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Abstract Based on the predictions of global 3D hybrid simulations, we present a new transport/acceleration
path for escaped O* ions in the upstream solar wind region resulting from the impact of a particular IMF
tangential discontinuity (TD) with negative (positive) IMF B, on the discontinuity's anti-sunward (sunward)
side. For O* ions escaping to the duskside magnetosheath and with gyro-radii larger than the TD thickness,
when they encounter the TD, they can first go sunward into the upstream solar wind. They then gyrate
clockwise to the pre-noon side and get accelerated within the solar wind region and circulate back to the
dawnside magnetosphere. These ions may be accelerated to well within the ring current energy range depending
on the solar wind electric field strength. This new transport/acceleration path can bring some of the escaped
ions into the inner magnetosphere, thus providing a new mechanism for generating an O* ring current
population.

Plain Language Summary O ions in the magnetosphere only come from the Earth's ionosphere.
For O ions escaping the magnetosphere, scientists have been treating them as being lost. Using simulations
that can describe the O* ion's kinetic dynamics, we find that, due to the impact of a particular solar wind
structure, some escaped O™ ions can circulate back to the magnetosphere via a transport path in the upstream
solar wind region and some of them can even enter the inner magnetosphere. Additionally, they are also
energized by solar wind electric field and thus can contribute to the ring current population. Therefore, this
study shows a new journey of escaped O* ions.

1. Introduction

The ionospheric outflow is the sole source for O* ions in the magnetosphere. Depending on the outflow locations
and energization processes, O* ions travel through, populate and interact with different magnetospheric regions.
Some O™ ions may eventually encounter the magnetopause and escape to the magnetosheath and the solar wind
(e.g., Armstrong et al., 1978; Cohen et al., 2016; Kronberg et al., 2011; Lee et al., 2020; Sibeck et al., 1987;
Slapak et al., 2012, 2015; Zong & Wilken, 1998). Outflows ions are cold (<1 keV) when they come out of the
ionosphere. For the O* ions traveling within the plasma sheet, they convect sunward and get energized by magne-
tospheric convection electric field to the plasma sheet energies (from a few keV to ~10 keV) in the tail (e.g.,
Kistler et al., 2010; Malykhin et al., 2020) and even higher to the ring current energies (from ~10 keV to several
hundreds of keV) in the inner magnetosphere (r < ~10 Ry (e.g., Daglis et al., 1993; Lui, 2003; Yue et al., 2018).
This transport/acceleration path in the plasma sheet by magnetospheric electric field has been considered as a
main mechanism for generating the O* ring current population. Once convecting to the dayside magnetopause,
O* ions may enter the magnetosheath either through an open magnetopause or gyrating across the magnetopause.
After escaping into the magnetosheath, some ions may enter the solar wind either through streaming along the
magnetic field when the interplanetary magnetic field (IMF) is dominantly radial (Mobius et al., 1986), or, for
ions with gyroradius larger than the typical thickness of the magnetosheath (~3 Ry), they can gyrate from the
magnetopause to the solar wind (Lee et al., 2020). However, investigating the subsequent journey of these escaped
Ot ions in the magnetosheath or solar wind has never been a focus in past research considering them being lost
forever. In this study, we use three-dimensional (3D) global hybrid simulations to present a new transport/accel-
eration path for escaped O* ions in the upstream solar wind region due to the impact of a particular type of IMF
directional tangential discontinuity (TD). Additionally, this new path allows some escaped energetic O* ions to
return to the inner magnetosphere, thus providing a new mechanism for generating an O* ring current population.
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2. Model and Simulation Description

We use the 3D global hybrid code, AuburN Global hybrld CodE in 3D (ANGIE3D) hybrid code, to simulate the
ion dynamics, including H* ions from the solar wind and outflow O ions from the ionosphere. The ions, includ-
ing protons and heavy ions, are treated as discrete, fully kinetic particles, and the electrons are treated as a mass-
less fluid, while a cold, plasmaspheric ion fluid at r < 6 Ry; is also imposed. Quasi charge neutrality is assumed.
Detailed descriptions of the equations for ion particle motion, electric and magnetic fields, and assumptions used
in the ANGIE3D code are given in Lin et al. (2014). ANGIE3D has been used to simulate the magnetosphere
with the impact of a TD (Lin et al., 2022; Wang et al., 2021a, 2021b, 2022). The code is valid for low-frequency
physics with @ ~ €&, and kp, ~ 1 (wavelength A ~ 6pi), where w is the wave frequency, k is the wave number, Q,
is the ion gyrofrequency, and p; is the ion Larmor radius (gyroradius).

