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Abstract: With the advent of soft X-ray imaging enabling global magnetopause detection, it is
critical to use reconstruction techniques to derive the 3-dimensional magnetopause location from
2-dimensional X-ray images. One of the important assumptions adopted by most techniques is
that the direction with maximum soft X-ray emission is the tangent direction of the magnetopause,
which has not been validated in observation so far. This paper analyzes a magnetospheric solar wind
charge exchange (SWCX) soft X-ray event detected by XMM–Newton during relatively stable solar
wind and geomagnetic conditions. The tangent direction of the magnetopause is determined by
an empirical magnetopause model. Observation results show that the maximum SWCX soft X-ray
intensity gradient tends to be the tangent of the magnetopause’s inner boundary, while the maximum
SWCX soft X-ray intensity tends to be the tangent of the magnetopause’s outer boundary. Therefore,
it is credible to use the assumption that the tangent direction of the magnetopause is the maximum
SWCX soft X-ray intensity or its gradient when reconstructing the 3-dimensional magnetopause
location. In addition, since these two maxima tend to be the inner and outer boundaries of the
magnetopause, the thickness of magnetopause can also be revealed by soft X-ray imaging.

Keywords: solar wind charge exchange (SWCX); soft X-ray; magnetopause; tangent; X-ray imaging

1. Introduction

The magnetosphere is formed by the interaction between the solar wind and the
Earth’s inherent magnetic field. The magnetospheric magnetic field can effectively prevent
the solar wind plasma from directly entering the magnetosphere, thus forming a boundary
layer with rapidly changing plasma density, called the magnetopause. Studies on the
magnetopause structure are mainly based on the magnetopause crossing event of satellites,
which is judged by the sudden changes of plasma and field detected in situ. Due to the
limitation of sparse in situ detections, it is not sufficient to study the global response of
large-scale magnetopause to solar wind disturbances.

Recently, a new method is being developed to remotely observe the large-scale struc-
ture of magnetopause by using soft X-ray imaging [1–4]. This method is based on the
solar wind charge exchange (SWCX) process, which will produce soft X-rays [5]. When
the high-valence ion (such as O7+ and O8+) in the solar wind interacts with the neutral
component (mainly neutral hydrogen atoms) in the Earth’s space, the ion gets an electron
and enters the excited state. Then the excited ion returns to the ground state by emitting
photons in the soft X-ray band. As the solar wind cannot pass directly through the mag-
netopause, the magnetosphere is “dark” in the soft X-ray band. As the magnetosheath is
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the region where the solar wind ion density is enhanced after the deceleration of the bow
shock, the magnetosheath is “bright” in the soft X-ray band. As the cusp regions are two
special regions on the magnetopause where the solar wind can directly enter the near-Earth
space, the cusp regions are also “bright” in the soft X-ray band. Therefore, a sharp change
boundary of soft X-ray emissivity is formed near the magnetopause. It means that the
large-scale structure of magnetopause can be revealed from the X-ray images.

After the soft X-ray generated by SWCX was first observed on the comet [6], it has
been widely observed on Earth [7], Jupiter [8], Mars [9], Venus [10], the moon [11] and the
heliosphere [12]. At present, observations of SWCX soft X-ray in the Earth’s magnetosheath
are all from astronomical X-ray satellites, whose field of view is very narrow, so it is im-
possible to image the entire magnetosphere [7,13–28]. Based on this, the Chinese Academy
of Sciences (CAS) and the European Space Agency (ESA) proposed the joint space science
satellite program: Solar wind Magnetospheric Ionosphere Link Explorer (SMILE). The Soft
X-ray Imager (SXI) of SMILE has a unique wide field of view (16◦ × 27◦), and will creatively
image the entire Earth’s magnetosheath and cusp regions in soft X-ray band. SMILE will
be launched in 2024∼2025 [29,30].

