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Abstract Bursty (a few minutes) enhancements of hot electrons (1–10 keV) in the tail magnetosheath,
which we name hot electron enhancements (HEEs), are sometimes observed. To understand the processes
leading to HEEs, we have used 4 years of measurements from Acceleration Reconnection Turbulence and
Electrodynamics of Moon’s Interaction with the Sun mission to statistically investigate the dawn-dusk
asymmetry of HEEs in the midtail (x from�30 to�70 RE) magnetosheath and their correlations with the solar
wind/interplanetary magnetic field (IMF) conditions. We find two strong dawn-dusk asymmetries associated
with HEEs: (1) they occur about 3 to 4 times more frequently on the dawnside. (2) Their fluxes on the
dawnside are about twice as large as those on the duskside. Themagnitudes of HEE fluxes are similar to those
of the magnetosphere fluxes near the magnetopause, which are also a factor of 2 higher on the dawnside,
indicating that the magnetosphere electrons are likely the source for HEEs and the cause for the HEE flux
asymmetry. HEEs occur preferentially during higher solar wind speed, and the majority of HEEs are associated
with sharp IMF direction changes and are accompanied by large and transient magnetosheath density
changes. These correlations are stronger on the dawnside, suggesting that perturbations created near the
quasi-parallel bow shock, which is most of the time on the dawnside, associated with IMF discontinuities is a
possible process leading to HEEs and could account for the higher HEE occurrence on the dawnside.

1. Introduction

Recently, using observations from the Acceleration Reconnection Turbulence and Electrodynamics of Moon’s
Interaction with the Sun (ARTEMIS) mission, we reported that strong and bursty (about a few minutes)
enhancements of electron fluxes are sometimes seen in the midtail magnetosheath (�70< x<�30 RE) at
energies from ~1 to 10 keV [Wang et al., 2014] (hereinafter referred to as Paper 1). These energetic electrons
have also been observed in more distant magnetosheath (�70< x<�100 RE) [Ogasawara et al., 2011]. Since
1–10 keV is much higher than the magnetosheath thermal energies, we name these enhancements hot
electron enhancements (HEEs). HEEs can be seen at any distances across the magnetosheath from near
the magnetopause to near the bow shock. Using simultaneous measurements from the two ARTEMIS probes,
in Paper 1 we investigated many HEE events and concluded the following: (1) The hot electrons in HEEs very
likely come from themagnetosphere near the current sheet. (2) HEEs are a result of bursty lateral magnetosphere
intrusion into themagnetosheath. (3) A single HEE can have a thin and elongated structure as narrow as 2 REwide
in the xdirection, as long as over 7 RE in the ydirection and as thin as 1 RE in the zdirection. (4) HEEsmove downtail
with speeds similar to the background magnetosheath flows.

The mechanisms and processes that create HEEs remain unclear. In addition to magnetosphere leakage
[Sibeck et al., 1987] and magnetopause reconnection [Scholer et al., 1981] that were previously proposed
to explain energetic particles observed within the dayside magnetosheath, in Paper 1 we presented an
event that indicates that Kelvin-Helmholtz (K-H) perturbations at the magnetopause and subsequent
magnetosphere-magnetosheath particle mixing due to either reconnection or diffusion can be a mechanism
generating the bursty lateral magnetosphere intrusion and HEEs. Using Geotail observations, previous studies
noted adawn-dusk asymmetry in the enhancements of energetic electrons (>~38 keV) in the near-Earthmag-
netosheath [e.g., Sarafopoulos et al., 2000; Imada et al., 2005] but not for low-energy (~3 keV) electrons Imada
et al., 2005]. This asymmetry is attributed to higher magnetosphere electron fluxes on the dawnside and
leakage of these hot magnetosphere electrons to the magnetosheath. Similarly, the magnetosphere effect
may also contribute to dawn-dusk asymmetries observed in different magnetosheath plasma properties
[e.g., Fenner and Freeman, 1975; Paularena et al., 2001; Němeček et al., 2003]. Therefore, investigating the
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dawn-dusk asymmetry of HEEs and their connections with the magnetosphere and with the solar
wind/interplanetary magnetic field (IMF) conditions should provide further indications of the processes
leading to HEEs.

