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Abstract Energetic neutral atoms (ENAs) created by charge-exchange of ions with the Earth's hydrogen
exosphere near the subsolar magnetopause yield information on the distribution of plasma in the outer
magnetosphere and magnetosheath. ENA observations from the Interstellar Boundary Explorer (IBEX) are
used to image magnetosheath plasma and, for the first time, low-energy magnetospheric plasma near the
magnetopause. These images show that magnetosheath plasma is distributed fairly evenly near the subsolar
magnetopause; however, low-energy magnetospheric plasma is not distributed evenly in the outer
magnetosphere. Simultaneous images and in situ observations from the Magnetospheric Multiscale (MMS)
spacecraft from November 2015 (during the solar cycle declining phase) are used to derive the exospheric
density. The ~11-17 cm ™ density at 10 Ry, is similar to that obtained previously for solar minimum. Thus,
these combined results indicate that the exospheric density 10 Rg from the Earth may have a weak
dependence on solar cycle.

1. Introduction—The Subsolar Magnetopause

The Earth's magnetopause separates magnetospheric and shocked solar wind plasmas. It is approximately a
paraboloid of revolution around the Earth-Sun line with a subsolar standoff distance of ~10 Earth Radii (Rg)
for 1.5 nPa solar wind dynamic pressure. Solar wind H* that is slowed and heated across the Earth's bow
shock is diverted around the magnetopause.

The closest approach to the Earth for magnetosheath plasma is the subsolar magnetopause. However, the
magnetopause is not impenetrable to this plasma. Magnetic reconnection is the dominant process that
allows transfer of plasma across the boundary. This plasma forms a boundary layer at the magnetopause
and eventually travels through the Earth's cusps and into the magnetotail.

In addition to magnetosheath plasma entering the magnetosphere, other plasma populations are locally resi-
dent in the Earth’s magnetosphere. One of these is a ~10s to 100s of eV population of H* and higher energy
O™ called the warm plasma cloak (Chappell et al., 2008). This population originates in the high-latitude
ionosphere and is often found near the noon/duskside magnetopause (Fuselier et al., 2017). Another popu-
lation is a <1 to ~10s of eV population of H* and He* called the plasmaspheric plume. This population ori-
ginates from the midlatitude to high-latitude ionosphere and populates the plasmasphere surrounding the
Earth. When magnetospheric convection is enhanced, a plume of plasmaspheric plasma convects to the
dayside/duskside magnetopause. The warm plasma cloak and plume are distinguished by their energy
and composition (Fuselier et al., 2017).

Fractions of these plasma populations charge-exchange with the Earth's hydrogen exosphere, or geocorona,
that extends beyond the Earth's magnetopause. The exospheric density, ny;, decreases as ~(1/R>); therefore,
ENA production in the charge-exchange equation H* + H° — Hpna + H*" depends strongly on distance
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from the Earth. Here, H' is a magnetospheric or magnetosheath proton, H is an exospheric hydrogen atom,
Hgna is a (neutral) ENA, and Y isa newly created, very cold (<1 eV) proton.

Before it charge-exchanged, the parent ion for the Hgy Was gyrating around the local magnetic field. The
newly created Hgy4 is not bound by the magnetic field. Therefore, it propagates with the parent ion energy
in the direction of its original gyromotion. These ENAs have been used to remotely image the shocked solar
wind at the subsolar magnetopause (Fuselier et al., 2010) and in the magnetospheric cusps (Petrinec
et al., 2011).

Fuselier et al. (2010) combined simultaneous remote ENA observations and in situ observations of magne-
tosheath ions near the subsolar magnetopause to determine ny at the subsolar point, ~10 Rg from the Earth.
The neutral hydrogen density ~10 Rg from the Earth was ~8 cm > for these observations obtained near solar
minimum under relatively low F10.7 levels.

This paper reports the first simultaneous observations of ENAs and parent magnetospheric ions from near
the magnetopause. It uses simultaneous remote ENA observations and in situ observations of shocked solar
wind and magnetospheric protons to demonstrate that magnetospheric and magnetosheath ion populations
are distributed differently along the line-of-sight of the ENA imagers. The magnetosheath population is used
in combination with the ENA imaging and a model for the density and velocity of the magnetosheath plasma
to determine ny near the magnetopause for an interval in the declining phase of the solar cycle. The exo-
spheric densities derived here and in Fuselier et al. (2010) for solar minimum conditions are similar, indicat-
ing that nz(10 Rg) does not depend strongly on solar cycle.

