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Dawn-Dusk Asymmetries of Solar-Wind-Magnetosphere
Coupling in the Earth’s Midtail

Chih-Ping Wang', Xiaoyan Xing?, T. K. M. Nakamura?, Larry R. Lyons*, and Vassilis Angelopoulos®

ABSTRACT

Solar-wind-magnetosphere coupling causes plasma exchange across the magnetopause. Using ARTEMIS
observations, we investigated dawn-dusk asymmetries and responsible coupling processes for two distinct
populations in the midtail (r ~60 R): (1) mantle plasma resulting from magnetosheath plasma coming through
the open magnetopause and (2) bursty hot electron enhancements (HEEs) in the magnetosheath resulting
from magnetosphere electrons coming out with transient magnetopause deformation. Mantle plasma appears
more frequently in the postmidnight (premidnight) sector above the current sheet when the IMF B, is positive
(negative). Good agreement between the observations and global MHD simulations indicates that the dawn-
dusk asymmetry is caused by the open magnetopause moving to the opposite sides of the magnetosphere above
and below the current sheet as the IMF B, becomes more dominant. The HEE occurrence rates are two to three
times higher on the dawn side. HEEs correlate more strongly than magnetosheath plasma with sharper transient
changes in IMF direction and magnetosheath density and with quasiparallel bow shock. These correlations
suggest that perturbations created at the quasiparallel bow shock can possibly cause magnetopause deformation
and HEEs in the midtail, contributing to the HEE asymmetry because the quasiparallel bow shock is more often

on the dawn side.

17.1. INTRODUCTION

Solar-wind-magnetosphere coupling leads to transfer of
plasma, momentum, and energy across the magnetopause,
the essential process that drives the dynamics of the
Earth’s magnetosphere. Two distinct plasma populations
resulting from the coupling are: (1) magnetosheath-like
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mantle plasma observed in the magnetosphere flowing
tailward along the open magnetic field lines but with
lower density and tailward speed than in the magne-
tosheath and (2) energetic magnetosphere ions and
electrons observed in the magnetosheath. These two
populations are associated with different coupling pro-
cesses, but both populations exhibit clear dawn-dusk
asymmetries in their appearance indicting asymmetries in
the responsible processes.

For mantle plasma formation, solar-wind plasma entry
through the magnetopause along open field lines has
been suggested to be an important process [Siscoe and
Sanchez, 1987; Siscoe et al., 2001]. While the polar iono-
sphere outflow can also be a source for mantle plasma,
studies using Geotail observations of different ion species
[e.g., Seki et al., 2000] conclude that most of protons in
the mantle have come from the solar wind. The appearance
of mantle plasma has been observed in the near-Earth
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Figure 17.1 (a) An example of ARTEMIS crossing of the midtail magnetosphere and magnetosheath. The magne-
topause crossing is indicated by the gray vertical arrow. The intervals of the mantle, the lobe, and the magnetosheath
are indicated on the top of the figure enclosed by the vertical dotted lines and horizontal arrows. HEE indicates
hot electron enhancements and the white arrows indicate a few examples of HEEs. (b) A simple sketch of the
different plasma regimes identified in (a).
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region [e.g., Haerendel and Paschmann; 1975; Taguchi
et al., 2001], at lunar distances [e.g., Hardy et al., 1975,
1976, 1979], and in the distant tail [e.g., Gosling et al.,
1984; Maezawa and Hori, 1998; Seki et al., 1998]. These
observations have shown that its appearance on the
dawn or dusk side is strongly correlated with the IMF
By direction.

On the other hand, energetic particles observed in the
magnetosheath can result from energetic magnetosphere
particles having access to the magnetosheath either
through leakage due to their large gyroradius [Sibeck
et al., 1987] or through interconnected magnetosphere-
magnetosheath magnetic field lines [Scholer et al., 1981].
Enhancement of energetic electrons with energies from
~15keV up to hundreds of keV have been observed in the
near-Earth magnetosheath. The previous observations
have noted a dawn-dusk asymmetry in the enhancements
of energetic electrons (>~38keV) in the near-Earth
magnetosheath [e.g., Sarafopoulos et al., 2000; Imada
et al., 2005], but not in low-energy (~3keV) electrons
[Imada et al., 2005]. This asymmetry is suggested to be
caused by magnetosphere electron fluxes being higher on
the dawn side than on the dusk side.

