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Abstract

A comprehensive three-dimensional numerical model for the modulation of cosmic rays in the heliosphere is applied to investigate the
relative roles of the time dependence of the elements of the diffusion tensor on the proton to total Helium (p/He) and Helium-3 to
Helium-4 (3He2/

4He2) ratios at rigidities below 3 GV. At these rigidities the ratios have been observed by both PAMELA and AMS-
02 detectors to have a time variation in response to changing solar activity. We found that the contribution of the time dependence
of the perpendicular diffusion in the radial direction of the heliosphere is the dominant cause of this observed time variation, especially
in the A < 0 magnetic field cycle, and not any fundamental difference between the solar modulation of galactic protons and He-isotopes.
It follows that neglecting this time dependence from numerical models, both in value and its rigidity dependence, would produce time
trends in the mentioned ratios that are incompatible with observed trends at the Earth. Furthermore, we found differences in the com-
puted time trends of p/He and 3He2/

4He2 ratios at rigidities below 1.5 GV. This is mainly a consequence of an interplay between per-
pendicular diffusion in the radial direction and adiabatic energy losses which begin to influence modulated spectra at a higher rigidity for
3He2 than for 4He2, and for total He than for protons.
� 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Galactic cosmic rays (GCRs), as fully ionized astropar-
ticles, are modulated with solar activity (e.g., Usoskin,
2017) which is manifested in the modification of the energy
spectra of these GCRs in the heliosphere with respect to the
very local interstellar spectra (VLIS) at the heliospheric
heliopause (HP). The solar modulation of GCRs changes
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significantly with their energy (rigidity), is highly spatial
dependent and their intensity varies with different time
scales, periodically usually on the longer time scales (e.g.,
Krainev et al., 2021; Stozhkov et al., 2022) and non-
periodically on a variety of shorter time scales (e.g.,
Modzelewska et al., 2020; Koldobskiy et al., 2022). In the
context of describing observational features and the theo-
retical foundation, see reviews by Quenby (1984); Heber
(2013), Kóta (2013) and Potgieter (2013), a recent observa-
tional review by Rankin et al., (2022, and references
therein) and a comprehensive overview of the theory as
applicable to the heliosphere by Engelbrecht et al., (2022,
and references therein).
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The availability of precise and simultaneous measure-
ments of the proton (p) to total Helium (He) ratio,
(p/He), and the 3He2 to 4He2 ratio (3He2/

4He2) by the
AMS-02 detector from 2011 to 2017 at the same rigidity
(Aguilar et al., 2018, 2019) and p/He measured by
PAMELA between 2006 and 2014 at a matching rigidity
(Marcelli et al., 2020, 2022), provide prevailing evidence
of a dependence on the mass-to-charge ratio (A/Z) and
the very local interstellar spectra (VLIS) over a solar cycle.
These observations revealed that both p/He and 3He2/

4He2
are not constant over time at rigidities below � 2 GV. In
particular, it was shown for the current solar cycle that
the ratios had decreased significantly from 2014, in the
A > 0 magnetic field polarity cycle, in response to the
declining level of solar activity (Aguilar et al., 2019).
Whereas above 2–3 GV both p/He and 3He2/

4He2 were
found to be essentially unchanged thus far less dependent
on the changing level of solar activity.

Recently, a report by Marcelli et al. (2022) indicated
that the time dependence of p/He observed by PAMELA
below � 1.5 GV has a time trend that is different to that
between � 1.5 GV and � 3 GV, with the former decreasing
through the maximum solar activity period while the latter
gradually increased from 2009 to reach a maximum at the
end of 2013. Unfortunately, PAMELA observations of 3-
He2/

4He2 below � 1.5 GV is not yet available to confirm
whether these different time trends also exist for 3He2/

4He2
based on a simultaneous investigation for both p/He and
3He2/

4He2 at this rigidity; see Lenni et al. (2021) for a pro-
gress report. However, the availability of reliable numerical
modelling makes it possible to investigate this interesting
time dependence simultaneously. Such studies by Corti
et al. (2019), Tomassetti et al. (2019) and Song et al.
(2021) also reported on aspects of this time dependence.
In a first of our modelling reports on this topic, Ngobeni
et al. (2020) argued and illustrated that these different time
trends are the consequences of the effects of different A/Z
for these GCRs but combined with the slopes of the mod-
ulated spectra at the Earth based on their respective
VLIS’s, and not due to any fundamental differences
between the modulation of GCR protons and Helium.
However, it is not yet established, at least not quantita-
tively, as to what extent individual elements of the diffusion
tensor contribute to this interplay to reproduce the
observed time trends in p/He and 3He2/

4He2, and in gen-
eral for GCRs with dissimilar A/Z. This is the main pur-
pose of this paper.

The first objective is to demonstrate that this model rea-
sonably reproduces both PAMELA and AMS-02 observa-
tional spectra and their features for GCR protons and
Helium over a wide rigidity range. As such, the assump-
tions about the global heliosphere as well as the modula-
tion parameters, including diffusion and drift coefficients,
are being tested and vindicated. The second objective is
to investigate quantitatively the relative importance of
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the role of the parallel, radial perpendicular and polar per-
pendicular diffusion coefficients as the essential elements of
the modulation process, on the time dependences of p/He
and 3He2/

4He2 below 3 GV from 2006 to 2017. The
approach is to first reproduce with our three-dimensional
(3D) numerical model the simultaneously observed AMS-
02 galactic proton spectra (1.00 GV– 60.3 GV), 3He2 spec-
tra (1.92 GV-15.3 GV) and 4He2 spectra (2.15 GV-21.10
GV) for six periods including Bartels Rotations (BRs)
2433 (20 November-16 December 2011; 2011e), 2447
(02–28 December 2012; 2012e), 2460 (18 November-14
December 2013; 2013e), 2474 (01–27 December 2014;
2014e), 2487 (17 November-13 December 2015; 2015e)
and 2501 (29 November � 25 December 2016; 2016e)
together with PAMELA proton spectra (0.4 GV-47.0
GV) for three periods including Carrington Rotations
2117 (16 November-13 December 2011; 2011e), 2131
(02–29 December 2012; 2012e) and 2144 (21 November-
12 December 2013; 2013e).

