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The Earth’s magnetosheath is a vital source region of soft X-ray emissions generated by the solar wind charge exchange (SWCX) mechanism in geospace. Soft X-ray imaging provides valuable insights into the overall morphology of the magnetosheath. Nevertheless, the dynamic variations in X-ray images during extreme space weather have not been comprehensively studied. Using a global magnetohydrodynamic code, we simulated the temporal variations of the magnetosphere on 10-11 May 2024, during the most intense geomagnetic storm of Solar Cycle 25. The X-ray images of the magnetosphere during the entire event are presented to assess the response of the magnetosphere to the impact of the coronal mass ejection (CME), with a particular focus on the periods of sudden solar wind number density increase, the southward turning of the interplanetary magnetic field (IMF), and an extreme solar wind condition. With the advent of the Solar Wind-Magnetosphere-Ionosphere Link Explorer (SMILE), a joint mission between ESA and CAS, investigations into the large-scale structure and dynamic evolution of magnetopause will be enabled via global X-ray imaging.
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1 INTRODUCTION
The Earth’s magnetosphere is the spatial region around the Earth where the planet’s magnetic field dominates, extending from the ionosphere outwards to the location where the solar wind pressure equilibrates with the Earth’s magnetic field. The boundary between the magnetosphere and the solar wind is known as the magnetopause, and its dynamic variations in both position and shape serve as a fundamental indicator of the interaction between the solar wind and the magnetosphere. This interaction can be further manifested in the Earth’s magnetosheath, which becomes luminous in the soft X-ray band through the solar wind charge exchange (SWCX) mechanism.
SWCX was first proposed by Cravens (1997) to explain observations of X-ray emissions from the Comet Hyakutake (Lisse et al., 1996), and subsequently SWCX emissions have been observed in a variety of planetary environments, including Earth (Wargelin et al., 2004), Jupiter (Branduardi-Raymont et al., 2004), Mars (Dennerl et al., 2006), and the Moon (Collier et al., 2014). SWCX occurs when highly ionized solar wind species interact with the neutral atoms, such as geocoronal hydrogen in the Earth’s exosphere (Carter and Sembay, 2008; Carter et al., 2010). During this process, the solar wind ions capture electrons and enter into an excited state. As the ions return to their ground state, they emit single or multiple photons in the extreme ultraviolet (EUV) or soft X-ray band.
The highly ionized ions in the magnetosheath originate from the solar corona. Due to the obstruction of the Earth’s magnetic field, most of these ions are prevented from entering the magnetospheric cavity, resulting in their predominant presence in the magnetosheath, cusps, and solar wind. In contrast, the magnetospheric plasma derived from the Earth’s thermosphere and exosphere is not able to be highly ionized. In addition, the solar wind plasma cannot easily penetrate the magnetopause. As a result, the soft X-ray emissions are primarily concentrated outside the magnetopause, forming a sharp boundary, with minimal emissions inside the magnetospheric boundary. Imaging the large-scale plasma structures including the bow shock, magnetosheath, magnetopause, and cusps can therefore provide crucial information about the interaction between the solar wind and the magnetosphere.
Recent advances in X-ray imaging, such as the development of wide-field lobster-eye telescopes, have made it possible to observe the Earth’s magnetopause from a global perspective. Based on this progress, the Solar Wind Magnetosphere Ionosphere Link Explorer (SMILE) has been proposed, which is due to launch at the end of 2025. SMILE is a joint European Space Agency (ESA) and Chinese Academy of Sciences (CAS) mission (Branduardi-Raymont et al., 2018; Wang and Branduardi-Raymont, 2018) that aims to observe the solar wind–magnetosphere interaction via simultaneous, soft X-ray images of the magnetosheath and polar cusps, UV images of global auroral distributions, and in situ measurements of the solar wind/magnetosheath plasma and magnetic field. The scientific payloads onboard SMILE will include the Soft X-ray Imager (SXI), the Ultra-Violet Imager (UVI), the Light Ion Analyzer (LIA), and the Magnetometer (MAG). The SXI will provide images of the magnetosheath, with a field of view (FOV) of 16° by 27°, enabling large-scale observations (Samsonov et al., 2022a; Samsonov et al., 2022b; Collier and Connor, 2018; Connor et al., 2021; Wang et al., 2024). While most previous studies have primarily focused on simulations under stable solar wind conditions or idealized solar wind sudden change (Samsonov et al., 2024; Sun et al., 2015; Sun et al., 2021), there has been a relative lack of research on the dynamics of the magnetosphere during geomagnetic storms (Xu et al., 2022). Given the significant impact of geomagnetic storms on space weather, it is important to investigate the behavior of the magnetosphere under extreme solar wind conditions. Even though the simulations include the evolution of the solar wind evolution, the primary goal of the study is not to reproduce a dynamic event. Rather, it aims to compare the soft X ray emission for different space weather configurations.