Since late 2010, ARTEMIS has provided observations
of mantle plasma and energetic particle enhancement in
the magnetosheath in the midtail (=70 < X<-30R,). The
abundant ARTEMIS data also allow for determining the
dawn-dusk asymmetries of these two populations with
statistical significance. Figure 17.1a shows an example of
an ARTEMIS crossing of the midtail from the magneto-
sphere to the magnetosheath. In the magnetosphere,
mantle plasma can be identified as cold (a few hundred
eV) plasma with substantial tailward field-aligned speed.
Mantle plasma can be seen to appear at low latitudes
adjacent to the current sheet where plasma is hotter (a
few keV for ions). Within the magnetosheath, ARTEMIS
sometimes observed bursty (several minutes) enhance-
ments of hot (~1-10keV) electrons, called hot electron
enhancements (HEEs). These different plasma regimes
are sketched in Figure 17.1b. Using ARTEMIS two-point
measurements, Wang et al. [2014b] concluded that the hot
electrons in HEEs are magnetosphere electrons escaping
to the magnetosheath.

In this chapter, we present mantle plasma and HEEs in
the midtail observed by ARTEMIS and the statistical
dawn-dusk asymmetries in their occurrence. The results
presented here are from an investigation extended from
our previous studies [ Wang et al., 2014a, 2014b, and 2015]
with a larger data set included. We describe ARTEMIS
measurements and data selections in section 17.2. In sec-
tion 17.3, we describe the occurrence and characteristics
of mantle plasma and discuss the solar-wind—magneto-
sphere processes responsible for dawn-dusk asymmetry
by comparing the observations with predictions from

global MHD simulations. In section 17.4, we present the
characteristics and the dawn-dusk asymmetry of HEEs
and, from their correlations with the solar-wind/IMF
conditions, discuss the processes that likely lead to this
asymmetry.

17.2. DATA

The two identically instrumented ARTEMIS probes
(P1 and P2) [Sibeck et al., 2011] are in lunar orbit (r~60 R )
and remain close to the Moon with distances<~5 R,
from the Moon. ARTEMIS data have been available
since August 2010. It takes roughly 2 days for each probe
to laterally cross the dusk side or dawn side magnetosheath
and~4-5 days to cross the tail magnetosphere. Particle
and magnetic field measurements with 1 min resolution
are used. Tons and electrons are measured by an electro-
static analyzer (ESA, 0.006-20keV/q [McFadden et al.,
2008]). The magnetic field is measured by the flux gate
magnetometer [Auster et al., 2008]. One minute solar wind
and IMF parameters obtained from NASA OMNI and
shifted to the X'locations of the ARTEMIS probes are used.

We used 5 years of ARTEMIS data from August 2010
to August 2015 and selected mantle plasma and HEEs
employing the same selection criteria as in Wang et al.
[2014a, 2015]. To select mantle plasma, we first visually
examined the plasma density and parallel velocity,
magnetic field, and energy spectra to identify periods of
mantle plasma, and we then further excluded ambiguous
data points by selecting data within identified periods
with the criteria: N 20.08cm™, N/Ng, <1, T<0.5keV,
|B |25 nT, and V,.s—30 km/s. Smce most of our mantle
plasma has Bz/Br (Br VBx2+ By2) less than 0.6 and
plasma beta less than 1, we used Bz/Br<0.6 and plasma
beta<1 to identify the ARTEMIS probes being in the
lobe region when they were inside the magnetosphere.
The mantle and lobe are above (below) the current sheet
if B_1is positive (negative). Data within 10 Moon radii
were also excluded to avoid Moon pickup ions.

