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Abstract: A large-scale view of the magnetospheric cusp is expected to be obtained by the Soft X-ray Imager (SXI) onboard the Solar
wind Magnetosphere lonosphere Link Explorer (SMILE). However, it is challenging to trace the three-dimensional cusp boundary from a
two-dimensional X-ray image because the detected X-ray signals will be integrated along the line of sight. In this work, a global
magnetohydrodynamic code was used to simulate the X-ray images and photon count images, assuming an interplanetary magnetic
field with a pure B, component. The assumption of an elliptic cusp boundary at a given altitude was used to trace the equatorward and
poleward boundaries of the cusp from a simulated X-ray image. The average discrepancy was less than 0.1 Re. To reduce the influence of
instrument effects and cosmic X-ray backgrounds, image denoising was considered before applying the method above to SXI photon
count images. The cusp boundaries were reasonably reconstructed from the noisy X-ray image.
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1. Introduction

The polar cusp, an important region of Earth’s magnetosphere,
provides a channel for solar wind particles to enter the magneto-
sphere and ionosphere. In response to solar wind variations, the
cusp boundary changes on a large scale. Initially, Chapman and
Ferraro (1930) considered the cusp a special region where the
geomagnetic field was zero. Later, the cusp was recognized as a
region of open magnetic field lines that allowed plasma from the
magnetosheath to enter directly (Frank, 1971; Heikkila and
Winningham, 1971). The cusp is defined as a localized region near
noon with plasma spectral properties closer to the original
magnetosheath (Newell et al.,, 1989). It is filled mostly by plasma
from the magnetosheath and a small amount of plasma from the
ionosphere (Fuselier et al., 2001; Sawyer et al.,, 2021). The cusp
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region has been defined in different ways for different research
questions. Although researchers who have focused on different
questions have defined the cusp region differently, all agree on
the following physical characteristics: (1) It is a special area where
the Earth’s magnetic field is significantly reduced at the magne-
topause (Lavraud et al.,, 2002; Zong QC et al., 2004); (2) the region
allows the solar wind to enter directly, and a small number of
ionospheric particles can rise from there, making it an important
region for the solar wind-magnetosphere—ionosphere coupling
(Newell and Meng, 1988; Newell et al., 1989; Zhou XW et al., 2000;
Cargill et al., 2005; Escoubet et al., 2013).

Abundant local information about the cusp boundary and its
physical processes can be obtained through in situ observations.
Such observations can be categorized into three groups based on
cusp altitude: low-, mid-, and high-altitude cusp regions. At low
altitudes, observations from satellites and rockets have yielded
information regarding cusp characteristics and the control of the
solar wind on the cusp boundary (Reiff et al., 1977; Escoubet and
Bosqued, 1989; Newell et al., 1989; Zhou XW et al., 2000; Fritz and
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Zong Q-G, 2005; Watermann et al., 2005; Fritz et al., 2020; Petrinec
et al,, 2023). Mid-altitude cusp structure and dynamics have been
observed by Cluster, Polar, and DE-1 (Dynamic Explorer 1); these
data have revealed coupling between the solar wind and the cusp
(Burch, 1988; Pitout et al., 2006, 2009; Escoubet et al., 2008, 2013;
Bogdanova et al.,, 2020; Pitout and Bogdanova, 2021). The high-
altitude cusp has been explored by ISIS 1 (International Satellites
for lonospheric Studies 1; Heikkila and Winningham, 1971), IMP5
(Interplanetary Monitoring Platform 5; Frank, 1971), Ogo 5 (Russell
etal., 1971), Polar (André and Yau, 1997), and Cluster (Escoubet et
al., 2001; Dunlop et al., 2005; Lavraud et al., 2005). In this region,
the cusp is highly dynamic, with magnetic field disturbance,
turbulence, and high-energy particles possibly observed (Scarf et
al., 1972; Burch, 1973; Mérka et al., 2002; Bogdanova et al., 2005;
Cai HT et al., 2010; Pitout and Bogdanova, 2021). On the basis of a
statistical analysis of many cusp crossing events from low- to high-
altitude satellites, such as DMSP (Defense Meteorological Satellite
Program; Newell and Meng, 1988; Newell et al., 1989), Polar (Zhou
XW et al., 2000), and Cluster (Pitout et al., 2006; Xiao C et al., 2018),
it has been feasible to roughly outline the large-scale morphology
of the cusp. Empirical models of the magnetopause depression
and cusp boundary have also been created by statistical analysis
(Tsyganenko and Russell, 1999; Lin RL et al., 2010; Xiao C et al.,
2018).

