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Key Points:
We produce soft X-ray images of the dayside magnetopause with a 3-D global hybrid simulation under a quasi-radial interplanetary
magnetic field condition.

●

Magnetopause deformations are highly coherent with the magnetosheath high speed jets generated at the quasi-parallel region of
the bow shock.

●

High-speed jet structures within the magnetosheath can generate soft X-ray signatures in line-of-sight integrated images.●
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Abstract: The Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) is a joint mission of the European Space Agency (ESA) and the
Chinese Academy of Sciences (CAS). Primary goals are investigating the dynamic response of the Earth's magnetosphere to the solar
wind (SW) impact via simultaneous in situ magnetosheath plasma and magnetic field measurements, X-Ray images of the
magnetosheath and magnetic cusps, and UV images of global auroral distributions. Magnetopause deformations associated with
magnetosheath high speed jets (HSJs) under a quasi-parallel interplanetary magnetic field condition are studied using a three-
dimensional (3-D) global hybrid simulation. Soft X-ray intensity calculated based on both physical quantities of solar wind proton and
oxygen ions is compared. We obtain key findings concerning deformations at the magnetopause: (1) Magnetopause deformations are
highly coherent with the magnetosheath HSJs generated at the quasi-parallel region of the bow shock, (2) X-ray intensities estimated
using solar wind  and self-consistent  ions are consistent with each other, (3) Visual spacecraft are employed to check the
discrimination ability for capturing magnetopause deformations on Lunar and polar orbits, respectively. The SMILE spacecraft on the
polar orbit could be expected to provide opportunities for capturing the global geometry of the magnetopause in the equatorial plane. A
striking point is that SMILE has the potential to capture small-scale magnetopause deformations and magnetosheath transients, such as
HSJs, at medium altitudes on its orbit. Simulation results also demonstrate that a lunar based imager (e.g., Lunar Environment
heliospheric X-ray Imager, LEXI) is expected to observe a localized brightening of the magnetosheath during HSJ events in the meridian
plane. These preliminary results might contribute to the pre-studies for the SMILE and LEXI missions by providing qualitative and
quantitative soft X-ray estimates of dayside kinetic processes.

Keywords: collisionless shock; SMILE mission; foreshock

 

 1.  Introduction

In-situ spacecraft  observations  in  the  near-Earth  plasma  environ-

ment  (e.g.,  MMS,  Cluster,  Van  Allen  Probes,  THEMIS,  Geotail,

Double  Star)  have  made  important  contributions  in  revealing

dynamic  and  kinetic  problems  of  the  solar  wind  interaction  with

the Earth’s magnetosphere. These observations provide excellent

opportunities  for  understanding the microphysics  of  collisionless

shocks, magnetic reconnection, and wave-particle interactions, as

well  as  cross-scale  energy  release  and  dissipation  by  substorms

and turbulence. On the other hand, remote observations of radio

emissions,  optical  light,  infrared,  extreme  ultraviolet  (EUV),  X-ray,
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gamma-ray,  and  energetic  neutral  atoms  are  widely  used  for
remote objects. These imaging techniques provide a new way for
visualizing global pictures of the Earth’s exosphere, plasmasphere,
inner magnetosphere, magnetosheath, magnetotail, and the cusp
region (e.g., TWINS, IBEX, XMM-Newton), as well as in solar activities
and heliospheric structures (e.g., Parker Solar Probe, Solar Orbiter).

C6+ O7+ O8+

Ne9+ Mg11+ Mg12+

Early ROSAT observations of X-ray and EUV emission from comet
C/Hyakutake  have  been  reported  by Lisse  et  al.  (1996).  Some
mechanisms, such as thermal bremsstrahlung associated with hot
electrons,  possibly  due  to  solar  wind  interaction  effects,  are
suggested  to  explain  the  mechanism  of  this  emission. Cravens
(1997) proposed  that  the  solar  wind  contains  a  large  number  of
heavy ion species with a range of charge states (e.g., , , ).
These  ions  will  readily  charge  transfer  with  cometary  or  planet’s
exospheric  neutrals,  producing  ions  that  can  be  highly  excited
and consequently emit  photons in the X-ray and EUV part  of  the
spectrum. This solar wind charge exchange mechanism is abbrevi-
ated  as  SWCX.  Thereafter,  an  empirical  formula  that  depends  on
the local neutral density, solar wind density, solar wind speed, and
charge-exchange  cross-section  is  proposed  for  the  quantitative
estimation  of  the  X-ray  intensity  (Cravens  2000; Schwadron  and
Cravens 2000). Cravens et al. (2001) found that a significant positive
correlation exists between the solar wind fluxes and the soft X-ray
intensity.  Furthermore,  XMM-Newton  observations  indicate  that
the  elevated  high-valence  ion  abundance  inside  a  coronal  mass
ejection (CME),  particularly  for , , ,  etc.,  favors  the

enhancement  of  Earth’s  magnetospheric  soft  X-ray  emissions
(Zhang YJ et al. 2022).