In this study, we continue from our event study in Paper 1 to statistically analyze HEEs observed by ARTEMIS
from August 2010 to October 2014. We describe the ARTEMIS measurements and criteria for selecting HEEs in
section 2. In section 3, we present the statistical results, including occurrence, fluxes, correlations with the
solar wind/IMF, and their dawn-dusk asymmetries. From these results, we discuss in section 4 the likely
processes that can account for the observed dawn-dusk asymmetry in HEE occurrence.

2. Data

The particle and magnetic field measurements from the two ARTEMIS probes (P1 and P2) [Sibeck et al., 2011]
are used. The probes orbit the Moon with distances<~5 RE from the Moon. ARTEMIS data at lunar distances
(r~60 RE) are available since August 2010. It takes roughly 2 days for each probe to laterally cross the duskside
or dawnside magnetosheath. In this study, we investigate the observations from August 2010 to
October 2014.

For ions and electrons we use measurements by an electrostatic analyzer (ESA, 0.006–20 keV/q [McFadden
et al., 2008]). The magnetic field is measured by the fluxgate magnetometer [Auster et al., 2008]. Onboard
plasma moments, omnidirectional energy fluxes, and magnetic field are used, and we interpolated all these
parameters having different time resolutions to the same time frame with 1min resolution. Geocentric solar
ecliptic coordinates are used for the probe locations, but the three components of bulk flow and magnetic
field are shown in geocentric solar magnetospheric coordinates. One-minute OMNI solar wind and IMF
parameters that have been shifted to the Earth’s bow shock nose were used. An additional simple time shift
from the x locations of the bow shock nose to the ARTEMIS location estimated using the solar wind speed |Vx|
was then added.

We selected HEE with the following procedures: (1) We first selected magnetosheath data on the nightside
using criteria: x< 0 and |y|≤ 60 RE, electron temperature (Te) ≤70 eV, energy flux for 9 keV electrons
≤ 2 ·104 eV/s sr cm2 eV, and the bulk speed (Vx) and density (N) satisfy either (Vx≤�200 km/s and N≥ 2 cm�3)
or (Vx≤�300km/s and N≥ 0.9 cm�3). (Note that the criteria are based on the experience from examining all
magnetopause crossings. The criteria cannot exclude solar wind plasma, but most of these solar wind data
points are removed later by the procedure described in the next paragraph.) (2) From these magnetosheath
data, we computed hourly median values of the energy fluxes for 1, 4, and 9 keV electrons, and these values
are used as the background fluxes. (3) A data point was selected as an enhancement if its 1 keV electron flux
is a factor of 3 larger and its 4 and 9 keV fluxes are larger than the background fluxes. Note that we have tried
different factors for the enhancements. Using a higher factor gives a lower number of HEEs, but it does not
affect the conclusions presented in this study, especially for the dawn-dusk asymmetries. Figures 1a and 1b
show examples of ARTEMIS crossing the duskside and dawnside magnetosheath and magnetopause, respec-
tively. As indicated by the white arrows in the electron energy spectra for a few examples of HEEs, HEEs can
be identified as the spikes of enhanced electron fluxes above ~1 keV (see Figure 3 of Paper 1 for the energy
spectra of individual HEEs). It can be seen that HEEs were observed throughout the magnetosheath at different
y distances away from the magnetopause on both dawnside and duskside.

