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Key Points:
We simulate Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) Soft X-ray Imager (SXI) count maps for an event with a
southward interplanetary magnetic field turning.

●

We find the magnetopause standoff distance from the SXI count maps by using assumptions about the magnetopause shape.●

The maximal difference between the estimated standoff distance from the count maps and the one obtained from the
magnetohydrodynamic (MHD) solution is 0.24 RE.
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Abstract: The Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) Soft X-ray Imager (SXI) will shine a spotlight on
magnetopause dynamics during magnetic reconnection. We simulate an event with a southward interplanetary magnetic field turning
and produce SXI count maps with a 5-minute integration time. By making assumptions about the magnetopause shape, we find the
magnetopause standoff distance from the count maps and compare it with the one obtained directly from the magnetohydrodynamic
(MHD) simulation. The root mean square deviations between the reconstructed and MHD standoff distances do not exceed 0.2 RE (Earth
radius) and the maximal difference equals 0.24 RE during the 25-minute interval around the southward turning.
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 1.  Introduction
The  Solar  wind  Magnetosphere  Ionosphere  Link  Explorer,  or
SMILE, is a joint mission between the European Space Agency and
the  Chinese  Academy  of  Sciences  that  is  due  for  launch  in  2025.
The SMILE mission will study the dynamic response of the terrestrial
magnetosphere  to  solar  wind  variations  in  a  revolutionary  new
way, by using the Soft X-ray Imager (SXI).  Soft X-rays are emitted
in the magnetosheath and cusps when heavy solar wind ions (e.g.,
O7+)  interact  with  exospheric  neutrals  (hydrogen)  via  solar  wind
charge exchange (SWCX; e.g.,  see Cravens et al.,  2001; Robertson
and  Cravens,  2003; Carter  et  al.,  2010; Kuntz  et  al.,  2015).  The
heavy ion picks up an electron from the neutral. This electron first
enters into a high-energy orbit, but then moves to a lower energy
orbit  emitting  a  photon.  Using  a  successive  set  of  soft  X-ray
images  of  the  dayside  magnetosheath  and  magnetosphere,  the
SXI  collects  information  about  the  magnetopause  motion  in
response  to  solar  wind  variations.  Finding  a  three-dimensional

magnetopause shape from two-dimensional X-ray images is not a
trivial task;  therefore,  several  methods have recently  been devel-
oped and applied for  different  solar  wind conditions  (Collier  and
Connor, 2018; Jorgensen et al., 2019a, b, 2022; Sun TR et al., 2019,
2020; Guo  YH  et  al.,  2022; Samsonov  et  al.,  2022a, b;  see  also
review  by Wang  C  and  Sun  TR,  2022).  These  methods  assume
either  that  the  shape of  the  magnetopause can be expressed by
Shue’s  (Shue  JH  et  al.,  1997)  modified  model  (Jorgensen  et  al.,
2019a) or that the magnetopause does not move as the spacecraft
follows a certain path along its orbit (Collier and Connor, 2018). A
common assumption is that the maximum of the integrated X-ray
emissivity occurs along the line-of-sight tangent to the surface of
the  magnetopause  (Sibeck  et  al.,  2018). Samsonov  et  al.  (2022b)
verified this assumption and concluded that the maximum of the
integrated emissivity  occurs  at  the  outer  edge of  a  wide magne-
topause  layer  produced  by  the  magnetohydrodynamic  (MHD)
simulations (see also Read, 2024, this issue).

The  SMILE  mission  will  study  the  manner  in  which  energy  and
plasma  enter  the  magnetosphere.  The  main  mechanism  for
energy transport through the dayside magnetopause is magnetic
reconnection. SMILE  will  explore  the  phenomenon  of  magne-
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topause reconnection and will seek to determine when and where
transient  and  steady  reconnection  states  dominate  (Branduardi-
Raymont et al., 2018). The southward orientation of the interplan-
etary  magnetic  field  (IMF)  is  a  favorable  condition  for  dayside
magnetopause  reconnection.  In  this  study,  we  look  for  events
with  a  southward  IMF  turning  (ST)  in  which  the  IMF  orientation
changes  rapidly  from  northward  to  southward.  Usually,  the
magnetosphere  and  magnetopause  location  remain  relatively
quiet for a northward IMF (known as a “closed magnetosphere”). If
the IMF  then  rotates  southward,  dayside  magnetopause  recon-
nection begins.  One  of  the  reconnection  signatures  is  the  earth-
ward  magnetopause  motion,  also  known  as  magnetopause
erosion, in which the magnetic flux reconnected from the dayside
magnetosphere  is  transferred  to  the  magnetotail  (Aubry  et  al.,
1970; Maltsev  and  Lyatsky,  1975; Tsyganenko  and  Sibeck,  1994).
By  observing  the  large-scale  magnetopause  response  to  an  ST
event,  we  will  better  understand  the  nature  of  the  reconnection
process.

