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Abstract 1In this study, we simulate the Solar Wind Charge Exchange (SWCX) soft X-ray emissions at
dayside magnetosheath and cusps by using magnetohydrodynamic (MHD) and LAtmos TEst Particle (LaTeP)
models. MHD models are unable to resolve the particle kinetic effects, such as the different behaviors of ions
with different g/m, or distinguish the magnetospheric plasma from the solar wind plasma. We investigate these
effects with the LaTeP model. As the LaTeP model does not self-compute magnetic and electric field, the
magnetic and electric field data obtained from Open Geospace General Circulation Model (OpenGGCM) and
Lagrangian version of the piecewise parabolic method (PPMLR) MHD model are used as the input to LaTeP
model. The soft X-ray emissivity maps simulated from pure OpenGGCM and PPMLR MHD approaches and
from LaTeP-OpenGGCM and LaTeP-PPMLR approaches are presented and compared. The results indicate that
the LaTeP model can well resolve the kinetic effects and can be used to investigate the individual spectral
characteristics. Therefore, the LaTeP model is a complementary approach for simulating the X-ray emissions
near the dayside magnetopause. We also calculate the ratio of integrated OVII/OVIII line intensities, produced
by charge exchange of O’" ions and O®" ions, respectively. We find a relatively higher ratio at the bow shock
compared to the surrounding areas, suggesting that this ratio can be an effective parameter to identify the bow
shock location.

Plain Language Summary At the magnetopause, X-ray emissions are generated by charge exchange
reactions between multiply charged heavy solar wind ions and the neutral hydrogen atoms in the geocorona. In
this study, we simulate the soft X-ray emissions around the Earth by using magnetohydrodynamic (MHD) and
LAtmos TEst Particle (LaTeP) model. As the LaTeP model requires external magnetic and electric field input,
we use the magnetic and electric field data obtained from OpenGGCM and PPMLR MHD model as its input.
Then the simulation results from pure OpenGGCM and PPMLR MHD approaches and from LaTeP-
OpenGGCM and LaTeP-PPMLR approaches are presented and compared. The comparison indicates that the
LaTeP model can well resolve particle kinetic effects and individual spectral features. Therefore, the LaTeP
model is a complementary approach for simulating the X-ray emissions in Earth's magnetopause. The maps of
the ratio of spectral lines produced by O’" ions and O%" ions are also calculated. At the bow shock, this ratio is
higher than that of the surrounding areas, indicating it is an effective parameter to identify the bow shock.

1. Introduction

The Earth's magnetopause is a boundary separating the magnetosphere and the magnetosheath, which is formed
through the interaction of the solar wind with the terrestrial magnetic field. Since the first observations of the
magnetopause in 1960s (Cahill & Amazeen, 1963), various magnetopause crossing events of spacecrafts are
widely reported and studied (e.g., Haaland et al., 2019; Samsonov et al., 2021; Trattner et al., 2020). However, a
comprehensive understanding of the global responses and evolution of the magnetopause remains challenging
due to data limitations from in situ spacecraft observations. Measuring soft X-ray emissions from solar wind
charge exchange (SWCX) is a good approach to remotely detect the interactions between solar wind and
magnetosphere, as well as the corresponding response of the magnetopause (Connor et al., 2021; J. Guo
et al., 2023; Walsh et al., 2016; Zhang et al., 2022).
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At the magnetopause, X-ray emissions are generated by charge exchange reactions between multiply charged
heavy solar wind ions (O’*, C°*,...) and the neutral particles (mostly hydrogen atoms) in the geocorona. This
interaction can be given in Equation 1,

Xt 4+ M - X(q—1)+* +M+, (1)

where the heavy and multiply charged (q+) solar wind ion is noted as X9+ and the neutral particle is noted as M.
Electrons are transferred from neutral particles to ions and causes these ions into an excited state. When the
excited ions return to the lower-energy state, they will shortly emit photons in the soft X-ray band (E < 2 keV):

X@ Dt X@=D+ 4 py, )

Equations 1 and 2 can be considered as the basic process of SWCX X-ray emissions observed at various objects in
the Solar System. SWCX emissions have now been observed around comets (Lisse et al., 1996; Mullen
etal., 2017; Wedlund et al., 2020) and planetary bodies such as Mars, Venus, Moon, Jupiter (Collier et al., 2014;
Dennerl, 2008; Dunn et al., 2022), and Earth (Carter et al., 2010; Cravens et al., 2001; Fujimoto et al., 2007;
Ishikawa et al., 2013; Liang et al., 2023; Zhang et al., 2023).

