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Abstract

We examined soft X-ray emission by the solar wind charge-exchange process around the Earth’s magnetosphere using a global

magnetohydrodynamic simulation model. The dayside magnetopause reconnection heats and accelerates the plasma whereby the

X-ray emission becomes as bright as $\sim 6 \times 10ˆ{-6} {\rm\ eV}\ {\rm cm}ˆ{-3}\ {\rm s}ˆ{-1}$ under the southward

interplanetary magnetic field conditions. In particular, under low plasma-$\beta$ solar wind conditions, we found that the

X-ray intensity reflects the bulk motion of outflows from the reconnection region. We propose that this particular solar wind

condition would allow visualization of the mesoscale magnetopause reconnection site, as observed in the solar corona.
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Key Points:6

• Global magnetospheric MHD modeling of soft X-ray emission is examined under7

low-temperature solar wind conditions8

• Soft X-ray emission by the solar wind charge-exchange process is expected to be9

very bright around the dayside reconnection region10

• X-ray map can reflect plasma jets under cold solar wind allowing visualization of11

the reconnection region as observed in the solar corona12
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Abstract13

We examined soft X-ray emission by the solar wind charge-exchange process around the14

Earth’s magnetosphere using a global magnetohydrodynamic simulation model. The day-15

side magnetopause reconnection heats and accelerates the plasma whereby the X-ray emis-16

sion becomes as bright as ∼ 6 × 10−6 eV cm−3 s−1 under the southward interplane-17

tary magnetic field conditions. In particular, under low plasma-β solar wind conditions,18

we found that the X-ray intensity reflects the bulk motion of outflows from the recon-19

nection region. We propose that this particular solar wind condition would allow visu-20

alization of the mesoscale magnetopause reconnection site, as observed in the solar corona.21

Plain Language Summary22

A charge exchange between highly charged-state ions in the solar wind and neu-23

tral atoms is understood as a bright source of soft X-ray in space. It has been suggested24

that this emission helps visualize the global structures of the Earth’s magnetosphere as25

a backlight; that is, we expect such an emission to be bright, in particular in the day-26

side solar wind (magnetosheath), and dark on the magnetosphere side. For validation27

and for an upcoming space telescope mission, we have developed a numerical model to28

provide the spatial distribution of the X-ray intensity. We conducted numerical simu-29

lations under various solar wind conditions. The model predicts that the X-ray emission30

is bright in the current layer near the reconnection region at the magnetospheric bound-31

ary. In particular, under low-temperature solar wind conditions, we found that the X-32

ray intensity reflects the bulk motion of reconnection jets, thus allowing visualization of33

a breaking of the terrestrial magnetic barrier.34

1 Introduction35

In-situ spacecraft observations have revealed the plasma dynamics in the Earth mag-36

netosphere and the solar wind in response to variations in the activities on the Sun. Such37

observations provide ample opportunities to understand plasma kinetics, where energy38

release and dissipation by magnetic reconnection, collision-less shocks, and turbulence39

are of great interest. By contrast, global imaging of remote objects by observation of elec-40

tromagnetic wave emissions, as in radio waves, optical light, infrared, X-, and gamma41

rays, is a common tool in astrophysics. Such remote imaging techniques have also been42

used for visualizing the near-Earth space environment (geospace). The plasmasphere in43

the inner magnetosphere was visualized by observing extreme ultraviolet emission (Nakamura44

et al., 2000; Burch et al., 2001). The detection of energetic neutral atoms generated through45

a charge-exchange process between protons and neutral (hydrogen) atoms has been a tool46

for providing global pictures of the ring current (Burch et al., 2001; Goldstein & McCo-47

mas, 2013) in the inner magnetosphere, the magnetosheath, and the cusp regions (Fuselier48

et al., 2010; Petrinec et al., 2011), as well as in heliospheric structures (McComas et al.,49

2009).50

It has been suggested that observation of soft X-ray emissions could be useful as51

a remote imaging tool (Sibeck et al., 2018). The soft X-ray emission in this context was52

first recognized as an unknown source of X-ray enhancement discovered by the astrophys-53

ical X-ray space telescope, and was known as the long-term enhancement (Snowden et54

al., 1994). Such mysterious emissions were also found when the X-ray telescope observed55

the Hyakutake comet (Lisse et al., 1996). Later, it was found that the enhancement cor-56

related well with solar wind proton flux variations (Cravens et al., 2001). We now un-57

derstand that the emission is attributed to the charge exchange between highly charged-58

state heavy ions, such as C6+, O7+ or O8+ ions, in the solar wind and neutral atoms (Cravens,59

