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Key Points:
●  3-D global hybrid-PIC simulation is applied to estimate the soft X-ray imaging of Earth’s magnetopause under different solar wind

conditions.
●  Plasma waves and local structures in the magnetosheath lead to large amplitude fluctuations of X-ray emissivity.
●  The influence of magnetosheath fluctuations on identifying magnetopause boundary in the X-ray image is limited under different

solar wind conditions and viewing geometries.
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Abstract:  Earth’s magnetopause is a thin boundary separating the shocked solar wind plasma from the magnetospheric plasmas, and it
is also the boundary of the solar wind energy transport to the magnetosphere. Soft X-ray imaging allows investigation of the large-scale
magnetopause by providing a two-dimensional (2-D) global view from a satellite. By performing 3-D global hybrid-particle-in-cell (hybrid-
PIC) simulations, we obtain soft X-ray images of Earth’s magnetopause under different solar wind conditions, such as different plasma
densities and directions of the southward interplanetary magnetic field. In all cases, magnetic reconnection occurs at low latitude
magnetopause. The soft X-ray images observed by a hypothetical satellite are shown, with all of the following identified: the boundary of
the magnetopause, the cusps, and the magnetosheath. Local X-ray emissivity in the magnetosheath is characterized by large amplitude
fluctuations (up to 160%); however, the maximum line-of-sight-integrated X-ray intensity matches the tangent directions of the
magnetopause well, indicating that these fluctuations have limited impact on identifying the magnetopause boundary in the X-ray
images. Moreover, the magnetopause boundary can be identified using multiple viewing geometries. We also find that solar wind
conditions have little effect on the magnetopause identification. The Solar wind Magnetosphere Ionosphere Link Explorer (SMILE)
mission will provide X-ray images of the magnetopause for the first time, and our global hybrid-PIC simulation results can help better
understand the 2-D X-ray images of the magnetopause from a 3-D perspective, with particle kinetic effects considered.
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 1.  Introduction
When the solar  wind interacts  with  the terrestrial  magnetic  field,

the  Earth’s  magnetopause  is  formed.  The  magnetopause,  which

was  first  predicted  by Chapman  and  Bartels  (1940),  is  an  abrupt

boundary  between  the  magnetosphere  and  the  magnetosheath.

Many in-situ observations have provided abundant data to reveal

physical processes locally at the magnetopause, including magne-

topause reconnection (Dungey, 1961; Burch et al., 2016; Wang RS

et  al.,  2017a)  and  flux  transfer  events  (Russell  and  Elphic,  1978;

Wang RS et al., 2017b; Wang SM et al., 2019). However, it is difficult

to  collect  sufficient  data,  during  a  single  spacecraft  crossing,  to

build a coherent picture of the overall responses and evolutions of

the magnetopause.

Discovery of  the solar  wind charge exchange (SWCX) X-ray emis-

sion  (Lisse  et  al.,  1996; Cravens,  1997; Bhardwaj  et  al.,  2007),  a

novel  method  of  soft  X-ray  imaging  was  proposed  to  remotely

detect the large-scale magnetopause (Branduardi-Raymont et al.,

2012; Collier  et  al.,  2012; Walsh  et  al.,  2016; Sibeck  et  al.,  2018).
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O7+When  highly  charged  heavy  ions  in  the  solar  wind  (such  as )

encounter and interact with neutral atoms and molecules (such as
hydrogen) in  the  geospace  environment,  electrons  can  be  trans-
ferred  from  the  neutral  atoms  (or  molecules)  to  the  ions;  such
electron capture raises these ions from the solar wind to an elec-
tronically  excited  state.  Later,  when  they  decay  to  lower-energy
states, the highly charged heavy ions emit one or more photons in
the extreme ultraviolet or soft X-ray bands. In a region with dense
solar  wind  ions  and  neutral  atoms  (or  molecules),  such  as  the
magnetosheath  and  the  cusps,  the  soft  X-ray  emissivity  is
expected  to  be  strong.  However,  in  the  magnetosphere,  where
the plasma is tenuous, the soft X-ray emissivity is weak. Therefore,
there  is  a  sharp  boundary  at  the  magnetopause  in  terms  of  the
soft  X-ray  emissivity,  which  means  that  images  formed  using  a
soft X-ray telescope can detect this boundary.

