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Charged particles can be reflected and accelerated by strong (i.e., high Mach number) astrophysical
collisionless shock waves, streaming away to form a foreshock region in communication with the shock.
Foreshocks are primarily populated by suprathermal ions that can generate foreshock disturbances—Ilarge-
scale (i.e., tens to thousands of thermal ion Larmor radii), transient (~5—-10 per day) structures. They have
recently been found to accelerate ions to energies of several keV. Although electrons in Saturn’s high Mach
number (M > 40) bow shock can be accelerated to relativistic energies (nearly 1000 keV), it has hitherto
been thought impossible to accelerate electrons beyond a few tens of keV at Earth’s low Mach number
(1 £ M < 20) bow shock. Here we report observations of electrons energized by foreshock disturbances to
energies up to at least ~300 keV. Although such energetic electrons have been previously observed, their
presence has been attributed to escaping magnetospheric particles or solar events. These relativistic
electrons are not associated with any solar or magnetospheric activity. Further, due to their relatively
small Larmor radii (compared to magnetic gradient scale lengths) and large thermal speeds (compared to
shock speeds), no known shock acceleration mechanism can energize thermal electrons up to relativistic
energies. The discovery of relativistic electrons associated with foreshock structures commonly generated
in astrophysical shocks could provide a new paradigm for electron injections and acceleration in
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collisionless plasmas.
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Introduction.—Foreshock  disturbances—Iarge-scale
(~1000 to > 30000 km), solitary [~5-10 perday, tran-
sient (lasting tens of seconds to several minutes)] struc-
tures [1,2]—generated by suprathermal (>100 eV to
hundreds of keV) ions [3,4] arise upstream of Earth’s
bow shock formed by the solar wind colliding with Earth’s
magnetosphere. These disturbances have recently been
found to accelerate ions to energies of several keV [5,6]
and even produce their own foreshocks [7]. One type was
found to have a distinct suprathermal electron population
with energies >70 keV, which was attributed to a mag-
netospheric origin [8]. Although electrons in Saturn’s high
Mach number (M > 40) bow shock can be accelerated to
relativistic energies (nearly 1000 keV) [9], it has hitherto
been thought impossible to accelerate electrons at the
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much weaker (M < 20) Earth’s bow shock beyond a few
tens of keV [10]. Here we report observations of electrons
energized by foreshock disturbances from tens of eV up to
at least ~300 keV. We observe a single isotropic power
law from hundreds of eV to hundreds of keV, unlike
previous studies [8]. All previous observations of ener-
getic foreshock electrons have been attributed to escaping
magnetospheric particles [8,11,12] or solar events [13].
We observe no solar activity and the single isotropic
power law cannot be explained by any magnetospheric
source. Further, current theories of ion acceleration in
foreshock disturbances cannot account for electrons
accelerated to the observed relativistic energies [14—19].

Data sets.—We present observations from the THEMIS
spacecraft [20] near foreshock disturbances. Quasistatic
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Example foreshock disturbances with electron enhancements
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FIG. 1. Three example foreshock disturbances with energetic electron enhancements. All data were observed by THEMIS-C, with
disturbance centers indicated by the vertical magenta lines. Magnetic fields are shown in units of nanotesla (nT) in the geocentric solar
ecliptic coordinate basis. Particle data are shown in units of intensity (cm™2s~! st~ eV~!) (or flux) as omnidirectional averages in the
bulk flow rest frame with uniform color schemes (legends at far right) and vertical axis ranges by row. The low and high energy electron
and high energy ion data are all shown as stacked line plots of intensity versus time, where each line corresponds to a different energy.
The low energy ion data are shown as a dynamic energy spectrogram of energy versus time with a color scale [right-hand side of (1)] for
intensity. (a)—(c) |By| (nT) at 4 samples per second. (d)-(f) B, (nT) at 4 samples per second. (g)-(i) low energy electron (i.e.,

~50 eV-12 keV) intensity. (j)—(1) Low energy ion (i.e., ~10 eV-25 keV) intensity. (m)—(o) High energy electron (i.e., ~30-300 keV)

intensity. (p)—(r) High energy ion (i.e., ~30-430 keV) intensity.

