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H fluxes measured by IBEX-Lo in
20-50 R geocentric distances
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United States, Heliophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD,
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In this study, we analyze the energetic neutral atom (ENA) observations
measured in the lowest energy channel (10-21 eV) of the IBEX-Lo instrument
on Interstellar Boundary Explorer (IBEX) during two spring seasons, day of year
(DOY) 101-146, 2009, and DOY 88-178, 2013, confirming the existence of
outward hydrogen (H) fluxes at 15 eV. The outward H flux decreases slightly with
distance, showing an intensity of approximately 10% cm™ s7* sr™* keV~’. Results
also suggest that the outward H fluxes are not influenced by solar radio flux. We
compute the expected H ENA fluxes at 15 eV using ion flux measurements from
the Helium, Oxygen, Proton, and Electron (HOPE) mass spectrometer aboard
the Radiation Belt Storm Probes (RBSP) during the corresponding period of the
2013 spring season, combined with a simple exospheric density model (ny =
Nuo(ro/r)®. where ry = 10 R;). The expected ENA fluxes similarly show a decrease
in the intensity with increasing geocentric distance, which is on the order of
10°-10% cm™ s7t srt keV L. These consistent features suggest that the outward
H fluxes observed by IBEX-Lo are closely related to escaping H ENAs produced
within the inner exosphere (<4 Rg).

KEYWORDS

exosphere, energetic neutral atoms, charge-exchange, IBEX, non-thermal process,
atmospheric loss

1 Introduction

NASA’s Interstellar Boundary Explorer (IBEX) mission aims to discover the global
interaction between solar winds and the local interstellar medium (McComas et al.,
2009). IBEX can also provide energy-resolved terrestrial hydrogen (H) energetic neutral
atom (ENA) observations due to the following observation configurations. First, the
IBEX spacecraft follows a highly elliptical and nearly equatorial orbit around Earth.
Due to this elongated orbit, IBEX routinely views Earth’s magnetosphere from side-
viewing vantage points from March to June (spring) and September to December (fall)
(see Figure 1 in Hart et al., 2021). Second, the spacecraft spins with a Sun-pointing
rotation axis, and its ENA instruments have a ~7° full-width-half-max (FWHM) ENA
acceptance angle (McComas et al., 2009). This configuration results in its field-of-view
(FOV) covering a swath of the sky perpendicular to the Sun-pointed spin-axis. Finally,
IBEX is equipped with two single-pixel ENA instruments that measure neutral atoms
in the energy ranges of ~0.01-2 keV in eight energy steps of IBEX-Lo (Fuselier et al.,
2009) and ~0.3-6 keV in six energy steps of IBEX-Hi (Funsten et al., 2009). The energy
ranges of IBEX correspond to the energies of the major plasma populations in the

01 frontiersin.org


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://doi.org/10.3389/fspas.2025.1529064
https://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2025.1529064&domain=pdf&date_stamp=2025-03-10
mailto:jpark@umbc.edu
mailto:jpark@umbc.edu
https://doi.org/10.3389/fspas.2025.1529064
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fspas.2025.1529064/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1529064/full
https://www.frontiersin.org/articles/10.3389/fspas.2025.1529064/full
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Park and Connor

10.3389/fspas.2025.1529064

(A) 6 IBEX Orbits 25-30 on the Xgse-Ygse plane (B) 6o IBEX Orbits 201-210 on the Xgse-Ygse plane (€) e IBEX Orbit 25 on the Ygse-Zgse plane
=== IBEX === IBEX === IBEX
--55 «  Selected -5 Selected Selected
40 T 40 T 40 1
..... MP N beeee_ MP N
~~~~~~~~ AN TTTTee—ll b
20 A ey 20 A SN 20 -
SN S
\\\ \\\
= \ = \ =
& Earth. To the Sun 3 Earth. <
w07 (e _— w0 (e} \’ N w 0
i
= i //,“\\‘\\ o l’l'l //”"l'\‘l“ N
PHERE NN M
B [ — ST B (R —— NN 0
""" i r‘\l Iy ——== \ ‘\("\\ <
__________ n’(\\\ 3 ,’\/”,'"':025 I e g y«‘v,';l“'sz:._—f“’z"l
C 1 Y it
—40 030\ \*XI. f;’i):vi v —40 0210'S3 = ‘;s;z b ;5‘(?—"— —40
- u
-60 . . -60 - - - - - -60 - -
-60 —40 =20 0 20 40 60 -60 -40 =20 0 20 40 60 —-60 -40 =20 0 20 40 60
Xese [Re] Xase [Re] Yese [Re]

FIGURE 1
Trajectories of IBEX: (A) IBEX Orbits 25-30 (Case 2009: 4/11/2009-5/26/2009) projected on the Xsse—Yase plane; (B) IBEX Orbits 201-210 (Case 2013:
3/29/2013-6/27/2013) projected on the Xgse—Yese plane; (C) IBEX Orbit 25 projected on the Ygse—Zse plane. The selected trajectory segments are
marked as yellow dots, and the selection zones are indicated as magenta trapezoids. The model magnetopause (Shue et al., 1998) and
bow shock (Jerab et al., 2004) are represented as blue and red dashed lines, respectively.