For the magnetosheath and HEE data points selected from the above procedure, we further estimate how far
they are from the magnetopause and from the bow shock. The probes usually encounter the boundaries multi-
ple times because of the boundary’s lateral motion due to either changes in the solar wind/IMF conditions or
due to magnetopause processes. Thus, for each ARTEMIS pass across the duskside or dawnside tail, we first
chose the main bow shock and magnetopause locations from the multiple boundary crossings. For example,
as shown in Figure 1b, there aremanymagnetopause crossings from~03:00 to 15:00 UT. However, it is clear that
the crossing of themainmagnetopause should be at ~08:00 UT as indicated by the vertical dotted line, since the
crossings seen afterward are a result of sporadic appearance of the magnetosphere/low-latitude boundary layer
(LLBL). Following this approach, we visually inspected each ARTEMIS pass within a long time scale (24h) and
chose the main magnetopause crossing as the one outside which the appearance of magnetosphere/LLBL is
only sporadic. Similarly, we chose the main bow shock location for each pass. Figures 2a and 2b show the
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locations of themainmagnetopause (purple crosses) and bow shock (black squares) on the duskside and dawn-
side, respectively. So for each pass, we can estimate the y distances of eachmagnetosheath or HEE data point to
the mainmagnetopause and bow shock locations. We use themain magnetopause and bow shock locations to
further exclude unwanted or ambiguous data points for this statistical study by only using the magnetosheath
and HEE data points that satisfy two conditions: (1) outside the main magnetopause and |dy| ≤ 20 RE, where
dy = yprobe� ymagnetopause, since the typical magnetosheath width at this tail distance is about 20 RE, and (2)
inside the main bow shock and at least 2 RE away from the bow shock. The condition (2) allows us to exclude
most of the solar wind data inside the main bow shock that cannot be excluded earlier by the magnetosheath
data criteria. Note that the data points within sporadic magnetosphere/LLBL intervals outside the main magne-
topause, despite satisfying condition (1), have already been excluded earlier by ourmagnetosheath data criteria.
The locations of these selected HEEs are shown in Figures 2a and 2b as the red dots. There are 2746 HEEs on the
dawnside and 967 on the duskside. Figures 2c and 2d show the probability distributions for the duration of HEEs
(in red) and time separation between two consecutive HEEs (in blue). The duration for the majority of HEEs is
less than ~2min while they are separated from each other by a few minutes. There are no distinguishable
differences in both the durations and separations between the duskside and dawnside HEEs.

Figure 1. From top to bottom: electron density (solar wind density in green), electron temperature,�Vx (solar wind speed in green), IMF components, B components,
and omnidirectional ion and electron fluxes (eV/(s sr cm2 eV)) observed by (a) ARTEMIS P2 on 21–23 February 2013 and by (b) P1 on 21–23 January 2011. The vertical
dotted lines indicate the magnetopause and bow shock.
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3. Results
3.1. HEE Occurrence

Figure 3a shows the number of the 1min data points for magnetosheath data (purple) and for HEEs (red) as a
function of y on the top and the ratios of the number of HEEs to that of magnetosheath (occurrence rates) on
the bottom (note that themagnetosheath data points also include the HEE data points). Figures 3b shows the
same numbers and ratios as Figure 3a but as a function of dy with the positive (negative) dy for the duskside
(dawnside). The number of magnetosheath data points is relatively the same at different dy and has no clear
dawn-duskasymmetry.Ontheotherhand, there isa strongdawn-duskasymmetry forHEEswith theoccurrence
rates a factor of 3 to 4 higher on the dawnside than on the duskside. On the dawnside, the occurrence rates are
slightly higher closer to themagnetopause, while no clear dy dependence is seen on the duskside. Wewill dis-
cuss in section4 the likelyprocesses leading to thehigherHEEoccurrence rateson thedawnside. In theprevious
studies for energetic electrons in the near-Earth magnetosheath mentioned in the Introduction, occurrence
rates were not specifically investigated.

3.2. HEE Fluxes

Figure 4a shows the energy fluxes for HEE 4 and 9 keV electrons as a function of dy. It can be seen that the
fluxes are substantially higher on the dawnside than the duskside. Figure 4b shows the statistical compari-
sons of the HEE electron energy spectra (median values with the vertical lines indicating with 25% and
75% quartiles) between the dawnside (in red) and duskside (in blue) near the magnetopause (|dy| ≤ 5 RE).
The dawnside HEE fluxes from ~1 to 10 keV are clearly higher by a factor up to ~2. Figure 4c shows that in
the magnetosheath the dawnside fluxes are only slightly higher than the duskside fluxes. Thus, the roughly
dawn-dusk symmetric magnetosheath electron fluxes are likely not the cause for the higher dawnside HEE
fluxes. Rather, the slightly higher dawnside magnetosheath fluxes are likely due to the inclusion of the higher
dawnside HEE fluxes.