16° × 27°

SWCX  X-ray  emissions  have  been  observed  by  narrow-field-of-
view (FOV) telescopes on board astronomical  satellites  (Fujimoto
et al., 2007; Carter et al., 2011). The Soft X-ray Imager (SXI) that will
fly  onboard  the  Solar  wind  Magnetosphere  Ionosphere  Link
Explorer (SMILE) mission will have a wide FOV ( ), capable
of  collecting  the  first  X-ray  images  of  the  magnetopause  and
cusps (Branduardi-Raymont et al., 2016; Wang C et al., 2017; Wang
C  and  Branduardi-Raymond,  2018).  The  SMILE  mission,  which  is
supported jointly by the European Space Agency and the Chinese
Academy of Sciences, is expected to be launched in 2024 or 2025.
Since no X-ray images of the large-scale terrestrial magnetopause
have been observed so far, simulations of the magnetosheath are
needed in order to be ready to analyze images expected from the
SMILE  mission.  By  using  a  numerical  model, Robertson  and
Cravens  (2003) first  simulated  X-ray  images  of  the  terrestrial
magnetosheath  under  a  given  solar  wind  condition. Robertson
et al. (2006) then used three-dimensional (3-D) magnetohydrody-
namic  (MHD)  simulations  to  present  the  X-ray  images  of  the
magnetosheath  including  the  cusps. Whittaker  et  al.  (2016)
analyzed  the  data  from  XMM-Newton  observations  to  examine
the  accuracy  of  MHD  modeling  when  describing  the  SWCX  from
the  magnetosheath;  they  found  that  the  MHD  simulations  are
suitable for simulating the X-ray emissivity. Further, by performing
global  MHD  simulations,  the  Kelvin-Helmholtz  wave-induced
X-ray  emissivity  at  the  low-latitude  magnetopause  (Sun  TR  et  al.
2015)  and  the  responses  of  the  magnetopause  and  cusps  to  the
solar wind changes (Sun TR et al., 2019) are studied. Recently, Sun
TR  et  al.  (2020) proposed  the  tangent  fitting  approach  (TFA)  to
derive  the  magnetopause  boundary.  The  TFA  presents  that  the
locations  with  maximum  X-ray  intensity  on  a  soft  X-ray  image
observed  by  an  X-ray  telescope  (e.g.,  SMILE  mission)  correspond
to  the  tangent  directions  of  the  magnetopause  (Collier  and
Connor, 2018).

The  Earth’s  magnetosheath,  however,  is  turbulent  because  of
many plasma waves, such as Alfvén ion cyclotron (AIC) waves and
mirror  waves  caused  by  ion  temperature  anisotropy  (Lacombe
et  al.,  1990, 1992; Anderson  et  al.,  1991; Fuselier  et  al.,  1991;
Anderson  and  Fuselier,  1993; Lu  QM  and  Wang  S,  2005, 2006;
Alexandrova  et  al.,  2006).  Moreover,  the  magnetopause  is  also
turbulent because of patchy, sporadic magnetic reconnection and
the  resultant  flux  transfer  events  (e.g., Russell  and  Elphic,  1978;

Lee  and  Fu,  1985; Tan  B  et  al.,  2011; Guo  J  et  al.,  2021a).  These
effects are due to particle kinetics that cannot be resolved in the
MHD  simulations.  However,  global  hybrid  simulations,  in  which
ions  are  treated  as  full  particles  while  electrons  are  treated  as  a
massless  fluid,  can  describe  ion  kinetics  in  a  global  context  (e.g.,
Lin Y and Wang XY, 2005; Lin Y et al.,  2014; Lu S et al.,  2015; Guo
ZF  et  al.,  2020; Guo  J  et  al.,  2021a).  Therefore,  in  the  turbulent
environment  with  these  particle  kinetic  effects,  whether  the
magnetopause  can  still  be  identified  needs  to  be  verified  by
performing global hybrid simulations.

