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Abstract: The onset of solar cycle 24 was expected to start at the end of 2008, following the familiar 10.5-year
cycle in which the solar magnetic field alternates its polarity. However, solar minimum conditions were prolonged
throughout 2009, resulting in a remarkable decrease in the heliospheric magnetic field magnitude. This unique
minimum has been well observed by the PAMELA detector in terms of cosmic ray electrons, among other. By
using a 3D steady state model of the heliosphere, we were able to successfully reproduce the observed increase
in electron intensities from 2006 to 2009. Even though all modulation parameters were taken into account self-
consistently, it was found that the mean free paths of < 500 MeV electrons had to be increased in order to coincide
with observations. Following a study of the individual modulation mechanisms it was found that diffusion and
global drifts each contributed ∼ 50% to the observed increase of 500 MeV electrons at Earth. The importance of
all modulation processes and their complicated interplay are effectually highlighted hereby.
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1 Introduction
It is well known that the solar minimum of cycle 23/24 has
been quite unique with regard to cosmic ray (CR) modula-
tion in the heliosphere. As minimum conditions continued
unexpectedly throughout 2009, record high neutron monitor
levels were reported along with lower than usual sunspot-
number counts. Possibly the most significant feature of this
minimum was the heliospheric magnetic field (HMF) mag-
nitude - observed to be ∼ 40% lower in 2009 than during
the previous minimum (e.g. [8]). With the availability of
preliminary electron observations from the PAMELA de-
tector (see [7], [5] and [10]), together with a heliospheric
modulation model, an in-depth study can be conducted with
regard to electron modulation during the recent unusual
solar minimum. Moreover, since PAMELA proton obser-
vations are also available ([1]), a study of the charge-sign
dependence of electrons and protons is possible.

Out of the four modulation mechanisms that exist, it is
well known that particle (gradient, curvature and current
sheet) drifts are primarily responsible not only for the
familiar 11-year and 22-year cycles observed in neutron
monitor counts, but also for the charge-sign dependence in
the modulation of oppositely charged particles. With the
recent minimum having an A < 0 HMF configuration, in
which the solar magnetic field pointed inward and outward
in the northern and southern hemispheres respectively,
galactic electrons drifted into the heliosphere over the polar
regions and outward along the heliospheric current sheet
(HCS). As a result of these drift patterns, electron intensities
are less correlated with the current sheet tilt angle (α) than
protons, such that less variability is expected in observed
intensities during the minimum period.

For this work, a similar approach is followed than that of
[16] and [18] in order to investigate the various modulation
processes that played significant roles in the modulation of
galactic electrons from 2006 to 2009.

2 Modulation model
The modulation model used in this study solves the Parker
transport equation (TPE; [13]) numerically. All modulation
effects over periods shorter than one solar rotation are
neglected, so that ∂ f

∂ t = 0. By also neglecting any possible
sources of CRs inside the heliosphere, the TPE is given by

− (V+ 〈vD〉) ·∇ f +∇ · (Ks ·∇ f )+
1
3
(∇ ·V)

∂ f
∂ ln p

= 0,

(1)
where f is the omnidirectional CR distribution function,
related to the differential intensity with respect to kinetic
energy by jT = p2 f , with p the momentum of CRs. Further-
more, V = Vsw−Ω× r, with Vsw the solar wind (SW) ve-
locity, Ω the solar rotational velocity, r the position, Ks the
symmetric diffusion tensor and vd the drift velocity. From
left to right, the terms in Equation 1 represent convection,
drifts, diffusion and adiabatic energy losses (or gains). The
modulation boundary of our model is at a heliocentric dis-
tance of 120 AU, an assumption that is in agreement with
recent Voyager 1 observations of anomalous CR protons
and galactic CR electrons ([20]).

In order to facilitate the study of how galactic electrons
experienced diffusion from 2006 to 2009, a simplified
approach was adopted in which the diffusion coefficient
(DC) parallel to the background HMF is given by
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where the ratio of particle speed to the speed of light is given
by β = v/c, κ‖,0 is a constant in units of 1022 cm2.s−1, B the
HMF magnitude with B0 = 1 nT. The rigidity-dependent
part of this equation is dimensionless, with P0 = 1 GV, and
is written in the form of a double power-law which forms
part of our approach to reconcile a simplified diffusion
theory to PAMELA electron observations.



