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Abstract

We implemented a 2D Monte Carlo model to simulate the solar modulation of galactic cosmic rays. The model is based on the Par-
ker’s transport equation which contains diffusion, convection, particle drift and energy loss. Following the evolution in time of the solar
activity, we are able to modulate a local interstellar spectrum (LIS), that we assumed isotropic beyond the termination shock, down to
the Earth position inside the heliosphere. In this work we focused our attention to the cosmic ray positron fraction at energy below
�10 GeV, showing how the particle drift processes could explain different results for AMS-01 and PAMELA. We compare our modu-
lated spectra with observations at Earth, and then make a prediction of the cosmic ray positron fraction for the AMS-02 experiment.
� 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Galactic cosmic rays (GCRs) are protons, ions and lep-
tons, produced and accelerated mainly by supernova rem-
nants (see Blasi, 2011). GCRs remains confined in the
galactic magnetic field to form a nearly isotropic flux inside
the galaxy. Before reaching the Earth’s orbit they enter the
heliosphere, the region where the interplanetary magnetic
field is carried out by the solar wind (SW). In this environ-
ment they undergo diffusion, convection, particle drift and
adiabatic energy loss, resulting in a reduction of the parti-
cle’s flux up to �20 GeV, depending on the solar activity
and field polarity.

The recent accurate measurements of cosmic positrons
and electrons, performed by PAMELA (Adriani et al.,
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2009), show an anomalous positron excess at energies
>10 GeV in comparison with the models of secondary pro-
duction (see Zhang and Cheng, 2001 and Moskalenko and
Strong, 1998). In the last years many papers discussing the
nature of this excess have been published. Some of them
suggest a dark matter signature (Yin et al., 2009); other
authors invoke a primary production of electron/positron
pairs by local astrophysical sources like Pulsars (Grasso
et al., 2009). In this paper we do not discuss this cosmic
ray positron fraction excess, since we focused on the energy
interval 610 GeV where the same observations of CR pos-
itron fraction made by PAMELA experiment are systemat-
ically below previous measurements, like e.g. AMS-01
observations (Aguilar et al., 2007), as well as below the
models of galactic secondary production.

Using our 2D Monte Carlo model (Bobik et al., 2011)
we argue the reasons for this discrepancy is a solar modu-
lation effect, that is caused by gradient and curvature drifts
following changes in the magnetic field polarity. In this
rved.
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paper we first describe our modulation model, then we dis-
cuss the different behaviours of particles with opposite
charge sign comparing periods with reversed polarity.
Finally we compare simulation results with observations
and provide also a prediction for the AMS-02 experiment.
2. 2D Monte Carlo model

2.1. Transport equations

The GCRs transport in the heliosphere is described by a
Fokker–Planck equation, the so-called Parker equation
(Parker, 1965):

@U
@t
¼ @

@xi
KS

ij

@U
@xj

� �
� @

@xi
ðvswi UÞ þ

1

3

@vswi

@xi

@

@T
ðqTUÞ

� @

@xi
ðvDi UÞ ð1Þ

where U is the cosmic ray number density per unit interval
of particle kinetic energy, t is the time, T is the kinetic en-
ergy (per nucleon), vswi the solar wind speed along the axis
xi, vDi is the particle drift velocity related to the antisym-
metric part of diffusion tensor (Jokipii and Levy, 1977; Jok-
ipii et al., 1977), KS

ij is the symmetric part of the diffusion
tensor and q ¼ ðT þ 2T 0Þ=ðT þ T 0Þ (Gleeson and Axford,
1967), where T0 is particle’s rest energy. This partial differ-
ential equation is equivalent to a set of ordinary stochastic
differential equations (SDEs, see e.g. Gardiner, 1989) that
can be integrated with Monte Carlo (MC) techniques (see
e.g. Yamada et al., 1998; Gervasi et al., 1999; Zhang,
1999; Alanko-Huotari et al., 2007; Pei et al., 2010; Strauss
et al., 2011). The integration time step (Dt), is taken to be
proportional to r2 (r is the distance from the Sun) avoiding
oversampling in the outer heliopshere and therefore saving
CPU time (Alanko-Huotari et al., 2007). We considered
the 2D (radius and polar angle) approximation of Eq. (1)
(Potgieter et al., 1993), and from this we calculate the
equivalent set of SDEs (Bobik et al., 2011):
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where l = cos h, with h polar angle, and Rg is a gaussian
distributed random number with unitary variance. Here
the particle drift velocity is splitted in regular drift (radial
drift vDr , latitudinal drift vDh

