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Transport of solar energetic electrons through the Earth’s bow shock and in the magnetosheath
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Abstract: We investigate fluxes of near-relativistic solar electrons observed by ACE and Wind during time periods
when Wind was in the solar wind and magnetically connected to the Earth’s bow shock. Transport simulations are
performed which include the effects of pitch angle diffusion, focusing, and pitch angle dependent propagation through
the discontinuity in the magnetic field at the bow shock which results in a partial reflection of the electrons. From
a comparison of our model calculations with observed intensity and anisotropy profiles, as well as with the angular
distributions of the electrons during the 4 June 2000 solar event we derive transport parameters (pitch angle diffusion
coefficient, mean free path) in the solar wind and in the magnetosheath.
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1 Introduction

Bidirectional electron pitch angle distributions are often
observed in the solar wind, both at suprathermal ener-
gies and in the energy range of the solar wind electron
’strahl’. Counterstreaming beams or bidirectional solar
wind electron distributions (BDE) are formed when field
lines are connected to the Sun on both foot ends. It is usu-
ally assumed that these closed loops arise from CMEs and
their interplanetary counterparts (ICMEs). Thus BDEs are
widely used as a signature to identify ICMEs in solar wind
data [1]. However, counterstreaming electrons in the so-
lar wind energy range can also be generated on open field
lines. An example in the near-Earth environment is reflec-
tions of electrons by the bow shock of the Earth’s mag-
netosphere. Observations have shown that reflected solar
wind electrons can be observed out to distances of the li-
bration point L1 if the spacecraft is magnetically well con-
nected to the magnetosphere, and that these backstreaming
solar wind electrons can be understood in terms of mag-
netic mirroring at the increasing magnetic field of the bow
shock [2]. At higher electron energies between ∼30 and
∼300 keV bidirectional PADs have been reported during
the onset phase of several SEPs and were explained by a
reflecting boundary at distances of ∼0.2-0.4 AU (e.g., [3]).
Here we analyze the pitch angle distributions (PADs) of
semi-relativistic electrons in the energy range of ∼27 to
∼500 keV during the early phase of an impulsive solar en-
ergetic electron events observed on 4 June 2000. We com-
pare the PADSs as observed onboardWind close to the bow
shock at distances of ∼40 to ∼70 RE with the PADs ob-

served onboard ACE at ∼235 RE . The observations on-
board Wind show bidirectional PADs, whereas ACE shows
PADs with one peak, aligned with the interplanetary mag-
netic field, as usually observed for impulsive injection of
electrons at the Sun. The short time delay between out-
flowing and backstreaming electrons of ≤12 s (the resolu-
tion of our measurement) on Wind indicates backscattering
in a region of strong turbulence or reflection at a bound-
ary, downstream at distances ≤150 RE , suggestive of the
bow shock or the magnetosheath of the Earth. We com-
pare the observed electron intensities and anisotropies with
model calculations, including the effects of propagation in
interplanetary space and in the magnetosheath, as well as
particle reflection at a nearby boundary in the anti-sunward
direction.

2 Observations

The electron data used in this paper have been obtained
with the Wind 3DP experiment [4] and the EPAM in-
strument [5] onboard the Advanced Composition Explorer
(ACE), respectively. The Wind 3DP solid state telescopes
(SSTs) measure full angular distributions of electrons from
∼ 25 keV to ∼ 1000 keV. The EPAM / LEFS60 instru-
ment onboard ACE provides electron intensities from∼ 45
keV to ∼ 315 keV organized into 4 energy channels with
8 angular bins each. Figure 1 gives an overview of obser-
vations of X-ray and radio emission, omnidirectional elec-
tron intensities on ACE and Wind, Wind electron PADs at
40 keV, and plasma and magnetic fields during the 4 June

                                                             DOI: 10.7529/ICRC2011/V10/0611

Vol. 10, 192



SUN et al. TRANSPORT OF SOLAR ENERGETIC ELECTRONS THROUGH THE BOW SHOCK

GOES X-ray

0.5 - 4 A

1 - 8 A

W
/m

2

10-8

10-7

10-6
In

te
ns

ity
 (c

m
2  s

 s
r k

eV
)−1

10−2

10−1

10−0

101

102
ACE/EPAM LEFS60

53 keV
80 keV

132 keV

230 keV

3.5

4.5

5.5

|B
| (

nT
)

-40
0

40
80

θ B

-60

-30

0

Φ
B

7 7.5 8 8.5 9 9.5425

445

465

V
S

W
 (k

m
/s

)

ACE
Wind

Time (hours)

Figure 1: Time history on 2000 June 4 of (from top
to bottom) X-ray flux (GOES), Wind/Waves radio wave
emission, ACE/EPAM omnidirectional electron fluxes,
Wind/3DP omnidirectional electron fluxes, angular distri-
bution of Wind/3DP 40 keV electrons, observations of in-
terplanetary magnetic field in polar coordinates, and solar
wind speed, observed onboard Wind (red lines) and ACE
(blue lines), respectively.

