wind speed, \_}drift is the drift speed, and K* is the symmetric
part of the diffusion tensor. The differential intensity related
to the distribution function is given by I = p?f.

It is customary to assume that the diffusion coefficient

can be separated into spatial and rigidity components [2].
|
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the polar solar magnetic field directs outward in the
northern (southern) hemisphere and inward in the southern
(northern) hemisphere, it is said that the Sun is in a positive
(negative) polarity cycle marked as A > 0 (A < 0). The
product sgn(q)A determines the drift direction. Taking into
account the possible suppression of the drift effect, a scale
factor k; (by default k; = 1) is introduced, and the drift
velocity is described as Vg = ky(V e + Vi) [48,49].
The solar wind speed and the magnitude of magnetic field
near Earth are taken from Ref. [50]. The tilt angle of the HCS
is obtained from Ref. [51] with the “new” model. These
quantities are backward averaged over several months, which

w/2—a—0p <0 <m/2+a+0,,

The common assumption about the rigidity part is that all
particle species have a universal function of rigidity [37-42].
In Paper I, we adopted a linear rigidity dependence of
the diffusion coefficient and reproduced the PAMELA
monthly proton measurements from 2006 to 2012.
During the polarity reversal period that was assumed
between November 2012 and March 2014 in Paper I (based
on Ref. [43]), a time-dependent rigidity dependence was
necessary to explain the observations. In the present work,
the parallel diffusion coefficient is adopted as the following
form taking into account the finding in Paper I:

1 R \Bg
i —5"ﬂ<m> B @

where k = 3.6 x 10%? k, cm? /s is a scale factor to model the
time dependence of the diffusion coefficient, f is the particle
speed in units of the speed of light, 6 determines the rigidity
dependence of the diffusion coefficient (by default 6 = 1),
Br is the heliospheric magnetic field strength near Earth,
B = By/r*\/T +tan y is the heliospheric magnetic field
strength at the particle position, and y is the angle between
the magnetic field direction and its radial direction [44].
The standard Parker magnetic field model [44] is used in
this work. We take the perpendicular diffusion coefficient to
be k; = 0.02k; according to the test particle simulation
[45]. The diffusion coefficient is also often marked as
kjjL = %MH/L, where v is the particle speed, and 4 (4,)
is called the parallel (perpendicular) mean free path.

The gradient and curvature drift speed is written as
Ve = q/%v X %, where ¢ is the charge of the particle
[46]. We describe the HCS drift following Ref. [47], where
a thick, symmetric transition region determined by the tilt
angle is used to simulate a wavy neutral sheet. The HCS
drift speed V) is given by

3)

else,
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corresponds to the time of solar wind propagation from the
Sun to the modulation boundary assumed as 100 AU. Both
the measurement values and backward-time-averaged values
are shown in Fig. 1. We note that although the measurements
on the basis of about 27 days (blue lines) show large
fluctuations, the backward-time-averaged values are very
smooth. Since the observed cosmic rays sampled the average
helioshperic environment, the large jumps in the diffusion
parameters from month to month in some models are not
expected [31,33]. A more detailed description of our model is
given in Paper I and the references therein. A discussion about
the possible modulation effect resulting from the merged
interaction regions [52—54] is not included in this work.
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Time profiles of the input interplanetary parameters in the solar modulation model. Panels from top to bottom: the solar wind

speed, the magnetic field strength, and the tilt angle of the HCS. The blue lines indicate the measurements near Earth for each Carrington
rotation. Orange dots represent the backward-time-averaged value, while orange dots in the top panel represent the backward time

average for latitude-dependent solar wind speed minus 240 km/s.