The soft X-ray emissions observed in the dayside magnetosheath and cusps are typically strong, due to the high
density of solar wind ions and neutral particles in these regions. On the contrary, a very low density of solar wind
ions in the magnetosphere and a very low density of neutral hydrogen atoms in the solar wind lead to weak soft x-
ray emissions in these two regions. Therefore, there is expected to be a distinguished boundary at the magne-
topause in terms of soft X-ray emissivity. This increase of soft X-ray emission at the boundary should allow us to
derive the location of the magnetopause through global soft X-ray imaging with space-born instruments. Such
imaging will be possible with the forthcoming Solar wind Magnetosphere Ionosphere Link Explorer (SMILE)
mission, which is a joint European Space Agency (ESA) and Chinese Academy of Sciences (CAS) mission and
scheduled for launch in 2025 (Branduardi-Raymont et al., 2018; Wang & Branduardi-Raymont, 2018). The Soft
X-ray Imager (SXI) onboard SMILE has a wide field of view (15.5° X 26.5°), thus can remotely obtain the global
soft X-ray images of the magnetosheath and cusps, which will allow us to investigate the interaction between the
solar wind and the magnetosphere (Sembay et al., 2023).

Given the current absence of the large-scale X-ray images near the magnetopause, it is important to conduct
simulations of soft X-ray emissions in the magnetosheath and cusps. This preparatory step will help to effectively
analyze the expected images from the forthcoming SMILE mission. Robertson and Cravens (2003) first simulated
X-ray images of the magnetosheath based on the model of SWCX X-ray emissions developed by Cravens
et al. (2001). Robertson et al. (2006) simulated X-ray emissions for a geomagnetic storm event by using solar
wind parameters taken from magnetohydrodynamic (MHD) simulations. Whittaker et al. (2016) used MHD
model to simulate the SWCX X-ray emissions and compare with XMM-Newton observations. The MHD model
was also used to simulate the response of X-ray images to various solar wind conditions (Connor et al., 2021; Sun
et al., 2019). Then methods for analyzing X-ray images to derive the magnetopause position were developed
based on MHD simulation results (Collier & Connor, 2018; Cucho-Padin et al., 2023; Y. Guo et al., 2022; Kim
et al., 2023; Samsonov, Sembay, et al., 2022; Sun et al., 2020). Sibeck et al. (2018) reviewed efforts to image the
diagnostic plasma density structures in the SWCX soft X-ray emissions.

However, one of the fundamental problems is that the MHD model describes the plasma as a single fluid, which
results in certain limitations. Firstly, the MHD models are unable to resolve the inhomogeneities caused by
particle kinetic effects in the magnetosheath. Secondly, the MHD models cannot distinguish the magnetospheric
plasma and the solar wind plasma, and the density in the magnetosphere predicted by MHD models is artificially
higher than the observation. This means a masking method is needed to separate the magnetosphere from the
magnetosheath and cusps (Kuntz et al., 2015; Samsonov, Carter, et al., 2022). To address these limitations, other
models such as the hybrid-PIC simulation model (Grandin et al., 2023; J. Guo et al., 2023; Ng et al., 2023) or the
test particle model (Koutroumpa et al., 2012) (an early version of the LAtmos TEst Particle (LaTeP) model in this
paper) should be considered. The LaTeP model is based on a test particle Monte Carlo approach under given
magnetic and electric field, allowing the LaTeP model to study the kinetic effects and distinguish the magne-
tospheric plasma originated from the solar wind. Since the heavy and multiply charged solar wind ions represent a
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minor contribution to the SW composition, their impact on the current system is negligible and we can assume that
the electric and magnetic field will not be affected by these ion species. The consistency of LaTeP simulations has
already been shown in works on Mars (Koutroumpa et al., 2012) and Earth (Tkachenko et al., 2021). Therefore, it
is necessary to simulate SWCX X-ray emission of the turbulent environment and investigate particle kinetic
effects on the X-ray images by using the LaTeP model.

In this study, we perform 3D global LaTeP simulations under southward Interplanetary Magnetic Field (IMF) to
estimate the soft X-ray emissions of the Earth's magnetosheath and cusps. As the LaTeP model requires external
magnetic and electric field input, we use the magnetic and electric field data obtained from OpenGGCM and
PPMLR MHD models as the input of LaTeP model. Then the soft X-ray emissions from pure OpenGGCM and
PPMLR MHD approaches and from LaTeP-OpenGGCM and LaTeP-PPMLR MHD approaches are presented
and compared. Our goal is not to compare in detail the two MHD inputs but rather validate the results of the
LaTeP approach under various inputs. The methods and simulation models used in this paper are described in
Section 2. In Section 3, we present the LaTeP simulation results and pure MHD simulation results. The discussion
and conclusion are presented in Section 4 and Section 5, respectively.