Recently, a super geomagnetic storm, classified as G5, occurred on 10-11 May 2024, with a peak Dst index below [image: image]400 nT and AE index above 3,000 nT, making it the third largest recorded storm in the past four solar cycles and the most intense one in nearly 20 years. The tremendous compression caused by the solar wind dynamic pressure forced the bow shock below the geostationary orbit for a few minutes.
Observing the variations of magnetosheath during extreme events is essential, as it provides valuable insights into magnetospheric dynamics during geomagnetic storms. Moreover, the applicability of boundary tracing methods in such extreme conditions will contribute to the scientific success of the SMILE mission. For the case of the SMILE mission, it is of particular interest to investigate whether the SXI can effectively observe the magnetosheath under extreme conditions, such as those encountered during the G5 geomagnetic storm of May 2024. Several studies have indicated that the day-side magnetopause was continuously compressed below the geostationary orbit (6.6 When considering the vignetting effects, increasing the exposure time results in a slight change in error, and the improvement remains within the simulation grid spacing of 0.2 [image: image]. Therefore, for cases with higher solar wind proton flux, increasing the exposure time has a negligible impact on the results.) for approximately 6 h (Tulasi Ram et al., 2024), a phenomenon that could potentially push the magnetopause beyond the field of view (FOV) of the SXI. Therefore, this paper investigated the observation capacity of SXI onboard SMILE during the super storm. Moreover, the dynamic magnetopause response during a geomagnetic storm has been first predicted in large-scale X-ray images, and the previously developed boundary tracing method has been further validated for 3-D magnetopause reconstruction under these disturbed solar wind conditions.
2 SIMULATION METHODS
2.1 The X-ray intensity
The global magnetohydrodynamic (MHD) model used in this study is the PPM (piecewise parabolic method)-MHD model developed by Hu et al. (2007) in the Geocentric Solar Magnetospheric (GSM) coordinate system. This model employs an extended Lagrangian version of the piecewise parabolic method to solve the MHD equations, simulating the solar wind-magnetosphere-ionosphere system within the solution domain of [image: image]300 [image: image] 30 [image: image], [image: image]150 [image: image] 150 [image: image]. The grid spacing is constant at 0.2 [image: image] inside an Earth-centered cube with a side length of 20 [image: image], and gradually increases outside this cube. The inner boundary of the simulation domain is defined by a spherical shell with a radius of 3 [image: image]. Plasma parameters required to estimate the X-ray emissivity, such as plasma density, velocity components, magnetic field components, and pressure, are produced by the code. The influence of the Earth’s dipole tilt is not considered. The X-ray intensity [image: image] along a particular line of sight (LOS) is then estimated through line integration of X-ray emission [image: image] (Cravens, 2000; Sun et al., 2015; Sun et al., 2019; Sun et al., 2020; Sun et al., 2021):
[image: image]
Where [image: image] and [image: image] are the number density and velocity of solar wind proton, respectively, and [image: image] is the plasma thermal speed, the values of which are provided by the MHD simulation. The number density of exospheric hydrogen atoms is denoted by [image: image], for which a reasonable approximation is adopted as [image: image] (Cravens et al., 2001; Hodges and Richard, 1994). Here, [image: image] denotes the total interaction efficiency factor, which depends on the SWCX cross section, the compositions and abundances of the solar wind heavy ions, and other related factors. Following Cravens (2000) and Whittaker and Sembay (2016), we adopt [image: image] in this study. Inside the magnetosphere, the density of highly charged ions is assumed to be much lower, rendering the X-ray emission negligible. Consequently, the magnetopause and polar cusp regions are identified in the simulation result and the X-ray emissivity inside is set to zero in this paper, which will be discussed in Section 3.1.
