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Abstract Interactions between solar wind ions and neutral hydrogen atoms in Earth's exosphere can lead

to the emission of soft X-rays. Upcoming missions such as SMILE and LEXI aim to use soft X-ray imaging to
study the global structure of the magnetosphere. Although the magnetosheath and dayside magnetopause can
often be driven by kinetic physics, it has typically been omitted from fluid simulations used to predict X-ray
emissions. We study the possible results of soft X-ray imaging using hybrid simulations under quasi-radial
interplanetary magnetic fields, where ion-ion instabilities drive ultra-low frequency foreshock waves, leading to
turbulence in the magnetosheath, affecting the dynamics of the cusp and magnetopause. We simulate soft X-ray
emission to determine what may be seen by missions such as LEXI, and evaluate the possibility of identifying
kinetic structures. While kinetic structures are visible in high-cadence imaging, current instruments may not
have the time resolution to discern kinetic signals.

Plain Language Summary When heavy solar wind ions and exospheric neutrals near the Earth
interact with each other, X-rays can be emitted. Upcoming missions such as SMILE and LEXI will use these
X-rays to image Earth's magnetosphere. Earlier simulations used to predict how these images appear have used
fluid models which omit small-scale physics. In this work we use hybrid simulations, which include ion kinetic
effects, to make predictions about X-ray images. The additional structures due to the kinetic physics can be
seen when the images are taken at high cadence, but current imagers may not have the sensitivity to see these
structures.

1. Introduction

Charge exchange interactions between high charge-state solar wind ions and neutrals in Earth's exosphere can
lead to the emission of soft X-ray photons. For instance, the interaction

O*" +H — O + HY, )

in which an electron is transferred from an exospheric hydrogen atom to an oxygen ion, leaves the oxygen ion
in an excited state. The decay of the electron to a lower energy state then leads to the emission of a soft X-ray
photon. In the plasma environment around the Earth, soft X-rays are emitted due to the interaction of heavy solar
wind ions and neutral hydrogen, as shown by various observational studies (e.g., Carter & Sembay, 2008; Cravens
etal., 2001; J. A. Carter et al., 2011; Freyberg, 1998).

The study of global magnetospheric dynamics using soft X-rays with wide field-of-view imaging has been
suggested (Branduardi-Raymont et al., 2012; M. Collier et al., 2012; Kuntz et al., 2015; Sibeck et al., 2018; B.
M. Walsh et al., 2016). Spacecraft such as the Solar wind-Magnetosphere-Ionosphere Link Explorer (SMILE)
(Branduardi-Raymont et al., 2018) and the Lunar Environment heliospheric X-ray Imager (LEXI) (B. Walsh
et al., 2020) will be launched in the near future. Potential results of soft X-ray imaging have been studied by using
data from Magnetohydrodynamics (MHD) simulations (Connor et al., 2021; Kuntz et al., 2015; Matsumoto &
Miyoshi, 2022; T. R. Sun et al., 2015, 2019; B. M. Walsh et al., 2016). In these works it has been shown that it
may be possible to observe physical phenomena such as Kelvin-Helmholtz instabilities (T. R. Sun et al., 2015),
the magnetospheric cusps, and magnetopause motion and erosion due to reconnection (Connor et al., 2021;
Samsonov, Carter, et al., 2022; Samsonov, Sembay, et al., 2022; T. R. Sun et al., 2019; B. M. Walsh et al., 2016).
These results have shown how imaging can contribute to the understanding of global magnetospheric dynamics.
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Due to the fluid nature of the MHD model, kinetic structures are not captured by these simulations. Hybrid
simulations, with kinetic ions and fluid electrons, have been used to study the effects of ion kinetic physics on
the global behavior of the magnetosheath and magnetosphere. For example, ion-ion instabilities in the fore-
shock generate ultra-low frequency (ULF) waves, which may evolve into structures such as short large amplitude
magnetic structures (Chen, Wang, et al., 2021; Schwartz et al., 1992), cavitons (Kajdi¢ et al., 2011) and spontane-
ous hot flow anomalies (Zhang et al., 2013). Other kinetic structures, such as high speed jets (Hietala et al., 2012;
Raptis et al., 2020), are also present in these simulations (Y. Omelchenko et al., 2021; Ng et al., 2021). These
structures can cause large scale perturbations in the magnetosheath and at the magnetopause, sometimes even
triggering reconnection (Chen, Ng, et al., 2021; Lin & Wang, 2005; Ng et al., 2021; Omidi et al., 2016). Hybrid
simulations have also been used to study the effects of foreshock waves on field-line resonances (Shi et al., 2021),
and cusp energetic ions (X. Y. Wang et al., 2009). It is important to understand which aspects of kinetic physics
can be captured by X-ray imaging with present and future instruments.