For this study, the simulation domain is 20 > X > —60, 32 > Y > -32, 32 > Z > -32 R;; in the geocentric
solar magnetospheric (GSM) coordinates. An inner boundary is assumed at the geocentric distance of r ~ 3
R;. The solar wind ion inertial length d;; in this simulation is 0.06 Ry. Note that this d;, value is three times
the realistic value. Thus, scaling factors are used when converting the simulation results to realistic magni-
tudes (Lin et al., 2014; Omidi et al., 2006). Nonuniform cell grids are used, with the grid size (~0.1-0.15 Ry)
around the bow shock, magnetosheath, magnetopause, cusp, and equator smaller than in other places. This
grid resolution is sufficiently fine for modeling the magnetopause and current sheet. The cell dimensions are
nx X ny X nz = 839 x 500 x 768. A total of ~10'2 particles are used. Uniform Pederson conductance of 10 S and
Hall conductance of 5 S are specified.

To include the outflow O* ions coming out of the ionosphere in ANGIE3D, we adapt the algorithm of Brambles
et al. (2010). The outflow ions are specified with four parameters at r = 2 Rp: particle flux (Flux ), parallel
bulk flow Speed (VIL,oulflow |outflow ) The
outflow O fluxes at 4,500 km altitude are specified with the empirical formula of Strangeway et al. (2005),
Flux 0, = 2.14 X 10751255, where the flux is in 1/(cm?-s) and S, is the downward field-aligned DC Poynting
flux in mW/m?. The outflow fluxes are driven self-consistently by the simulated S, flowing from the magne-

outflow

), and parallel temperature (7, ) and perpendicular temperature (T

outflow

tosphere downward to the ionosphere. Note that we do not restrict the outflow to only the cusp region as in
Brambles et al. (2010), thus outflow can also come from other regions, including auroral zone. An M-I coupling
module is used to handle the mapping of these parameter values along the dipole magnetic field line between
different altitudes from the ionosphere-thermosphere model at r ~ 1 Ry to the inner boundary surface at » = 3

Ry For example, the mapping of Flux is determined by conserving Flux, /B, where B . is the dipole

outflow outflow’ = dip? dip

magnetic field strength.

We conducted simulation runs to investigate the impact of a TD on the escaped outflow O* ions. H* ions
= 40 km/s and T,

l,outflow Il,outflow

= 100 eV are specified. Initially, there are only H* ions and no O* ions in the solar wind and

are from the solar wind only. For the O* outflow ions, time-independent V,
= TJ_,oulflow

magnetosphere. The outflow O* ions are initiated at = O at the inner boundary with their Flux values

outflow
changing self-consistently with Poynting fluxes from the magnetosphere. The specified TD is a planar IMF
discontinuity with a half-width of 0.3 R;; and the normal direction of (-1, 0, 0). The IMF is purely southward
(northward) on the anti-sunward (sunward) side of the TD. The TD plane is located at X = 262 R; at t = 0 and
convects anti-sunward with the solar wind. We conduct two runs with run 1 under strong solar wind electric
field strength and run 2 under moderate strength. The same solar wind density of 5 cm~ and isotropic temper-
ature of 10 eV are specified for both runs. In run 1, the solar wind velocity is (=700, 0, 0) km/s and the IMF
is (0, 0, —8) nT on the anti-sunward side of the TD and (0, 0, +8) nT on the sunward side. These magnitudes
in run 1 can be seen during solar wind high-speed streams. In run 2, relatively modest values are used with
the solar wind velocity of (=400, 0, 0) km/s and the IMF of (0, 0, —4) nT on the anti-sunward side of the TD
and (0, 0, +4) nT on the sunward side. The corresponding solar wind electric field in run 1 is thus a factor of
3.5 higher than that of run 2. As shown in Figures S1 and S2 of the Supporting Information S1 for run 1 and
2, respectively, strong O* outflow fluxes are mainly in the cusp and nightside aurora regions. O* outflow is
larger in run 1 than run 2. The peak outflow flux at 100 km is ~1 x 10'3 (0.1 x 10'3) particles/m?/s in run 1
(run 2) and the O™ fluence integrated over one hemisphere is ~0.9 x 102 (0.06 x 102%%) particles/s in run 1
(run 2).
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Figure 1. From run 1. The X-Y profiles at Z = 0 for (a) B, and (b) O* density (n,,) at different times. The bow shock (BS, green curve), the TD (magenta line), and the
magnetopause (MP, black curve) are indicated. (c) The X-Y and (d) X-Z projection of particle trajectory for 4 selected O* ions who escape to the upstream solar wind
region (each color indicates a particle with starting location marked by a triangle), and the variation of the particle's energy (W,) along the trajectory with (e) X-location
and (f) Ty (g—j) For 4 selected O* ions who do not escape the magnetosphere in the same format as (c—f).