As an initial input condition in the modulation model, the
LIS is constrained by the current experimental measure-
ments. Voyager 1 has directly measured the LIS in the
range of a few to hundreds of MeV/nucleon. The monthly
precise AMS-02 data provide important ingredients to
reconstruct the LIS. The LIS for the proton and helium
are constructed by the cubic spline interpolation method
[7,28,55]. This method avoids the bias resulting from the
CR injection and propagation models in the Galaxy that are
still under debate. We match the low energy LIS to the
Voyager 1 measurements and fit the calculated spectra to
the AMS-02 data observed during the Bartels rotations
2429, 2432, 2435, and 2438 [19,29]. These periods are all
within the negative polarity during which the data can be
well explained by the modulation model with one free
parameter ky. The GNU Scientific Library [56] is used to
perform the least-squares fitting. The energy knots and the

corresponding intensities of the LISs are shown in Tables I
and II for the proton and helium, respectively. Once the
LISs are derived, the spectra at Earth can be directly
predicted from the modulation model.

We show the LISs obtained in this work and those in
Paper I in the top panel of Fig. 2. In Paper I, the proton
(helium) LIS is obtained based on the Voyager 1 and
PAMELA (BESS-POLARII) data. In the bottom panel, the
ratios of the LIS to those in Paper I are shown. The
differences of the LISs in the two papers are less than 5%.

III. SOLAR MODULATION FOR PROTONS

The AMS-02 data are taken during different solar
activity levels and magnetic field conditions: the negative
polarity cycle, the undefined polarity period around the
solar maximum, and the positive polarity cycle. Paper I

TABLE L. The parametrization of the proton LIS with the cubic spline interpolation method. E; is kinetic energy
and / is intensity.

log(E,/GeV) 242 —1.41 —0.50 0 0.50 1.00 1.50 2.00
log(1/GeV m? srs) 4.2905 4.4688 4.0176 3.4548 2.5849 1.4158 0.0597 —1.3497
TABLEIL.  The parametrization of helium LIS with the cubic spline interpolation method. E; is kinetic energy and
I is intensity.

log(Ey/GeV) -2.27 -1.28 —-0.30 0.56 1.22 1.78 2.29
log(I/GeV m? s sr) 2.3812 2.7324 2.6735 1.7705 0.4619 —0.8980 —2.2892

063006-3



WANG, BI, FANG, LIN, and YIN

PHYS. REV. D 106, 063006 (2022)

104

103 4

102 4

10! 4

I[(GeV/nm3srs)~1]

100 4

101 4

1.05

—— proton LIS, AMS-02
---- proton LIS, PAMELA
— helium LIS, AMS-02
---- helium LIS, BESS-POLARII

1.00 A

LIS ratio

0.95 T

10°

10!
E«[GeV/n]

FIG. 2. The LISs of the proton and helium obtained in this work and those in Paper I. The ratios of the LISs to those in Paper I are

shown in the bottom panel.

shows that the diffusion and drift processes differ between
the negative and polarity reversal periods. Thus, we treat
the modulation effect for the protons separately in three
periods related to the heliospheric magnetic field polarity.

A. Modulation of the CR proton with the negative
polarity assumption

The solar magnetic field reverses its polarity during
every solar maximum. After the polarity reversal took place
around 2000 [57], the polarity was negative until the recent
reversal. As the cancellation of the opposite magnetic
fluxes usually occurs first at lower latitudes, the polarity
reversal at higher latitudes is later. Because of the asym-
metric solar activity, the reversal of the solar magnetic field
polarity is not simultaneous in the two hemispheres [58].