In this paper we discuss the results of reconstructing X-ray emission using global hybrid simulation data. In
Section 2.1 we discuss the hybrid simulations and the X-ray emission model used to calculate the X-ray emission
intensities. In Section 3 we discuss the images produced and the physical phenomena that can be seen, followed
by a discussion of the limitations and a summary in Section 4.

2. Simulation and Soft X-Ray Model
2.1. Hybrid Simulations

In this work we use data from hybrid particle-in-cell simulations to reconstruct soft X-ray emission inten-
sity. Ions (in this case protons) are evolved kinetically as macroparticles while the electrons are treated as a
charge-neutralizing fluid. The governing equations of the HYPERS model and numerical details are available in
(Y. Omelchenko & Karimabadi, 2012; Y. Omelchenko et al., 2021; Y. A. Omelchenko et al., 2021).

We discuss results using the same data from simulations in Ng et al. (2022a). In both cases, the IMF is quasi-radial,
with cone angle 170°, where the B, component of the IMF points toward the Earth. The clock angles are 0° and
180°. The simulations use a physical domain of 716d, X 1334d, x 1334d,, where d is the proton inertial length
in the solar wind. The upstream ratio between thermal and magnetic pressure for both protons and electrons is
p =8xnyTy/ B(z) = 0.5, and the ratio of the speed of light to the upstream Alfvén speed is c/v, = 8,000. Here n,
By, and T, are the solar wind values of density, magnetic field and temperature respectively. The Earth's magnetic
dipole is tilted 11.5° sunward. The computational domain is covered by a 300 X 500 x 500 cell stretched mesh,
with a uniform patch around the Earth being covered by 175 x 300 x 300 grid cells with a resolution of 1 cell per
d.. Outside the uniform patch, the mesh cells are stretched exponentially with a growth factor of 12.

We use the Geocentric Solar Magnetospheric (GSM) coordinate system, where the x-axis points from the Earth
toward the Sun, the y-axis points in the dawn-dusk direction and the z-axis completes the right-handed system.
The initial Alfvén Mach number is 8 (i.e., vy/v, = 8). The dipole strength is scaled such that the nominal magne-
topause standoff distance is approximately 100 d, (using the solar wind value of d; ~ 100 km). The inner bound-
ary is a hemisphere of radius 50 d; with absorbing boundary conditions for particles and perfectly conducting
boundaries for fields. We note that the standoff distance of 100 d, is smaller than the realistic standoff distance
(~500 d,), but is much larger than the minimum distance needed to simulate an earthlike magnetosphere (Omidi
et al., 2004). As was demonstrated (T6th et al., 2017), the global magnetospheric solution is not strongly sensitive
to this scaling factor, with the ion inertial length dynamics of the numerical model occurring in a self-similar
manner with respect to the original plasma system. In the simulation, the solar wind density is set to be 5 cm™,
and the magnetic field is IBl & 3.8 nT. The solar wind proton temperature is 3.6 eV. Simulation outputs are written
every 3.125/Q . ~ 8.3 s where Q, is the ion cyclotron frequency calculated using the IMF. The conversion to
physical units is discussed in the Appendix.