The following procedures were used to select HEEs: (1)
We first selected magnetosheath data on the nightside
using criteria: X<0 and |¥]<60 R, electron temperature
(T)<70eV, energy flux for 9keV electrons<2-10*eV/s-
sr-cm*-eV, and bulk speed (V) and density (N) satisfy
either (V <—200km/s and N>2cm™) or (V <—300km/s
and N>0.9cm™). (2) From these magnetosheath data, we
computed hourly median values of the energy fluxes for
1, 4, and 9keV electrons to be used as the background
fluxes. (3) A data point was selected as an enhancement
if its 1 keV electron flux was a factor of 3 larger and its
4 and 9keV fluxes were larger than the background fluxes,
and its location was outside the main magnetopause and
|dY]<20 R, where dY=Y  -Y and inside the

probe magnetopause’

main bow shock and at least 2 R, away from the bow
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shock (see Wang et al. [2015] for detailed procedures of
determining the main magnetopause and bow shock
from each ARTEMIS pass). As can be seen in the exam-
ple shown in Figure 17.1a, in the midtail, mantle plasma
can be observed deep inside the magnetosphere and
HEEs can be observed at different Y distances from the
magnetopause.

17.3. MANTLE PLASMA

17.3.1. Dawn-Dusk Asymmetry and Characteristics

Figure 17.2 shows the number of data points for the
lobe and mantle on the top and the occurrence rates of
mantle plasma on the bottom. The mantle plasma can be
observed throughout the magnetotail with occurrence
rates about 50% near the flanks but decreasing quickly
with decreasing | Y| to nearly 0% at midnight. The mantle
occurrence rates at different locations are found to depend
strongly on the IMF B, direction, but not on IMF B_or
IMF B.. Figure 17.2 shows that in the region above ‘the
current sheet (B,>0), mantle plasma appears dominantly
in the postmldmght (premidnight) sector when the IMF
By is positive (negative). The asymmetry is opposite in the
region below the current sheet. These asymmetries are
consistent with those obtained by Wang et al [2014a]
from a smaller dataset.

Figure 17.3a shows the correlations of normalized den-
sity (normalized to the solar-wind density) and |V | with
| V| under a specific range of solar-wind/IMF conditions

I
(3N, <4em™, 450V <550km/s, and [IMF B_|<1nT).

SW™
The mantle density is found to be highly correlated with
IVH" consistent with the 1-D MHD prediction [Siscoe and
Sanchez, 1987; Siscoe et al., 1994]. Most data points in

a
) Above CS, IMF B, > 0

Above CS, IMF B,<0

the N- Y, plot fall between a lower and an upper limit lines
indicated by the black lines, which are a linear function of
the , speed (log, [N]=log [N+ C| V”|, where N is the
density limit. The constants N, and C are different for
the two lines, and their values also change with different
ranges of solar-wind/IMF B_conditions). |V | is gener-
ally larger when |VH| is larger, but the correlation is not
as strong as the N-V, correlation. Figure 17.3b shows
the Y-profiles of normalized density and Y, for IMF
B|<1 nT. The normalized density decreases by a factor
of ~5 decreasing | Y] while 4 decreases by a factor of ~2.5.
These Y-profiles are consistent with the predicted profiles
of Pilipp and Morfill [1978] when assuming that the
sources for mantle plasma are particles entering through
the magnetotail magnetopause along open field lines
(open magnetopause) and that this magnetopause source
extends continuously down the magnetotail.

17.3.2. Comparisons with Global MHD Simulations

To check whether the observed dawn-dusk asymmetry
shown in Figure 17.2 and characteristics shown in
Figure 17.3a and b can be reproduced by global MHD
models, we examined the results from a BATS-R-US 3D
global MHD simulation [Powell et al., 1999; Toth et al.,
2012] that is available from the simulations that have been
conducted at the Community Coordinated Modeling
Center (CCMC) at NASA Goddard Space Flight Center.
This simulation was run with a 0° dipole tilt angle under
steady upstream solar wind and IMF conditions: IMF
B 7.15 nT, IMF B =0, V=V, =—560km/s,

=3.3cm™, and T, =116, 04OK The simulation run
Was used in Sibeck and Lin [2014] to investigate the size
and shape of the midtail magnetosphere.
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Figure 17.2 The number of data points in the lobe region (dark gray) and the mantle (light gray) (top) and the
ratios of the number of the mantle data points to that in the lobe region (bottom) under positive or negative IMF

By (a) above and (b) below the current sheet.
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Figure 17.3 Comparisons of ARTEMIS observations with MHD simulations. (a) N/Ng, and |V | as a function of

[V, | and (b) N/Ng, and |V,

| as a function of Y for the observed mantle plasma (the solid gray indicate median

|
va&ues and the 25% and 75% quartiles). The Y-Z distributions of (c) |/, | and (d) mantle density normalized to the
solar-wind density at X = — 60 R, from the simulation. (e) N/Ng, and |V | as a function of [V, [ and (f) N/N,, and

|V, | as a function of Y for the simulated mantle plasma.