2000 solar electron event. A type III burst observed by
Wind/WAVES at∼07:03UT indicates the injection of elec-
trons at the Sun at ∼ 06:55 UT. The intensity-time profiles
at ACE and Wind show a prompt event onset, time disper-
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Figure 2: Positions of ACE and Wind on 4 June 2000, pro-
jected into the XYGSE plane (in Earth radii). The lines
across Wind and ACE are linearly extrapolated magnetic
field lines of in-situ observations. The arrows indicate the
direction of the magnetic field.

sion, and intensity maxima within less than ∼30 min, in-
dicative of impulsive injection at the Sun, and propagation
in interplanetary space with only weak scattering. Under
these conditions PADs with only 1 peak along the magnetic
field direction would be expected. However, the observa-
tions on Wind show, in addition to the outward streaming
electrons, over an extended time period of ∼1 hour back-
ward streaming electrons with somewhat lower intensity
(panel 5 of Fig. 1). Later in the event, at∼08:40UT, proba-
bly related to a change of the azimuth angle φ and elevation
angle θ of the IMF, the backstreaming electrons disappear.
Figure 2 shows the positions of Wind and ACE in GSE
coordinates at the onset of the particle event, and also indi-
cates the direction of the magnetic field, measured locally
at Wind and ACE, and the nominal Earth’s bow shock. Ap-
parently Wind was magnetically well connected to the bow
shock during the event onset whereas ACE was not.
Next, we analyze the directional intensities of electrons in
the energy range 32 to 48 keV onboard Wind and com-
pare these intensities with the lowest energy channel of
EPAM onboard ACE at 45 to 62 keV. We also consider
first- and second-order anisotropies parallel to the mean
magnetic field which can be defined by means of Legen-
dre polynomials Figure 3 (upper panel) shows the omni-
directional electron intensity - time profiles. In order to
account for the lower energy of the measurement with the
WIND 3DP/SST instrument, the SST fluxes are normal-
ized in the decay phase of the SEP event to the fluxes ob-
served onboard ACE, using a multiplication factor of 2.0.
The lower panel shows the 1st order anisotropy. Whereas
the measurement onboard ACE shows a large 1st order
anisotropy (A1p∼2), as expected for the propagation of
semi-relativistic electrons with weak interplanetary scatter-
ing, the electron fluxes observed onWind show a small 1st-
order anisotropy (A1p∼0).
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Figure 3: Anisotropy analysis of ∼40 keV electrons. The
upper panel shows the ACE EPAM (blue) and Wind 3DP
(red) electron flux at 42 - 65 keV, and 31-53 keV, respec-
tively. The lower panel shows the first order anisotropies.

Figure 4 shows the PADs observed on Wind and ACE at
∼40 keV and ∼50 keV, for a 4 minute time period near
the intensity maxima at the corresponding energies. Here,
the ACE PADs are taken at a slightly later (3 min) time
and multiplied by a factor of 2 to account for the lower en-
ergy of the Wind measurement. The figure demonstrates
the striking difference of the PADs as observed onboard
Wind and ACE. Whereas the PADs of the outflowing elec-
trons are similar, with a somewhat steeper decrease towards
90◦ pitchangle on Wind, backstreaming electrons are only
observed onboard Wind. The backstreaming electrons are
peaked at a cosine of the pitch angle of ∼0.7-0.8 (∼ 35◦-
45◦).

3 Transport Modeling

For a modeling of the electron events we used the model
of focused transport which describes particle propagation
as a combination of adiabatic motion along the average in-
terplanetary magnetic field, magnetic focusing due to the
divergence of the field, and pitch angle scattering off the
fluctuations superimposed on the field. The corresponding
transport equation for the evolution of the particle’s phase
space density f(s, μ, t), where s is the distance along the
magnetic field line, μ = cosϑ is the particle’s pitch angle
cosine, and t is the time, was solved with the method of
stochstic differential equations. For details of the method,
the definition of the parallel scattering mean free path λ‖
and the treatment of electron injection at the Sun see [6]
and references therein. For the interpretation of the bi-
modal electron fluxes observed in the foreshock region by
Wind during the 2004 June 4 solar event we will first de-
termine the propagation conditions on interplanetary field
lines not connected to the bow shock by performing a mod-
elling of the ACE/EPAM observations. With the derived
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Figure 4: Electron pitch angle distributions near the inten-
sity maximum. The energy ranges for Wind and ACE are
32 - 48 keV and 45 - 62 keV, respectively. The ACE elec-
tron flux is multiplied by a factor 2 for normalization.