1997). This process is referred to as solar wind charge exchange (SWCX).60
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SWCX in the geospace was evidenced by spectrum-resolved X-ray observations by61

Chandra (Wargelin et al., 2004), XMM-Newton (Snowden et al., 2004; Carter & Sem-62

bay, 2008; Connor & Carter, 2019), and Suzaku (Fujimoto et al., 2007; Ezoe et al., 2010;63

Ishikawa et al., 2013). These observations with the spectral information in sub-keV en-64

ergies revealed that enhanced counts at the energies expected for SWCX emission lines65

were observed when instruments pointed at regions with high densities of solar wind ions66

like the magnetosheath and the cusp.67

After these successful observations, specially designed missions of the X-ray space68

telescope, including SMILE (https://www.cosmos.esa.int/web/smile/home) and STORM69

(https://stormmission.com/), were proposed to visualize the magnetosphere through70

SWCX. Japanese GEOspace X-ray imager (GEO-X) project shares such scientific ob-71

jectives and has been approved as a very small satellite mission. The GEO-X satellite72

is scheduled to be launched during the upcoming solar maximum and will be delivered73

to a low-latitude orbit at a distance of the lunar orbit (Ezoe et al., 2020).74

Numerical modeling of the SWCX emission is necessary for mission design and to75

determine the scientific targets in advance. Such modeling also complements the obser-76

vations to understand the magnetospheric dynamics behind them. Global magnetohy-77

drodynamic (MHD) simulations of the Earth magnetosphere have been used to model78

X-ray emission in the dayside magnetosheath, the cusp (Kuntz et al., 2015; Connor &79

Carter, 2019; Connor et al., 2021), and the low-latitude boundary layer subject to the80

Kelvin–Helmholtz vortex evolution (Sun et al., 2015). While these simulation models pro-81

vided intensity maps reflecting the shape of the magnetospheric boundaries, in this Let-82

ter, we propose that by employing global MHD simulations, the X-ray emission can pro-83

vide unique information concerning the plasma dynamics around the magnetopause re-84

connection site under particular solar wind conditions. We expect to observe accelerat-85

ing plasma outflows from the reconnection region from the low-latitude orbit of GEO-86

X.87

2 Numerical Models88

We developed a global MHD simulation model of the magnetosphere by using the89

public MHD code CANS+, which adopts standard Godunov schemes, including the ap-90

proximate Riemann solvers and the nonlinear interpolation schemes (Matsumoto et al.,91

2019). In this study, we specifically used the Harten-Lax-van Leer (HLL) approximate92

Riemann solver (Harten et al., 1987) and the fifth-order, monotonicity-preserving (MP5)93

scheme (Suresh & Huynh, 1997). We solved the modified MHD equations for numeri-94

cally stable solutions with the dipole magnetic field by subtracting the potential field in95

the numerical flux calculation (Miyoshi et al., 2010; Guo, 2015).96

The simulations were conducted in Cartesian coordinates with inner boundary con-97

ditions on a sphere surface at a radial distance of R = 4 RE, where RE is the Earth’s98

radius. The numerical resolution in space was defined as ∆X = ∆Y = ∆Z = 0.15 RE99

in X ≤ 54 RE and |Y |, |Z| ≤ 22.875 RE. The resolution gradually decreased in regions100

further outward and tailward. The overall domain covered −30 RE ≤ X ≤ 85.6 RE101

and −38.3 RE ≤ Y,Z ≤ +38.3 RE with 592×355×355 computational cells. The solar102

wind plasma and the interplanetary magnetic field (IMF) were imposed as a boundary103

condition in the Y –Z plane at X = −30 RE. (Here the positive X- and Y-axes point104

to the tailward and dawnward directions, respectively.)105

We calculated the X-ray emission intensity by the empirical model (Cravens et al.,106

2001; Connor et al., 2021) given as107

I = αNpNH

√
v2th + V = αNpNH

√
3kBT

M
+ V 2 [eV cm−3 s−1], (1)
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Table 1. Upstream solar wind conditions for simulation runs

Np [cm−3] V [km s−1] Bz,IMF [nT] Mf β

normal solar wind 4 400 -3 5.3 5.0
low-β solar wind 4 300 -10 2.6 0.1

where α = 6×10−16 eV cm2 is the coefficient that incorporates information about the108

cross sections, the emission line energies, and the ion compositions in the solar wind, Np109

and NH are the plasma and hydrogen number density, respectively, vth is the plasma ther-110

mal speed for the plasma temperature T with the Boltzmann constant kB and the pro-111

ton mass M , and V is the bulk speed of plasma. The MHD model provides three-dimensional112