These modulated spectra over the mentioned period of
time computed for a wide range of rigidity are then used
to calculate p/He and 3He2/

4He2 for specific rigidity values.
These values are compared with the corresponding
observed trends in time of 3He2/

4He2 and p/He. In what
follows we discuss the essence of the numerical model,
assumptions made and the simulation approach, with focus
on what is assumed for the three diffusion coefficients and
the drift coefficient over time (solar activity). Results are
presented first for proton, He-3 and He-4 spectra for the
mentioned period then followed by the corresponding flux
ratios. An interpretation of the main cause of the observed
time trends in these ratios is given as a final result on which
our conclusions are based.
2. Numerical model and simulation approach

This particular numerical approach and 3D model had
been utilized extensively before, beginning with the inter-
pretation of PAMELA observations of protons by
Potgieter et al. (2014) and Vos and Potgieter (2015),
PAMELA electrons by Potgieter et al. (2015), global
GCR intensity gradients by Vos and Potgieter (2015),
charge-sign dependent modulation by Potgieter and Vos
(2017), Di Felice et al. (2017) and Aslam et al., (2021,
2023a,b), positron modulation by Aslam et al. (2019) and
on establishing VLIS for various GCRs by Bisschoff
et al. (2019). The same model was applied by Krainev
et al. (2021) to describe features of long-term modulation
over 22 years and used by Martucci et al. (2023) to
interpret their proton observations in the �50–250 MeV
range. Simulations of GCR protons and Helium in partic-
ular are reported by Ngobeni et al., (2020, 2021) of which
this report is a continuation. For reviews of this approach
and results, see Potgieter (2014, 2017) and Potgieter et al.
(2021). In what follows, we repeat only essential
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assumptions of the basic features and parameters of the
model concerning the aim and purpose of this work.

2.1. The basic features of the model

The transport equation (TPE) derived by Parker (1965)
is solved numerically following the modelling approach of
Potgieter et al., (2014, 2015). This TPE is

ðVþ vDh iÞ:rf �r:ðK s:rf Þ � 1

3
ðr:VÞ @f

@lnp
¼ 0 ð1Þ

where f (r, p, t) is the omnidirectional GCR distribution
function, p is particle momentum, r is the heliocentric posi-
tion vector, and t is time. The terms on the left-hand side
represent convection caused by the expanding solar wind
velocity V(r,h) = V(r,h)er, particle drifts caused by the gra-
dients and curvatures of the heliospheric magnetic field
(HMF) and its wavy heliospheric current sheet (HCS), par-
ticle diffusion, and adiabatic energy loss when r:V > 0.
The latter process becomes dominant in the inner helio-
sphere at lower rigidity in the case of modulated spectra
for protons and all GCR isotopes; see illustrations of this
process by Moraal and Potgieter (1982). When this TPE
is written in heliocentric spherical coordinate system, the
coordinates r, h, and / represent radial distance, polar
and azimuth angles, respectively. According to this system,
the Earth is located at 1 AU in the equatorial plane with
h = 90�. The relationship between f and the GCR differen-

tial intensity I is: I ¼ p2f ¼ P 2f , where P is the rigidity of
these GCR particles. In this equation, KS is the symmetric
diffusion tensor, the elements of which will be given and
discussed further below. The averaged guiding centre drift
velocity for a near isotropic CR distribution is given by

vDh i ¼ r � KAeBð Þ ð2Þ
with eB = B / B, where B is the magnitude of the back-
ground HMF at a given position in the heliosphere. Here,
KA is the drift coefficient specified by the off-diagonal ele-
ments of the generalized propagation tensor K, that
describes gradient and curvature drifts in the large-scale
HMF. A strict requirement is that the divergence of this
drift velocity is zero everywhere in the simulated
heliosphere.

We assume the HMF to have a basic Parkerian geome-
try in the equatorial plane but modified in the polar regions
similar to the approach of Smith and Bieber (1991), with
the strict requirement that the divergence of this magnetic
field is zero everywhere in the heliosphere. The appropriate
equations, reasons, and effects for modifying the Parker
HMF are described in detail by Raath et al. (2016). This
modification is required to explain the observed GCR
intensity latitudinal gradients as described by Vos and
Potgieter (2016).