(i.e., finite gain from zero up to Nyquist frequency) vector
magnetic field measurements (B,) were obtained using the
fluxgate magnetometer [21] at 4 and 128 samples per
second. The data are presented in units of nanotesla (nT) in
the geocentric solar ecliptic coordinate basis.

We examine in detail particle velocity distribution
functions measured by the low energy (i.e., few eV to
over 25 keV) electron and total ion electrostatic analyzers
[22] and high energy (i.e., ~30 keV to over 500 keV)
electron and total ion solid-state telescopes [23] with spin
period (i.e., ~3 sec) resolution. All velocity distributions
were transformed into the ion bulk flow reference frame by
first converting to phase space density then performing a
Lorentz transformation prior to any other unit conversions
[24]. The azimuthal resolution is generally ~11.25° for
the electrostatic analyzers and ~22.5° for the solid-state
telescopes. The energy resolution is ~20% and ~30%
for the electrostatic analyzers and solid-state telescopes,
respectively.

Observations.—The disturbances occur in the ion fore-
shock [3,4] region upstream (sunward) of the quasiparallel
bow shock, where the shock normal angle (€5,) between
the upstream quasistatic magnetic field (B,) and the shock
normal vector satisfies 5, < 45°. We focused on obser-
vations near short large-amplitude magnetic structures [4],

hot flow anomalies [1], and foreshock bubbles [2]. During
the four orbital passes examined in detail, we identified 30
foreshock disturbances, ten of which had clear energetic
electron enhancements (five at short large-amplitude mag-
netic structures, two at hot flow anomalies, and three at
foreshock bubbles) [24].

We observe energetic (=30 keV) electron enhancements
as short duration (tens of seconds to a few minutes)
enhancements in the electron fluxes above background
by factors of ~10-200 (Fig. 1). When we examine the
change in the ratio of the number density and energy flux of
particles above ~200 eV to those below from outside the
enhancements to those within, we find increases of factors
of 2100 and 250, respectively [24]. They are localized to
the large fluctuations in B [Figs. 1(a)-1(c)] within the
foreshock disturbances. The electron flux-time profiles
for energies from ~0.25 to >200 keV show no energy
dispersion; i.e., fluxes increase at all energies simultane-
ously [Figs. 1(g)-1(i) and 1(m)-1(0)]. The low energy
electron [Figs. 1(g)-1(i)] and ion [Figs. 1(j)—1(1)] data look
qualitatively similar for disturbances with and without [24]
energetic electron enhancements. Note that nearly all
disturbances show enhanced energetic ion fluxes often to
>300 keV [Figs. 1(p)—1(r)]. The ion enhancements will be
examined in future work.
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Combined low and high energy electron spectra
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FIG. 2. Example pitch-angle spectra inside and outside electron
enhancement periods for each of the example disturbances
in Fig. 1. One-dimensional directional cuts (with respect to
B() of the merged particle velocity distributions from the low
and high energy electron data, in units of phase space density
(s em™ km™3), on log-log plots with uniform horizontal
and vertical axis ranges of ~10720-107'2 s¥3cm—3km™3 and
~0.050-400 keV, respectively. The color-coded boxes above
each plot correspond to the color-coded arrows in Fig. 1. Each
panel shows cuts parallel (red), perpendicular (green), and
antiparallel (blue) to B, where missing data points indicate an
absence of significant flux. The orange dashed line shows a
power law [defined in (a)] for perspective. (a)—(c) Distributions
during the peak energetic electron enhancements in Fig. 1.
(d)-(f) Distributions during periods of inactivity in Fig. 1.