The influence of the interplanetary magnetic field (IMF) on the
cusp has been widely studied. Among the three components, IMF
B, plays the most dominant role in determining the latitudinal
position of the cusp. For northward (B, > 0), the cusp boundary is
relatively poleward, whereas after IMF southward turning, it shifts
equatorward. These results are largely consistent across both case
and statistical studies (Newell et al., 1989; Zhou X-W et al., 1999;
Cao JB et al,, 2005; Trattner et al., 2005, 2011; Pitout et al., 2006,
2021). In comparison, the effects of IMF B, are more variable, often
associated with cusp shifts in the Magnetic Local Time (MLT)
direction (Newell et al., 1989; Zhou X-W et al., 1999; Zhang B et al.,
2013; Liu ZQ et al., 2015). The influence of IMF B, has rarely been
explored, with only limited investigations suggesting possible
effects (Xu JY et al., 2018). In addition to the IMF, the Earth'’s dipole
tilt angle affects the cusp position—generally, a larger tilt angle
leads to a more poleward shift of the cusp (Zhou X-W et al., 1999;
Pitout et al., 2006; Liu ZQ et al., 2012).

Despite various investigations thus far, in situ satellite observations
have limited coverage at different altitudes because of the satellite
orbit settings. It is also difficult to distinguish temporal and spatial
changes based on in situ observations, although this is possible
under some special circumstances (Trattner et al., 2002; Escoubet
et al., 2008; Zong Q-G et al., 2008). Recent advances in soft X-ray
imaging of the magnetosphere have now made it possible to
study large-scale structures of the cusp region. Telescopes
onboard astronomical satellites have observed this phenomenon
by using narrow field-of-view (FOV) technology (e.g., Fujimoto et
al., 2007; Carter et al., 2010). With an X-ray imager featuring a wide
FOV, such as the SXI onboard the Solar wind Magnetosphere
lonosphere Link Explorer (SMILE), it is possible to capture images
of the line-of-sight (LOS) integrations of solar wind charge
exchange (SWCX) X-rays. It will be able to see a large-scale cusp
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structure at different altitudes, which was not possible in the prior
observations. These images carry vital information about the
magnetopause or cusp boundary (Sun TR et al,, 2015, 2019). The
magnetopause and cusp region, where the interactions between
the solar wind and magnetosphere are particularly intense,
demonstrate significantly higher SWCX levels than the surrounding
areas (Sun TR et al., 2019; Branduardi-Raymont et al., 2021; Wang
C et al,, 2025). Consequently, the magnetopause and cusp infor-
mation derived from an X-ray image of the magnetosphere is of
considerable interest (see the simulations from the SMILE Modeling
Working Group: Grandin et al., 2024; Guo J et al., 2024; Kim et al.,
2024; Samsonov et al., 2024; Yang ZW et al., 2024; Connor et al.,
2025, among others).

Sun TR et al. (2019) have simulated soft X-ray images of the
magnetopause and cusp region. Various methods have been
proposed to reconstruct the magnetopause boundary from X-ray
images, such as the boundary fitting approach (BFA; Jorgensen et
al., 2019, 2022), tangent fitting approach (TFA; Sun TR et al., 2020),
tangential direction approach (TDA; Collier and Connor, 2018),
and computed tomography approach (CTA; Wang C and Sun TR,
2022). Guo YH et al. (2022) traced the magnetopause boundary
from X-ray photon countimages by considering the SXlinstrument
effect and the diffusive cosmic background. On the basis of a
magnetohydrodynamic (MHD) simulation, Sun TR et al. (2021)
derived the tangent directions of the cusp in a simulated X-ray
image.

From the studies mentioned previously, we have learned that the
cusp is a region characterized by significant disturbances in terms
of its position and size, influenced by the solar wind plasma and
IMF conditions. To further derive the large-scale boundaries of the
cusp region, and in particular the equatorward and poleward
boundaries, from X-ray images of the cusp, we apply a new
boundary tracing method. On the basis of an MHD simulation, a
hypothetical satellite observes the X-ray image of the cusp region
from a dawn-side location. In Section 3, the equatorward and
poleward boundaries are analyzed from the simulated X-ray
image. This method is further validated under different IMF B, by
investigating the effect of B, on the boundaries in the simulated
X-ray image. Section 4 presents the cusp boundary results in
simulated photon count images when the influence of the SXI
instrument noise and background cosmic X-rays have been taken
into consideration. Section 5 presents and discusses conclusions
drawn from the study.

2. Data and Methods

2.1 MHD Simulation and X-ray Intensity Model

Global MHD simulations have been successful in describing the
large-scale structures and overall evolutions in the solar wind-
magnetosphere coupling system. The global MHD model used in
this study is the piecewise parabolic method with a Lagrangian
remap (PPMLR-MHD) developed by Hu YQ et al. (2007). This
model provides the interactions between the solar wind, magne-
tosphere, and ionosphere. It can provide basic physical parameters
in three-dimensional (3D) space, including plasma density, plasma
velocity components, magnetic field components, and pressure.
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The code solves MHD equations in Geocentric Solar Magneto-
spheric (GSM) coordinates (—100 <X <30Rg, —100< Y < 100 R,
—100 < Z< 100 Rg), with an inner boundary at r=3 Re. From this
inner shell to the ionosphere, the field-aligned current and electric
field are coupled along the dipole field. The ionosphere is treated
as a spherical shell, with constant conductance.