(3D) distributions of Np, T , V , whereas the hydrogen number density profile is given by113

a spherically symmetric model of the exosphere (Cravens et al., 2001) as114

NH = 25

(
10 RE

R

)3

[cm−3]. (2)

Now we focus on the emission around the magnetopause reconnection site and con-115

sider the possibility of finding the plasma dynamics from the X-ray intensity map. For116

this purpose, we arrange eq. (1) as117

I = αNpNH

√
3kBT

M
+ V 2 = αNpNHV

√
1.4

M2
s

+ 1, (3)

where the sonic Mach number Ms refers to the reconnection outflow, with the specific118

heat ratio of 5/3. Using the relation between the outflow Mach number and the plasma119

β in the inflow region (Soward & Priest, 1982; Aurass et al., 2002; Seaton & Forbes, 2009),120

we have121

I = αNpNHV

√
1.4

M2
s

+ 1 = αNpNHV

√
6 + 15βsheath

10
+ 1, (4)

where βsheath is the plasma β defined in the magnetosheath (shock downstream). From122

eq. (4), we find that the X-ray intensity can reflect the plasma bulk motion under low-123

β conditions in the shock downstream (βsheath) provided NH is uniform within the scale124

of the current sheet. In the limit of βsheath ≪ 1, we expect X-ray emissions from the125

outflow with the strength of126

I = 1.0× 10−5

(
Np

10 cm−3

)(
10 RE

R

)3 (
V

500 km s−1

)
[eV cm−3 s−1]. (5)

Next, we search for upstream solar wind conditions such that βsheath becomes less than127

unity.128

Figure 1 shows the downstream plasma β calculated from the magnetosonic per-129

pendicular shock jump condition. A typical solar wind parameter (black filled circle) re-130

sults in a high β (∼ 15) plasma in the magnetosheath. For these normal conditions, we131

expect the X-ray emission to reflect hot plasma distribution in the magnetosheath. By132

contrast, conditions in which the downstream β becomes less than unity are limited to133

the left bottom corner of the diagram. In this study, we selected upstream parameters134

as indicated by the white open circle in Figure 1, giving downstream β ∼ 0.5, as a low-135

β solar wind condition. Other upstream parameters are summarized in Table 1.136
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Figure 1. Downstream plasma β2 from the magnetosonic perpendicular shock jump condi-

tion as a function of the magnetosonic Mach number Mf and the upstream plasma β1. The solid

white line indicates β2 = 1. Black filled and white open circles indicate the selected normal and

low-β solar wind conditions, respectively.
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(a)

(b)

(c)

Figure 2. 3D distribution of the SWCX emission intensity for (a) the normal and (b) low-β

solar wind conditions along with (c) the Vz profile for the low-β condition. The color ranges with

gradual opacity increment as indicated by the color bars. The color of the field lines represents

the magnetic field strength. Data in the morning-north sector (Y < 0 and Z > 0) were dropped

for 3D visualization.
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(d)

(c)(a)

(e)

(b)

(f)

Figure 3. Meridional profiles of the plasma pressure ((a) and (d)) in the unit of (10−9 Pa),

plasma β ((b) and (e)) in the logarithmic scale, and the z-component of the velocity ((c) and (f))

in (km s−1) for the normal (top) and low-β (bottom) solar wind conditions. Overplotted field

lines represent the magnetic field.

3 Simulation Results137

We examined the global MHD simulations for the normal and low-β solar wind con-138

ditions (Table 1). We used data when the magnetosphere reached a stationary state af-139

ter continuously injecting upstream plasma for an hour.140

Figure 2 shows global 3D images of the SWCX emission strength calculated by eq.141

(1) for the normal (Figure 2(a)) and low-β (Figure 2(b)) solar wind conditions. For the142

normal solar wind case, the X-ray emission is diffused in the entire dayside magnetosheath143

with strength of ∼ 2 × 10−6 eV cm−3 s−1. A bright spot can be found at the top of144

the cusp region with strength of ∼ 3×10−6 eV cm−3 s−1 where the dayside reconnec-145

tion outflow meets the cusp region. By contrast, the emission intensity is remarkably brighter146

for the low-β solar wind case. Some filamentary structures are found along the dayside147

magnetopause at different longitudinal locations with the strong emission strength of ∼148