Modulation of galactic electrons
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Kinetic energy (GeV)

D
if
fe

re
n

ti
a

l 
in

te
n

s
it
y

(p
a

rt
ic

le
s
.m

−
2
.s

−
1
.s

r−
1
.M

e
V

−
1
)

 

 

Electrons (A < 0)

Earth

10
0

10
1

10
−4

10
−3

10
−2

10
−1

10
0

LIS

2006 Computed spectrum

2007 Computed spectrum

2008 Computed spectrum

2009 Computed spectrum

PAMELA 2006−2009 preliminary data

Fig. 1: Computed electron spectra using modulation parameters from Table 1. Preliminary PAMELA electron observations
from July 2006 to December 2009 are given by the gray band.

Diffusion perpendicular to the average HMF in the radial
and polar directions is given by

κ⊥r = 0.02κ‖ (3)

and
κ⊥θ = 0.02 f (θ)κ‖, (4)

with f (θ) being responsible for an κ⊥,θ > κ⊥,r anisotropy
in the off-equatorial regions (see e.g. [11]).

Taking into account the small latitudinal gradients ob-
served by Ulysses at low rigidities ([4]), the drift coefficient
is given by

κA =
βP
3B


(

P
PA,0

)2

1+
(

P
PA,0

)2

 , (5)

(e.g. [3]) so that κA deviates from the weak scattering sce-
nario in that it is progressively reduced below PA,0 (in GV).

Also included in the model is a shocked SW (with
compression ratio of 2.5), although re-acceleration effects
are neglected for the purpose of this study. No adiabatic
changes occur in the heliosheath, since it is assumed that
∇ ·V = 0 beyond the termination shock (e.g. [6] and [17]).
See e.g. [12] for an explanation on the numerical procedure
used to solve Equation 1.

The local interstellar spectrum (LIS) used in this model
is similar to that of [15] and [19], where PAMELA observa-
tions are also used to normalize the LIS at energies around
50 GeV, and Voyager 1 observations are taken into account
at energies below ∼ 100 MeV.

3 Results and discussion
Even though galactic electron intensities at Earth are ex-
pected to show less variation as a result of their drift pat-
terns, the aim of this work was to investigate the modula-
tion that these electrons experienced throughout the recent
solar minimum. This is achieved by comparing computed
energy spectra with a selection of four sets of preliminary
PAMELA observations, which consists of monthly aver-
aged spectra from November 2006, December 2007, De-
cember 2008 and December 2009 (referred to from hereon
as the 2006, 2007, 2008 and 2009 spectra). In using these
four PAMELA spectra as a representative set in terms of
how electron intensities developed from 2006 to 2009, it
was necessary to set up four separate numerical models,
each of which corresponding to the different time periods of
the observed spectra, due to the large changes that occurred
in modulation parameters and the steady-state nature of our
model. Since solar conditions take approximately a year
to reach the boundary of the heliosphere, preceding yearly
averaged values for α and the HMF at Earth (Be) are given
in Table 1, from 2006 to 2009.

2006 2007 2008 2009
α (◦) 15.7 14.0 14.3 10.0

Be (nT) 5.05 4.50 4.25 3.94

Table 1: Preceding yearly averaged values for the HCS tilt
angle and HMF magnitude at Earth from 2006 to 2009.

Presented in Figure 1 are the computed spectra (solid
lines) that resemble a selection of PAMELA observations
(as discussed above). The gray band represents the prelimi-
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nary PAMELA electron spectra from July 2006 to Decem-
ber 2009. Only energies over which observable variabili-
ty occurred in the modulation are shown. As modulation
conditions in the heliosphere subsided toward 2009, elec-
tron intensities increased by ∼ 100% around 300 MeV. It
is shown in Figure 1 that the observed intensity increase
can be reproduced at all energies. However, since the re-
spective∼ 5◦ and∼ 1 nT decreases in α and Be alone were
insufficient to account for the observed intensity increase,
in particular for lower energy electrons, the parallel and
perpendicular mean free paths (MFPs) for <∼ 500 MeV
electrons were required to increase.