In this study, we present 3-D global hybrid-particle-in-cell (hybrid-
PIC)  simulations  with  southward interplanetary  magnetic  field  to
estimate  the soft  X-ray  imaging of  the  terrestrial  magnetosheath
under different  solar  wind  conditions.  We  find  that  the  magne-
topause boundary can be well-identified well,  although there are
large amplitude fluctuations of the X-ray emissivity in the magne-
tosheath.  Solar  wind conditions  and satellite  positions  have little
effect on magnetopause identification. In this paper, methods are
described in Section 2; simulation results are presented in Section
3; conclusions and discussion are presented in Section 4.

 2.  Materials and Methods
 2.1  Three-Dimensional Global Hybrid-PIC Simulation

Model

r, θ, φ

x > 0

3 RE ≤ r ≤ 24 RE RE

r = 0

20°

±y

y

0° < θ <
180°

20° < φ < 160°

Nr × Nφ × Nθ = 400 × 160 × 200

In this study, we use a global hybrid-PIC simulation model (Swift,
1996; Lin  Y  and Wang XY,  2005; Guo J  et  al.,  2021a)  to  study the
soft  X-ray  imaging  of  Earth’s  magnetosheath.  In  this  model,  a
spherical  coordinate  system  ( )  is  used,  and  the  geocentric
solar-magnetospheric  (GSM)  coordinate  is  employed  to  describe
the simulation results. The simulation domain contains the hemi-
spherical  plasma  regions  with  GSM ,  within  a  geocentric
distance  (where  is  the Earth’s  radius);  the Earth
is located at . To avoid the singular coordinate line along the
polar axes, a semicone of  polar angle around the positive and
negative polar  axes,  which are  chosen along the GSM  axes  in
the calculation, is cut out from the domain. While cutting a semi-
cone polar angle around the positive and negative polar axes, the
dayside cusps can be retained due to rotate the polar axis to the 
axis.  However,  for  the  presentation,  we  use  the  conventional
spherical  coordinate  system  in  which  the  polar  angle  (

) is measured from the positive GSM z-axis, and the azimuthal
angle  ( )  from  the  negative  GSM y-axis.  A  total  grid

 is used.

In this simulation model, ions are treated as particles, and electrons
are treated as a massless fluid. Only protons are considered in the
simulation. The equation for ion particle motion in the simulation
is given as

dvp

dt
= EEE + vp × BBB − υ (Vp − Ve) , (1)

Vp EEE
BBB

υ
Vp Ve

where  is the ion particle velocity,  is the electric field in units

of  ion  acceleration,  is  the  magnetic  field  in  units  of  the  ion
gyrofrequency,  is  the  collision  frequency  that  is  applied  to  the
magnetopause for possible magnetic reconnection, and  and 

are  the  bulk  flow  velocities  of  ion  particles  and  electrons.  The
magnetic field is advanced in time using Faraday’s law, the electric
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field is calculated from the electron momentum equation, and the
flow  velocity  of  electrons  is  derived  from  Ampère’s  law  (refer  to
Lin Y and Wang XY, 2005 for a more detailed description).

In  addition  to  the  particle  ions,  a  cold,  incompressible  ion  fluid
representing the plasmasphere is included in the inner magneto-
sphere. The number density of the cold ion fluid is assumed to be

Nf = (10
5/r6)N0, (2)

N0 r ≥ 10 REwhere  is the ion number density in the solar wind. For ,
initially  there  are  ion  particles  in  the  solar  wind;  the  ion  fluid
density is set to be exactly zero.