The features of this heliospheric modulation model are
summarized as follows: The HP is assumed to be spherical
and located at 122 AU from the Sun based on what was
observed by Voyager 1 and Voyager 2 (Stone et al., 2013,
2818
2019). It was established previously through modelling by
Ferreira et al. (2004), Langner and Potgieter (2005a,b),
and Ngobeni and Potgieter (2011) that the effects of a
non-spherical HP on GCRs at 1 AU is smoothed out to
become negligible. Following Vos and Potgieter (2015,
2016), the termination shock (TS) position (Stone et al.,
2013) is assumed to move inward and outward depending
on the phase of the solar cycle (Richardson and Wang,
2011). This means the width of the inner heliosheath
changes with solar activity to have an effect on the modu-
lation of GCRs even at 1 AU; see also Manuel et al. (2015).
Reacceleration of GCRs at the TS is neglected because the
focus here is on GCRs with rigidity above 0.92 GV; for an
appraisal of these effects on low rigidity GCRs, see
Langner et al. (2006), Langner and Potgieter (2004,
2005a,b, 2008) and Ngobeni and Potgieter (2010). Modula-
tion beyond the HP as described by Luo et al., (2015, 2016)
is neglected for the rigidity range that we study here. The
expression for the wavy HCS (Jokipii and Thomas, 1981;
Kóta and Jokipii, 1983) as applied is described in detail
by Raath et al. (2015); see also Kopp et al. (2021) and
Mohlolo et al. (2022). In accordance with the latitudinal
dependence of solar wind speed observed by Ulysses
(McComas et al., 2002; Heber, 2013), the averaged V is
assumed to be � 430 km/s in the slow solar wind region
and � 750 km/s in the fast solar wind region during solar
minimum conditions. Following the observations made
by Ulysses (see the overview by Heber and Potgieter,
2006), this latitude dependence is assumed to subside with
increasing solar activity as utilized in numerical modelling
by Ferreira et al. (2004), Moeketsi et al. (2005) and
Nndanganeni and Potgieter (2016). Expressions for the glo-
bal solar wind speed profile that change from solar mini-
mum to maximum are given by Potgieter et al. (2015)
and Potgieter and Vos (2017); see their equations 12 and
5, respectively. Expressions for the above-mentioned global
features are duplicated and/or adapted and used in numer-
ical modelling of GCRs by Zhao et al. (2014), Corti et al.
(2019), Boschini et al., (2019; and references therein),
Shen et al., (2019, 2021), Wang et al. (2019), Fiandrini
et al. (2021) and Song et al. (2021). As done for previous
applications of this particular 3D model, we continue to
assume a steady state so that the results can be compared
directly with previous studies. The model is not suitable
to study GCR transient events and modulation less than
one solar rotation as explained by Aslam et al., (2019,
2021).

2.2. Diffusion and drift modulation

The parameters that are changed with time in the model
as proxies for solar activity to obtain the GCR results sim-
ulated in this study are the observed magnitude of the
HMF, B, at the Earth and its polarity change during solar
maximum, and the tilt angle (a) of HCS adapted from
Aslam et al., (2021; see their Fig. 3). An updated figure
of these solar activity proxies will be shown in the next sec-
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tion. Additionally, the values and rigidity dependence of
the three elements of the diffusion tensor, as discussed
below, and the value of KA are changed according to the
required reproduction of the GCR proton and Helium
spectra as observed at the Earth.

The symmetric diffusion tensor KS in the HMF aligned
coordinates consists of a diffusion coefficient K|| that is par-
allel to the average HMF, a radial perpendicular diffusion
coefficient K\r and a polar perpendicular diffusion coeffi-
cient K\h. In this study this tensor is given by

KS ¼
Kk 0 0

0 K?h 0

0 0 K?r

0
B@

1
CA ¼ Kk

1 0 0

0 0:02f ?h
D?
Dk 0

0 0 0:02 D?
Dk

0
B@

1
CA

ð3Þ
with

Kk ¼ Kk
� �

0
b

B0

B

� �
P
P 0

� �c1

DkðP Þ ð4Þ

where

DkðP Þ ¼
P
P0

� �c3 þ Pk
P 0

� �c3

1þ Pk
P 0

� �c3

2
64

3
75

c2k�c1
c3

and D?ðP Þ

¼
P
P0

� �c3 þ Pk
P 0

� �c3

1þ Pk
P 0

� �c3

2
64

3
75

c2?�c1
c3

ð5Þ

with (K||)0 a scaling constant in units of 1022 cm2 s�1, b is
the ratio of the particle speed v to the speed of light c;
P0 = 1 GV, B0 = 1 nT to keep the rest of this equation
dimensionless; Pk = 4.0 GV is the rigidity at which the
transition between the two power laws occurs and is
assumed to have a fix value, as done before, for the period
simulated here, as such a simplification which is not neces-
sarily the case over a full solar cycle. The values of c2|| (or
c2\) and c1 respectively give the time dependence of the
rigidity slopes of the diffusion coefficients above and below
Pk, while c3 = 2.5 is kept constant and gives the smooth-
ness of the transition in these slopes. The ratio D\ / D|| is
the quantity that changes the rigidity dependence of K\h

and K\r with respect to that of K||, and the function f\h

(h) enhances K\h by a factor 6.0 towards the polar regions
with respect to its value in the equatorial plane (e.g.,
Potgieter, 2000; Ferreira et al., 2004; Moeketsi et al.,
2005; Nndanganeni and Potgieter, 2016).

The drift coefficient in this study, expressed as a function
of a simple drift reduction factor that depends only on
rigidity is given by

KA ¼ kA0
bP
3B

P=PA0ð Þ2
1þ P=PA0ð Þ2 ð6Þ

with PA0 = 0.75 GV the rigidity below which the drift coef-
ficient is suppressed with respect to the weak scattering
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approach in order to reproduce the mentioned Ulysses
observations; its value is kept unchanged. On the other
hand, kA0, a dimensionless quantity, can be adjusted to
change the level of particle drift in the heliosphere related
to solar activity and may vary between 0 (no drift at all)
and 1.0 (full weak scattering drift) over a solar cycle. See
the detailed discussion by Ngobeni and Potgieter (2015).
The time variation of KA in Equation (6) is determined
by that of B (as explained below) and how kA0 is adjusted
empirically as required by reproducing the GCR proton
spectra over the solar cycle. For an explicit display of these
features, see Aslam et al., (2023a; their Fig. 9-11) who used
the same model applied here. In the figures below, the
mean free paths (MFP, k) and drift scale instead of the dif-
fusion and drift coefficients will be shown with the general
relationship given as: k ¼ 3K=v ¼ 3ðK=bcÞ:

2.3. Time-variations and procedure

The tilt angle a of the HCS and the magnitude B of the
HMF at the Earth are changed from 2006 to 2017 as indi-
cated in Fig. 1. The top panel shows the observed magni-
tude of the HMF at the Earth for this period taken from
https://omniweb.gsfc.nasa.gov. Shaded parts indicate the
period of no well-defined HMF polarity during solar max-
imum when the HMF changed from the A < 0 to A > 0
HMF polarity cycles as adapted from Aslam et al., (2021,
2023a,b), who discussed this aspect in great detail. Also
shown in this panel is the corresponding � 10 months
(2006 to 2010) and � 15 month (2011––2017) moving aver-
age of the HMF, as used in the model, indicated as blue
open circles. In the bottom panel a at the Earth is shown
for the same period taken from https://wso.stanford.edu.
The corresponding calculated �15 months moving average
values of a used in the model are shown as green open cir-
cles. The justification for these assumed averages is
explained and discussed in detail by Aslam et al., (2019,
2021) as related to how long it takes for solar activity to
propagate from the Sun to the HP (see also Vos and
Potgieter, 2016). Because GCRs observed at the Earth
depends on what solar activity is present in the global
heliosphere at that time, it is to be expected that because
of this averaging the model may sometimes over or under
predict observations with time, especially when the tilt
angle and/or magnetic field changes rapidly. This is not a
concern because we are interested and focused on explain-
ing the observed trends in time.

The changes in B and a are essential time varying input
variables serving as proxies for solar activity for the mod-
elling done in this study. Evidently, the value of B enters in
the above equations to provide observationally motivated
changes over time. Assuming all three diffusion coefficients
to scale spatially as B0/B is based on a simplified diffusion/-
turbulence theory; for a more sophisticated approach, see
e.g., Moloto et al. (2018) and for an overview of this the-
ory, which is a work in progress, see Engelbrecht et al.
(2022). These sophistications introduce additional variables

https://omniweb.gsfc.nasa.gov
https://wso.stanford.edu


Fig. 1. Top panel: Magnitude B of the HMF (blue line) observed at the Earth averaged over Bartels Rotations (BRs) from 2006 to 2018 taken from http://
omniweb.gsfc.nasa.gov; the corresponding running average values of B used in the model are indicated as open circles. Bottom panel: Carrington Rotation
(CR) averages of the tilt angle a of the HCS (green line) at the Earth, for the same period, taken from http://wso.stanford.edu. Running average values of a
used in the model are indicated as open circles. Shaded parts indicate the period of no well-defined HMF polarity during solar maximum when the HMF
changed from A < 0 to A > 0 adapted from Aslam et al. (2022, 2023a,b). In this context, see also Sun et a. (2015).
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related to the terminology used in turbulence theory, such
as correlation lengths, and in order to establish their solar
activity dependence, measurements of DB/B is required in
the heliosphere; see e.g., Zhao et al. (2017). It has become
evident that the conclusions about solar modulation of
GCRs utilizing these sophistications in numerical models
are qualitatively similar to what we have reported for our
simplified approach. This is not surprising given that most
of these studies are dedicated to explaining and reproduc-
ing GCR measurements; see e.g., the results of Shen
et al. (2021).

Concerning the numerical method of solving the TPE,
Aslam et al., (2023a) explained and discussed the applica-
tion of the Alternating Direct Implicit (ADI) method (see
also Potgieter and Moraal, 1985) is not unconditionally
stable when a fifth numerical dimension is incorporated
(that is, three spatial, one for rigidity/energy dependence,
and one for time dependence). If all three spatial dimen-
sions are used, the time dependence must be sacrificed.
Numerous 2D time-dependent modeling results based
on this ADI numerical scheme, when sacrificing the azi-
muthal dependence, had been published over the years
e.g., le Roux & Potgieter (1992). The only alternative
for a 3D approach with a full time-dependence is to use
numerical models based on Stochastic Differential Equa-
2820
tions (SDEs) which is a totally different approach to mod-
ulation studies, see e.g., Kopp et al. (2012), Bobik et al.
(2016), Luo et al. (2019), Song et al. (2021) and Shen
et al. (2021), and references therein. The SDE approach
requires a sophisticated statistical procedure to decide
when to stop the simulation of pseudo-particle trajecto-
ries for a given rigidity and location inside the helio-
sphere. In contrast, the ADI approach provides a full
rigidity spectrum as a single solution and simultaneously
for a given time everywhere in the heliosphere and for
every type of GCR particles, which then can be used to
calculate GCR intensity gradients and intensity ratios of
these particles. Repeating this with time as solar activity
changes provides spectra averaged for each solar rotation
and over a solar cycle. Comparing these simulated spectra
with observations over the same time span, conclusions
can be obtained about how the physics contained in Par-
ker’s TPE is changing with the solar cycle. The GCR
modeling done using the SDE approach has so far consis-
tently confirmed the original predictions and results of
ADI-type models, with the results of Shen et al. (2021)
a prime example; see also Strauss and Potgieter (2014a,
b); Raath et al. (2015) and Raath et al. (2016). The time
variations reported here reflect how the propagation of
GCRs has changed over this simulated period and is as

http://omniweb.gsfc.nasa.gov
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Fig. 2. Normalized three MFPs (kk; k?r; k?h) and drift scale (kA) at the
Earth for 1 GV protons and Helium as a function of time relative to the
CR at the end of 2006 (14 November � 12 December 2006; 2006e) as they
change for the A < 0 to the A > 0 HMF polarity epoch, respectively before
and afterward the period of maximum solar activity when no well-defined
HMF polarity was present (shaded band from Fig. 1).
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such a manifestation of the effects of the global modula-
tion processes.