2.2 The X-ray photon counts images
The MHD simulation provides a two-dimensional image of the X-ray intensity observed from a given viewing position, which serves as input for the instrument simulator to produce a soft X-ray photon counts image (Peng et al., 2018; Guo et al., 2022; Sembay et al., 2024). The SXI simulator employs a ray-tracing method, where the initial conditions of each incident ray are specified, including its position, direction, and energy. Additionally, the geometric parameters of the imaging optics are defined. The incident rays are reflected by the micro-channels of the focusing element, and the coordinates and energy of the outgoing rays on the image plane are then recorded to obtain the final imaging results. The sky background, which affects SXI observations during the mission, is primarily dominated by the diffuse astrophysical X-ray background. Based on the ROSAT All-Sky Survey diffuse background maps, the intensity of the soft X-ray background in a typical SXI pointing direction is estimated to be around 50 [image: image] in the SXI energy range (HEASARC). This constant noise is taken as the sky background in the following simulations. This process involves integrating the MHD-derived X-ray emissivity distribution, which is originally defined in three-dimensional space, within the field of view (FOV) of the idealized SXI instrument (Sun et al., 2020; Sun et al., 2021).
In this approach, each pixel of the MHD X-ray image is treated as an individual point source, and the corresponding SXI photon counts images are then simulated. The SXI instrument, with a pixel resolution of [image: image] on the image plane, ensures adequate photon collection in each pixel. The fundamental optical parameters of the SXI, which determine the performance and response of the instrument, are listed in Table 1 for reference. In the context of this study, a [image: image] field of view is utilized for the simulation, which is larger than the actual FOV of the SXI instrument onboard the SMILE mission [image: image].
TABLE 1 | Parameters of SXI.
[image: Table 1]2.3 The tangent fitting approach
In order to derive the 3-D magnetopause from a single X-ray image, Sun et al. (2020) proposed a novel method referred as the Tangent Fitting Approach (TFA), which is used to analyze the X-ray images in this paper. The TFA relies on two assumptions: (1) a parameterized functional form model which has the capacity to describe the magnetopause profiles, and (2) the locations of maximum intensity in the X-ray image correspond to the tangent directions of the magnetopause (Collier and Connor, 2018). The magnetopause model is a modified Shue et al. (1997) model, developed by Jorgensen et al. (2019), which takes into account the asymmetry of the magnetopause along the [image: image] and [image: image] axes of the GSM coordinate,
[image: image]
where [image: image] is the angle between [image: image] and the [image: image] axis, and [image: image] is the angle between the [image: image] axis and the projection of [image: image] to the [image: image] plane. In the equation, [image: image] and [image: image] are
[image: image]
and
[image: image]
Where [image: image] is the standoff distance, and the level of tail flaring on the [image: image] and [image: image] plane is represented by [image: image] and [image: image], respectively. The three parameters [image: image], [image: image], and [image: image] in Equations 3, 4 of this model describe the large-scale morphology of the magnetopause. For each combination of these parameters, the tangent directions of the magnetopause are calculated numerically. The basic idea of TFA is to compare the set of modeled tangent directions with the observed directions from X-ray images, in order to identify the optimal match. The tangent directions corresponding to this optimal match are used to determine the parameters that define the reconstructed magnetopause. By varying [image: image], [image: image], and [image: image] within reasonable ranges, a set of magnetopause profiles can be generated. In this paper, realistic values are then calculated in Section 3 and presented in Table 3 as the “Truth” parameters. Based on that, these variables are varied within the following ranges: 4–10 [image: image] for [image: image] in 0.1 [image: image] steps and 0–1 for [image: image] and [image: image] in 0.02 steps.