2. Methods

The SWCX emission consists of distinct spectral lines characteristic of the generated ions X9~"*. The volume
emissivity of X-ray Q is in the unit of eV cm™ s~ and can be calculated as:
Q = Iy * Nxa+ * Vxa+ * O-X‘”,M . Yx(q71)+ N (3)

where n,, indicates the neutral density, nxe+ indicates the source ion density, vxe+ indicates the plasma velocity,
oxa+  indicates the cross-section of the collision, and Yy-+ indicates the emission line energy weighted by the
emission probability of each transition. In the simulation, nyy, nxa+, Vxa+, oxa+ v, and Yye-n+ are calculated in the
unit of cm73, cm73, cm sfl, cm? and eV, respectively. The oxq+ y are calculated from the KRONOS (https://sites.
physast.uga.edu/ugacxdb/) database (Cumbee et al., 2021) and emission probabilities are based on studies of
Kharchenko and Dalgarno (2000), Kharchenko (2005), Koutroumpa et al. (2006). Note that oxa+ \ and Y-+ is
velocity- and species-dependent. However, in the velocity range in the simulations investigated in this paper, the
impact of the velocity-dependence is not deemed significant. We use MHD and LaTeP model to simulate the
SWCX soft X-ray emissions and derive the corresponding volume emissivity Qppp and Q; yrep-

2.1. MHD Model

OpenGGCM is a global magnetosphere—ionosphere (MI) MHD model. It divides the Earth's geospace system into
two regions—the magnetosphere and the MI coupling zone. For the outer magnetosphere, OpenGGCM solves
resistive MHD equations in the non-uniform Cartesian grids with current-driven resistivities in addition to nu-
merical resistivities. The simulation domain used in this study is =100 Rg < X <20 R, —45 Rg < Y <45 R and
—45 Rg < X < 45 Rg. The inner boundary of OpenGGCM is set at a geocentric distance of 3.5 Rg because the
MHD physics are no longer applicable in this region. For the MI coupling zone, OpenGGCM couples a 3D
magnetosphere with a 2D high-latitude ionosphere, assuming that the field-aligned currents created by the solar
wind-magnetosphere interaction are closed in the ionosphere (Raeder et al., 2008).

The PPMLR model simulates the MI system using the Piecewise Parabolic Method with a LagRangian remap
algorithm (Hu et al., 2007). The simulation domain also has two regions. For the magnetosphere region, MHD
equations are calculated by using an extension of the PPMLR algorithm to MHD developed by Colella and
Woodward (1984). The simulation domain is —100 Rg < X < 30 Rg, —100 Rz < Y < 100 Rg and —100
Rg < X < 100 Rg, with an inner boundary at a spherical shell with r = 3 Rg. For the MI coupling region, the
coupling in the PPMLR model consists of a mapping of field-aligned currents from the inner magnetosphere to
the ionosphere as well as the electric potential in the opposite direction, both along the Earth's dipole field lines.
The ionospheric electric potential equation is calculated on a spherical shell withr = 1.017 Rg, which is the typical
geocentric distance for the ionosphere.

As the LaTeP model needs external magnetic and electric field input, we use the magnetic and electric field data
obtained from OpenGGCM and PPMLR MHD models as the input to LaTeP model. The OpenGGCM and
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Table 1

PPMLR models have been used to estimate the SWCX X-ray emissions from

The Solar Wind Parameters Used in OpenGGCM and PPMLR MHD Mode! ~ the magnetosheath in Connor et al. (2021) and Sun et al. (2019), respectively,

MHD model

V, (kms™") B, (nT) n (cm™)

under various solar wind conditions. In this paper we assume the same
southern IMF solar wind conditions for both MHD models. The main solar

OpenGGCM PPMLR

—400

-5 12.5 wind parameters used in the OpenGGCM and PPMLR models in geocentric

solar magnetospheric (GSM) coordinate system are listed in Table 1. Other
solar wind parameters are all zero: V, =V, = 0 km s B, = By = 0nT. And the dipole tilt angle of the Earth's
magnetic field is set to be zero in both MHD models. The magnetic field B,, electric field E,, density, velocity V,
and pressure results obtained from OpenGGCM and PPMLR models are presented in Figures S1-S5 of Sup-
porting Information S1. Although the overall behaviors of the two MHD models are similar under the same
upstream conditions, the discrepancy between the two MHD models' outputs can occur due to the difference in
simulation grids, resistivities used in the MHD equations, initial settings of geospace systems before the simu-
lation run (e.g., plasmasphere and ionosphere) and MI coupling techniques, etc. The differences between the
OpenGGCM and PPMLR models indicate the uncertainty of MHD results. In particular, note that the two models
produce magnetopause stand-off distances that are different by over 1 Rg. The electro-magnetic field data ob-
tained from OpenGGCM and PPMLR models are interpolated to the near-Earth region of 0 Rg < X <20 Rg, —10
Rg <Y < 10Rg, —10 R < Z < 10 R, with the grid spacing of 0.05 Rg. These interpolated electro-magnetic field
data are then used as the input to LaTeP model.

