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Abstract: The waviness of the heliospheric current sheet (HCS) is incorporated into a 3D model for the
modulation of galactic cosmic rays (GCRs) based on stochastic differential equation (SDE). Results from this
drift model are shown and discussed, focussing on charge-sign dependent modulation during the previous solar
minimum. The effects of different configurations for the heliospheric magnetic field on the modulation of
GCRs are also investigated. Taking advantage of the SDE modelling approach, the model provides additional
information regarding the modulation process. We subsequently illustrate under which conditions GCRs can
efficiently drift along the HCS and how and when diffusion candisrupt this process.

Keywords: heliopause, cosmic rays, particle drifts, heliospheric current sheet

1 Introduction
One of the main modulation processes of GCRs is particle
drifts due to the finite curvature and gradient of the helio-
spheric magnetic field (HMF) and the switch in HMF po-
larity across the HCS. The resulting drift velocity is termed
to be charge-sign dependent: Oppositely charged CRs drift
differently in consecutive HMF polarity cycles. This is il-
lustrated in Figure 1, which shows the drift directions of
GCR protons in the two different drift cycles (note that in
theA < 0 drift cycle, these CRs drift towards Earth mainly
along the HCS). For negatively charged CRs, the drift di-
rection will again reverse. perfect drift conditions were as-
sumed.

For a recent review of drifts and the effect thereof, see
[1], while the work discussed in this proceeding was pre-
sented by [2].

2 The modulation model
In this work, the stochastic differential equation (SDE)
based modulation model of [3] is used to solve the well-
known [4] transport equation. The heliopause (HP) is spec-
ified at rHP = 100 AU, where the local interstellar proton
spectrum (LIS) of [5] is assumed. Furthermore, the proton
parallel mean free path is assumed to be of the form
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with λ0 = 0.05 AU, P0 = 1 GV andB0 the HMF mag-
nitude at Earth. This is related to the parallel diffusion co-
efficient with κ|| = λ||v/3 with v particle speed. Isotropic
perpendicular diffusion withλ⊥r,θ = 0.02λ|| is adopted [6].
These values are chosen mostly for illustrative purposes,
but also leads to proton intensities at Earth which are com-
parable to observed levels.

3 Model results
Figure 2 shows energy spectra at Earth as calculated with
the modulation model for galactic protons. Solutions are
shown for theA > 0 (squares and filled circles) andA < 0
(triangles and diamonds) HMF polarity cycles. Two pairs

of solutions are shown, namely for minimum solar activ-
ity conditions (triangles and squares) assumingα = 10◦

(whereα is the HCS tilt angle) and for the case when
α = 75◦ (diamonds and filled circles). Generally, the mod-
elledA> 0 intensities are higher than those of theA< 0 cy-
cle, except at the highest energies where the spectra cross
[7].

Figure 3 shows the proton intensity response at Earth at
a kinetic energy ofE = 1 GeV to changingα for the differ-
ent HMF cycles. For theA > 0 cycle, the intensities are af-
fected very little by changingα, with the intensities slight-
ly decreasing with increasing values ofα. For theA < 0
cycle, however, the effect is much more pronounced. The
CR intensities decrease sharply with increasingα up to
α ∼ 45◦. For α > 45◦, the intensities maintain relatively
constant levels. Note that whenα = 0, the protons inten-
sities are highest in theA < 0 cycle; characteristic of CR
drift models [7]. Qualitatively, the SDE modelling results
shown here are consistent with results from previous drift
dominated finite differences modulation models [8, 9, 10].

In order to investigate the effectiveness of HCS drifts,
we investigate the relationship between galactic proton
propagation times in theA < 0 cycle and the effective
length of the HCS. The length of the HCS at a constant az-
imuthal angle (i.e.dφ = 0) is calculated as the line integral
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For a flat HCS,α = 0 (θns = π/2⇒ dθns = 0), the HCS
obtains its minimum length,lmin = rb − ra. For our purpos-
es this minimum length islmin ≈ rHP (ra = 1 AU at Earth
andrb = rHP). Forα > 0, Eq. 2 is integrated numerically,
with the calculated HCS path length shown in the left pan-
el of Figure 4. Two illustrative scenarios are shown, name-
ly rHP = 100 AU (solid line; as used in this study) and
rHP = 60 AU (dashed line; shown for illustrative purpos-
es only). For these calculations, whereα is assumed to be
independent ofr, we find that the HCS path length is pro-
portional toα, i.e. l ∝ α. If galactic protons would drift
very effectively along the HCS towards Earth in theA < 0
cycle, we would expect to find that their propagation time
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Fig. 1: Selected pseudo-particle traces of GCR protons in theA > 0 (red trace) andA < 0 (blue trace) HMF polarity cycles.
The Earth is located at the origin, with the HCS (α = 10◦) shown as the shaded surface.

Fig. 2: Computed energy spectra at Earth for both HMF
cycles, for the cases ofα = 10◦ andα = 75◦.

〈τ〉 should increase linearly with increasingl, or equivalen-
t 〈τ〉 ∝ α. The relationship between CR intensities andl
was investigated previously by [11]. Previous finite differ-
ences modulation model could however not calculate〈τ〉,
whereas the SDE approach can. The calculation of〈τ〉, as
well as the resulting energy loss experienced by the CRs,
〈∆E〉, is discussed by [12].