3. Simulation Results

We present the run 1 results in Sections 3.1-3.3 and run 2 results in Section 3.4.

3.1. Impact of a TD on Transport Paths of Escaped O* Ions

Figures la and 1b show time sequences of the spatial distributions of B, and the O* densities (n,*), respec-
tively, in the X-Y (at Z = 0) plane from run 1 (also see Movie S1). The nose of the bow shock (green curve) is
at X ~ 12 R, while the nose of the magnetopause (black curve) is at X ~ 9 R.. The TD (magenta line) arrives
at the bow shock nose at  ~37.8 min. As shown in # = 36.7 min plots before the TD reaches the bow shock and
the IMF in the magnetosheath is still southward, O* ions have appeared in the dayside magnetosheath. These
O ions escape the magnetosphere due to their relatively larger gyroradius in comparison to the magnetopause
thickness. These escaped O* ions go farther away from the magnetopause on the duskside than the dawnside
and some of them with large gyroradius can reach the upstream solar wind region in the afternoon sector.
These escaped O™ ions all then travel anti-sunward down to the duskside tail magnetosheath. The dawn-dusk
asymmetry is mainly due to the duskward electric field in the magnetosheath corresponding to the southward
IMF. The impact of the TD on the escaped O™ ions is seen in the density changes from ¢ = 39.5-42.6 min. After
the TD enters the magnetosheath, the n,,, distributions indicate that some escaped O* ions first go sunward to
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further upstream from the bow shock on the afternoon side (f = 39.5 min plots), they then move dawnward in
the upstream solar wind region to the pre-noon side (# = 41.0 min plots) and later enter the dawnside magne-
tosheath (# = 42.0 min plots). For the O* ions contributing to the n, distribution changes seen in the upstream
solar wind region after the impact of the TD, we select 4 of these ions and plot in Figures 1c and 1d their trajec-
tories (each color indicates one of the particles) on the X-Y and X-Z plane, respectively. Figures 1e and 1f show
these particle's kinetic energy (W, = l/2mVp2, where m is the particle's mass and V/, is the particle's velocity)
as a function of the particle's X locations and equatorial radial distances (rxy2 = X? + Y?), respectively, along
its trajectory. All the trajectories shown in Figures 1c—1f are plotted from ¢ = 27-53 min, and at t = 27 min
their locations are all inside r = 5 R, with W, < 1 keV (see Figure S3 in Supporting Information S1 for more
Ot trajectories). These trajectories demonstrate that the impact of the TD result in paths for some of the O
ions escaping the duskside magnetosphere to travel sunward into the solar wind, then move dawnward in the
upstream solar wind region, and eventually circle back to the dawnside magnetosphere. Additionally, some of
the O* ions can go deeper into the inner magnetosphere and continue drifting westward around the Earth like
a typical ring current ion.