The X-ray volume emissivity can be calculated from pure MHD approach based on Equation 3:
Qmup = Ny * Dxa+ * Vxat * Oxar 11 * Y x@-D+, 4)

q+ . q+
where nya+ can be calculated from ny+ - [X5-] - [(%] , and vxe+ can be considered the same as vy+. Here [X5-

0
indicates the relative abundance of the species X" with respect to oxygen O, and [H—Q,
oxygen with respect to solar wind protons. Hence, the equation can be simplified as:

] indicates the abundance of

Qwmup = @y * D - D+ - Vy+, Q)

where ay; is a combined coefficient that contains the atomic physics parameters (cross sections and emission
probabilities) relative to each ion in the solar wind, as well as the composition properties of the solar wind for
specific energy bands. oy represents the parameter for SWCX with the neutral hydrogen, in the unit of eV cm?,
which is calculated as:

Xa* 0
IR

Please find more details about the parameter « in Koutroumpa (2023). ny+ - vy+ indicates the solar wind proton
flux in the MHD simulations. And ny; indicates the neutral density (only hydrogen is considered here), which can
be estimated from a simple exospheric density equation (Cravens et al., 2001), adapted from the Hodges Jr. (1994)
model:

3
ng = 25(125]5) (em™), @)

where R indicates the distance from the Earth's center measured in Rg. The same exospheric neutral hydrogen
model is used in the LaTeP approach.

2.2. LaTeP Model

The LaTeP model is based on a Monte Carlo approach, in which we launch a large number of test particles (i.e.,
macro particles representing solar wind ions) and trace their motions under the influence of given magnetic and
electric field. The simulation is performed on a cubic uniform grid containing 400 X 400 X 400 cells. The nu-
merical domain is 0 < X <20 Rg, —10 £ Y < 10 R, and —10 < Z < 10 Rg of GSM coordinate system, with the
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minimum grid spacing of 0.05 Ry along all directions. A total number of 37.5 million test particles are launched in
the simulation box, which is sufficient to obtain statistically robust results, according to the previous applications
of the test particle model (Carnielli et al., 2019; Koutroumpa et al., 2012). The particles are launched successively
at random positions on the entrance surface (Y-Z plane, X = 20Rg) with velocities represented by a Maxwellian
distribution applied to all three components (V,, Vy and V,).

The number of test particles in simulation is far less than the number of physical particles in reality due to the
limitation of the computational resources. Each test particle is assigned a weight which is proportional to the
number of physical particles, so that the contribution of test particles can be converted to the proportional
contribution of hypothetical physical particles. The initial weight w, of each injected test particle representing
solar wind proton can be calculated as:

. ®)

where ngy and vgy, indicate the solar wind density and velocity from the initial ambient solar wind conditions in
the MHD models, respectively. N, indicates the total number of test particles, S indicates the surface of the Y-Z
injection plane in the simulation and At indicates the time step.

After deriving the weight w, of a single numerical particle representing solar wind proton, we can then determine
the number of physical particles of the species X9* by simply taking into account their relative abundance with
respect to solar wind protons:

q+
e =[] [2) o

where Ngyw and Ny indicate the number of physical particles representing solar wind proton and X9*,
respectively.

A physical particle will be transformed into a lower charge state ion when it undergoes the charge exchange
reaction. The number of produced ions is determined by the number of parent ions lost at a particular position in
space and as a function of time, according to the equation:

ONxa+
6—): = —NXCH- EO'GRYSAS'CRR Y| (10)
by solving Equation 10, assuming constant speed and neutral component quantity during the time interval (t — At,
t), the number of parent ions evolves according to:

Nixos () = Ny (£ — Af) - e70xseu ¥y -t &¢ (1n
therefore, a fraction w(t) to indicate the test particle transformed during the charge exchange can be written as:
w(t) = w(t — At) - (1 — e7xatu Vxar -t AL (12)

We continually push the test particle until either it exits the simulation box, or it reaches a minimum altitude of 1
Ry, or its numerical weight is 107 times the original solar wind contribution. The X-ray production of the lower

a=D+

charge state ions X in an energy range AE generated by a single numerical test particle in one cell is:

_[X¥*]1 [0 w(t)
Jx@-n+ (t) - [T] : [F] '%E: Yx(q—1)+ m (13)

where ) i Yye-n+ indicates the emission line energy combined all transitions in the energy range AE, AV in-
dicates the volume of the cell.
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Each test particle moves with respect to the local electric and magnetic field and at each time step we determine
the production of the lower charge state ions, adjust the weight of the test particle and sample its contribution to
the X-ray emissions in the corresponding simulation cells. Therefore the X-ray emissions are proportional to the
residence of time of the test particle in a given cell. Then by accumulating X-ray emissions generated by all test
particles, we can obtain the volume emissivity for a given ion species:

Xq+ N‘O[
QLaTeP = Z Jx@D+ 5 (14)
n=1

Note that for simplicity, we keep the species of the parent ion X%* to refer to the emissions produced by the
emitting ions X4~

The total soft X-ray emissions calculated in the LaTeP model is a sum of different ion species emissions:

_ X+ O™ ob+
QLater = Z Qrater = Qratep + Qatep T+ -+ (15)
X+

Each ion species is characterized by different abundance and cross-section with neutral hydrogen. Therefore, it is
possible to compare the impact of different ion species and to investigate the individual spectral characteristics.

