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[1] We investigate statistically the dependence of electron
foreshock Langmuir wave activity on the properties of
the upstream electron distribution function, using wave
and electron measurements from the Wind spacecraft. We
find that the presence of a strong strahl beam in the upstream
solar wind leads to a significant increase in the occurrence
of Langmuir wave activity in the sunward wing of the elec-
tron foreshock, generating an asymmetry in the foreshock
between the sunward and anti‐sunward wings. This asymme-
try of electrostatic wave occurrence is likely to be reflected in
the radio emission properties of the two foreshock wings.
The mechanism behind the asymmetry was first postulated
in the context of the Venus foreshock, and may be relevant
to recent observations of Langmuir wave activity in solar
wind magnetic holes. Furthermore, the likely absence of a
strahl‐related enhancement at fast forward interplanetary
shocks points out a key difference between the physics of
electron acceleration at interplanetary shocks and bow
shocks. Citation: Pulupa, M. P., S. D. Bale, and C. Salem
(2011), An asymmetry of the electron foreshock due to the strahl,
Geophys. Res. Lett., 38, L14105, doi:10.1029/2011GL048029.

1. Introduction

[2] The electron foreshock is the region, upstream of the
quasiperpendicular bow shock and magnetically connected
to the shock, where the upstream particle population is
dominated by reflected solar wind electrons. These electrons,
when accelerated back into the solar wind, form a beam
and generate electrostatic Langmuir wave activity, which is
then mode converted to radio emission at the plasma fre-
quency and its harmonics. Observations of electron beams
and associated wave activity in this region have been made
for many decades [Filbert and Kellogg, 1979; Anderson
et al., 1979; Fitzenreiter et al., 1996; Larson et al., 1996;
Malaspina et al., 2009].
[3] Theoretical models of electron acceleration based on

conservation of the electron adiabatic invariant have been
successful in explaining the general characteristics of the
upstream electron population, including the presence of an
energy‐dependent loss cone and bump‐on‐tail electron
velocity distribution functions (eVDFs) [Wu, 1984; Leroy
and Mangeney, 1984; Cairns, 1987; Krauss‐Varban et al.,
1989; Yuan et al., 2007]. Stochastic growth theory (SGT)
[Robinson, 1992] describes the growth of beam‐driven
Langmuir waves and is consistent with observed wave

activity [Cairns and Robinson, 1999]. A recent quantitative
model [Kuncic et al., 2004] incorporates the complete pro-
cess of electron acceleration, beam‐driven stochastic wave
growth, and mode conversion of Langmuir waves to elec-
tromagnetic radio waves. Using this model, wave power and
radio emissivity can be computed over the entire spatial
range of the electron foreshock. However, up to this point the
seed population of solar wind electrons has been modeled
using a function which does not fully describe each com-
ponent of the eVDF. This letter will demonstrate that a
complete description of the upstream eVDF, in particular one
which includes a realistic strahl, is crucial to understanding
the structure of the electron foreshock.
[4] The solar wind eVDF is made up of several distinct

components. The thermal core of the distribution makes up
most of the number density of the electron distribution.
However, since the positive cross shock potential which
exists across the terrestrial bow shock is typically higher than
the core electron temperature [Kuncic et al., 2002; Lefebvre
et al., 2007], core electrons tend to be drawn into the
downstream region of the shock, leaving the suprathermals
to form the reflected electron beams which drive foreshock
activity.
[5] The relevant suprathermal eVDF components are the

halo and the strahl [Pilipp et al., 1987]. The halo is well
represented by a bi‐Kappa distribution [Maksimovic et al.,
1997]. The strahl is a field‐aligned beam‐like feature
propagating away from the sun and is thought to be the
remnant of the coronal electron population. The relative
contribution of the halo and strahl to the total electron
density wax and wane respectively with increasing radial
distance from the sun [Maksimovic et al., 2005; Štverák
et al., 2009]. This relationship, as well as the fact that the
two populations exist at similar energies, supports the theory
that the strahl population gradually evolves into the halo,
possibly due to scattering of strahl electrons by a wave‐
particle interaction [Vocks et al., 2005].
[6] The electron foreshock is divided into two wings, one