2. IBEX and MMS Observations

ENA observations are from IBEX (McComas et al., 2009). IBEX was launched into Earth orbit in October
2008 to investigate the global interaction between the solar wind and the interstellar medium. It has two
single-pixel ENA cameras, IBEX-Lo and IBEX-Hi, that cover energies from 0.01 to 2 keV and 0.54 to
6 keV, respectively (Funsten et al., 2009; Fuselier et al., 2009). The cameras view perpendicular to the
IBEX spin axis, and this axis is repointed toward the Sun twice per orbit. The ~9-day orbit has an apogee
of ~50 Rg, which keeps the spacecraft well outside the Earth's bow shock for a large fraction of the time.

Twice a year in November-December and March-April, the ENA cameras' fields-of-view (FOV) include the
subsolar magnetopause as they sweep through the ecliptic. Each 15-s spin, the data are binned into a ring of
60 6° x 6° pixels. Each pixel contains the LOS integrated hydrogen ENA flux at eight energies for IBEX-Lo
and five energies for IBEX-Hi. These single-spin strips are combined and transmitted to ground as 92-spin
packets (spanning 23 min).

In combination with IBEX observations, in situ magnetosheath and magnetospheric plasma observations
are from MMS. MMS is a multispacecraft mission launched into Earth orbit in March 2015 to investigate
magnetic reconnection in the near-Earth environment (Burch et al., 2016). The Hot Plasma Composition
Analyzer (HPCA) (Young et al., 2014) is one of many MMS instruments. HPCA is a time-of-flight mass spec-
trometer that measures the full 3-D plasma distributions for major solar wind and magnetospheric ion spe-
cies (H*, He**, He*, and O") in 10 s. Science operations for the first phase of the primary mission began in
September 2015, and through March 2016, the spacecraft apogee of 12 R swept through the dayside mag-
netopause from the dusk to dawn terminator. In November-December 2015, the spacecraft apogee was near
the subsolar point, providing many opportunities for conjunctions with IBEX remotely imaging the subsolar
magnetopause while MMS observed the plasma in situ.

3. Observations on 4 November 2015

Figure S1 in the supporting information shows the IBEX and MMS spacecraft orbits projected into the
X-Ygsg plane on 4 November 2015. At 0306 UT, MMS crossed the magnetopause very near the subsolar
point. The magnetopause was compressed, with a subsolar standoff distance of 9.3 Rg. For 6 hr surrounding
the magnetopause crossing, IBEX was on the duskside at a distance of 45 Rg from the Earth. The 6.5° FOV of
the ENA cameras included the subsolar magnetopause and regions in the magnetosphere, magnetosheath,
and solar wind.
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Figure 1. (a) Angle-time spectrogram of IBEX ENA fluxes at 0.71 keV. (b) Corresponding counts summed over all angles from a showing the sharp increase after
the solar wind compression at 0400 UT. (c and d) ENA images showing the projection of pixels in the noon meridian for the two intervals before (c) and after
(d) the compression. Field lines in the noon-midnight plane are from Tsyganenko (1995). Each ~6.5° X ~ 6.5° circular pixel contains ~Yggg LOS integrated fluxes
(multiple pixels are overlayed with slight X offset). Fluxes increase dramatically after the magnetospheric compression.

Figure S2 shows the solar wind conditions from 0100 to 0700 UT convected to the magnetopause. Up to
0400 UT, the solar wind dynamic pressure was steady at ~2 nPa. This pressure was somewhat higher than
1.5 nPa, which is why the magnetosphere was compressed. At 0400 UT, the magnetic field magnitude
increased sharply by ~50%, and the solar wind density and dynamic pressure increased by more than a factor
of 3. The higher pressure and density persisted for almost 2 hr.

Figure 1 shows some IBEX observations during this 6-hr interval. Figure 1a shows a spin angle-time spectro-
gram of the 0.71 keV flux (cm? s sr keV) ™! from IBEX-Hi. Fluxes at about 120° are when IBEX-Hi viewed
more-or-less the subsolar magnetopause. There is a clear flux increase from that direction at 0400 UT, coin-
ciding with the dynamic pressure increase in Figure S2.