) and neutral sheet drift
(vDN S) as described by Potgieter and Moraal (1985) and
Hatting and Burger (1995). The diffusion tensor is taken
to be Krr = K||cos2w + K\r.sin2w and Khh = K\h (Potgieter
et al., 1993; Potgieter and Le Roux, 1994), where w is the
angle between radial and magnetic field directions; labels
\ and || are respectively the perpendicular and parallel
components of the diffusion process with respect to the
background magnetic field lines. In heliocentric spherical
coordinates, the perpendicular diffusion coefficient has
two components, one along the radial direction, K\r, the
other one along the polar direction K\h. qk is the ratio be-
tween K\r and the parallel diffusion coefficient K||:

K?r ¼ qkKk ð5Þ

In the present model, we use qk = 0.05: this value is in
the mid of the range suggested by Palmer (1982) – see also
Giacalone (1998) and Section 6.3 of Burger et al. (2000).
The value of the perpendicular diffusion coefficient in the
polar direction (K\h) can be assumed to be equal to the
perpendicular diffusion coefficient in the radial direction,
but we also consider an enhancement factor of �10 in
the polar regions (see Potgieter, 2000), as described in
Bobik et al. (2011, 2012). The parallel diffusion coefficient
is K|| = k0bKP (P)(B�/3B) (Potgieter and Le Roux, 1994):
here k0 � 0.05�0.3�10�3 AU2GV�1s�1, is a diffusion
parameter depending on solar activity (see Section 2.3), b
is the particle velocity in unit of light speed c. We are inter-
ested to an interval of energy above 1 GeV where KP = P

(Potgieter and Le Roux, 1994), with P = pc/Ze is the CR
particle’s rigidity, p is the particle’s momentum and Ze is
the particle’s charge. B� is the value of heliospheric mag-
netic field measured at the Earth orbit, and B is the magni-
tude of the heliospheric magnetic field (HMF) (Hatting and
Burger, 1995):

B ¼ A
r2
ðer � Ce/Þ � ½1� 2Hðh� h0Þ� ð6Þ

where A is a coefficient that allows |B| to be equal to B�, i.e.,
the value of HMF at the Earth orbit, and determines the
field polarity, i.e., A > 0 for positive periods (e.g. AMS-01
observations) and A < 0 for negative periods (e.g. PAM-
ELA observations); h0 is the polar angle determining the po-
sition of the heliospheric current sheet (HCS) (Jokipii and
Thomas, 1981); H is the Heaviside function, thus [1 � 2
H(h � h0)] accounts for the change of sign between the
two regions - above and below the HCS - of the heliosphere;
finally C ¼ tan W ffi xr sin H

vsw
, with w the spiral angle. We mod-

ify the HMF according to Jokipii and Kóta (1989), increas-
ing the magnitude of the HMF in the polar regions (see
Bobik et al., 2011 for details). We use a SW broad
smoothed profile according to Ulysses observation for peri-
ods of low solar activity (McComas et al., 2000, 2008), de-
scribed by the relation Vsw(h) = Vmax if h 6 30� or h P 150�
and Vsw(h) = V0�(1 + |cos h|) if 30� < h < 150� where V0 is
approximately 400 km/s and Vmax is 760 km/s.

2.2. Particle drift

We emphasize the importance to include particle drift in
the model, since this is the only part of Eq. (1) that is sen-
sitive to particle charge sign (or, equivalently, to the polar-
ity of HMF). The particle drift is described by the relation
(Jokipii and Levy, 1977):
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vdr ¼ r� ðKT eBÞ ð7Þ

Here eB is a unit vector in the direction of HMF,
KT ¼ pv

3qB is the antisymmetric part of the diffusion tensor
with p particle momentum, v speed, q = Ze charge and B

the magnitude of the magnetic field. The heliosphere is
divided in two hemisphere of opposite HMF polarity.
The transition region, called neutral sheet (NS), character-
ized by having |B| = 0, swings inside a tilt angle (a), which
value depends on the solar activity. Particles crossing the
neutral sheet experience an additional drift caused by the
different orientation of the magnetic field. Therefore parti-
cle drift has two components, one related to large scale gra-
dient and curvature of the field and one related to the
presence of the neutral sheet. In 2D-approximation the
neutral sheet becomes a region where both components
of drift contribute to the particle transport and drift veloc-
ity could be expressed as vd ¼ vdr þ vNS . To describe the
neutral sheet drift we adopt the description by Potgieter
and Moraal (1985): here the drift coefficient KT is scaled
by a transition function f(h) that simulates the effect of a
wavy neutral sheet. The transition function sets the rate
at which the regular drift coefficient goes to 0 on the ecliptic
plane (h = p/2) (Potgieter and Moraal, 1985) and, in this
description, is related to a (e.g., see Equation (23) of Burger
and Potgieter, 1989).
2.3. Parameters estimation