We then constructed pitch-angle—the angle between
electron momentum and some reference vector, often By—
distributions from the particle data to compare distributions
during energetic electron enhancements [Figs. 2(a)-2(c)] to
those outside the enhancement periods [Figs. 2(d)-2(f)].
The electron distributions are observed to be almost
isotropic from ~0.05 to 300 keV, with anisotropies
(e.g., ratio of intensity or phase space density along B
to that perpendicular to B) rarely exceeding factors of 2.
Note that the signal-to-noise ratio of the data above
~140 keV is near unity, and thus cannot be interpreted,
for the 2008-09-08 hot flow anomaly [Fig. 2(b)] and
2008-07-14 foreshock bubble [Fig. 2(c)] example enhance-
ments. The data also show a power-law form with f(E) o
E~* from as low as ~0.25 keV up to highest energies
observed during each enhancement [Figs. 2(a)-2(c)].
The distributions observed outside the enhancements
[Figs. 2(d)-2(f)] show far more variability, only noise
>12 keV, and in some cases significant anisotropies
[Fig. 2(H)].

To illustrate the consistency of the single, isotropic
power law, we present a time evolution of the distributions
in field-aligned coordinates in Fig. 3. The three panels [i.e.,
Figs. 3(c)-3(e)] are split by orientation with respect to By,

Combined low and high energy electron spectra
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FIG. 3. Example time evolution of particle spectra in field-
aligned coordinates during an enhancement within the foreshock
bubble shown in Fig. 1 on 2008-07-14. Magnetic field data are in
units of nanotesla (nT) in the geocentric solar ecliptic coordinate
basis. Particle data are shown as one-dimensional cuts (similar to
Fig. 2) in units of phase space density (s*> cm™ km™3), on log-
log plots with the same uniform horizontal and vertical axis
ranges as in Fig. 2. The color-coded boxes above all particle
distribution plots [(c)—(e)] correspond to the color-coded time
ranges in the magnetic field plots below [(a) and (b)].

but show a consistent, single, isotropic power law from
hundreds of eV to 2140 keV for the eight distributions
shown. The only significant variability is a change in phase
space density from one distribution to the next.

Because of the high variability in B, during the
accumulation time of a single particle distribution, we also
constructed pitch-angle distributions by sorting the pitch
angles with subspin period time resolution, using algo-
rithms similar to previous work [68], to remove artifacts of
aliasing. We found that the isotropy was not a consequence
of aliasing and is thus a real feature [24].

To verify that the enhancements were not of solar origin,
we examined the Wind and twin STEREO spacecraft radio
data for solar radio bursts, which were not observed during
the energetic electron enhancements observed by THEMIS.
We also examined the Wind particle data for energy-
dispersed profiles characteristic of solar energetic electrons
[13], which were also not observed. Finally, there were no
interplanetary shocks, which can produce relativistic elec-
trons [69,70], observed by Wind during any of the electron
enhancements [24].

Next, we ruled out Earth’s bow shock as a source by
examining the following concepts. First, the two most viable
shock acceleration mechanisms for electrons have the
highest efficiencies in the quasiperpendicular (65, > 45°)
region of the shock [10,17]. Second, due to a higher mobility
along versus across By, any energetic electron distribution
observed several Earth radii (i.e., tens to hundreds of Larmor
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radii) away from the source would be highly anisotropic
along By, as previously reported [71], inconsistent with our
observations [see, e.g., Figs. 2(a)-2(c)]. Third, the maxi-
mum observed energies are at most several tens of keV
energies [69,70,72] seen as magnetic field-aligned beams at
the electron foreshock edge, whereas we observe isotropic
distributions up to at least ~300 keV within the ion fore-
shock (Figs. 1 and 2). Finally, both of these mechanisms
should produce some energy dispersion for observations far
upstream of Earth’s bow shock, which we do not observe
(see, e.g., Figs. 1 and 3).

Another possibility is that the enhancements arise as a
“pileup” of particles at the magnetic gradients, which act
like mirrors. However, we do not observe energy-dispersed
profiles within the magnetic compressions (i.e., due to
energy-dependent Larmor radii effects and diffusion) or
enhanced intensities outside the foreshock disturbances
or pitch-angle distributions peaking perpendicular to B,,.
Further, the Larmor radius of a ~90 keV electron, in the
range of magnetic field magnitudes observed, span
~26-1080 km. These values are comparable to and larger
than the gradient scale length of most collisionless shock
waves [4] and comparable to the scale size of some
foreshock disturbances, which precludes adiabatic reflec-
tion between the two merging shocks [19]. Thus, we can
rule out the “pileup” scenario as a source.