Δr ≈ 0.03 RE 8 RE ≤ r ≤ 14 RE

RE

x = 0

RE

r ≤ 10 RE

RE

RE

r = 10 RE ∇ ⋅ BBB = 0

BBB
Δt = 0.02 Ω

−1
i

Ωi

1 × 109

To produce a  higher  resolution near  the magnetopause,  nonuni-
form  grids  are  used  in  the r direction  with  a  smaller  grid  size  of

 limited to . Solar wind inflow boundary
conditions  are  applied  for  the  outer  boundary  at r  = 24 ,  and
outflow boundary conditions are utilized at the tailward boundary
(corresponding to ,  and the two semiconic boundaries).  The
particles are reflected at the perfectly-conducting inner boundary
located  at r =  3 .  Initially,  a  3-D  dipole  magnetic  field  plus  an
image dipole is limited to ; they interact with the uniform
solar wind placed in r > 10 . A transition layer (with a half-width
of  1 )  exists  between  the  dipole  field  and  the  IMF,  centered  at

. To guarantee that  is satisfied, the initial setup of
this method requires a correction of the initial  field. The Earth’s
dipole  tilt  angle  is  set  to  zero.  The  time  step  is ,

where  is  the  unit  ion  gyrofrequency  evaluated  using  the
magnitude of the magnetic field in the solar wind. About 
particles are used in each simulation.

Nsw Bsw

βi = βe = 0.6
400 km/s MA =

di0 = 0.05RE

di0

di0

Four  cases  (Cases  1−4)  with  different  solar  wind  conditions  and
southward  IMF  are  performed.  In  the  solar  wind,  the  number
density  and magnetic field  of the four cases are shown in
Table  1.  The  ion  and  electron  plasma  beta  in  the  solar  wind  is

. The solar wind is along the −x direction, with a speed
of ;  i.e.,  the Alfvén Mach number is  11.6 in Cases 1
and 3 (5.8, in Cases 2 and 4). In our simulations, we use 
about six times larger than the realistic  in Cases 1 and 3 (three
times  larger,  in  Cases  2  and  4).  After  such  scaling,  the  size  of
Earth’s  dipole  field  and  the  magnetopause  standoff  distance  are
still  real,  and  the  Alfvén  waves  and  FTEs  can  still  be  identified  in
the  simulation  results  (e.g., Tan  B  et  al.,  2011; Shi  F  et  al.,  2013).
This  scaling  of  does  not  affect  the  global  structure  of  the
magnetosphere  and  the  magnetopause  identification  after  the
line of sight (LOS) integral.  In all  cases,  the inflow parameters are
constant  throughout  the  simulation.  Each  case  required  two

hundred cores to run for about seven days.

 2.2  Soft X-ray Intensity

IX

PX

All  of  the soft  X-ray images presented in  this  study were derived
from  the  3-D  global  hybrid-PIC  simulations  described  in  Section
2.1.  The soft  X-ray intensity ( ) along a given line of  sight,  calcu-
lated according to the model shown in Sun TR et al.  (2015, 2019,
2021), is the line integration of the X-ray emissivity :

IX = 1
4π ∫ PXdr = 1

4π ∫ αXnHnSW

√
u2

SW + u2
th

dr,

αX nH

nsw

usw uth =
√

3kBT/mi

kB T
mi

αX

1 × 10−15eV ⋅ cm2

400 km/s

nH =n0 (10 RE/r)3 cm−3

n0 = 25

where  is  the  interaction  efficiency  factor;  is  the  number
density of exospheric hydrogen;  is the plasma number density
in the solar wind;  is the plasma bulk velocity;  is

the plasma thermal speed (  is the Boltzmann’s constant,  is the
plasma  temperature,  and  is  the  ion  mass).  This  equation
expresses IX in keV cm−2 s−1 sr−1. In accordance with previous stud-
ies (Cravens, 2000; Pepino et al., 2004; Wargelin et al., 2014; Kuntz
et al., 2015; Whittaker and Senmby, 2016), the value of  is set to

 in this  study,  which is  a  conservative estimation
given  a  solar  wind  speed  of .  The  number  density  of
exospheric  hydrogen  is  represented  as ,

where  is  used  in  this  study  following  previous  studies
(Hodges,  1994; Cravens  et  al.,  2001; Sun  TR  et  al.,  2019; Connor
and Carter, 2019; Fuselier et al., 2020).