This study involves X-ray images under three solar wind condi-
tions, with the parameters listed in Table 1. The solar wind
number densities used in this article are higher than average
because the SMILE mission is designed to observe the magneto-
sphere under disturbed solar wind conditions (Sembay et al.,
2024).

Table 1. Solar wind conditions for the studied simulations.?

Run Number density (cm=3) Velocity (km/s) B, (nT)
1 20 400 =5
2 12.5 400 5
3 125 400 =5

2All IMF B, and By values are set to O nT.

The boundaries of the cusp in MHD simulations are identified by
the thermal pressure contour lines within the polar region on
each spherical shell at a given altitude (Sun TR et al., 2019). Specif-
ically, the cusp boundary is identified as the location where the
thermal pressure drops to 60% of the maximum value pmax on
each shell with a constant altitude (Sun TR et al., 2021). Because
the thermal pressure drops rapidly near the boundary, other
thresholds, such as 50% or 70%, do not change the main conclusion
of this article. The X-ray emissions outside the determined cusp
boundary in the MHD have been set to zero, a masking process
commonly used in X-ray studies (e.g.,, Samsonov et al., 2022). In
the MHD simulations, the cusp boundary tends to correspond to
the cusp proper in observational data, marking the region where
the bulk of the plasma accelerated via magnetopause reconnection
starts to arrive.

In the FOV of an X-ray imager, the soft X-ray intensity generated
by SWCX is related to the solar wind flux (Cravens, 2000; Zhang YJ
et al.,, 2022). It can be calculated using the following equation (Sun
TRetal., 2019):

1 1
Iy = E/der = E/aannsw\/ufw +u? dr, (M

where Jy isin keV cm™ s sr”', P is the local volume emissivity of

soft X-rays; a is the interaction efficiency factor, which is set as
6 x 10716 eV cm? in this study (Jorgensen et al., 2019); ny and ngy,
are the number densities of exospheric hydrogen atoms and solar
wind protons, respectively; us, is the velocity of the solar wind;
and uy, is the plasma thermal speed (Sun TR et al., 2015). The ny,
Usw, and ny, are obtained from the MHD results, and ny = ngo (10
Re/r)3 cm=3, where ng = 25 cm=3 (Cravens, 2000; Connor and Carter,
2019; Fuselier et al, 2020; Sibeck et al., 2021). Several other
models can be used to estimate the density of neutral hydrogen
(e.g., Zoennchen et al., 2011). In this work, we apply the r -3 model
for simplicity, as the main focus here is the variation patterns of

X-ray intensity near the cusp boundaries, not those affected by
different exospheric models.

2.2 MHD X-ray Images and SXI Count Images

On the basis of the LOS integration of the X-ray emissivity in 3D
space, an expected X-ray image can be derived within the FOV of
the ideal SXI (Sun TR et al,, 2019, 2021). The SXI photon count
images are simulated based on the MHD result (Guo YH et al.,
2022; Sembay et al., 2024) by treating each pixel of the MHD X-ray
image as a point source. To collect enough photons in each pixel,
the SXI instrument has its pixel resolution set to 0.5° X 0.5° (6 X ¢)
on the image plane. Here, 6—¢ is the image coordinate system.
The direction at (0, 0) shows the telescope pointing direction; the
positive 6 is oriented toward the Sun; and the ¢ axis is perpendic-
ular to the 9 axis (Sun TR et al., 2021). The basic optic parameters
of the SXI used in the instrument simulation are shown in Table 2.
A 60° x 60° FOV was utilized for the simulation in this method-
ological study, a field significantly larger than the actual FOV
(16° x 27°) of the SXI instrument on SMILE (Branduardi-Raymont et
al., 2024; Wang C et al,, 2017). This is because only part of the cusp
boundary can be seen by SMILE, whereas it is better to know
which part of the cusp is visible in the FOV. As can be seen in the
following figure (i.e., Figure 4c), sometimes limited portions of
both boundaries are visible (for instance, the southward IMF),
whereas at other times, only the equatorward boundary is visible.

Table 2. Parameters of the SXI.