Figure 1b shows counts summed over all spin angles versus time. Counts increase by a factor of 3-4 from
0300 to 0430 UT. The absolute uncertainty in the IBEX-Hi ENA flux is 20% (e.g., Fuselier et al., 2014) and
counting statistics in IBEX-Hi are excellent. Two intervals from 0230 to 0330 UT and from 0400 to
0515 UT are selected to represent presolar and postsolar wind compression, respectively.

Figures 1c and 1d show fluxes (cm? s st keV) ™" in the strip of 6.5° x 6.5° pixels centered on the subsolar mag-
netopause for the two intervals before and after the compression. The pixel with the peak flux is closer to the
southern cusp and somewhat offset from the subsolar point. This effect is well known from previous images
of the cusps and subsolar region for large dipole tilt (Petrinec et al., 2011). Across all IBEX-Hi energies, the
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Figure 2. In situ plasma and magnetic field observations from the subsolar magnetopause region. (a) H* energy-time omni-directional fluxes, (b) ot density,
(c) three components of the H* velocity, and (d) total magnetic field. The first magnetopause crossing is at 0306 UT. While in the magnetosheath at

0350 UT, the solar wind compression arrives and the density increases by a factor of ~3. After the compression, the spacecraft crosses the bow shock and enters the
solar wind. Three intervals in panel (b) are used to compare with IBEX ENA images.

flux from close to the southern cusp is <20% higher than that in the pixel near the subsolar point for both
precompression and postcompression time intervals.

Figure 2 shows 4 hr of in situ plasma and magnetic field observations from the MMS4 spacecraft. The space-
craft is very close together, and MMS4 was chosen for these in situ measurements. Figure 2a shows a plasma
region identifier. The spacecraft is in the magnetosphere from 0200 to 0306 UT. There is a high energy (~1 to
40 keV) magnetospheric ring current population as well as a lower energy (few eV to 200 eV) population
identified as a combination of warm plasma cloak and plasmaspheric plume. The spacecraft crosses the mag-
netopause 9.3 Rg from the Earth at 0306 UT and observes magnetosheath H™ fluxes from ~0.005 to 40 keV
that peak at ~0.8 keV. The spacecraft crosses the magnetopause twice at 0322 and 0336 UT and then returns
to the magnetosheath, with similar magnetosheath fluxes as at 0306 UT. In the magnetosheath up to
0354 UT, Vx is small because the plasma has no radial velocity near the subsolar point. The solar wind com-
pression arrives at MMS4 at 0354 UT and the H* density increases by nearly a factor of 3. Vx decreases to
—200 km/s, indicating that magnetopause is rapidly receding earthward. The first bow shock crossing at
0420 UT confirms this earthward motion. After 0420 UT, the spacecraft crosses the bow shock multiple times
before returning to the magnetosheath at 0540 UT; 0310-0312 UT and 0410-0412 UT are chosen to represent
the in situ magnetosheath plasma at the subsolar point presolar and postsolar wind compression, respec-
tively. H' distributions averaged over these two intervals are shown in Figure 3. Similar fluxes to those in
the interval from 0310 to 0312 UT were observed when MMS reentered the magnetosheath at 0336-
0338 UT. A third interval, 0249:30-0253:30 UT, is chosen to represent the in situ magnetospheric plasma
before the solar wind compression.

FUSELIER ET AL.

4 0f9



A70 |
Fa\ 4 ¥
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL089362

IBEX-MMS 2015 11 04

=
8
Perpendicular Cut
MMS/HPCA
0% 0310-0312 UT |
o
(7]
©
<
[ E 107 - .
IBEX-Hi
102 Computed
10-22 f(v)
6'; -24
w'E 10 10% | | |
S 0 200 400 600 800 1000
5 10% Perpendicular Cut
MMS/HPCA
10-28 02| 0410-0412 UT |
o
(7]
©
< :
_E g 103 i
- IBEX-Hi ™\
10% | Computed
f(v)
10'25 1 | 1

0 200 400 600 800 1000
Perpendicular Velocity (km/s)

Figure 3. (Left-hand panels) 2-D H* pitch angle distributions for pre- and post-compression periods. The distributions
are in the rest frame of the H™ distribution. (Right-hand panels) 1-D cuts in the H* distributions perpendicular to

the magnetic field. These ion distributions are compared to the ion energy distribution computed from the IBEX-Hi ENA

distributions. The two energy distributions are nearly identical, indicating that the average ion energy distribution
along the IBEX LOS is well-represented by the ion energy distribution near the subsolar point measured by MMS.