Simulations with these parameters have been used in previous works (Chen, Ng, et al., 2021; Ngetaal., 2021, 2022a;
Y. Omelchenko et al., 2021) to study the effects of the quasi-radial IMF conditions on the magnetosheath and
magnetopause. As this paper is focused on the results of soft X-ray imaging rather than an analysis of the plasma
behavior, we briefly summarize the results here. Under quasi-radial IMF, the conditions are favorable for the
formation of foreshock kinetic waves and structures including high-speed jets—regions of enhanced dynamic
pressure in the magnetosheath. It should be noted that periods of quasi-radial (cone angle <30°) IMF, where the
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kinetic effects are strongest, occur ~16% of the time based on observations at 1 AU (Suvorova et al., 2010). In Y.
Omelchenko et al. (2021), jets in the simulations were identified and characterized and compared to observations.
In Chen, Ng, et al. (2021) and Ng et al. (2021), the effects of foreshock turbulence and high-speed jets on the
magnetopause were studied and shown to cause magnetopause indentations and trigger magnetopause reconnec-
tion. Ng et al. (2022a) studied the overall structure of the magnetosheath and the role of foreshock turbulence.
For the slightly northward IMF case, it was shown that a dynamic plasma depletion layer (PDL) developed, while
in the slightly southward IMF case, the combination of foreshock turbulence and reconnection led to density
enhancements in the cusp.

2.2. Soft X-Ray Model

Following Kuntz et al. (2015), Connor et al. (2021), Cravens et al. (2001), the soft X-ray intensity is calculated
using the line integral

Ryray = 41/N,,NNveffds[chm'zs"sr"], )
T

where ver = /0% + ufh is the effective velocity with v, and v,, the bulk and thermal velocities respectively. N, is
the ion density and N, is the neutral density. The integral is taken along the line-of-sight of the soft X-ray imag-
ing device. We use @ = 6 x 107!% eVem? (Connor et al., 2021; Cravens et al., 2001), and the neutral density is
determined by

3
Ny = 25( 10§E> [em™], ©)

where R is the distance from the center of the Earth and R, is the Earth radius.

3. Results

We first provide an overview of the simulation. Figure 1 shows the plasma density in the GSM x-z and x-y planes,
with the southward IMF case on the left, and the northward IMF case on the right. The results shown in the
figure are chosen to highlight specific features in the system. In both cases, there are strong foreshock density
fluctuations due to the nonlinear evolution of ULF waves, and the magnetosheath is turbulent. The southward
IMF case shows a density enhancement outside the northern cusp associated a high-speed jet (Ng et al., 2022a),
while the northward IMF case shows a thin region of reduced density at the northern cusp boundary referred to
as a PDL (Lavraud et al., 2005; Zwan & Wolf, 1976). In the x-y plane of the northward IMF simulation, a strong
indentation of the magnetopause is seen in the —100 < y < 0 region, caused by the impact of a large high-speed
jet approximately 10Q_! before. The time evolution of the systems can be seen as movies in Ng et al. (2022b).

Using Equation 2, we calculate the soft X-ray intensities observed by a spacecraft located at (x, y, z) = (0, 60R,,
0). The angular resolution of the images is 0.2° X 0.2°, corresponding to the resolution of the LEXI detector
and the approximate orbit radius of the camera which is positioned on the moon. Note that the use of a stretched
mesh reduces the accuracy of the integration away from the central domain, but the effect on the integral is small
because of the 1/R? scaling of the neutral density. The results are shown in Figure 2, where /2 — @ is the polar
angle measured from the positive z axis, and ¢ is the azimuthal angle measured from the positive y axis. The inner
boundary is marked by the black area. In these results we have not performed masking of the magnetosphere as
in (Samsonov, Carter, et al., 2022), but the density in the magnetosphere and contribution to the X-ray intensity
is sufficiently small that we can readily identify the magnetopause boundary in the results. In the southward IMF
case, there is increased intensity in > 0 region, corresponding to the enhancement seen in Figure 1. While some
of the increase in intensity can be attributed to the dipole tilt in the system (e.g., B. M. Walsh et al., 2016), the
peak intensity in this region varies by up to a factor of two during the simulation, indicating the transient behavior.
The time evolution of this region close to the northern cusp can be seen as a Movie S1.

For the northward case shown in the right panel of Figure 2, there are clear physical features which are marked
by arrows. Around 0 = 5°, the intensity shows a minimum before the transition to the cusp close to ¢ = 173°,
indicative of the PDL, while there are curved intensity enhancements in the foreshock region. These are related

NGET AL.

