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Abstract The foreshock with nascent plasma turbulence is regarded as a fascinating region to understand basic plasma physical
processes, e.g., wave-particle interactions as well as wave-wave couplings. Although there have been plenty of intensive studies
on this topic, some key clues about the physical processes still lack observations. A relatively comprehensive case study with
some new observations is presented in this work based on the WIND spacecraft observations. In this case, upstream energetic
protons were drifting at tens of Alfvén speed with respect to the background plasma protons. When looking at the magnetic wave
activities, we find the co-existence of high-frequency (0.1−0.5 Hz) large-amplitude right-hand polarized (RHP) waves and low-
frequency (0.02−0.1 Hz) small-amplitude left-hand polarized (LHP) waves in the spacecraft (SC) frame. The observed anti-
correlation between magnetic and velocity fluctuations along with the sunward magnetic field direction indicates that the low-
frequency LHP waves in the SC frame are in fact the sunward upstream RHPAlfvénic waves in the solar wind frame. This new
observation corroborates the applicability of theories about plasma non-resonance instability and inverse cascade to the fore-
shock region, where the downstream high-frequency RHP parent waves are excited by the upstream energetic protons through
non-resonance instability and the low-frequency RHP daughter waves are generated by the parent waves due to nonlinear
parametric instability. Furthermore, enhanced downstream energetic proton fluxes are inferred to result from scattering of the
upstream protons by the nascent turbulent fluctuations. Therefore, some critical clues about the newborn turbulence in the
foreshock are provided in this work.
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1. Introduction

The foreshock is a region where shock-energized particles
are reflected upstream and convected back towards the
shock, if it has the fast-mode Mach number larger than the
first critical Mach number (Tsurutani and Rodriguez, 1981;
Burgess and Scholer, 2013; Wilson, 2016). Since the ac-
celerated ions usually escape from the shock at a speed lower
than that of the reflected energetic electrons, the foreshock
outer boundary for the ions is closer to the bow shock than

the electron foreshock boundary. The extended foreshock
region is usually located upstream of the quasi-parallel
shock, where the reflected particles can travel upstream
along the magnetic field lines reaching to a great distance
from the shock (Eastwood et al., 2005). In front of the quasi-
perpendicular shock, there are also some activity of dis-
persive wave, e.g., whistler precursors (Balikhin et al., 1997;
Horbury et al., 2001; Bale et al., 2005; Wilson III et al., 2009;
Sundkvist et al., 2012). Foreshocks have been found around
various shocks in the heliosphere, e.g., the terrestrial bow
shock, the bow shocks ahead of other planets and comets,
and the shocks ahead of the fast solar wind streams as well as
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the fast interplanetary coronal mass ejections (ICMEs) (Vi-
nas et al., 1984; Goldstein et al., 1983; Le et al., 1989;Wilson
III et al., 2009). The formation of the global foreshock has
been modeled numerically in multi-dimensional hybrid
particle-in-cell simulations (Lin and Wang, 2005; Omidi et
al., 2009; Karimabadi et al., 2014) and hyrid Vlasov simu-
lations (Palmroth et al., 2015; Kempf et al., 2015). However,
almost none of the previous numerical simulations has ever
addressed the physical processes occurring in the distant
foreshock around the Langrange L1 point with more than
200 Earth radii upstream of the Earth.
Various kinds of wave activities in terms of magnetic field

fluctuations are observed in the ion foreshock region (Fair-
field, 1969; Le et al., 1992; Narita et al., 2007). The periods
of the wave signatures fall in a relatively wide range corre-
sponding to the ultra-low-frequency (ULF) band, which can
be less than 1 s or more than 30 s. The magnetic field fluc-
tuations are often observed to have quasi-circular polariza-
tion about the local mean magnetic field direction (B0), being
right handed at some times and left handed at other times in
the spacecraft (SC) frame. The polarity of the magnetic
fluctuation in the solar wind plasma rest frame will be re-
versed from that in the spacecraft frame, if the wave is
propagating upstream in the solar wind frame but thereby
carried back downstream and thus measured by the space-
craft from the trailing phase to the leading phase. To identify
the wave propagation direction, more information is needed,
for example, the correlation between magnetic field and
velocity fluctuations or multi-point measurements of the
fluctuations with the same phase (Meziane et al., 2007; He et
al., 2015; Wang et al., 2015; Yang et al., 2016). Sometimes
the magnetic field fluctuations are compressive with the
oscillation of magnetic strength being associated with the
oscillation of the transverse components. In-phase oscillation
of the number density with the magnetic field intensity in-
dicates the nature of compressive fluctuations revealing them
to be oblique fast-magnetosonic waves. The incompressible
magnetic field fluctuations with left-hand polarization in the
plasma rest frame are identified as quasi-parallel Alfvén
waves.
It is speculated that the waves are excited by the free en-