SWCX  emissions  are  commonly  observed  in  the  heliosphere  at
comets  (Lisse  et  al.  1996; Wegmann  and  Dennerl  2005),  Earth
(Wargelin et al. 2004; Fujimoto et al. 2007), the Moon (Collier et al.
2014),  Jupiter  (Branduardi-Raymont  et  al.  2004),  and  Mars
(Dennerl et al. 2006). Sibeck et al. (2018) reviewed observations of
soft  X-ray emissions have become a powerful  tool  for  panoramic
imaging of  the  planetary  magnetosphere  and  plasma  environ-
ment.  Currently,  new  and  future  space  missions,  specifically
designed  for  X-ray  imaging  of  the  vast  planetary  space  weather
system,  including  the  ESA/JAXA  BepiColombo  mission,  SMILE
ESA−CAS  joint  mission,  NASA  STORM  missions,  CubeSat/small
spacecraft  missions  (e.g.,  NASA  CuPID,  JAXA  GEO-X),  and  future
lunar-based missions (e.g., NASA LEXI, Chinese Chang'e/SXI), were
proposed  and  successively  implemented  for  studying  "charge-
exchange,"  a  poorly  understood  phenomenon  that  occurs  when
the solar  wind collides with planetary exosphere and neutral  gas
in the heliosphere.

To  support  the  development  of  new  X-ray  missions,  numerical
simulations  are  crucial  for  pre-studies.  Several  numerical  models
have been developed to simulate soft X-ray imaging and determine
detectability. Empirical models (Holmström et al. 2001) have been
used to explore X-ray imaging of the solar wind-Mars interaction.
Hybrid  simulations  and  test  particle  calculations  have  been  used
to compute contributions from SWCX processes to X-ray emissions
from Venus (Gunell et al. 2007) and Mars (Koutroumpa et al. 2012).
MHD  simulations  are  commonly  used  to  accurately  describe  the
shape of global structures of the terrestrial magnetosphere during
its  interaction  with  the  solar  wind.  By  combining  an  empirical

exosphere neutral profile with the solar wind flux from MHD simu-
lations,  the  soft  X-ray  emission  can  be  estimated  using  Cravens'
formula. Studies have discussed the soft X-ray visibility of the solar
storm  compressed  magnetopause,  the  cusp  region,  flank
Kelvin−Helmholtz (K-H) waves, and magnetic reconnection associ-
ated outflows and flux transfer events (FTEs) in detail (e.g., Sun TR
et  al.  2015, 2019; Jorgensen  et  al.  2019; Matsumoto  and  Miyoshi
2022).

Previous models and simulations have made a lot of achievements
in the study of Earth’s X-ray emissions. However, it is still an open
question  whether  the  soft  X-ray  excited  by  moderate-scale
dynamic structures in the magnetosheath and magnetosphere is
visible.  Many  cross-scale  instantaneous  structures  have  been
observed  from  the  foreshock  all  the  way  to  the  magnetopause.
Here,  we  list  some  structures  highly  associated  with  at  least  ion
kinetic behaviors: 1. The foreshock region is filled with ULF waves,
shocklets,  SLAMS,  and  other  nonlinear  structures,  and  even
magnetic  reconnections. Schwartz  and  Burgess  (1991) made  a
patchwork for the foreshock. The foreshock waves and structures
have  been  clearly  evidenced  in  both  kinetic  simulations  (e.g.,
Blanco–Cano et al.  2006; Palmroth et al.  2015; Otsuka et al.  2019;
Chen LJ et al. 2021), and observations (Wilson et al. 2013; Jiang K
et al. 2021; Wang S et al. 2021; Huang SY et al. 2022; Liu MZ et al.
2022).  2.  Both  kinetic  simulations  and  MMS  observations  reveal
that  the  bow  shock  not  only  undergoes  back  and  forth  swings
under  the  turbulent  solar  wind,  but  also  can  experience  kinetic-
scale  ripples  (Burgess  et  al.  2005; Johlander  et  al.  2016)  and  self-
reforming cycles (Lembège et al. 2004; Yang ZW et al. 2020; Liu TZ
et  al.  2021).  3.  Magnetosheath  high  speed  jets  (HSJs)  refer  to  an
enhancement  in  the  anti-sunward  bulk  velocity  and  dynamic
pressure  based  on  the x component  of  the  ion  velocity  (Hietala
and Plaschke 2013; Plaschke et al. 2018). A recent study proposes
that a fraction of HSJs is a direct consequence of shock reformation
(Rapitis  et  al.  2022),  and  they  may  be  related  to  "throat  aurora"
and corresponding magnetopause distortion (Han DS et al. 2017).
2-D  hybrid  simulations  have  been  employed  to  study  the  HSJ
property,  size,  lifetime,  and associated jet-driven bow wave (e.g.,
Karimabadi  et  al.  2014; Hao  YF  et  al.  2017; Preisser  et  al.  2020;
Palmroth et al. 2021; Guo J et al. 2022; Tinoco-Arenas et al. 2022).
They find that the jets are associated with the porous quasi-parallel
shock front, and the scale size of jets can reach about 2.5−5 RE. 4.
In addition, magnetopause asymmetric reconnection (Burch et al.
2016),  magnetosheath  reconnections  at  both  electron  and  ion
scales  (Phan  et  al.  2018; Lu  QM  et  al.  2021; Bessho  et  al.  2022),
small-scale  current  filaments  (Gingell  et  al.  2020),  magnetopause
K-H waves (Guo ZF et  al.  2010; Li  WY et  al.  2012),  and associated
vortex-induced  reconnections  (Nakamura  et  al.  2017)  also  play
important roles in the cross-scale process and energy conversion
during the Earth−solar wind interaction.