30of 10

85U0|7 SUOWILIOD 8A[FeR1D 3edldde ayy Aq peusencb are ssjolie O ‘@SN Jo Sajni Joy Areiq1 8UlUO A8]IAA U (SUORIPUOD-pUe-SWIB)LI0D" A3 1M Ale.q 1 Bu{UO//:SANY) SUORIPUOD Pue sWie | 8u1 88S *[7202/20/82] Uo AreiqiTaulluo fe|im ‘AiseAIUN uosog Aq LPEE0T 1DEZ02/620T OT/I0p/w0d A8 imAreiq1juljuo sqndnBey/sdny wouy pepeojumoq ‘0T ‘€202 ‘20087Y6T



AP~ .
NI Geophysical Research Letters 10.1029/2023GL103347
ADVANCING EARTH
AND SPACE SCIENCE
SW IMF, tQ¢; = 253 NW IMF, tQq = 368 n[cm~3]
— 30
300 5
Depletion
200 d layer
100 - 25
S o
N
-100
20
—200
—-300
15
300
200
10
100
S o
>
-100 5
—200
-300
0
250 200 150 100 50 0 250 200 150 100 50 0
x[d;] x[d;]
Figure 1. Overview of the quasi-radial IMF simulations with weak southward (left) and northward (right) components in
Geocentric Solar Magnetospheric x-z (top) and x-y (bottom) planes using a subset of the domain. The aspect ratios of the axes
are slightly distorted so that the entire dayside is shown.
to the evolution of foreshock waves into structures known as cavitons or spontaneous hot flow anomalies
(Blanco-Cano et al., 2009; Lin & Wang, 2005; Zhang et al., 2013), characterized by high densities and magnetic
fields at the rims and increased temperatures inside. One of the more prominent structures is found at 6 = —7.5°,
where there is a local maximum of intensity. Similar structures can be seen in the southward IMF case in the
0 > 5° region. Evidence of foreshock activity is visible in other regions just outside the magnetosheath where
there is increased intensity compared to regions further away in the solar wind.
The soft X-ray diagnostic can be used to study the motion of the magnetopause. As shown in (M. R. Collier &
Connor, 2018; Connor et al., 2021; Samsonov, Carter, et al., 2022; T. Sun et al., 2020; C. Wang & Sun, 2022),
the peak intensity corresponds to the angle at which the line of sight is tangent to the magnetopause. As ¢
increases, the line of sight moves from the magnetopause to the magnetosphere, the intensity is reduced as the
integral passes through a shorter region of the high density magnetosheath and parts of the low density magne-
tosphere. When ¢ decreases and the line of sight moves toward the bow shock, the intensity reduces as the path
through the magnetosheath also shortens. Beyond point where the line of sight is tangent to the bow shock, there
is also a change in the gradient as the line of sight no longer passes through the magnetosheath, leading to a
reduced signal and less variation aside from foreshock activity. In addition to the maximum of intensity at the
NG ET AL. 4 of 10

85U0|7 SUOWILIOD 8A[FeR1D 3edldde ayy Aq peusencb are ssjolie O ‘@SN Jo Sajni Joy Areiq1 8UlUO A8]IAA U (SUORIPUOD-pUe-SWIB)LI0D" A3 1M Ale.q 1 Bu{UO//:SANY) SUORIPUOD Pue sWie | 8u1 88S *[7202/20/82] Uo AreiqiTaulluo fe|im ‘AiseAIUN uosog Aq LPEE0T 1DEZ02/620T OT/I0p/w0d A8 imAreiq1juljuo sqndnBey/sdny wouy pepeojumoq ‘0T ‘€202 ‘20087Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2023GL103347

6 [deg]

enhancement

Xray, Southward IMF, tQ. = 253 Xray, Northward IMF, tQ. = 368

i@ Depletion layer| 1400

1200

1000

- 800

6 [deg]

- 600

eVem—2s~lgr1

400

200

T Foreshock
structures

165.0 167.5 170.0 172.5 175.0 177.5 180.0 165.0 167.5 170.0 172.5 175.0 177.5 180.0

¢ [deg] ¢ [deg]

Figure 2. Soft X-ray images from the slightly southward and slightly northward IMF simulations using a detector positioned at Geocentric Solar Magnetospheric
y = 60R with angular resolution 0.2° x 0.2°.