ergy stored in the upstream energetic protons that are re-
flected from the bow shock through some instability
mechanisms (Gary, 1993; Akimoto et al., 1993). In the ion-
ion counter-streams, which are composed of solar wind
protons and upstream proton beams, there are four types of
ion-ion beam instabilities: (1) LH resonant instability for
slow and warm proton beams with T T/ > 1; (2) LH non-
resonant instability for slow and hot proton beams; (3) RH
resonant instability for fast, sparse, and relatively cool proton
beams; (4) RH non-resonant instability for fast, dense, and
relatively cool proton beams. The waves excited by both RH
resonant and LH non-resonant instabilities co-propagate with

the upstream proton beams, while the waves generated by
RH non-resonant and LH resonant instabilities propagate
against the proton beams and towards the bow shock. The
excited waves may cause a bump superposed on the back-
ground power spectral density (PSD) profile of the magnetic
field fluctuations. The bump at the high-frequency subrange
of PSD has been previously reported when the interplanetary
magnetic field (IMF) is basically in the radial direction, and
is conjectured to be a signature of ion-cyclotron resonance
instability due to the proton thermal anisotropy in the solar
wind, which is presumed to be potentially pristine and un-
affected by the foreshock (Gary et al., 2015; Wicks et al.,
2016).
The ion-ion counter-streams in the foreshock regions can

be characterized as three types of ion velocity distributions
(Hoppe and Russell 1982): (1) field-aligned ion beams with
narrow spread in the pitch-angle; (2) intermediate ions with
relatively larger spread in the pitch-angle of the beams; (3)
diffuse ions with a roughly isotropic shell of the energized
ions, which are probably pitch-angle scattered from the
former two distributions or from ring-beam-like distribu-
tions. The reflected ions from the bow shock can cause the
apparent slowdown of the disturbed solar wind mean velo-
city in nonlinear sturctures as observed upstream of the bow
shock (Parks et al., 2013). Apart from the types of ion-ion
beams, the gyrotropic ring-beam-like distributions as well as
the non-gyrotropic gyrophase-bunched ions belong to the
type of gyrating ions.
Although various types of waves with different fre-

quencies, polarizations, and compressibilities have been re-
ported case by case at different times/locations, the intrinsic
connection between these waves however remains unknown
observationally. Not every branch of observed waves is di-
rectly excited from a plasma instability. Both theoretical
derivaton and numerical simulation illustrate that the waves
with lower frequency can be generated by the high-frequency
waves through nonlinear wave-wave interactions, which
opens the path for an inverse energy cascade (Sagdeev and
Galeev, 1969; Araneda et al., 2007). However, the simulta-
neous observation of both low- and high-frequency waves
with the proper polarization as well as the proper propagating
direction has still been lacking, though it is required to
support the inverse cascade scenario. The inverse cascade
may be the underlying physical process for the observed
power-law spectra of the magnetic field fluctuations.
If the excited wave of large amplitude exceeds a certain

threshold, nonlinear effects are prone to occur during the
wave evolution and cause the so-called parametric in-
stabilities (Galeev and Oraevskii, 1963; Wang and Lin, 2003;
Araneda et al., 2008; Li et al., 2013; Maneva et al., 2013;
Zhao et al., 2015). Thereby the excess wave power beyond
the threshold will be cascaded from the primary waves to the
daughter waves. There are three types of parametric in-
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stabilities for the waves with circular polarization and quasi-
parallel propagation. Parametric decay instability generates
counter-propagating lower-frequency Alfvén waves and co-
propagating slow magnetosonic waves in low plasma beta
regime (Derby Jr., 1978; Goldstein, 1978). Modulational
instability tends to occur in high plasma beta regime, and
produce the daughter waves co-propagating in the same di-
rection as the parent waves (Mio et al., 1976; Nariyuki and
Hada, 2006). Beat instability, as the third type of parametric
instability, is important for the plasma beta of the order of
unity (Hollweg, 1994). However, to our knowledge, si-
multaneous observation of the primary waves and the
daughter waves has yet to be presented. So the scenario of
the inverse cascade due to parametric instabilities in the
foreshock region needs to be confirmed observationally.
We present a case with some new observational clues