In Paper 1, we concluded that HEEs are likely magnetospheric electrons escaping to the magnetosheath. We
thus compare the magnetosphere electron energy spectra between the dawnside and duskside magneto-
sphere near the magnetopause (|dy| ≤ 5 RE on the magnetosphere side). The magnetosphere data are chosen

Figure 2. The x-y locations of HEEs (red dots), the mainmagnetopause (purple crosses), and themain bow shock (black squares)
on (a) the duskside and (b) dawnside. Probability distributions of the duration of HEEs (red) and the separations between
two consecutive HEEs (blue) on (c) the duskside and (d) dawnside.
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with the criteria: N ≤ 0.8 cm�3, |V | ≤ 100 km/s, and |B| ≤ 10 nT. The comparisons, as shown in Figure 4d, clearly
show that the dawnside magnetosphere electron fluxes are higher than the duskside fluxes within the
energy range of ~0.5 to 10 keV. The dawnside fluxes are higher by a factor of ~2, similar to that seen in the
HEE flux dawn-dusk asymmetry. Figures 4e and 4f show that the HEE fluxes (in red) are substantially higher
than the magnetosheath fluxes (in black) and are within the range of magnetosphere fluxes at energies
>~2 keV on both the duskside and dawnside. These comparisons further support our previous conclusion
that the magnetosphere electrons are the source for HEEs. That the HEE fluxes are similar to the magneto-
sphere fluxes only at >~2 keV should be associated with the magnetopause processes creating HEEs. How
this develops may be answered by future theoretical or simulation studies. However, the observed connec-
tion attributes the dawn-dusk asymmetry in HEE fluxes to the dawn-dusk asymmetry in the magnetosphere
electrons. In the previous studies that show higher fluxes of energetic electrons observed on the dawnside of
the near-Earth magnetosheath [e.g., Imada et al., 2005], the magnetosphere electrons as a source was also
used to explain the dawn-dusk asymmetry. We compared the solar wind/IMF conditions for our selected
magnetosphere data between the dawnside and duskside (not shown here) and ruled out the possibility that
the dawn-dusk asymmetry seen in magnetosphere fluxes is due to a bias in their corresponding upstream
conditions. This dawn-dusk asymmetry in the magnetosphere keV electrons in the midtail region may possi-
bly result from electron’s dawnward magnetic drift, but it is beyond the scope of this study to determine
whether magnetic drift or other magnetospheric processes are responsible.

Despite the dawn-dusk asymmetry in the magnetosphere electron fluxes being able to explain the dawn-dusk
asymmetry in the HEE fluxes, this is less likely to account for the dawn-dusk asymmetry in the HEE occurrence.
As shown in Figures 4e and 4f, even though the magnetosphere fluxes are lower on the duskside, they are still
significantly higher than the duskside magnetosheath fluxes. Thus, the asymmetry in the HEE occurrence is
more likely related to the processes causing HEEs.

3.3. Correlations With Solar Wind and IMF

To understand the occurrence of HEEs, we investigated whether they occur preferentially under certain solar
wind/IMF conditions. Figures 5a and 5b show two dawnside magnetosheath passes by P1 on 16 and 17
August 2011 (event 1) and 22 and 23 December 2010 (event 2), respectively. As compared with event 2, event
1 had lower density, higher flow speed, and more fluctuated magnetic field directions in both the solar wind
and magnetosheath, and many more HEEs. In both events, most of these HEEs occurred near the time when
there was a sharp change in the Bz direction.

To investigate statistically the preferred solar wind/IMF conditions suggested above, we plot in
Figures 6a and 6c the probability distributions for the plasma and magnetic field parameters in the magne-
tosheath corresponding to HEEs (in red) in comparison with those to all magnetosheath data (in blue) on the
dawnside and duskside, respectively. We also use Bootstrap method to estimate the uncertainty of these prob-
ability distributions. We first obtained 1000 data sets that are random resampled from the original data set for
either HEE or magnetosheath data. We then computed the 95% confidence intervals (mean±1.96·standard

Figure 3. (top) Number of 1min data points for the magnetosheath (purple) and HEEs (red) and (bottom) the ratios of the
number of HEEs to that of the magnetosheath data as a function of (a) y and (b) dy. Positive (negative) dy indicates the
duskside (dawnside).
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deviation) from the 1000 data sets. The
confidence intervals are indicated by
the dotted lines in Figure 6. Here we
use the magnetosheath plasma and
magnetic field to represent the solar
wind/IMF conditions since they reflect
more precisely in time the concurrent
solar wind/IMF conditions than do the
OMNI solar wind/IMF data. This is impor-
tant to our investigation since a HEE only
lasts for ~2min but the uncertainty in
OMNI solar wind/IMF is much larger
due to the estimated time shift first from
the solar wind monitors to the bow
shock nose and then to the ARTEMIS
locations. For references, Figures 6b
and 6d show the same investigations
but using OMNI solar wind/IMF data.
Compared with typical magnetosheath,
it is clear that on the dawnside HEEs
occur during periods of relatively lower
solar wind/magnetosheath density, and
thus higher solar wind/magnetosheath
speed (since the solar wind density and
speed is well anticorrelated), statistically
confirming the correlations indicated by
the two events shown in Figure 5.
However, this correlation with higher
solar wind speed is much weaker on
the duskside. Furthermore, HEEs occur
more often when the magnitude of
IMF/magnetosheath Bz is smaller. To
check the possible connection between
HEEs and the Bz direction changes
suggested in Figure 5, we define a para-
meter, dBz, to indicate sharpness of
the Bz changes within a 10min period
(t±5min) corresponding to a data point
at time t, dBz= (|Bz, max|� |Bz, min|)/[sign
(Bz, max)·sign(Bz, min)], where Bz, max