The model depends on measured values of SW speed on
the ecliptic plane (V0), tilt angle (a) of the neutral sheet and
on estimated values of the diffusion parameter (k0). Values
of the tilt angle a come from the Wilcox Solar Laboratory
and are computed using two different models, as described
in Hoeksema (1995). In this work we use the one referred
as “L” model. Although Ferreira and Potgieter (2003) have
shown that “R” model in Hoeksema (1995) is better suited
than the “L” model as a proxy for solar activity for periods
when a is increasing, using our Monte Carlo we found that
observations are better reproduced using “L” model in any
solar activity condition. Values of V0 and B� were obtained
from NSSDC OMNIWeb system (http://omni-
web.gsfc.nasa.gov/form/dx1.html) by 27 daily averages.
We estimate the values of k0 following the procedure
described in Bobik et al. (2011), where the diffusion param-
eter is fitted with a practical relationship between k0 and
the monthly Smoothed Sunspot Number (SSN), taken
from http://www.sidc.oma.be/sunspot-data/, which is used
as solar activity monitor.

Our code simulates a diffusive propagation of CR parti-
cle entering the heliosphere from the termination shock,
that we located at 100 AU (note that in Decker et al.
(2007) the termination shock is located at 94 AU), and
reaching the Earth. We evaluated the time tsw needed by
the SW to expand from the outer corona up to 100 AU:
with a minimum speed of � 400 km/s it takes nearly
14 months, while the time interval sev of the stochastic evo-
lution of a “quasi-particle“ inside the heliosphere from 100
AU down to Earth is between 1 month (at 200 MeV) and
few days (at 10 GeV). Therefore whe have sev < tsw and
tsw >> 1 month. In this scenario we should use monthly
averages of the parameters with values evolving in time
to describe the conditions of the heliosphere in the modu-
lation process. In fact at 100 AU, where particles are
injected, the solar conditions are similar to those present
at the Earth �14 months in advance. Therefore we split
the heliosphere in 14 radial regions, equally spaced. In each
region we used values of k0, a and Vsw, evaluated at the
time when the solar wind, present in that region, has been
ejected by the sun. In this first approximation the latitudi-
nal dependence has non been accounted for.

We also tested the effects of compressing the spherical
heliosphere down to 80 AU or stretching it up to
120 AU. We found that the differences in the modulated
flux are not relevant in the energy range of this work
(�1 – 10 GeV) (see also Bobik et al., 2012). This is an indi-
cation that, at these energies, most of the modulation
occurs in the inner heliosphere and that the structures
beyond the termination shock are not considerably con-
tributing, as shown by Bobik et al. (2008). This is in agree-
ment with the results of Scherer et al. (2011) showing as
modulation occurring in the heliosheath does not affect sig-
nificantly particles with energy larger than a few hundreds
of MeV.

A further improvement in the description of the helio-
sphere, which can be implemented in and investigated using
the current code, is an aspherical solar cavity, related to the
solar wind speed as a function of the polar angle h. (see e.g.
Haasbroek and Potgieter, 1997; Langner and Potgieter,
2005)
2.4. Local interstellar spectrum

The LIS of electrons is mainly due to the primary com-
ponent of particles diffusing in the galaxy. The LIS of
positrons is, on the contrary, a secondary production due
to GCR interactions with the interstellar medium. We used
the model proposed by Zhang and Cheng (2001) (here
expressed in unit of GeV�1 s-1 sr�1 m�2) based on calcula-
tion by Moskalenko and Strong (1998):

/e� ¼
1600:T�1:1

1þ 11:T 0:9 þ 1:92:T 2:45
ð8Þ

/eþ ¼
45000:T 0:7

1þ 650:T 2:3 þ 1500:T 4:2
ð9Þ

We corrected the lower-right term in Eq (8), in order to
fit AMS-01 observations at energy >20 GeV, but we leave
unmodified the low energy terms. Recent measurements
of AMS-01 and PAMELA have shown an excess in the
cosmic ray positron fraction, which cannot be accounted
for by the usual galactic production models. Here we
include in the positron LIS an additional term like the
one proposed by Grasso et al. (2009), that simulates the
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possible contribution of local Pulsars. This term helps to
adapt LIS to observations at energy >10 GeV, but does
not affect modulated spectra at lower energy.
Fig. 2. The cosmic ray positron fraction evaluated for a period
corresponding to a typical solar minimum with both magnetic field
polarities. We used the results shown in Fig. 1.
3. Results