about the key physical processes in the foreshock region.
Two distinct waves in two adjacent different frequency bands
are discovered, and diagnosed to be the parent and daughter
waves, respectively. The free energy source for the parent
wave excitation is identified to be associated with the fast
upstream beam protons that are superposed on the back-
ground solar wind protons. The scattering of upstream en-
ergetic particles by the waves is also inferred from the
relative enhancement in the downstream proton flux as
compared with the flux in nearby quiet times. These ob-
servations and analysis results will be described in detail in
the following sections.

2. New observations of waves in the foreshock
region

The data of the case we study are obtained by the WIND
spacecraft in about [14:00, 17:00] UT on March 11, 2005.
Figure 1 illustrates an overview of this event with some basic
observations and related analysis. Figure 1a and 1b show the
full day profiles of the magnetic field strength and x-com-
ponent in the GSE coordinates, which are successively
averaged over a time interval of 10 min. As can be seen from
Figure 1c−1e, the magnetic field and bulk velocity compo-
nents in [14:00, 17:00] basically have negative correlations
(CC<0), opposite to the ambient correlations. Sunward
Alfvén waves are therefore identified by means of the fol-
lowing conditions: Bx, GSE> 0 and CC(dV,dB) < 0. This is not
a pseudo-sunward propagation due to bending of the mag-
netic field line, since the ambient correlations are not the
same as those in the sunward interval. During the sunward
interval, suprathermal (strahl) electrons are found to be
counter-streaming in the pitch-angle distribution (Figure 1f),
a pattern different from the neighboring suprathermal elec-
trons, which travel anti-sunward against the sunward mag-
netic field line. The second component of the counter-

streaming electrons may have come from the other end of
closed interplanetary magnetic field (IMF) line rooted on the
Sun, or from some place where electrons were reflected. The
solar wind electron in the foreshock region has a thermal
temperature of about 20 eV, which is lower than the energy
level (~165 eV) in Figure 1f. So Figure 1f illustrates the pitch
angle distribution of suprathermal electrons. The spectra of
the differential flux density for protons and α particles are
shown in Figure 1g, which illustrates an evident reduced flux
density of α particles in [14:00 20:00] UT. The decrease of α
particles would reduce the damping of cascaded waves if
they exist (Gao et al., 2013), and hence is in favor of the
daughter wave becoming observable. The detailed time
variations of dVy, dBy, dVz, and dBz in [15:30, 16:00] UT are
presented in Figure 1h and 1i, which again clearly show that
the fluctuations at scales larger than 10 s are sunward pro-
pagating Alfvén waves.
To look for the possible source of the upstream su-

prathermal electrons and Alfvén waves, we investigate the
relative geometric relationship between the terrestrial bow
shock and the IMF line passing through the WIND space-
craft. The bow shock as predicted from an empirical model in
response to the solar wind in [15:30, 16:00] is illustrated as a
golden yellow surface in Figure 2. The IMF line (red line in
Figure 2), which is represented by the magnetic field vector
averaged over the same time interval, is connected with the
bow shock. Therefore, it is inferred that theWIND spacecraft
was still in the extended foreshock region, though it was
more than 200 Re (Earth radii) away from the Earth.
The wave features during [15:30, 16:00] are analyzed in

detail in Figure 3. After applying the singular value de-
composition method (Santolík et al., 2003) to the magnetic
field fluctuations, we find that θ(k,b0) jumps from small to
large angles (Figure 3a) and θ(db,b0) changes from large to
small angles (Figure 3b) around the period of 1 s. The scale
variation of θ(k,b0) and θ(db,b0) indicates a transition from
quasi-parallel propagating waves with transverse magnetic
oscillations at large scales to quasi-perpendicular propagat-
ing waves with more longitudinal magnetic oscillations at
small scales. At scales larger than 1 s, the sense of the
magnetic polarization about the local background magnetic
field B0 in the spacecraft frame shows a distinct contrast at
scales below and above 10 s: positive (right hand) polarity in
[1, 10] s and negative (left hand) polarity in [10, 50] s (see
Figure 3c). Both of these two polarized fluctuations are
quasi-circular polarization, since the polarization ellipticity,
which is defined as the ratio of the second and first largest
singular values, is close to 1 in both scale ranges (Figure 3d).
The change of polarity across the scale of 10 s is also con-
firmed in the wavelet spectra of the normalized reduced
fluctuating magnetic helicity (σm) (Figure 3e), the polarity of
which describing the rotation about the solar radial direction
is basically opposite to that of the magnetic polarization
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estimate in Figure 3d at the same scales. The time-varying
scale-dependent local mean magnetic field is always point-
ing sunward, opposite to the radial direction, with all the
angles θR,B being larger than 150 degrees throughout the
whole time intervals and scales.
The left-hand polarization in the SC frame at scales larger