on either side of the point where the IMF is tangent to the
shock. In this paper, the wings are designated the “sunward”
and “anti‐sunward” wings (Figure 1). The incident popula-
tion (that is, the electrons that will be reflected by the shock)
on the sunward side consists of electrons propagating away
from the sun, while the incident population on the anti‐
sunward side consists of electrons which are propagating
towards the sun. Foreshock beams generated in the sunward
wing of the foreshock therefore originate from incident strahl
and halo electrons, while foreshock beams generated in the
anti‐sunward wing originate from halo electrons alone.
[7] The asymmetry of the electron foreshock wings has

previously been studied using the technique of statistical
imaging. A strong asymmetry was found in the Venus
electron foreshock [Crawford et al., 1998, Plate 1]. The
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authors proposed two explanations for the observed asym-
metry: (1) differences in local shock strength at the accel-
eration point and (2) anisotropy of the upstream eVDF, as
described above and as shown in Figure 7 of Crawford et al.
[1998]. However, similar studies in the terrestrial electron
foreshock did not conclusively observe such asymmetries
[Greenstadt et al., 1995; Kasaba et al., 2000].
[8] The results presented here will demonstrate that the

sunward/anti‐sunward asymmetry does indeed exist in the
terrestrial electron foreshock, and will also demonstrate
directly the dependence of the asymmetry on the solar wind
eVDF. In the final section, we will briefly discuss possible
reasons why this effect was not reported by previous studies.

2. Observations

[9] During the first half of 1996, the Wind spacecraft
made several Earth orbits with apogee locations ahead of
the bow shock near the Sun‐Earth line. These orbits avoided
the ion foreshock region located farther downstream at the
quasiparallel bow shock, and therefore offer an excellent
opportunity for dedicated study of the electron foreshock.
[10] The interval selected for this study begins on 15

March 1996 and ends on 24 May 1996. On March 15th,
Wind was located approximately 120 RE upstream of the
shock and was travelling towards the Earth. Wind then
made three inbound/outbound crossing pairs of the shock
and two complete orbits, with apogees of approximately
85 RE. On May 24th, the spacecraft was traveling outbound
once more, at approximately 130 RE.
[11] The wave observations used in this study come from

the Wind/WAVES instrument [Bougeret et al., 1995], and
the solar wind plasma parameters and electron pitch angle
distributions are measured by the Wind/3DP instrument
suite [Lin et al., 1995].
[12] The 3DP SST Foil electron detector and the Wind/

WAVES RAD1 and RAD2 radio receivers were used to
inspect the study interval for the velocity dispersed electrons
and drifting radio signals which signify solar electron events
associated with in situ Langmuir waves [Ergun et al., 1998].
Because solar activity was at a minimum in 1996, only a few
weak Type III radio bursts were observed, and none were
associated with in situ velocity dispersed electrons or
Langmuir waves. Therefore, the observed Langmuir waves
during this interval are exclusively the results of foreshock
electron beams.

[13] In this study, Langmuir waves are detected algorith-
mically by comparing the relatively low power in the quasi‐
thermal plasma line [Meyer‐Vernet and Perche, 1989] to the
intense enhancement near the plasma line during periods
of Langmuir wave activity. The algorithm records a wave
when the power near the plasma line is a factor of 10 greater
than the background thermal noise. This method was pre-
viously used to detect Langmuir waves upstream of inter-
planetary (IP) shocks and is described fully by Pulupa et al.
[2010].
[14] During the study interval, the sunward and antisun-