3 RESULTS
Using the PPMLR-MHD code, we simulated the temporal variations of the magnetosphere from 15:00 UT on 10 May 2024 to 00:00 UT on 12 May 2024, with a time resolution of 1 min. By comparing these simulations with real-time solar wind data from the OMNI database (the OMNI data were obtained from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov), we selected five representative time points (shown in Figure 1; Table 2) to analyze the effects of solar wind parameters on the magnetopause position. In particular, we investigated the influence of solar wind number density [image: image], as observed in Case 1 and Case 2 of Group 1; the orientation of the interplanetary magnetic field (IMF) component [image: image], as seen in Case 3 and Case 4 of Group 2; and the impact of extreme solar wind conditions, as represented in Case 5 of Group 3. The influence of solar wind number density can also be interpreted as the effect of solar wind proton flux, given that in the X-ray calculation Equation 1, the X-ray intensity is proportional to the product of solar wind number density and solar wind velocity (Zhang et al., 2023).
[image: Figure 1]FIGURE 1 | The solar wind conditions of IMF [image: image], [image: image], [image: image] velocity, proton density, and flow pressure during the geomagnetic storm on 10–11 May 2024 from OMNI database (obtained from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov). The two red lines represent Group1 (Case1 and Case2) during the dynamic pressure pulse, where [image: image] increases; the two green lines represent Group2 (Case3 and Case4) during the southward turning of the IMF [image: image]; and the blue line represents Group3 (Case5) under an extreme solar wind condition.
TABLE 2 | Solar wind conditions for the studied simulation runs.
[image: Table 2]In this paper, we utilize the streamline method to locate the magnetopause position from the MHD simulation results, as shown by the white dashed line in Figure 2a4. More specifically, the streamline formula [image: image] is applied in conjunction with the solar wind velocity components provided by the MHD code to identify the magnetopause position. This method generally returns a relatively smooth magnetopause profile, except in the vicinity of the subsolar point. To address these singularities, we conducted a detailed analysis of the variations in particle number density, thermal pressure, current density, and magnetic field to precisely pinpoint the magnetopause at the subsolar point. The locations of the subsolar point for Cases 1, 2, 3, 4, and 5 are 9.1, 5.3, 5.9, 5.3, and 4.9 [image: image], respectively, as summarized in Table 2. It is worth noting that the compression of the subsolar point below the geostationary orbit is an unusual phenomenon and is not typically observed under standard solar wind conditions. Additionally, the cusp boundaries are delineated through the analysis of thermal pressure contours on a series of spherical shells extending from just above the inner boundary of the MHD code (r = 3.5 [image: image]) to the high-latitude magnetopause (Sun et al., 2019). On each spherical shell, the location with the maximum thermal pressure [image: image] is defined as the center of the cusp region, while the cusp boundary is determined as the location where thermal pressure decreases to 60% of [image: image].
[image: Figure 2]FIGURE 2 | The X-ray images, SXI photon counts images, and reconstructed magnetopause images with a special viewing geometry. For Case 1 to 4 (A1–A4): (A1) the MHD simulated X-ray image; (A2, A3) the SXI photon counts images with exposure times of 300s and 900s, respectively; (A4) the contours of thermal pressure in the noon-meridian plane, with reconstructed magnetopause positions marked in the figures. The white dashed line represents the magnetopause position in MHD simulation, and the dark blue line indicates the reconstructed magnetopause derived from the photon counts images with exposure times of 900s. The yellow circle at the origin corresponds to a radial distance of 3 [image: image]. For Cases 2 to 4 (B1–B4): (B1) the MHD simulated X-ray image; (B2, B3) the SXI photon counts images, with (B3) incorporating the vignetting function; (B4) the contours of thermal pressure in the noon-meridian plane, with reconstructed magnetopause positions marked in the figures.
After determining the positions of both the magnetopause and the polar cusps, the X-ray emission within the magnetopause is set to zero. This modification allows for a more accurate calculation of the X-ray intensity throughout the magnetosphere. Assuming that there is an idealized telescope at a potential position of SMILE: (8.0, 0.0, 18.33) [image: image] pointing towards (8.0, 0, 0) [image: image], the X-ray images are then simulated for all the cases studied and discussed in the following section. This specific viewing geometry is chosen because the UVI and SXI instruments have a pointing angle of 23.5°, and the selected observation point is near the apogee of the SMILE candidate orbit, ensuring the telescope’s line of sight effectively covers the relevant regions of the magnetosphere and magnetosheath. All the SXI photon counts images account for the X-ray cosmic background, which is considered at 50 [image: image]. Unless otherwise specified, the exposure time is 300s.