transport coefficients we will then try to reproduce the
Wind electron data by phenomenologically taking into ac-
count the effects of the bow shock and/or the magnetosheat
through a reflecting boundary and/or a region of enhanced
scattering. A good fit which reproduces the intensity and
anisotropy-time profiles of the EPAM 45 - 62 keV elec-
tron fluxes (not shown here) was obtained for a spatially
constant λ‖ = 0.6 and a nearly impulsive injection func-
tion at the Sun. To model the electron fluxes observed by
Wind in the foreshock region we decided not only to re-
quire a reasonable reproduction of the time history of the
intensity and first-order anisotropy, but additionally also of
the second-order anisotropy parallel to the mean magnetic
field. Because the bimodal pitch angle distribution (Fig. 4)
patterns are not observed at ACEwhich is located relatively
close at L1, and because there is almost no delay between
electrons arriving from the sunwards and antisunwards di-
rection we conclude that they are caused by a nearby obsta-
cle, i.e., the bow shock which is located 450 000 km down-
stream of Wind on the connecting field line. For the par-
ticle transport through the bow shock and within the mag-
netosheath we considered the adiabatic transmission model
of [7] and the findings of [9] about scattering conditions in
the magnetosheath. In this treatment the bow shock acts as
a magnetic mirror and all particles with pitch angles fulfill-
ing the mirror condition (μ >

√
1−B1/B2) are reflected.

The electron transport now proceeds in the following way:
electrons propagate along the interplanetary magnetic field
line according to a value of λ‖ of the order of what was
found for ACE. When they reach the bow shock at s = 1.15
AU + 450 000 km, depending on their actual pitch angle
they are either reflected and propagate sunwards, or they
are transmitted and enter the magnetosheath, in both cases
with new pitch angles according to the mirror condition.
Transmitted particles follow the field line in the magne-
tosheath and experience enhanced scattering according to
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Figure 5: Modeling of the time-intensity and anisotropy
profiles of 32 - 48 keV electrons observed onWind on 2000
June 04 with results from a simulation (details see text).

a drastically reduced mean free path of λ‖ ∼ a few Earth
radii (RE), as suggested by the work of [8] and [9]. After
100 RE the field line exits the magnetosheath, and the elec-
trons again enter the interplanetary medium. A best overall
fit was obtained for B2/B1 = 3 and λ‖ = 8 × 10−5 AU
(= 2 RE). The resulting electron time profiles and pitch
angle distributions around time of maximum intensity are
shown in Figure 5. We find that as long as the spacecraft
is connected to the bow shock (around∼ 8:30) the simula-
tion reproduces the basic features of the observations well.
In particular, the enhanced scattering in the magnetosheath
leads to a nearly isotropic distribution and a larger number
of electrons which stream back through the bow shock into
the foreshock region. When the electrons cross the shock
in the sunward direction, the conservation of their first adi-
abatic invariant puts a large fraction of them in the pitch
angle range 0.8 < μ < 1.0 (see Fig. 6).

4 Conclusions

We made an attempt to model an interplanetary electron
event with bidirectional pitch angle distributions which was
observed onboard Wind on 2000 June 04 when the space-
craft was located in the foreshock region and probably con-
nected to the bow shock. Our simulations show that the
combined effects of reflection at the bow shock assuming
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Figure 6: Pitch angle distribution of 32 - 48 keV electrons
during the 2000 June 04 particle events at the time of max-
imum intensity. Dots show Wind observations, the solid
line shows results of the simulation .

an approximate conservation of the electron’s adiabatic in-
variant and a magnetic compression ratio B2/B1 ∼ 3, and
enhanced diffusion in the magnetosheath can reproduce the
basic features of the dynamics of the bimodal Wind elec-
tron fluxes. Remaining discrepancies between the observa-
tions and our model predictions could be caused by time
variations in the magnetic connection to the bow shock
during the event and resulting magnetic compression ra-
tios, uncertainties about the spatial extend of the connect-
ing field line through the magnetosheath, and the varia-
tion of the scattering strength along it. At the conference
we plan to show results from more electron events during
which Wind was in the foreshock region or in the magne-
tosheath.
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