Parameter Value
Optic FOV 60° x 60°
Optic focal length 300 mm
Width of microchannel 40 uym
Thickness of microchannel 6 um
Length of microchannel 1.2mm
Optic coating Iridium
Surface roughness 0.5 nm

The X-ray imaging system of SMILE's SXI utilizes a lobster eye
geometry and glass microchannel plates, which reflect X-rays to
form images. These microchannel plates, lined with metal-coated
walls, direct X-rays to a central point spread function on its arms,
affecting the image resolution and detail of the eye. The effective
area of the SXI also varies spatially, described by a vignetting func-
tion. Optical vignetting is a reduction of an image’s brightness
toward the periphery compared with the image center, usually
caused by the physical dimensions of a multiple-element lens. The
vignetting function of the SMILE SXI will be carefully measured
during the calibration of the SXI and provided to the public after
launch. Thus, instrumental influences on the obtained images
must be considered. Our imaging process considers Poisson noise
as the number of photons actually counted in a time interval
follow a Poisson distribution, assuming a constant X-ray flux in an
integration interval and a random time of arrival for individual
photons (typical assumptions in imaging). The image has an overall
reduced resolution of approximately 6 arc minutes. Additionally,
the CCD detector system of the SXI, which is sensitive to the 0.2 to
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5 keV energy band, dictates the range of detectable X-ray emissions
(Peng SW et al., 2018; Guo YH et al., 2022).

The instrument simulator mainly traces the path of an incident ray
by considering the design of the SMILE SXI (Peng SW et al.,, 2018).
Specifically, many incident X-rays are launched according to the
input (different distribution patterns of MHD-simulated X-ray
intensity). Following the design about the reflective wall of the
microchannel, radius of the curvature, size of the microchannel
(width, length, and thickness), internal surface, and so forth, a
certain ratio exists for each of the X-rays passing the system and
being focused on the focal point. Using the Monte Carlo ray-tracing
model, we converted the source X-ray intensity to the photon
counts expected to be observed by the designed instrument. The
instrument effects, such as different focal lengths, the distribution
of microchannels, and so forth, could thus be considered.

The diffusive cosmic X-ray background is the primary X-ray back-
ground component. Derived from ROSAT All-Sky Survey data, the
intensity of this noise is estimated to be roughly 50 keV s~1 cm=2 sy~
in the SMILE SXI FOV. The instrument simulator calculates the
expected foreground (MHD prediction from Equation (1)) and
background input components (a uniform background intensity
of 50 keV s~1 cm~2 sr=1), passes through the instrument response
(considering the instrument effects, including the point spread
function and vignetting function), and then adds the Poisson
noise to derive the total counts expected to be observed by SMILE
(Sembay et al., 2024).

Other noise sources could also include the Lyman alpha scattering
from the exosphere at lower altitudes. Nevertheless, the SMILE SXI
straylight system is designed to efficiently suppress the ultraviolet
band, including the aluminum optical blocking filter over the SXI
optics, so that it has a negligible impact on typical SXI operations.

2.3 Tangent Direction of the Cusp Boundary

Sun TR et al. (2021) indicated that the directions with sudden
increases of Ix correspond to the tangent directions of the cusp
boundary. Specifically, it is suggested that the sudden variation of
local standard deviations in X-ray intensities can be used to deter-
mine the tangent directions of the cusp boundary. The definition
of local standard deviation o is as follows:

2
1 _
Ok = 3 (Ix i Ix+k)2/
E Zo - p)

- 1
ik = _(IXk—w + ka + 1y

3 k+1 )’
where [, corresponds to the X-ray intensity of point k, whereas k
stands for each data point along the ¢ axis, as shown in Figure 1c.
The standard deviation for three consecutive numbers is calcu-
lated, k — 1, k, and k + 1, which corresponds to k — 1 + i with i
running from 0 to 2. Near the boundary of the cusp is a significant
enhancement in the X-ray intensity. Therefore, the local standard
deviation for identifying the cusp boundary can be selected with a
50% threshold, that is, 0k > ~50% Gmax, Where Omayx is the maximum
value of o for each given 0. Because the local standard deviation
shows a sharp enhancement at the cusp boundary (Sun TR et al.,
2019), changing the threshold results in a negligible difference in
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the boundary position (<0.05°).

3. Reconstructing the Poleward and Equatorward
Boundaries

3.1 Deriving Tangent Directions of the Cusp Boundary

In this section, we describe how we used an ideal SXI located on
the dawn side to simulate an X-ray image of the cusp (see Run 1in
Table 1 for the solar wind conditions). The tangent directions of
the cusp boundary in the FOV are then identified by the method
of local standard deviation (Sun TR et al., 2021), and the results are
compared with the equatorward and poleward boundaries of the
cusp derived from the MHD simulation on the noon-midnight
meridian plane (i.e., the XOZ plane in the GSM coordinate system).