The solar magnetic field polarity reversal is observable.
The analysis of the line-of-sight magnetic field data during
2010-2014 measured by the Helioseismic and Magnetic
Imager on board the Solar Dynamic Observatory estimated
that the northern and southern polar fields at latitude above
60° reversed in November 2012 and March 2014, respec-
tively, and multiple reversals occurred in the north [43]. The
analysis of the direct measurements of the solar magnetic
field by the Vector Stokes Magnetograph on Synoptic
Optical Long-term Investigations of the Sun found that
the magnetic field in the southern hemisphere in the 60°-70°
latitudinal range reversed its polarity in May 2013; at higher
latitudes 65°-75°, the reversal occurred in November 2013
[59]. In the northern hemisphere at 60°-70°, the latitudinal
range reversed its polarity in May 2012, March 2014, and
February 2015; at latitudes 65°-75°, the reversals occurred

in December 2012, May 2014, and March 2015 [59]. The
measurements from the Wilcox Solar Observatory indicated
that the polar magnetic field in the northern hemisphere at
latitudes above 55° first reversed in May 2012 and com-
pleted the reversal in April 2014. In the southern hemi-
sphere, the reversal first occurred in June 2013 and was
completed in March 2015 [60]. The measurements of the
solar magnetic fields above 55° from the magnetic database
of the National Solar Observatory at Kitt Peak indicated that
the reversal in the northern solar hemisphere occurred in
June 2012 and was completed in November 2014; the
reversal occurred in November 2013 in the southern hemi-
sphere. A summary of some of the estimates of the solar
polar field reversal times for the northern and southern solar
hemispheres is presented in Table III.

One can see from Table III that the estimated reversal
time can be very different based on different data and
analysis. Some points about the complexity of the magnetic
field reversal are worth emphasizing.

(1) The low latitude regions reverse their polarity earlier
than the estimated time in Table III since these are
based on observations for the high latitude magnetic
field.

The (partially) reversed solar magnetic field prop-
agates outward by the solar wind. It takes time to
result in the (partial) reversal of the heliospherical
magnetic field. The heliospheric magnetic field
polarity reversal is not only time dependent but also
space dependent.

The completion of the reversal of the heliospheric
magnetic field is delayed compared with that of the

2

3
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TABLE III. Estimates of the time of solar polar magnetic field polarity reversals in the northern and southern
hemispheres.

North South Latitude References
November 2012 March 2014 >60° [43]
May 2012, March 2014, February 2015 May 2013 60°-70° [59]
November 2012, May 2014, March 2015 November 2013 65°-75° [59]
June 2012 to November 2014 November 2013 >55° [61]
May 2012 to April 2014 June 2013 to March 2015 >55° [60]

solar magnetic field, as the solar wind needs time to
convect to the modulation boundary.

(4) Using the solar magnetic field polarity reversal time
rather the completion of the hemispheric magnetic
field polarity reversal time to determine the polarity
(A >0 or A <0) is not appropriate.

(5) The polarity reversal process may cause the variation
of turbulent hemispherical magnetic field (additional
factors for these changes may also exist) and further
change the cosmic ray diffusion coefficient.

While the polarity reversal period cannot be well
determined, we can see that the solar polar magnetic field
did not reverse before the early part of 2012. Thus, it is
reasonable to set the heliospheric magnetic field polarity as
negative before this time node. During the negative polarity
cycle (A < 0), positively charged particles drifted into the
inner heliosphere along the HCS and out over the poles.

We compare the computed spectra with the AMS-02
measurements with rigidity below 40 GV. For the particle

with higher rigidity, the modulation effect is negligible.
Following the scenario in Paper I that reproduces six years
of PAMELA proton spectra between 2006 and 2012, we fix
both k; and § as 1 and only adjust the scale factor of
diffusion coefficient k, to fit the observations. Almost
constant power-law indices are also observed in the double
power-law diffusion coefficient model [32]. The resulting
time profile of the reduced y* [y?/(d.o.f.)] is shown in
Fig. 3. The reduced y? is around or less than 1 until August
2012. Thus, there is no significant need to introduce more
free parameters for this period, which may introduce the
risk of overfitting. The time profile of &, is summarized in
Fig. 9 and is compatible with that of Paper I (see the
comparison in Fig. 4). After August 2012, the reduced y?
increases to an unacceptable level with reduced y> > 2. The
model with only one free parameter k, fails to correctly
describe the modulation process and reproduce AMS-02
proton spectra after this time node. However, as shown in
Paper I, this model could roughly provide an acceptable fit

x2/(d.o.f.)