3.1. Particle drift effect on modulation

The charge sign dependence of GCR propagation in the
heliosphere is due to the particle drift term of the Parker
equation. The fundamental parameter setting the direction
of particle drift is qA, where q is the particle charge and A is
a coefficient that accounts for the field polarity. We made a
simulation of propagation of electrons and positrons
during a solar minimum, reproducing the solar activity
conditions occurred in June 1998, assuming both the solar
field polarities. We found, in agreement with theory, that
the flux for qA < 0 is systematically lower than the
flux for qA > 0 (see e.g. Potgieter and Langner, 2004;
Alanko-Huotari et al., 2007, for similar results). Results
are shown in Fig. 1, where positron and electron spectra
are compared. In Fig. 2 we show the modulated cosmic
ray positron fraction above 1 GeV: for A > 0 modulated
positron fraction is comparable with the LIS positron frac-
tion; while for A < 0 a reduction of the cosmic ray positron
fraction is expected and it is even more relevant going to
low kinetic energy.
3.2. Measurements with AMS-01 and PAMELA

We selected two experiments in similar solar conditions
but opposite magnetic field polarity. AMS-01 (Aguilar
et al., 2007; Alcaraz et al., 2000) operated on board of
the Space Shuttle in June 1998, at the end of a solar mini-
mum occured during a period with A > 0. PAMELA (Adri-
ani et al., 2009) is a space born experiment working since
July 2006. Published data have been taken between 2006
Fig. 1. e– and e+ modulation for a period corresponding to a typical solar
minimum (we used the conditions occurred in June 1998) with both
magnetic field polarities. Short-dotted lines at high energy represent the
two LIS due to only Eqs. (8) and (9).
and December 2008, therefore during the last long solar
minimum with A < 0.

We mainly reproduce, within the error bars, the AMS-
01 observations for electrons and positrons (see Figs. 3
and 4). We find a good agreement between simulations
and observations also for the cosmic ray positron fraction.
Despite the large solar modulation of both electrons and
positrons, for AMS-01 the modulated ratio is very close
to the interstellar ratio (see Fig. 5), as obtained in previous
results for A > 0. We used the same model of propagation
to reproduce PAMELA observations for the period 2006–
2008. Due to the wide time interval covered by the analysis,
we performed several simulations using parameters related
to the full period of observations and taking their average
value. In Fig. 5 it is shown that, for PAMELA, the modu-
lated cosmic ray positron fraction is lower than the inter-
stellar one, as expected.

3.3. Predictions for AMS-02

Our simulation code has been also used to predict GCR
spectra for future observations. The periodic behavior of
Fig. 3. Simulated electron spectrum for AMS-01 mission (1998).



Fig. 4. Simulated positron spectrum for AMS-01 mission (1998).

Fig. 5. Simulated cosmic ray positron fraction for AMS-01 (1998) and
PAMELA (2006–2008).

Fig. 6. Prediction of the cosmic ray positron fraction for January 2012.
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the heliosphere allows us to predict, with a certain level of
confidence, the value of solar modulation parameters to be
used in the simulation. The assumption is that diffusion
coefficient, tilt angle and solar wind speed show a near-reg-
ular and almost periodic trend. The periodicity takes two
consecutive 11-years solar cycles. In order to get these
parameters we considered the prediction of Smoothed Sun-
spot Number from IPS (Ionospheric Prediction Service) of
the Australian Bureau of Meteorology. Using SIDAC data
(Solar Influences Data Analysis Center) we selected peri-
ods, in the past, with similar solar activity conditions and
same solar field polarity of the simulation time: therefore
approximately 22 years in advance.

Here we present the simulations for AMS-02 mission,
that has been installed on the ISS on May 19, 2011. Simu-
lations are related to January 2012, when the mission will
reach a stable configuration. It is important to note that
anomalous non periodic features in solar activity or differ-
ent values of SSN with respect the predicted ones, could
falsify this forecast estimation. Results are shown in
Fig. 6. At that time we still have A < 0 and the modulated
cosmic ray positron fraction is still below the interstellar
one.
4. Conclusions

We used a 2D stochastic Monte Carlo code for charged
particle modulation in the heliosphere. Our model takes in
to account particle drift effects. We focused our attention
on the modulation of electrons and positrons. We show
the different behavior occurring in periods with different
magnetic field polarity for the two species. We find that
during periods with A > 0 (e.g. AMS-01 mission) the posi-
trons ratio is quite similar to the interstellar model. During
periods with opposite field polarity (e.g. PAMELA mis-
sion) we find instead a relevant reduction of the cosmic
ray positron fraction at energy below 10 GeV in compari-
son with the interstellar one. This feature is even more
relevant going to lower energy. We find also a quantita-
tively good agreement with the observed values (AMS-01
and PAMELA), for both positive and negative periods
and for both particles. We conclude that observations
can be well explained with a polarity-dependent effect of
solar modulation, due to the particle drift. Although less
evident, AMS-02, in the first period of its data taking, will
probably observe a modulation effect similar to the one
measured by PAMELA.
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