Reconnection is not the only reason for global-scale magnetopause
motion. The magnetopause response to solar wind dynamic pres-
sure  variations  is,  overall,  even  stronger  than  the  response  to
changes  in  the  IMF Bz (we  use  Geocentric  Solar  Magnetospheric
(GSM) coordinates throughout the paper). In the event simulated
in  this  work,  we  compare  the  changes  in  the  magnetopause
standoff distance in response to an increase in the dynamic pres-
sure and an ST. Connor et  al.  (2021) have recently simulated two
artificial cases, with an ST and a sudden enhancement of the solar
wind  dynamic  pressure.  The  authors  compare  the  soft  X-ray  and
energetic neutral atom images, which can be obtained by a virtual
spacecraft from two positions in the terminator plane.

In this study, we use the global MHD model to calculate the X-ray
emissivity in the magnetosheath and cusps and the sxi_sim code
(Sembay et al., 2024 this issue) to calculate the integrated emissivity
and  SXI  count  maps.  The sxi_sim code  reproduces  the  expected
output of the SXI instrument for a given three-dimensional emis-
sivity cube; therefore, we can check that we will be able to resolve
the expected earthward magnetopause motion in a real case with
the  ST.  All  details  concerning  the  simulation  of  the  integrated
emissivity and count maps have been presented by Samsonov et
al. (2022a, b). We choose a case in which the IMF Bz changes from
a large positive value to a large negative value. This article is orga-
nized  as  follows.  The  next  section  contains  a  brief  description  of
the MHD model and the sxi_sim code and presents the solar wind
conditions. In the third section, we show the results of the simula-
tions. The last section provides conclusions.

 2.  Numerical Models and Solar Wind Conditions
We  use  the  Space  Weather  Modeling  Framework  (SWMF)  global
MHD  model  (Tóth  et  al.,  2005, 2012)  version 20180525 available
through  the  Runs-on-Request  from  the  Community  Coordinated
Modeling Center  at  the Goddard Space Flight  Center.  The SWMF
model uses an adaptive structured Cartesian grid. In this study, we
use a run with the best spatial resolution of 0.125 RE (Earth radius)
in the whole dayside magnetosphere, magnetosheath, and cusps.
Figure 1 shows the solar  wind OMNI data  used by the numerical
model  for  its  upstream  boundary  condition.  The  magnetic  field
component Bx is set to zero to keep the ∇⋅B = 0 constraint (Powell

et  al.,  1999).  We simulate the 3-hour  interval  from 09:00 to 12:00
universal  time (UT) on March12,  2012.  A discontinuity with an ST
occurs at 10:41 UT. This discontinuity is preceded by one hour of a
strong  northward  IMF  and  followed  by  more  than  one  hour  of  a
strong southward IMF (until the end of the considered time inter-
val). The density, of approximately 40 cm−3, stays high during the
event. The velocity, of nearly 500 km/s (occasionally slightly more),
is  also  larger  than  average.  The  density  and  velocity  increase  at
09:26  UT  at  the  beginning  of  the  time  interval,  which  results  in
significant magnetospheric compression. However, the solar wind
dynamic pressure remains nearly constant through the ST discon-
tinuity.

The soft X-ray emissivity PX is calculated by the following expres-
sion:

Px = αNSWNHVrel,

α = 10−15 eV cm2where , NSW is the solar wind and magnetosheath
density, NH is the exospheric neutral hydrogen density, and Vrel is
the relative velocity calculated as a square root of the velocity and
thermal  velocity  squares.  We  obtain NSW and Vrel from  the  MHD
simulations.  We  assume  that  the  exospheric  neutral  density NH

falls off with R−3, where R is the geocentric distance (Cravens et al.,
2001).  We calculate PX in a three-dimensional cube and use it  for
calculations  of  the  integrated  line-of-sight IX emissivity  and  SXI
count maps.