4. Combined ENA and In Situ Observations: Computing the Exospheric Density
The in situ proton and hydrogen ENA fluxes are related by (1).
Jena(E, X, 2) = [Jion(E, x, y, 2)0(E)ny(x, y, z)dl ¢y

Here, Jena(E, X, z) is the column integrated ENA flux that depends on energy and the x,z Geocentric Solar
Ecliptic (GSE) coordinates, Ji,,(E, X, , ) is the magnetosheath/boundary layer ion flux that depends on
GSE coordinates, o(E) is the energy-dependent charge-exchange cross section (Lindsay &
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Stebbings, 2005), ny(x, y, z) is the exospheric hydrogen density, and the column integral is computed along
the 1 direction, which is a function of Ygsg, Zgsg.

For the precompression and postcompression time intervals, (1) is converted to a sum of 6.5° X 6.5° by 1 Rg
cylindrical elements along the IBEX line-of-sight (LOS) for the pixel closest to the subsolar point. There are
21 cylindrical elements from approximately Y = +10 Rg to Y = —10 Rg. The middle cylindrical element at
the subsolar point contains the MMS in situ measurement of J;,,(E, X, ¥, 7). Geometries of the precompres-
sion and postcompression intervals are similar, and geometries of the 21 elements for the precompression
interval are in the supporting information.

Each of five IBEX-Hi energies provides an independent measure of ny because the exospheric density
depends only on distance from Earth. In each Al = 1 R cylindrical element, the Chamberlain model (1/
R? falloff) is assumed for ny; (e.g., Chamberlain, 1963; Collier et al., 2005; Rairden et al., 1986):

3/2
ny = npoRy/ (X° +y* +2%) / @)

Here, nyy is the exospheric density at Ry = 10 Rg.

The ion flux J;,,(E, X, ¥, z) in each cylindrical element is anchored at the subsolar point by the MMS measure-
ments; however, a model is needed for this quantity at other locations. Figure 3 shows that the functional
form (i.e., temperature) of the ENA and ion energy distributions are nearly identical. This result implies that
Jion(E, X, y ,z) at the subsolar point effectively represents the energy distribution at any point along the IBEX
LOS. Therefore, J;,,(E, X, ¥, z) along the LOS depends on the local density and velocity toward or away from
IBEX. Although there are other possible models for the magnetosheath gasdynamic parameters (see the sup-
porting information), the normalized densities and velocities along the integral pathlength were determined
from the Spreiter et al. (1966) model, with the magnetopause location adjusted to the precompression and
postcompression standoff distances. In addition, a 0.5 Rg thick boundary layer inside the magnetopause with
properties of the magnetosheath was assumed. This boundary layer was observed from 0322 to 0336 UT in
Figure 2.

Using these normalized values, J;,,(E, x = subsolar standoff distance,y = 0, z = 0) observed by MMS was
scaled by the normalized density, and the flux was adjusted higher or lower depending on the magne-
tosheath flow toward or away from IBEX, respectively. The final flux reduction accounts for the percentage
of the cylindrical element in the magnetosphere or solar wind (see the supporting information).