For future magnetospheric imaging missions such as SMILE, how to reconstruct the
3-dimensional (3D) magnetopause structure from 2-dimensional (2D) soft X-ray images
is of great significance. Wang and Sun [31] summarized four reconstruction approaches
of magnetopause location developed so far: Tangential Direction Approach (TDA; [32]),
Boundary Fitting Approach (BFA; [33,34]), Tangent Fitting Approach (TFA; [35]), and
Computed Tomography Approach (CTA; [36]). Because imaging loses one-dimensional
information on the line of sight, it is necessary to introduce assumptions to reconstruct the
3D magnetopause structure from 2D soft X-ray images. In fact, 3D magnetopause recon-
struction is a balance between the number of X-ray images needed and the assumptions
needed. The more the number of X-ray images, the fewer assumptions need to be made
in reconstruction. For example, the CTA method hardly needs to make any assumptions,
but at the same time, a large number of X-ray images used must be obtained under the
condition that the magnetosphere is basically unchanged. Therefore, the CTA method
is only applicable to the long-term stability of the solar wind, or after the satellite has
accumulated a large number of magnetospheric images in the long-term operation process.
If the number of X-ray images is reduced to two, the TDA method can be used. If it is
reduced to only one, the TFA method or BFA method can be used. The reduction in the
number of X-ray images leads to the introduction of assumptions in all three methods.
Among them, the TFA method and BFA method have almost no requirements for the X-ray
image used, so they are applicable to almost any solar wind conditions, especially for the
rapidly changing solar wind. Therefore, for most methods, it is necessary to introduce
assumptions, and the validation of those assumptions will be essential to the determination
of magnetopause location.

An important assumption made by the TDA and TFA approaches is that the direction
with maximum X-ray intensity corresponds to the tangent direction of the magnetopause.
This assumption is reasonable from the magnetohydrodynamic (MHD) point of view [32].
On the one hand, the neutral hydrogen density increases rapidly with the decrease of the
distance from the Earth, so the X-ray emissivity near the magnetopause is usually the
strongest. On the other hand, the tangent of the magnetopause is the direction that maxi-
mizes the path length through the strong X-ray emissivity region. Since the magnetopause
has a certain thickness in MHD due to the numerical dissipation, Sun et al. [37] proposed
that the magnetopause determined by using the maximum X-ray intensity tended to be
closer to the outer boundary of the magnetopause, while the magnetopause determined by
using the maximum X-ray intensity gradient was near the center or inner boundary of the
magnetopause, using the Piecewise Parabolic Method with a LagRangian remap (PPMLR)
MHD simulation. Samsonov et al. [38] presented that the magnetopause was located near
the maximum X-ray intensity gradient or between the maximum X-ray intensity and its gra-
dient, and the maximum X-ray intensity could be used as an indicator of magnetopause’s
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outer boundary, by using two MHD simulations: the Space Weather Modeling Framework
(SWMF) and Lyon–Fedder–Mobarry (LFM). However, the relationship between SWCX
soft X-ray emission and the tangent direction of magnetopause has not been validated in
observation so far.

The X-ray intensity of magnetospheric SWCX emission is determined by the distribu-
tion of 3D X-ray emissivity and the path length during the integration process. The local
X-ray emissivity is determined by solar wind density and velocity, neutral hydrogen density
and SWCX efficiency factor. The integral path is determined by the satellite’s line of sight
and magnetopause’s position which is affected by solar wind conditions. Thus, in order to
study the relationship between SWCX soft X-ray emission and the tangent direction of the
magnetopause, this paper selects a magnetospheric SWCX soft X-ray observation detected
by XMM–Newton during relatively stable solar wind and geomagnetic conditions. The
tangent direction of the magnetopause is determined by Lin’s magnetopause model [39].
Section 2 introduces the methods, Section 3 describes the results, and Section 4 shows
the conclusions.

2. Methods
2.1. XMM–Newton Data Analysis

XMM–Newton original data files (ODFs) were downloaded from the XMM–Newton
science archive. The identifier (ID) of this observation is 0306700301, the astronomical
observation target is DA530SE (20 h 53 m 20.00 s, +55d 13’ 56.0", J2000), and the operation
modes of all three X-ray cameras (MOS1, MOS2 and PN) are full frame mode. To analyze
XMM–Newton data, this paper used the Science Analysis System (SAS) software (version
20.0.0) and the Current Calibration Files (CCFs) released on 25 October 2022.