SMILE will operate on a large elliptical orbit with a high inclination
angle. Sun TR et al. (2021) analyzed the azimuthal boundaries of
the cusp from simulated SXI images. To observe the equatorward
and poleward cusp boundaries, the satellite is set at a typical
dawn-side location. Figures 1a1 to 1a3 depict the relative position
of the satellite to the Earth and the cusp region in the XOY, XOZ,
and YOZ planes. Figure 1b shows the location of the cusp in the
FOV of the satellite’s SXI. The blue circle denotes the Earth; the
orange and red arcs represent the subsolar magnetopause and
cusp boundaries, respectively. The cusp boundary was determined
by the T96 model using the poleward and equatorward boundaries
from Newell et al. (1989). The SXI position is (5.71, —=9.19, 3.95) R
in the GSM coordinate system, with an FOV of 60° x 60° aimed
toward (4.96, —0.39, 1.55) Rg, that is, pointing from (5.71, —7.93,
6.09) to (4.96, 0, 1.60) Re in Geocentric Solar Ecliptic (GSE) coordi-
nates. The satellite is located at the dawn side with a relatively
large Y coordinate, which provides a good dawn-side view of the
cusp. Figure 1c shows the simulated X-ray image of the cusp
derived from MHD simulations, hereafter abbreviated as “the
X-ray image.” The red line in Figure 1c marks the tangent directions
of boundaries identified by the local standard deviation method
proposed by Sun TR et al. (2021).

Satellites in the dawn sector can provide a unique perspective for
studying the cusp structure (see Figure 1c); thus, we can expect
valuable insights into the structure and dynamics of the poleward
and equatorward boundaries of the cusp. Latitudinal positions of
the 3D cusp boundaries are dependent on longitudes, and more
attention is usually paid to the poleward and equatorward bound-
aries in the noon-midnight meridian plane (the main focus of this
article) for cases with small IMF B, because they define the maxi-
mum latitudinal range that the cusp can cover. Nevertheless, the
red lines derived directly from the X-ray image in Figure 1c are not
the desired ones that define the maximum latitudinal range of the
cusp. They merely show the tangent direction of the cusp bound-
ary. A new method must be developed to derive the information
on poleward and equatorward boundaries from an X-ray image.

3.2 Fitting the Cusp Boundary Through Tangent
Directions
Although the tangent directions can be derived from an X-ray
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Figure 1. (al1-a3) The satellite position in the XOY plane, XOZ plane, and YOZ plane in GSE coordinates, respectively. The blue dot inside the
green rectangle is the location of the satellite. (b) The cusp boundaries, obtained from the T96 model inside the FOV of the SXI on SMILE (the
dashed green rectangle). The blue circle represents the Earth; the orange curve is the magnetopause; and the red curves are cusp boundaries
from the T96. (c) The MHD-simulated X-ray image of the cusp, and the tangent directions (red lines) derived from the simulation.

image, simply extending these tangent directions does not yield
an accurate prediction of the poleward and equatorward bound-
aries of the cusp, as illustrated in Figures 2a and 2b. The yellow
star marks the position of SMILE, and the light blue tunnel-shaped
cone illustrates the cusp region. The cone is bright in the soft
X-ray band; thus, viewing from the satellite, the X-ray image in
Figure 1c can be obtained. The two red lines in Figure 1c corre-
spond to the two yellow lines in Figure 2a and 2b, which are the
tangent directions of the cusp. The intersection points of these
tangent directions with the noon-midnight meridian plane,
marked by the two red dots, deviate from the actual poleward
and equatorward boundaries of the cusp in the midnight meridian
plane. This offset results from the spacecraft’s position relative to
the boundary as well as three-dimensional perspective effects.
This discrepancy is also evident in Figure 2¢, where the dotted red
lines indicate the intersections of the tangent directions with the
noon-midnight meridian plane and the blue crosses mark the
equatorward and poleward boundaries of the MHD cusp. There-

fore, it is necessary to develop a method that can more accurately
derive the cusp boundaries.

Sun TR et al. (2019) indicated that the cusp boundaries at mid and
low altitudes can be approximated as ellipses on each spherical
shell at a certain altitude. Therefore, the cusp boundary could be
fitted by an elliptic function. A coordinate system was defined to
describe its position on the shell, referred to as the cusp coordinate
system (Figure 2a): The Xhe axis is defined by the intersection line
of the XOZgsm plane with the spherical shell; the Yo axis is
perpendicular to the Xhe axis. The equation for each ellipse is
2 2