Sample parameters for the integration and the resulting values for nyq for the precompression and postcom-
pression periods are in the supporting information. Averaged over five independent measurements from five
IBEX-Hi energy channels, nyo(10 Rg) for the precompression and postcompression intervals were
11 + 2 cm™ and 17.5 + 3.5 cm ™, respectively. The uncertainty is primarily due to the 20% uncertainty in
the IBEX-Hi absolute flux. The standard deviation of the mean is less than 20%, indicating that ng(10
Rg) is independent of IBEX-Hi energy. The somewhat higher ny0(10 Rg) postcompression may be because
the in situ magnetosheath measurement was not at the subsolar point and therefore may be an underesti-
mate of ion fluxes at the magnetopause. Alternatively, the somewhat higher nyy(10 Rg) postcompression
may be due to fast exospheric density response to the compression, as seen in Lyman-alpha observations
(Zoennchen et al., 2017)

Figures 4a and 4b show IBEX ENA fluxes, MMS/HPCA proton fluxes from 0.01 to 10 keV, and computed
proton fluxes using the ENA fluxes for all IBEX-Lo and IBEX-Hi energy channels. IBEX-Lo channels that
had no counts above background are not shown. The energy-dependent propagation time for ENAs from
the subsolar magnetopause to IBEX is accounted for. The average values for ny, from above were used to
match the ENA and ion fluxes. The ~10° difference between the ENA fluxes and the ion fluxes at energies
above 0.1 keV indicates that only ~0.1% of the magnetosheath protons undergo charge-exchange in the mag-
netosheath (see also Fuselier et al., 2010; Ogasawara et al., 2013).

Figures 4a and 4b show that magnetosheath proton fluxes observed by MMS and computed proton fluxes
from the IBEX observations agree very well for energies from 0.1 to 6 keV. Below 0.1 keV, computed proton
fluxes are much higher than magnetosheath proton fluxes. Open blue squares in Figure 4 show the addition
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Figure 4. MMS HY and IBEX hydrogen ENA fluxes before (a) and after (b) the solar wind compression. Lower curves
show IBEX ENA fluxes. Black curves show MMS magnetosheath proton fluxes and blue squares show MMS
magnetospheric proton fluxes. Open blue squares are average values and solid blue squares are peak values. Two upper
curves (brown for IBEX-Lo and green for IBEX-Hi) are proton fluxes computed from ENA fluxes. Computed and
observed proton fluxes agree very well. After the compression, the agreement between IBEX-Lo computed fluxes below
0.1 keV is not as good because there were no in situ magnetospheric observations from MMS after the compression.

of average magnetospheric proton fluxes over the 4-min time interval from 0249:30 to 0253:30 UT, and the
solid blue squares show peak magnetospheric proton fluxes. Observed peak fluxes match computed fluxes
much better than observed average fluxes. HPCA underestimates magnetospheric proton fluxes for very
cold populations (Toledo-Redondo et al., 2019); however, for intervals in Figure 4, the population is not
extremely cold, and this instrumental effect does not account completely peak and average flux differences.

5. Discussion and Conclusions

The link between the ENA fluxes below 0.1 keV and the magnetospheric plasma near the magnetopause
demonstrates imaging of low-energy magnetospheric plasma for the first time. That is, the main contribu-
tion to ENA fluxes >0.1 keV is magnetosheath H" while the main contribution to ENA fluxes <0.1 keV is
low-energy magnetospheric H*. Previous ENA and H* observations from the subsolar region extended from
about 6 keV down to 0.1 keV and therefore did not image the magnetospheric population (e.g., Ogasawara
et al., 2013). Furthermore, observations in Figure 4 show that, unlike the energy distribution of the magne-
tosheath plasma, the functional form of the average energy distribution of the magnetospheric plasma below
0.1 keV is not well-represented by the in situ energy distribution at the subsolar point or, equivalently, the
magnetospheric plasma is not distributed quasi-uniformly along the integral LOS of the imager. In contrast,
Figure 3 shows that the functional form of the ENA and in situ magnetosheath ion distributions are nearly
the same above 0.1 keV. In addition, plasma fluxes below 0.1 keV derived from ENA imaging must be con-
siderably higher than average fluxes measured in situ at a single point and time by MMS. Nonuniform dis-
tribution of the low-energy magnetospheric plasma has been observed as variations in density time series
measured in situ (e.g., Fuselier et al., 2017). Higher fluxes may be related to the fact that the pixels span sev-
eral Rg and low-energy magnetospheric plasma is sampled closer to the Earth than 8-9 Rg. After the solar
wind compression, the computed flux from the ENAs at 0.1 keV is much higher than even the peak flux
observed in situ. This difference is consistent with a compression and/or heating of magnetospheric plasma
near the magnetopause. In situ observations <0.1 keV were only available prior to the compression because,
after the compression, MMS4 was in the magnetosheath and solar wind. Differences before and after the
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compression demonstrate the ability to image large-scale magnetospheric density changes in response to
changing solar wind conditions.