3.2. Acceleration of Escaped O* Ions in the Solar Wind

The O ions that follow the circulation paths through the upstream solar wind region shown in Figure 1c are
accelerated by the solar wind electric field. We select one of the O* ions and present in Figure 2 its interac-
tion with the TD and acceleration in the solar wind. Figure 2a shows the X-Y distribution (at Z = 0) of B, at
1= 38.5 min (with the trajectory from 7 = 28-55 min overplotted (color-coded with the ion's W, values shown
in Figure 2i)). Figures 2b-2i show various parameters associated with either the particle or the background
fields and plasma along the trajectory from # = 37—47 min. Crossings of the magnetopause is indicated by black
vertical dotted lines, the TD by red vertical dashed line, and the bow shock by the black vertical dashed lines,
and the regions encountered by the particle are indicated by the bars above Figure 2b (the magnetosphere “MS,”
the magnetosheath “SH,” the solar wind “SW,” and the inner magnetosphere “Inner MS”). Figure 2i shows that
the particle's W, is ~20 keV when it escapes into the duskside magnetosheath around ¢ = 37.9 min. While in the
duskside magnetosheath and before it encounters the TD at # = 38.47 min, the particle gyrates counterclockwise
(indicated by the particle's velocity component, V, ., V, .. V, , shown in Figure 2f) since B, is negative (Figure 2c).
Because the magnetosheath E, is positive at the time (Figure 2e), the particle also gets energized as indicated by
positive E - V values (Figure 2h) from ~20 to 60 keV (Figure 2i), where E - V o dW,/dt is particle's energi-
zation rate. The energization is mainly in the perpendicular direction, as indicated by @ becoming closer to 90°
(Figure 2g). The corresponding Larmor radius p increases to ~1 Ry, which is larger than the TD thickness of 0.3
Rg. Hence, when it encounters the TD at t = 38.47 min, it moves across the TD to the upstream side. Once in the
TD upstream side region, the particle experiences changes in the directions of B,, E,, and E| (Figures 2c¢ and 2¢)
since the bulk flow is still anti-sunward (see the components of ion bulk flow V, , shown in Figure 2d), which
reverses the directions of the electric force (¢E, where e is the charge) and magnetic force (eVp X B) in both the X
and Y directions. As a result, the particle is pushed sunward (toward the +X direction) and enters the solar wind
at 7 ~ 38.7 min. Since E, in the region upstream of the TD is negative, as the particle passes the TD and gyrates
clockwise with positive V,  from the magnetosheath to the solar wind, its W, first decreases to ~20 keV because
E -V, is negative (Figure 2h). But after # ~ 39.5 min when its V, becomes negative and thus E - V becomes
positive, its W, starts to increase. Thus, as the particle gyrates toward the —Y direction and gets energized, the
energization further increases its negative V, magnitudes and thus increases the positive E - V magnitudes since
E| is the only electric field component in the solar wind in this simulation run. The energization also increases the
particle's gyroradius (note that & remains similar at ~100°), thus prolonging the Y distance traveled by the parti-
cle (moving from ¥ ~ 13 to —10 Ry) under the negative V|, before the particle's clockwise gyration eventually
brings it back to the pre-noon magnetosheath at r = 42.2 min. As a result, this path within the upstream solar wind
region is sufficiently long to energize the O* ions by a factor of ~10 from ~20 to 200 ke V.

The acceleration for the particle presented in Figure 2 well represents the energization experienced by all other
Ot ions traveling in the upstream solar wind region shown in Figure 1c. As shown in Figure le, these ions come
out from the night region of 0 > X > —5 Ry with W, < 1 keV. They convect sunward in the plasma sheet and get
accelerated to ~10-30 keV by the magnetospheric convection electric field when they encounter the dayside
magnetopause and escape. While traveling in the upstream solar wind region (see the trajectories in the region of
X > 10 R in Figure le), they are further accelerated to ~100—-400 keV.
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Figure 2. From run 1. (a) The X-Y profile of B, (red-blue color scale) at Z = 0 R, and 7 = 38.5 min overplotted with the
trajectory of the example O* particle color-coded (rainbow color scale) with the particle's energy (W,). The bow shock (green
curve), TD (magenta curve), and the magnetopause (black curve) are indicated. (b—i) Parameters along the particle's trajectory
as a function of time: (b) (X, ¥, Z) location, (c) magnetic field components, (d) ion bulk flow velocities (V, ;). (e) electric
field components, (f) particle velocities (Vp), (g) pitch-angle (a), (h) energization rate (E-Vp), and (i) Wp. The intervals of
solar wind (SW), magnetosheath (SH), magnetosphere (MS), and inner magnetosphere (Inner MS) are indicated by the bars
on the top of (b). The crossings of magnetopause (black vertical dotted lines), the bow shock (black vertical dashed lines), and
TD (red vertical dotted line) are indicated in (b—i). Energy spectrum of O* omnidirectional energy fluxes in (j) the solar wind
at (12, 0, 0) Ry, and in the inner magnetosphere (MS) at r = 7 R, Z= 0, and MLT = (k) 12, (m) 06, (n) 00, and (o) 18 hr. The
ratios of contributions to O* (p) density (én,/én,) and (q) pressure (6p,/dp,) in the inner MS at different MLTs. The vertical
dotted line indicates TD arrival time.