After the initial data processing as described in the Appendix A, we selected the data
within the 11.7 arc minutes radius region centered on the common sky position of the three
cameras (20:53:18.0606, +55:13:56.005, J2000). Here, to remove the background signal from
astronomical point sources, we used the point source lists available in the XMM–Newton
science archive and excluded the data within the 35 arc seconds radius region centered on
the position of each point source. Figure 1 shows the soft X-ray images of three cameras
and the extraction region of X-ray signals, of which 47 astronomical point sources need
to be removed. Finally, we selected data within the good time intervals (GTIs) which
were not contaminated by soft protons. Since the feature of highly variable soft proton
contamination is the significant increase of count rate, we used the SAS task espfilt. It
performed a Gaussian fitting on the count rate’s histogram and selected the time when the
count rate was within the range of 1.5 sigma of the Gaussian peak’s count rate as the GTIs.
Figure 2 shows the count rate curves of three cameras and the available time for further
analyzing X-ray signals that vary with time.

Figure 1. X-ray images of three cameras in 0.3–2.0 keV band. The green circle represents the extracted
region of the X-ray signal. The small white circle with a red slash represents the region to be
removed. CCD6 of MOS1 was damaged by the impact of a micrometeorite. Abnormal CCD4 of
MOS1 was excluded.
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Figure 2. Count rate curves of three cameras in 2.5–8.5 keV band: (a) MOS1, (b) MOS2, (c) PN, where
the red represents GTIs.

After the above steps, although the time-varying X-ray signal was obtained, it included
not only magnetospheric SWCX emission but also other background signals, which were
mainly composed of the cosmic X-ray background, particle background, heliospheric SWCX
emission and residual soft proton contamination. As XMM–Newton is an astronomical
satellite, its field of view is much smaller than that of magnetospheric imaging satellites
such as SMILE. In this paper, the count rate of 0.5–0.7 keV band is used to characterize
the X-ray intensity of magnetospheric SWCX emission [13,15]. SWCX in this band mainly
comes from O7+ and O8+ in the solar wind, so it has the characteristics of high intensity and
simple spectrum. In addition, the count rate of the 5.0–7.0 keV band is used to estimate the
changes of other background signals, because this band is not affected by SWCX emission
with energy mainly lower than 1 keV.

2.2. Lin’s Magnetopause Model

The tangent direction of magnetopause is obtained by the empirical magnetopause
model proposed by Lin et al. [39]. It is a 3D asymmetric magnetopause model developed for
the corrected Geocentric Solar Magnetospheric (GSM) coordinates, which is parameterized
by the solar wind dynamic pressure (P) and magnetic pressure, z component (Bz) of
interplanetary magnetic field (IMF) and dipole tilt angle. In this paper, the angle (θ) between
the observation direction of XMM–Newton and the tangent direction of magnetopause
obtained by Lin’s model is used to quantify the observational geometric relationship.

3. Results
3.1. Solar Wind and Geomagnetic Conditions

Figure 3 shows the solar wind and geomagnetic conditions from 11:00 to 21:00 on
19 April 2005. The available observation time of XMM–Newton is 14:30–17:53 (gray
shadow). Solar wind plasma, IMF and geomagnetic activity index are 1-min data from
OMNI, and solar wind ion abundance data is 1-h data from the Advanced Composition
Explorer (ACE). The solar wind and geomagnetic conditions of this XMM–Newton event
are relatively stable in three aspects. (1) The ion flux is relatively stable. As shown in Fig-
ure 3a,d, the average proton density, velocity, and density ratio of O7+ to O6+ (O7+/O6+)
is 16.8 n/cc, 344.1 km/s, and 0.4, with a floating range of 16.4%, 1.9%, and 6.5%, respec-
tively. Since the ionization state of ions is usually stabilized after leaving the Sun [40],
the change of ion flux is estimated by proton flux and O7+/O6+. (2) The location of the
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magnetopause is basically stable. As shown in Figure 3b,c, the average dynamic pressure is
4.0 nPa with a floating range of 19.5%, and all IMF components are between ±5 nT. (3) The
geomagnetic activities are quiet. As shown in Figure 3e,f, the AE index is always less than
300 nT, and the SYM/H index is between ±5 nT, which indicates that neither magnetic
substorm nor storm occurred during this observation, so the geomagnetic activity level is
very low. In addition, the average proton density and the ionization state of ions are high,
which is conducive to the study of magnetospheric SWCX emission, as the signal is strong
enough not to be overwhelmed by other background signals [41]. To sum up, the solar
wind and geomagnetic conditions of this XMM–Newton event are very suitable for study-
ing the influence of observational geometric relationship to magnetospheric SWCX soft
X-ray emission.