Figure 17.3c shows Y-Z profiles of the simulated
perpendicular current density (|/ |) at X=-60 R,. The
locations of the magnetopause and current sheet can
be identified by their relatively large current density.
The spatial distributions of the normalized density for
mantle plasma are shown in Figure 17.3d. The appear-
ance of mantle plasma in the region above or below the
current sheet has a clear dawn-dusk asymmetry.
Positive IMF B is specified for this simulation and
mantle plasma above the current sheet appears on the
dawn side, consistent with the observed asymmetry
shown in Figure 17.2. Correlations of normalized den-
sity and V| speed with V| for simulated mantle plasma
are shown in Figure 17.3e. The simulated correlations
are qualitatively consistent with the observed correla-
tions shown in Figure 17.3a, with the simulated densi-
ties also falling between a lower and an upper limit
lines, as indicated by the black dotted lines, with loga-
rithm of the density limit being a linear function of
|V”|. Figure 17.3f shows that both simulated mantle

plasma density and V| speed decrease with decreasing
| Y], in good agreement with the observed Y-profiles
shown in Figure 17.3b.

Figure 17.3c, d shows that the simulated mantle density
is highest just inside the magnetopause at the location
where the magnetopause current density is weakest. This
location is where magnetosheath plasma gets access to
the magnetosphere and also where magnetic field lines
are open, as indicated by the black arrows for magnetic
field directions shown in Figure 17.3c. We also examined
other BATS-R-US simulations under the same solar-
wind/IMF conditions but with different IMF B |/|IMF B
ratios. These simulations show that when IMF B becomes
more dominant, the locations of open magnetopause
and the resulting mantle plasma move to lower latitudes
and to opposite sides of the magnetosphere above and
below the current sheet. Therefore, the observed dawn-
dusk asymmetry in the midtail mantle plasma is a result
of the IMF B, dependence of the processes that create an
open magnetopause.
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17.4. HOT ELECTRON ENHANCEMENTS

17.4.1. Characteristics

The duration for the majority of HEEs is fewer than
~2min, and they are separated from each other by a few
minutes. In our previous study using simultaneous meas-
urements from the two ARTEMIS probes to determine
the source and spatial structures of HEEs [Wang et al.,
2014], we found the following: (1) The source for the hot
electrons in HEEs is the magnetosphere electrons. (2)
HEEs are associated with bursty lateral magnetosphere
intrusion into the magnetosheath, that is, magnetopause
outward deformation. (3) Using observations when the
two probes are aligned mainly along the X or Y direction
to estimate the X and Y scales of a HEE, a single HEE
can have an elongated structure as narrow as 2 R wide
in the X direction and in some cases as long as over 7 R
in the Y direction. (4) HEEs move tailward with speeds
similar to those of background magnetosheath flows.
The results suggest that HEEs are a result of two solar-
wind-magnetosphere coupling processes: (1) transient
and localized magnetopause deformation caused by
processes such as Kelvin-Helmholtz (K-H) waves or mag-
netosheath density perturbations, and (2) subsequent
secondary processes, such as reconnection or diffusion,
along the deformed magnetopause that allow the magne-
tosphere electrons to enter the magnetosheath. Illustration
of a HEE based on the above conclusion is shown in
Figure 5 of Wang et al. [2014]. The elongated HEE struc-
ture along the Y direction might also be formed by hot
magnetosphere electrons entering the magnetosheath
through magnetic drift and then streaming away from
the magnetopause along By-dominant magnetosheath
magnetic fields, however, observations of HEEs show
that such By-dominant fields do not often exist.

17.4.2. Dawn-Dusk Asymmetry

Figure 17.4a shows the number of 1 min data points for
magnetosheath data (dark gray) and for HEEs (light gray),
and Figure 17.4b shows the HEE occurrence rate as a func-
tion of dY, where dY is positive (negative) for the dusk side
(dawn side). The number of magnetosheath data points is
relatively constant across the magnetosheath and has no
clear dawn-dusk asymmetry. There is a clear dawn-dusk
asymmetry in the HEE numbers with 3259 HEEs on the
dawn side and 1224 on the dusk side. So the HEE occur-
rence rates are a factor of 2 to 3 higher on the dawn side
than on the dusk side. This factor is slightly lower than that
obtained by Wang et al. [2015] from a smaller dataset.