than 10 s corresponds to the right-hand polarization of waves
in the plasma rest frame, since the waves are propagating
sunward along with background magnetic field direction
(Figure 1c−1e). Therefore, the waves with scales larger than

10 s may be identified as sunward propagating Alfvén waves
with right-hand polarization. It is difficult to identify the
propagation direction of the short-wavelength waves with
scales smaller than 10 s. There is no clear phase cross-co-
herence between the magnetic field and velocity fluctuations
at small scales, since the velocity measure has relatively
weak ratio of signal to noise at higher frequency. Never-
theless, the propagation direction may still be anti-sunward
according to the prediction made by the plasma instability
theory for the observed upstream proton fast beams and

Figure 1 (Color online) (a), (b) Full-day profile of the magnetic field magnitude |B| and the x-component of the magnetic field vector in the GSE
coordinates on March 11, 2005. (c)−(e) Correlation coefficients of the variable pairs ((Bx, Vx), (By, Vy), and (Bz, Vz)) as calculated every 10 minutes. (f) Pitch-
angle distributions of the electron differential flux at the energy channel of 165 eV, showing the existence of counter-streaming electrons during [14:00,
16:00] UT. (g) Energy spectra of the ion differential flux, showing the weak flux of alpha particles during [14:00, 20:00] UT. (h)−(i) Time sequences of By,
Vy, Bz, and Vz in the interval of [15:30, 16:00] UT, illustrating the good anti-correlations between magnetic field and flow velocity fluctuations.
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right-hand magnetic polarization in the SC frame.
The waves at smaller scales (< 10 s) occasionally have the

amplitudes larger than their counterpart at larger scales
(>10 s), causing a bump in the high-frequency section of the
power spectral density (PSD) profile. The top panel of Figure

4 shows one such example of PSD based on the original time
sequence between 15:30 and 16:00. The trace power, the
power for the local perpendicular fluctuations (PSD(δB⊥)),
and the power for the local parallel fluctuations (δB||) are
illustrated by the black, the higher gray, and the lower gray
curves in the top panel of Figure 4. It can be seen that the
magnetic fluctuations are nearly incompressible, with the
parallel power being much smaller than the perpendicular
power. The perpendicular fluctuations (δB⊥) can be decom-
posed into two components (δB⊥, left and δB⊥, right) with left
and right hand circular polarizations, respectively. The bump
of the PSD is mainly contributed by δB⊥, right (red curve in the
panel), while the lower-frequency band of the PSD is mainly
composed of δB⊥, left (blue curve). The left and right hand
polarizations as decomposed here refer to the polarizations
with respect to B0, local in the spacecraft frame. The hodo-
grams of the By and Bz fluctuations (during [15:41, 15:44]
with large and small time scales ([15, 30] s and [2, 6] s)) as
obtained from the wavelet decomposition, which has been
successfully employed to diagnose the kinetic waves in the
solar wind turbulence (He et al, 2011), are illustrated in the
bottom left and bottom right panels of Figure 4, respectively.
The Bx component, which is the main component of the
background magnetic field and parallel to the GSE-x direc-

Figure 2 (Color online) The IMF line (red line) passing through the
WIND spacecraft (denoted by the rhomboid) intersects with the bow shock,
demonstrating that the spacecraft was in the distant foreshock region during
[15:30, 16:00] UT.