3.3. Contribution of the Solar-Wind Accelerated O* Ions to Ring Current Population

As shown in Figure lc, the new circulation path due to the impact of the TD bring escaped O* ions back to
different parts of the magnetosphere, including the inner magnetosphere (r,, < 10 Rg). For that O* ion shown
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in Figure 2a, its energy is ~200 keV when it enters the inner magnetosphere, and this high energy is achieved
while it is accelerated in the upstream solar wind region. This is true for many other ions entering the inner
magnetosphere shown in Figure lc. From their r, ~W  variations shown in Figure 1f, many of these O* ions have
W, > 100 keV inside r,, = 10 R, and this energy range is reached during their interval within the upstream solar
wind. This indicates that the new transport/acceleration path due to the impact of the TD provides a mechanism
for adding new ring current O™ ions to the inner magnetosphere.

For comparison with the escaped O* ions, we plot in Figures 1g-1j the trajectories and location-W, variations
for 4 selected O™ ions that do not escape the magnetosphere and go through transport/acceleration in the plasma
sheet by magnetospheric convection electric field. Figures 1i and 1j show that, depending on their trajectories,
these ions are accelerated from <1 keV to the range of ~10-~100 keV. Comparing Figures 1f and 1j show that
the transport/acceleration path in the upstream solar wind region can generate O™ ring current ions with energies
relatively higher than those resulting from the transport/acceleration in the plasma sheet.

We examine in Figures 2j—20 the energy spectrum of O* omnidirectional (averaged over all pitch angles) energy
fluxes in the solar wind and inner magnetosphere. Figure 2j shows that, shortly after the TD arrives at the bow shock
nose (white vertical dotted line), the escaped O* ions of ~10-400 keV pass through the location (12, 0, 0) R in
the solar wind just in front of the bow shock. There is a dispersion signature with lower energy ions appearing first.
Figures 2k—20 show that, before ¢ ~ 40 min, there are only O* ions of <100 keV in the inner magnetosphere, which
is the ring current population resulting from the transport/acceleration in the plasma sheet as shown in Figures 1g—1j.
After the impact of the TD, the escaped O* ions circulated into the inner magnetosphere shown in Figures lc—1f
resulting in substantial flux increases at > ~120 keV first at 12 hr MLT (Figure 2k), then 06 hr MLT (Figure 2m),
then 00 hr MLT (Figure 2n), and then 18 hr MLT (Figure 20). These flux increases seen in the inner magnetosphere
have the same dispersion signature as that seen in the solar wind (Figure 2j). The predicted energy spectrum can be
compared with observations to validate this mechanism. We evaluate the relative importance of the O* ring current
populations resulting from the two different transport/acceleration paths by comparing the partial densities (6n) and
partial pressure (6p) integrated over two energy ranges: (a) 6n, and op, are integrated over >120 keV for the popula-
tion due to solar wind acceleration, and (b) én, and ép, are integrated over 10-100 keV for the population accelerated
in the plasma sheet. Figures 2p and 2q show the ratio of én,/én, and ép,/ép,, respectively, at 12, 06, and 00 hr MLT.
The peak 6n,/6n, ratios can be up to ~0.3 and the peak 6p,/6p, ratios up to 2 with the largest ratios seen at 12 MLT and
the smallest ratios at 00 MLT. These ratios indicate that the O ring current population resulting from the transport/
acceleration in the upstream solar wind region can make a substantial contribution to the O* ring current pressure.