Under the assumptions detailed in the previous section, ENA fluxes are consistent with ng(10
Rp)=11+2cm™> precompression and ng(10 Rg) = 17.5 + 3.5 cm™3 postcompression.

Fuselier et al. (2010) used observations from IBEX-Hi and in situ magnetosheath observations from the
Cluster spacecraft to determine ny;. They report densities ~8 cm™> (four events with densities from 4 to
11 cm ™) at 10 Rg from the Earth using a different method for determining ny;.

Observations in Figures 1-4 were made in November 2015, during the declining phase of the solar cycle with
solar F10.7-110 sfu. Observations in Fuselier et al. (2010) were made in 2009, during solar minimum. In
March-April 2009, F10.7 was ~70 sfu. F10.7 levels for 2015 observations were about 50% higher than those
in 2009, yet there is at best a small increase in the exospheric density. Thus, the combination of results from
2015 with those from Fuselier et al. (2010) suggest that ny(10 Rg) may have a weak dependence on F10.7.

Exospheric densities from 8-10 Rg have been estimated using two other techniques. Rairden et al. (1986) and
later Zoennchen et al. (2015) and Baliukin et al. (2019) used scattered geocoronal Lyman-alpha under solar
minimum and solar maximum conditions to model ny;. The Zoennchen et al. (2015) model was not valid
beyond 8 Rg; therefore, densities at larger distances are extrapolated and have large, essentially unknown
uncertainties. Because uncertainties R > 8 Rg are not quantified, it is difficult to determine solar cycle varia-
tion of ny. Considering Figure 10 of Zoennchen et al. (2015), ny at 9 R may be ~15 cm ™ for solar minimum
and ~40 cm ™ for solar maximum, with unknown error bars. Zoennchen et al. (2015) found a decrease that
was slower than r—>. However, using their r~27%in (2) results in <5% change in ny(10 Rg). Finally, Baliukin
et al. (2019) modeled densities on the flank magnetosphere at 10 Rg were about 20-50 cm™>. Uncertainties
for these strongly model-dependent densities are unknown.

A second, newer technique used observed X-ray emissions from charge-exchanged, high charge state solar
wind oxygen in the magnetosheath and a global MHD model of the magnetosphere to predict ny at 10 Rg
(Connor & Carter, 2019). They predicted nyy ~40 and ~60 cm ™ for two events near solar maximum. The
F10.7 levels for their events were 144 and 206 sfu, respectively. These are higher than the F10.7 levels for
the event in Figure 4. However, it is difficult to compare results from the two techniques because their tech-
nique used X-ray observations that were not optimally suited for imaging the subsolar magnetopause, and
they did not have simultaneous, co-located in situ observations of the high charge state ions. This technique
used MHD simulation results validated with in situ proton density observations and high charge state oxy-
gen content from a solar wind monitor (Whittaker & Sembay, 2016). The modeled magnetosheath and the
low time resolution oxygen observations introduce uncertainties that are difficult to quantify. Thus, while
X-ray imaging is interesting and promising tool, a direct comparison with the observations in this paper
must wait for a dedicated X-ray instrument to image the subsolar magnetopause, simultaneous observations
of proton distributions, and high charge state oxygen concentrations.

Data Availability Statement

IBEX-Hi and IBEX-Lo magnetospheric data are available online (http://ibex.swri.edu/researchers/public-
data.shtml#dr12). The MMS science data center (https://lasp.colorado.edu/mms/sdc/public/links/) has
the MMS data. Solar wind data were obtained through CDAWeb (https://cdaweb.gsfc.nasa.gov/index.
html/). Southwest Research Institute research was NASA funded through MMS contract NNG0O4EB99C,
IBEX subcontract ONSSC19K1107, and HGI grant NNX17AB98G. ISSI supported this study via the interna-
tional Cold plasma of ionospheric origin at the Earth's magnetosphere team.