Some potential soft X-ray imaging objects, such as solar storms, K-
H waves, and FTE events, have been investigated based on global
MHD  simulations  (e.g., Sun  TR  et  al.  2015, 2019; Jorgensen  et  al.
2019; Matsumoto  and  Miyoshi  2022).  In  this  study,  we  focus  on
HSJs,  which  are  typically  observed  downstream  from  the  quasi-
parallel  bow  shock,  and  are  highly  associated  with  ion  dynamic
and  kinetic  processes  in  3-D.  Cluster  and  MMS  simultaneous
observations  provide  insight  into  HSJs. Escoubet  et  al.  (2020)
found  that  HSJs  are  not  localized  into  small  regions  but  could
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span a region larger than 10 RE, especially when the quasi-parallel
shock  covers  the  entire  dayside  magnetosphere  under  radial
interplanetary  magnetic  field  (IMF).  The magnetopause can have
multiple  independent  indentation  places  under  the  continuous
impacts of HSJs. The magnetopause is deformed and can move in
opposite  directions  at  different  places.  It  cannot,  therefore,  be
considered  as  a  smooth  surface  anymore  but  rather  as  a  surface
full  of  local  indents.  One  striking  point  is  that  a  large  number  of
observations  indicate  that  long  radial  IMF  events  can  last  from
about 3−10 hours (Farrugia et al. 2014; Pi et al. 2022) to 1−2 days
(Watari  et  al.  2005).  Under  such  long-duration  IMF  solar  wind
conditions,  the  foreshock  has  enough  time  to  grow  and  reach  a
mature  state.  In  this  case,  the  magnetopause  around  the  sunset
point may suffer continuous disturbances of HSJs.  If  so,  what the
soft  X-ray  imaging  will  look  like  remains  to  be  further  simulated
and analyzed.

In  this  paper,  we  focus  on  the  dynamics  of  the  foreshock  and
magnetosheath  to  address  three  primary  questions:  (1)  How  do
HSJs  continuously  affect  the  magnetopause  under  radial  IMF
events?  (2)  What  is  the  global  picture  and  fate  of  these  jets  and
their resulting magnetopause indents at different locations in 3D?
(3) What is the timescale of the magnetopause response to HSJs,
and (4) can it be identified in soft X-ray intensity images by SMILE,
LEXI, and other lunar-based missions?

 2.  Simulation Model

+x −x

By, Bz

Bx

RE

In this paper, the interaction of the solar wind with Earth’s magne-
tosphere  has  been  simulated  by  the  three-dimensional  (3-D)
global  hybrid  simulation  platform  RHybrid  (e.g., Jarvinen  et  al.
2018, 2020, 2022; Kallio et al. 2022). The model setup includes the
undisturbed,  upstream solar  wind ions injected in the simulation
from  the  front  ( )  wall  along  the  direction  with  a  drifting
Maxwellian  velocity  distribution.  Within  the  simulation  domain,
ion  velocity  distributions  evolve  according  to  model  calculation
self-consistently coupled with the evolution of the magnetic field.
The  perpendicular  components  of  the  undisturbed  IMF  to  the
flow  ( )  convect  in  the  simulation  domain  frozen-in  to  the
solar  wind  plasma,  whereas  the  radial,  flow-aligned  component
( )  is  implemented  as  a  constant  magnetic  field  profile.  Earth’s
magnetic  field  is  estimated  as  a  3-D  dipole  field  (Fatemi  et  al.
2018; Jarvinen  et  al.  2020; Omelchenko  et  al.  2021)  instead  of  a
mirror  dipole  (Raeder  2003; Hu  YQ  et  al.  2007; Lin  Y  et  al.  2014).
Magnetospheric  solar  wind  interaction,  including  different
regions  such  as  the  dayside  and  nightside  magnetosphere,
magnetosheath  and  the  foreshock  and  the  boundaries  like  the
bow  shock  and  the  magnetopause,  forms  self-consistently  when
the magnetized solar wind plasma flow encounters the geomag-
netic field and the planetary environment. Electrons are modeled
as  a  charge-neutralizing  adiabatic  fluid.  The  inner  boundary  is
assumed at the geocenter distance of r = 3 .  It  is  implemented
as a perfect conducting sphere on which precipitated particles are
absorbed.