ward side of the foreshock often switched sides between Y
GSE and ‐Y GSE, due to changes in the IMF. Because the
incident population of electrons is different between the two
wings of the foreshock, it is necessary to determine which
wing the spacecraft is in for each measurement, requiring an
accurate model of the bow shock position. For this study, the
shock standoff distance in the X GSE direction is determined
using the formula described by Chapman and Cairns [2003].
The shock position is then computed according to the
hyperbolic model of Slavin and Holzer [1981], scaled using
the calculated standoff distance, with a focus offset of 3 RE

and an eccentricity of 1.15. A straight IMF line approxima-
tion is then used to calculate whether the spacecraft is in
the sunward or antisunward foreshock wing. The position of
the spacecraft in the foreshock is recalculated for each
magnetometer observation.
[15] The statistical imaging results of Kasaba et al. [2000]

show Langmuir waves activity concentrated tightly around
the tangent field line, supporting the validity of the straight
IMF approximation within about 30 RE from the shock.
Farther from the shock, this approximation becomes less
valid. The study of Greenstadt et al. [1995], which mea-
sured foreshock activity up to about 100 RE, do not show
Langmuir wave activity confined to the region close to the
tangent field line. This result may be explained by variation
in the direction of the upstream IMF. For this particular
study interval, distant foreshock observations beyond 30 RE

from the shock always correspond to times when the
spacecraft is in front of the shock nose in the X GSE
direction and necessarily in the sunward wing.
[16] An example day of data is shown in Figure 2. Figure 2a

shows a electric field spectrogram measured by the Wind/
WAVES Thermal Noise Receiver (TNR). The plasma line is
apparent as a narrowband feature at around 20 kHz, drifting
with variation of the local electron density. The electric field
spectrum for each TNR measurement is analyzed according
to the method used by Salem et al. [2001], which yields an
accurate measurement of the plasma frequency. The power
near the plasma line is estimated by summing over several
frequency bins in the vicinity of the plasma peak. The
boundaries of the summation are shown by the white lines on
the spectrogram. Figure 2b shows a plot of power near the
plasma line, normalized to a level representing the back-
ground thermal noise. Langmuir waves are apparent as the
bursty increases in the plasma line power. On this example
day, significant clusters of strong Langmuir waves occur at
around 0500 and 0800 UT, with smaller bursts scattered
throughout the remainder of the day.
[17] Figure 2c shows pitch angle distributions for 175–

370 eV electrons, measured by the 3DP low energy electron
electrostatic analyzer (EESA‐L). The relevant electron
populations in this energy range are the halo and strahl. The

Figure 1. The electron foreshock (shown in gray) is
divided into a sunward and anti‐sunward wing. The incident
suprathermal population on the sunward side consists of halo
and strahl electrons, while the incident suprathermal popula-
tion on the anti‐sunward side contains only halo electrons.
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strahl is apparent in the sunward‐directed pitch angle bins,
which on this date are predominantly in the direction anti-
parallel to the IMF. (Exceptions include the time interval at
the very beginning of the day and an interval of several
hours around noon.) Foreshock electron beams are evident
as brief enhancements in the angular bins near to the IMF‐
parallel direction. As expected, the beams correspond to
times of Langmuir wave activity. Figure 2d shows the ratio
of 175–370 eV electron flux in the antiparallel or parallel
pitch angle bins (defined by the pitch angles 0°–45° or
135°–180°, depending on IMF direction) to the electrons in
the perpendicular bins (defined by the pitch angles 65°–
115°). The selection of antiparallel or parallel depends on
the direction of the IMF—the parallel quantity in the ratio
always represents the incident electrons. This quantity will
hereby be referred to as f±k/f?, the (anti)parallel to perpen-
dicular flux ratio. Each electron measurement which corre-
sponds to a Langmuir wave observation is marked with a
red circle. The Langmuir wave observations in Figure 2
occur mainly during times when the strahl is prominent.