(Bz, min) and sign(Bz, max) (sign(Bz, min))
are the magnitude and sign of the maxi-
mum (the minimum) Bz (either IMF Bz or

the magnetosheath Bz). So if Bz change within the 10min is shaper, then |dBz| is larger, and dBz is negative if
there is a Bz direction change. It can be seen that HEEs are more often associated with negative dBz with 75%
(66%) for HEEs on the dawnside (duskside) compared with 39% (37%) for the magnetosheath data. The high
percentages indicate that the correlations between HEEs and negative dBz are not due to coincidence. Thus,
the smaller Bzmagnitudes for HEEs are due to Bz becoming smaller as it changes direction near the time of HEEs.

Because of draping of magnetic field lines within the magnetosheath, the magnetosheath Bxy angle (defined
as 0° at noon and increases eastward) is more similar to the IMF Bxy angle on the side of the magnetosheath
where the bow shock is quasi-perpendicular (the IMF direction is perpendicular to the bow shock normal) but
is rotated by about 90° on the other side of the magnetosheath where the bow shock is quasi-parallel. As
shown in Figure 6, for all magnetosheath data (in blue), the probability distributions for the Bxy angles peak

Figure 4. (a) Omnidirectional fluxes (eV/(s sr cm2 eV)) for (top) 4 keV and
(bottom) 9 keV electrons in HEEs. Comparisons of the energy spectra
between the dawnside (red) and duskside (blue) near the magnetopause
(|dy| ≤ 5 RE) for (b) HEEs, (c) magnetosheath, and (d) magnetosphere
electrons (the curves are the median values and the vertical lines indicate
the 25% and 75% quartiles). Comparisons of the HEE energy spectra
(red) with the magnetosheath (black) and magnetosphere (blue) on
(e) duskside and (f) dawnside.
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at ~45° and 225° on the dawnside and peak at and ~135° and 315° on the duskside, indicating that the
corresponding IMF is a Parker spiral (~135° or 315°) most of the time. For HEEs (in red) on the dawnside,
the probabilities of their Bxy angles at ~45° and 225° become higher than those for all magnetosheath data,
indicating that the dawnside HEEs occur preferentially when the quasi-parallel bow shock is on the dawnside.
On the other hand, the probabilities of the Bxy angles for the duskside HEEs at ~45° and 225° are significantly
lower than those of all magnetosheath data, indicating more than coincidence that some, but not the major-
ity, of the duskside HEEs occur under an anti-Parker spiral IMF (~45° or 225°), that is, when the quasi-parallel
bow shock is on the duskside. These suggest that there may be a connection between the processes at the
quasi-parallel bow shock and HEEs. Possible processes leading to this connection are further discussed in
section 4.2. The above correlations with solar wind plasma and magnetic fields are much less clearly seen
when using OMNI data, and we attribute this to the large uncertainty due to the time shifting.

The above preferred solar wind and IMF conditions for HEEs are more clearly seen on the dawnside than on
the duskside, suggesting a possible connection between the upstream solar wind/IMF conditions and the
higher HEE occurrence rates on the dawnside. We further discuss in section 4 the likely processes that lead
to this connection.

4. Discussion

As indicated in Paper 1, HEEs are a result of transient magnetosphere intrusion into the magnetosheath and
the associated secondary processes, such as reconnection and diffusion. The dawn-dusk asymmetry in HEE
occurrence is thus likely a result of a dawn-dusk asymmetry in the processes that cause the transient magne-
tosphere intrusion. In this section we investigate and discuss whether K-H perturbations and bow shock
processes can provide the connection between HEEs and their preferred solar wind/IMF conditions shown in
section 3.3 and can account for the dawn-dusk asymmetry in HEE occurrence presented in section 3.1.