           

 

 

 

 

 

           

 

 

 

 

 

           

 

 

 

 

 

           

 
 

 

 

 

 
 

           

 

 

 

 

 

 

           

 

 

 

 

 

           

5

10

15

20

25
11 12 13 14 15 16 17 18 19 20 21

320

340

360

380

400

           

2

3

4

5

6

0

2

4

6

8

           

-10

-5

0

5

10

           

0.20
0.25

0.30

0.35

0.40

0.45
0.50

           

0

100

200

300

400

500

11 12 13 14 15 16 17 18 19 20 21

-10

-5

0

5

10

N
 (

n
/c

c
)

V
 (

k
m

/s
)

P
 (

n
P

a
)

|B
| 
(n

T
)

B
 (

n
T

)
O

7
+
/O

6
+

A
E

 (
n

T
)

S
Y

M
/H

 (
n

T
)

Bx
By
Bz

(a)

(b)

(c)

(d)

(e)

(f)

2005 Apr 19
Time

Figure 3. Solar wind conditions: (a) proton density (black) and velocity (blue), (b) dynamic pressure
(black) and IMF (blue), (c) three components of IMF, (d) the density ratio of O7+ to O6+. Geomagnetic
activities: (e) AE index: the index describing the intensity of magnetic substorms in the polar region,
(f) SYM/H index: the index describing the intensity of magnetic storm. Grey shadow is the time of
XMM–Newton observation.

3.2. Line of Sight

Figure 4 shows XMM–Newton’s line of sight in the GSM coordinates. The location of
the magnetopause is calculated from Lin’s model using the average solar wind conditions.
As shown in the right panel (X-Z plane), as XMM–Newton gradually moves towards the
upstream direction of the magnetopause (positive X direction), there are three observational
geometric relationships between its line of sight and the magnetopause, first intersecting,
then tangent and finally non-intersecting. As shown in the two panels, XMM–Newton’s
line of sight is always near the subsolar of the magnetosphere with the strongest SWCX soft
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X-ray emissivity. In addition, XMM–Newton is always located outside the magnetosphere,
which is similar to the orbital position that magnetospheric soft X-ray imaging satellites
such as SMILE will adopt in the future. To sum up, the line of sight of this XMM–Newton
event is very suitable for studying the influence of observational geometric relationship to
magnetospheric soft X-ray emission.
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Figure 4. XMM–Newton’s line of sight in the GSM coordinates. The black ball represents the Earth,
the shadow region represents the magnetosphere, and the red curve represents the magnetopause.
The green curve is the orbital position of XMM–Newton, where the dot is the start time, and the
dotted line extending from it is the observation direction.

3.3. SWCX Soft X-Ray Emission

Figure 5b,c show the 5-min SWCX soft X-ray emission observed by XMM–Newton. As
shown in panel (b), by comparing the X-ray signal affected by both SWCX and other back-
grounds (0.5–0.7 keV) and the X-ray signal only affected by other backgrounds (5.0–7.0 keV),
the time corresponding to the maximum SWCX soft X-ray intensity is 16:29–16:39 (dark
green shadow) and 17:34–17:44 (light green shadow). As shown in panel (c), by subtracting
the gradient of the X-ray signal only affected by other backgrounds (5.0–7.0 keV) from
the gradient of X-ray signal affected by both SWCX and other backgrounds (0.5–0.7 keV),
the most likely time corresponding to the maximum SWCX soft X-ray intensity gradient
is 15:54–15:59 (orange shadow). To sum up, the SWCX soft X-ray emission observed by
XMM–Newton reached the maximum intensity gradient at 15:54–15:59, then reached the
first maximum intensity at 16:29–16:39, and then continued to reach the second maximum
intensity at 17:34–17:44.