3.1 The effect of the solar wind number density
Figure 2 shows the dynamic evolution of the X-ray intensity, photon counts and reconstructed magnetopause as the solar wind number density [image: image] increases from 7.76 [image: image] to 29.62 [image: image]. The images are in the [image: image] coordinate system, with the axis labels [image: image], where (0, 0) corresponds to the direction of the SXI pointing, and the positive [image: image] axis points towards the Sun. The X and Z-axes are in the GSM coordinate system. The first row presents the results for Case 1, simulated on 2024/05/10 at 16:50 UT, while the second row shows the results for Case 2, simulated at 17:44 UT. Panels (a1, b1) show X-ray images, where the black rectangle marks the FOV of SXI on SMILE. Panels (a2, a3, b2, b3) are SXI photon counts images derived from X-ray intensity under different input parameters. The panels in the last column (a4, b4) show the contours of thermal pressure in the noon-meridian plane, with reconstructed magnetopause positions marked in the figures. The white dashed line represents the magnetopause position in MHD simulations, and the dark blue line indicates the reconstructed magnetopause derived from the photon counts images. The exposure times used to derive the magnetopause shown in (a4) and (b4) are 900s and 300s, respectively.
To better evaluate the reconstruction results, Equation 2 is used to directly fit the position and shape of the 3-D MHD magnetopause, which is labeled as “Truth.” Since the FOV of the X-ray image is [image: image], which roughly corresponds to the region with [image: image] observed from this viewing geometry on the equatorial plane (where [image: image] is defined by Equation 2), the portion of the magnetopause with [image: image] is used to fit and obtain the “Truth” parameters.
As [image: image] increases in Group1, a significant compression of the magnetopause is observed in the X-ray intensity images Figure 2a1, b1, with its position shifting from just inside the SMILE FOV to almost beyond it. A similar compression is also evident in the plasma thermal pressure from Figures 2a4–b4, where the subsolar point moves from 9.1 [image: image] to 5.3 [image: image].
For Case 1, where [image: image], due to the relatively weak intensity of X-ray radiation under this solar wind condition, two exposure times, 300s and 900s, are considered for analysis. It is evident that, in this scenario, the intensity of the cosmic X-ray background surpasses that of the SWCX emissions, leading to the magnetospheric signal being obscured by the cosmic background noise. As a result, the distribution of maximum photon counts in the image does not represent the true position of the magnetopause, as shown in Figure 3A for “MHD” (blue circle) and “SXI” (green circle). Figure 3 the X-ray maximum intensity of MHD X-ray and SXI photon counts images. Panels (a), (b), (c), (d), and (e) correspond to Case 1, 2, 3, 4, and 5, respectively. The enlargement of the black box is the FOV of the SXI on SMILE. “MHD” refers to the X-ray maximum intensity of MHD X-ray images. “SXI” and “SXI-vig” represent X-ray maximum intensity of SXI photon counts images, with and without considering the vignetting effect. “SXI-vig-TFA” plots reconstruction magnetopause from photon counts image with vignetting function applied. Unless otherwise stated, the exposure time is 300s.
[image: Figure 3]FIGURE 3 | The X-ray maximum intensity of MHD X-ray and SXI photon counts images. Panels (A–E) correspond to Case 1, Case 2, Case 3, Case 4, and Case 5, respectively. The enlargement of the black box is the FOV of SXI on SMILE. “MHD” refers to the X-ray maximum intensity of MHD X-ray images. “SXI” and “SXI-vig” represent X-ray maximum intensity of SXI photon counts images, with and without considering the vignetting effect. “SXI-vig-TFA” plots reconstruction magnetopause from photon counts image with vignetting function applied. Unless otherwise stated, the exposure time is 300s. In panel (A), “SXI-900s-TFA” represents the reconstruction result from the “SXI-900s” image, which is derived from SXI photon counts with a 900s exposure time. In panel (C), “SXI-fov-[image: image]” refers to the SXI image derived from a 30[image: image] 27° FOV.