Figure 3 (Color online) (a) Spectra of the angle between the direction with local and scale-dependent minimum magnetic field variance and the direction
of local mean magnetic field vector. (b) Spectra of the angle between the direction with local and scale-dependent maximum B-variance and the direction of
local B0. (c) Sense of magnetic polarization about B0 in the SC frame, with the values of −1 and +1 representing the left-hand and right-hand circular
polarization. (d) Ellipticity of the polarization with the values of 0 and 1 denoting the linear and circular polarization. (e) Spectra of the reduced fluctuating
magnetic helicity, which shows an evident transition from positive to negative polarity as the time scale decreases from tens of second to less than 10 s. (f)
Spectra of the angle between the local B0 and the solar centric radial direction, illustrating that θRB is always larger than 150 degrees in the time interval.
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tion, is pointing out of the plane towards the observer.
Therefore, the hodograms in the left and right panels display
the left and right hand rotations about Bx in the spacecraft
frame. It is also noted that the amplitude of the hodogram in
the right panel is about twice of that in the left panel. It is
speculated that the enhanced wave power at high frequency
may be excited by certain instability and may supply the
primary wave energy to be cascaded to the lower frequency.
We note that the trace power signal in the high-frequency
band is not the residual result due to the non-exact-ortho-
gonal installation of the three sensors of the flux-gate mag-
netometer, which has been well calibrated recently (Koval
and Szabo, 2013).

3. Proton beams as the wave source and their
scattering

The enhanced wave power at higher frequency is associated

with intense proton beams traveling sunward relative to the
major part of solar wind protons. The sunward proton beams
emerge on the sunward side of the asymmetric profile of the
velocity distribution function when being cut parallel to the
magnetic field direction (see for example the red lines with
red diamonds in Figure 5a and 5b). The velocity origin in the
figure is set approximately at the bulk velocity. The thermal
core of the solar wind protons usually gets saturated, when
being evaluated by the PESA-High instrument due to the
high threshold at low energy, and thereby gets masked by the
hashed shadow area in the figure. The red line segment on
the left side of the hashed area, which is above the one-count
level, is higher than its counterpart on the right side of the
hashed area. Therefore, WIND was observing an asymmetric
field-aligned velocity distribution. This skewness is con-
tributed from the fast proton beams drifting sunward at high
speed (>10VA) relative to the major part of solar wind pro-
tons. These upstream proton beams are believed to originate
from the bow shock and penetrate into the foreshock region.

Figure 4 (Color online) Power spectral profiles of different types of magnetic variables: δBtrace (black), δB⊥ (higher gray), δB||(lower gray), δB⊥, left (blue),
and δB⊥, right (red) in the top panel. These PSDs are calculated from magnetic fluctuations during [15:30, 16:00] UT. Hodograms of the By and Bz in the time
scale ranges of [15.0, 30.0] s (bottom left) and [2.0, 6.0] s (bottom right). It is shown that the fluctuations of small time scales are right-hand polarization
about Bx (the main component of B0) and large-amplitude, while the large-scale fluctuations are small-amplitude and left-hand polarization.
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Such pattern of the proton velocity distribution may excite
the proton-proton beam non-resonance instability, thus pro-
ducing the RH cyclotron waves propagating anti-parallel to
the beam and towards the Earth bow shock. The sunward
proton beams appear in the intermediate state between the
narrow-angle field-aligned and the fully diffuse contour
pattern. In contrast, the cut of the distribution function per-
pendicular to the magnetic field is basically symmetric about
the thermal core (see the blue lines and blue diamonds in
Figure 5a and 5b).
The PESA-High instrument is dedicated to measure the ion

flux at energies with speed usually higher than 700 km s–1. As
compared to PESA-Low, the geometric factor of PESA-High
is designed to be significantly higher than that of PESA-Low
(1.5×10–2 E cm2 sr eV for the former and 1.6×10–4 cm2 sr eV
for the latter) in order to record enough and reliable ion counts
of higher energy. Therefore, PESA-Low and PESA-High are
complementary to one another in terms of the energy range
coverage. On the other hand, fluxes of ions at lower energy as
recorded by PESA-High are not reliable due to the possibility
of oversaturated sampling under large geometric factor con-
dition, and usually excluded in such analysis. Therefore, the
peak of profile is masked by hashed shadow area in Figure 5.
To learn the details of the instruments, please refer to (Lin et
al., 1995) for the introduction.
A thermal core and adjacent slow beam of the solar wind