Figure 5. From top to bottom: electron density (solar wind density in green),�Vx (solar wind speed in green), IMF components,
B components, and omnidirectional electron fluxes (eV/(s sr cm2 eV)) observed by P1 on (a) 16–17 August 2011 and (b) 22–23
December 2010.
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4.1. Kelvin-Helmholtz Perturbations

That the HEEs occur more often during periods when IMF Bz direction is more fluctuating, as shown in Figure 5,
and during higher solar wind speed, as shown in Figure 6, suggests a likely connection of HEEs with Alfvénic
solar wind. Within Alfvénic solar wind, which is believed to be a result of Alfvén waves in the solar corona
mixed with convective structure [Tu and Marsch, 1995], there are larger fluctuations in the IMF directions
and solar wind density/speed than normal solar wind. The solar wind is more likely to be Alfvénic when
the solar wind speed is higher. By including Alfvénic fluctuations in IMF directions and solar wind speeds
in global MHD simulations, McGregor et al. [2014] showed that enhanced flow shear at the magnetopause
associated with the Alfvénic fluctuations enhances K-H waves along the flanks. As suggested in Paper 1 that
K-H waves and associated secondary processes, such as reconnection and diffusion, can be one of the
possible mechanisms for HEEs, the MHD simulation results thus provide an explanation for the connection
between HEEs and Alfvénic solar wind. In the McGregor et al. simulations there is no clear dawn-dusk asym-
metry in the occurrence of K-H waves, likely due to the assumption of IMF Bx= 0. Nykyri [2013] considered
Parker spiral IMF in global MHD simulations and found that the K-H growth rate is larger on the dawnside
than on the duskside. However, it is also not conclusive from observations whether there is a dawn-dusk
asymmetry in K-H perturbations, since contradicting conclusions have be drawn from different observational
studies of K-H waves in the near-Earth flanks [e.g., Hasegawa et al., 2006; Taylor et al., 2012; Lin et al., 2014].
Additionally, how these K-H perturbations evolve as they propagate to the midtail flanks remains unknown.

Figure 6. Probability distributions of density, flow speed, Bz, dBz, and Bxy angle (see text for definitions of dBz and Bxy angle) observed by ARTEMIS for the magnetosheath
(blue) and HEEs data (red) on (a) the dawnside and (c) duskside. Probability distributions of the solar wind density, solar wind flow speed, IMF Bz, Bz/Bxy (IMF), dBz
(IMF), and IMF Bxy angle from OMNI (including additional time shift from the bow shock nose to ARTEMIS locations) corresponding to the magnetosheath
(blue) and HEEs data (red) on (b) the dawnside and (d) duskside. The numbers inside the parenthesis indicate the number of data points for each data set. The
dashed lines above and below the solid lines indicate the 95% confidence intervals (see text).
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Therefore, considering HEEs caused by the K-H perturbations propagating from the near-Earth flanks, our
current understanding is not sufficient to indicate whether they can account for the dawn-dusk asymmetry
in HEE occurrence.

The nightside domain of McGregor et al.’s simulations only extends to x=�25 RE so it is not known whether
the K-H waves can still occur locally in the midtail. Considering compressible plasma and finite boundary
thickness, Miura and Pritchett [1982] and Miura [1992] showed that the K-H instability is determined by the
magnetosonic speeds (Vms, Vms

2 = Va
2 + Vs

2, where Va is the Alfvén speed and Vs is the sound speed) on both
the magnetosphere and magnetosheath sides relative to a perturbation. Simulations showed that if the flow
speeds relative to a tailward propagating perturbation on both sides are slower than the magnetosonic
speed, that is the magnetosonic Mach number Mms = V/Vms<1, the perturbation can be locally K-H unstable
[Kobayashi et al., 2008]. As the magnetosheath flow speed increases with increasing downtail distances, the
condition may become less favorable for unstable K-H. Therefore, we examined statistically the conditions on
either sides of the midtail magnetopause (|dy|≤ 3 RE). Figure 7 shows that most of the time Mms across the
magnetopause is much higher than 2; thus, the flow shear condition for a perturbation propagating at any
speed is not favorable for unstable K-H. In comparison, for HEEs the temperature distribution shifts to higher
values while the Mms distribution shifts to lower values so that the probability for Mms< 2 becomes higher.
Since, as shown in Figure 6, the solar wind speed is higher for HEEs compared with typical magnetosheath
and statistically the magnetosheath ion temperature is higher when the solar wind speed is higher [Wang
et al., 2012], this suggests that during higher solar wind speed the midtail magnetopause can become more
K-H unstable and lead to more HEEs. However, Figure 7 shows that only a small number of the HEE events
occur under the favorable K-H unstable conditions and the number is higher on the duskside (~7% on the