RE
di0

Usually,  the  simulated  Earth  radius  is  typically  reduced  to  an
order  of  10  (the  upstream  solar  wind  ion  inertial  length)  in
order  to  ensure  the  appearance  of  an  Earth-like  magnetosphere
(e.g., Blanco-Cano et al. 2006; Lin Y et al. 2014) and to save consid-
erable  computational  costs  in  global  hybrid  simulations.  In  this

RE = 1200 km

cm−3

O7+ 10 nT
Ω0 = 0.958 ≈ 1

1.2 × 107

Δx = Δy = Δz = 0.08 RE
nx × ny × nz = 500×

600 × 600

Δt = 0.01

paper,  the  value  of .  A  set  of  solar  wind  parameters
(e.g., Lepri  et  al.  2013; Schwadron  and  Cravens  2000; Larrodera
and  Cid  2020)  are  used  to  mimic  the  space  environment  for  the
SMILE mission, which is scheduled to launch in 2025 during solar
maximum.  The  solar  wind  ions  consist  of  protons  with  a  bulk
velocity of  450 km/s and a number density of  7 ,  and highly
ionized  minor  species .  The  IMF  magnitude  is , corre-
sponding to a solar wind ion gyro-frequency of  s−1.
The  magnetic  Reynolds  number  is  set  to .  Uniform  grid
cells with a size of  are used throughout the
box.  The  cell  dimensions  are  chosen  as 

.  A total of about ten billion particles are used. A typical
time  step  is  s.  More  details  of  parameter  setups  are
summarized in Table 1.

 3.  Simulation Results

 3.1  Quasi-parallel IMF Condition
Under radial solar wind conditions, there are at least two initiation
methods  for  simulating  the  interaction  between  solar  wind  and
planetary magnetospheres. The first involves introducing a dipole
field within the IMF, allowing the dipole field strength to gradually
diminish with increasing distance from the Earth’s core, transition-
ing to a purely solar wind magnetic field (e.g., Fatemi et al.  2020;
Chen  LJ  et  al.  2021).  The  second  method  employs  a  mirrored
dipole  field  approach  on  the  sunward  side,  such  as  placing  a
mirrored dipole at x = +30 Earth radii, superimposing its magnetic
field with the original field, and ultimately replacing the magnetic
field  in  the  upstream  region  at x =  +15  Earth  radii  with  a  purely
solar wind magnetic field (e.g., Hu YQ et al. 2007; Lin Y et al. 2014).
Both of the initial configurations yield satisfactory magnetospheric
morphologies  and  are  extensively  utilized  in  astrophysical  and

Table 1.   Global hybrid model setups and solar wind conditions.

Parameters Value

(nx × ny × nz)Number of grid cells 500 × 600 × 600

(Δx)Grid cell size (100 km)3 = (RE/12)3
(Δt)Time step 10 ms

[Vx, Vy, Vz]SW bulk velocity vector [−450, 0, 0] km/s

SW H+ density 7 cm−3

O7+SW  density 10−4 cm−3

SW H+ temperature 15 × 104 K

O7+SW  temperature 15 × 104 K

e−SW  temperature 15 × 104 K

[Bx, By, Bz]IMF vector [−9.96, 0.6, 0.6] nT

IMF spiral angle 4° (away sector)

IMF magnitude 10 nT

Alfvén Mach number 5.46

Magnetosonic Mach number 4.79

B0Dipole strength  at the equator
on the surface

4.5 μT
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space physics  simulations  for  Hermean-type  planetary  magneto-
spheres.  Without  loss  of  generality,  this  study  adopts  the  first
method for initiating the simulation.

H+

Figure 1 illustrates the interaction between the solar wind and the

Earth’s magnetosphere under radial IMF conditions, as well as the

formation  process  of  the  bow  shock.  Panels  from  left  to  right

represent snapshots of the number density of  ions at different

times t = 3 s, 70 s, 220 s, and 235 s, respectively. Figure 1a shows

the  Earth’s  dipole  field  at  the  beginning  of  the  simulation.  The

magnetosphere  begins  to  expand  and  gradually  form.  At  later

time  (Figure  1b), the  Earth’s  magnetosphere  including  key  struc-

tures (e.g.,  the magnetopause, the magnetosheath, cusp regions,

and  the  bow  shock),  has  been  initially  formed.  A  fraction  of  the

incident  solar  wind  ions  are  reflected  at  the  bow  shock  front.

These back-streaming ions interact with the freshly incident solar

wind,  causing  low-frequency  waves  in  the  foreshock  region.  In

Figure 1c−d, the foreshock has reached a mature form under the

long-term radial solar wind conditions.