 3.  Results

 3.1  Tangent Directions of the Magnetopause and the
Maximum X-ray Intensity

cm−3

PX

RE

RE

In Case 1, the interplanetary magnetic field (IMF) in the solar wind
is  purely southward,  and the plasma number density in the solar
wind is  20 .  The  bow shock  is  formed in  front  of  the  Earth’s
magnetosphere  at  about t =  90  s  because  of  the  interaction
between the  solar  wind  and  the  magnetosphere.  The  magne-
tosheath,  the  magnetopause,  and  the  cusps  are  well  formed  at
about t = 140 s. Figure 1 plots the X-ray emissivity  at t = 471 s,
517 s,  and 564 s in the noon-midnight meridian plane and in the
equatorial  plane.  During  this  time  interval,  the  magnetopause
standoff  distance  is  about  8.3 ,  and  the  quasi-perpendicular
shock  standoff  distance  is  about  10.8 .  The  X-ray  emissivity  is
high in the magnetosheath, whereas it is low in the magnetosphere
and  the  solar  wind.  The  polar  cusps  are  funnel-shaped  regions
that  connect  the  magnetosheath  to  the  ionosphere  (Heikkila,
1985).  The  X-ray  emissivity  is  higher  in  the  cusps  than  in  the
magnetosheath  because  the  neutral  atoms  and  molecules  are
dense in the cusps. In Figure 1, the X-ray emissivity in the magne-
tosheath  is  more  fluctuating  than  that  simulated  by  the  MHD
model  (Sun  TR  et  al.,  2019)  because  there  may  be  Alfvén  ion
cyclotron waves and mirror  waves generated downstream of the
quasi-perpendicular  shock  (Lee  et  al.,  1988; Song  P  et  al.,  1994;
McKean et al., 1995; Alexandrova et al., 2006). Moreover, there are
elliptic  regions  with  enhanced  X-ray  emissivity  (red  arrows  in
Figure 1)  at  the magnetopause.  These enhanced X-ray  emissivity
regions are flux ropes (or flux transfer events, FTEs) formed at low
latitude magnetopause,  and they have enhanced plasma density
and  helical  magnetic  field  lines  (Figure  1c).  The  flux  ropes  are
formed  by  the  magnetopause  reconnection  (Russell  and  Elphic,

 

Table 1.   The four simulation cases presented in this study, with
different solar wind conditions. Note that the IMF is the interplanetary
magnetic field.

Case
Ni0

Plasma density
in the solar

wind  (cm−3)

BBBswxIMF 
(nT)

BBBswyIMF 
(nT)

BBBswzIMF 
(nT)

1 20 0 0 −7.07

2 5 0 0 −7.07

3 20 0 5 −5

4 5 0 5 −5
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Figure 1.   X-ray emissivity  at t = 471 s, 517 s, and 564 s, obtained from Case 1. (a)  in the noon-midnight meridian plane; (b)  in the

equatorial plane; (c) 3-D view of  and flux ropes at t = 517 s. The two cusps and the magnetosheath are indicated by white arrows; the flux ropes

are indicated by red arrows. The region within the inner boundary is indicated by the grey semicircle. In panel (c), the red and blue helical

magnetic field lines represent two flux ropes.
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1978; Tan B et al., 2011; Guo J et al., 2021a, b).