The  SXI  count  map  is  derived  by  using  the  instrument  simulator
software sxi_sim developed  by  the  SXI  instrument  team  (see
Sembay et al., 2024 this issue). The maps are the expected counts
from  the  foreground  SWCX  emission  within  the  SXI  field  of  view
(FOV) in user-defined pixels and for a given user-defined integra-
tion  time.  The  simulator  calculates  the  expected  foreground
(SWCX)  and  background  (typical  X-ray  astrophysical  background
plus particle-induced background) input components, passes the
photon  components  through  the  full  instrument  response,  and
then  combines  them  to  derive  an  estimate  of  the  total  counts
within  the  FOV.  Poisson  noise  is  then  added  to  the  total  counts,
and the background components are subtracted to leave an esti-
mate  of  the  foreground  emission  with  the  appropriate  level  of
noise.  To  produce  the  SXI  count  map,  we  take  into  account  a
reduction  in  image  brightness  at  the  edges  of  the  FOV  (i.e.,  the
instrument vignetting function).

The  spacecraft  location  and  the  SXI  FOV  change  with  time.  But
because  we  will  mainly  focus  on  a  relatively  short  time  interval
near the ST (25 minutes), we will fix the spacecraft location near its
apogee at (6.57, −5.94, 17.33) RE and the SXI aim point (the center
of the FOV) at (7.0, 0.0, 0.0) RE.  The aim point has been chosen to
be close to the magnetopause subsolar point when the ST interacts
with the magnetosphere.

 3.  Results

 3.1  Standoff Distance in MHD Simulations
Figure  2 shows  the  magnetopause  standoff  distance  obtained
from the MHD simulation. More precisely, it shows the location of
the  boundary  between  open  and  closed  magnetic  field  lines  at
the  subsolar  point  (closed  magnetic  field  lines  are  connected  to
the Earth by both ends). The vertical lines indicate times when the
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magnetopause  moves  toward  the  Earth  in  response  to  the  jump

of the solar wind dynamic pressure (blue line) and in response to

the ST (red line). The first response is faster and stronger than the

second. The standoff distance decreases by approximately 2 RE at

09:30 UT and by approximately 1 RE between 10:50 and 11:07 UT.

We compare  these  two responses  to  point  out  that  the  dynamic

pressure  makes  a  stronger  impact  on  the  standoff  distance  than

the IMF Bz even if  the changes in Bz are significant.  We also draw

the  three  horizontal  lines  to  indicate  the  region  where  we  can

observe the maximum of the integrated emissivity by using given

70

350000

−400

0

20

10

15

20

60

300000

−450

−20

0

5

10

10

50

250000

−500

−40

−20

0

5

0

40

200000

−550

−60

−40

−5

0

−10

30

150000

−80

−60

−10

−5

−20

20

100000

−100

−10

10

50000

−120

Io
n 

de
ns

ity
 (c

m
−3

)

T 
(K

)
V x

 (k
m

/s
)

V y
 (k

m
/s

)
V z

 (k
m

/s
)

B x
 (n

T)
B y

 (n
T)

B z
 (n

T)

9:00 10:00 11:00 12:00
UT (h)

 
Figure 1.   The solar wind conditions on 09:00−12:00 UT March 12, 2012, used for the MHD simulation. The vertical blue and red lines mark the

discontinuities with the increase in the solar wind dynamic pressure and the southward turning respectively.
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assumptions about the spacecraft location and the SXI aim point.