Yellow  arrows  in Figure  1c−d indicate  that  the  foreshock  low-
frequency  wave  structure  can  undergo  nonlinear  evolution  and
become  steep  when  approaching  the  Earth’s  bow  shock.  These
nonlinear  structures  have been widely  observed at  quasi-parallel
shocks  (Burgess  et  al.  1989; Burgess  and  Scholer  2013).  Previous
local  simulations clearly revealed that such steepening foreshock
transients are associated with magnetosheath dynamic structures,
such  as  HSJs  (e.g., Hao  Y  et  al.  2016; Guo  J  et  al.  2022; Tinoco-
Arenas et al. 2022). Both of spacecraft observations (e.g., Hietala et
al.  2009; Plaschke  et  al.  2018; Escoubet  et  al.  2020; Rapitis  et  al.
2022)  and  global  simulations  (e.g., Chen  LJ  et  al.  2021; Ng  et  al.
2021; Palmroth  et  al.  2021; Guo  J  et  al.  2022)  clearly  evidenced
that HSJs generated in the immediate downstream of quasi-parallel
shock can lead to magnetopause indents.

In  the  next  section,  we  will  take  HSJs  as  an  example  to  study

magnetopause deformations  (including  indentation  and  protru-
sion).

 3.2  Magnetopause Deformation

t = 235

RE

Figure  2a (at t =  235  s)  shows  that  the  magnetopause  is  being
compressed  inward  by  the  magnetosheath  transients,  forming  a
concave  shape  as  indicated  by  the  white  arrow  in  the  enlarged
view  (Figure  1d).  A  standard  streamline  method  (LIC)  is  adopted
to  display  the  magnetic  field  lines  of  the  forced  magnetosphere.
The magnetic field lines in the concave magnetopause region are
locally  bent  inward,  rather  than  moving  as  a  whole.  This  is  a
crucial and can be different from the mechanism of magnetopause
indents compressed by CME-driven shocks in a large-scale. Figure
2b and c are snapshots of the magnetopause at non-concave and
concave times (t = 160 s and 235 s), respectively. Figure 2c depict
an  zoom-in  view  of  the  region  where  the  magnetopause  is
affected HSJs. From Figure 2c, it can be clearly seen that there is a
strong  HSJ  in  the  dayside  direction  of  the  concave  region  of  the
magnetopause.  In  comparison,  the  magnetopause  without  the
HSJ impact (Figure 2b, t = 160 s) is relatively quiet and no obvious
deformation as that at  s. It is interesting to note that there
is  a  HSJ  located  near z =  −6 ,  where  the  magnetopause  is
slightly concave due to the influence of the HSJ. However, this HSJ
is off the dayside and exists in the magnetosheath region at a rela-
tive  high  latitude.  The  plasma  flow  in  the  local  magnetosheath
has begun to deflect, so the HSJ does not form a strong hit on the
magnetopause like it did at the dayside. In summary, the foreshock
continuously  generates  dynamic  magnetosheath  transients  such
as  HSJs,  which  can  cause  deformation  of  the  magnetopause.
Tinoco-Arenas  et  al.  (2022) used  local  simulations  to  statistically
analyze the evolution of  various transient structures such as HSJ,
transient flux  enhancements,  and  high  speed  plasmoids  down-
stream of quasi-parallel shocks. The formation mechanism will not
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Figure 1.   The magnetosphere forms by interaction between the solar wind and the geomagnetic field under quasi-radial IMF condition. Slices of

the total ion density  in the meridian plane at  = 3, 70, 220 and 235 s are shown in panels (a−d). (a−b) The magnetosphere and foreshock begin

to form. (c) A fraction of foreshock ULF waves undergo nonlinear evolution and become steepening before reaching the bow shock front (marked

by a yellow arrow). (c−d) Magnetopause indents (denoted by a white arrow) caused by the magnetosheath HSJs downstream of the mature quasi-

parallel shock.
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be  further  elaborated  here,  and  this  paper  only  focuses  on  the
magnetopause  deformation  caused  by  such  transient  structures
in  response  to  soft  X-ray  imaging.  Nevertheless,  it  is  still  worth
mentioning that, unlike the planar shock in hybrid and PIC simula-
tions (e.g., Winske and Quest, 1988; Burgess et al., 1989; Lembège
and  Savoini,  1992; Scholer  et  al.,  2003; Matsukiyo  and  Scholer,
2003; Yang  ZW  et  al.,  2020),  global  simulations  indicate  that  the
solar  wind is  deflected around the  Earth’s  magnetosphere  in  the
magnetosheath. The transients are more likely impact the magne-
topause about the subsolar point.