X_+y—=‘|, (3)

a  d*(1-¢?)
where a is the long axis and e is eccentricity. The flow diagram for
cusp reconstruction is depicted in Figure 3. First, a location with a
sudden enhancement of intensity is found from an X-ray image,
marking the tangent direction of the cusp boundary (Figure 1¢). A
model of the cusp boundary is then assumed, which is an ellipse
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(@) Schematic Diagram of the Cusp (b) Elliptic Boundary of the Cusp on Shell
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Figure 2. (a) Schematic diagram of the cusp region in the GSM coordinate system. The yellow star represents the SXI instrument; the blue 3D
cone is the cusp region; and a shell coordinate system, XOYhe;, is used to describe the elliptic boundary on the shell. The origin of the coordinates
is the center of the cusp; X;hell is the intersection line of the noon-midnight meridian plane and the shell. (b) The elliptical cusp boundary on the
shell. The blue ellipses represent the MHD-simulated cusp boundary. The red dots show the intersection of the tangent directions with the
noon-midnight meridian plane; the red crosses indicate the fitted cusp boundary. (c) The MHD cusp boundary and the intersection of the
tangent directions with the noon-midnight meridian plane. (d) The MHD cusp boundary and the fitted cusp boundary.

at a given altitude, with variables that are allowed to float. In this
way, an ensemble of possible cusp positions is obtained, and the
tangent direction for each possible cusp can be calculated. These
tangent directions are compared with those derived directly from
the X-ray image to find an optimal match. Finally, the cusp
morphology that has the optimal match of tangent directions
with the X-ray observation shows the reconstructed cusp bound-

ary.

Nevertheless, it should also be noted that given the information
on the two tangent directions, a single ellipse cannot be
pinpointed at a given altitude, with two free variables floating
together, a and e. Therefore, an additional assumption has to be
made that the eccentricity in reality follows that in the MHD cusp.
That is to say, we assume that the MHD simulation can give a
good prediction of the shape of the cusp, whereas the size of the
cusp is determined by the X-ray image. This is reasonable because
the MHD predicts a cusp shape that is long in the azimuthal direc-
tion and short in the latitudinal direction, consistent with observa-
tions. It should also be noted that assumptions are inevitable
when deriving the 3D cusp boundaries from an X-ray image, no

matter what method is used. This is because the cusp boundary is
a complicated 3D shape, whereas the X-ray image is 2D. In the
process of observing 2D X-ray images, information is lost on one
dimension—the LOS. This is similar to the reconstruction of the
magnetopause discussed in Sun TR et al. (2020), where a specific
shape is assumed for the magnetopause. In the absence of a
sophisticated 3D model for the cusp boundary in the literature,
the treatment in this work is a preliminary expediency. In follow-
up works, we plan to develop a 3D functional form for the tunnel-
shaped cusp based on the MHD simulations.

Poleward and equatorward boundaries are reconstructed by
utilizing the method above, based on tangent directions derived
from the X-ray images and the ellipse assumption. Figure 2d
denotes the cusp boundaries derived from an ensemble of elliptical
cusps on the shell, with tangent directions being the best match
of those derived from the X-ray image. These fitted boundaries
agree well with the MHD boundaries: The average discrepancy
between the blue MHD boundary and the red fitted boundary is
0.05 R for the poleward boundary and 0.08 Rg for the equatorward
boundary. This discrepancy measures the level of error introduced
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Figure 3. Flow diagram for cusp reconstruction showing the procedure used to derive the 3D position of the cusp boundary from an X-ray

image.

by the method itself while assuming that the real cusp eccentricity
follows the MHD; thus, by using this cusp reconstruction algo-
rithm, it tends to be the lower limit of the discrepancy.

3.3 The Impact of IMF B, on the Cusp Boundary

Previous observations have shown consistent and well-defined
influences of IMF B, on the poleward and equatorward boundaries
of the cusp, moving equatorward under the southward IMF B,
(Newell et al., 1989; Zhou X-W et al., 1999; Pitout et al.,, 2006;
Pitout and Bogdanova, 2021). Therefore, the validity of our
method in revealing this effect has been tested in this work. This
section reports our utilization of X-ray images simulated from two
cases (Run 2 and Run 3 in Table 1) to delve into the impact of B,
on the cusp boundary.

In both cases, identical solar wind parameters were utilized for the
MHD simulation, except for B, values of 5 nT in Run 2 and =5 nT in
Run 3. To enhance the dawn-side perspective of the cusp, the SXI
position in the GSE system was set at (2.706, —7.939, 3.329) R,
with a 60° x 60° FOV aimed toward (4.044, —0.074, 0.918) R.
Figure 3 presents the simulation results for the cusp region under
different IMF conditions.

Figures 4a1 and 4a2 present results under a northward IMF B, (of
5 nT). Figure 4a1 displays the X-ray image and tangent directions
(dotted red line), whereas Figure 4a2 depicts the MHD-determined
cusp boundaries (blue crosses) and the cusp boundaries (red-
cross lines) determined by the method described in Section 3.2.
Figures 4b1 and 4b2 present results for a southward IMF (B, of
—5 nT). Figure 4c provides a comparison between northward
(pink) and southward (bright red) IMF conditions, revealing an
equatorward shift in the cusp boundary under the southward IMF,
consistent with previous satellite observations and statistical find-
ings (Newell et al., 1989; Zhou XW et al., 2000; Zong Q-G et al.,
2004; Escoubet et al., 2013; Pitout and Bogdanova, 2021). Inspec-
tion of Figure 4c reveals that the poleward boundaries are appar-
ently shifted more equatorward than the equatorward ones
because the poleward-side magnetic field lines are loosely piled

up, whereas the equatorward-side magnetic field is more
compressed in the dayside magnetosphere.