Previous reports of energetic electrons in the ion fore-
shock attributed the enhancements to a magnetospheric
source [11,12,14]. One study [8] found energetic electrons
(~70-200 keV) within hot flow anomalies that were nearly
isotropic, but they explicitly stated that the energetic
electrons were a separate population from those at lower
energies and that they were of magnetospheric origin.
There are multiple differences between these results and
our observations, including (1) while the magnetic com-
pression regions of hot flow anomalies can be magnetically
connected to the magnetosheath, the entire structure of the
other two foreshock disturbances in our study can be
isolated within the ion foreshock, (2) we observe a single,
isotropic power law from hundreds of eV to >140 keV in
many enhancements, indicative of a common acceleration
mechanism (see, e.g., Figs. 2 and 3), and (3) the combi-
nation of a single power-law and an isotropic distribution
over such a large range of energies cannot be explained by a
magnetospheric source.

The enhancements were often observed with geomag-
netic activity [11,12,14,73] and exhibited large anisotropies
(ratios of sunward-to-antisunward fluxes [74] up to 5: 1 and
field-aligned-to-perpendicular fluxes [12] up to 6:1). Our
observations are not consistent with any of these studies
for the following reasons. First, since our electron distri-
butions are nearly isotropic, they do not exhibit either highly
field-aligned (Figs. 2 and 3) or antiearthward intensity
anisotropies [24]. Second, we do not observe enhanced
geomagnetic activity before or during any of the energetic
electron enhancements [24].

Finally, the enhancements are always isolated within the
foreshock disturbances, and thus are not consistent with
escaping magnetospheric particles. The magnetic field
direction variability is roughly the same within as without
the disturbances. Thus, the probability of observing
enhancements only within the disturbances (assuming
the probability of occurrence is constant for all observa-
tions) is so negligibly small that by this alone we can rule
out a nonlocal source [24].

Conclusions.—No previous work ever considered
that foreshock disturbances could locally produce electrons
to these energies. We estimated the maximum energy
electrons could gain through shock drift acceleration
[15,17,18], assuming highly idealized conditions for a
foreshock bubble, to be at maximum ~160-380 keV.
More realistic estimates, but still ignoring curvature and
fluctuating fields, are ~56-133 keV. However, the same
mechanism could only produce ~3-6 keV electrons for
short large-amplitude magnetic structures but we observe
2300 keV electrons. We also made a preliminary exami-
nation for high-frequency waves finding both magneto-
sonic-whistler modes [4,68] and the higher-frequency
whistler mode waves [75,76] in addition to several types
of electrostatic waves at higher frequencies [76,77]. Yet
when we compare the ratio of the fluctuating to quasistatic
magnetic energy density for disturbances with and without
energetic electron enhancements, we find no noticeable
differences [24]. Future work will examine these modes in
detail as a potential energization mechanism. Thus, it is not
clear why only some disturbances produce enhancements,
and current theory cannot explain the electron energization.
Providing such an explanation is beyond the scope of
this study.

The electron energization is not occurring locally at the
main shock, but remotely within the ion foreshock. The
most outstanding unanswered question in shock acceler-
ation theory is the so-called “injection problem” (i.e., how
to get thermal particles up to suprathermal energies before
they are convected downstream), where previous work has
only considered local energization at the shock. Therefore,
these observations provide a new avenue through which
electrons can be nonlocally preenergized to high enough
energies to undergo further acceleration when interacting
with astrophysical shocks. Given the ubiquity of foreshocks
upstream of collisionless astrophysical shocks, we expect
foreshock disturbances to be ubiquitous as well, which
could fundamentally change our understanding of colli-
sionless shocks.
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