The magnetopause model parameters are then calculated using TFA reconstruction based on the SXI simulated photon counts images under two integration times. For the 300s exposure time, the photon counts image displayed in Figure 2a2 corresponds to the TFA parameters “SXI”: [image: image]. Similarly, for the 900s exposure time, as shown in Figure 2a3, the corresponding TFA parameters “SXI-900s” are: [image: image]. The numerical values of the TFA reconstruction parameters for all situations are listed in Table 3. When evaluated against the “Truth” values: [image: image], the fitting parameters corresponding to the 900s exposure time demonstrate better consistency, with “SXI” (red asterisks) showing better agreement with “MHD” (blue circles) in Figure 3A compared to “SXI-900s” (green circles). The contours of thermal pressure in the noon-meridian plane with reconstructed magnetopause positions shown in Figure 2a4 is derived using the TFA parameters obtained from the 900s exposure time. It can be observed that the magnetopause derived from “SXI-900s” is closer to the Earth compared to the “Truth,” with an error of [image: image]. The final rescontruction results is plotted by red dash line (“SXI-900s-TFA”) in Figure 3A and blue line in Figure 2a4. Hence, for lower solar wind number density, it can be concluded that a longer exposure time is required to determine the magnetopause location. Alternatively, image pre-processing (e.g., to reduce the influence of the cosmic background) can be considered for analysis of the X-ray image to enable a more accurate reconstruction of the magnetopause.
TABLE 3 | Results of TFA reconstruction.
[image: Table 3]In Case 2, it can be seen in Figure 2b1 that when [image: image] is relatively large, the magnetopause is compressed almost outside the FOV of the payload. In other words, the photon signals from the magnetopause received by the SXI are located at the edge of the imaging FOV, as shown in Figure 2b2. “SXI” does not match the “MHD” in Figure 3B, which can be attributed to the vignetting effect, a phenomenon in which the SXI-detected X-ray intensity decreases towards the edges of the image compared to the center. This effect is caused by limitations in the optical system, such as the aperture size and the angular constraints of the lenses, which prevent incident photons at large field angles from fully reaching the sensor. In addition, the sensor’s response to photons varies with the angle of incidence, with reduced efficiency for photons rays entering at larger angles, particularly in the peripheral regions of the FOV. After considering the effect of vignetting function, the original X-ray signal and its maximum are plotted in Figure 2b3 and “SXI-vig” of Figure 3B, and the associated TFA parameters in Table 3 are labeled as “SXI-vig.” This function quantifies the variation of photons intensity as a function of position within the field of view and is commonly applied to model or correct for the vignetting effect induced by the optical system. Notably, this effect has been incorporated into the modeling of the spatially varying effective area of the SXI on SMILE (Sembay et al., 2024). After applying the vignetting correction, it can be seen that the position of the magnetopause in the photon counts image is more closely aligned with that in the X-ray image. It is also shown that the error between the “Truth” and reconstruction results is reduced from 1.4 [image: image] to 0.4 [image: image], and [image: image]. In cases of relatively large solar wind number density, it is not advisable to use the pixel points with photon counts maxima directly to determine the magnetopause position, as the presence of the vignetting function can significantly affect the accuracy of the maximum value determination. Therefore, it is necessary to first eliminate the vignetting effects before proceeding with the boundary tracing.
3.2 The effect of IMF [image: image] turning from north to south
Figure 4 illustrates the changes in Group2 when IMF [image: image] turns from northward to southward, from 14.74 nT to [image: image]28.18 nT, while the number density remains nearly constant. From 2024/05/11 at 06:02 UT to 06:33 UT, both the X-ray intensity and the contours of thermal pressure show significant increases, as illustrated in panels (a1, a4) to (b1, b4). This is accompanied by a pronounced compression of the magnetosheath, resulting in a sharper boundary. The “Truth” parameters are fitted with [image: image] for the northern IMF [image: image] (Case3), while for the southern IMF [image: image] (Case4) [image: image]. Although, when [image: image] is southward for about 15 min, most regions are compressed beyond the FOV, except near the subsolar point. This can also be observed in the X-ray maximum intensity of the MHD X-ray and SXI photon counts images (Figures 3C, D). After considering the vignetting function, the subsolar point positions can still be determined based on the small portion of the magnetopause remaining within the FOV, which are consistent with the simulation results.