magnetosheath, there are changes in the gradient of the intensity at the transitions between the magnetosphere
and magnetosheath, and the magnetosheath and the solar wind. This can then be used to track the motion of the
magnetopause throughout the simulation. The location of the tangent to the bow shock is where the gradient of
the intensity changes from the solar wind to the magnetosheath, and this is detected by finding the peak dszy/
d¢*. The evolution of a cut along ¢ at § = 0 in both simulations is shown in Figure 3, with a slight offset at each
successive time for clarity. In both simulations, it can be seen that the peak moves, indicating magnetopause
motion. This is caused by the changing plasma pressure in the turbulent magnetosheath. At certain times, the
peaks broaden, likely due to magnetosheath inhomogeneities changing the density profile and hence the X-ray
emission. At the latest time in the northward IMF simulation, the intensity peak is particularly far to the right
due to a magnetopause indentation. There are also indications of density enhancements at the bow shock related
to foreshock activity (e.g., Lin & Wang, 2005; Omidi et al., 2016) which can be seen as “knees” in the intensity
plots around ¢ = 168°.

Because of foreshock activity and density variations in the magnetosheath, the dszy/dqb2 signal is not as clear
as it is in MHD simulations. Examples from different times used to illustrate the potential issues are shown in the
lower panels of Figure 3. The bottom left panel shows a straightforward trace, where the peaks in d2Rmy/d¢>2 at
6 ~ 169° and 170.5° show clear indications of the bow shock and magnetopause. There are some also fluctuations
in the foreshock region indicative of the wave activity there. Overall, this trace is quite similar to the examples
shown in Connor et al. (2021). A more complex example is shown in the bottom right. Here dszy/d¢2 shows
multiple minima and maxima due to density fluctuations in the magnetosheath. While it is still possible to iden-
tify the bow shock and magnetopause positions using the maximum at ¢ % 168° and the minimum at ¢ =~ 170°,
the more complex trace indicates that the interpretation of the signal can be more difficult than what is expected
from MHD studies because of the turbulence in the magnetosheath.

The question of whether the X-ray signal can be measured is an important one. So far, we have studied the
“ideal” case, with the signal calculated using single outputs from the simulation. Figure 4 shows the results of
time-averaging and using a lower angular resolution. Here the time-averaging is performed over approximately
30 s (corresponding to 4 simulation outputs around the times shown in Figure 2). It can immediately be seen that
the large-scale magnetosheath inhomogeneities are still present, though the fine structures in the foreshock are
no-longer visible but are smeared out. Integrating over a more realistic longer period would thus further wash
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Figure 3. (top) Stack plots showing the time evolution of the intensity at = 0° in both simulations showing the motion
of the magnetopause. (bottom) X-ray intensities and @R, /d¢? at selected times to show (left) how the bow shock and

xray
magnetopause locations can be determined, and how density inhomogeneities complicate the interpretation of the signal. A
dashed vertical line is provided as a visual aid. The time interval between each trace is 9.375/Q, ..

out the kinetic structures. Based on some experimentation with the simulation data, we find that the foreshock
structures are visible when averaging over approximately 15 s is performed. The large-scale inhomogeneities are
still visible with the time-averaging and with lower resolution. These plots do not include the contribution of the
galactic background, that has been well-characterized by astrophysical observatories such as ROSAT (Kuntz &
Snowden, 2000; Triimper, 1982). While the magnetospheric signal varies on time-scales of minutes in response
to the varying solar wind, the galactic contribution varies on much longer time scales, years or more, allowing
much of it to be removed from the integrated signal (Sibeck et al., 2018). For a lunar-based observer looking away
from the direction of the incident solar wind, the charged particle background is relatively low. The LEXI payload
utilizes blocking filters and sweeping magnets to stop and repel charged particles. The modeled charged particle
background for the payload is less than 1 count/s. A brief discussion of the results with added galactic background
and Poisson noise is available in the Appendix.

4. Discussion and Summary

We have used hybrid simulations of the dayside magnetosphere under quasi-radial IMF to calculate soft X-ray
emission intensity. This technique will be used to image the magnetosphere by upcoming missions such as LEXI
and SMILE, and in earlier work, MHD simulations have been used to show the possible physical phenomena that
can be captured by the imaging method (Atz et al., 2022; Connor et al., 2021; Kuntz et al., 2015; Matsumoto &
Miyoshi, 2022; T. R. Sun et al., 2015, 2019; B. M. Walsh et al., 2016).