2012

FIG. 3.

2013

Time

The time profile of the reduced y? for the fit to the monthly AMS-02 proton data from May 2011 to August 2012 under the

assumption of A < 0. The scale factor of the diffusion coefficient k is taken as the only free parameter.
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FIG. 4. Comparison between the best-fit parameters from Paper I and this work.

(not the best fit) to the PAMELA proton spectra between
August 2012 and October 2013. The difference is due to the
different spectra measured by two experiments.

In Fig. 4, we show a comparison between the best-fit
parameters from Paper I for the PAMELA monthly proton
data and this work for the AMS-02 proton data until August
2012 using the same modulation model. The two sets of
parameters obviously show the same trend and are com-
parable with each other.

B. Modulation of CR proton with the positive
polarity assumption

As shown in Table III, the estimated latest time of the
completion of the solar polar magnetic field polarity
reversal is March 2015 for some latitudes. The outward
solar wind carries the reversed solar magnetic field into the

heliosphere and finally results in the complete reversal of
the heliospheric magnetic field polarity. Positively charged
particles drift into the inner heliosphere over the poles and
out of it along the HCS during the positive polarity cycle.
They have less difficulty reaching Earth and less modula-
tion than that during the negative polarity period.

When the solar activity recovers to a moderate or lower
level, we expect the turbulent magnetic field properties and
the resulting rigidity dependence of the mean free path to
recover to behavior similar to that in the negative polarity
cycle. We attempted to consider the full drift effect with
k; =1 but found that the required scale factor of the
diffusion coefficient k, was much smaller than 0.7 before
October 2016 as shown in Fig. 5. Under the simple
framework of the force-field approximation, the modula-
tion potential is inversely proportional to the diffusion

0.8 70
— AXZ ko
0.7 4 60
0.6 50
0.5 40
€ ki
0.4 30
0.3 1 20
0.2 1 10

2016

2017

Time

FIG.5. The time profile of k, from April 2014 to May 2017 with the assumption of the positive polarity and the full drift effect. The 3>
difference between the full and suppressed drift scenarios is marked as Ay?.
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FIG. 6. The time profile of the reduced y> and the drift scale factor k, from the fits to the AMS-02 proton data from April 2014 to May
2017 under the assumption of A > 0. The scale factor for the diffusion coefficient and drift velocity &, and k, are free parameters in this

period.

coefficient characterized by k. Between May 2011 and May
2017, the ratio of the max value to the minimal value of the
solar modulation potential reconstructed from the neutron
monitor count rate is smaller than 2 [62,63]. If the full drift
effect is adopted, the required diffusion coefficient would be
too small and thus deviate from this result. In addition, this
scenario results in a larger y? than the drift suppressed model,
as shown in Fig. 5. Consequently, we set k; as a free
parameter in this period to reduce the drift effect.

Figure 6 shows the time profile of the reduced y? and the
scale factor for the drift speed k; between April 2014 and
May 2017. The time profile of k, is summarized in the
bottom panel of Fig. 9. The reduced-y? values are only less
than or close to 1 between November 2015 and May 2017.
We also find that the reduced y? is not acceptable before
October 2015. The scale factor of drift velocity k, is nearly
O until the beginning of 2016 and increases to ~0.8 in
March 2017. It indicates that the drift effect is suppressed
during this period. The increase of k; indicates the gradual
recovery of the drift effect and implies that the drift effect
may fully recover around the middle of 2017. Several
mechanisms may cause the suppression of the drift effect.
The large-scale fluctuations in the heliospheric magnetic
field, such as the interaction regions and the merged
interaction regions, fill the heliosphere so that drifts may
only occur at a smaller scale during moderate to high solar
activity periods [53]. In addition, numerical simulations
show that the presence of scattering may also suppress the
drift effect. For an intermediate degree of scattering, the

drift velocity is typically suppressed by a large degree;
when the scattering is very strong, there are no large-scale
drift motions [64].