Figures 3a−c represent the time-evolution of ion number densities

log10N

Pdx

 sampled  at  different  locations:  A,  B  and  C  (denoted  in

Figure  2).  To  understand  characteristics  of  the  magnetopause

depressions, Figures  3d−f show  the  time  series  of x-directional

dynamic pressure ,  temperature T,  and X-ray intensity P corre-

sponding  to  the  sampling  location  C.  This  dynamic  evolution

process cannot be reflected by shock and magnetopause empirical

models.  High-resolution  data  from  Magnetospheric  MultiScale

(MMS) have been continuously released, and the kinetic processes

of shock front rippling and self-reformation have been successively

confirmed. These mechanisms may result in variations to the loca-

tion and configuration of the bow shock, and most of the changes
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Z = 0

Z = −2.5 RE

are concentrated on the ion scale. Rapitis et al. (2022) show in situ
evidence  of  HSJs  generated  at  the  Earth’s  bow  shock  as  a  direct
consequence  of  shock  self-reformation.  In  this  paper,  from  a
global  simulation  perspective,  we  trace  the  evolution  of  various
regions  from  the  foreshock  to  the  magnetopause  at  a  relatively
large scale (in an order of ~ ). Figure 3d shows that magnetopause
depressions  are  usually  accompanied  by  an  increase  in  the
dynamic pressure  in the magnetosheath. Under the impact of
the HSJs, the ion temperature inside the magnetopause does not
significantly change (Figure 3e).  In Figure 3f,  one striking point is
that the dynamic pressure can locally enhance the X-ray intensity
within the magnetosheath ahead of  the magnetopause.  Further-
more, Figures  3b−c show  that  the  magnetopause  at  and

 exhibited  earthward  indentation  at  about t =  270  s.
This is  mainly due to the dragging of magnetic field lines caused
by the HSJ impacting the magnetopause near the subsolar point.

In summary,  magnetopause  depressions  caused  by  magne-
tosheath  transients  could  last  20−50  seconds.  This  will  be  more
advantageous  for  the  X-ray  imaging.  Of  course,  the  quality  of
imaging  also  depends  on  many  factors,  such  as  the  counts  of  X-
ray  photons,  the field  of  view (FOV)  at  a  certain  orbit,  the spatial
and temporal resolutions, the exposure time, and the background
noise.  The  estimation  of  X-ray  imaging  considering  all  factors
mentioned above is  beyond the scope of this  paper and depend
on  the  final  parameters  of  the  SMILE/SXI.  The  motivation  of  this
work is to suggest more potential kinetic processes and structural
objects  that  could  be  observed  by  soft  X-ray  instruments  in  the
future. The soft X-ray calculated from the sampling area (Figure 3f)
suggests that magnetopause deformations imaged by soft X-rays
instrument can be possible. In the next subsection, we will further
study the three-dimensional soft X-ray imaging of magnetosheath
transients  and  magnetopause  indents  from  perspectives  of  local
intensities and line-of-sight (LOS) integrations.

 3.3  Soft-X Ray Imaging
In this study, the X-ray intensity of the geocoronal SWCX emission
for  a  particular  line-of-sight  (LOS) I can  be  estimated  by  the  line
integration of volume emission rate (P) as in previous investigations
(e.g., Cravens 2000; Sun TR et al. 2019; Connor et al. 2021).

I = 1
4π ∫ Pdr =

1
4π ∫ αnHnswVeffdr, (1)

nH nsw

Vsw Vth
Veff =

√
V2
sw + V2

th

C5+

C6+ Ne9+ O7+ O8+ Mg11+ Mg12+

O7+ + H → O6+∗ + H+

where  and  are  number  densities  of  exospheric  hydrogen
and solar  wind proton,  respectively.  The effective collision speed
is estimated by the solar wind velocity  and thermal speed 

as  in  Equation  (1).  This  equation  expresses I in

keV  cm−2 s−1 sr−1.  It  is  important  to  note  that  protons  do  not
produce  soft  X-rays.  Instead,  heavy  solar  wind  ions  such  as ,

, , , , ,  emit  soft  X-rays  through  the

SWCX  (e.g., Cravens  2000; Sibeck  et  al.  2018; Zhang  et  al.  2022).
For  instance,  the  interaction  in  which  an
electron  is  transferred  from  an  exospheric  hydrogen  to  an  solar
wind oxygen ion, leaves the oxygen ion an excited state. The ion
then emits  a  photon when it  decays to a  lower energy state and
thus may lead to the satellite  detection of  soft  X-rays.  The heavy
ions  in  the  solar  wind  have  a  very  small  proportion  and  are
reasonably  considered  to  be  test  particles  in  previous  MHD  and