PX

(PX − PX) /PX

RE

To  evaluate  how  much  the  X-ray  emissivity  fluctuates  in  the
magnetosheath, Figure 2 plots the average X-ray emissivity  in

the  LOS  (panel  a)  and  the  fluctuation  of  X-ray  emissivity

 (panel  b)  in  the  magnetosheath.  The  hypothetical

satellite  position P1  =  (7.95,  0.32,  17.73)  is  derived  from  the
orbit  data  of  the  SMILE  mission.  In Figure  2b,  the  fluctuation  of
local X-ray emissivity (excluding the cusp regions),  which may be
caused by Alfvén ion cyclotron waves and mirror waves generated
downstream of the quasi-perpendicular shock, can be up to 160%
in the whole magnetosheath.

Bz
PX

P1 θ − φ

θ φ

Figure 3 identifies  the magnetopause boundary for  Case 1  at t =
471 s. Figure 3a plots the 3-D magnetopause identified by finding
the minimum gradient  of  with  the contour  of  X-ray  emissivity

,  and  the  red  regions  with  enhanced  X-ray  emissivity  are  flux
ropes. Among the LOS of the hypothetical satellite, the black LOS
(Figure  3a)  are  tangent  to  the  3-D  magnetopause. Figure  3b
shows  the  X-ray  intensity  observed  by  a  hypothetical  satellite  at
position ,  plotted  in  the  image  coordinate  system  ( ,  refer
to Figure 2 in Sun TR et al., 2021). In the image coordinate system,
the direction at (0,  0) is  the telescope pointing direction, and the
positive ( )  axis  is  oriented toward the  Sun (dusk).  The  angular
resolution  of Figure  3a is  0.375°,  which  is  lower  than  that  of  the

φ = 0

θ = 1.6° 0.4° x = 8.3 RE

7.9 RE

0.4RE

0.5 RE

SXI  (about  0.135°−0.16°)  onboard SMILE but  sufficient  to  identify
the  magnetopause  in  this  study.  The  red  arc-like  region  with
enhanced X-ray  intensity  is  the  magnetosheath  and  the  magne-
topause,  and  the  two  spots  with  enhanced  X-ray  intensity
(denoted  by  white  arrows)  are  the  cusps.  The  northern  cusp
(denoted by “N”)  is  on the left;  on the right  is  the  southern cusp
(denoted by “S”).  The tangent directions of the magnetopause in
Figure  3a are  corresponding  to  the  black  dots  in Figure  3b,  and
the tangent directions match the maximum X-ray intensity (white
dashed line) well. This indicates that the boundary and the shape
of  the  magnetopause  can  be  identified  in  the  X-ray  intensity
images,  even  when  there  are  significant  fluctuations  of  X-ray
emissivity in the magnetosheath (Figure 2). However, in Figure 3b
the  flux  ropes  are  difficult  to  identify  because  they  are  obscured
by the enhanced X-ray intensity of the magnetopause when they
are  at  the  low-latitude  magnetopause. Figure  3c presents  the
spatial profiles of the X-ray intensity, as a function of , at t =
471 s, 517 s, and 564 s. For the interval of 93 s, the magnetopause
boundary (dashed line) changes from  to  (  to

)  in  the  image  coordinate  system  (GSM  coordinate).  The
magnetopause boundary change ( ) is smaller than the spatial
resolution specified in the SMILE mission’s scientific requirements,
which include determining the boundary of the subsolar magne-
topause  to  an  accuracy  better  than  (SMILE  Science  Study
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Team,  2018).  The  left  red-shadowed  region  is  the  northern  cusp

( ),  and  the  right  one  is  the  southern  cusp  ( ). Figure

3d plots  the  time-averaged  soft  X-ray  image  from t =  471  to t =

564  s.  The  perturbations  of  the  maximum  in Figure  3b are

blurred out, and the tangent directions match the maximum X-ray

intensity better.

To  estimate  the  influence  of  satellite  positions  on  accuracy  of

magnetopause  identification, Figure  4 plots the  tangent  direc-

tions, at t = 471 s, of the 3-D magnetopause and the X-ray intensity

for  different  satellite  positions.  These  positions  are  all  derived

from  the  candidate  orbit  of  SMILE  mission. Figure  4 reveals  that

the tangent directions of the 3-D magnetopause match the maxi-
mum X-ray  intensity  well,  indicating  that  expected  satellite  posi-
tions should have little effect on magnetopause identification.