The SXI  FOV is  16°  × 27°,  which gives us an interval  of  ±8°  in the

horizontal  direction  (along  the  Sun–Earth  line),  but  we  exclude

the edges of the SXI FOV (~3°) where we cannot confidently deter-

mine  the  location  of  the  emissivity  maximum.  Therefore,  we

measure  the  angle  of  5°  on  both  sides  around  the  aim  point  at

x = 7 RE (solid red line). This results in the interval from 5.5 to 8.5 RE

(dashed red lines) along the Sun−Earth line where we can observe

the  emissivity  maximum  for  the  fixed  aim  point  and  spacecraft

location.  Accordingly,  the  magnetopause  position  cannot  be

observed until 09:20 UT because the subsolar point is located out

of  the  FOV.  We  should  note  here  that  the  assumption  about  the

stationarity of the spacecraft position and FOV is not valid for a 3-

hour interval; moreover, the expected SXI FOV may differ from the

one that we use in this study.

 3.2  Integrated Emissivity and SXI Count Maps
Using the sxi_sim code,  we integrate the emissivity and calculate

count maps every five minutes beginning from 10:50 UT. Figure 3

shows  the  results  obtained.  The  Earth  is  to  the  left  side,  and  the

Sun  is  to  the  right  side.  The  SXI  instrument  is  oriented  in  such  a

way  that  the  SXI  aim  point  is  directed  toward  the  approximate

subsolar magnetopause, at (7.0,  0.0,  0.0) RE.  The ϕ = 0 in Figure 3

corresponds to the plane passing through the spacecraft and the

Sun–Earth  line.  The θ =  0  plane  is  orthogonal  to  the ϕ =  0  plane

and contains the location of the spacecraft and the aim point.
 

10
150

200

5

100

150

0

50

100
−5

50

−10

1050−5−10

ϕ 
(°

)

θ (°)

10

5

0

−5

−10

1050−5−10

ϕ 
(°

)

θ (°)

C
X

 in
te

n
si

ty
 (

k
e

V
 c

m
−

2
 s

−
1
 s

r−
1
)

C
ts

 p
e

r 
1

.0
 ×

 1
.0

 d
e

g
 p

ix
e

l

10:50

10
150

200

5

100

150

0

50

100
−5

50

−10

1050−5−10

ϕ 
(°

)

θ (°)

10

5

0

−5

−10

1050−5−10

ϕ 
(°

)

θ (°)

C
X

 in
te

n
si

ty
 (

k
e

V
 c

m
−

2
 s

−
1
 s

r−
1
)

C
ts

 p
e

r 
1

.0
 ×

 1
.0

 d
e

g
 p

ix
e

l
10:55

ϕ ϕ

ϕ ϕ

ϕ ϕ

9.0

8.0

7.0

6.0

R S
U

B, 
R E

9:00 9:30 10:00 10:30 11:30 12:0011:00
UT (h)

 
Figure 2.   The magnetopause standoff distance obtained in the MHD

simulations. The vertical blue and red lines indicate the earthward

magnetopause motion in response to an increase in the dynamic

pressure and the southward turning. The red horizontal lines mark the

region around x = 7 RE in which the maximum of emissivity can be

detected (see details in the text).
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Figure 3.   Integrated emissivity along the line-of-sight (left) and Soft X-ray Imager (SXI) count maps (right) between 10:50 and 11:10 UT. The

white and black lines indicate the location of IX and SXI count maxima (see details in text).The horizontal axis indicates angles along the

Sun−Earth line, where one degree corresponds to ~0.3 RE.
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The  arc  of  strong IX (left  panels)  passing  through  the  central

part  of  the  plots  matches  the  magnetosheath  region  near  the

subsolar  magnetopause.  The bright spot closer to the Earth than

the  arc  corresponds  to  the  cusps.  The  arc  moves  earthward,

whereas the bright spot moves sunward with time (from 10:50 to

11:10 UT).  The arc  motion is  explained by the earthward magne-

topause  motion,  whereas  the  bright  spot  motion  may  be

explained  by  the  cusp  motion  toward  low  latitudes,  as  expected

for a southward IMF (e.g., Akasofu et al., 1973; Carbary and Meng,

1986).  Accordingly,  the IX maximum  increases  with  time,  from

120  keV  cm−2 s−1 sr−1 at  10:50  UT  to  200  keV  cm−2 s−1 sr−1 at

11:10 UT, because the emissivity is higher when the magnetopause

is closer to the Earth. The SXI count maps (right panels in Figure 3)

obtained with the integration time of 300 seconds are noisy,  but

we  can  clearly  see  the  locations  of  count  maxima  in  the  arcs.