Figure 7. Flow speed, density, magnetic field strength, ion temperature, Alfvén speed (Va), sound speed (Vs), magnetosonic speed (Vms), magnetosonic Mach number
(V/Vms) for HEEs (red), magnetosheath (blue), and magnetosphere (purple) on (a) the dawnside and (b) duskside. The numbers on the top indicate the number of data
points for each data set. The dashed lines above and below the solid lines indicate the 95% confidence intervals.
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dawnside and ~13% on the duskside).
Therefore, even though the K-H pertur-
bations can be one of the mechanisms
for HEEs, there is no strong indication
that it would result in higher HEE occur-
rence rates on the dawnside.

4.2. The Bow Shock Perturbations

There are some transient perturbations
at the bow shock that occur preferen-
tially when there is a sharp IMF direction
change associated with an IMF disconti-
nuity, such as hot flow anomalies (HFAs)
[e.g., Thomsen et al., 1986; Schwartz,
1995; Zhang et al., 2010] and foreshock
bubbles (FBs) [e.g., Omidi et al., 2010;
Turner et al., 2013]. These perturbations
are believed to be created by kinetic
interaction between IMF discontinuities
and the bow shock or foreshock, so that
our current physical understanding is
mainly from hybrid simulations. It has
been shown that HFAs and FBs can
create transient density fluctuations
(a time scale of a few minutes and a

spatial scale of a few to 10 RE) and thus variations in the dynamic pressure in the magnetosheath, resulting
in localized deformation of the dayside magnetopause. Using three THEMIS probes, two near the magneto-
pause and one near the bow shock, Archer et al. [2015] showed an event of a transient (~1min) outward motion
of the dayside magnetosphere into the magnetosheath observed by the two probes near the magnetopause,
which is a result of a FB observed by the probe just upstream of the bow shock. Therefore, as a transient HFA or
FB perturbation moves downstream to the midtail magnetosheath, it may continue to cause magnetosphere
intrusion into the magnetosheath, which can explain the bursty and localized magnetosphere intrusion
associated with HEEs shown in Paper 1. In addition, Figure 6 of Paper 1 shows three examples of HEEs moving
downstream with the same speeds as the background magnetosheath flows, which is consistent with the
expectation if they are associated with a tailward moving HFA or FB.

Figure 8 shows a transient perturbation observed by P2 on the dawnside magnetosheath at x~�50 REwith
well-defined characteristics of a HFA typically seen on the dayside. With the perturbation, Bz changed
sharply from ~�4 nT to ~3 nT then back to �4 nT from 08:40 to 08:50 UT. The same Bz change was seen
by Cluster ~20min earlier in the upstream solar wind at x~12 and y~10 RE and Vx ~�340 km/s. For the per-
turbation seen by P2, there is a low density and magnetic field core at ~08:45 UT sandwiched by two walls
of high density and magnetic field at ~08:40 and 08:49 UT, respectively. The flow direction within the
perturbations is substantially diverted. This perturbation is found to be accompanied by a weak HEE seen
at ~08:49 UT. This example indicates that the density perturbations associated with HFAs or FBs can be a
likely mechanism for creating magnetosphere intrusion and HEEs. In our survey, HEEs are often associated
with transient and substantial density changes that are not due to changes in the upstream solar wind
density. To investigate the association with transient density changes, we define a parameter, dN/N, as
(Nmax�Nmin)/Nave, where Nmax, Nmin, and Nave are the maximum, minimum, and average values of densi-
ties within the ±5min period of a data point. Figure 9 shows that the transient density changes associated
with HEEs are substantially larger compared to the typical magnetosheath data. This association is more
clearly seen on the dawnside, similar to the associations with the solar wind speeds and transient Bz
changes shown in Figure 6.