protons are measured by the PESA-Low instrument and il-
lustrated in Figure 6. There are anti-sunward proton beams
drifting faster than the proton cores at about the local Alfvén
speed. The reduced field-aligned velocity distributions,
which are plotted as the red lines in the lower panels, illus-
trate another type of asymmetry with enhancement on the
anti-sunward wing rather than on the sunward wing. This
type of field-aligned asymmetry is the normal state of solar
wind protons, which is generally stable and scarcely excites
the anti-sunward propagating RH cyclotron waves (Gold-
stein et al., 2000; Tu et al., 2004; Marsch, 2006; He et al.,
2015).
The proton and electron components of the solar wind

plasma basically illustrate the conventional patterns of ve-
locity distribution function (VDF). Proton VDFs consist of
consist of a core and a field-aligned beam components.
Electron VDFs are made up of three types of populations:
core, halo, and strahl components. In practice, the proton and
electron VDFs can be fitted respectively with functions
composed of “core+beam” and “core+halo+strahl”, which
are listed as followings,

VDF = VDF + VDF , (1)p p core p beam, ,

VDF = VDF + VDF + VDF . (2)e e core e halo e strahl, , ,

The two populations in eq. (1) read as
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Figure 5 (Color online) Cuts of the proton distribution functions parallel (red lines) and perpendicular (blue lines) to the magnetic fields. The one-count
level (gray dash-dot-dot-dot line) is shown for reference. The hashed shadow areas mask the measurements of solar wind proton thermal core, which usually
get saturated in the PESA-High instrument. The sunward directions as projected on the magnetic field vector are marked with the red arrows.
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where Np c, and Np b, represent the number densities of proton
core and beam components, Tp c, , , Tp c, , , Tp b, , , and Tp b, , for
the parallel and perpendicular temperatures of the core and
beam components, Vc drift, , and Vb drift, , for the bulk drift ve-
locities of core and beam components. The constant para-

meters m p and kB represent the proton mass and Boltzmann
constant. The parameters to be fitted are as followings: Np c, ,
Np b, , Vp c drift, , , , Vp b drift, , , , Tp c, , , Tp c, , , Tp b, , , and Tp b, , . The
formulas for the core, halo, and strahl components of elec-
tron VDFs are expressed as
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The parameters to be fitted for electron VDFs include:
number densities (Ne,c, Ne,h, and Ne,s), field-aligned drifting
velocities (Ve c drift, , , , Ve h drfit, , , , and Ve s drfit, , , ), parallel tem-
peratures (Te c, , , Te h, , , and Te s, , ), perpendicular temperatures

(Te c, , , Te h, , , and Te s, , )), κ-exponents (κh and κs) of κ dis-
tributions. The subscripts “c”, “h”, and “s” are short for
“core”, “halo”, and “strahl” components. As an example, the
original and fitted VDFs for protons and electrons of solar
wind plasma are illustrated in Figure 7a, 7b, 7c, and 7d. The
populations of thermal and suprathermal electrons can be
distinguished in Figure 7c, in which the dense core popula-
tion color-coded in red and yellow is the thermal part and the
tenuous periphery population color-coded in green and blue
for the suprathermal part.
Bi-directional proton fluxes at the energies between

Figure 6 (Color online) (Top panels) 2D cuts of proton velocity distributions as derived from 3DP/PESA-Low measurements at four times with the GSE-x
direction (R* defined as -x in GSE) and the magnetic field direction (B0) spanning the plane, showing that the field-aligned anti-sunward beams drift relative
to the core at around the Alfvén speed. (Bottom panels) Reduced velocity distribution functions (VDFs) at four times as integrated from the VDFs in the plane
of (B0, R

*×B0) along the direction of R
*×B0 (blue lines) as well as the direction of B0 (red lines).
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70 keV and 8 MeV as measured by the WIND/3DP/SST
instrument are illustrated in Figure 8. It can be seen that the
time profiles of the differential fluxes of the energetic pro-
tons travelling parallel to the IMF are almost continuous with
few interruptions (see the lines of different colors in Figure
8a), while the differential fluxes of the protons in the anti-
parallel case are vacant with data gaps from time to time (see
Figure 8b). Since the IMF was pointing mainly towards the
Sun, the parallel energetic protons were also travelling up-
stream towards the Sun. The anti-sunward energetic protons
have relatively weak fluxes in most energy channels. The
asymmetry between sunward and anti-sunward proton fluxes
indicates the predominance of the bow shock over the Sun as
an ion source during the considered time interval. It is in-
teresting to find that the anti-sunward proton flux in the
energy channel of 130 keV between 14:30 and 16:00 is more
evident than at the other times, and comparable to or even
higher in level than its counterpart in the sunward direction.
This phenomenon seems to result from a scattering of the
upstream energetic protons by the nascent turbulence en-

compassing the excited and cascaded waves.