magnetosphere (Chappell et al, 2008), enabling it to provide
energy-resolved observations of terrestrial ENAs, which are
produced by charge exchange between plasma ions and ambient
neutral atoms.

For the past decade, IBEX has provided not only heliospheric
ENA observations but also imaging data of distant magnetospheric
regions and energy-resolved observations of terrestrial ENAs.
IBEX-Hi terrestrial ENA observations have been analyzed to
study terrestrial ENA sources, including the Earths subsolar
magnetopause (Fuselier et al., 2010; Fuselier et al., 2020), the
terrestrial plasma sheet (Dayeh et al., 2015; Fuselier et al., 2015;
McComas et al, 2011), magnetospheric cusps (Petrinec et al,
2011), and the dayside magnetosheath (Ogasawara et al., 2013).
Previous literature shows that IBEX terrestrial ENA observations can
provide a unique global viewing perspective of the magnetosphere,
complementing in situ measurements and, thus, enhancing the
understanding of magnetospheric plasma regions and processes on
both micro and macro scales.

Plasma populations with energy ranging from 0.1eV to
hundreds of eV are found in the magnetosphere (Chappell et al.,
2008). These ions can exchange electrons with ambient exospheric
H atoms (~0.01 eV), becoming charge-exchange-induced H ENAs
that can escape the Earth’s gravitational influence and be measured
by the IBEX-Lo ENA instrument. Studying the escaping neutral
atoms is key to understanding the role of non-thermal atoms in
Earth’s atmospheric loss (Shizgal and Arkos, 1996). The IBEX-Lo
terrestrial ENA observation provides a unique tool for investigating
low-energy terrestrial ENAs that escape the Earth’s atmosphere.
However, the IBEX-Lo terrestrial ENA observations have not yet
been explored. This study examines whether the IBEX-Lo terrestrial
H ENA observations provide the in situ measurements of charge-
exchange-induced H ENAs generated in the inner exosphere (<4
Rp).

This paper is organized as follows. Section 2 describes the IBEX-
Lo ENA dataset and the data selection and analysis methodology.
Section 3 discusses the IBEX 15eV ENA observations and
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compares the observed fluxes with simulated fluxes obtained
from a simple ENA flux model. Finally, Section4 presents
our summary.

2 Materials and methods

2.1 IBEX-Lo ENA data

The IBEX observation configurations provide a perfect platform
for observing ENA emissions from the Earth’s magnetosphere over
long periods and from distances up to ~50 Rg. IBEX views the
magnetosphere from the side, observing continuous ~7 ° x 360 °
vertical swaths of the sky at a resolution of ~14 s per full swath,
covering an overlapping energy range of ~0.01-~2 keV (IBEX-Lo)
and ~0.3-~6 keV (IBEX-Hi) (McComas et al., 2009). These swaths
combine spatial and temporal information and are used to construct
composite ENA images of the Earth’s magnetosphere under different
solar wind and interplanetary magnetic field conditions.

This study uses the IBEX-Lo ENA histogram datasets, which
are publicly available through the IBEX Raw Data Release (https://
ibex.princeton.edu). The numbered IBEX Data Releases focus on
heliospheric ENAs, and the ENAs from the intervals when the
FOV crossed the magnetosphere are considered contaminated and
are removed. Thus, in this study, we use the Raw Data Release,
which includes all IBEX observations, even those from the intervals
when the FOV crossed the magnetosphere. Those data are carefully
processed to select the restricted time intervals that meet the study
requirements, as described in Section 2.2. The ENA histogram
dataset consists of count histograms for each orbit and eight energy
steps (E-steps) with a width of AE/E ~ 0.7. Each count histogram
(i.e., vertical swath) comprises 60 6° angular bins accumulated over
64 spins, resulting in a cadence of ~15 min. This study combines
four swaths to achieve a 1-h cadence (256 spins x ~14 s/spin =
~60 min/swath) to improve the statistical reliability. Each count
histogram includes the number of events per angular bin, event type,
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cadence start time, spacecraft ephemeris, and spacecraft pointing
information.

2.2 IBEX data selection

We use the ENA histogram data measured at E-step 1 (E_., =
15 eV, E_pwym = 11 eV, and E, gy = 21 eV; Fuselier et al., 2009)
during two time periods: Day of Year (DOY) 101-146, 2009 (Case
2009; Orbits 25-30) and DOY 88-178, 2013 (Case 2013; Orbits
201-210) to study the connection of the IBEX-Lo measurements
at the lowest E-step to the low-energy H ENAs produced in the
inner exosphere as well as its variation in different solar radio
fluxes. We consider the inner exosphere to be a sphere of 4 Ry
geocentric radius.

2.2.1 Selected IBEX trajectories and an example
histogram plot

This study focused on the 2009 spring season because the IBEX-
Lo instrument viewed the inner exosphere from the dawn region
during this period, providing the first ENA histogram datasets that
are possibly associated with the neutral H atoms escaping from
the inner exosphere. This period also corresponds to the solar
minimum conditions, with an F10.7 index of approximately 70.