Normally, to get the global X-ray emission generated by test particles, it requires us to continuously launch test
particles until the simulation box is fully filled. Since the magnetic and electric field will not change during the
simulation, we launch each randomly generated test particle only once, and assume that its trajectory is repre-
sentative of all the particles launched with the same initial conditions. The accumulated X-ray emissions produced
along this trajectory will then represent the emission contribution of the past, present and future test particles that
follow the same trajectory. This way the results derived from LaTeP model can be considered as the steady state
results. Koutroumpa et al. (2012) provides more details about the LaTeP model.

3. Results
3.1. Emissions From Pure MHD Approach

The emissivity map from pure MHD approach can be derived based on Equation 5. To compare with the LaTeP
results of O, the value of ay is set to be 1.84 X 107! eV cm? here to calculate the emissions of O’ " over the full
energy range of the SXI instrument (0.2-2 keV) (Sembay et al., 2023). The volume emissivity of O’* from pure
OpenGGCM and PPMLR MHD models are presented in Figure 1. To indicate the general location of the
magnetopause, we take the predictions of Shue et al. (1998) model under the solar wind conditions listed in
Table 1 as a reference, exhibited as the dashed line in the figure. In reality, the soft X-ray emission in the
magnetosphere is fairly weak. However, as mentioned before, the MHD model cannot distinguish between the
solar wind plasma and magnetospheric plasma, and the MHD model may predict the density inside the
magnetosphere to be higher than the observation. According to Equation 5, the emissions from pure MHD
approach is influenced by plasma density including both solar wind and magnetospheric plasma, where as only
solar wind plasma is capable of generating SWCX X-ray emission. This will cause the soft X-ray emissions inside
the magnetosphere to be stronger than it should be (Figures 1a, 1b, and 1d), thus a masking method (e.g., using
threshold conditions (Samsonov, Carter, et al., 2022)) is needed to cover the plasma inside the magnetosphere
when deriving X-ray emissions from pure MHD approach.

There is a clear boundary of X-ray emissions between the magnetosphere and magnetosheath in both
OpenGGCM and PPMLR results. We take this boundary as the location of magnetopause revealed by X-ray
emissions from pure MHD approach. The width of the subsolar magnetosheath in OpenGGCM results is
approximately 2.7 Rg and is larger than that in PPMLR resluts (~2.2 Rg). The cusps region revealed in
OpenGGCM results seems thinner and smoother than in the PPMLR results, although this is probably an effect of
indissociable plasma in the magnetosphere in the PPMLR model that artificially enhances the emission. We note
that in OpenGGCM results, the X-ray emission at the dayside magnetopause is generaly stronger than that in
PPMLR results. This is mainly due to the fact that the density of geocorona neutral hydrogen falls as 1/R?, and that
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Figure 1. The soft X-ray volume emissivity of O™ in the equatorial (a and b) and noon-midnight meridian (c and d) plane
from pure MHD approach (a and c) and (b and d) indicate the results of OpenGGCM and PPMLR MHD models,
respectively. The dotted black lines indicate the predictions from the empirical magnetopause model (Shue et al., 1998). The
blue circles indicate the inner boundary of MHD simulations.

the subsolar magnetopause in OpenGGCM results (7.8 Rg) is more Earthward than in the PPMLR results (8.9
Rg), resulting in smaller neutral hydrogen density at the magnetopause in PPMLR results.

By comparing the emission results of pure MHD approach (Figure 1) with the electro-magnetic field, density,
velocity and pressure in MHD models (Figures S1-S5 in Supporting Information S1), we can see that the pure
MHD approach results are consistent with the density, velocity and pressure in MHD models. This consistency is
supported by Equation 5, as the emissions of pure MHD approach are calculated from density and velocity.
Therefore, the differences between pure OpenGGCM and pure PPMLR emission results come from the differ-
ences between physical quantities (e.g., velocity, density, pressure) in these two MHD models. A more detailed
comparison of the two MHD models is beyond the scope of this paper.