Additionally, statistical results from Cluster data suggest that the
cusp width is narrower under the southward IMF than under the
northward IMF (Pitout et al., 2006). This observation is supported
by the cusp width variation depicted in Figure 4c, and the recon-
struction under different solar wind conditions reveals a noticeable
response of the large-scale cusp structures. The upcoming SMILE
satellite, scheduled for 2025, holds promise for helping further
exploration of this intriguing phenomenon.

4. Tracing the Cusp Boundary in X-ray Photon Count
Images
In this section, we describe the methodology by which we recon-
structed the cusp boundary, using tangent directions derived
from X-ray images and the ellipse boundary at a specific altitude.
The investigation presented herein utilizes simulated photon
count images derived from Run 1 in Table 1, in which we consid-
ered the SXI simulation with instrument effects and cosmic soft
X-rays (see Section 2.2 for details). The SXI viewing geometry and
solar wind conditions remain the same as those discussed in
Section 3.1.

Three panels are shown in Figure 5: (a) an MHD-simulated X-ray
image, namely, the X-ray intensity from the magnetosheath and
cusp region simulated via the MHD code; (b) the simulated SXI
photon count image derived by the instrument simulator, using
only the MHD-simulated X-ray image as the input, without consid-
ering the cosmic background; and (c) the simulated SXI photon
count image with the instrument effects and diffusive cosmic
background considered, using the MHD-simulated X-ray image
and adding the cosmic background as the input. The photon
count images in Figures 5b and 5c exhibit a significant level of
image noise compared with ideal X-ray images. This noise not
only results in a loss of physical information, but also introduces
fluctuations in the photon counts, thereby limiting the applicability
of the local standard deviation method (Guo YH et al., 2022).
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instrument effects and a diffusive cosmic background.

Consequently, a denoising step is imperative for the analysis
presented in this section.

To address this, we utilized a statistically based Wiener filter to
denoise the X-ray images (Khajwaniya and Tiwari, 2015;
Meenakshy and Shwetha, 2015). The Wiener filter is an adaptive
image denoising technique that minimizes the mean square error
between the estimated and true image (Lim, 1990). For each pixel,
the filter computes the local mean and variance within a defined
neighborhood. It then adjusts the pixel value based on these local
statistics and an estimate of the noise variance, which allows the
Wiener filter to effectively suppress noise while retaining important
image features such as edges and textures. To reduce noise in the
X-ray images, Wiener filtering was applied independently to each
of the three-color channels (red, green, and blue [RGB]) of the
original RGB image. A 2D Wiener filter with a 5 x 5 neighborhood
window was used for each channel. After filtering, the denoised
image was produced by recombining the processed R, G, and B
components.
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(a) MHD-simulated X-ray image. (b) SXI photon count image with the instrument effects. (c) SXI photon count image with the

The outcomes are demonstrated in Figure 6. The first row displays
the results when only the influence of the SXI instrument effect is
considered, with Figure 5b as the input figure of the denoising
process. Figure 6al illustrates the image denoised by the Wiener
filter, as well as the tangent directions of the cusp boundary (red
dots) derived from the image. The absence of a color bar is due to
the use of the image-processing technique, and the relative
changes of X-ray intensity (instead of the absolute values) are of
greater importance in deriving the cusp boundary. Figure 6a2
displays the tracing results of the cusp boundaries when using the
method illustrated in Figure 3, showing a distinct difference in the
growth rate of the Z value coordinate between the equatorward
and poleward boundaries. The growth rate at the equatorward
boundary slows down as the X value increases, whereas the pole-
ward boundary exhibits an increasing trend, mainly because of
different field line configurations near the two boundaries. There-
fore, logarithmic and exponential fits are applied (indicated by the
black crosses) for the fitting of poleward and equatorward bound-
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Figure 6. Cusp boundaries derived from X-ray photon countimages. (a1) Denoised photon count image of Figure 5b, with the derived tangent
directions of the cusp boundary shown by red dots. (a2) Comparison between the MHD cusp boundaries (blue crosses) and boundaries derived
from the X-ray image, with red dots showing the equatorward and poleward boundaries derived directly from the image and black crosses

outlining the shape fitted by a logarithmic function for the equatorward boundary and an exponential function for the poleward boundary. The
green rectangle marks the FOV of the SXI on SMILE. (b1, b2) Denoised photon count image of Figure 5c and the derived cusp boundaries, with

similar formats as (a1) and (a2).

aries, respectively. Accuracy between the fitting results (black
crosses) and the MHD cusp boundary (blue crosses) thus achieved
0.26 R for the poleward boundary and 0.21 R for the equatorward
boundary.