We note that there are strong degeneracies between k
and k; and demonstrate an example in Fig. 7. kq and &, are
taken as input parameters here. The computed spectra are
compared to the proton data taken from April 13, 2017 to
May 9, 2017 in the positive polarity period. The red star

120
1.04{ ®
XXX
0.8 cooe 100
oo o
0.6 L)
80
N e 0o
0.4 L)
o e 60
0.2 °
[
® 40
0.0 )
0.75 1.00 125 150 175 2.00 2.25
ko
FIG. 7. The degeneracy between k, and k,. The color indicates

the reduced y2. The red star corresponds to the best fit with the
reduced y* = 0.76.
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indicates the best-fit values in the parameter space, while a
few combinations for k,; € [0.5,0.9] and k, € [0.75, 1.5]
could also give a reasonable reduced y?. It can be seen
that there is an obvious degeneracy between k; and k.
A similar behavior could be found in Fig. 2 of Ref. [33].
Since the drift effect is opposite for particles with opposite
charges, a simultaneous fit to the proton spectra and future
monthly antiproton spectra is crucial to break the degen-
eracy and improve our understanding of the modulation
process.

C. Modulation of the proton between August 2012
and October 2015

Section III A shows that the default model with the linear
rigidity dependence on the mean free path and the full drift
effect (6 = 1 and k,; = 1) failed to describe the modulation
process since August 2012. However, the model with linear
rigidity dependence on the mean free path and the sup-
pressed drift effect (5 = 1 and k,; € [0, 1]) used in Sec. III B
cannot reproduce the observations before October 2015. In
Paper I, we tested various configurations for the diffusion
and drift effects to reproduce the PAMELA proton obser-
vations from November 2012 to February 2014 and
concluded that the combination of the time-dependent
rigidity dependence on the mean free path and the zero
drift configuration gives the best fit to the data. Following
Paper I, we introduce 6 as an extra free parameter alongside
ko to reproduce the AMS-02 observations between August
2012 and October 2015. This period covers some of the

estimated solar magnetic field polarity reversal periods in
Table III. Note that there is a coincidence between the
variation of the power-law index of the mean free path and
the estimated magnetic field reversal time. This may be a
hint that the complex polarity reversal process induces the
variation of the power spectrum of turbulence and the
rigidity dependence of the mean free path. With such an
assumption, we infer that the completion of heliospheric
magnetic field polarity reversal may have occurred in the
fourth quarter of 2015, and the completion of the solar
magnetic field polarity reversal may have happened at the
end of 2014 or beginning of 2015. The time profile of the
slope of the mean free path § and the reduced y? are shown
in Fig. 8. The time profile of k; is summarized in the
bottom panel of Fig. 9. We find that é roughly keeps
increasing until it reaches the maximum value of 1.28 in
October 2013 and then decreases to 1.07 in October 2015.
The differences of o between any two adjacent time nodes
are smaller than 0.1. This agrees with our expectation that
the diffusion parameters should be relatively smooth
without large jumps from month to month. We also show
a comparison between the best-fit parameters for the
PAMELA and AMS data in the same periods after
August 2012 in Fig. 4. We can see that these sets of
parameters have the same trend and are comparable.

The variation of rigidity dependence should be noticed in
all CR species, such as helium. Almost all the reduced y*’s
are smaller than 1. Therefore, the combination of the two
free parameters k;, and J is adequate to reproduce the
observations. Although introducing k; as the third free

121 mm Nodrift, DC xR

d.o.f. =37

x?/(d.o.f.)

2013

2014

1.4

slope of DC

2015

Time

FIG. 8.