Concerning Eqs. (4) and (6), it follows that (K||)0, c1 and
c2|| (or c2\) are related to the diffusion process and its rigid-
ity dependence while kA0 relates to the drift process, and
that they are assumed to change with time in addition to
the observed time-dependence introduced through B and
a as shown in Fig. 1. They are adapted from Ngobeni
et al., (2020, 2022) as required by comparison of simulated
proton spectra with available observations. The exact same
set of modulation parameters to reproduce long-term time
variation for proton spectra are then used to calculate cor-
responding spectra for the two Helium isotopes. This is a
strict theoretical requirement because there is no support
for any fundamental difference between the modulation
of protons and these GCR isotopes. This assures that the
essential modulation parameters are not changed in an
ad-hoc and inconsistent manner for the purpose of produc-
ing best-fit parameter sets only applicable to observational
data sets at the Earth. Furthermore, as mentioned above,
complete spectra for protons, 3He2 and

4He2 are computed
over a wide range of rigidity (kinetic energy) for every cho-
sen BR, as will be illustrated below. These spectra are then
used to calculate flux values at required rigidity bins to
compare to available GCR observations, with p/He and 3-
He2/

4He2 ratios calculated afterwards.
Recently, similar numerical studies were reported of

proton modulation by Fiandrini et al. (2021) and includ-
ing GCR Helium by Song et al. (2021), focusing on AMS-
02 observations. Tomassetti et al. (2019) simulated proton
and Helium observations from AMS-02 and PAMELA.
Wang et al. (2019) simulated several GCR species using
a two-dimensional model. Shen and Qin (2018) simulated
various sets of space observations over a range of ener-
gies, whereas Shen et al. (2021) focussed on Ulysses pro-
ton observations. All these numerical modeling studies
share the common purpose of improving our understand-
ing of the modulation processes over solar cycles, at least
qualitatively, and in most cases particularly motivated by
recent GCR observations at the Earth. However, it
should be noted that when numerical modelling studies
are done utilizing as measures of validation observation
data over a limited range of rigidity and at only one loca-
tion in the global heliosphere, such as at Earth, and
neglecting other GCR observations beyond 1 AU, e.g.,
from Ulysses (Heber, 2013) and the two Voyager space-
craft (Rankin et al., 2022), these numerical modulation
results and statistical based optimization of variables/pa-
rameters cannot be considered as generally applicable.
Although we focus on AMS-02 observations at the Earth,
our model contains all the necessary features to explain
GCR observations of relevance as the list of references
to our simulation testifies. An additional drawback of
AMS-02 observations is that GCRs are reported only
above 1 GV whereas large and spectacular modulation
features occur below this rigidity as will be shown in
Fig. 4 below.
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3. Simulated results

It is illustrated by Ngobeni et al., (2020, 2022), that in
order to reproduce the time trends in the observed pro-
ton, 3He2 and 4He2 spectra from PAMELA and AMS-
02, the three diffusion coefficients and the drift coefficient
in the model had to change over time from 2006 to 2017
as discussed above but not necessarily with the exact
same amount at all rigidities. These established changes
in time and incorporated into the model are shown in
Fig. 2 with the three MFPs and drift scale normalized
relative to 2006e. Clearly noted is that the change of par-
ticle drift (drift scale) is significant over this time period,
reducing to small values during solar maximum activity
when the HMF changes its polarity, with the rate of
change during the descending phase before the reversal
somewhat different from the ascending phase after the
reversal. This is consistent to what Aslam et al.,
(2023a) reported when studying charge-sign-dependence
for protons, electrons, and positrons. Evidently, the three
diffusive MFPs also change with time but maintain the
same relative changes at 1 GV, in fact at all rigidities
below Pk = 4 GV. It remains to be established what
specific modulation features arise when these MFPs do
not maintain the same relative changes at lower rigidities
where the observed ratios, p/He and 3He2/

4He2, indicate
significant time dependences. This figure illustrates also
qualitatively how solar modulation in the model has
developed with time relative to 2006e, and how it
changes from before to after the HMF polarity reversal
period (Sun et al., 2015) during solar maximum activity.
The details of how these elements change is further dis-
cussed and shown below with emphasis on the simulated
(computed) time dependence of p/He and 3He2/

4He2.



Fig. 3. Modulated proton (red dashed lines), 3He2 (blue dashed lines) and 4He2 (purple dashed lines) spectra, with respect to their individual VLIS’s
(coloured solid lines), computed as a function of rigidity, shown at the Earth for six periods between 2011e and 2016e. These modulated spectra are
compared to the corresponding AMS-02 (coloured filled circles) and PAMELA observations (open red circles) reported by Aguilar et al. (2019) and
Martucci et al. (2018), respectively.

Fig. 4. The computed 3He2/
4He2 (left panel) and p/He ratios (right panel) as a function of rigidity for six periods between 2011e and 2016e are compared

with AMS-02 and PAMELA observations taken at the same periods, from Aguilar et al. (2019) and Marcelli et al. (2022) respectively. Computed and
observed ratios (with uncertainties depicted by error-bars) are represented by the coloured solid lines and symbols, respectively. As a reference the
corresponding ratio of the VLIS’s (at 122 AU) are given by dash-dotted dark grey lines in each panel.
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Fig. 5. Normalized simulated proton (red line), 4He2 (purple line), 3He2
(blue line) and total He (royalblue line) GCR intensity, together with the
corresponding normalized p/He ratio (orange line) as a function of time
for the period 2011 May to 2017 May (BRs 2426 to 2506) for rigidity range
1.92 – 2.15 GV. The normalization is done based on the average value for
the period 2011 May to 2017 May. The grey shaded bands along and
around the modeling results (all solid lines) indicate the standard error of
the mean (s=

ffiffiffi
n

p
). These normalized intensities are compared to the

corresponding AMS02 (coloured filled circles) observations reported by
Aguilar et al., (2019,2022). The cyan shaded regions indicate the period
when there was no well-defined magnetic polarity during maximum solar
activity (similar to grey regions in Fig. 1).
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3.1. Spectra of p, 3He2 and
4He2 and the corresponding ratios

Reliable spectral shapes and values of the VLIS’s of
GCRs are of central importance in the general understand-
ing of their global and total modulation in the heliosphere.
These VLIS’s are always assumed to provide the input
spectra in numerical models to be modulated from a spec-
ified HP position up to the Earth (1 AU). In this paper, the
VLIS used for protons is described in detail by Bisschoff
et al. (2019), which is based on GALPROP model compu-
tations (see Moskalenko et al., 2002). This VLIS gives com-
patibility to both Voyager 1 (Stone et al., 2013; Cummings
et al., 2016) and PAMELA (Adriani et al., 2013; Martucci
et al., 2018) observations at low and high kinetic energies,
respectively. The VLIS for He is derived by combining the
GALPROP computed VLIS’s for 3He2 and

4He2, modestly
2823
adjusted at higher rigidity according to AMS-02 observa-
tions for 3He2/

4He2 (Ngobeni et al., 2022). See the review
on VLIS’s by Potgieter et al. (2021) and references therein.

