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Abstract: The missions STEREO A/B with large separation distances, together with ACE, SOHO, and WIND near
Earth, provide presently the unique opportunity to observe solar energetic particles (SEP) over a large range of solar
longitudes and latitudes in the inner heliosphere. It is evident from these observations that temporal and directional
characteristics of solar energetic particles strongly depend on the location of the spacecraft relative to the source at
the Sun. Our three-dimensional model of SEP propagation incorporates anisotropic pitch-angle scattering by magnetic
inhomogeneities in the solar wind, focusing, streaming along the large-scale magnetic field, adiabatic energy losses and
pitch-angle-dependent diffusion perpendicular to the magnetic field. We report the results of a parameter study of SEP
time profiles, anisotropy and pitch-angle distribution as a function of different propagation parameters, angular and radial
distances from the source and the source size. A comparison of the simulation results with multi-spacecraft observations
allows to diagnose the propagation conditions in interplanetary space.
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1 Introduction

Interplanetary turbulence plays a crucial role in scatter-
ing charged particles, giving rise to transport or diffusion
both perpendicular and parallel to the large scale or mean
magnetic field, along with drift motions due to large scale
gradients. Particle transport normal to the average mag-
netic field is due to the combined effects of particles skip-
ping off a field line, the mixing or random walk of field
lines, and concomitant diffusion parallel to the magnetic
field [1, 2, 3]. Information about the amount of perpen-
dicular diffusion that solar particles undergo can be ob-
tained from simultaneous multi-spacecraft observations of
the time evolution of the particle distribution in the direc-
tion perpendicular to the field line connected to the injec-
tion region at the Sun (which in this case has to be assumed
to be more or less pointlike). Measurements in the eclip-
tic from the Helios (e.g., [4]) and the STEREO missions
contain information about perpendicular diffusion in the
azimuthal direction, whereas comparison of observations
by near-Earth spacecraft and Ulysses, when the latter is
located over one of the poles of the Sun, gives informa-
tion about perpendicular diffusion in the latitudinal direc-
tion (e.g., [5]). As well information about the amount of
perpendicular diffusion that solar particles undergo can be

obtained from single spacecraft observations of cross field
gradients which are observed as ‘dropouts’ and ‘cutoffs’ in
the intensity profiles of low-energy ions and electrons in
impulsive solar particle events [6]. The latter effect was
considered by [7] and a value of λ⊥/λ‖ (which gives the
order of K⊥/K‖ ratio) of a few times 10−5 was inferred.
On the other hand, the modulation of galactic cosmic rays
and observations of Jovian electrons [8] have suggested
K⊥/K‖ ∼ 10−2. Even values of K⊥/K‖ ∼ 1, deduced
from anisotropy measurements during co-rotating interac-
tion region events have been reported [9].

2 Interplanetary Transport

The appearance of solar particle events observed at 1 AU
reflects the combination of a number of physical processes.
If we consider particles accelerated in solar flares, these
processes include acceleration in the flaring region, some
kind of lateral transport in the solar corona to a magnetic
field line connected with the observer, and transport in the
solar wind. In the absence of large-scale disturbances such
as CMEs and shocks, the interplanetary magnetic field can
usually be described as a smooth average field, represented
by an Archimedian spiral, with superimposed irregularities.
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Figure 1: Maximum of 65-105 keV electrons intensity at 1
AU as a function of longitudinal distance of the spacecraft
from the source. Negative sign corresponds to the location
of spacecraft to the east from the source. λ‖ = 0.5 AU,
α = 0.01.

A radial diffusion coefficient can be defined as Kr = K‖
cos2ψ +K⊥ sin2ψ where ψ is the angle between the radial
direction and the magnetic field. As another convenient
measure for the scattering strength we introduce the mean
free path λ which is related to the diffusion coefficient by
K = 1/3 vλ, where v is the particle speed. Earlier from
the particle observations a ratio (K⊥/K‖ ∼ 10−2) was es-
timated. However, in these early treatments the curvature
of the magnetic field lines was neglected and purely radial
field was assumed instead.

3 Model

In the present paper we follow to the transport model de-
veloped by [7] and solve at each temporary step the system
of stochastic differential equations:

d�r(t) = μυdt�b+

√
2 �K⊥ d �W⊥(t) +∇ �K⊥dt (1)

dμ(t) =
√
2Dμμ dWμ(t)+

[
v

2L
(1−μ2)+

∂Dμμ

∂μ

]
dt (2)

by means of Monte-Carlo simulations. Wμ(t) and �W⊥(t)
denote one- and two-dimensional Wiener processes, re-
spectively. The adiabatic losses are included via chang-
ing the coordinate system between the corotating system,
where particles undergo streaming, focusing and move-
ment perpendicular to the large scale magnetic filed, and
the system of the solar wind, where scattering off magnetic
inhomogeinities takes place ([10]).
In modeling time profiles of solar particle events it is im-
portant also make use of the information contained in its
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Figure 2: Open circles: electron intensity at 1 AU, in units
of 10−2, observed on a magnetic field line if there would
be no perpendicular diffusion. Dots: electron intensity in
the energy range 65-105 keV at 1 AU, if the point-like
source is located in equiliptic plane at the longitudinal an-
gular distance 0, 10, 30, and 60 degrees (from upper to
lower curves) to the east from the spacecraft. λ‖ = 0.5
AU, α = 0.01

angular dependence. An anisotropy can be defined as

A =
3
∫ +1

−1
dμμ f(μ)