3. Analysis

[18] The correlation noted in the previous paragraph can
be confirmed statistically using data from the entire interval
from 15 March to 24 May. The statistical results are shown

in Figure 3. Figure 3 includes two plots, one for the sun-
ward wing of the electron foreshock and one for the anti-
sunward wing. For each plot, the black line shows a
histogram of f±k/f? for all electron observations. The total
number of observations is noted in the axis at the left of the
plot. The red line shows a histogram of f±k/f? for the subset
of electron measurements which occurred during times of
Langmuir wave activity. The number of such observations
is noted on the red axis at the right of the plot. The scales of
the two y‐axes have been adjusted so that the area under
each curve is equivalent.
[19] Figure 3 (left) represents data from the sunward wing

of the foreshock. In the sunward wing, the overall distri-
bution of f±k/f? exhibits a double peak. The first and highest
peak is at f±k/f? slightly higher than 1. This peak represents
eVDFs whose suprathermal component is dominated by the
halo, which is usually fairly close to isotropic [Štverák et al.,
2008]. The second peak at higher values represents the
eVDFs with a strong strahl. The histogram for distributions
with Langmuir waves shows a single peak at value of f±k/f?
corresponding to a strong strahl. This shows that, in the
sunward foreshock wing, a strong strahl leads to a higher
incidence of Langmuir wave activity.
[20] Figure 3 (right) shows data from the antisunward

foreshock wing. Because incident electrons in the antisun-
ward wing arrive from the antisunward direction, the beam

Figure 2. Electron foreshock observations from the Wind spacecraft. From top to bottom, the quantities plotted are: (a) the
electric field spectrum from the TNR instrument, showing the plasma line and enhancements corresponding to Langmuir
wave emission, (b) the normalized power near the plasma line, (c) a pitch angle distribution (in units of flux, 1/sec/cm2/
ster/eV) of suprathermal electrons, showing the strahl component as an enhancement in the antiparallel direction, and
(d) f±k/f?, the ratio of the parallel (or antiparallel, depending on the magnetic field) electron flux to the perpendicular flux.
Red circles indicate regions corresponding to enhanced power near the plasma line signifying Langmuir wave activity. The
red circles occur predominantly at times when the strahl is prominent.
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consists of reflected halo electrons and the strahl does not
play a role. The black line representing the overall distri-
bution shows no double peak, and the two distributions of
f±k/f? are very similar. It is therefore likely that the gener-
ation of electron beams and Langmuir waves in the anti‐
sunward wing is determined by the magnetic geometry of
the shock and is not significantly affected by anisotropy of
the upstream eVDF.
[21] We note that a higher percentage of anti‐sunward

electron observations contain Langmuir waves, despite the
fact that there is no strahl present to create the enhancement
observed in the sunward wing. This is likely due to the fact
that the anti‐sunward observations were all made while the
spacecraft was relatively close to the Earth, while the
sunward observations are made over a range of distances,
and Langmuir wave activity decreases with distance from
the shock [Kasaba et al., 2000]. This may be the reason
why the previous statistical mapping studies of the terres-
trial foreshock [Greenstadt et al., 1995; Kasaba et al.,
2000] did not report significant asymmetries—the effect
of the strahl population may be clearly apparent only when
the occurrence is plotted as a function of observed eVDF
properties. Nevertheless, there may indeed be some evi-
dence of asymmetry in the results of Kasaba et al. [2000],
particularly evident in Figure 6 of Kasaba et al. [2000].
Figure 6 of Kasaba et al. [2000] used the Diff‐Dist coor-
dinate system introduced by Filbert and Kellogg [1979], in
which negative values of Dist correspond to the sunward
wing of the foreshock. Figure 6 (middle) of Kasaba et al.
[2000] shows that for Parker‐like IMF conditions, the
sunward wing of the foreshock contained higher levels of
radio emission, Langmuir waves, and electrons. However,
as noted by Kasaba et al. [2000], any asymmetry present in
the observations is much less obvious than the asymmetry
in the Venus foreshock. The clear asymmetry reported at