6× 10−6 eV cm−3 s−1. These features indeed reflect plasma jets from the dayside re-149

connection regions, as shown in Figure 2(c). The reconnection takes place locally in the150

azimuthal direction along the magnetopause, and produces very fast outflows reaching151

600 km s−1 in both the northward (red) and southward (blue) directions.152

Plasma and magnetic field profiles in the meridian plane are shown in Figure 3. Un-153

der the normal solar wind condition, the magnetosheath is essentially a high-β plasma154

(β > 10) and the dayside magnetopause reconnection is rather moderate with an out-155

flow speed of ∼ 200 km s−1. For the low-β solar wind case, the pressure in the magne-156

tosheath is as low as 0.2 nPa, and the resulting plasma β in the magnetosheath βsheath ∼157

0.5, as expected from the shock jump condition (Figures 1 and 3(e)). Because of the strong158

IMF, the reconnection outflow speed along the magnetopause reaches |Vz| ∼ 600 km s−1.159

Then, the flow decelerates by encountering the protruding cusp region where the plasma160

is adiabatically heated.161

The remote imaging technique provides a 2D map of the X-ray emission by inte-162

grating photons coming along the line of sight (LOS) of the telescope. Considering the163

–7–
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Figure 4. Integrated X-ray intensity map ((a) and (d)), its enlarged view of the local magne-

topause indicated by a square in (a) and (d) ((b) and (e)), and the sonic Mach number squared

defined for the Vz component in the meridian plane ((c) and (f)) for the normal (top) and low-β

(bottom) solar wind conditions. The bright region near the Earth reflects numerical artifacts

around the inner boundary at R = 4 RE

low-latitude orbit of GEO-X and its distant orbit from the Earth (R ∼ 60 RE), here164

we simply integrated the X-ray intensity along the Y-axis from a virtual observation lo-165

cation at (X, Y, Z) = (0, −60, 0) RE. We assumed zero emission outside of the sim-166

ulation domain (|Y | > 38.3 RE). Figure 4 shows the integrated X-ray intensity maps167

for the normal (Figure 4 (a)) and low-β (Figure 4 (d)) cases along with enlarged views168

around the magnetopause (Figures 4(b) and 4(d)). As shown in previous studies, the in-169

tegrated emission is strongest in the dayside magnetosheath (the bright region near the170

Earth reflects numerical artifacts around the inner boundary at R = 4 RE). For the171

normal solar wind, the emission is bright in the entire magnetosheath region with a strength172

of 4.0 keV cm−2 s−1 str−1. This is quantitatively consistent with Connor et al. (2021)173

by taking into account their different solar wind number density (10 cm−3). Figure 4(b)174

shows a 2D X-ray map in the localized 5 RE×5 RE area near the magnetopause. This175

area and the spatial resolution approximately correspond to the expected field-of-view176

and angular resolution of the GEO-X imager at a distance of R = 60 RE, respectively177

(Ezoe et al., 2020). With this area and spatial resolution, 2D X-ray maps would success-178

fully identify the shape of the magnetosphere under a typical southward IMF condition.179

The strong emission was attributed mostly to the hot plasma both in the magnetosheath180

and in the current sheet, but the bulk motion of the reconnection outflow might have181

some contributions in the high-latitude region along the current sheet because the sonic182

Mach number gradually increases toward the cusp (Figure 4(c)).183

The integrated X-ray intensity is rather weak in the low-β solar wind case (Fig-184

ure 4(d)) because the overall emission is weak and the strong emission area is localized185

(Figure 2(b)). The magnetosheath is dark because the downstream plasma is still cold186

for the selected upstream condition. The emission strength is localized in the vicinity187

of the dayside magnetopause and the top of the cusp where the fast reconnection out-188

–8–
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flow decelerates and compresses the plasma (Figure 3(f)). When we focused on the lo-189

calized area near the magnetopause, remarkably, two bright areas with ∼ 2.0 keV cm−2 s−1 str−1
190

were found (Figure 4(e)), one of which coincides with a fast plasma jet in the meridian191

plane with large sonic Mach numbers M2
s > 2 (Figure 4(f)). Thus, the emission could192

be attributed to the bulk motion of the reconnection outflow (eq. (3)). Another strong193

emission area also corresponds to a fast jet in a different longitudinal location, as indi-194

cated by the 3D profile of Vz (Figure 2(c)). These filamentary structures with large sonic195