These locations are highlighted by white and black lines obtained

by  finding  averages  and  using  polynomial  interpolation,  as

explained below.

We find the running averages over five pixels along the horizontal

axis (the size of the pixel on count maps is 1° × 1°). For each hori-

zontal slice, we find the maximum of counts and show their posi-

tions  by  the  white  line.  The  black  lines  display  second-degree

polynomial fits for the white lines. We apply the same method for

IX on the left panels and count maps on the right panels. Because

the locations of IX maxima can be determined very accurately, we

consider  the  black  lines  on  the  left  panels  as  the  references.  The

difference between the left and right black lines is relatively small

near  the  subsolar  point  (i.e.,  near ϕ =  0),  but  it  increases  toward

the flanks. The intersections of black lines with ϕ = 0 are then used

to  find  the  magnetopause  standoff  distance. Samsonov  et  al.

(2022b) have  presented  more  examples  of  using  this  method,

along with some discussion.

 3.3  Standoff Distance Calculated from Count Maps
We  use  the  assumption  that  the  maximum  integrated  emissivity

occurs on  lines-of-sight  in  the  direction  tangent  to  the  magne-

topause surface,  and we interpolate the magnetopause by using

the formula of Shue JH et al.  (1997). Contrary to the assumptions

by Jorgensen  et  al.  (2019a) and Sun  TR  et  al.  (2020),  we  use  the

original  axisymmetrical  magnetopause  as  suggested  by Shue  JH

et al. (1997). We show below that this assumption does not result

in a large error because the tangent lines touch the magnetopause

close to the subsolar point.  Furthermore,  we calculate the flaring

parameter α by  using  the  solar  wind  dynamic  pressure  and Bz

according  to Shue  JH  et  al.  (1998).  Thus  the  magnetopause  is

defined as follows:

r = RSUB ( 2
1 + cosθ

)α and α = [0.58 − 0.007Bz][1 + 0.024 ln(Pd)].
Here, RSUB is  the  standoff  distance, θ is  the  angle  between  the

Sun−Earth line and r,  and Bz and Pd are the IMF Bz and solar wind

dynamic  pressure.  We  use  the  solar  wind  conditions  only  for

calculating α and find RSUB for a known r, where r is the position of

the  tangent  point.  We  can  roughly  estimate RSUB by  using  the

MHD solutions (see below), making a set of RSUB around this MHD

estimate, and choosing the one from them for which the direction

of maximum integrated emissivity better matches the location of

the tangent point at the magnetopause.

The spacecraft  location at  (6.57,  −5.94,  17.33) RE is  almost  strictly

above  the  aim  point  at  (7.0,  0.0,  0.0) RE;  therefore,  we  make  the

same analysis  for  another spacecraft  location closer to the termi-

nator plane (i.e., plane x = 0) at (2.34, −2.30, 16.34) RE and compare

the  results  of  the  calculated  standoff  distance.  Both  the  first  and

second spacecraft  locations  are  along  the  planned  SMILE  trajec-

tory.  We  find  the  tangent  points  and  then  the  magnetopause

standoff  distance  by  using  the  assumed  magnetopause  shape.

Figure 4 displays the standoff distance calculated by the different

methods:  the  open–closed  boundary  (solid  black  line)  and  the

maximum  density  gradient  (dashed  black  line)  obtained  directly

from  the  MHD  simulations,  and  the  standoff  distance  calculated

from  the  maximum  integrated  emissivity  (pluses)  and  from  the

maximum  SXI  counts  (squares)  for  the  two  spacecraft  positions

(blue  and  red).  The  maximum  density  gradient  appears  because

the density  in  the magnetosheath is  usually  1  to  2  orders  higher

than  the  density  in  the  dayside  magnetosphere.  This  results  in  a

large density  gradient  located  nearly  at  the  magnetopause  posi-

tion.  Indeed,  the  difference  between  the RSUB obtained  for  the

open–closed boundary and the maximum density gradient is rela-

tively  small,  so  we  can  define  the  “true”  magnetopause  as  the

maximum  density  gradient  (also  taking  into  account  that  X-ray

emissivity  is  supposed  to  be  proportional  to  the  density).  We

calculate  the  standard  deviations  from  the  expected RSUB for  all

estimates below.