Venus by Crawford et al. [1998] can be explained by the
fact that the strahl is much denser relative to the halo in the
inner heliosphere than at 1 AU [Štverák et al., 2009].
[22] Previous models for terrestrial foreshock emission,

which treat the solar wind eVDF as the sum of a core and
halo distribution without accounting for the strahl, predict
similar profiles of Langmuir wave electric fields and radio
emissivity for the two wings of the electron foreshock, with
some slight asymmetry due to the magnetic geometry
[Kuncic et al., 2004]. It is likely that taking the strahl
population into account will lead to a much larger difference
between emissivity between the two wings when the strahl
is prominent.
[23] The solar wind speed during the study interval ranged

from 300 to 600 km/s, with typical speeds of about 400 km/s.
These are typical slow solar wind conditions for low helio-
graphic latitudes during solar minimum, when the solar
wind is well ordered into slow regions near the heliographic
equator and fast regions near the poles [McComas et al.,
2003]. During solar maximum, fast wind occurs at all
heliographic latitudes, including the low latitudes near the
bow shock. This is significant because the strahl component
is of greater prominence in the fast wind than in the slow
wind [Pilipp et al., 1987]. The asymmetry between the
foreshock wings, already noticeable at solar minimum, may
increase substantially in importance during solar maximum.
[24] The mechanism behind the enhancement in Langmuir

wave activity was proposed by Crawford et al. [1998] and
can be described by considering the necessary conditions for
beam‐driven wave growth. The free energy available for
wave growth is determined by the height of the bump on the
tail of the electron distribution resulting from the injection of
an electron beam into an upstream electron population. In
the case where the upstream halo density is much larger than
the strahl density, the bump on tail consists of a reflected

Figure 3. Histograms of the ratio of f±k/f?, the (anti) parallel flux to perpendicular flux observed by Wind from 1996
March 15 to 1996 May 24. (left) Data from the times when Wind was in the sunward wing of the bow shock, and (right)
data from the time when the spacecraft was in the anti‐sunward wing. The black line shows the histogram for all electron
observations, while the red line shows the histogram for observations during times of Langmuir wave activity. The histo-
grams have been scaled so that the area under each curve is the same. Incident electrons from the sunward wing of the
electron foreshock display a double‐peaked distribution, with the peak at higher values of f±k/f? being due to the strahl elec-
trons. The histogram of electron observations with concurrent Langmuir wave activity is weighted significantly towards the
distributions with higher f±k/f?, showing that a strong strahl component leads to a significant enhancement in upstream wave
activity. In the anti‐sunward wing, the incident electrons are from the more isotropic halo population, and f±k/f? is unim-
portant for the generation of Langmuir waves.
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halo beam generating a relatively small bump on the tail of
the halo distribution. In the case where the upstream strahl
density is much larger than the halo density, the bump on
tail consists of a reflected strahl beam on top of the small
upstream halo tail. The bump on tail would then be quite
large and would result in a higher level of Langmuir wave
activity. The proposed mechanism is illustrated in Figure 7
of Crawford et al. [1998]. This mechanism is possibly
similar to the mechanism behind the correlation between
strahl electrons and Langmuir waves in solar wind magnetic
holes, which has been observed by Briand et al. [2010]. A
detailed description of the acceleration mechanism and an
application to a case study of a single event will be the
subject of a follow‐up study.
[25] A part of this study interval has been examined pre-

viously [Bale et al., 1998, 2000] and evidence was found of
a transverse component present in some of the Langmuir
waves, which was interpreted as the presence of z‐mode
waves. Recent observations of Type III radio bursts
[Malaspina et al., 2011] indicate that the appearance of
transverse components is related to electron beam speed.
Given the results of this letter, it is possible that the
appearance of transverse components in the electron fore-
shock is influenced by the presence of the electron strahl.
[26] Finally, we note that the dependence of wave activity

on the strahl is an important difference between electron
acceleration at bow shocks and at IP shocks. It is conceivable
that the mechanism works in reverse for IP shocks—that is,
the presence of a strong strahl upstream of an IP shock
provides an enhanced tail, which makes it more difficult for
the reflected halo electrons to create a bump on tail eVDF.
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