3.4. Observational Geometric Relationship

In order to obtain the tangent direction of the magnetopause, a magnetopause model
is necessary. In this paper, the empirical magnetopause model proposed by Lin et al. [39]
was adopted. In order to verify the rationality of selecting Lin’s magnetopause model, we
compared it with in situ satellite detection. Figure 6 shows the in situ detection data and
orbital position of Geotail, as well as the magnetopause location calculated by Lin’s model.
The location of magnetopause can usually be determined by the magnetopause crossing
event of the satellite. When the satellite enters the magnetosphere from the magnetosheath,
it is usually characterized by changes in the direction and/or magnitude of the magnetic
field, changes in the plasma velocity decreases in the plasma density, and increases in the
plasma temperature [39]. Although there was no in situ satellite crossing the magnetopause
during the studied event, Geotail passed through the magnetopause at about 3:00 on April
19 (orange vertical line in the panels (a–c)), which was 11.5 h before the start of XMM–
Newton observation. Meanwhile, Geotail (orange dot in the panel (d)) is just located at the
magnetopause calculated by Lin’s model. In addition, this position happens to be near the
tangent point of XMM–Newton’s line of sight and the magnetopause. Thus, it is credible
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to adopt Lin’s magnetopause model to obtain the time-varying observational geometric
relationship between XMM–Newton’s line of sight and magnetopause. As shown in the
panel (d), the observational geometric relationship is quantified by the angle (θ) between
the observation direction of XMM–Newton and the tangent direction of magnetopause
obtained by Lin’s model. When θ < 0, it is intersected. When θ = 0, it is tangent. When
θ > 0, it is disjoint.

Figure 5. (a) The angle between the observation direction of XMM–Newton and the tangent direc-
tion of magnetopause obtained by Lin’s model. (b) The count rate in the 0.5–0.7 keV (black) and
5.0–7.0 keV (gray) bands observed by XMM–Newton’s PN camera (similar to MOS cameras). (c)
The gradient of count rate in the 0.5–0.7 keV (black) and 5.0–7.0 keV (gray) band, and the difference
between them (red). The region that XMM–Newton’s line of sight passes through over time is
displayed at the top.

Figure 5a shows the observational geometric relationship between XMM–Newton’s
line of sight and the magnetopause calculated by Lin’s model. It is clear that XMM–
Newton’s line of sight is tangent to the magnetopause at 16:09 (dark pink vertical line),
17:24 and 17:29 (light pink vertical line). This seems to indicate that XMM–Newton’s line
of sight crossed the magnetopause twice. First, as XMM–Newton moved away from the
earth, its line of sight moved from the interior of the magnetosphere to the magnetopause
at 16:09. Secondly, XMM–Newton’s line of sight briefly returned from the magnetosheath
to the magnetopause during 17:24–17:29, which was due to the sudden decline of dynamic
pressure and the shift of Bz from south to north, resulting in the magnetopause also moving
away from the earth (as shown in Figure 3b,c).

3.5. Tangent Direction of Magnetopause

As shown in Figure 5, firstly, it is obvious that the time when the SWCX soft X-ray
intensity reaches the maximum twice is later than the time when XMM–Newton’s line
of sight is tangent to the magnetopause. The first delay is about 30 min, and the second
delay is about 20 min. Since the average moving speed of XMM–Newton in these two
times is about 0.30 km/s and 0.42 km/s, respectively, the corresponding distances of these
two delays are about 548.9 km and 502.2 km, respectively. Because the magnetopause is
a boundary layer with a certain thickness, this delay reveals that the maximum SWCX
soft X-ray intensity tends to be the tangent direction of magnetopause’s outer boundary.
Secondly, the most likely time when the SWCX soft X-ray intensity gradient reaches its
maximum is about 15 min earlier than the time when XMM–Newton’s line of sight is
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tangent to the magnetopause. Since the average moving speed of XMM–Newton at this
time is about 0.29 km/s, the corresponding distance of this advance is about 261.2 km. This
advance may reveal that the maximum SWCX soft X-ray intensity gradient tends to be
the tangent direction of magnetopause’s inner boundary. To sum up, this whole XMM–
Newton observation event can be divided into three stages. (1) The line of sight moves
from the interior of the magnetosphere to the magnetopause. When it is tangent to the
inner boundary of the magnetopause, the SWCX soft X-ray intensity gradient reaches the
maximum. (2) The line of sight moves from the magnetopause to the magnetosheath. When
it is tangent to the outer boundary of the magnetopause, the SWCX soft X-ray intensity
reaches the maximum. (3) The line of sight briefly returns to the magnetopause from the
magnetosheath. When it is tangent to the inner boundary of magnetopause twice, the
SWCX soft X-ray intensity also reaches the maximum twice.