Fig. 3 depicts the computed galactic proton, 3He2 and
4He2 modulated spectra (dashed lines) with respect to their
individual VLIS’s (solid lines), specified at the HP (122
AU), as a function of rigidity in comparison with the cor-
responding observed AMS-02 spectra, along with
PAMELA spectra, at the Earth. The difference between
the modulated spectra at 1 AU and their respective VLIS
at 122 AU illustrates the predicted total modulation of
these particles as a function of rigidity. Note how the slopes
of all the modulated spectra become similar at low rigidity
as adiabatic energy losses becomes dominant and this hap-
pens for all A/Z values. Because of this process, the pre-
dicted total modulation at these low rigidities is evidently
significant, being the largest for protons. Apart from the
large difference in intensity levels, the slopes of the VLIS’s
for p, 3He2 and

4He2 are significantly different at rigidities
below � 1.5 GV, also having spectral peaks at different
rigidity values. The modulation process changes the slopes
of the VLIS’s at all rigidities as the intensity levels decrease,
evidently less at high rigidity than at low rigidity where the
effect becomes significant. This process causes the peak
intensity values of the modulated spectra to shift consis-
tently to higher rigidity compared to their VLIS values,
as discussed at great length by Ngobeni et al., (2020; see
their Figure 13). This emphasizes the prominent features
of the modulated spectra at the Earth for species with dif-
ferent VLIS’s and A/Z.

The essence of Fig. 3 is to show that when using the
same set of modulation parameters, the observed spectra
for Galactic protons, 3He2 and 4He2 from AMS-02,
together with PAMELA proton spectra, taken at matching
periods between 2011 and 2017, are simultaneously and
reasonably reproduced by the numerical model. Simulation
of the new result on the time variation of protons from
AMS-02 (Aguilar et al., 2021), based on this exact same
model, has been done by Aslam et al., (2023b; see their
Fig. 3) over a wide range of rigidity values. The clearly dis-
tinguishable modulation effects of 3He2 and 4He2 as
depicted in this figure can explicitly be utilized to simulate
quantitatively the time trends in p/He and 3He2/

4He2
below � 3 GV between 2006 and 2017. As a first step, we
need to illustrate how these ratios changed as a function
of rigidity between 2011e and 2016e.

The computed 3He2/
4He2 for this period as a function of

rigidity with respect to their corresponding VLIS’s, are
shown in the left panel of Fig. 4 and compared with
AMS-02 observations. The objective of this figure is to
illustrate in the first place how large the modulation effects
become with decreasing rigidity, starting below 1–2 GV,
and how it changes with solar activity. For a comparison
of this computed ratio with a large number of other obser-
vations, see also Ngobeni et al., (2022; their Fig. 4). Below
this value the computed ratios begin to differ significantly
and progressively in time, from a maximum value during
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solar maximum conditions as represented by 2013e. In
terms of decreasing rigidity, they still increase below � 2
GV but with different slopes depending on the chosen time
period, until they start to level off consistently to reach
eventually unchanged values at the lower rigidity range.
This, of course, is because of the adiabatic energy losses
dominating the shape of the modulated spectra as shown
in Fig. 3. Because of this dominant effect, the modulated
ratios at Earth evidently do not follow the rigidity depen-
dence of the ratio of the VLIS’s (at 122 AU) below 2–3
GV, again consistent to what is shown in Fig. 3. In con-
trast, above this rigidity the modulation effects become
progressively less but not negligible as the spread in obser-
vational values are noticeable. It follows that the simulated
solutions are all within the observational boundaries for
this ratio so that we consider them adequately reproduced
by our model. What is worth mentioning as pointed out by
Ngobeni et al. (2021), is that an apparent power law rigid-
ity dependence is exhibited for how this ratio behave
above � 3 GV and with time. The index of this power
law is different from that of the VLIS ratios and changes
with solar activity. This nice power law behaviour is obvi-
ously dissipating with decreasing rigidity when the modula-
tion process is being influenced progressively by the other
mechanisms such as particle drift and adiabatic energy loss
Fig. 6. Computed p/He (purple lines) and 3He2/
4He2 (blue lines) as a function

values between 0.92 GV and 2.12 GV. The grey shaded regions indicate the p
solar activity.
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as mentioned above. See Figs. 6 and 7 by Potgieter and Vos
(2017) on how this model predicts drift effects to increase
significantly with decreasing rigidity for protons to over-
shadow diffusion effects until the adiabatic energy loss
effects are taking over as the dominant modulation
mechanism.