Unfortunately, there are no in situ ion flux observations at the low
energies corresponding to E-step 1 of the IBEX-Lo instrument near
the inner exosphere during the 2009 spring season. Therefore, we
cannot directly compare the IBEX-Lo ENA observations taken in
the 2009 spring season with simulated ENA fluxes computed from
in situ ion flux measurements. To address this limitation, the 2013
spring season was selected for analysis of IBEX-Lo measurements
at E-step 1, specifically when the IBEX-Lo FOV crossed the inner
exosphere. The Helium, Oxygen, Proton, and Electron (HOPE)
mass spectrometer aboard the Radiation Belt Storm Probes (RBSP)
provided the in situ measurements of ion fluxes at 15 eV during the
period corresponding to the 2013 spring season. The 2013 spring
season represents solar maximum conditions, with an F10.7 index
ranging from approximately 100 to 150.

Figure 1 illustrates the trajectories of IBEX during the 2009 and
2013 spring seasons. Panels (A) and (B) display IBEX Orbits 25-30
and 201-210, respectively, which are projected onto the X ge—Y s
plane in the Geocentric Solar Ecliptic (GSE) coordinate system.
Panel (C) shows IBEX Orbit 25 projected onto the Y ;s —Z s plane.
The black dashed lines represent the spacecraft trajectories. At the
same time, the yellow dots highlight the selected trajectory segment
within the selection zone (indicated by the magenta trapezoid),
where the IBEX FOV crosses the inner exosphere. The orange
diagram represents the IBEX spacecraft, with its spin axis depicted
as a straight orange arrow. Two additional orange arrows indicate
the directions of the spacecraft’s rotation and forward motion along
its trajectory (counterclockwise). The gray dashed circle represents
the inner exosphere, which is defined as a geocentric sphere with
a radius of 4 Rg. The blue curve marks the boundary of the model
magnetopause, which is calculated using Shue’s magnetopause
model (see Equation 8 in Shue et al., 1998) with an interplanetary
magnetic field (IMF) component By, = 0nT and solar wind
dynamic pressure Py, = 1.1 nPa. The red dashed curve represents
the boundary of the model bow shock, which is determined
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using Jerab’s bow shock model (see Equation 10 in Jerab et al.,
2004) with an IMF strength By = 6 T, solar wind flow speed
VSW
6 cm™>, and Alfven Mach number M, = 10. Here, typical solar

= 400 km/s, solar wind proton number density Ng,
wind parameters are used because we use the boundaries of the
model magnetopause, and bow shocks serve as guidelines for the
selection criteria.

For each orbit, the IBEX ENA histogram dataset provides count
histograms as a function of time and angle, which are used to
generate histogram plots. Figure 2 showcases an example histogram
dataset measured by IBEX-Lo during Orbit 25 (DOY 101-108, 2009)
at E-step 1. Panel (A) displays a histogram plot of measured neutral
atoms, with the horizontal axis representing the observation time
and the vertical axis showing the angle relative to the north ecliptic
pole (NEP): C; ’j(t,-,@j), where #; is a time tick of swath i and 6} is
a center angle of angular bin j. Each vertical swath corresponds
to a 1-h observation cadence. The vertical red dashed lines denote
the restricted time interval, while the horizontal red dashed lines
indicate the restricted angle range, as described in Section 2.2.3.
Panel (B) shows the accumulated counts per swath over the angle
range of 210°~308° as a function of time (black curve): C; ngle(t,-) =
chi,j(ti’ 91). This angle range was chosen to capture emissions from
the Earth’s side. The blue curve represents solar wind dynamic
pressures during Orbit 25, obtained from the OMNIWeb database.
The green dashed line indicates the background level described in
Section 2.2.3. Panel (C) presents the accumulated counts per 6 ° x 6 °
bin over different periods as a function of the NEP angle: C;ime(Hj) =
.G J(ti,ﬂj)/Nswath, where N4 is the number of swaths in the
selected period. The red solid line represents the accumulated counts
over the entire orbit period (approximately 7 days). The black line
corresponds to the counts in the first half-day (DOY 101.5-102)
when the spacecraft was in the magnetosheath, the blue line shows
the counts from DOY 102-108 when the spacecraft was outside
the magnetosheath, and the green line represents the counts from
the restricted time interval. The dotted curves show the Gaussian
function to fit the accumulated counts within the 210°-308° angle
range for each case. The optimal values for the parameters are written
in the caption of Figure 2. The Gaussian distribution function could
be a reasonable first assumption to characterize the accumulated
counts over different periods. For instance, the accumulated counts
in the magnetosheath have a broad width because the emissions
could result from in situ measurements of the energetic ions in
the magnetosheath (Hart et al., 2021). In contrast, the accumulated
counts outside the magnetosheath have a narrower distribution
along the NEP angle of 270°. This narrow distribution could be
an indicator of emissions resulting from ENAs originating from
the Earth’s magnetosphere (Dayeh et al., 2015) and magnetosheath
(Ogasawara et al., 2013). We discuss these emissions in detail in
Section 2.2.2. Finally, Panel (D) illustrates the trajectory of IBEX
during Orbit 25, formatted similarly to Figure 1.