Time profile of the reduced y? and the slope of the mean free path § for the fits to the AMS-02 proton data from August 2012 to

October 2015. The scale factor for the diffusion coefficient k, and slope of the diffusion coefficient § are free parameters in this period.
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FIG. 9. The upper panel shows the time profile of the reduced y? for the protons (red dots) and helium (blue dots). The bottom panel
shows the best-fit k, for the protons. Note that in the upper panel, the modulation parameters for helium are taken from the fits to the
proton data.

widely adopted assumption. The main parameter k for the
proton is shown in the bottom panel of Fig. 9. The time
profiles of k, and ¢ are shown in Figs. 6 and 8, respectively.
We take the modulation parameters kg, 6, and k; obtained
in the previous section as inputs to compute the modulated
spectra for helium. The reduced y’s for helium and the
proton are summarized in the upper panel of Fig. 9. We also
show the ratios of the computed intensities to the measured
intensities as functions of the rigidity and time in Fig. 10.

parameter may further improve the fit, the parameter space
cannot be constrained well because of the degeneracy
between the diffusion and drift parameters.

IV. SOLAR MODULATION FOR HELIUM

There is an important assumption that the mean free path
is the same for all species of nuclei. The precise AMS-02
measurements provide a good opportunity to check this
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It can be seen that most of the fits agree with the data within
+5%. We find that the same modulation parameters can
well reproduce the proton and helium observations simul-
taneously. This is consistent with some recent findings
[30,31,33,65,66].

Recalling the treatment to the modulation for boron and
carbon in Paper I, in which the same mean free paths can
reproduce the ACE boron and carbon observations, differ-
ent nuclei could have the same mean free path in the
heliosphere. The future time-dependent nuclei data from
AMS-02 and PAMELA will further check this assumption.

V. CONCLUSION

The precise AMS-02 measurements of the monthly CR
proton and helium spectra between May 2011 and May
2017 provide an important chance to improve our under-
standing of the solar modulation effect. Compared to the
PAMELA data up to February 2014, the AMS-02 data
cover the whole solar magnetic field polarity reversal
period around the solar maximum and part of the positive
polarity cycle. Meanwhile, the precise measurements of the
monthly helium spectrum provide a chance to check the
important assumption that the CR proton and helium have
the same diffusive mean free path in the heliosphere.

A two-dimensional solar modulation model is used to
describe the propagation of protons and helium in the
heliosphere. The model includes all major modulation
processes and the variation of the heliosphere environment,
such as the solar wind speed, the magnetic field strength,
and the tilt angle of the HCS. The solar magnetic field
polarity reversal period is not well determined from the
direct observations. Furthermore, the time of magnetic field
polarity reversal of the hemispherical magnetic field is
different from that of the solar magnetic field. First, we

investigate the modulation in a well-determined polarity
period with the assumption that the mean free path is
proportional to the particle rigidity. Then we investigate
the modulation in the possible hemispheric magnetic field
polarity reversal period. The simplest reasonable scenario is
adopted to reproduce the observations. With no more than
two free parameters and no risk of overfitting, the com-
puted spectra can well reproduce the monthly AMS-02
proton and helium observations.

We find that the rigidity dependence of the mean free
path varies with time. The linear rigidity dependence is
adequate to reproduce the observations before August 2012
or after October 2015. In the possible polarity reversal
period of hemispherical magnetic field between August
2012 and October 2015, the rigidity dependence of the
mean free path o« R with a time varying § is essential to fit
the data. We also find that the zero drift effect can well
reproduce the observations during this period, and the
suppressed drift effect clearly keeps recovering. Finally,
with the help of the precise monthly helium measurements,
we confirm that the mean free path is the same for the
proton and helium. The future monthly data of AMS-02
and PAMELA for other nuclei will further check the
assumption that all the nuclei have a universal mean free
path. In addition, the future monthly antiproton data would
be invaluable to break the degeneracy between the diffusion
and drift effect and understand the role of the drift effect in
different solar activity periods.
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