Similarly, the right panel of Fig. 4 shows the computed
p/He and those observed from AMS-02 and PAMELA as a
function of rigidity also between 2011e and 2016e. The
spread of these observational values, with He now taken
as the sum of He-3 and He-4, are evidently less than when
He-3 and He-4 are compared. Overall, the value and shape
of p/He are well reproduced with the numerical model with
the rigidity dependence of the ratio of the modulated spec-
tra tracking the rigidity slope of the corresponding VLIS
ratio with P >�5 GV and with changing modulation con-
ditions. This may be interpreted to signify that the
observed p/He by AMS-02 and PAMELA above � 5 GV
essentially, but not exactly, reveals the difference in the
rigidity dependence of the VLIS’s for protons and He, pro-
viding evidence about the difference in their origin and
propagation in the interstellar medium. Obviously, the
higher the rigidity and the less the modulation becomes,
the more exact this becomes. However, with decreasing
rigidity solar modulation causes it to deviate progressively
of time, normalized with respect to 2006e, at the Earth for four rigidity
eriod when there was no well-defined magnetic polarity during maximum



Fig. 7. Three scenarios of the time dependence of the MFPs and drift
scale, in units of AU, shown here at the Earth for a rigidity of 1 GV. In
panels a), b) and c), k|| (red), k\r (orange), k\h (blue), respectively, are kept
unchanged relative to 2006e while other modulation parameters and
conditions are changing as in Figs. 1 and 2.
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from these values. These aspects are discussed in detail by
Ngobeni et al. (2020). Comparing how the slopes in the
ratios differ with time and with decreasing rigidity in the
lower ranges where adiabatic energy losses become domi-
nant, the p/He is quantitatively different from 3He2/

4He2
although the same qualitative features remain. Again, this
relates directly to what is shown in Fig. 3. These interesting
qualitative time trends in both p/He and 3He2/

4He2 is fur-
ther explored in the next figures.

To better assess the long-term time variation of the
simultaneously observed AMS02 proton, 3He2,

4He2, total
He intensities and the proton-to-helium ratios at the exact
same rigidity bin from May 2011 to May 2017, Fig. 5
shows their normalized simulated intensities compared
with normalized AMS02 observations over the same per-
iod. The corresponding normalized p/He ratio is shown
in the bottom panel. The normalization is done with
respect to average value for the period 2011 May to 2017
May and provides a common reference level for compar-
ison of the time trend produced by the model and observa-
tions, and what it takes from a physics point of view to
simultaneously reproduce these long-term time variations
for species with different VLIS and A/Z. The comparison
in this figure establishes that the simulated intensities of
proton, 3He2,

4He2, total He and their corresponding
p/He ratio exhibit similar long-term time trends with
2825
AMS02 observation between 2011 and 2017. Therefore,
the relative importance of the role of the elements of the
diffusion tensor on the long-term time trends of p/He and
3He2/

4He2 below 3 GV from 2006 to 2017 can be
investigated.

In the context of comparing simulations to observa-
tions, the AMS-02 measurements above � 2 GV are central
to study the time variation of 3He2/

4He2 (Ngobeni et al.,
2022). However, below � 2 GV, PAMELA observations,
as all other observations with a lower rigidity
thresh-hold, are well suited to study the much larger time
dependence in 3He2/

4He2. In what follows we refrain from
making any further direct comparisons between our simu-
lations and observations, focussing instead on the time
trends produced for these ratios by the model. Fig. 6 dis-
plays the time variation in p/He and 3He2/

4He2 relative
to 2006e to highlight the time trends and differences in
these ratios between 2006 and 2017. Evidently, the time
variation of p/He below 1.5 GV is significantly different
from 2.12 GV; at this low rigidity values p/He decreases
through the solar maximum activity period, whereas at
rigidities 2.12 GV the trend is opposite. This behaviour
of p/He has been reported for PAMELA observations
(Marcelli et al., 2022). In the A < 0 cycle the computed time
trend in p/He below � 1 GV is not changing significantly
before the solar maximum period but decreases noticeably
in the A > 0 cycle after the solar maximum conditions. In
contrast, the computed 3He2/

4He2 ratios show almost iden-
tical time dependences below � 3 GV, systematically
decreasing and increasing with solar activity to reach max-
imum values during solar maximum conditions. These dif-
ferent trends of the p/He and 3He2/

4He2 below � 1.5 GV
are mainly caused by the rigidity slopes of the diffusion
coefficients that change differently before solar maximum
than afterwards, and that this influences the modulation
of GCRs nuclei with dissimilar VLIS’s and A/Z values
somewhat differently, which is consistent to the report by
Ngobeni et al. (2022).

Determining which of the three elements of the diffusion
tensor plays a dominant role in shaping these time trends in
the mentioned ratios is the focus of what follows next. It is
done by performing illustrative numerical modelling exer-
cises (simulation scenarios).

3.2. Implications for the time dependence of elements of the

diffusion tensor

To provide the context of using a numerical exercise for
investigating the relative roles of the time dependence of the
three MFPs related to the time variation of p/He and
3He2/

4He2 below 3 GV, they are kept unchanged one after
another, each with time relative to 2006e. This is shown in
Fig. 7, first for k|| (or 3 K||/b/c) (panel a), then k\r (panel
b) and k\h (panel c), respectively. This way, the rigidity
slope of the respective MFP is not changed at all with time,
while the other modulation conditions and parameters, as
well as drift scale, are scaled with time as in Fig. 2. These
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simulations will be used to illustrate in terms of the relevant
physics intrinsic to the numerical model, how the relation
between the considered scenarios of time changes in the
MFPs influence the trends in the behaviour of p/He and
3He2/

4He2. This will further clarify which of the three
elements of the diffusion tensor plays a dominant role in
shaping these time trends, especially before and after solar
maximum activity periods.