Figure 2 gives the rigidity (P) dependence of the par-
allel and perpendicular MFPs used in calculating each of
the modelled spectra. Below ∼ 500 MV electron MFPs are
rigidity independent but were increased by ∼ 60% from
2006 to 2009, while at higher rigidities the MFPs had a
steady P1.23 dependence. Apart from the previously men-
tioned polar dependence enhancement in κ⊥,θ , no adjust-
ments in the ratio between κ‖ and κ⊥ were necessary. Sim-
ilar results were found for the modulation of protons dur-
ing the period from 2006 to 2009 (see [16] and [18]). It is
assumed that heliospheric modulation starts in the energy
range between 30 GeV and 50 GeV.
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Fig. 2: Rigidity dependence for the parallel (λ‖) and per-
pendicular (λ⊥) mean free paths for electrons at Earth from
2006 to 2009. Here λ⊥ represents the perpendicular mean
free path in both the radial and polar directions. The shaded
region corresponds to the Palmer consensus values ([14])

Figure 3 gives a comparison of ∼ 750 MV PAMELA
electron and proton intensities, normalized to July 2006,
to further highlight the observable effects of charge-sign
dependent modulation in the heliosphere during the recent
minimum. Where proton intensities increased by almost
150%, electron intensities only increased by ∼ 40%, which
is what is typically expected during an A < 0 cycle.

Apart from reproducing the observed increase in elec-
tron intensities through modelling, the various modulation
processes and their contributions to the overall modulation
changes were also studied, the results of which are present-
ed in Figure 4. Here the coloured band represents prelimi-
nary 500 MeV PAMELA electrons, along with four sets of
computed intensities corresponding to different modulation
scenarios (dots). In the first three scenarios global drifts
(via κA) are kept fixed, while changes in α and the DCs are
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Fig. 3: PAMELA ∼ 750 MV protons and (averaged) pre-
liminary electrons normalized to July 2006, as a function
of time, illustrating characteristic charge-sign dependent
modulation.

considered individually (dotted and dashed lines) and mutu-
ally (dotted-dashed line). In the final scenario (solid line),
global drifts are included along with all other modulation
processes that are affected by changes in α and Be.

It is evident from Figure 4 that electron intensities were
nearly unaffected by changes in α (dotted line) relative to
November 2006, which is what is expected for electrons
during an A< 0 epoch. Changes in the DCs (from Figure 2),
however, give rise to a ∼ 25% intensity increase (dashed
line), where an almost identical result is found when DC and
α changes are combined (dotted-dashed line). The inclusion
of global drifts also gives a∼ 25% intensity increase. When
all modulation processes are included for the period from
2006 to 2009, a ∼ 50% increase in intensity is achieved
(solid line). This scenario matches preliminary PAMELA
electron observations.

4 Summary and Conclusions
Even though modulation conditions were quite exceptional
during the recent solar minimum, oppositely charged CRs
still experienced typical charge-sign dependent modulation.
Since negatively charged particles drift into the heliosphere
over the polar regions in an A < 0 cycle, electron intensities
were found to have increased significantly less than protons,
drifting inward along the HCS. With the availability of
preliminary PAMELA electron observations, we showed
that the increase in electron intensities could be successfully
reproduced with our modulation model. However, even with
self-consistent changes in α and Be, we found that electron
MFPs below ∼ 500 MV were required to increase from
2006 onward in order to reach observed intensities at the
end of 2009. Similar results were found for < 3 GV proton
MFPs ([16]; see also [2] and [9]).

By studying the individual modulation processes affect-
ed by the large changes seen in α and Be, we were able to
determine the extent to which diffusion and drifts contribut-
ed to the electron intensity increases from 2006 to 2009. It
was shown that electron intensities at Earth are nearly inde-
pendent of changes in α due to their drift patterns. Global
drifts, though, were shown to be responsible for ∼ 50% of
the overall intensity increase for 500 MeV electrons, with d-
iffusion contributing the remaining 50%. Only after includ-
ing both diffusion and drifts, along with adiabatic changes
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Fig. 4: Computed differential intensities for 500 MeV electrons (dots) as a function of time for different modulation
scenarios (dotted line, dashed line, dotted-dashed line and solid line; see text for detailed discussion). The colored band
represents the preliminary 500 MeV PAMELA electron observations.

and convection, could the observed electron intensities be
reproduced across the entire spectrum. This effect in which
diffusion and drifts delivers variable contributions is in fact
energy dependent, illustrating the intricate interplay of the
different modulation mechanisms and their significance dur-
ing the minimum period from 2006 to 2009.
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