2.2.2 Possible background sources

IBEX-Lo ENA observations are line-of-sight (LOS) integrated
measurements, meaning the resulting ENA histograms may include
emissions from various sources such as interstellar neutral (ISN)
gas (Moebius et al., 2009), heliospheric neutral atoms (including
the globally distributed flux and the IBEX ribbon; McComas et al.,
2012), and terrestrial ENAs (Fuselier et al.,, 2010). Additionally,
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FIGURE 2

Showcase of an example histogram dataset for Orbit 25 at E-step 1. (A) IBEX-Lo ENA histogram plot as a function of the NEP angle (sixty 6° bins) and
spin accumulated in 256-spin (~1 h) X 6° bins. The red vertical dashed lines represent the restricted time interval, and the red horizontal lines indicate
the restricted angle range. (B) Accumulated counts per swath over the angle range of 210°-308° as a function of time (black curve) and the solar wind
dynamic pressure during the same period of Orbit 25 (blue curve). The green dashed line indicates the background level. (C) Accumulated counts per
angle bin over different periods as a function of the NEP angle (red for the entire orbit period, black for DOY 101.5-102, blue for DOY 102-108, and
green for the restricted time interval). The dotted curves show the Gaussian fits to the accumulated counts within the 210°-308° angle range. The
optimal values of a center angle and a standard deviation are (259°, 49°) for the entire orbit period, (254°, 62°) for the magnetosheath signal, (266°, 29°)
for outside the magnetosheath, and (255°, 7°) for the restricted time interval. (D) Trajectory of IBEX during Orbit 25, formatted similarly to Figure 1.

any sufficiently energetic particle striking the IBEX-Lo instrument’s
conversion surface can sputter a negative ion, which the instrument
can detect (Fuselier et al., 2009; Wurz et al., 2009). This makes the
instrument sensitive to energetic ions from the magnetosphere and
the terrestrial bow shock.

Since this study focuses on escaping ENAs from the inner
exosphere, emissions from ISN gas, heliospheric neutrals, and
energetic ions in the magnetosphere and bow shock region
(including the foreshock) are treated as background noise and
excluded. In the following paragraphs, we address possible
background sources associated with prominent emissions seen
in the IBEX-Lo ENA histogram plots. Figure 2A, for example,
shows four prominent emissions: (a) emissions along the 85° NEP
angle, (b) emissions along the 190° NEP angle after DOY 104.4,
(c) enhanced emissions early in Orbit 25 (DOY 101.5-102.0), and
(d) four emissions along the 270° NEP angle on DOY 102.3, 103.4,
104.8, and 106.5.

First, the peak emission along the 85° NEP angle is
identified as ISN gas emission, aligned with a flow direction
of 255.8° in the ecliptic longitude (Bzowski et al., 2012). This
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flow direction is marked by a purple arrow in Figure 2D. The
ISN gas emission is prominently observed in the anti-Earth
direction (~85° NEP angle) in the accumulated counts outside
the magnetosheath (DOY 102-108; the blue curve in Figure 2C).
Furthermore, this emission is observed only in E-steps 1-2 and
disappears in higher energy steps (not shown in this paper),
strongly supporting its identification as the ISN gas. Second,
the emissions along the 190° NEP angle are likely artificial
because there is no plausible source in the direction of the south
ecliptic pole.

Third, the enhanced emissions on DOY 101.5-102.0 are
attributed to energetic ions in the magnetosheath. During this
interval, IBEX passed through the magnetosheath (Figure 2D).
We consider the accumulated counts per angular bin over this
period to characterize the emissions. The accumulated counts
during this period fit a Gaussian distribution centered at 254°
with a standard deviation of 62° (black curves in Figure 2C).
This aligns with Hart et al. (2021), who characterized the in situ
magnetosheath signal with a Gaussian width of approximately 53°.
They utilized the characteristic of a wide width to determine the

04 frontiersin.org
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Earth’s bow shock boundaries. Thus, these emissions result from
energetic ions in the magnetosheath.

Finally, four spikes along the 270° NEP angle (DOY 102.3, 103.4,
104.8, and 106.5) were observed when the spacecraft was outside
the magnetosheath. Figure 2B clearly shows these spikes [labeled
(1) to (4)]. Previous studies suggest that IBEX detects terrestrial
ENAs originating within the Earth’s magnetosphere (Dayeh et al.,
2015; Fuselier et al., 2010) and magnetosheath (Dayeh et al., 2020;
Ogasawara et al., 2013), typically along the NEP angle of 270° (i.e.,
the Earth-facing direction). These ENA sources can be distinguished
based on IBEX’s position and the expected energy signature. As
IBEX orbited counterclockwise, it passed through points (1)-(4)
shown in Figure 2D, corresponding to spikes (1)-(4). Spike (1) was
observed when the IBEX-Lo FOV crossed the inner exosphere,
while spikes (2) and (3) were captured when the FOV crossed
the dayside magnetopause. Spike (4) was detected when the FOV
crossed beyond Earth’s bow shock. Thus, spikes (2) and (3) may
be ENAs produced in the dayside region. In contrast, spike (4)
may result from energetic ions in the foreshock region or an
increase in the solar wind dynamic pressure. During IBEX Orbit
25, two sudden increases in the solar wind dynamic pressure were
observed on DOY 105 and 106.5 (see blue curve in Figure 2B).
Because the second increase occurred around the time spike (4)
was observed, this increase could have caused the fourth spike.
However, because the first increase in the pressure occurred after
spike (3) was observed, these two events could not be correlated.
Furthermore, these spike signals were observed in other orbits when
the IBEX-Lo FOV crossed the inner exosphere and the dayside
magnetosphere.