Figures 6b1 and 6b2 demonstrate the denoised image that results
when both the SXI instrument effect and the cosmic X-ray back-
ground are considered, with Figure 5c as the input figure of the
denoising process. The fluctuations in the X-ray image after
adding the background can be at a relatively high level and thus
interfere with boundary detection. A certain degree of dispersion
is visible from the red dots near the equatorial boundary in Figure
6b2. From the bottom to top pixels in Figure 6b1, we may
encounter some fluctuations that are high in localized regions but
that apparently deviate from the large area, with high X-ray inten-
sity from the cusps. These points return with the local maximum
of the X-ray variations and are thus eliminated before the fitting
to a logarithmic function. An additional condition, a monotonic
increase toward the cusp center, helps with the elimination.

Reasonable results are obtained and presented by the black
crosses in Figure 6b2; the final boundaries in this case have average
accuracy variances of 0.31 Rg for the poleward boundary and
0.22 Re for the equatorward boundary.

5. Conclusion and Discussion

We have developed a method for tracing the equatorward and
poleward boundaries of the cusp in simulated X-ray images and
photon count data. On the basis of previous work by Sun TR et al.
(2021), we further introduce the three-step approach shown in
Figure 3:

(1) Analyzing X-ray images to pinpoint tangent directions where a
notable enhancement exists in the local standard deviation of
X-ray intensity;

(2) Presuming that the cusp boundaries at various altitudes have
the shape of ellipses on a spherical shell, and giving a functional
form of the cusp boundary with variables. It is further assumed
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that the eccentricity follows the MHD results and that the size of
the cusp could float. The tangent directions for each possible
morphology of the cusp are calculated; and

(3) Comparing the tangent directions obtained from an X-ray
image and those from possible cusp morphologies. The one
returning the optimal match defines the reconstructed cusp
boundary.

The validity of this method was tested with a viewing geometry
when SMILE was located on the dawn side. The equatorward and
poleward boundaries of the cusp were effectively reconstructed.
With instrument effects and diffusive cosmic X-ray background
considered, we conducted image denoising and post-reconstruc-
tion function fitting. The cusp derived boundaries were cross-
compared with MHD-simulated boundaries of the cusp, and the
results demonstrated that the application of this method holds
promise for deriving the boundaries of the cusp from X-ray
images to be observed by SMILE.

This article has focused on analyzing simulated X-ray images and
photon count images for pure B, components. The methodology
also has the potential for extension to include the effects of IMF B,
and dipolar tilt on the cusp location. Regardless, additional
assumptions have to be included to derive the 3D cusp from a 2D
X-ray image. For instance, Zhang B et al. (2013) derived a linear
regression relation between IMF B, and MLT by using the
magnetic depression method from the MHD simulation, which
has enabled us to assume that the center of the cusp is located in
the meridian plane at the corresponding MLT. As a result of this
relationship, the proposed method for tracing the cusp boundary
can potentially be extended to non-zero IMF B, scenarios. Previous
studies have also provided empirical formulas describing the
impact of dipolar tilt on the latitudinal position of the cusp (e.g.,
Pitout et al.,, 2006; Liu ZQ et al., 2012). To derive a robust method
that applies to different solar wind conditions, we should try vari-
ous IMF directions and carefully choose which kind of empirical
relationships or reasonable assumptions should be used. In an
ongoing study that follows up this work, we will update the
method and systematically evaluate its application to other solar
wind conditions.

Although MHD simulations are not fully equipped to capture the
intricate kinetic dynamics of multicomponent plasmas, they can
efficiently reproduce the large-scale characteristics of cusps,
which is one of the main scientific goals of the SMILE mission.
After the launch of SMILE, possible joint observations from SMILE
and in situ satellites may provide further insights into the relation-
ship between kinetic and large-scale phenomena in the cusp
region.

To improve the accuracy of the cusp boundary reconstructed
from the X-ray photon number image, it is important to denoise
the SXI photon count images. In this study, we utilized a 2D
Wiener filter, which has been shown to reduce image noise.
Nevertheless, it is worth testing or developing more image-
denoising methods in the follow-up works. Furthermore, consid-
ering the absence of a quantitative study of 3D cusp morphologies
in the literature, developing a functional form for the 3D cusp in

Earth and Planetary Physics  doi: 10.26464/epp2026013 153

future works will assist the boundary tracing from X-ray observa-
tions.

Open Research
The data for X-ray images studied in this work can be downloaded
from Zenodo (https://doi.org/10.5281/zenodo0.7812962).
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