H+

O7+

O7+ H+

α = 10−15 (eV cm2)
450 (km/s)

hybrid simulations. Typically, the X-ray intensity emitted by heavy
ions is estimated by combing the proton parameters and an inter-
action  efficiency  factor.  In  this  paper,  our  simulation  are
performed  in  the  presence  of  self-consistent  solar  wind  and

 ions, which allows us to independently estimate X-ray intensi-

ties based on  or  ions, respectively. By applying the interac-

tion efficiency factor (α), the proton-based value in Equation (1) is
converted  into  the  soft  X-ray  emissivity  generated  by  the  source
ions. Cravens (2000) gave a rough estimate of α encompassing all
the detailed atomic physics. Based on summarized parameter lists
(e.g., Schwadron and Cravens 2000; Cravens et al. 2001; Pepino et
al.  2004; Koutroumpa  et  al.  2006; Sibeck  et  al.  2018),  we  use  an
interaction  efficiency  factor  value  of  under  a

solar wind speed about , following previous simulations

(e.g., Sun TR et al. 2019; Grandin et al. 2023) and reference therein.
Although  this  setup  is  widely  used,  it  is  worthy  to  note  that  the
value of α is quite uncertain and depends on solar wind conditions
(Robertson and Cravens 2003).  An analytical  model from Cravens
et al. (2001) for the neutral density, given as

nH = 25 × (10RE/r)3, (2)

O7+

where r is  the  distance  of  the  considered  location  to  the  Earth’s
center. The unit of 25 is cm−3.  The X-ray intensity P of heavy ions,
e.g.,  also can be estimated, following Schwadron and Cravens

(2000) and reference therein.

P = σsw[O7+/O][O/H]FswnH, (3)

σsw

σsw = 12 × 10−15 (cm2) [O7+/O] = 0.2[O/H] = 4.76 × 10−6

where  is  the charge-exchange cross section that depends on
the solar wind species and charge state. This equation expresses P
in  keV  cm−3 s−1.  Parameters , 

and  are  adopted  after  previous  studies

(Schwadron  and  Cravens  2000; Lepri  et  al.  2013)  to  simulate  the
solar wind conditions during the solar maximum period when soft
X-ray missions will be launched.

O7+

In Figures 4a, b, we present X-ray intensity profiles P in the merid-
ional plane at t = 160 s and t = 235 s, respectively. The envelope of
the magnetopause is indicated by a dashed curve. In conjunction
with Figures  2b, c,  we  find  that  if  there  is  no  HSJ  impact  on  the
magnetopause in the subsolar magnetosheath region (e.g., at t =
160  s),  the  magnetopause  maintains  a  relatively  smooth  shape.
When an HSJ is observed in the magnetosheath (e.g., at t = 235 s),
there is an enhancement of X-ray intensity in the magnetosheath
and  a  noticeable  inward  indentation  of  the  magnetopause  (indi-
cated by arrows). Figure 4c is  a similar plot to Figure 4b but esti-
mated  based  on  heavy  ion  data  instead  of  proton  data  by
Equation  (3).  Similarly,  we  can  see  significant  deformation  of  the
magnetopause,  and  the  dynamical  process  and  qualitative
conclusions are almost the same as those estimated by solar wind
protons.  It  implies  that  the  estimation  of  X-ray  intensity  using
solar wind proton data is a fine approximation in previous works.
Bottom  panels  of Figure  4 show  corresponding  LOS  integration
values of I calculated by Equation (1) from a dawn-side view. The
dashed and  solid  curves  indicate  the  variation  of  the  magne-
topause  location  without  (Figure  4a)  and  with  (Figure  4b−c)
indents caused by magnetosheath HSJs. Furthermore, a localized
enhancement of LOS integrated intensity I is visible in the magne-
tosheath  ahead  of  the  magnetopause  indents.  It  is  expected  to
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capture such  localized  brightening  events  by  soft  X-ray  instru-
ments from a dawnside-or duskside view on the Lunar orbit (e.g.,
NASA LEXI mission).

For  a  wide  field-of-view,  the  Soft  X-ray  Imager  (SXI)  onboard

SMILE uses lightweight micropore optics that provide high angular

resolution (i.e., ~0.1°) for the 0.15−2.5 keV energy band (Branduardi

−Raymont et al.  2018).  To obtain good X-ray counts,  SMILE/SXI is

expected to achieve at least about 1.5° angular resolution near the

dayside magnetopause (Connor et al. 2021). SXI has a field of view

(FOV) of approximately 16° × 27°, and its line of sight forms a fixed

angle with the UVI payload pointing towards the polar region and

points towards the subsolar magnetopause. We have preliminarily

calculated  the  profile  of  the  LOS  X-ray  intensity  integral  value I
within the FOV on SMILE’s  possible  orbit,  to  study the possibility

of  SMILE  imaging  the  deformation  of  the  magnetopause  caused

by dynamic structures such as magnetosheath HSJs.