To conclude, the MHD models are capable of simulating soft X-ray emission at the dayside magnetopause.
However, there are still several limitations in the MHD model, such as the MHD model cannot resolve particle
kinetic effects and usually requires a masking method to separate the magnetosphere from the magnetosheath. To
address these limitations, we then perform simulations based on the LaTeP model to derive the soft X-ray
emissions near the magnetopause.

3.2. Emissions of O’* From LaTeP-MHD Approach

We use the magnetic and electric field data derived from OpenGGCM and PPMLR MHD models as the input of
the LaTeP model to simulate the X-ray emissions. The simulation results of the volume emissivity of O’* from
LaTeP-OpenGGCM and LaTeP-PPMLR approaches are presented in Figure 2. The emissivity maps for other ion
species exhibit very similar trends with the O’* maps. The maps for ion species: C**, C®F, N®F, N+, 08+, Ne*,
Mg'%*, and Mg''* are provided in the Supporting Information. Note that the emissions for each ion species here
contain the emission line for the full energy range of the SXI instrument. Unlike the pure MHD approach results,
there is no confusion between the solar wind and magnetospheric plasma in the LaTeP-MHD approach. This is
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Figure 2. The soft X-ray volume emissivity of O’* in the equatorial (a and b) and noon-midnight meridian (c and d) plane
from LaTeP-MHD approach (a and c) and (b and d) indicate the results of LaTeP-OpenGGCM and LaTeP-PPMLR models,
respectively. The dotted black lines indicate the predictions from the empirical magnetopause model (Shue et al., 1998). The
red arrows indicate the regions where the emissions are unusually strong.

because the LaTeP model simulates the motion of the particles launched in the solar wind, thus the particles are
usually unable to enter the closed field lines in the magnetosphere, resulting in weak or no emission inside the
magnetosphere. Therefore, it is not necessary to use a masking method in the LaTeP-MHD approach results. The
LaTeP model allows us to clearly define the magnetopause location in the emissivity profiles.

In Figure 2, the magnetopause, bow shock and cusp regions are clearly displayed. Regarding the magnetopause
location, the LaTeP-MHD approach yields consistent results with the pure MHD approach. Similarly, the
magnetopause location in LaTeP-OpenGGCM approach (Figures 2a and 2c) is more Earthward than the LaTeP-
PPMLR results (Figures 2b and 2d). However, regarding the cusps region, the cusps revealed in the LaTeP-MHD
approach are much thinner and more obvious than in the pure MHD approach, especially in the PPMLR case
where artificially strong emission from magnetospheric plasma conceals the cusp emission.

Another difference is that the LaTeP-MHD approach exhibits many small scale structures that the emission
changes considerably along the magnetosheath. For instance, we can see the streamlines of particle motions in
response to the electro-magnetic field input. In this case, small scale variation in the electric field E, component
influenced the dynamic of test particles, leading to these streamline structures in emissivity.

There are also differences between LaTeP-OpenGGCM and LaTeP-PPMLR results. The emissions in the cusps
region in LaTeP-OpenGGCM results (Figure 2c) is much stronger and spatially broader than that in LaTeP-
PPMLR results (Figure 2d). By comparing the emission results of LaTeP-MHD approach (Figure 2) with the
electro-magnetic field data (Figures S1 and S2 in Supporting Information S1), it is clear that the emissions
produced by test particles in LaTeP model are regulated by the configuration of electro-magnetic field data. The
location of magnetopause, bow shock and cusps revealed in LaTeP-MHD results all correspond well to the
electro-magnetic field configurations, indicating the consistency between MHD model and LaTeP model. To
conclude, the differences between physical quantities in OpenGGCM and PPMLR models lead to different be-
haviors of test particles, eventually resulting in different emissions in LaTeP-OpenGGCM and LaTeP-PPMLR.
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Figure 3. X-ray intensity integrated along main axes for LaTeP-OpenGGCM (a and ¢) and LaTeP-PPMLR (b and d)
approaches (a and b) and (c and d) indicate the results integrated along z and y axis, respectively. The red arrows indicate the
regions where the emissions are unusually strong.

One may notice that as pointed by the red arrows in Figure 2b, the emissions are unusually strong within the
region slightly inside the dotted line and the flank magnetopause (in the region Y ~ —7 Rg). Part of these strong
emissions is actually produced by the particles trapped inside the magnetoshere, which we will discuss in detail in
Section 4.

By comparing the results of the pure MHD approach and LaTeP-MHD approach, we can see that under the same
initial solar wind conditions, there are still differences between LaTeP-MHD approach and pure MHD approach,
as well as between PPMLR and OpenGGCM results. Also, there are several unique advantages that LaTeP model
has. Firstly, the LaTeP-MHD approach introduces kinetic effects due to the ion gyromotion. This will allow us to
distinguish small scale structures, such as oscillations downstream of the bow shock associated to the gyro motion
also referred as the bow shock overshoot (Lowe & Burgess, 2003). Secondly, the MHD models are based on
single-fluid simulations that cannot distinguish solar wind from magnetospheric plasma, therefore some inner
regions of the simulated magnetosphere have to be artificially masked in order to reveal the magnetosheath
SWCX emission. The LaTeP-MHD approach allows a clean view of the SWCX emission.