 3.2  Influence of Different Solar Wind Conditions
PX

RE

nPa

Figure 5 displays the X-ray emissivity  under different solar wind
conditions (Cases 2−4, at t = 471 s) in the noon-midnight meridian
plane (panel a), and in the equatorial plane (panel b). X-ray emis-
sivity  is  high  when  the  plasma  density  in  the  solar  wind  is  high
(Cases 1 and 3). In Case 3, the magnetopause standoff distance is
8.4 ,  which  is  similar  to  that  in  Case  1  because  the  solar  wind
dynamic  pressure  (about  5.4 )  is  the  same  in  both  cases.
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However, in Cases 2 and 4, the dynamic pressure is low (about 1.3

)  and  the  magnetopause  standoff  distances  are  10.2  and

10.4 , respectively, larger than in Cases 1 and 3. When the IMF is

southward,  the  magnetopause  standoff  distances  can  be

expressed  as  an  empirical  formula 

(Shue et  al.,  1997),  where  is  the dynamic pressure in  the solar

wind.  According  to  this  empirical  formula,  the  magnetopause

standoff distances are 8.1  in Case 1, 10.0  in Case 2, 8.3  in

Case 3, and 10.3  in Case 4, which are consistent with our simu-

lation results.  Moreover,  the cusps are small  when the solar wind

dynamic pressure is low. In all cases, there are fluctuations of X-ray

emissivity  in  the  whole  magnetosheath.  When  the  IMF  has  a y
component,  the  plasma  density  in  the  flux  ropes  is  lower  than

when the IMF has no y component (Guo J et al., 2021a). In Case 3,

the  IMF y component  is  non-zero  (  and );

the  maximum  X-ray  emissivity  in  the  flux  ropes  is

, and the fluctuation of the X-ray emissivity

relative  to  the  average  X-ray  emissivity  in  LOS  is  about  130%.  In

1.5 × 10−4eV ⋅ cm−3 ⋅ s−1
Case  1,  the  IMF  is  purely  southward;  here  the  maximum  X-ray
emissivity in the flux ropes is , and the fluc-
tuation of the X-ray emissivity relative to the average X-ray emis-
sivity in LOS is about 160%, larger than that in Case 3.

P1

Figure  6 plots  the  magnetopause  tangent  directions  identified
under different solar wind conditions (Cases 2−4). In Figure 6, the
position  of  the  hypothetical  satellite  is  at ,  which  is  similar  to
that in Case 1 (Figure 3). The tangent directions of the 3-D magne-
topause match the maximum X-ray intensity well in Cases 2 and 3
(Figures  6a and 6b).  In  Case  4,  the  tangent  directions  of  the  3-D
magnetopause deviate from the maximum X-ray intensity (Figure
6c)  in  some  localized  regions,  while  the  general  shape  of  the
magnetopause is identified. The local deviations tend to be due to
fluctuations  in  the  magnetosheath,  indicating  that  X-ray  images
may be able to reveal waves in the magnetosheath.