4. Summary and discussions

We have presented a case with some new observations in the
distant foreshock region more than 200 Re away from the
Earth when the WIND spacecraft was flying in the halo orbit
around the solar-terrestrial L1 point. We find that, even in the
distant upstream region, the characteristics of the ion fore-
shock region remain obvious and clear enough to be mea-
sured. The evidences of ion foreshock region lie in as
followings: (1) the connection of IMF line between the
WIND spacecraft and the flank region of bow shock; (2) the
existence of sunward superthermal protons and electrons as
reflected from the bow shock and traveling upstream along
the IMF line; (3) the associated ULF waves in the period
range of [2, 50] s. The good data qualities of both the plasma
and magnetic field measurements help us to unambiguously
identify the sunward propagation of Alfvénic waves with RH

Figure 7 (Color online) Original and fitted velocity distribution functions (VDFs) of solar wind plasmas (protons and electrons). (a) Original solar wind
proton VDF illustrating core and beam components as measured from PESA-Low. (b) Fitted solar wind proton VDF as described with eqs. (1), (3), and (4).
(c) Original solar wind electron VDF consisting of core, halo, and strahl components as measured from EESA-Low. (d) Fitted solar wind electron VDF
according to eqs. (2), (5), (6), and (7).
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polarization in the plasma rest frame at the time scales of [10,
50] s, based on the good anti-correlation between the velo-
city and magnetic fluctuations in the sunward IMF sector as
well as the spectral analysis of the magnetic polarization and
reduced helicity. The sunward RH-polarized Alfvénic waves
lead to the appearance of LH polarization in the SC frame.
Interestingly, at the same time, the magnetic fluctuations at
smaller time scales of [2, 10] s illustrate an opposite polarity,
RH polarization in the SC frame, one possible nature of
which may be the anti-sunward RH cyclotron waves. It
seems the first time, as far as we know, that we can report
simultaneous observations of two types of waves with op-
posite magnetic polarizations in the SC frame in two adjacent
scale ranges. Moreover, we find that the wave power at the
smaller time scales is often stronger than that at the larger
time scales, which yields to a bump of the power spectral
density in the higher-frequency sub-range.
The observed sunward proton beams, which drift relative

to the solar wind proton thermal cores at a speed of the order
of 10 VA, may be responsible for the enhanced high-fre-
quency RH cyclotron waves propagating opposite to the
beam direction, whereby the waves are driven through pro-

ton-proton beam non-resonance instability (Gary, 1993;
Wang and Lin, 2003). When the excited RH cyclotron waves
grow to a state of large amplitude, they tend to serve as the
parent waves and produce the daughter waves through
nonlinear wave coupling, e.g., nonlinear parametric in-
stability as a type of inverse cascade process (Goldstein,
1978; Wang and Lin (2003). The inverse cascade process and
result have been observed in previous kinetic simulations, e.
g., the hybrid simulation by Wang and Lin (2003). The
daughter waves propagate in a direction (sunward) opposite
to that for the parent waves (anti-sunward). In association
with the wave evolution, the time-evolving particles are also
scattered by the waves in the spatial and velocity space. As a
scattering result, the upstream energetic particles change
from the sunward direction to the anti-sunward direction.
The aforementioned three steps of physical processes in-

volving wave excitation, wave cascading and particle scat-
tering, which are believe to take place in the foreshock
region, are sketched in Figure 9. More details about the
physics in the foreshock region, for example the evolution of
higher-frequency electromagnetic waves and proton-electron
dynamics, remain to be unveiled in the future, e.g., by the

Figure 8 (Color online) Energetic proton differential fluxes of eight energy channels (in different colors) parallel (top) and anti-parallel (bottom) to the
local magnetic field B0 (from 3DP/SST measurements).
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newly operated and proposed missions dedicated to study the
coupling between the solar wind and the magnetosphere such
as MMS (Magnetospheric Muliti Scale), THOR (Turbulence
Heating Observe R), and SMILE (Solar windMagnetosphere
Ionosphere Link Explorer).
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