To investigate likely causes of this dawn-dusk asymme-
try, we examine whether HEEs occur more often under
certain solar-wind/IMF conditions in comparison to
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Figure 17.4 Number of 1 min data points for the magnetosheath
(dark gray) and HEEs (light gray) (top) and the ratios of the num-
ber of HEEs to that of the magnetosheath data (bottom) as a
function of dY, the Y distance to the magnetopause. Positive
(negative) dY indicates the dusk side (dawn side).

typical magnetosheath plasma. Since a HEE only lasts
for~2min but the uncertainty in the OMNI solar-wind/
IMF is much larger due to the estimated time shift,
here we use the magnetosheath plasma and magnetic
field to represent the solar-wind/IMF conditions since
they reflect concurrent solar-wind/IMF conditions more
precisely in time than do the OMNI solar-wind/IMF
data. Figure 17.5 shows the probability distributions for
the plasma and magnetic field parameters in the mag-
netosheath corresponding to HEE data points (in light
gray) in comparison with those corresponding to all mag-
netosheath data points (in dark gray) on the dawn side
and dusk side. Compared with typical magnetosheath
plasma, it is clear that HEEs occur during periods of rela-
tively lower solar-wind—magnetosheath density and higher
solar-wind-magnetosheath speed (since the solar-wind
density is well anticorrelated with the solar-wind speed).
In addition, they are accompanied by larger transient
density changes in the magnetosheath, indicated by a
parameter dN/N= (N~ N_)/N_, where N N .
and N__are the maximum, minimum, and average values
of densities within the £5min period of a data point.
These correlations with higher solar-wind speed and
larger magnetosheath density changes are stronger on the
dawn side than on the dusk side. Furthermore, HEEs
occur more often when the magnitude of B_is smaller
and are more often associated with sharp B, changes,
as indicated by a parameter dB =(|B_ _ |-B. .|/
[sign(B_ )-sign(B_ )], where B_ (B ) and sign(Bz )
(sign(B; win)) ATE the magnitude and sigh of the maximum
(the minimum) B_. If the B_ change within the 10min is
sharper, then |dB | is larger, and dB_ is negative if thereisa B,
direction change.
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Figure 17.5 Probability distributions of density, dN/N, flow speed, B, dB_, B, B, and B  angle (see text for definitions
of dN/N, dB, and B, angle) observed by ARTEMIS for the magnetosheath (dark gray) and HEEs data (light gray) on the
dawnside and duskside. The numbers inside the parenthesis indicate the number of data points for each data set.

There are no clear differences between HEEs and
magnetosheath plasma on their B and B probability
distributions, but there are noticeable differences in the
distributions of the B angles. The B angle probability
distributions for all magnetosheath data peak at~45° and
225° on the dawn side and at ~135° and 315° on the dusk
side, indicating that the corresponding IMF is a Parker
spiral (~135° or 315°) most of the time. The B, angles are
rotated about 90° from the Parker-spiral angles on the
dawn side magnetosheath but are similar to the Parker-
spiral angles on the dusk side magnetosheath because the
magnetosheath magnetic field lines on the side where the
bow shock is quasiparallel (quasiperpendicular) are
refracted away from the shock normal (are draped over
[tangential to] the magnetopause). In comparison, on the
dawn side, the B angle probabilities for HEEs become
higher at~45° and 225°, but on the dusk side the prob-
abilities for HEEs at~45° and 225° become significantly
lower. The differences indicate that dawn-side HEEs

occur preferentially when the quasiparallel bow shock is
on the dawn side and some, but not the majority, of the
dusk-side HEEs occur when the quasiparallel bow
shock is on the dusk side, that is, anti-Parker-spiral IMF
(~45° or 225°).