In this study, we utilize the emissions around spike (1) observed
on DOY 102.3 to investigate the presence of outward H fluxes at
15 eV from the inner exosphere. All other emissions described above
are treated as background noises and excluded from the analysis.

2.2.3 Data selection procedure

This study focuses on H ENAs produced in the inner exosphere
(<4 Rg) through charge exchange. To analyze these ENA emissions,
we limit our measurements to restricted time intervals and angle
ranges that satisfy the following criteria: (A) the spacecraft must be
located beyond the model bow shock in the Xggz—Y ggp plane to
avoid contamination from energetic ions inside the magnetosheath
and magnetosphere; (B) the IBEX-Lo FOV must intersect the 4
Rg geocentric radius sphere; and (C) the signal intensity must
exceed the background level for each orbit. The event selection
process involves three steps: determining the restricted time interval,
calculating the background level, and defining the restricted angle
range for each 1-h cadence swath.

In the first step, criteria A and B are applied to determine
the restricted time interval. Using the Jerab et al. (2004) model,
we compute the Earth’s bow shock distance, ryg, ensuring that the
spacecraft’s geometric distance, rgc, satisfies rgc > rgg (Criterion A).
For Criterion B, geometric calculations identify the selection zone
where the IBEX-Lo FOV intersects the inner exosphere, which is
represented by the magenta trapezoid in Figure 1. The spacecraft’s
trajectory segment through this zone, marked by yellow dots in

Figure 1, satisfies r > rpg and x;, < X, < X, Where x is

min

the x-component of the spacecraft’s location vector, and x,;, and

min

Xmax Tepresent the spacecraft’s entry and exit points through the

max
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selection zone, respectively. The restricted time interval, fg,, ~
 top> COrTEsponds to this trajectory segment and is indicated by red
vertical dashed lines in Figure 2A.

In the second step, the background level is computed for each
orbit based on the accumulated counts as a function of the NEP angle
over the entire orbit period (red solid line in Figure 2C). Using non-
linear least squares (Vugrin et al., 2007), we fit a Gaussian function

to the accumulated count rates over the entire orbit period Cjﬁme (Gj)

as follows:
2
) ] + Cbg

where Gy, represents the background count per 6 ° x 6 ° binand 6

0-0

]

peak

Cﬁme(Q):A-exp[—%< (1)

peak
is the peak angle with standard deviation oy. Figure 2C shows the fit

curve (red dotted line), and the angle ranges from 6, — 04 t0 Oy +
0y, i.e., from 210° to 308° (red vertical dashed lines), respectively.
For the dawn region observations (spring 2009 and 2013), emissions
from the Earth side appear within this angle range. Then, we

determine the background level as Cigieye = Cyg ' 12 where

anglebin>
Manglebin 15 the number of angular bins in the angle raige and Cy,
is obtained from Equation 1. The background level is shown as the
green dashed line in Figure 2B. If the accumulated counts per swath
over the angle range are less than the background level (C; ngle(l‘,-) <
(Cbgleve1)> the swath is excluded to meet Criterion C. Table 1
shows the restricted time intervals (start and stop times) and the
background levels for each orbit.

Note that the background level discussed here is distinct from
the background noise described in Section 2.2.1. The background
level refers to understanding background counts, potentially
originating from the instrument and distributed evenly across the
NEP angle. This study uses the accumulated count rates per bin
over the entire orbit period rather than the restricted time interval
or the period outside the magnetosheath for the following reasons.
As seen in Figure 2A, emissions within the magnetosheath (DOY
101.52-102.0) significantly contribute to the total accumulated
counts over the entire orbit period. Despite this contribution, the
count rate distribution per bin closely resembles that observed
during the restricted time interval (see Figure 2C). To minimize
contamination from unknown energetic particles, the background
level is conservatively accounted for in the analysis and determined
from the Gaussian distribution function to fit the accumulated
counts per bin over the entire orbit period.

Finally, we consider the spacecraft position of each swath to
determine the restricted angle range to ensure the FOV points to the
inner exosphere. The restricted angle range changes per orbit since
the spacecrafts position varies above and below the ecliptic plane
(Figure 1C). For instance, Figure 2A shows enhanced emissions near
260° during the restricted time interval (DOY 102.034~102.588)
when IBEX was above the ecliptic plane, shifting to ~285° after
DOY 104.4 when IBEX was below the ecliptic plane. The viewing

direction (0

view) 18 computed as 6

¥s and z, are the spacecraft’s position components. The restricted

iew = 270°+arctan (z,./y,.), where
angle range is defined as +9° around the viewing direction (6.,
- 9% to O, + 9°), corresponding to the viewing angle bin and
two neighboring bins. This angle range allows the IBEX-Lo FOV

view

to cover 4-8 Ry at 25-50 Ry spacecraft distances along the Yqq
axis, narrowing to 2.6-5.2 Ry if limited to one bin. The red
horizontal dashed lines in Figure 2A indicate the restricted angle
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TABLE 1 Restricted time intervals and the background levels of the outward H fluxes from the plasmasphere.