∫ +1

−1
dμ f(μ)

(3)

Following our previous work [7], we consider that the per-
pendicular mean free path scales with the gyroradius of the
particle, i.e., with the magnetic field strength and with the
particle’s pitch angle:

λ⊥ = α · λ‖ ·
( r

1AU

)2

· cosψ ·
√

1− μ2 AU (4)

4 Results and discussion

Our model is aplied to simulate propagation in 3D inter-
planetary space of solar energetic electrons and protons.
Particles are injected close to the Sun, at a radial distance
0.05 AU with energy distribution of power law shape, with
power law index γ = 3 for electrons and γ = 2 for protons.
Adiabatic losses are taken into account only for protons.
First, we investigate the latitudinal dependence of time pro-
files at different values of the ratio λ⊥/λ‖. Figure 1 shows
the longitudinal distribution of intensity maxima of elec-
trons (in units of maximum at the magnetic field line con-
nected to the source, latitudinal difference is 0 degrees).
In adressing positive or negative sign of the observation
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Figure 3: Crosses: electron intensity at 1 AU, in units of
10−2, observed on a magnetic field line if there would be
no perpendicular diffusion. Dots: electron’ intensity in the
energy range 65-105 keV at 1 AU, if the point-like source
is located in equiliptic plane at the longitudinal angular dis-
tance 0, 30, and 60 degrees (from upper to lower curves) to
the east from the spacecraft. Open circles: source is located
at 10 degrees to the east from the spacecraft. λ‖ = 0.5 AU,
α = 0.1
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Figure 4: Anisotropies of electrons. Upper panel: loca-
tion of SC on the magnetic field line connected to the flare.
λ‖ = 0.5, α = 0.01. Middle panel: angle of observations
30 degrees,λ‖ = 0.5, α = 0.01. Lower panel: angle of
observation 30 degrees, λ‖ = 0.5, α = 0.1.

angle we follow to the paper by [4] and the sign is nega-
tive if the magnetic field line of the spacecraft is located
to the East from the source. It is seen that even at the ra-
tio λ⊥/λ‖ ∼ 10−2 the longitudinal distribution of max-
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Figure 5: Comparison of electrons intensities, observed at
radial distance 1 AU and 3 AU. At 3 AU observations from
out of the equiliptic plane are shown (see legend).

imal value of intensity is almost symmetric for energetic
solar electrons. This suggests that for fast electrons at he-
liospheric distances of ≤ 1 AU the corotation effect does
not play an important role.
Figures 2 and 3 show the evolving of the shape of intensity
time profiles with increasing of the observational angle for
two different values of λ⊥/λ‖. It is seen that an increas of
the above value results in redistribution of energetic elec-
trons towards larger longitudinal distances, simultaneously
shortening the total time of observation of these particles
from the event.
Three cases of anisotropies are presented on Figure 4. It
shows that the anisotropy strongly depends on the signifi-
cance of the perpendicular diffusion.
Figure 5 shows the difference in time profiles of solar ener-
getic electrons due to an increas of the radial distance of the
spacecraft (from 1 to 3 AU), as well as a latitudinal depen-
dence of time profiles at large heliospheric distances. It is
remarkable that at large radial distances the relative differ-
ence in the intensity observed from large angles in respect
to the case of magnetic connection of the spacecraft to the
source is smaller.
Figure 6 and 7 show intensity profiles of 4 - 6 MeV pro-
tons, observed at 0.31 and 1 AU from different angles. For
protons corotation effects are noticeable even at small he-
liospheric distances, which results to the difference in time
profiles observed at the same angular distances, but from
opposite sides of the source. The delay between onsets for
observation angles 0 and± 15 degrees is directly connected
with the traversed longitude and basically the same for 0.31
and 1 AU.
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Figure 6: Comparison of protons intensities, observed from
different longitudes, at a radial distance 0.31 AU (see
legend) in case of multiple injection from the point-like
source.
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Figure 7: Comparison of protons intensities, observed from
different longitudes, at a radial distance 1 AU (see legend)
in case of multiple injection from the point-like source.

5 Conclusion

Temporal and directional characteristics of the observed so-
lar energetic particles are very sensitive to the transport
parameters. Recent multi-spacecraft observations from
STEREO A/B together with ACE, SOHO, and WIND give

us a unique tool to investigate transport conditions in inter-
planetary space.
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