3.3. Global Intensity Maps From the LaTeP-MHD Approach

For the X-ray intensity maps integrated along the line of sight in the LaTeP model, it is generally the sum of the X-
ray emissions of all the ion species mentioned above:

1 v
e = - f 3 Qi) s (16)

X9t

Figure 3 indicates the X-ray intensity integrated along z and y axis in the LaTeP-MHD approach. By comparing
the intensity map integrated along z axis in Figures 3a and 3b, there exists a broad region showing strong intensity
in the LaTeP-OpenGGCM results, whereas in the LaTeP-PPMLR results the intensity is relatively low between
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Figure 4. The ratio between the OVII (0.57 keV) and OVIII (0.65 keV) spectral line maps in the equatorial (a and b) and
noon-midnight meridian (¢ and d) plane from LaTeP-MHD approach (a and c) and (b and d) indicate the results of LaTeP-
OpenGGCM and LaTeP-PPMLR models, respectively. The red arrows indicate the regions where the emissions are
unusually strong.

the range of 5-8 Rg. The broad region with strong intensity is produced because we integrate through the
beginning of the cusp region (along X ~ 5 Rg in Figures 2c and 2d), which is broader and enhanced in the LaTeP-
OpenGGCM compared to LaTeP-PPMLR. In LaTeP-OpenGGCM X-Y projection the magnetopause location is
harder to derive due to the enhanced contribution from the cusps. In the intensity map integrated along the y axis,
the intensity near the cusps region is prominent in the LaTeP-OpenGGCM results (Figure 3c) and is much
stronger than in the LaTeP-PPMLR results (Figure 3d). As pointed by the red arrows, the LaTeP-PPMLR maps
are generally dominated by the emission produced by test-particles trapped in the magnetosphere.

3.4. OVII/OVIII Spectral Line Ratio Maps

To investigate the spectral characteristics of different ion species and to compare observables that can be easily
extracted from processed SXI spectra, we compare the ratio of integrated X-ray maps from the OVII triplet
(produced by charge exchange of O"" at ~0.57 keV) and the OVIII Ly-alpha line (produced by charge exchange
of O®* at 0.65 keV), namely the ratio of O’ to O®* maps (Figure 4). Generally, the OVII triplet emission is
stronger than the OVIII line, which is due to the abundance of O jons in the solar wind being higher than the
abundance of O*. Also the emission probability for the OVII triplet is also higher than the one for the OVIII line.
The ratio is ~1.05, 1.20, and 1.10 in the solar wind, bow shock and magnetosheath, respectively. In the LaTeP-
OpenGGCM results, this ratio exhibits an asymmetry inside the magnetopause as shown in Figure 4a, which is
attributed to the different emissions of O’* and O®* in the magnetosphere. The emissions in the magnetosphere is
considered to be very low, therefore such asymmetry is not revealed in the integrated X-ray intensity map. And
there is a tilted V-shaped structure in Figure 4c that resembles the cusps region. However, this structure is actually
located at the flank magnetopause and only appears to align with the cusps region due to integration. In the
LaTeP-PPMLR results, there is a curved region near the magnetopause where the ratio decreases sharply as
shown in Figure 4b, and a region near the equatorial plane where the ratio is unusually high as shown in Figure 4d
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Figure 5. (a and b) The trajectories of the test particles. The black and red lines indicate the trajectory of normal and trapped
particles, respectively. (c) The magnetic field along the trajectory of the trapped particle versus the time of life of the trapped
particle. The red green and blue lines indicate B,, By and B,, respectively.

(pointed by the red arrows). These two regions correspond to the unusually strong emission in Figure 2b and is
also due to the particles trapped in the magnetosphere, which we will discuss in Section 4.

The X-ray intensity gradient for the bow shock in the projected intensity maps (Figure 3) is not strong enough to
clearly define the bow shock location. However, in all subfigures of Figure 4, there is a region where the values
are higher compared to the surrounding areas, indicating the location of the bow shock. This outlined bow shock
in the OVII/OVIII ratio map is due to the different Larmor radius of O”* and O®* (due to their different q/m ratio)
during their gyromotion.

The OVII/OVIII Spectral line ratio maps reveals a distinguished boundary at the bow shock, suggesting that this
ratio can be a parameter to identify the bow shock. This may provide us more insights into locating the bow shock
through X-ray observations from spacecrafts such as SMILE. Note that this simulation is based on a pure steady
state configuration of the magnetosphere and thus temporal variations of the bow shock might blur or attenuated
this effect.