References

Baliukin, I., Bertaux, J.-L., Quémerais, E., Izmodenov, V., & Schmidt, W. (2019). SWAN/SOHO Lyman-a mapping: The hydrogen geo-
corona extends well beyond the moon. Journal of Geophysical Research: Space Physics, 124, 861-885. https://doi.org/10.1029/
2018JA026136

Burch, J., Moore, T., Torbert, R., & Giles, B. (2016). Magnetospheric multiscale overview and science objectives. Space Science Reviews,
199(1-4), 5-21. https://doi.org/10.1007/s11214-015-0164-9

Chamberlain, J. W. (1963). Planetary coronae and atmospheric evaporation. Planetary and Space Science, 11(8), 901-960. https://doi.org/
10.1016/0032-0633(63)90122-3

FUSELIER ET AL.

8 of 9


http://ibex.swri.edu/researchers/publicdata.shtml#dr12
http://ibex.swri.edu/researchers/publicdata.shtml#dr12
https://lasp.colorado.edu/mms/sdc/public/links/
https://cdaweb.gsfc.nasa.gov/index.html/
https://cdaweb.gsfc.nasa.gov/index.html/
https://doi.org/10.1029/2018JA026136
https://doi.org/10.1029/2018JA026136
https://doi.org/10.1007/s11214-015-0164-9
https://doi.org/10.1016/0032-0633(63)90122-3
https://doi.org/10.1016/0032-0633(63)90122-3

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL089362

Chappell, C. R., Huddleston, M. M., Moore, T. E., Giles, B. L., & Delcourt, D. C. (2008). Observations of the warm plasma cloak and an
explanation of its formation in the magnetosphere. Journal of Geophysical Research, 113, A09206. https://doi.org/10.1029/2007JA012945

Collier, M. R., Moore, T. E., Fok, M. C., Pilkerton, B., Boardsen, S., & Khan, H. (2005). Low-energy neutral atom signatures of magneto-
pause motion in respnse to southward By. Journal of Geophysical Research, 110, A02102. https://doi.org/10.1029/2004JA010626

Connor, H. K., & Carter, J. A. (2019). Exospheric neutral hydrogen density at the nominal 10 RE subsolar point deduced from XMM-
Newton X-ray observations. Journal of Geophysical Research: Space Physics, 124, 1612-1624. https://doi.org/10.1029/2018JA026187

Funsten, H. O., Allegrini, F., Bochsler, P., Dunn, G., Ellis, S., Everett, D., et al. (2009). The interstellar boundary explorer high energy
(IBEX-hi) neutral atom imager. Space Science Reviews, 146(1-4), 117-147. https://doi.org/10.1007/s11214-009-9495-8

Fuselier, S. A., Allegrini, F., Bzowski, M., Dayeh, M. A., Desai, M., Funsten, H. O., et al. (2014). Low energy neutral atoms from the
heliosheath. The Astrophysical Journal, 784(2), 89. https://doi.org/10.1088/0004-637X/784/2/89

Fuselier, S. A., Bochsler, P., Chornay, D., Clark, G., Crew, G. B., Dunn, G., et al. (2009). The IBEX-Lo sensor. Space Science Reviews,
146(1-4), 117-147. https://doi.org/10.1007/511214-009-9495-8

Fuselier, S. A., Burch, J. L., Mukherjee, J., Genestreti, K. J., Vines, S. K., Gomez, R., et al. (2017). Magnetospheric ion influence at the
dayside magnetopause. Journal of Geophysical Research, 122, 8617-8631. https://doi.org/10.1002/2017JA024515

Fuselier, S. A., Funsten, H. O., Heirtzler, D., Janzen, P., Kucharek, H., McComas, D. J., et al. (2010). Energetic neutral atoms from the
Earth's subsolar magnetopause. Geophysical Research Letters, 37, L13101. https://doi.org/10.1029/2010GL044140

Lindsay, B. G., & Stebbings, R. F. (2005). Charge transfer cross sections for energetic neutral atom data analysis. Journal of Geophysical
Research, 110, A12213. https://doi.org/10.1029/2005JA011298

McComas, D. J., Allegrini, F., Bochsler, P., Bzowski, M., Collier, M., Fahr, H., et al. (2009). IBEX—Interstellar boundary explorer. Space
Science Reviews, 146(1-4), 117-147. https://doi.org/10.1007/511214-009-9495-8