It has been found that HFAs [Šafránková et al., 2000] and FBs [Turner et al., 2013] occur more often when the
solar wind speed is higher. Therefore, it is plausible that during Alfvénic solar wind, the IMF directions change

Figure 8. A HFA-like event. From top to bottom: density, B components, flow
velocity components, and omnidirectional electron fluxes (eV/(s sr cm2 eV))
observed by P2 on 30 January 2013.
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more frequently and the more IMF dis-
continuities can create more HFAs and
FBs and thus likely lead to more HEEs.
Since HFAs and FBs are generated in
the quasi-parallel bow shock, which is
on the dawnside most of the time due
to the Parker spiral IMF, the connection
of HEEs with HFAs and FBs may explain
the higher occurrence rates on the
dawnside. This may also explain the
correlations between the dawnside
HEEs with the Parker spiral IMF and
the correlation between the duskside
HEEs and anti-Parker spiral IMF shown
in Figure 6. In addition to HFAs and

FBs, there are other types of density or dynamic pressure perturbations created in association with the
quasi-parallel bow shock, such as spontaneous HFAs [Zhang et al., 2013], magnetosheath filamentary struc-
tures [Omidi et al., 2014], transient flux enhancements or jets [e.g., Němeček et al., 1998; Hietala et al., 2012],
or large-scale low-frequency electromagnetic wavefronts [Karimabadi et al., 2014]. But these perturbations
can occur without IMF discontinuities. If they also create HEEs, they will also contribute to the dawn-dusk
HEE occurrence asymmetry, but their resulting HEEs will not be associated with a change in the magnetic
field direction. However, our current understanding of these bow shock perturbations is limited to the
dayside region. It remains mostly unknown as to how they evolve as they drift tailward to the midtail
and whether these perturbations can be created in the midtail bow shock. Therefore, future studies inves-
tigating these bow shock perturbations in the midtail and their effects on the magnetosphere will help
us further understand HEEs and transient solar wind-magnetosphere coupling.

5. Summary

Using 4 years of ARTEMIS measurements, we have statistically investigated the dawn-dusk asymmetries of
HEEs in the midtail magnetosheath and their correlations with the solar wind/IMF conditions. HEEs can be
observed at any y distances from the magnetopause. Our key findings are the following:

1. There is dawn-dusk asymmetry in HEE occurrence rates with the rates about a factor of 3 to 4 higher on
the dawnside.

2. There is a dawn-dusk asymmetry in HEE fluxes from ~1 to 10 keV. The HEE fluxes at 4 keV on the dawnside
are as twice large as on the duskside. The HEE fluxes are significantly larger than the background magne-
tosheath fluxes and are within the range of magnetosphere fluxes. There is also a dawn-dusk asymmetry
in the magnetosphere electrons, with the fluxes in 1–10 keV also about a factor of 2 higher on the dawn-
side. This indicates strongly that magnetosphere electrons are likely the source for HEEs and the cause for
the dawn-dusk asymmetry in HEE fluxes.

3. Compared with typical magnetosheath data, HEEs occur during higher solar wind speed. The majority of
HEEs are associated with sharp transient IMF direction changes and are accompanied by large transient
magnetosheath density changes. These correlations are stronger on the dawnside. The correlation with
IMF Bxy angles suggests a connection of HEEs with the quasi-parallel bow shock.

4. Higher solar wind speed can result in flow shear conditions at the midtail magnetopause more favorable
for unstable K-H. However, only a smaller number of HEEs occur when the flow shear conditions are locally
K-H unstable and the number is larger on the duskside. Also, it is not conclusive from observations
whether the near-Earth K-H perturbations have a dawn-dusk asymmetry. So K-H perturbations are likely
not the main mechanism causing the higher dawnside HEE occurrence.

5. The correlations with higher solar wind speed, sharp IMF direction changes, IMF Bxy angles, and transient
and large magnetosheath density changes described in (3) suggest a connection of HEEs with perturba-
tions created near the quasi-parallel shock associated with IMF discontinuities, such as HFAs and FBs.
Since the quasi-parallel shock is most often on the dawnside, this connection is likely to account for the
higher HEE occurrence rates on the dawnside.

Figure 9. Probability distributions for dN/N (see text for definition) for
HEEs (red) and magnetosheath (blue) on the (left) dawnside and (right)
duskside.
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