 4.  Discussion
In our simulation results, X-ray emissivity in the magnetosheath is
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more  fluctuating  than  in  MHD  model  simulations  (Sun  TR  et  al.,
2019) because there may be Alfvén ion cyclotron (AIC) waves and
mirror  waves  generated  downstream  of  the  quasi-perpendicular
shock  (Lee  et  al.,  1988; Song  P  et  al.,  1994; McKean  et  al.,  1995;
Alexandrova  et  al.,  2006).  Despite  these  magnetosheath  X-ray
emissivity  fluctuations,  the  magnetopause  boundary  can  still  be
identified in the 2-D X-ray images. It can be identified more clearly
when the plasma in the solar wind is dense, and the IMF is purely
southward,  because the denser the solar wind plasma, the larger
the  X-ray  emissivity  in  the  magnetosheath  (see  Section  2.2),
making it  easier  to  identify  the  magnetopause.  At  the  magne-
topause,  there  are  enhanced  X-ray  emissivity  regions  (Figures  1
and 5)  which are flux ropes with high plasma density,  formed by
the magnetopause reconnection (Russell  and Elphic,  1978; Tan B
et al., 2011; Guo J et al., 2021a, b). The flux ropes are difficult to be
identified in  the  2-D X-ray  images  because they  are  obscured by
the enhanced X-ray intensity of the magnetopause when they are
at  the  low-latitude  magnetopause.  Special  viewing  geometries
and image processing are required to identify the flux ropes in the
2-D X-ray images, which will be investigated in future work. These
flux ropes with enhanced X-ray emissivity can increase the total X-
ray intensity at the magnetopause in the 2-D X-ray images. When
the IMF has a y component, the plasma density in the flux ropes is
low (Guo J et al.,  2021a), and there is no obvious enhanced X-ray
emissivity in the flux ropes (Figure 5). We also note that fluctuations
in  the  magnetosheath  appear  to  correlate  with  local  deviations
between the magnetopause boundary and maximum X-ray inten-
sity (Figure 6c), indicating that X-ray images may have potential to
reveal  waves  in  the  magnetosheath.  It  requires  further  study.  In
summary,  based on our hybrid-PIC simulation results,  we believe
the  SMILE  mission  has  considerable  potential  to  provide  X-ray
images of  the  magnetopause  that  will  give  us  a  better  under-
standing of Earth’s magnetosphere.

In this study, only the cases with southward IMF are investigated.
Under other IMF conditions, the magnetosheath and the magne-
topause are very different. When the IMF has a strong x component
(radial  IMF),  a  quasi-parallel  bow  shock  can  be  formed  near  the
subsolar point of the Earth (Fairfield, 1971; Peredo et al., 1995; Lin
Y,  2003; Lin  Y  and  Wang  XY,  2005; Guo  J  et  al.,  2022).  Magnetic
reconnection and high-speed jets can occur in the magnetosheath
downstream  of  the  quasi-parallel  bow  shock  (e.g., Retinò  et  al.,
2007; Hietala  et  al.,  2009; Phan  et  al.,  2018; Lu  QM  et  al.,  2019,
2021; Guo  J  et  al.,  2022),  which  further  perturbs  the  turbulent
magnetosheath. In  this  case,  it  is  not  clear  whether  the  magne-
topause boundary can be clearly identified. This question is worth
further  investigation.  When  the  IMF  is  northward,  the  magnetic
reconnection occurs at the high-latitude nightside magnetopause
(Gosling  et  al.,  1991; Lin  Y  and  Wang  XY,  2006; Hasegawa  et  al.,
2008; Guo J et al., 2021c), and flux ropes cannot be formed at the
dayside  magnetopause.  The  magnetopause  identification  during
the  northward  IMF  remains  in  need  of  further  study.  Moreover,
during  time-varying  solar  wind  conditions,  the  extent  to  which
SMILE  will  be  able  to  detect  magnetopause  displacement  is  also
worth studying.

 5.  Conclusions
By  performing  3-D  global  hybrid-PIC  simulations,  we  study  the

soft  X-ray  emissions  from  SWCX  in  the  Earth’s  magnetopause,
magnetosheath, and cusps under different solar wind conditions.
Results  of  our  simulations  involving  ion  kinetics  suggest  that,
although  there  are  large  amplitude  fluctuations  (up  to  160%)  of
the local X-ray emissivity in the whole magnetosheath, the maxi-
mum  X-ray  intensity  matches  well  the  tangent  directions  of  the
magnetopause,  and  the  magnetopause  boundary  can  still  be
identified  in  SMILE’s  2-D  X-ray  images.  Different  positions  of  the
satellite,  and  different  solar  wind  conditions  have  limited  effects
on the general shape identification of the magnetopause.
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