4. Discussion and Future Work

We note that in the LaTeP-PPMLR approach, there is an abnormal region where the emission is extremely strong
near the flank magnetopause as shown in Figures 2b, 3b, and 3d. To locate the source of the abnormally strong
emission, we check the trajectories of the test particles in the simulation box. According to the trajectories of the
launched particles (Figures 5a and 5b), in the strong emission region at the dawn side magnetopause, there are a
few particles bounce around the equatorial plane and seem to be “trapped.” Based on this result, we can conclude
three main factors that contribute to this strong emission: Firstly, in the LaTeP model, we trace the motion of the
launched particles, and accumulate the X-ray emissions generated along the trajectories to represent the emission
contribution of all particles traveling along the same trajectory in the past, present and future. Secondly, if a few
particles get trapped, they will continuously move without leaving the simulation box, having a very long time of
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life. Thirdly, the neutral density in the magnetosphere is relatively high, which can also enhance the emission. It
should be remembered that only a small fraction of the launched particles charge exchange within the simulation
box. However, particles on “trapped” trajectories must charge exchange completely because they have a long time
of life traveling in a high neutral density region, thus producing strong emission. The unphysical situation is
artificially caused by the way we accumulate the contribution along the trajectories, which is simple, but
approximate. This approximation breaks down when a large fraction of the particles charge exchange. And note
that the trapped particles are not unique to PPMLR, but has been seen in other OpenGGCM runs (not shown in this
study).

Figure 5c indicates the magnetic field along the trajectory of one trapped particle. This trapped particle enters the
magnetopause at ~400 s and then bounces in the Earth's magnetic field, which is unusual since normally the
particles should move along the magnetopause instead of entering the magnetosphere. This transport of solar wind
ions into the magnetosphere is probably due to the Kelvin-Helmholtz instability or the reconnection at dayside
magnetopause (Lu et al., 2013; Sorathia et al., 2019; Yan et al., 2009).

Accumulating the contribution along the trajectories is an approximate and simple method to obtain the emission
map. However, this approximation raises certain issues such as the unusually strong emission from the trapped
particles. To address this issue, it is necessary to develop an improved model that can obtain the global distri-
bution of all the particles and calculate the emissions of each particle individually, instead of using the
approximation method mentioned above.

The magnetic and electric fields remain unchanged once loaded during the simulation, resulting in the current
LaTeP model only being able to adapt to a quasi-steady magnetosphere and obtain quasi-steady results. During
the simulation, the time of life of the particles that are not trapped is typically ~8 min. However, the solar wind
conditions are highly dynamical in reality, implying that the solar wind conditions may undergo significant
changes within this 8-min period. The current LaTeP model cannot well resolve the situation of time-varying
solar wind conditions. There is a feasible solution being used in the LatHyS model (Aizawa et al., 2022; Mod-
olo et al., 2018), based on which an improved LaTeP model is currently under development for better processing
the time-dependent magnetic and electric field.

5. Conclusion

The LaTeP model does not self compute the magnetic field and electric field, while MHD model can. We use the
magnetic and electric field data obtained from OpenGGCM and PPMLR MHD model as the input to LaTeP
model. The soft X-ray emissions simulated from pure OpenGGCM and PPMLR MHD approaches and from
LaTeP-OpenGGCM and LaTeP-PPMLR approaches are presented and compared. The results give an average
range of expected X-ray emissivities and signatures under southward IMF conditions. The results indicate that
there are certain advantages that LaTeP model introduces. Firstly, the LaTeP model introduces kinetic effects due
to the ion gyromotion, and therefore exhibits many small scale structures. Secondly, the MHD model adapts
single-fluid description, thus cannot distinguish between the solar wind and magnetospheric plasma. In the LaTeP
model, the solar wind ions are treated as particles, allowing us to conduct simulations for individual ion species,
enabling a more detailed analysis of spectral characteristics of different ion species. And there is no confusion
between the solar wind and magnetospheric plasma in the LaTeP model, thus can provide a clear perspective on
the SWCX emission near the magnetopause and the cusps region. Therefore, the LaTeP model is a novel approach
for simulating the X-ray emissions. By investigating the ratio of the integrated X-ray intensity of O’ */O%", we
find this ratio relatively higher at the bow shock than the surrounding areas, suggesting it may be an effective
parameter to identify the location of the bow shock. This paper combines the advantages of both LaTeP and MHD
models and can help on the interpretation of X-ray observations.

Data Availability Statement

Simulation results are available through the interactive catalogue http://impex.latmos.ipsl.fr/LatHyS.htm. The
simulation data used in the manuscript correspond to simulation ID LaTeP_PPMLR_15_02_24 and
LaTeP_OpenGGCM_15_02_24.
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