Table 1 quantifies the results  in Figure 4. The immediate magne-

topause  response  to  the  ST  occurs  between  10:50  and  11:10  UT.

During  these  20  minutes,  the RSUB obtained  from  the  maximum

density gradient changes from 7.43 to 6.38 RE (i.e.,  moves 1.05 RE

earthward).  The RSUB calculated  from  the  open–closed  boundary

moves 1.03 RE earthward (i.e., almost the same distance). The first

row  in Table  1 displays  the  corresponding  differences  in RSUB

between 10:50 and 11:10 UT calculated from the integrated emis-

sivity  and  count  maps.  Only  the  difference  in  the  last  column

(counts  for  position  2)  differs  distinctly  from  the  expected  one.

Table 1.   Difference in RSUB at 10:50 and 11:10 UT, the standard deviations (or the root mean square deviations), and the maximal absolute errors
in the interval from 10:50 to 11:15 UT calculated from the integrated emissivity (IX) plots and from the Soft X-ray Imager count maps for spacecraft
positions 1 and 2.

Max(Ix) position 1 Max(Ix) position 2 Max(counts) position 1 Max(counts) position 2

RSUB(10:50)−RSUB(11:10), RE 1.00 1.02 1.23 1.42

σ, RE 0.09 0.11 0.17 0.16

Max(|ΔRSUB|), RE 0.16 0.20 0.24 0.24
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The  second  row  exhibits  the  root  mean  square  deviations  with
respect to the maximum density gradient RSUB. Here, we consider
the six points between 10:50 and 11:15 UT shown in Figure 4. The
deviations are slightly higher for the count maps than for the inte-
grated  emissivity  plots  because  the  count  maps  contain  noise,
although  the  errors  are  still  less  than  0.2 RE.  The  bottom  row
shows  the  maximal  absolute  differences  for  the  same  six  points,
and they do not exceed 0.24 RE.  Overall,  this result  demonstrates
that we can find the changes in the standoff distance in response
to  the  ST  with  high  accuracy  for  both  spacecraft  positions  even
when  using  the  simple  image  processing  methods  and  the
assumption about the axisymmetric magnetopause shape.

 4.  Conclusions
In  this  study,  we  demonstrate  how  the  SXI  instrument  on  board
the SMILE mission can be used to observe magnetopause motion
in response to an ST.  We consider a directional  IMF discontinuity
with a large IMF Bz change but with a nearly constant solar wind
density  and Vx.  We  simulate  this  event  by  using  the  SWMF  MHD
model and calculate the X-ray emissivity and SXI count maps. The
magnetosphere  is  moderately  compressed  at  the  time  of  the  ST
impact,  with  a  magnetopause  standoff  distance  varying  around
7.0 RE. Respectively, we can visually observe the region of maximum
counts on the maps with a  5-minute integration time and watch
this region move earthward as  a  result  of  the  earthward magne-
topause motion. Using averaging and a polynomial fit, we find the
locations  of  the  maximum  counts  at  the  subsolar  point.  Then
assuming the axisymmetric  magnetopause shape defined by the
formula of Shue JH et al. (1997), we find the magnetopause standoff
distance  from  the  integrated  emissivity  and  SXI  count  maps.  We
compare  these  estimates  of  the  standoff  distance  with  those
obtained from the MHD simulations.  We consider two spacecraft
positions  close  to  apogee:  the  one  is  nearly  above  the  subsolar
point, and the other is near the terminator plane.

We  conclude  that  the  estimated  standoff  distance  during  the  ST
event agrees well with the MHD results. If we consider the standoff
distance obtained by the maximum density gradient in the MHD
solution as the expected standoff distance, the standard deviations
for  the  standoff  distance  obtained  from  count  maps  do  not
exceed 0.2 RE in the 25-minute time interval around the ST. More-
over,  the  maximal  absolute  difference  is  0.24 RE,  which  is  two
times smaller than the science requirement for the SXI instrument
of  0.5 RE.  The  forthcoming  SMILE  observations  will  validate  the
MHD  simulations  and  reveal  whether  the  state-of-the-art  MHD
models  can  reproduce  the  reconnection  process  well  at  the
dayside magnetopause.
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