In Figure 5, the left panel shows a 3-D volume rendering sketch of

RE

the  X-ray  intensity.  Key  regions  such as  the  cusp,  magnetopause
(MP),  magnetosheath  (MS),  bow  shock  (BS),  and  the  foreshock
region  are  marked  in  the  sketch.  The  field  of  view  (FOV)  of  the
SMILE spacecraft  (SC)  is  also roughly  denoted in  yellow for  refer-
ence.  The  motivation  of  this  study  is  to  find  the  best/potential
location  on  the  SMILE  orbit  for  the  imaging  of  magnetosheath
transients (e.g., local dynamic pressure enhancements represented
by  HSJs)  and  magnetopause  deformations.  First,  we  use  hybrid
simulation to obtain 3-D intensity profiles at two fixed times (A: at
160 s and B: at 235 s); then, we calculate the LOS-integrated X-ray
intensity I for  these  two  fixed  profiles  observed  by  visual  SC  at
different locations on the SMILE orbit. The selected locations of SC
are shown in Figures 5c and f (an animation of this Figure is avail-
able  for  a  full  one-day  orbit).  When  the  spacecraft  is  located  at
[2.0, 8.6, 9.3]  (Figure 5c), the calculated LOS I images for the two
fixed profiles A and B are shown in Figure 5a and b, respectively.
The black rectangular area in Figure 5 encircles the field of view of
SC  in  the θ and ϕ space.  The  black  dashed  curve  describes  the
envelope  from  the  cusp  all  the  way  to  the  magnetopause.  By
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comparing the region where HSJs impact the magnetopause (the
area  marked  by  white  circles),  it  is  clearly  evidenced  that  the
shape  of  the  magnetopause  impacted  by  HSJs  has  undergone
significant indentation and is  accompanied by local  X-ray bright-
ening. This conclusion is very interesting and can at least indicate
that under the current height and spacecraft attitude orientation
conditions  shown  in Figure  5c,  it  is  very  likely  to  capture  the
magnetosheath  solar  wind-magnetopause  coupling  process.
Furthermore, in Figures 5d and e, we also calculated the LOS X-ray
for  imaging  the  magnetopause  from  a  bird’s-eye  view  under
spacecraft  apogee  conditions  on  orbit.  At  the  apogee,  it  is  good
for  the  SC to  capture  the  entire  geometry  of  the  magnetopause,
but  LOS-integration  effects  may  make  it  difficult  to  identify
magnetosheath HSJs  or  local  concavity  and convexity  of  magne-
topause  in  a  smaller  dynamic  or  kinetic  scales.  In  summary,  it
means that at different locations on the SC orbit, there are advan-
tages and disadvantages  in  imaging dynamic  structures,  magne-
topause  deformation,  and  overall  geometries  of  the  whole
magnetopause.

 4.  Conclusions and Discussions
This  article  mainly  uses  3D global  hybrid  simulation to  study the

dynamics  of  the  Earth’s  bow  shock  and  magnetosphere  under

radial  IMF  conditions  and  conducts  soft  X-ray  imaging  tests.  The

main conclusions are:

(1) Under radial solar wind conditions, the subsolar magnetosheath
falls downstream of the quasi-parallel shock. Here, a large number
of  HSJs  have  been  observed,  which  is  consistent  with  previous
Cluster and MMS statistical observations (e.g., Escoubet et al. 2020)
In addition, HSJs have a good correspondence with ULF steepening
transients of the foreshock.

(2)  The  simulation  in  this  article  not  only  reproduces  that  the
spatial size of HSJs can reach the order of magnitude of the Earth’s
radius,  which is  consistent  with previous global  simulations (e.g.,
Chen LJ  et  al.  2021).  Moreover,  it  is  also  found that  HSJs  can last
for  seconds  to  minutes  at  the  subsolar  point  and  impact  the
magnetopause to form a depression.

RE

(3)  We  analyzed  the  discrimination  ability  of  different  spacecraft
positions  on  local  deformation  of  the  magnetopause  at  an
approximate  lunar  orbit  of  60  and  SMILE’s  possible  orbit.  The
main  conclusion  is  that  the  LOS  X-ray  imaging  observed  on  the
lunar orbit (such as LEXI) has a good ability to identify the magne-
topause deformation within the meridian plane; polar orbit space-
crafts  (such  as  SMILE)  have  advantages  in  imaging  the  overall
geometry of the magnetopause within the equatorial plane at its
apogee.  One  striking  point  is  that  SMILE  may  have  the  potential
ability to capture small-scale transient structures (e.g., HSJs) at low
altitudes around the magnetopause.

In  the  near  future,  we  need  to  consider  the  background  noise,
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Figure 5.   Left panel: A sketch of SMILE mission. Colors indicate a 3-D volume rendering of the X-ray intensity P. (a−b) At the same location
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different  IMF  conditions,  the  asymmetric  exosphere  neutral
hydrogen profile,  and solar wind structures, e.g.,  CME, TD, RD, CS
(Modolo et al. 2012; Guo ZF et al. 2021) on the soft X-ray imaging.
The  main  goal  is  to  provide  pre-studies  as  much  as  we  can  to
serve  the  data  analysis  for  the  future  soft  X-ray  space  missions
around 2025 during the solar maximum.
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