Mach numbers imply the possibility of finding reconnection outflows from an actual LOS-196

integrated X-ray map particularly under low-β solar wind conditions.197

4 Summary and Discussion198

The X-ray imager provides spectral information with emission lines in addition to199

a LOS-integrated 2D intensity map. A shift of the line energy and the line broadening200

provide information on bulk motion and thermal or turbulent motion of plasma (e.g.,201

Hitomi Collaboration et al., 2016). Before using such spectral information, in this pa-202

per, we explored the possibility of extracting information on the bulk motion of plasma203

from an SWCX X-ray intensity map near the dayside magnetopause reconnection site204

by examining global MHD simulations. We found that under low plasma-β solar wind205

conditions, the SWCX X-ray emission can reflect the reconnection outflow along the mag-206

netopause. The emission from the reconnection outflows is somewhat faint (∼ 2.0 keV cm−2 s−1 str−1)207

compared to the astrophysical backgrounds (e.g., 10.9 keV cm−2 s−1 str−1 from extra-208

galactic sources (Cappelluti et al., 2017)). However, these astrophysical sources can be209

considered constant within the dynamical time scales of the magnetospheric phenom-210

ena, and therefore, the SWCX emission can be obtained by subtracting the astrophys-211

ical origins from observation signals (Sibeck et al., 2018). More specifically, the dayside212

reconnection lasts up to several hours (Gosling et al., 1982; Phan et al., 2004), and the213

spatial extent of the structure is ∼ 5 RE along the outflow direction and a few thou-214

sands of kilometers (∼ 0.5 RE) in the normal direction. These temporal and spatial scales215

can be resolved by the X-ray imager to be onboard GEO-X; the expected spatial (an-216

gular) resolution is 0.2 RE from 60 RE distance (10 arcmin), and the time cadence is within217

an hour (cf. Ezoe et al., 2020). We also note that there remains uncertainty in the pre-218

dicted X-ray intensity by a factor of two depending on different exosphere models at these219

radial distances (Connor et al., 2021).220

Now, one may have a question about how we can actually observe such low-β so-221

lar wind. Low-Mach-number or low-β solar wind has been observed (Watari et al., 2001;222

Nishino et al., 2008; Wilson III et al., 2018), in particular, associated with coronal mass223

ejections (Kataoka & Miyoshi, 2006; Lavraud & Borovsky, 2008). Thus, although such224

solar winds are not usual, they are possible in some occurrence frequencies. For more225

quantitative discussion, we surveyed observation periods of the low-β solar wind under226

prolonged southward IMF, satisfying the condition Mf1 ≤ 3.6 and β1 ≤ 1.1 (left-bottom227

area in Figure 1) along with Bz,IMF ≤ −5 nT using the NASA OMNIWeb service. We228

found such particular solar winds can be found with 1.0% probability during solar cy-229

cle 23 (August 1996–November 2008) and 0.6% probability during solar cycle 24 (De-230

cember 2008–November 2019). Thus, we can expect a certain observation feasibility in231

the upcoming solar cycle when the planned missions will be launched. In addition, plasma232

β in the magnetosheath has been discussed in terms of dayside reconnection. Phan et233

al. (2013) statistically studied the dayside reconnection occurrence frequency and found234

that the low-β magnetosheath condition favored the magnetic reconnection occurrence235

as supported by the theories. Koga et al. (2019) also examined the magnetosheath β fo-236

cusing on the reconnection outflow speed. There was a clear tendency that faster recon-237

nection outflows were found under lower-β magnetosheath conditions. Thus, the low-β238

magnetosheath condition we proposed in this study has been positively supported by sta-239

tistical studies using observational data.240

–9–
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Magnetic reconnection is essential for releasing the magnetic energy known as so-241

lar flares. There have been many opportunities to visually identify reconnecting field lines242

in the solar corona by solar observatories (e.g., Yokoyama et al., 2001; Liu et al., 2010;243

Savage et al., 2010; Takasao et al., 2012). However, reconnection in the corona is com-244

plex in 3D and transient, and its behavior is difficult to understand. In this regard, day-245

side reconnection under low-β solar wind conditions would provide great opportunities246

to visually understand the steady-state magnetic reconnection (Gosling et al., 1982; Phan247

et al., 2004) and even transient phenomena as flux transfer events (e.g., Akhavan-Tafti248

et al., 2018) using SWCX X-ray imaging.249

5 Open Research250

The simulation data used in this study and the software (An Interactive Data Lan-251

guage script and ParaView state files) used to create the figures in this paper are avail-252

able online https://doi.org/10.5281/zenodo.6827016.253
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