The above preferred conditions for HEEs in transient
magnetosheath density changes, transient B_ changes,
and the B | angles suggest a possible connection between
the perturbations created at the quasiparallel bow shock
and HEEs. Many bow-shock processes associated with
changing IMF (IMF discontinuities) are known to create
transient and mesoscale (in a timescale of a few minutes
and a spatial scale of a few to 10 R,), but substantial,
density and dynamic pressure perturbations in the mag-
netosheath, such as hot flow anomalies (HFAs) [e.g.,
Thomsen et al., 1986; Schwartz, 1995; Zhang et al., 2010],
foreshock bubbles (FBs) [e.g., Omidi et al., 2010; Turner
et al., 2013], magnetosheath filamentary structures (MFSs)
[Omidi et al., 2014], and transient flux enhancements or
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jets [e.g., Némecek et al., 1998, Hietala et al., 2012].
Observations from multiple spacecraft have shown that
the resulting density perturbations in the magnetosheath
can cause localized deformation of the dayside magneto-
pause [e.g., Hietala et al., 2012; Archer et al., 2015]. It has
been suggested that as bow-shock perturbations move
tailward, they can continue to cause magnetopause
deformation farther down the tail [Sibeck et al., 1999].
HFA-like events have been observed by ARTEMIS in
the midtail magnetosheath [Wang et al., 2015] and by
STEREO at 310 R, in the tail magnetosheath [Facsko
et al., 2015]. Thus the magnetopause deformation result-
ing from the bow-shock perturbations can possibly lead
to HEEs in the midtail. Since many bow-shock perturba-
tions are generated in the quasiparallel bow shock, which
is mostly on the dawn side due to the Parker-spiral IMF,
the connection of HEEs with quasiparallel bow-shock
perturbations may explain the higher HEE occurrence
rates on the dawn side. This mechanism could be further
investigated in the future by using global hybrid simula-
tions with the midtail magnetosheath and magneto-
sphere included. The detailed mechanism of how the
solar-wind-magnetosphere associated with the locally
deformed magnetopause can lead to HEEs can be inves-
tigated with 3D full particle (ions and electrons) simula-
tions using particle-in-cell codes [e.g., Nakamura et al.,
2013] in the future. Although HEEs can also be associ-
ated with K-H perturbations, our current understand-
ing of the dawn-dusk asymmetry in the occurrence
of the K-H perturbations, especially in the midtail, is
insufficient to determine their contribution to HEE
asymmetry.

17.5. SUMMARY

Both mantle plasma and HEEs result from plasma
transfer across the magnetopause. We analyzed the occur-
rence of these two populations in the midtail using
Syears of ARTEMIS observations to determine their
dawn-dusk asymmetries and the likely responsible solar-
wind-magnetosphere coupling processes. Our main con-
clusions are as follows:

1. There is a strong dawn-dusk asymmetry in the
appearance of mantle plasma depending on the IMF B
direction, with higher occurrence rates in the postmid-
night (premidnight) sector above the current sheet when
the IMF B is positive (negative). Opposite dawn-dusk
asymmetries are seen below the current sheet.

2. The main characteristics of mantle plasma and their
crosstail profiles and the observed dawn-dusk asymme-
try are qualitatively consistent with predictions from
BATS-R-US global MHD simulations. These simula-
tions indicate that mantle plasma in the midtail results

from magnetosheath plasma crossing the tail magneto-
pause along the open field lines, and that the dawn-dusk
asymmetry is a result of the open magnetopause region
moving to lower latitudes and to opposite sides of the
magnetosphere above and below the current sheet when
the IMF B becomes more dominant.

3. HEEs are associated with solar-wind-magneto-
sphere coupling processes that cause transient and
localized magnetopause deformation and subsequent
secondary processes that cause the magnetosphere
electrons next to the deformed magnetopause to enter
the magnetosheath.

4. HEE occurrence rates on the dawn side are about a
factor of 2 to 3 higher than those on the dusk side.
Compared with typical magnetosheath plasma, the
majority of HEEs are associated with higher solar-wind
speed, larger transient density changes in the magne-
tosheath, sharper transient IMF direction changes, and
quasiparallel bow shock. These correlations suggest a
connection between HEEs and the magnetopause defor-
mation caused by density perturbations created at the
quasiparallel shock, such as HFAs and FBs. Since the
quasiparallel shock is most often on the dawn side, this
connection is likely to cause higher HEE occurrence rates
on the dawn side.
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