Orbit # tstart tstop Cbg level Orbit # tstart tstop Cbg level
25 102.034 102.588 5.89 201 88.786 89.084 23.97
26 110.166 110.719 6.02 202 98.342 98.683 18.84
27 118.833 119.301 11.75 203 108.086 108.426 13.34
28 127.729 128.197 11.46 204 118.067 118.366 12.07
29 136.738 137.293 10.04 205 127.738 128.037 16.86
30 145.126 145.766 41.46 206 138.05 138.305 1.47

207 147.89 148.188 15.26
208 157.44 157.78 0.6

209 166.98 167.32 4.76
210 176.322 176.662 17.68

range. In summary, ENA emissions within the restricted time
intervals and angle ranges represent outward H atoms from the
inner exosphere.

2.3 The outward H fluxes

We select the 1-h cadence swaths within the restricted time
interval for each orbit and then combine the counts in the restricted
angle bins (mostly Ny, = 3) for each swath. Since each swath has a
cadence start time and spacecraft location vector (7), we can produce
the total number of counts, C(#), in the selected angular bins as a
function of distance. Then, we calculate the differential fluxes J;; of
the outward H atoms at E-step 1 (E =15 ¢V) for each selected
swath as follows:

center

2)

where f.,

background H count-rate, E is the center energy of E-step 1,

is the exposure time, Ry, is the ubiquitous local

and G is the energy geometric factor. Since a 1-h cadence
swath is accumulated over 256 spins, the exposure time (f.,)
per 6° angular bin per E-step is computed as (256 spins/8 E-
steps) - (time-per-spin)/(60 angular bins). The ubiquitous local
background H count rate Ry, was computed by the IBEX team
(Galli et al., 2014; Galli et al., 2017), and it is different from the
background level described above. The ubiquitous count rate Ry,
depends on energy but is invariant to the observation direction, year,
and distance from Earth. The energy geometric factor G, valued at
7.29 x 107 cm? sr, incorporates the sensor AE/E, the collimator
solid angle FOV, all the efficiencies of transmission through the
collimator, internal grid transmission, effects of the spokes that
separate each azimuthal quadrant, the energy-dependent conversion
efficiency, and TOF efficiency.
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3 Results and discussion

In this study, we first investigated the physical properties of
outward H fluxes measured by the IBEX-Lo instrument. The
outward H fluxes are likely charge-exchange-induced H ENAs
produced within the inner exosphere. We analyzed differential H
fluxes derived from 35 1-h cadence swaths over 45 days during
Case 2009 and 39 1-h cadence swaths over 89 days during
Case 2013. Figure 3 illustrates the counts of outward H atoms
measured within the restricted NEP angle range for selected
1-h cadence swaths during the restricted time intervals (upper
panel), the corresponding signal-to-noise ratios (middle panel),
and the differential fluxes of outward H atoms calculated by
Equation 2 (bottom panel) as a function of the geocentric radius.
For statistical reliability, we excluded fluxes with signal-to-noise
ratios below 1.5 in the bottom panel. Additionally, fluxes that
measured closer than 28 Ry in 2013 were omitted to avoid possible
contamination from magnetosheath ions near the bow shock after
our filtration process described in Section 2. Blue squares represent
the values from Case 2009, while red circles correspond to values
from Case 2013.

To characterize the physical properties of the outward H fluxes,
we applied a power-law function, J = ¢r’%, to fit the measured
fluxes. In Figure 3, the dashed lines represent the power-law fits,
with power indices k = 0.79 + 0.49 for Case 2009 (blue) and k
= 0.96 + 0.70 for Case 2013 (red). These power-law fits reveal
three key findings. First, the fluxes are on the order of 10° cm™ s™!
st keV™!, as shown in the bottom panel of Figure 3. The average
fluxes were (2.10 + 0.89)x10° cm™ s7' sr™! keV~! in 2009 and (2.16
+ 0.87) x 10°cm™2s7! srlkeV™! in 2013. Second, the outward
H fluxes gradually decrease with increasing geocentric distance,
as indicated by the power indices of 0.79 and 0.96. Although
these indices have relatively large uncertainties, their possible range
remains positive, confirming that the flux intensity decreases with
increasing distance. To further validate this trend, we applied
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FIGURE 3
Counts of outward H atoms measured in three angle bins in the restricted angle range on the selected 1-h cadence swaths within the restricted time
intervals (upper panel) and the corresponding signal-to-noise ratios (middle panel). The bottom panel shows the computed outward H fluxes as a
function of geocentric distance. The power-law fit curves are blue (Case 2009) and red (Case 2013) dashed lines in the bottom panel.

the power-law function to fit the measured fluxes with signal-
to-noise ratios above 2.0 and taken within 45 Ry. This yielded
0.62 for 2009 and 0.88 + 0.76
for 2013, reinforcing the observed decrease in the flux intensity.

positive power indices of 0.73 +

Lastly, there is no significant difference in the flux intensities
between the 2009 and 2013 spring seasons. Figure 4 shows the F10.7
indices obtained from the OMNIWeb database, where solid lines
indicate hourly averages during the 2009 (red) and 2013 (blue)
spring seasons. In addition, red squares and blue circles denote the
averaged values over the restricted time intervals in the 2009 (red)
and 2013 (blue) seasons, respectively. Although the F10.7 indices
confirm higher solar radio fluxes in 2013 than in 2009, our results
suggest that the outward H fluxes are not influenced by the solar
radio flux.