Figure 6. Geotail in situ detection data: (a) magnitude (dotted line) and three components of the
magnetic field in the GSM coordinates, (b) ion density (dotted line) and two components of ion
temperature in satellite coordinates, (c) three components of ion velocity in the GSM coordinates.
Panel (d) shows the situation at 3:00 on April 19 in the GSM coordinates. The black curve represents
the magnetopause calculated by Lin’s model. The orange dot represents the orbital position of
Geotail. The green dotted line is the orbital position of XMM–Newton. The green line represents
the observation direction of XMM–Newton. The blue line represents the tangent direction of the
magnetopause. The angle between the two directions is marked as θ.

In summary, the maximum SWCX soft X-ray intensity gradient tends to be the tangent
of the magnetopause’s inner boundary, while the maximum SWCX soft X-ray intensity
tends to be the tangent of the magnetopause’s outer boundary. Based on this, the thickness
of magnetopause at the tangent point (about 10h36m, −39◦ in the GSM coordinates) can be
inferred as about 786.7 km (0.123 Re). The indication of magnetopause’s inner and outer
boundaries revealed from the observation is consistent with the MHD simulation results
of Sun et al. [37] and Samsonov et al. [38], which is reasonable because the thickness of
magnetopause is greater than the spatial accuracy of MHD simulation of 0.1 Re. Therefore,
for future magnetospheric soft X-ray imaging satellites such as SMILE, it is credible to use
the assumption that the tangent direction of the magnetopause is the maximum SWCX
soft X-ray intensity or its gradient when reconstructing the 3D magnetopause location
from 2D X-ray images. In addition, since these two maxima tend to be the inner and outer
boundaries of the magnetopause, the thickness of magnetopause can also be revealed by
soft X-ray imaging.

4. Conclusions

This paper selects a magnetospheric SWCX soft X-ray observation detected by XMM–
Newton during relatively stable solar wind and geomagnetic conditions to study the
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relationship between SWCX emission and the tangent direction of the magnetopause. In
order to determine the tangent direction of magnetopause, Lin’s magnetopause model
is adopted by comparing with in situ detection from Geotail. The observation results
show that the maximum SWCX soft X-ray intensity gradient tends to be the tangent of the
magnetopause’s inner boundary, while the maximum SWCX soft X-ray intensity tends to
be the tangent of the magnetopause’s outer boundary. Therefore, for future magnetospheric
soft X-ray imaging satellites such as SMILE, it is credible to use the assumption that the
tangent direction of the magnetopause is the maximum SWCX soft X-ray intensity or
its gradient when reconstructing the 3D magnetopause location from 2D X-ray images.
In addition, since these two maxima tend to be the inner and outer boundaries of the
magnetopause, the thickness of magnetopause can also be revealed by soft X-ray imaging.
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Appendix A. Initial Data Processing

First, to generate the calibrated event lists from ODFs, we run SAS task emproc
for MOS cameras and epproc task for PN camera. Secondly, to select X-ray events and
remove noise pixels, we used the following standard filter expressions: (PATTERN <=
12)&&(#XMMEA_EM) for MOS cameras, (PATTERN == 0)&&(FLAG == 0) for PN
camera. The PATTERN filter selects events in the entire X-ray library for MOS cameras, but
only single-pixel events for pn camera. This selection optimizes the energy resolution of PN
in the energy band less than 2 keV, which is the energy band of interested SWCX emission.
The #XMMEA_EM filter of MOS removes events from known bright pixels or columns
or areas close to the CCD boundary. The FLAG == 0 filter of pn is more conservative
than equivalent #XMMEA_EP filter, it not only removes the residual noise pixels, but also
masks the adjacent areas of noise. Third, since the soft X-ray generated by SWCX is mainly
below 1 keV and the background signal of some MOS CCD will be strongly enhanced in
this energy band [42], to remove the data of those abnormal CCDs, we used the SAS task
emtaglenoise for MOS cameras. As a result, the data from CCD4 of MOS1 was excluded.

 http://nxsa.esac.esa.int/nxsa-web/
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