Ogasawara, K., Angelopoulos, V., Dayeh, M. A., Fuselier, S. A., Livadiotis, G., McComas, D. J., & McFadden, J. P. (2013). Characterizing the
dayside magnetosheath using energetic neutral atoms: IBEX and THEMIS observations. Journal of Geophysical Research, 118,
3126-3137. https://doi.org/10.1002/jgra.50353

Petrinec, S. M., Dayeh, M. A, Funsten, H. O., Fuselier, S. A., Heirtzler, D., Janzen, P., et al. (2011). Neutral atom imaging of the magne-
tospheric cusps. Journal of Geophysical Research, 116, A07203. https://doi.org/10.1029/2010JA016357

Rairden, R. L., Frank, L. A, & Craven, J. D. (1986). Geocoronal imaging with dynamics explorer. Journal of Geophysical Research, 91(A12),
13613. https://doi.org/10.1029/JA091iA12p13613

Spreiter, J. R., Summers, A. L., & Alksne, A. Y. (1966). Hydromagnetic flow around the magnetosphere. Planetary and Space Science, 14(3),
223-253. https://doi.org/10.1016/0032-0633(66)90124-3

Toledo-Redondo, S., Lavraud, B., Fuselier, S. A., André, M., Khotyaintsev, Y. V., Nakamura, R., et al. (2019). Electrostatic spacecraft
potential structure and wake formation effects for characterization of cold ion beams in the Earth's magnetosphere. Journal of
Geophysical Research: Space Physics, 124, 10,048-10,062. https://doi.org/10.1029/2019JA027145

Tsyganenko, N. A. (1995). Modeling the Earth's magnetospheric magnetic field confined within a realistic magnetopause. Journal of
Geophysical Research, 100(A4), 5599-5612. https://doi.org/10.1029/94JA03193

Whittaker, I. C., & Sembay, S. (2016). A comparison of empirical and experimental 0", 0%*, and O/H values, with applications to ter-
restrial solar wind charge exchange. Geophysical Research Letters, 43, 7328-7337. https://doi.org/10.1002/2016GL069914

Young, D. T., Burch, J. L., Gomez, R. G., De Los Santos, A., Miller, G. P., Wilson, P., et al. (2014). Hot plasma composition analyzer for the
magnetospheric multiscale mission. Space Science Reviews. https://doi.org/10.1007/s11214-014-0049-6

Zoennchen, J. H., Nass, U., & Fahr, H. J. (2015). Terrestrial exospheric hydrogen density distributions under solar minimum and solar
maximum conditions observed by the TWINS stereo mission. Annales de Geophysique, 33(3), 413-426. https://doi.org/10.5194/angeo-33-
413-2015

Zoennchen, J. H., Nass, U., Fahr, H. J., & Goldstein, J. (2017). The response of the H geocorona between 3 and 8 RE to geomagnetic dis-
turbances studied using TWINS stereo Lymann-a data. Annales de Geophysique, 35(1), 171-179. https://doi.org/10.5194/angeo-35-171-
2017

FUSELIER ET AL.

90of9


https://doi.org/10.1029/2007JA012945
https://doi.org/10.1029/2004JA010626
https://doi.org/10.1029/2018JA026187
https://doi.org/10.1007/s11214-009-9495-8
https://doi.org/10.1088/0004-637X/784/2/89
https://doi.org/10.1007/s11214-009-9495-8
https://doi.org/10.1002/2017JA024515
https://doi.org/10.1029/2010GL044140
https://doi.org/10.1029/2005JA011298
https://doi.org/10.1007/s11214-009-9495-8
https://doi.org/10.1002/jgra.50353
https://doi.org/10.1029/2010JA016357
https://doi.org/10.1029/JA091iA12p13613
https://doi.org/10.1016/0032-0633(66)90124-3
https://doi.org/10.1029/2019JA027145
https://doi.org/10.1029/94JA03193
https://doi.org/10.1002/2016GL069914
https://doi.org/10.1007/s11214-014-0049-6
https://doi.org/10.5194/angeo-33-413-2015
https://doi.org/10.5194/angeo-33-413-2015
https://doi.org/10.5194/angeo-35-171-2017
https://doi.org/10.5194/angeo-35-171-2017


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