The right panel of Figure 4 shows〈τ〉, calculated at
E = 100 MeV, for theA < 0 HMF cycle as a function of
α. The black fills show〈τ〉, while the grey fills show〈∆E〉.
We note that, as expected,〈τ〉 increases with increasingα.
Below α = 40◦, 〈τ〉 increases linearly withα. This is in
line with the drift dominated transport picture discussed

Fig. 3: The response of the proton differential intensity at
Earth (atE = 1 GeV) to changing values ofα for both
HMF cycles under the assumption of ideal drifts.

above, leading to the conclusion that the CRs drift quite ef-
fectively along the HCS. Aboveα = 40◦, the relationship
〈τ〉 ∝ α breaks down, perhaps forming a second linearity
but with a completely different slope. This is because the
transport of the CRs becomes increasinglydiffusion dom-
inated, i.e. the characteristic effects of drifts on the mod-
elled CR intensities diminish.

Whenα is small, HCS drift is dominated by the ˆr com-
ponent of~vns, leading to effective transport of CRs toward-
s the inner heliosphere (smaller values ofr). However, if
α becomes large, thêθ component of~vns becomes increas-
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Fig. 4: The left panel shows the HCS path length, calculated forrHP = 100 AU (solid line) andrHP = 60 AU (dashed line),
as a function ofα for illustrative purposes. The right panel shows the calculated〈τ〉 (black fill) and〈∆E〉 (grey fill) for
galactic protons of 100 MeV in theA < 0 HMF cycle.

ingly dominant, and the CRs are transport very effectively
towards the Earth via diffusion (mainly by means of cross
field diffusion, κ⊥r). The CRs in the latter scenario thus
largelyignore the HCS’s structure. Whenα gets large, dif-
fusion in essence disrupts the drift of CRs along the HCS.
This can also explain the response of CR intensities with
changing values ofα shown in Figure 3: Aboveα = 40◦

the modelled intensities, for theA < 0 cycle, becomes rel-
atively insensitive to changingα due to their transport be-
coming increasingly diffusion dominated. For both HMF
cycles we generally find〈∆E〉 to follow 〈τ〉.

Figure 5 shows pseudo-particle traces for galactic pro-
tons in theA < 0 cycle withE = 100 MeV andα = 45◦.
Panel (a) show the resulting particle trajectory using Eq. 1
with λ0 = 0.05 AU as used throughout this study, Panel (b)
for λ0/10, Panel (c) forλ0/100 and Panel (d) forλ0/1000.
With decreasing magnitude ofλ0, it appears that the CRs
follow the HCS more effectively, i.e. the CRsstick better
to the HCS and are less scattered away from it. In the ex-
treme case of Panel (d) we obtain an almost perfect drift
pattern. This choice ofλ0 is however completely unrealis-
tic. Perfect drift dominated CR transport (where drifts are
the dominant transport process) does thus not exist and it
must be remembered that CR modulation is essentially a
convection-diffusion process.

Some studies completely neglect diffusion when mod-
elling CR transport and focus only on drifts as a sole mod-
ulation process is now prove to be completely unrealistic.
Such a scenario was presented by [14] who attributed the
excess observed in CR positrons with respect to electrons
(see [13]) to HCS drifts at high rigidities. It was argued that
HCS drifts alone can cause such an effect because it inher-
ently leads to charge-sign dependence. What we illustrate
here is that while positive particles are drifting in along

the HCS, a realistic diffusion process causes them to get s-
cattered significantly away from the HCS thus preventing
them to perfectly follow the HCS in and out of the helio-
sphere as [14] assumed. Furthermore, drifts effects dimin-
ish with increased rigidity (see [15]) so that it cannot ex-
plain the charge-sign effect at the high rigidities observed
by PAMELA. Thepositron excess can therefore not be cre-
ated inside the heliosphere.

4 Summary and conclusions
In accordance with general drift considerations, we find
galactic proton intensities relative insensitive to changing
values ofα in the A > 0 drift cycle. For theA < 0 HMF
cycle however, the effect of changingα is very pronounced
with proton intensities decreasing sharply with increasing
α. The effectiveness of HCS drifts in theA < 0 HMF cycle
is investigated by calculatingτ for different values ofα
and comparing these values to the total path length of the
HCS. We find that for small values ofα, CRs generally
follow, or trace, the HCS quite effectively. It may be said
that theystick to the HCS fairly well. However, whenα
gets large, diffusion disrupts these perfect drift patterns so
that the CRs do not effectively follow the HCS. The result
is that the CR intensities become independent ofα, when
α > 45◦, for the A < 0 drift cycle. Similarly, [16] found
that, observationally, the effects of drift diminish when
α > 30◦.
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Fig. 5: Pseudo-particle traces of 100 MeV galactic protons for a constant value ofα = 45◦ and different choices ofλ0.
Panel (a) shows the resulting particle trajectory forλ0 as used throughout this work, while consecutive panels showthe
results whenλ0 is each time divided by an additional factor of 10.
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