To confirm the inner exosphere as the possible source of
the outward H fluxes, we consider a simple model for ENAs
produced in the inner exosphere. The ENA differential flux (Jgya)

at an observer location (7,.) and the ion differential flux (J;,,) are

related by the following equation:
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TexalE0) = [ (B () (e 3)

where o(E) is the charge-exchange cross-section, ny(7) is the
exospheric neutral H density at 7, and the integral is computed along
the LOS crossing the inner exosphere. We simplify this relation
under the following assumptions: (1) the ion flux depends only on
Jion(E); (2) the exospheric
density decreases as nyy(7) = nyo(ro/r)°, where r, = 10 Rg; and
(3) there is no loss after the ENA is created, i.e., no loss term in

energy and not on position, i.e., [, (E,7) =

Equation 3. Thus, Equation 3 simplifies as follows:

rf) . Z?(r_3Ar)

Figure 5A shows the schematic diagram of the simple model for

]ENA(E rsc) ]10n ) O(E)'nHO (4)

the expected ENA fluxes produced in the inner exosphere. The gray
dashed circle represents a sphere with a 4 Ry, geocentric radius, the
black solid circle indicates the Earth, and the blue dots illustrate
example integral points. We consider the situation where the IBEX
spacecraft is located along the Y s axis at distances ranging from
25 R to 50 Rg. For each location of the IBEX spacecraft, we
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(A) Schematic diagram of the simple model for the expected ENA fluxes produced in the inner exosphere (r < 4 Rg). The dashed circle represents the
sphere of 4 R; geocentric radius, and the blue dots illustrate the integral points. The red solid line is an example LOS inside the inner exosphere. (B) The
upper panel shows the ion differential fluxes at 15 eV measured by HOPE/RBSP-A from March 29 to 27 June 2013. The red dots represent the ion fluxes
measured in the specific intervals corresponding to the IBEX observation time in Case 2013. The bottom panel shows the distribution of the ion fluxes
(black bars for all events, and red bars for the events selected in the restricted time intervals). The dashed lines indicate the Gaussian curves that fit

each dataset.

consider the angle { between the Y g axis and an LOS (red
solid line in Figure 5A). The restricted angle (}; . is defined as the
angle at which the LOS passes through the surface of a 1 Ry; sphere.
We compute the integral along the LOS in the inner exosphere when
{ > {};p» but we perform the integral only in the dawn region when
{ < {}, as the dusk side is blocked by the Earth.

We obtain the 15-eV ion flux from the in situ ion flux
observations of the HOPE mass spectrometer aboard the RBSP
during the spring season of Case 2013 (days 88-177, 2013). The
RBSP was orbiting within a 6 Ry geocentric radius and close to
the Xqgp—Y ggp plane. Figure 5B shows the ion differential fluxes
(black dots) at 15eV, with the red dots representing the ion
fluxes measured during the specific intervals corresponding to the
restricted time intervals of Case 2013 for the outward H fluxes
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from the inner exosphere (Table 1). Since the ion fluxes in the
restricted time intervals are widely distributed, as seen in the bottom
panel of Figure 5B, we compute the mean of the distribution, which
corresponds to the center of the peak in the Gaussian function. The
red dashed curve represents the fit curve for the ion flux distribution.
=6.0x10° cm™s™" sr' keV™! at 15V,
with one-sigma uncertainties ranging from 2.8 x 10°cm 2!
st keV!to 1.1 x 105 cm™2 57! sr

and upper limits of the 15 eV ion fluxes. We use the charge-exchange

The mean ion flux is J,,, =

“1 keV~1, representing the lower

cross-section computed by Lindsay and Stebbings (2005): o = 4.07 X
107 cm?atE=15¢V. Finally, we consider the expected ENA fluxes
for two cases of the exospheric density at 10 Rg: 1y, = 10 cm™
and 50 cm™ because the neutral density at 10 Ry, ranges from 4 to
59 cm ™ (Connor et al., 2021).
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FIGURE 6
Differential fluxes of the outward H ENAs as a function of the geometric distance. The blue squares and red circles represent the outward H ENA fluxes
measured by IBEX in 2009 and 2013, respectively. The blue and red dashed lines indicate the power-law fit curves for each measured flux. The green
and cyan solid lines represent the expected H ENA fluxes with n5 = 10 cm™ and 50 cm™, respectively. The shadows represent the uncertainty of the
expected ENA fluxes.

Figure 6 shows the expected ENA fluxes (green solid line for
=10 cm™ and cyan solid line for 7, = 50 cm™) and the measured
outward H fluxes (blue squares for Case 2009 and red circles for Case
2013). The shaded regions represent the uncertainty in the expected
ENA fluxes, arising from the lower and upper limits of the ion fluxes.
The blue and red dashed lines indicate the power-law fit curves for
the measured fluxes. We also computed the power-law fit curves for
the expected fluxes, with the estimated power index k = 0.27 £ 0.01.