Under quasi-radial IMF, the physical conditions are favorable for foreshock turbulence to affect the subsolar
regions of the magnetosheath and magnetopause. Our results show that some of these kinetic effects can be seen
in the X-ray emission intensity, including transient density enhancements, magnetosheath indentations due to
turbulence and signatures of foreshock activity such as cavitons. Additionally, the structure of the intensity in the
magnetosheath can be more complex than seen in MHD simulations because of kinetic turbulence.
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Figure 4. (top) Time-averaged signals over 30 s in both simulations around the times used in Figure 2. (bottom)
Lower-resolution images of the X-ray intensities at the times shown in Figure 2.

Whether the kinetic signatures can be detected by upcoming missions is less clear for a number of reasons.
Because of the computational limitations of hybrid simulations, some scaling is required to convert the inten-
sities of the reduced system to what would be expected from the Earth's magnetosphere, which is discussed in
the Appendix. Imaging devices also have a finite integration time, meaning that transient structures may be
washed out due to time-averaging. For instance, the foreshock structures in this work are visible when aver-
aging over less than approximately 15 s, while the integration time for the SMILE mission is several minutes
(Branduardi-Raymont et al., 2018). More sensitive imagers in the future will likely be required to observe these
structures. For these simulations, the solar wind density is relatively low, meaning that a longer integration time
would be required to achieve a statistically significant signal to noise ratio, reducing the chances of seeing tran-
sient kinetic structures. Further kinetic studies with more favorable physical parameters such as higher densities
and alternative IMF orientations will need to be performed to determine if the kinetic structures can be detected,
and the conditions under which this will be possible.

To summarize, imaging using soft X-rays has been investigated using the results of hybrid simulations. The
results show that kinetic structures can be seen in the X-ray emission signal, indicating the potential of this tech-
nique to observe kinetic physics. The ability of planned instruments to detect these kinetic structures will require
further investigation.

Appendix A: Scaling of Units to Realistic System Size

As mentioned in Section 2.1, the hybrid simulation uses a reduced length scale due to computational limitations.
This is typical in hybrid simulations, where a compromise between physical accuracy and computational cost
has to be made by scaling the /€, ratio (ion plasma frequency to cyclotron frequency in the solar wind), the
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Figure Al. Possible detector output using LEXI instrument parameters and a 1° X 1° resolution after integrating over
1,200 s, after the addition of noise and background.

solar wind density or size of the Earth (both effectively control d/R,) or under-resolving the simulation. In this
work, we have chosen the solar wind density n = 5 cm™ to keep the ion cyclotron frequency reasonable, which
effectively reduces the size of the Earth, though the system size is sufficient for the development of an Earth-like
magnetosphere (Omidi et al., 2004; Té6th et al., 2017).

Because of this, the X-ray intensities are lower than in comparable MHD simulations (Connor et al., 2021; T. R.
Sun et al., 2015; B. M. Walsh et al., 2016). From Equation 2, which we reproduce here for convenience,

Ryray = l/NpNNueffds[chm’zs"sr"], (A1)
4z

the only physical quantity which is reduced is the length scale, or the ds integral, which is reduced by an approxi-
mate factor of 5. One may perform a naive scaling and multiply the intensities by this factor to obtain the expected
intensities. If we compare the values from the figures in this paper to (Connor et al., 2021), we note that their

magnetosheath signal is ~15 keVem™2 s7! sr™!, compared to ~4-7 keVem=2 s~! sr~! in this paper (Figures 2
and 4). However, noting that their solar wind density is 10 cm™, twice ours, we find that the X-ray intensities are

overall consistent.

For comparing hybrid simulations to expected measurement results, it is necessary to use the scaled values to
obtain reasonable predictions. An illustration of possible measurements from the southward IMF simulation
is shown in Figure Al. To produce these measurements, we have used the calibration for LEXI to convert to
X-ray counts, then added the galactic background and poisson noise, similar to (B. M. Walsh et al., 2016), and
integrated over approximately 1,200 s because the solar wind density is low (due to the limited duration of the
available simulation data in quasi-steady state, results are averaged over 300 s, then scaled by a factor of 4). For
this paper, the low density, which leads to a weaker X-ray signal, was chosen as the physics in the simulations
with these parameters has already been analyzed. Further work with a higher initial solar wind density will be
necessary.

Data Availability Statement

Data used in this paper are available at (Ng et al., 2023).
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