3.4. Dependence on the Solar Wind Electric Field

We investigate in Figure 3 whether the new O* ion transport/acceleration path in the solar wind due to the TD
impact seen in run 1 under a strong solar wind electric field still occur in run 2 under a more moderate electric
field (also see Movie S2). As seen in the time sequences of B, and n,* distributions shown in Figures 3a and 3b,
respectively, and the trajectories and particle energies of selected escaped O* ions shown Figures 3c and 3d,
respectively, the impact of the TD, which arrives at the bow shock nose at t ~ 65 min (note slower solar wind
in run 2), is still able to generate the transport/acceleration path in the upstream solar wind region and adding new
O ring current ions to the inner magnetosphere (see Figure S4 in Supporting Information S1 for more O+ trajec-
tories). As shown in Figure 3d, the acceleration in the solar wind can energize the O* ions up to ~80 keV, about a
factor of 5 lower than the peak energy of ~400 keV in run 1. But similar to run 1, the solar wind transport/acceler-
ation path can still add O* ring current ions with energies relatively higher than those resulting from the transport/
acceleration in the plasma sheet as shown in Figures 3e and 3f. As shown in Figures 3g and 3h, the appearance
of O* ring current ions resulting from the transport/acceleration in the solar wind can be seen in the increase
of fluxes above ~30 keV first at # ~ 73 min at 06 hr MLT then later at 00 hr MLT, in contrast to the 10-20 keV
population due to transport/acceleration in the plasma sheet. The contribution from the O* ions above 30 keV
is substantial as compared to the 10-20 keV population, as can be seen in that the én,/én, ratio between these
two populations (Figure 3i) can reach peak values of ~0.3 and the peak op,/dp, values (Figure 3j) can reach ~1.

4. Summary

We present a new transport/acceleration path via upstream solar wind region for escaped O* ions due to the
impact of a particular type of TD predicted by global 3D hybrid simulations. The TD has southward (north-
ward) IMF on its downstream (upstream) side. Before the arrival of the TD, the O* ions escaping the dayside
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Figure 3. From run 2. The X-Y profiles at Z = 0 for (a) B, and (b) n,, at different times. The bow shock (BS, green curve), the TD (magenta line), and the
magnetopause (MP, black curve) are indicated. (¢ and e) The X-Y and (d and f) W,-r,, along the trajectory of 4 selected O* ions who escape to the upstream solar wind
region (each color indicates a particle starting location marked by a triangle) (c—d) and 4 selected O* ions who do not escape the magnetosphere (e—f). Energy spectrum
of O* omnidirectional energy fluxes in the inner magnetosphere at r = 9 Ry, Z = 0, and MLT = (g) 06, and (h) 00 hr. The ratios of contributions to (i) O* density (én,/
én,) and (j) pressure (6p,/6p,) at 06 and 00 hr MLT. The vertical dotted line indicates TD arrival time.

magnetosphere can only flow anti-sunward to the tail magnetosheath. When escaped O* ions encounter the TD
in the afternoon side magnetosheath and experience the field reversal across the TD, they can first move sunward
into the solar wind, gyrate clockwise in the solar wind to the pre-noon side and get accelerated, and then some
of them can return to the dawnside magnetosphere or even into the inner magnetosphere. They can be acceler-
ated in the solar wind to within the typical ring current energy range of > ~10 keV to several hundreds of keV
depending on the solar wind electric field strength. Thus, this new path via the upstream solar wind region serves
a new mechanism to add ring current O™ ions, in addition to those resulting from the transport/acceleration in
the plasma sheet. Additionally, the contribution to the O* ring current pressure from this new mechanism can
be substantial based on the two simulation runs. Future studies are certainly needed to expand investigations of
this path/mechanism, including validating it by comparing the predicted energy spectrum with observations,
and more appropriately evaluating its contribution to storm-time ring current during different storm phases by
conducting simulations with more realistic conditions.

Data Availability Statement

The simulation data can be found at https://figshare.com/articles/dataset/Circulation_and_energization_of_O_
ions_through_upstream_solar_wind_region/21266661.
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