The expected ENA fluxes exhibit two features consistent with the
measured outward H fluxes. First, the expected ENA fluxes slightly
decrease as the geocentric distance increases. This decrease in the
intensity is reasonable because the LOS length in the sphere of 4 Ry
varies depending on the spacecrafts location. When the spacecraft
is closer to Earth, the LOS slopes are slightly steeper than when the
spacecraft is further away. The steeper slope causes longer integral
distances in the sphere of 4 Ry and increases the probability of ENA
production. Second, the upper limit of the expected ENA fluxes of
Ny = 50 cm™ is of the same order of magnitude as the measured
outward H fluxes. This suggests that the measured outward H fluxes
may include ENAs generated in the inner exosphere.

The discrepancy between the observed and expected H ENAs
may arise from the simplicity of our model. We assumed that the
ion flux does not depend on location, that the exospheric density
decreases as 1/r°, and that the ENAs are created in the sphere of 4
Rg. However, the ion flux exhibits large variability in magnitude, as
seen in the bottom panel of Figure 5B, and the exospheric density
does not exactly follow the inverse cube law in the inner exosphere.
The IBEX-Lo FOV covers a larger sphere than the inner exosphere
when the spacecraft was further than 25 R geocentric distance.
Furthermore, we only used the ion flux measurements from the 2013
season as no 15 eV ion flux observations were available for the 2009
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season. As a result, the expected ENA fluxes calculated by the simple
model did not fully capture the ENAs produced during the solar
minimum. On the other hand, the measured outward H fluxes could
be overestimated due to contamination by any energetic particles
even though we removed most of the contaminating sources. Despite
these limitations, the two features described above support the
conclusion that the measured outward H fluxes are closely related
to the ENAs produced in the inner exosphere.

There are various plasma populations in the terrestrial
magnetosphere. The protons of plasmasphere origin are at a
temperature of approximately 2,000-10,000 K (0.1 to a few eV),
whereas exospheric H is at approximately 750-1,250 K (Shizgal and
Arkos, 1996). The combination of polar wind flow and a centrifugal
acceleration can give the ions energies above 10 eV, which can send
them back into the magnetotail (lobal wind, 10-300 eV). In the
magnetotail, the curvature drift across the tail through the cross-
tail potential can add energies of 1 keV and more (plasma sheet,
0.5-5keV) (Chappell et al., 2008). The amount of energy gained by
these particles of plasmasphere origin and the resulting flow paths
can lead to two separate plasma populations: the warm plasma cloak
and the ring current. The warm plasma cloak is a bidirectional,
field-aligned distribution of ions with an energy range of a few eV to
hundreds of eV. Ions with these characteristics are found outside the
plasmasphere across the night side and can extend eastward from the
plasmapause to the magnetopause. The ring current is composed of
more accelerated ions with an energy range of 3-30 keV that moves
westward by the curvature drifts. These magnetospheric plasma
populations can become charge-exchange-induced ENAs, which
could be measured by the IBEX-Lo instrument. In this study, we
found that the outward H fluxes measured by the IBEX-Lo are
closely associated with the charge-exchange-induced H ENAs. Since
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these plasma populations have different dynamics and behaviors, we
anticipate that the observations of outward H fluxes show temporal
and spatial evolutions depending on an observation season and
a side-viewing vantage point if they contain the terrestrial ENAs.
Because the full energy range of the IBEX-Lo instrument overlaps
with the energy ranges of the magnetospheric plasma populations,
we anticipate that the energy-resolved ENA observations of IBEX-
Lo could show different energy spectra depending on what the
instrument observed. We plan to continue researching the dynamics
and energy spectra of the outward H fluxes as follow-up projects.

4 Summary

In this study, we first investigated the IBEX-Lo 15eV ENA
observations when the inner exosphere entered the IBEX FOV
during two spring seasons: 11 April-26 May 2009 (Orbit 25-30,
DOY 101-146) and 29 March-27 June 2013 (Orbit 201-210, DOY
88-178). We used the ENA histogram data obtained from the
IBEX Raw Data Release (https://ibex.princeton.edu) and defined
the restricted time intervals and angle ranges where the H fluxes
escaping from the inner exosphere (<4 Rg) could be detected by the
IBEX-Lo instrument. Then, we estimated the outward H fluxes in
the outer exosphere (25 ~ 50 Ry). The measured outward H fluxes
are characterized by three key findings: (1) the fluxes vary in the
order of 10° cm™ 57! sr™! keV ™, (2) the outward H fluxes gradually
decrease with increasing geocentric distance, and (3) there is no
significant difference in flux intensities between the 2009 and 2013
spring seasons.

Additionally, we computed the expected H ENA fluxes produced
in the inner exosphere by solving Equation 4 using ion flux data from
HOPE on RBSP and a simplified exospheric density model inversely
proportional to the cube of the geocentric distance. In this calculation,
weassume that the ion flux depends only on energy and not on position
as well as there is no loss after the ENA is created. Both the measured
outward H fluxes and the expected ENA fluxes reveal two similar
features: (a) a slight decrease in the intensity with increasing geocentric
distance and (b) intensities on the order of 10° cm™2 s™! sr™! keV~!.
These two features strongly suggest that the observed outward H fluxes
are associated with the H ENAs produced in the inner exosphere. We
also found no significant difference in the intensities of the outward
H fluxes measured in different solar radio flux conditions (quiet in
2009 versus more active in 2013). However, further statistical analysis
is required to fully understand the variation of outward H fluxes over
the solar cycle, which is left for future work.
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