[image: Figure 4]FIGURE 4 | The X-ray images, SXI photon counts images, and reconstructed magnetopause images for Case 3 (A1–A4) and Case 4 (B1–B4). (A1, B1) the MHD simulated X-ray image; (A2, B2) the SXI photon counts images; (B2, B3) SXI photon counts images incorporating the vignetting function; (A4, B4) the contours of thermal pressure in the noon-meridian plane, with reconstructed magnetopause positions marked in the figures. The white dashed line represents the magnetopause position defined by streamline methods, and the dark blue line indicates the reconstructed magnetopause.
For Case 3, the error between the “Truth” and “SXI” is calculated as [image: image], while the error between the “Truth” and “SXI-vig” (which considered vignetting effect) is [image: image]. The reduction in error [image: image] is evident, and photon counts maximum for “SXI-vig” matches the X-ray maximum intensity of MHD X-ray better than “SXI” in Figure 3C. This indicates the necessity of incorporating the vignetting function in future reconstruction studies, particularly under extreme solar wind conditions during geomagnetic storms. In this case, we also examine the results for another exposure time of 600s, both without and with vignetting function, referred to as “SXI-600s” and “SXI-600s-vig” in Table 3. When considering the vignetting effects, increasing the exposure time results in a slight change in error, and the improvement remains within the simulation grid spacing of 0.2 [image: image]. Therefore, for cases with higher solar wind proton flux, increasing the exposure time has a negligible impact on the results.
For Case 4, the error between “Truth” and “SXI” is [image: image], as for “SXI-vig” it is [image: image]. Although the errors in [image: image] and [image: image] exhibit some increase, it should be noted that the FOV of the SXI primarily focuses on the dayside of the magnetosphere and does not extend sufficiently to capture the flanks and tail regions, the reconstructed parameters and exhibit less sensitivity compared to [image: image] (Sun et al., 2020). Nevertheless, [image: image] remains the most critical parameter for analysis, and the results considering vignetting effects show a better agreement with the simulated results.
3.3 The effect of extreme solar wind conditions
Figure 5 presents Case 5, an extreme solar wind condition where solar wind number density [image: image] reaches a high value of 43.36 [image: image], while the IMF [image: image] is southward with a magnitude of 25 nT. In this case, the magnetopause erosion is significant. In Figure 5A1, A4, it can be seen that the cusps are compressed into very small regions, making them not very distinct. The footprints of the cusps are at a low latitude, and cusps altitude are also very low. The positions of the magnetopause and cusp regions are located outside the FOV, a pattern that is more distinctly observable in the maximum X-ray intensity, as depicted in Figure 3E. Due to the low position of the bow shock at this moment, a time delay of 4 min has been considered. The “Truth” parameters are fitted with [image: image] that show a particularly strong magnetopause erosion. The “SXI” parameters, as plotted in Figure 5A2, are [image: image], while “SXI-vig” parameters, as plotted in Figure 5A3, are [image: image], with errors in [image: image] are 1.6 [image: image] and 0.6 [image: image], respectively. Given that the pixel size of the SXI is about 0.5°, corresponding to a spatial accuracy of about 0.2 [image: image] in spatial scales, the variation of [image: image] across different scenarios exceeds the instrument’s error, regardless of whether the vignetting function is considered. At this point, the introduction of the vignetting function is no longer applicable, and it may be necessary to adjust the instrument’s line of sight to achieve a three-dimensional large-scale reconstruction of the magnetopause.