In Fig. 8 the computed p/He ratios are shown at four
rigidities from 2006 and 2017. Each of the four panels rep-
resents solutions obtained from the corresponding three
scenarios of MFPs given in Fig. 7 and the reference model
with the complete time dependence shown in Fig. 2. Here,
the effects on the computed p/He of neglecting the time
dependence of one of the individual diffusion coefficients
are illustrated with emphasis on the resulting differences
between these restrictive solutions for each of the three sce-
narios of MFPs (coloured lines) and the one using the com-
plete model (black solid line). A comparison illustrates that
the contribution of the time dependence of K\r is a domi-
nant cause of the observed time variation. This differs for
the two polarity epochs; at all rigidities shown, p/He
Fig. 8. The computed p/He ratios for four rigidities between 0.92 GV and
corresponding to the four illustrative scenarios of MFPs and drift scale show
dependence shown in Fig. 2 are indicated by solid black lines, whereas coloure
assumptions made for the three respective scenarios (panels) shown in Fig. 7.
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remains relatively unaffected in the A < 0 cycle in response
to the assumed constant value in K\r, whereas in the A > 0
it decreases noticeably after solar maximum conditions, but
not nearly as noteworthy as that obtained with the com-
plete model. It follows that with the omission of the time
dependence of K\r, both in value and rigidity slopes, the
model produces trends in p/He that is not observed below
3 GV at the Earth. As seen in all four panels, the time and
rigidity changes in K|| and K\h produce some small effects
but this clearly plays a less significant role in shaping the
behaviour of the time trends in p/He.

Fig. 9 is similar to Fig. 8 but now the effects on 3He2/
4He2

are illustrated over the same period and for the same rigidity
values. It is readily seen that when the time dependence of
K\r is neglected the effect on this ratio is also significant,
with the differences decreasing systematically with increasing
rigidity, with no clear maximum in the restricted ratios asso-
ciated with maximum solar activity. In contrast to the trends
in p/He in Fig. 8, these differences are also conspicuously less
in the A > 0 cycle. Again, the time and rigidity changes in K||

and K\h also produce some small effects but notably less in
shaping the behaviour of the time trends in 3He2/

4He2.
2.12 GV, as a function of time at Earth (1 AU in the equatorial plane)
n in Figs. 2 and 7. Solutions obtained for the actual and complete time
d lines indicated as a), b) and c) represent solutions obtained according to



Fig. 9. . Similar to Fig. 8 but now shown for 3He2/
4He2.
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4. Discussion, summary and conclusions

The main purpose of this work is to illustrate with a 3D
numerical model the relative roles of the three diffusion
coefficients on the time dependences of p/He and 3He2/

4-
He2 at rigidities between 1 and 3 GV, applicable to the per-
iod 2006 to the beginning of 2017. This includes the periods
of minimum modulation in 2009 and maximum modula-
tion from � 2012 to 2014. The exact same set of modeling
and modulation parameters, diffusion and drift coefficients
that reproduce proton spectra were also used to reproduce
the two helium isotopes spectra as illustrated in Fig. 3,
assuring that the modeling parameters are not changed in
an ad-hoc and inconsistent manner for the purpose of sim-
ply fitting different observational data sets at the Earth.
The known and motivated differences in the modulation
of protons and the helium isotopes are their intrinsic
A/Z-values and respective VLIS’s, the latter illustrated
comprehensively in Fig. 3.

The computed values for p/He and 3He2/
4He2 are shown

over a wide range of rigidity in Fig. 4 and how these values
change from 2011 to the end of 2016. They are compared to
observed ratios from PAMELA and AMS-02 over the
same period, illustrating that the model effectively repro-
duces the observational features. A conspicuous result is
2827
that down to � 3 GV, the modulated 3He2/
4He2 at the

Earth follows the rigidity trend of the ratio of their respec-
tive VLIS’s but below this rigidity it deviates substantially,
in contrast to p/He. The role of adiabatic energy losses on
these ratios at the Earth is also illustrated.

The time variations of the computed ratios relative to
2006e are shown explicitly in Fig. 6, between 0.92 GV
and 2.12 GV. The modelling results signify how 3He2/

4He2
decreases towards solar minimum below � 2 GV, and that
it is consistently larger than the time trends for p/He but
the differences subside with increasing rigidity to dissipate
at 2.12 GV. The p/He at 0.92 GV and 1.06 GV decreases
over the solar maximum period, but this trend is clearly
changed at 1.40 GV and 2.12 GV where a maximum in this
ratio occurs at solar maximum; see also Marcelli et al.
(2022). The latter trend is more like 3He2/

4He2 which shows
a clear minimum value at solar minimum and a clear max-
imum at solar maximum modulation conditions at all four
rigidity values. Evidently, a qualitative conclusion can be
made that the time variations of p/He are different below
1.5 GV than above it.

The differences in time variation between p/He and
3He2/

4He2 below 1.5 GV occurs despite that the exact same
modulation parameters are used for these GCRs (Fig. 2).
This is mainly a consequence of adiabatic energy losses
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which begin to dominate at higher rigidities for 3He2 than
for 4He2, and for total Helium than for protons. Inspection
shows that the slope of the 3He2 VLIS is overall closer to
the characteristic adiabatic energy slope (of kinetic energy,
E1) of the modulated spectrum (Fig. 3) than that of 4He2 at
lower rigidities. This contributes to the relative changes in
the 3He2 intensity in remaining less than for 4He2 at rigidi-
ties below � 3 GV with solar activity. Similar for Helium
and protons, with the relative proton intensity varying
more than for Helium with decreasing rigidity below � 1
GV; for additional discussion, see also Ngobeni et al.
(2020). This is further indicative of the important role of
the differences in the shapes of their VLIS’s below 3 GV,
as an important insight from numerical modeling studies
that is not possible to realize from observational studies
alone.

The computed results illustrate that the contribution of
the time dependence of K\r is the dominant cause of the
observed time variation in p/He and 3He2/

4He2, in particu-
lar during the A < 0 cycle. The effects of the time depen-
dence of K|| and K\h on the time dependences of p/He
and 3He2/

4He2 ratios at rigidities below 3 GV are far less
notable, although not to be ignored. Our results stipulate
that neglecting the time dependence of K\r, both in value
and rigidity, from numerical models would produce time
trends for both p/He and 3He2/

4He2 that are incongruent
with observed trends at the Earth. It is to be emphasized
that the differences between the time trends of these ratios
observed by AMS-02 (Aguilar et al., 2019) are not the
cause of any fundamental difference between the solar
modulation of galactic protons and Helium.
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