[image: Figure 5]FIGURE 5 | The X-ray images, SXI photon counts images, and reconstructed magnetopause images for Case 5. (A1) the MHD simulated X-ray image; (A2) the SXI photon counts images; (A3) the SXI photon counts images incorporating the vignetting function; (A4) the contours of thermal pressure in the noon-meridian plane, with reconstructed magnetopause positions marked in the figures.
4 DISCUSSION
Based on the results of the TFA reconstruction parameters, the reconstructed magnetopause positions in the Cases (2, 3, 4) are located closer to the subsolar region compared to the true values. This is related to the fact that, in these cases, the magnetopause is located at the edge of the instrument’s FOV, which affects the reconstruction. It is therefore essential to take the vignetting effect into account in such scenarios. Upon incorporating the vignetting function, the reconstructing error in [image: image] reduce from more than 1 [image: image] to less than 0.5 [image: image]. In Cases 2 and 4, where only a small portion of the magnetopause is within the FOV, it is reasonable that reconstruction results for [image: image] and [image: image] are not as good as [image: image]. Furthermore, we examine a hypothetical scenario in which the FOV is extended from [image: image] to [image: image] and calculate corresponding 3-D magnetopause parameters for Case 3. The comparison between the results obtained with and without the vignetting function reveals that the errors in [image: image] is 0.0 [image: image]. Thus, for cases such as 2, 3, and 4, where the magnetopause is located near the edge of the FOV, the introduction of the vignetting function effectively declines the impact of edge effects, significantly improving the precision of the final reconstructed magnetopause near the subsolar point.
With regard to the instrument exposure time, the analysis of Case 1 and Case 3 shows that under conditions of relatively low solar wind number density, where X-ray emissions are weak, an increase in exposure time contributes to a reduction in reconstruction errors. Therefore, for scenarios with lower solar wind number densities, future TFA applications should consider image preprocessing techniques, such as increasing exposure time or reducing the influence of cosmic background, to improve the accuracy of magnetopause reconstruction.
5 CONCLUSION
In this paper, we conduct simulations of dynamic soft X-ray images generated by SWCX in the Earth’s magnetosheath and cusps using the PPMLR-MHD model, as well as photon counts images derived from SXI simulations, during the super storm of 10-11 May 2024. The analysis focuses on evaluating the effectiveness of the SXI simulation and the Tangent Fitting Approach (TFA) in reconstructing the 3-D structure of magnetopause under dynamic and non-standard solar wind conditions, with a particular emphasis on the magnetopause near the subsolar point.
The results demonstrate that when the magnetopause is within the FOV, these methods can reconstruct a precise subsolar magnetopause with errors within 0.5 [image: image], which satisfies the scientific requirements for the SMILE mission. Specifically, three groups of solar wind conditions are analyzed: varying solar wind number density or solar wind proton flux (Group 1), different IMF [image: image] orientations (Group 2), and an extreme condition with high number density and strong southward IMF [image: image] (Group 3). Nevertheless, due to the limited FOV of the SXI, in certain scenarios the magnetopause is located at the edge of the FOV, restricting the observable region to only a small part near the subsolar point. As a result, the level of magnetopause tail flaring in the x-y and x-z planes is less detailed than subsolar region. After accounting for the vignetting effect in SXI imaging, the TFA-derived subsolar magnetopause from the SXI simulation exhibits good agreement with the true profile. During the dynamic pressure pulse, [image: image] increases, resulting in an erosion of the magnetopause by 3.8 [image: image]. Simultaneously, when the IMF [image: image] turns southward for about 15 min, the corresponding compression is 0.7 [image: image]. During extreme solar wind condition, the magnetopause location is compressed to 4.9 [image: image], which exceeds the FOV of SXI. At this point, it may be necessary to adjust the instrument’s line of sight.
In conclusion, this study shows that: (1) the dynamic variations of the magnetopause during the geomagnetic storm are effectively captured by X-ray imaging; (2) the reconstruction results for the magnetopause location are provided in a quantitative description, offering valuable insights into its position and behavior during the storm; and (3) under the solar wind conditions associated with this particular geomagnetic storm, the observational limits of the SMILE SXI have essentially been reached. These configurations of the magnetopause in Case 2 and Case 4 reflect its maximum compression states under the current viewing pointing of SMILE.
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